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APPENDIX A 

FLORA AND FAUNA 

Appendix A cons i s t s  o f  two part s . The firs t , Appendix A- I ,  i s  a compo s i t e  
l i s ting o f  Rocky F l a t s  flora and fauna genera ted b y  on - s i te and o f f- s i te researchers . 

The second document ,  Appendix A- 2 ,  i s  a reproduct ion o f  a three - year summary 
report o f  Colorado S tate Unive rs i ty researchers . 
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APPENDIX A- I 

L I ST OF FLORA AND FAUNA AT ROCKY FLATS 

Nume rous spec ies o f  animal and p l ant l i fe have been identi fied in the Rocky F l a t s  
area . None are c l a s s i fied as rare or endange red . 

Rocky F l ats  f loras have been iden t i f i ed ( Tab le A- I ) through an on - s i t e  inventory by 
Dr . W .  A .  Weber , e t  al . ,  ( Weber , 1 9 7 4 ) , from the Unive r s i ty o f  Colo rado . The inven­
tory revealed 327 spe c ies of vascular p l ants , 2 5  l i c hens , 16 bryophytes , and one 
mac roscopic green algae . 

The spe c i e s  l i s ted in Tab l e  A- I are do cumented by spec imens on permanent f i l e  in the 
Un ive rsi ty of Colorado Mu s eum herbarium . A second set , comp l e te exc ep t  for spec ies 
that were in extreme ly sho rt supply , was depo s i ted with the management of  the Rocky 
Flats  P l ant . Dup l i c a t e  c o l l ec t ions o f  the bryophytes and l i chens were not p repared 
for on - site documentat ion , however , these  spec imens are on permanent f i le in the 
Univers i ty of C o l o rado Mu seum herbarium . 

Tab l e  A- I i s  divided into four s e c t ions: vascular p l ants , b ryophytes , l i chens , and 
mac roscopic  green algae . The l i s t  wi thin each sect ion i s  arranged alphab e t i c a l ly by 
spe c i es, w i th the fam i ly indic ated secondari ly . In add i t i on , square brackets are 
us ed to iden t i fy some spec ies reported by Dr . Whi c ker of CSU , ( Whi c ker , 1 9 7 3) but 
wh ich Weber did not find in his inventory . 

Abbreviations used in Tab l e  A- I are as fo l lows: 

ADV-Adventive 
AN -Annua l  

B IEN - B i enni al  
IND - Indigenous 

PER- Perennial  

Shown in  Tab l es A- 2 and A-3  i s  a l i s t ing o f  fauna at Rocky Flats , which was  gene rated 
f rom obs erva tions o f  CSU res earchers ( Wh i c ker , 1 9 7 4) , and those o f  a Rocky F l ats ' 
b io logi s t  ( Z i l l ich , 1 97 4). Fish known to occur at Rocky Flats  were ident i fied by 
Z i l l i ch ( 1 9 7 4 ) and are l i s ted in Tab l e  A- 4 .  Other spe c i e s  of aquatic  l i fe wi thin 
the P l ant  s i te were identi fied by Johnson, et  al . ,  ( 197 4 ) , and are a l s o  listed in 
Table A- 4 .  
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TABLE A- I 

PLANTS KNOWN TO OCCUR AT TIlE ROCKY F LATS S ITE 

Vascular Plants (327 S pecies ) 

ACHILLEA L ANULOSA Nutt . "Yarro w" (Compos itae). IND PER 

AGOSERIS GLAUCA (Pursh) Raf. "False Dandel ion" (Compos itae). IND PER 

AGRI MJNIA STRIATA Michx. "Agrimony" (Rosaceae). IND PER 

AGROPYRON DESERTORUM (F isch . ) Schult . "Crested Wheatgrass "  (Gramineae). ADV PER 

AGROPYRON REPENS (1.) P . Beauv. "Quack-Grass "  (Gramineae). ADV PER 

AGROPYRON SMI lliI I Rydberg . "Western Wheat -grass "  (Gramineae). IND PER 

AGROPYRON TRACHYCAULUM (Link) Malte . "Slender Wheat- gras s "  (Gramineae). IND PER 

AGROSTIS GIGANTEA Roth (A. alba of American treatments ). "Red- top" (Gramineae). ADV PER 

ALISMA PLANTAGO-AQUATI CA 1. ssp .  BREVI PES (Greene) S amuelsson . "Water-plantain" (Al ismaceae). IND 

PER ALLIUM CERNUUM Roth. "Nodding Onion" (Lil iaceae). IND PER 

ALLIUM TEXTILE Nels . and Macbr . "Plains Wild Onion" (Lil iaceae). IND PER 

ALYSSUM ALYSSOIDES 1. "Sweet Alyssum" (Cruciferae). ADV 

ALYSSUM MINUS (1.) Rot hmaler . "Alyssum" (Cruciferae). ADV 

AMBROSIA ARTEMIS I I  FOLIA 1. "Roman wormwood" (Compositae). ADV AN 
AMBROSIA PSILOSTACHYA DC. "Western wormwood" (Compos itae). IND PER 

AMBROSIA TRIFIDA 1. "Giant Ragweed" (Compos itae). ADV AN 
AMELANCHIER ALNIFOLIA Nutt.  "Shadbush" or "Serviceberry" (Rosaceae). IND 

AMJRPHA FRUTI COSA 1. var . OCCIDENTALIS (Abrams )  Kearney and Peebles . "Lead-plant" (Leguminosae). IND 

[Amorpha nana.] In the absence of a voucher , we suspect that this is a mis identification of 
Amorpha fruticosa . 

ANDROPOGON GERARDI I Vitm. "Big Bluestem" (Gr amineae). I ND  PER 

[Andropogon hallii. ] We suspect this report to be a misident ification o f  A.gerardii. A . hall ii has 
not yet been found in the Boulder area and is typ ical of sand dune areas to the east .  

ANDROSACE OCCIDENTALIS Pursh. ''Western rock-primrose" (Primulaceae). IND AN 

ANEMONE CYLINDRI CA Gray. "Thimbleweed" (Ranunculaceae). IND PER 

ANTENN ARIA P ARVIFOLIA Nutt . "Pussy toes " (Composi tae). IND PER 

ARABIS FE NDLERI (Wa ts . )  Greene . "Ro ck Cress" (Cruciferae). I ND  PER 

ARABIS GLABRA (1.) Bernh. "To wer Mustard" (Cruciferae).  ADV BIEN 

ARABIS HI RSUTA (1.) Scop . "Hairy Rock-cress" ( Cruciferae).  I ND  

AREN ARIA FENDLERI Gray . "Sandwort" (Caryophyllaceae). IND PER 

ARGEMJNE POLYAN1HEMJS (Fedde) G . B .  Ownbey . "Prickly Poppy" (Papaver aceae). IND BI EN 

ARISTIDA BAS I RAMEA Engelm. "Harvard Three-awn" (Gramineae). I ND  AN 
ARISTIDA LONGISETA Steud . "Red Three-awn" (Gramineae). I ND  PER 

ARNI CA FULGENS Pursh. "Orange Arnica" (Compos itae). I ND  PER 

ARTEMISIA CAMPESTRIS 1. "Field Wormwood" (Compos itae). IND PER 

ARTEMISIA DRACUNCULUS 1. "Linear -leaved Wormwood" (Compos itae). I ND  PER 
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TABLE A-I (continued) 

ARTEMISIA DRAOJNCULUS L. "Linear- leaved Wonnwood" (Cornpositae). IND PER 

ARTEMISIA FRIGIDA Willd. "Pasture Sagebrush" (Cornpositae). IND PER 

ARTEMISIA LUDOVICIANA Nutt. ssp. LUDOVICIANA 

ASCLEPIAS SPECIOSA Torr. "Showy Milkweed" (Asclepiadaceae). IND PER 

[Asclepias stenophylla.] We undoubtedly overlooked this species, which occurs very 
sporadIcally and never occurs in large numbers. 

ASCLEPIAS VIRIDIFLORA Raf. "Green Milkweed" (Asclepiadaceae). IND PER 

ASPARAGUS OFFICINALIS 1. "Asparagus" (Liliaceae). ADV PER 

[Aster commutatus crassulus.] = Aster falcatus Lindley. Very late-flowering species which we may 
well have missed. However, there IS also the possibility of a misidentification of Aster porteri. 

[Aster ericoides.] See note under A.commutatus. Both species should occur in the area. 

ASTER PORTERI Gray. ''White Aster" (Cornpositae). IND PER 

ASTRAGALUS ADSURGENS Pall. var. ROBUSTIOR Hook. ''Milk Vetch" (Leguminosae). IND PER 

ASTRAGALUS BISULCATUS (Hook.) Gray. "Two-grooved Milk Vetch" (Leguminosae). IND PER 

ASTRAGALUS CRASSICARPUS Nutt. "Ground-plum" (Leguminosae). IND PER 

ASTRAGALUS DASYGLOTIIS Fisch. ex DC. ''Milk Vetch" (Leguminosae). IND PER 

ASTRAGALUS DRlJM.fJNDII fuugl. ex Hook. ''Milk Vetch" (Leguminosae). IND PER 

ASTRAGALUS FLEXUOSUS (fuugl.) fun. ''Milk Vetch" (Leguminosae). IND PER 

ASTRAGALUS SHORTIANUS Gray. ''Milk Vetch" (Leguminosae). IND PER 

BARBAREA ORTHOCERAS Ledeb. "Winter Cress" (Cruciferae). IND PER 

BIDENS CERNUS L. "Nodding Bur-marigold" (Cornpositae). IND AN 

BOUTELOUA GRACILIS (H.B.K.) Lag. "Blue Grama" (Gramineae). IND PER 

BOUTELOUA CURTIPENDULA (Michx.) Torr. "Side-oats Grama" (Gramineae). IND PER 

BRCMUS BRIZAEFORMIS F. and M. "Rattlesnake Grass" (Gramineae). AIJV AN 

BRCMUS INERMIS Leyss. "Smooth Brome" (Gramineae). ADV PER 

BRCMUS JAPONICUS Thunb. "Japanese Brome" (Gramineae). ADV AN 

BRCMUS TEGTORUM 1. "Cheat-grass" (Gramineae). ADV AN 

BUCHLOE DAGTYLOIDES (Nutt.) Engelm. "Buffalo Grass" (Gramineae). IND PER 

CALLITRICHE PALUSTRIS L. "Water Starwort" (Callitrichaceae). IND AN 

CALOCHORTUS GUNNISONII Wats. ''Mariposa or Sego Lily" (Liliaceae). IND PER 

CALYLOPHUS SERRULATA (Nutt.) Raven. "Bushy Evening-Primrose" (Onagraceae). IND PER 

CALYSTEGIA SEPIUM (1.) R.Br. ssp. AMERICANUM (Sims) Brurrnnitt. "Hedge Bindweed" (Congolvulaceae). 
IND PER 

CAMELINA MICROCARPA Andrz. "False Flax" (Cruciferae). AIJV AN 

CAMPANULA ROTUNDIFOLIA 1. "Common Harebell" (Carnpanulaceae). IND PER 

CARDARIA DRABA (L.) Desv. ''Whiteweed'' (Cruciferae). AIJV PER 

CARDUUS NUTANS L. ssp. MACROLEPIS (Peterm.) Kazmi. "Nodding Thistle" (Cornpositae). AIJV BIEN 

CAREX ATHROSTAGlYA Olney. "Sedge" (Cyperaceae). IND PER 

CAREX AUREA Nutt. "Sedge" (Cyperaceae). IND PER 

CAREX BREVIOR (Dewey) Mack. "Sedge" (Cyperaceae). IND PER 
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TABLE A-I (continued) 

CAREX OOUGLASII Boott in Hook. "Sedge" (Cyperaceae). IND PER 

[Carex filifolia.] We suspect that this report refers to Carex oreocharis. 

CAREX HELIOPHILA Mack. "Sedge" (Cyperaceae). IND PER 

CAREX HYSTRICINA Muehl. "Bottle-brush Sedge" (Chperaceae). IND (?)PER 

CAREX INTERIOR 1.H. Bailey. "Sedge" (Cyperaceae). IND PER 

CAREX LANUGINOSA Michx. "Sedge" (Cyperaceae). IND PER 

CAREX NEBRASKENSIS Dewey. "Sedge" (Cyperaceae). IND PER 

CAREX OREOCHARIS Holm. "Sedge" (Cyperaceae). IND PER 

CAREX PRAEGRACILIS Boott. "Sedge" (Cyperaceae). IND PER 

CAREX SCOPARIA Schkuhr. "Sedge" (Cyperaceae). IND PER 

CAREX SIMULATA Mack. "Sedge" (Cyperaceae). IND PER 

CAREX STENOPHYLLA Wahlenb. ssp. ELEOCHARIS (1.H. Bailey) Hulten. "Sedge" (Cyperaceae). IND PER 

CAREX STIPATA Muehl. "Sedge" (Cyperaceae). IND PER 

CAREX UTRICULATA Boott. "Sedge" (Cyperaceae). IND PER 

CASTILLEJA INTEGRA Gray. "Orange Paintbrush" (Scrophulariaceae). IND PER 

CASTILLEJA SESSILIFLORA Pursh. "Plains Paintbrush" (Scrophulariaceae). IND PER 

CENrnRUS LONGISPINUS (Hack. in Kneuck.) Fern. "Sand Bur" (Gramineae). IND PER 

CERASTIUM ARVENSE 1. "Field Mouse-ear" (Caryophyllaceae). IND PER 

CERASTIUM FONTANUM Baumg. "Mouse-ear" (Caryophyllaceae). ATN PER 

CERASTIUM NUTANS Raf. var. BRArnYPODUM Engelm. ''Mouse-ear'' (Caryophyllaceae). IND AN 

[Cercocarpus montanus.] We did not find this conspicuous shrub and feel obliged to doubt the report. 

CHAMAESYCE GLYP1DSPERMA (Eng elm. ) Small. "Thyme- leaved Spurge" (Euphorbiaceae). IND AN 

CHENOPODIUM ALBUM L. "Common Pigweed" (Chenopodiaceae). ADV AN 

CHENOPODIUM BOTRYS 1. "Jerusalem-oak" (Chenopodiaceae). fillV AN 

CHENOPODIUM LEPTOPHYLLUM (M:>q.) Wats. "Narrow-leaved Goose-foot" (Chenopodiaceae). IND AN 

[Chrysops is villosa.] This is the same as Heterotheca villosa. 

[Chrysothamnus nauseosus pinifolius.] We do not believe that we could have overlooked this conspicuous 
shrub, and we suggest that thls was possibly based on a misidentification of Gutierrezia sarothtae. 

CICHORIUM INTYBUS 1. "Chicory" (Compositae). fillV PER 

CIRSIUM ARVENSE (1.) Scop. "Canada Thistle" (Compositae). ADV PER 

CIRSIUM OCHROCENTRUM Gray. "Thistle." IND BIEN 

CIRSIUM UNDULATUM (Nutt.) Spreng. ''Wavy-leaved Thistle" (Compositae). IND BIEN 

CLEMATIS LIGUSTICIFOLIA Nutt. ��estern Virgin's-bower" (Ranunculaceae). IND 

COLLINSIA PARVIFLORA Lindl. "Baby-blue-eyes" (Scrophulariaceac. IND AN 

COLLCMIA LINEARIS Nutt. "Collomia" (Polemoniaceae). IND AN 

Ca.1ANDRA UMBELLATA (1.) Nutt. "Bastard Toadflax" (Santalaceae). IND PER 

CONVOLVULUS ARVENSIS 1. "Bindweed; Creeping-Jenny" (Convolvulaceae). ADV PER 

CORYPHANTHA MISSOURIENSIS (Sweet) Britt. and Rose. "Nipple Cactus" (Cactaceae). IND PER 

CRATAEGUS ERYTHROPODA Ashe. "Hawthorn" (Rosaceae). IND 
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TABLE A-I (continued) 

CREPIS OCCIDENrALIS Nutt. "Hawksbeard" (Cornpositae). IND PER 

CREPIS RUNCINATA T. and G. "Hawks beard" (Compositae) . IND PER 

CUSCUTA APPROXIMATA Bab. "Dodder" (Convolvulaceae). IND AN 

CYNOGLOSSUM OFFICINALE L. "Hound' s-tongue" (Borginaceae). ADV BIEN 

[Cyperus filiculmis.] We doubt that this species occurs in the area, but in the absence of a voucher 
specunen, we cannot guess what other species might have been mistaken for it. 

DACIYLIS GLCMERATA L. "Orchard Grass" (Gramineae). ADV PER 

DALEA CANDIDA Wi11d. "Prairie-clover" (Leguminosae). IND PER 

DALEA PURPUREA Vent. "Prairie-clover" (Leguminosae) . IND PER 

DELPHINIUM NELSONII Greene. "Larkspur" (Ranunculaceae). IND PER 

DELPHINUM VIRESCENS Nutt. "Plains Larkspur" (Ranunculaceae). IND PER 

DESCURAINIA PINNATA (Walt.) Britt. "Tansy Mustard" (Cruciferae) .  IND AN 

DESCURAINIA SOPHIA (1.) Webb. "Tansy Mustard" (Cruciferae). ADV AN 

DODECAlliEON PULCHELLUM (Raf.) Merri11. "Shooting-star" (Primulaceae). IND PER 

DYSSODIA PAPPOSA (Vent.) Hitchc. "Fetid Marigold" (Cornpositae). IND AN 

ECHINOCEREUS VIRIDIFLORUS Engelm. "Hen-and-chickens" (Cactaceae) . IND PER 

ECHINOCHLOA CRUS-GALLI (1.) P. Beauv. "Barnyard Grass" (Gramineae). ADV AN 

ELEOCHARIS COLORADOENSIS (Britt.) Gi11y. "Spike-rush" (Cyperaceae). IND PER 

ELEOCHARIS ELLIPTICA Kunth var. CCMPRESSA (Su11.) Drap. and Mohl. "Spike-rush" (Cyperaceae) .  IND PER 

ELEOCHARIS MACROSTACHYA Britt. "Spike-rush" (Cyperaceae). IND PER 

ELYMUS CANADENSIS L. "canada Wild-rye" (Gramineae). IND PER 

EPILOBIUM ADENOCAULON Hausskn. "Northern Wi11ow-herb" (O,lagraceae). IND PER 

EPILOBIUM PANICULATUM Nutt. "Panicled Wi11ow-herb" (Onagraceae). IND AN 

EQUISETUM LAEVIGATUM A. Br. "Scouring-rush" (Equisetaceae). IND PER 

ERIGERON CANUS Gray. "Fleabane" (Compositae) . IND PER 

ERIGERON DIVERGENS T. and G. "Spreading Fleabane" (Cornpositae). IND AN BIEN 

ERIGERON FLAGELLARIS Gray. "Trailing Fleabane" (Compositae) . IND PER 

ERIGERON PUMILUS Nutt. "Low Daisy" (Compositae). IND PER 

[Erigeron speciosus.] This report must represent a misidentification, most likely of Erigeron 
strigosus. 

ERIGERON STRIGOSUS Muehl. "Daisy Fleabane" (Compositae) . ADV AN BAINE PER 

ERIOGONUM ALATUM Torr. ''Winged Eriogonum" (Polygonaceae). IND PER BIEN 

ERIOGONUM UMBELLATUM Torr. "Sulphur-flower" (Polygonaceae) . IND PER 

ERODIUM CICUTARIUM (L.) L' Her. "Filaree" (Geraniaceae). ADV PER 

ERYSIMUM ASPERUM (Nutt.) DC. ''Western Wa11flower" (Cruciferae). IND BIEN PER 

[Euphorbia dictyosperma.] We have only found this species outside the site boundary. 

EUPHORBIA MARGINATA Pursh. "Snow-on-the-Mountain" (Euphorbiaceae). IND AN 

EUPHORBIA ROBUST A (Engelm.) Small. "Rocky Mountain Spurge" (Euphorbiaceae) . IND PER 

FESTUCA PRATENSIS Huds. ''Meadow Fescue" (Gramineae). ADV PER 

FRASERA SPECIOSA Dougl. ''Monument Plant" (Gentianaceae) . IND PER 
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TABLE A-I (continued) 

GAILLARDIA ARISTATA Pursh. "Blanket-flower" (Compositae) . IND PER 

GALIUM APARINE 1. "Cleavers" (Rubiaceae). IND AN 

GALIUM BOREALE 1. "Northern Bedstraw" (Rubiaceae). IND PER 

GAURA COCCINEA Nutt. "Scarlet Gaura" (Onagraceae). IND PER 

GENTIANA AFFINIS GRISEB. IND PER 

GERANIUM CAESPITOSUM James (G. fremontii of Colorado literature) . ''Wild Geranitun" (Geraniaceae). 
IND PER 

GILIA OPH1'HAJ.M)IDES brand ssp. CLOKEYI (Mt\SON) A. and V. Grant. "Gilia" (Polemoniaceae). IND AN 

GLYCERIA MAXIMA. (Hartm.) Holmboe ssp. GRANDIS (Wats.) Hulten. "American Manna-grass" (Gramineae). 
IND PER 

GLYCERIA STRIATA (Lam.) Hi tchc. "Fowl Manna-grass" (Gramineae) .  IND PER 

GLYCYRRHIZA LEPIOOTA (Nutt.) Pursh. ''Wild Liquorice" (Leguminosae) . IND PER 

GRINDELIA SQUARROSA (Pursh.) Dunal. "Gumweed" (Compositae) . IND BIEN 

GUfIERREZIA SAROTIIRA E (Pursh.) Britt. and Rusby. "Snakeweed" (Compositae) . IND PER 

HARBOURIA TRAGlYPLEURA (Gray) C. and R. ''Whiskbroom Parsley" (Umbelliferae) . IND PER 

HEDECMA HISPIDUM Pursh. "Pennyroyal" (Labiatae) . IND AN 

HELIANlHUS ANNUUS 1. "Connnon Sunflower" (Compositae) . IND AN 

[Helianthus �etiolaris.] We may have overlooked this species, which is very similar to H. annuus .  Both 
species an hybrids between them occur connnonly in the Boulder area. 

HELIANTHUS PUMILUS Nutt. "Sunflower" (Compositae) . IND PER 

HERACLEUM LANATUM Michx. "Cow Parsnip" (Umbelliferae) . IND BIEN PER 

HETERmHECA VILLOSA (Pursh.) Shinners. "Golden Aster" (Compositae) . IND PER 

HEUCHERA PARVIFOLIA Nutt. "Altun-root" (Saxifragaceae) . IND PER 

HORDEUM JUBATUM L "Foxtail Barley" (Gramineae) . IND PER 

HYDROPHYLLUM FENDLERI (Gray) Heller. ''Waterlead'' (Hydrophyllaceae).  IND PER 

HYMEMOPAPPUS FILIFOLIUS Nutt. (Compositae) . IND PER 

HYPERICUM PERFORATUM 1. "Klamath Weed" (Hypericaceae) . AD'! PER 

IPCM)PSIS SPICATA (Nutt.) V. Grant. "Spike Bilia" (Polemoniaceae) .  IND BIEN 

IRIS MISSOURIENSIS Nutt. "Wild Iris" (Iridaceae). IND PER 

JUNCUS ARCTICUS Willd. ssp. ATER (Rydb.) Hulten. "Baltic Rush" (Juncaceae) . IND PER 

[Juncus balticus.] = Juncus arcticus ssp. ater. 

JUNCUS BUFONIUS 1. "Toad Rush" (Juncaceae) . IND AN 

JUNCUS DUDLEYI Wieg. "Rush" (Juncaceae) . IND PER 

JUNCUS NOOOSUS L. "Rush" (Juncaceae) . IND PER 

JUNCUS SACOONTANUS A. Nels. "Rush" (Juncaceae) . IND PER 

JUNCUS SPHAEROCARPUS Nees. "Toad Rush" (Juncaceae) . AD'! AN 
JUNCUS TORREYI Cov. "Rush" (Juncaceae) . IND PER 

JUNCUS TRACYI Rydb. "Rush" (Juncaceae). IND PER 

[Kochia iranica.] This is the most abundant ruderal weed in the Boulder area. We did not see it in 
our Inventory, but it probably occurs, most likely in the vicinity of buildings within the security 
fence. 
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TABLE A-I (continued) 

KOELERIA GRACILIS Pers. "June Grass" (Gramineae) . IND PER 

LACIUCA SERRIOLA 1. "Prickly Lettuce" (Compositae).  ADV AN 

LAPPULA REOOWSKII (Hornem. ) GREENE. "Beggar 's Tick" (Boraginaceae) . IND AN 

LA1HYRUS EUCOSMUS Butters and St. Joh. "Pea-vine" (Leguminosae). IND PER 

LEMNA MINOR 1. "fuckweed: (Lemnaceae). IND AN PER 

LEPIDIUM CAMPESTRE (1.) R. Br. "Field Cress" (Cruciferae).  ADV AN 

[Lepidium densiflorum.] This undoubtedly occurs as a weed in the area, possibly within the plant 
enclosure. We did not see it in the area which we covered. 

LESQUERELLA M:lNTANA (Gray) Wats. ''M:>untain Bladder-Pod" (Cruciferae).  IND PER 

LEUCANrnEMUM VULGARE Lam . "Ox-eye Daisy" (Compositae) . ADV PER 

LEUCOCRINUM M:lNTANUM Nutt. "Sand Lily" (Liliaceae) . IND PER 

LIATRIS PUNCTATA Hook. "Blazing Star" (Compositae).  IND PER 

LINARIA DAIMATICA (1.) Mill. "Butter-and-eggs" (Scrophulariaceae).  AJJV PER 

LlNUM LEWISH Pursh. "Wild Blue Flax" (Linaceae). IND PER 

LI1HOSPERMUM INCISUM Lehm. "Narrow-leaved Puccoon" (Boraginaceae).  IND PER 

LCMATIUM ORIENTALE C. and R. "Salt-and-pepper" (Umbelliferae). IND PER 

LUPlNUS ARGENTEUS Pursh. "Lupine" (Leguminosae). IND PER 

LYSlMACHIA CILIATA L. "Fringed Loosestrife" (Primulaceae). IND PER 

LTIHRUM ALATIJM Pursh. "Winged Loosestrife" (Lythraceae). IND PER 

r.wIONIA REPENS (Lindl. ) G. Don. "Oregon-grape" (Berberidaceae). IND 

MEDICAGO LUPULlNA L. "Black Medic" (Leguminosae). AJJV PER 

MELANDRIUM DIOICUM (L. ) Coss. and Germ. "White Campion" (Caryophyllaceae). AJJV PER 

MELANDRIUM DRm.MJNDII (Hook. ) Hulten. "Campion" (Caryophyllaceae). IND PER 

MELIWIUS ALBA Desr. White Sweet-clover" (Leguminosae). AJJV AN BIEN 

MELIWIUS OFFIClNALIS (L.) Lam . ''Yellow Sweet-clover" (Leguinosae) . ADV AN BIEN 

MENlliA ARVENSIS 1. "Field Mint" (Labiatae). IND PER 

MERTENSIA LANCEOLATA (Pursh.) A. OC. "Narrow-leaved Mertensia" (Boraginaceae).  IND PER 

MlMULUS FLORIBUNDUS Doubl. ''M:>nkey-flower'' (Scrophulariaceae) . IND AN 

MlMULUS GUillRATUS H. B. K. "Smooth Monkey-flower" (Scrophulariaceae) . IND PER 

M:lNA.RADA FISTULOSA 1. "Pink Bergamot" (Labiatae). IND PER 

MUHLENBERGIA M:lNTANA (Nutt.) Hitche. "Mountain Muhly" (Gramineae). IND PER 

MUS I NEON DIVARlCATUM (Pursh.) Raf. "Musineon" (Umbelliferae). IND PER 

MYOSURUS MINlMUS 1. "Mousetail" (Ranunculaceae). IND AN 

NASTURTIUM OFFICINAL R. Br. (form�rly called Rorippa nasturtium-aquaticum [L.] Schinz and TheIl.) 
"Water Cress" (Cruciferae). IND �ER 

NAVARRETIA MINIMA Nutt. "Navarretia" (Polemoniaceae). AJJV (in our area at least) AN 

NEPETA CATARIA 1. "Catnip" (Labiatae). AJJV PER 

NO'IHOCALAIS CUSPIDATA (Pursh.) Greene. "False Dandelion" (Compositae). IND PER 

OENOlliERA BRACHYCARPA Gray. ''Yellow Stemless Evening-primrose" (Onagraceae). IND PER 

OENOlliERA FLAVA (A. Nels.) Mtlllz. "Evening-primrose" (Onagraceae). IND PER 
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TABLE A-I (continued) 

OENmHERA STRIGOSA (Rydb.) Mack. and Bush. "Tall Evening-primrose" (Onagraceae). IND BIEN 

ONOSMJDIUM MJLLE Michx. var. OCCIDENTALIS (Mack.) Johnston. "False Gronwell" (Boraginaceae). IND PER 

OPUNTIA COMPRESSA (Salisb.) Macbr. "Prickly-pear Cactus" (Cactaceae). IND PER 

OPUNTIA FRAGILIS (Nutt.) Haw. "Brittle Cactus" (Cactaceae). IND PER 

OPUNTIA POLYACAN'IHA Haw. "Starvation Cactus" (Cactaceae). IND PER 

[Opuntia rafinesquei.] = O. compressa. 

OROBANCHE FASCICULATA Nutt. "Clustered Cancer-root" (Orobanchaceae). IND AN 

OXALIS DILLENII Jacq. "Wood-sorrel" (Oxalidaceae). IND PER 

OXYBAPHUS LINEARIS (Pursh.) Robinson. "Narrow-leaved lhnbrella-wort" (Nyctaginaceae). IND PER 

OXYBAPHUS NYCTAGINEUS (Michx.) Porter and Coulter. ''Heart-leaved Umbrella-wort" (Nyctaginaceae). 
IND PER 

OXYTROPIS LAMBERTII Pursh. "Colorado Loco" (Leguminosae). IND PER 

PANICUM CAPILIARE L. ''Witchgrass'' (Gramineae). IND PER 

PANICUM OLIGOSAN'IHES Schult. "Panic-grass" (Gramineae). IND PER 

PANICUM VIRGATUM 1. "Switchgrass" (Gramineae). IND PER 

PARONYGUA JAMESII T. and G. "Nailwort" (Caryophyllaceae). IND PER 

PEDIOCACIUS SIMPSONII (Engelm.) Britt, and Rose. '%untain Ball Cactus" (Cactaceae). IND PER 

[Penstemon an�stifolinus.] We suspect this report to be a misidentification of Penstemon virgatus 
ssp. asagrap. 

PENSTEM'JN VIRENS Pennell. "Penstemon" (Scrophulariaceae). IND PER 

PENSTEM'JN VIRGATUS Gray ssp. ASA-GRAYI Crosswhite. "One-sided Penstemon" (Scrophulariaceae). IND PER 

PERSICARIA LAPA1HIFOLIA (L.) S.F. GRAY. "Smartweed" (Polygonaceae). AJN AN 

PERISCIARIA MACULATA (Raf.) S. F. Gray. "Lady I s Thtunb" (polygonaceae). AJN PER 

[Petalostemon purpureus.] = Dalea purpurea. 

PHACELIA HETEROPHYLLA Pursh. "Scorpion Weed" (Hydrophyllaceae). IND PER 

PHLEUM PRATENSE L. "Timothy" (Gramineae). AJN PER 

PHYLA CUNEIFOLIA (Torr.) Greene "Fog-fruit" (Verbenaceae). IND PER 

PHYSALIS LOBATA Torr. "Purple-flowered Ground-cherry" (Solanaceae). IND PER 

PHYSALIS VIRGINIANA Mill. "Ground-cherry (Solanaceae). IND PER 

PHYSOCARPUS MJNOGYNUS (Torr.) Coult. "Ninebark" (Rosaceae). IND 

PINUS PONDEROSA Laws. var. SCOPULORUM Engelm. "Ponderosa Pine" (pinaceae). IND 

PLANTAGO LANCEOLATA L. "English Plantain" (Plantaginaceae). AIN BIEN PER 

PLANTAGO PATAGONICA Jacq. ''Woolly Plantain" (Plantaginaceae). IND AN 

POA CANBYI (Scribn.) Piper. "Blue-grass" (Gramineae). IND PER 

POA COMPRESSA 1. "Canada Blue-grass" (Gramineae). IND PER 
POOOSPERMUM LACINIATUM (1.) OC. (Cornposi tae). AJN BIEN PER 

POLYGONUM OOUGLASII Greene. "Knotweed" (Polygonaceae). IND AN 

POLYFOGON MJNSPELIENSIS (1.) Desf. "Rabbi tfoot Grass" (Gramineae). AJN AN 

POPULUS SARGENT II Dade. "Plains Cottonwood" (Salicaceae). IND 

POTAMJGETON NATANS L. "Pondweed" (Potamogenonaceae). IND PER 
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TABLE A-I (continued) 

P01ENfILLA FISSA Nutt. "Sticky Cinquefoil" (Rosaceae). IND PER 

P01ENfILLA GRACILIS Dougl. ex Hook. "Cinquefoil" (Rosaceae). IND PER 

POTENrILLA HIPPIANA Lehrn. "Woo11y Cinquefoil" (Rosaceae). IND PER 

PRUNELLA VULGARIS 1. "Self-heal; Heal-a11" (Labiatae). IND PER 

PRUNUS AMERICANA MARSH. "Wild PllDTI" (Rosaceae). IND 

PRUNUS VIRGINIANA 1. var. MELANOCARPA (A. Nels.) Sarg. "Choke-cherry" (Rosaceae). IND 

PSORALEA TENUIFLORA Pursh. (LegLDTIinosae). IND PER 

PYRUS MALUS 1. "Apple" (Rosaceae). ADV 

RANUNCULUS AQUATILIS 1. "Water Crowfoot" (Ranunculaceae). IND PER 

[Ranunculus glaberrimus.] We do not believe this occurs on the site, but have no 
ldea what other speCles might be meant. 

RANUNCULUS MACOUNII Britt. "Buttercup" (Ranunculaceae). IND PER 

RATIBIDA COLUMNIFERA (Nutt.) Woot. and StandI. "Prairie Cone-flower" (Compositae). IND PER 

RHUS TRILOBATA Nutt. "Skunkbrush" (Anacardiaceae). IND 

RIBES AUREUM Pursh. "Golden Currant" (Grossulariaceae). IND 

[Rorippa islandica.] The report undoubtedly refers to Rorippa palustris ssp. hispida. 

RORIPPA PALUSTRIS (1.) Besser ssp. HISPIDA (Desv.) Jonsell. "Ye11ow-cress" (Cruciferae). IND AN BIEN 

ROSA ARKANSANA Porter. "Wild Prairie Rose" (Rosaceae). IND 

-RUBUS IDAEUS L var. STRIGOSUS (Michx.) Maxim. ''Wild Raspberry" (Rosaceae). IND 

RUDBECKIA HIRTA 1. "Black-eyed Susan" (Composi tae). IND PER 

RUDBECKIA LACINIATA 1. var. AMPLA (A. Nels) Cronquist. "Ta11 Cone-flower" (Compositae). IND PER 

RUMEX ACETOSELLA 1. "Sheep Sorrel" (Polygonaceae). ADV PER 

RUMEX CRISPUS 1. "Curly Dock" (Polygonaceae). ADV PER 

RUMEX SALICIFOLIUS Weinm. ssp. TRIANGULIVALVIS Danser. ''Wi11ow Dock" (Polygonaceae). IND PER 

[Sa�ttaria cuneata.] We found only S.latifolia, but it is entirely possible 
t t s.cuneata occurs on the site, since they frequently inhabit the same area; 
they are only distinguishable on examination of mature fruit. 

SAGITTARIA LATIFOLIA Wi11d. "Arrowhead" (Alismaceae). IND PER 

SALIX AMYGDALOIDES Anderss. "Peach -leaved Wi11ow" (Salicaceae). IND 

SALIX ECIGUA Nutt. "Sand-bar Wi11ow' , (Salicaceae). IND 

SALIX INTERIOR Rowlee. "Sand-bar Wi11ow' , (Salicaceae). IND 

SALIX LIGULIFOLIA (Ba11) Ball. ''Wi11ow'' (Salicaceae). IND 

[Sal sola kali tenuiflora .] This is the common "Russian Thistle," Salsola iberica sennen and Pau. It 
must be present on the area and we are at a loss to know why we overlooked it. 

SALVIA REFLEXA Hornem. "Lance-leaved Sage" (Labiatae). IND AN 

SCHEOONNARDUS PANICULATUS (Nutt.) Trel. "TLDTIble-grass" (Gramineae). IND AN 

SCHIZArnYRIUM SCOPARIUM (Michx.) Nash (Andropogon scoparius of older treatments). "Little Blue-stem" 
(Gramineae). IND PER 

SCIRPUS ACUI'US Muehl. "Bulrush; Tule" (Cyperaceae). IND PER 

SCIRPUS AMERICANUS Pers. "Three-square" (Cyperaceae). IND PER 

SCIRPUS LACUSTRIS L. ssp. VALIDUS (Vahl) Koyama. "Bulrush; Tule" (Cyperaceae). IND PER 
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TABLE A-l (continued) 

[Scirpus microcarpus.] = Scirpus pallidus. 

SCIRPUS PALLIDUS (Britt.) Fern. (Cyperaceae). IND PER 

SCROPHULARIA LANCEOLATA Pursh. "Figwort" (Scrophulariaceae). IND PER 

SCUTELLARIA BRITIDNII Porter. "Skullcap" (Labiatae). IND PER 

SECALE CEREALE 1. "Rye" (Granimeae). ArN AN 

SEDUM LANCEOLATUM Torr. "Stonecrop" (Crassulaceae). IND PER 

[Senecio atratrus.] This is a species of scree slopes in the subalpine sone and hardly would be 
expected to occur on the site. Very likely this was a misidentification of Senecio intergerrimus. 

SENECIO INTEGERRIMUS Nut t. "Butterweed" (Compos i tae). IND PER 

SENECIO PLATIENSIS Nutt. "Butterweed" (Compositae). IND PER 

SENECIO SPARTIOIDES T. and G. "Broom Ragwort" (Compositae). IND PER 

SETARIA VIRIDIS (1.) P. Beauv. "Green Bristle-grass" (Gramineae). ArN AN 

SILENE ANTIRRHINA 1. "Sleepy Catchfly" (Caryophyllaceae). ArN AN 

SISYMBRIUM ALTISSIMUM 1. "Jim Hill Mustard" (Cruciferae). ADV AN 

SISYRINCHIUM MJNTANUM Greene. "Blue-eyed-grass" (Iridaceae). IND PER 

[Sitanion hystrix.] = Sitanion longifolium. 

SITANION LONGIFOLIUM J.G. Smith. "Squirrel-tail" (Gramineae). IND PER 

SMILACINA STELLATA (L.) Desf. "False Solomon's Seal" (Liliaceae). IND PER 

[Solanum eleagnifolium.] We do not doubt this report. The plant could occur very sporadically in 
waste ground, but we did not see it. 

SOLANUM ROSTRATUM Duanl. "Buffalo Bur" (Solanaceae). ArN (here at least) AN 

[Solidago ciliosa.] Highly unlikely for Rocky Flats and probably based on a misidentification of 
SOllaago mIssouriensis. 

SOLIDAGO MISSOURIENSIS Nutt. "Smooth Goldenrod" (Compositae). IND PER 

SOLIDAGO MJLLIS Bartl. "Goldenrod" (Composi tae). IND PER 

SPARTINA PECTINATA Link. "Prairie Cordgrass" (Gramineae). IND PER 

SPHAERALCEA COCCINEA (Pursh.) Rydb. "Copper Mallow" (Mal vaceae). IND PER 

SPOROBOLUS CRYPTANDRUS (Torr.) Gray. "Sand Dropseed" (Gramineae). IND PER 

SPOROBOLUS HETEROLEPIS Gray. "Prairie Dropseed" (Gramineae). IND PER 

STELLARIA LONGIFOLIA Muehl. "Long-leaved Stitchwort" (Caryophyllaceae). IND PER 

STEPHANOMERIA PAUCIFLORA (Torr.) Nees. "Wire-lettuce" (Compositae). IND PER 

[Stipa comata Trin.] This species should be in the area, but we did not find it in our survey. We 
see no reason to doubt the report. 

[Stipa neomexicana.] This species should be in the area, and it is very distinctive, but we did not 
find it in our survey. We see no reason to doubt the report. 

STIPA VIRIDULA Trin. "Green Needle-grass" (Gramineae). IND PER 

SYMPHORICARPOS OCCIDENTALIS Hook. "Snowberry; Buckbrush" (Caprifoliaceae). IND 

SYMPHORICARPOS OREOPHILUS Gray. "Snowberry; Buckbrush\' (Caprifoliaceae). IND 

TALINUM PARVIFLORUM Nutt. "Fame-flower" (Portulacaceae). IND PER 

TARAXACUM OFFICINALE Web. in Wiggers. "Common Dandelion" (Compositae). ArN PER 

THELESPERMA. MEGAPOTAMICUM (Spreng.) Kuntze. "Green-thread" (Compositae). IND PER 
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TABLE A-I (continued) 

TIIEJW:JPSIS DIVARlCARPA A. Nels. "Golden Banner" (Leguminosae). IND PER 

[Thlaspi alpestre.] = Thlaspi montanum L. "Candy tuft" (Cruciferae). T.alpestre is restricted to 
Eurasia, although the name has been used until recently for the latter. We do not doubt the 
report, but we did not find this in our survey. 

1HlASPI ARVENSE L. "Penny Cress" (Cruciferae). ADV AN 

TINIARIA CONVOLVULUS (L.) Webb and Moq. (Bilderdykia convolvulus [L. J Dum.) "Black Bindweed" 
(Polygonaceae). ADV AN 

TOWNSENDIA GRANDIFWRA Nutt. "Easter Daisy" (Cornpositae). IND BIEN 

TOWNSENDIA HOOKERI Beaman. "Easter Daisy" (Compositae). IND PER 

TOXICODENDRON RYDBERG II (Small ex Rydb.) Greene. "Poison Ivy" (Anacardiaceae). IND PER 

TRADESCANTIA OCCIDENTALIS (Britt.) Smyth. "Spiderwort" (Cornposi tae). IND PER 

TRAGOPOGON DUBIUS Scop. "Salsify" (Compositae). ADV BIEN PER 

TRAGOPOGON PORRIFOLIUS 1. "Purple Salsify" (Cornpositae). ADV BIEN PER 

TRIFOLIUM HYBRIDUM 1. "Alsike Clover" (Leguminosae). ADV PER 

TRIFOLIUM PRATENSE L. "Red Clover" (Leguminosae). ADV PER 

TYPHA LATIFOLIA L. "Broad-leaved Cat-tail" (TYPhaceae). IND 

VACCARIA PYRAMIDATA Medic. "Cow Cockle" (Caryophyllaceae). ADV AN 

VERBASCUM BLATI'ARIA 1. ''MJth Mullein" (Scrophulariaceae). ADV BIEN 

VERBASCUM TIlAPSUS 1. "Great Mullein" (Scrophulariaceae). ADV BIEN 

VERBENA BRACI'EATA Lag. and Rodr. "Prostrate Vervain" (Verbenaceae). ADV AN 

VERBENA HASTATA L. "Blue Vervain" (Verbenaceae). IND PER 

[Veronica americana.] Probably a misidentification of V.anagallis-aquatica, although there is no 
reason why lt could not occur here. 

VERONICA ANAGALLIS-AQUATICA L. " Water Speedwell" (Scrophulariaceae). ADV PER 

VERONICA PEREGRINA L. "Purslane Speedwell" (Scrophulariaceae). ADV AN 

VICIA AMERICANA Muehl. "Cornmon Vetch" (Leguminosae). IND PER 

VIOLA CANADENSIS 1. "White Violet" (Violaceae). IND PER 

VIOLA NlJITALLII Pursh. ''Yellow Violet" (Violaceae). IND PER 

VULPIA ocrOFWRA (Walt.) Rydb. "Six-weeks Fescue" (Gramineae). IND AN 

XAN1HIUM STRUMARIUM L. "Cocklebur" (Compositae). ADV AN 

YUCCA GLAUCA Nutt. "Spanish Bayonet" (Liliaceae). IND 

ZYGADENUS VENENOSUS Wats. var. GRAMINEUS (Rydb.) Walsh ex Peck. "Death camas" (Liliaceae). IND PER 

�ichens (25 Species) 

ACAROSPORA FUSCATA (Schrad.) Am. 

ASPICILIA CAESIOClNEREA (Nyl.) Am . 
CAWPLACA LAMPROCHElLA (OC.) Flag. 

CANDELARIELLA ROSULANS Muell.-Arg. 

CIAOONIA PYXIDATA (L.) Fr. 

DERMATOCARPON LArnENUM (Ach.) A. L. Sm. 
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TABLE A-I (continued) 

DIMELAENA OREINA Norm. 

DIPLOSGlISTES SCRUPOSUS (Schreb.) Norm. 

LECANORA CHRYSOLEUCA (Sm.) Ach. 

LECANORA MURALIS (Schreb.) Rabenh. 

LECIDEA AURICULATA Th. Fr. 

PARMELIA EXASPERATl.ilA (Ach.) Nyl. 

PARMELIA SUBDECIPIENS Vain. ex Lynge. 

PARMELIA SUBRAMIGERA Gyel. 

PARMELIA ULOPHYLLODES (Vain) Savicz. 

PARMELIA (XANTHROPARMELIA) indet. 

PELTIGERA CANINA (L.) Willd. var.RUFESCENS (Weiss) Mudd. 

PHYSCIA ORBICULARIS (Neck.) POETSGl. 

PHYSCIA CAESIA (Hoffm. )Hampe. 

PHYSCIA DOBIA (Hoffm.) Lett. 

PHYSCIA STELLARIS (1.) Nyl. 

PHYSCONIA GRISEA (Lam.) Poelt. 

RINODINA sp. indet. 

SARCOGYNE CLAVUS (Ram. ex Lam. and DC.) Kremp. 

XAN'IHORIA FALLAX (Hepp in arn.) Arn. 

Bryophytes (16 Species) 

AMBLYSTEGIUM SERPENS (Hedw.) B. S. G. var. JURATZKANUM (Schimp.) Rau et Herv. 

BRACHY1HECIUM FENDLERI (Sull.) J aeg. et Sauerb. 

BRYUM ARGENTEUM Hedw. 

BRYUM CAESPITICIUM Hedw. 

BRYUM CAPILLARE Hedw. 

CAMPYLIUM CHRYSOPHYLLUM (Brid.) J. Lange. 

CERATOOON PURPUREUS (Hedw.) Brid. 

DREPANOCLADUS ADUNCUS (Hedw.) Warnst. 

GRIMMIA MONTANA B.S.G. 

MARGlANTIA POLYMORPHA L. 

ORTHOTRIGlUM PALLENS Bruch ex Brid. 

ORTHOTRI GlUM PUMI LUM Sw. 

PHYSCCMITRIUM PYRIFORME (Hedw.) Hampe. 

POHLIA NUTANS (Hedw.) Lindb. 

POLYTRIGlUM PILIFERUM Hedw. 

TORTl.ilA RURALI S (Hedw.) Gaertn. 

Macroscopic Green Algae 

CHARA species (Characeae). 
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TABLE A-2 

ANIMAlS KNOWN TO OCCUR AT TIlE ROCKY FLATS SITE 

Mamnals 

LEPUS TOWNSENDII - White-tailed Jack Rabbit 

SYLVlLAGUS spp - Cottontail 

SPERMOPHILUS TRIDECEMLlNEATUS - Thirteen-lined Ground Squirrel 

THOMOMYS TALPOIDES - Northern Pocket Gopher 

PEROGNATHUS HISPlDUS - Hispid Pocket MOuse 

PEROGNATHUS FLAVUS - Silky Pocket MOuse 

PEROMYSCUS MANlCULATUS - Deer MOuse 

PEROMYSCUS DIFFICILIS - Rock Mouse 

MICROTUS PENNSYLVANlCUS - Meadow Vole 

ONDATRA ZIBETHlCUS - Muskrat 

MUS MUSCULUS - House Mouse 

VULPES FULVA - Red Fox 

CANIS LATRANS - Coyote 

PROCYON LOTOR - Raccoon 

MUSTELA FRENATA - Long-tailed Weasel* 

TAXIDBA TAXUS - American Badger 

MEPHITIS MEPHITIS - Striped Skunk 

ODOCOlLEUS HEMIONUS - Mule Deer 

BIRDS 

ARDBA HEROD lAS - Great Blue Heron 

ANAS PLATYRHYNOCHOS - Mallard 

ANAS STREPERA - Gadwall * 

ANAS CYANOPTERA - Cinnamon Teal * 

MARECA AMERICANA - Baldpate* 

ANAS CAROLlNENSIS - Green-winged Teal* 

ANAS DISCORS - Blue-winged Teal* 

AYTHYA AMERICANA - Redhead* 

BUTEO JAMAlCENSIS - Red-tailed Hawk 

BUTEO LAGOPUS - American Rough legged Hawk* 

CIRCUS CYANEUS - Marsh Hawk* 

FALCO SPARVERIUS - American Kestrel* 

BUTEO REGALIS - Ferruginous Hawk* 

CHARADRIUS VOClFERUS - Killdeer* 

COLUMBA LIVIA - Rock Dove* 

*Species shown with an asterisk have been seen within the site by a Rocky Flats biologist. All 
other species were previously identified by Whicker (1974). 
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TABLE A-2 (continued) 

ZENAlDURA MACROURA - Mourning Dove 

BUBO VIRGINIANUS - Horned Owl 

CHORDElLES MINOR - Common Nighthawk 

MEGACERYLE ALCYON - Belted Kingfisher* 

SAYORNIS SAYA - Say's Phoebe 

AGELAIUS PHOENlCEUS - Red-winged Blackbird 

EREMOPHlLA ALPESTRIS - Horned Lark* 

HIRUNDO RUSTlCA - Barn Swallow* 

PICA PICA - American Magpie 

CORVUS CORAX - Raven* 

TURDUS MIGRATORIUS - Robin* 

STURNUS VULGARIS - Starling* 

STURNELLA NEGLECTA - Western Meadowlark 

QUISCALUS QUISCULA - Common Grackle* 

MOLOTHRUS ATER - Brown-headed Cowbird* 

PASSERlNA AMOENA - Lazuli Bunting 

PIPlLO ERYTHROPTHALMUS - Rufous-sided Towhee 

POOECETES GRAMINEUS - Vesper Sparrow 

MELOSPlZA MELODIA - Song Sparrow* 

SIALIA CURRUCOIDES - Mountain Bluebird* 

JUNCO HYEMALIS - Slate-colored Junco* 

SPEOTYTO CUNlCULARIA - Burrowing Owl 

CALAMOSPlZA MELANOCORYS - Lark Bunting 

*Species shown with an asterisk have been seen within the site by a Rocky Flats biologist. All 
other species were previously identified by Whic�er (1974). 
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TABLE A-3 

REPTILES AND AMPHIBIANS KNOWN TO OCCUR AT '!HE ROCKY FIATS SITE* 

RANA PIPIENS BRACHYCEPHALA - Western Leopard Frog* 

CHRYSEMYS PICTA - Painted Box Turtle 

PHRYNOSOMA DOUGLASSI BREVIROSTRE - Eastern Short-horned Lizard* 

THAMNOPHIS RADIX - Plains Garter Snake 

COLUBER CONSTRI CI'OR - Racer 

PITUOPHIS MELANOLEUCUS - Common Bullsnake 

CROTALUS VIRIDIS - Prairie Rattlesnake 

*All of these species were identified by Whicker (1974). 
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TABLE A-4 

AQUATIC SPECIES KNOWN TO OCCUR AT THE ROCKY FLATS SITE 

Algae 

Cyanophyta Chlorophyta 
(Blue-Green Algae) (Green Algae) 

GLEOTRICHA HYDRODICIYON 

GLEOCAPSA CHLOROCOCCUM 

OSCILLATORIA LIMNOSA CHLORELLA 

NOSTOC PRUNIFORME OEOOGONIUM 

ANABAENA CLADOPHORA 

SCYTONEMA. 7:'fGNEMA. 
STIGONEMA. ULOTHRIX ZONOTA 

TOLYPOTHRIX CHAETOPHORA 

APHANI ZCMENON PEDIASTRUM 

APPHITHRIN SPIROGYRA CRASSI 

CALOTHRIX SPIROGYRA 

SCENEDESMUS 

MJUGEOTIA 

CLOSTERIUM 

EUGLINOIDS 

Crustaceans* Insect Orders* 
------

DAPHNIA PULEX PLECOPTERA 

DIATPOMUS EPHEMEROPTERA 

GJV.MARUS ODONATA 

CAMBARUS DIPTERA 

COLEOPTERA 

TRI CHOPTERA 

* Identified by Johnson, et al (1974) 
** Identified by Zillich (1974) 
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Chrysophyta 

DINOBRYON 

CYMBELLA 

HYLOTI-lECA 

NAVICULA. 

Fish** 

PIMEPHALES PROMELAS -
Fathead Minnow 

LEPOMIS CYANELLUS -
Green Sunfish 

CATOSTCMlS CCM1ERSONI -
Western White Sucker 

MICROPTERUS SALMOIDES -
LargeIl\Outh Bass 

SAlM) GAIRDNERII -
Rainbow Trout 
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I NTRODUCT ION 

Thi s report i s  i ntended to prov ide a genera l  s ummary of the pro-
gress  a nd fi nd i n gs of work sponsored by ERDA under contract EY-76-S-02-1 1 56 
over the period May 1 ,  1974 through J u ly  3 1 , 1 977 . Duri ng th i s peri od , 
the overwhel m i ng maj ori ty of effort was devoted to stud i es on the d i s tr i­
buti on , transp�rt , c haracteri zation and ecol ogi ca l  consequences of  p l uton i um 
i n  the terrestri a l  envi rons of the Roc ky F l ats nucl ear weapons p l ant near 
Denver , Col orado . Dur i ng the peri od , however , addi t i ona l stud i es were 
carr i ed out on the geoc hemi stry of stabl e l ead i n  an a l p i ne l a ke and ,i ts 
watershed , ces i um k i net ics  in  a montane l a ke , l ong-term patterns of fa l l out  
1 3 7CS in  trout  and mu l e  deer popu l at ions , and  effects of chroni c gamma 
i rrad iat ion on a shortgrass  pl a i ns ecosystem . S i nce the stud i es on l ead 
and ces i um have been of comparati vely l ow i nten s i ty and because  the data 
generated have not been ana l yzed suffic i ent l y  for a substant i ve summary ,  
they are not reported on here . Those i n terested i n  the l ead and cesi um 
stud i es s hou l d  consu l t  t he recent annual  progress reports . In 1 97 5 , the 
i nvestigation of the effects of c hron i c  i rrad i at ion on a shortgra ss  p l a i n s  
ecosystem was transferred t o  ERDA Contract EY-76-S-02-2743 ; therefore , 
i t  i s  not reported here ei ther . Thi s report provi des a bri ef synthes i s  of 
progress  on the p l uton i um stud i es . 

Publ i c  and sc i enti fi c i nterest i n  p l u ton i um contami nati on of the 
envi ronment ha s been keen in recent years . One foca l po i nt of concern 
i s  the grass l and near the Rocky F l ats i n s ta l l at i on of the U .  S .  Energy 
Research and Devel opment Admi n i strati on northwest of Denver , Co l orado . 
Now operated for ERDA by Roc kwel l I nternationa l ,  t he Rocky F l ats P l ant 
handl es l arge amounts of p l uton i um metal for defense purposes . The pl ant , 
approx imate ly 12  km northwest of the Denver , Col orado , metropol i tan area , 
ut i l i zes nearly 30 km2 a s  a buffer zone whi ch separates the publ i c  from 
producti on operat ion s . The c l imate of Roc ky Fl ats i s  typ i fi ed by occas i onal 
strong W-NW wi nds exceed i ng 40 m/s and moderate prec i p i tati on (40 cm/y 
average ) .  The phys i ognomy of Rocky Fl ats i s  descri bed as mod i f i ed grass­
l and wh i c h  i nc l udes speci es typi ca l  of  shortgrass  pl a i ns (Boutel oua graci l i s ,  
Buchl oe dactyl oi des , etc . ) as  wel l a s  ta l l -grass  pra i ri e  (Agropyron spp . , 
Andropogon spp . ) ,  and ponderosa p i ne wood l and . Mu l e  deer (Odocoi l eus 
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hemi onus hemi onus ) res i de a l ongs i de typ ical l y  grass l and speci es of a rthro­
pods , repti l es ,  rodents , and bi rds . 

Drums conta i n i ng pl utoni um-contami nated oi l wh i ch l eaked duri ng  1959-
1964 on the barre l  storage a rea were the major source of p l uton i um contami ­
nation . I nves ti gations  by ERDA's Heal th and Sa fety Labora tory , Rocky 
Fl ats personnel , and others i ndi cated that pl uton i um con tami nation 
patterns i n  soi l were cons i sten t wi th predomi nant wind  di rections  (i . e . , 
p l utoni um concentration i sopl eths i n  so i l extended primari l y  east and 
southea st from the ba rrel storage a rea ) .  Evi dence s upports the concept 
that  soi l parti c l es near the base of l eaki ng drums became heavi l y  contami ­
na ted wi th p l utoni um and were subsequent ly  resuspended by strong wi nds . 
Contami nated soi l parti c l es were depos i ted downwi nd at l evel s wh i ch 
decreased wi th di stance . The p l uton i um ha s l arge ly  rema i ned i n  so i l , 
nea r the su rface . However ,  measureabl e amoun ts have been found to depths 
of  30 cm in soi l and in the b i ota . Publ i c  concern , l ack of knowl edge on 
the envi ronmental behav ior  of pl utoni um ,  and the h i gh radi otoxi ci ty of 
the e l emen t a l l prov i ded j usti fi cation for the research program descri bed 
i n  th i s  document .  

The fi ndi ngs descri bed i n  th i s  report were obta i ned by (a l p habeti cal l y ) : 
staff members A .  W .  Al l dredge , J .  A .  B l y ,  L .  Fra l ey ,  J r . , and T .  F .  Wi nsor;  
and graduate students L .  E .  Al exander ,  W .  J .  Arthur ,  S .  J .  Ba ker ,  M .  P .  
Ca rson , R .  A .  Gei ge r ,  G .  S .  H i att , C .  A .  L i ttl e ,  L .  M .  McDowe l l ,  S .  L .  
Mecker , a nd M .  L .  Mi l l er .  
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SUMMARY OF  F IND INGS 

Di s tri buti on of P l uton i um i n  the Terrestri a l  Ecosystem 

We establ i shed three samp l i n g  areas southeast ( downwi nd )  of the 
former oi l barre l stora ge area : a 0 . 25 ha p l ot 50 m away , a 0 . 75 ha 
stu dy macropl ot about 200 m away , and a 500 m- l ong  samp l i n g  transect 

3 

runni n g from 270 to 770 m downwi nd . Two other s tudy p l ots were establ i shed , 
one 1400 m south of the former oi l barrel s tora ge a rea , and one i n  the 
northwest corner a nd u pwi nd of the p l ant .  Duri n g  1972- 1976 , we col l ected 
samp l es of soi l , l i tter ,  ve getati on , arthropods (orders Arachn i da ,  Thysan ura, 
Orthoptera , and Col eoptera ) , sma l l  mammal s  ( Peromyscus man i cu l atus , Thomomys 
ta l po i des , and Spermophi l us tri deceml i neatus ) ,  mul e deer ,  snakes ( Co l uber 
constri ctor fl avi ventri s ,  P i tuoph i s mel anol eucus sayi , and Crotal us v i ri di s  
vi ri d i s ) ,  and mourn i n g  doves ( Zenai dura macroura ) from the s tudy areas 
for plu ton i um ana lys i s  and b i omass estimati on s .  Samp l es were ana lyzed 
by l i q u i d  sc i nti l l a ti o n  counti n g  i n  our l abora tory or a l pha spectrometry 
by commerc i a l  l aboratori es . 

Data from or  representati ve of macropl ot 1 ,  the pri nci pal  study pl ot 
200 m downwi nd of  the former barre l  storage area , are gi ven i n  Tabl e 1 .  
Mean concentrati ons , compartmenta l i nventori es , and concen tration  rati os 
are s ummari zed . The data i ndi cate that the top 21 cm of soi l  contai ned 
more than 99% of the tota l pl uton i um i nventory of the ecosystem ; the 0-3 
cm and 3-2 1  cm l ayers had about equal fracti ons . The fracti ons of total 
pl uton i um i n  the non-soi l compartments were orders of magn i tude l ower 
than the soi l .  Li tter had a h i gher fraction of the total p l utoni um 
i nventory than vegetati on wh i c h  i n  turn had a s ubstanti a l l y  l arger fra cti on 
than the an ima l  compartments . These data i mp ly  that because mos t  of the 
p l uton i um i s  i n  soi l , l and  management practi ces are very i mportant on 
con tami nate d  areas and a l so that p l utoni um transport by b iota appears 
rel ati vel y  i ns i gn i fi cant , at l east i n  the s hort term . 

The val ues gi ven i n  Tabl e 1 for vegetation and sma l l mamma l s  need 
to be q ua l i fi ed i n  the l i ght of recent fi ndi ngs .  For exampl e ,  ve getati on 
from macropl ot 1 ,  when c l eansed of s urface dust us i n g an u l trasoni c bath , 
contai ns of the order of  1 to 2 dpm/ g of 2 3 9pu . Th i s  i s  strong  evi den ce 
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Tabl e 1 .  Di s tri bution of 2 3 9pu i n  samp l es from Rocky Fl ats s tudy macropl ot 
no . 1 .  Compartmenta l 2 3 9pu i nven tory ( dpm/m2 ) = mean b i omas s  
( g/m2 ) x mean concentrati on (dpm/ g) . Fraction o f  total = mean 
compa rtmental i nventory ( dpm/m2 ) + tota l i n ventory ( dpm/m2 ) .  
Concentrati on rati o = mean concentrati on of compartment ( dpm/ g) 
+ mean concen tration of 0- 3 cm soi l  ( dpm/ g) . 

Compa rtment 

soi l , 0- 3 cm 
so  i 1, 3- 21 cm 
l i tter 
vegetati on 
arthropods 
sma l l mamma l s  

soi l ,  0- 3 cm 
soi l ,  3-2 1  cm 
1 i tter 
vegetati on 
arthropods 
sma l l mammal s 

soi l ,  0- 3 cm 
soi l ,  3- 2 1  cm 
1 i tter 
vegetation 
arthropods 
sma l l ma mma l s 

Mean n *  95% confi dence i nterva l 

Pl uton i um concentrati ons ( dpm/ g) 

1850 
233 
9 14 
6 3 . 4  
12 . 6  
14 . 4  

72 
309 

29 
76 
23 

304 
Fracti on of total Pu 

5.0 X 10-1 
5 . 0  X 10- 1 
2 . 9  x 10- 3 
1 .  0 X 10- 4 
1 . 2 x lO- 8 
3 . 3 X 10- 9 

Concentra tion rati o 
1 . 0  x 10 0  
1. 3 X 10- 1 
4 . 9 x lO-1 

3 . 4  X 10-2 
6 . 8  X 10- 3 
7 . 8  x 10- 3 

1230 - 2480 
154 - 3 12 
698 - 1 130 

34 . 8  92 . 0  
7 . 19 18 . 0  
5 . 29 2 3 . 5  

2 . 5  x 10- 1 - 7 . 4  X 10- 1 
2 . 5  X 10- 1 - 7 . 5  X 10- 1 
1 .  6 X 10- 3 - 4 . 2  x 10- 3 
4 . 1 X 10- 5 - 1 .  6 X 10- 4 
4 . 6  X 10- 9  - 2 . 0  X 10- 8 
6 . 6  X 10- 1 0  - 6 . 0  X 10- 9  

6 . 6 x lO-2 - 1 .  9 X 10- 1 
2 . 9 X 10- 1  - 7 . 0  X 10- 1 
1 . 5  X 10- 2 - 5 . 4  X 10-2 
3 . 1  x 10- 3 - 1 . 1  X 10-2 
2 . 2  X 10- 3 - 1 . 3  X 10- 2 

*n = no . of samp l es for wh i c h  the mean i s  ca l cul ated: for arthropods 
and vegetati on, n i s  the number of groups of i nd i vi dual s anal yzed ; 
for smal l mamma l s ,  the n umber of ti ssue samp l es , not i nd i v i dual 
a n i ma l s .  
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tha t the mean va l ue of 63 dpm/ g i n  Tab l e  1 ma i n l y  refl ects p l uton i um i n  

the surfi c i a l  dus t. In add i t i on , more recent da ta on sma l l mamma l samp l es 
wh i ch were pool ed to obta i n  more acti v i ty per samp l e ,  gave l ower mean 
va l ues,  on the order of 0 . 4  dpm/ g. 

Leve l s  of 2 39pu  i n  the ti ssues o f  mul e deer , snakes , and mourn i n g  
doves i n  most cases have been be l ow the analyti ca l  detection  l i mi t .  I n  
no case has  a samp l e  of  i nternal  ti s s ue from these spec i es conta i ned more 
than 1 dpm/ g. These data co l l ecti vel y  i nd i cate that  the p l utoni um i n  
the envi rons o f  Rocky Fl ats i s  h i gh l y  i n so l ubl e and i s  not movi n g  i nto 
the bi ota to an unexpected extent .  Of the an imal s samp l ed ,  arthropods 
cl ea rl y conta i n  the h i ghest concentrati ons of 2 39 pU and a l so  the l argest 
fracti on of  the i n ventory associ ated wi th an ima l s .  As wi th vegetati on 
however ,  arthropods were not c l eansed of s urfi c i a l  acti vi ty pri o r  to assay 
and the 2 3 9Pu concentrati ons of  i nternal  body parts i s  not known . 

P l uton i um concen trati ons i n  Rocky Fl ats so i l vari ed i nverse ly  wi th 
di s tance from the ori gi na l  pl uton i um source , depth of the samp l e ,  and 
parti cl e s i ze of s i eved so i l  s amp l es . Coeffi c i ents of  vari ati on of  pl u ­
ton i um i n  so i l  ranged to more than 300 % ,  and  frequency d i s tri buti ons were 
h i gh ly  s kewed w ith most samp l es l yi n g bel ow the mean and a few bei n g  much 
l arger than  the mean .  The p l uton i um di stri buti on patterns and known 
characteri s ti cs of the p l uton i um source i nd i cated that the mechan i sms 
of envi ronmental d i s pers i on may have i n vo l ved : the attachment of p l utoni um 
oxi de to so i l parti cl es ;  primary d i ssemi nati on of the contami nant from 
the s ource by wind ; and weatheri n g, mi crod i s persal , and penetrati on i nto 
so i l  of depos i ted pa rti cl es . The h i gh degree of s pat ia l  variab i l i ty ,  i n  
pa rti cu l ar ,  s u ggested that the mos t common functional  form of  the con tami ­
nated so i l duri ng  d i ssemi nati on was probably an aggl omerated parti c l e  
conta i n i n g  many pl uton i um oxi de and so i l  parti c l es bound to gether. 

In an effort to more ful l y  understand the probl em of  samp l i n g hetero­
gen i ety ,  so i l samp l es from macropl ot 1 were exami ned mi croscopi cal l y  so  
that  pl utoni um parti c l e s i zes and mi cro-di stri buti on coul d be  i nvesti gated . 
We wanted to expl ore the i dea that occas i onal h i gh -act i vi ty sampl es were 
pos s i bl y  caused by IIhot parti c l es ll of  p l uton i um .  An autoradi ograph i c  
techni que , uti l i zi n g nucl ear emul s i on pl ates , was used to obta i n  abundance 
of,  and equ i va l ent s i ze di stri buti ons for ,  p l uton i um parti c l es i n  Rocky 
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Fl ats s urface soi l . A tota l of 1700 parti c l es were s i zed , for wh i ch mean 
2 39 Pu02 equ i va l ent  di ameters of 0 . 29 �m , 0 . 25 �m , and 0 . 20 �m were found 
for 7- , 14- , and 37-day exposures of soi l to emul s i on p l a tes . A method 
to s can  for parti c l es grea ter than 1 . 50 �m equ i va l en t  di ameter ,  uti l i z i ng 
Koda k AA I ndustri a l  X- Ray fi l m ,  was a l so used . The l argest pa rti cl e s i zed 
wi th th i s  procedure was 6 . 86 �m 2 3 9Pu02 eq u i va l ent di ameter . None of the 
pa rti c l es s i zed was of suffi ci ent magn i tude a l one to account for e l evated 
p l utoni um acti vi ty observed previ ous l y  i n  Rocky Fl ats surface soi l sampl es . 
Vari ab i l i ty i n  parti c l e concentra ti ons was observed , however , wh i ch s ug­
gested that heterogenei ty in the s patia l  d i s tri buti on of p l uton i um parti cl es 
i n  the soi l may parti a l l y  exp l a i n  observed va ri abi l i ty i n  soi l p l uton i um 
concentrati ons . Whi l e  no " hot parti cl es " ( >  1000 dpm ) were found , thei r 
presence cannot be ru l ed out because of the l i mi ted quanti ty of soi l  tha t 
can be feas i b l y  exami ned by the auto radi ographi c techn i que . 

Based upon data from sampl es ta ken across  gradi ents of p l uton i um 
contam i nati on , l evel s of p l uton i um i n  l i tter ,  vegetati on and arthropods 
were s i gn i fi cantly correl ated to con centrati ons  i n  so i l . These corre l a ti ons  
provi ded addi tional  evi dence that most of the  p l uton i um associ ated wi th 
these sampl es was actual ly  attached to surfi c i a l  dust . Th i s  study 
corroborates the i dea expressed by other i nvesti gators that p l utoni um 
moves i n  the en vi ronment pri nci pal l y  by phys i ca l  rather than phys i o l ogi ca l  
mechan i sms . 

Data on 2 39pu concentrati on s  i n  vegetati on , smal l mammal s  and arthro­
pods were too vari ab l e to s how stati sti ca l l y  s i gn i fi cant di fferences 
between s peci es or taxonomi c groups . We a l so have not been abl e to show 
s i gn i fi cant di fferences between col l ecti on dates nor types of sma l l mamma l 
ti s s ues . Stati sti ca l  ana lyses have been exha usti ve , i n  that data were 
l og-transformed to reduce heterogenous vari ance and s kewness of di stri ­
buti ons , and norma l a s  wel l a s  non-parametri c procedures have been used . 

P l uton i um Transport Processes 

I n  an effort to understand and poss i bl y  predi ct the behav ior  of 
pl uton i um i n  the envi ronment , several studies' dea l i ng wi th trans port 
processes have been undertaken . These i ncl ude measurements of aeri a l  
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depos i ti on rates , so i l  eros ion , p l uton i um export res ul ti ng from b io l ogi cal 
p rocesses , and p l ant uptake . Data from these stud i es have not been ful l y  
ana l yzed , b u t  severa l noteworthy poi nts have emerged . 

Aeri a l  depos i ti on rates over the past two years have averaged about 
20 dpm/m2-day in macropl ot 1 ,  based upon data from 21 wet pot co l l ectors . 
Thi s va l ue i s  i n  good agreement wi th mean a i r  concentrati ons over the 
area of about 10- 1 5  �Ci /cm 3  and a reasonabl e depos i ti on vel oci ty fi gure 
of 5 cm/sec . Th i s  depos i ti on rate wou l d  provi de an  i ncrement to the so i l  
i nventory o f  on l y  0 . 006% per yea r .  A depos i ti on rate of 20  dpm/m2-day 
woul d theoreti ca l l y l ead to a 2 3 9pu concentrati on i n  vegetation  "of about 
2 dpm/g , a s sumi ng a mean bi omas s  of  220 g/m2 and a n  effecti ve hal f-ti me 
of 14 days . 

S i nce over 99% of the p l uton i um i n  the ecosystem i s  a ssoci ated wi th 
the soi l , eros i onal processes offer the potenti a l  of  d i s pers i ng  s i gn i fi cant 
p l utoni um contami nati on . Such processes i nc l ude water eros i on , both gul l y  
a n d  s heet fo rms , a n d  res us pens ion  by wi nds . These processes may be enhanced 
by so i l  d i sturbance from natura l  p henomena s uch as  an imal  acti vi ty and 
need l e i ce fo rma ti on .  We attempted to measure soi l eros i on by traci ng  
through t i me the  l ocati on of soi l parti c l es tagged wi th 5 9Fe a nd by 
recordi ng beta counts from 9 0Sr  sources buri ed at  fi xed pos i tions  beneath 
the soi l  s u rface . These data gave no i ndi cati on of measureab l e  so i l  
eros ion  over the durat ion of the study i n  und i s turbed , wel l -vegetated 
area s . I f  s urfi c i a l  eros i on were to occu r ,  the fact that most  of the 
soi l p l utoni um i s  greater than a few mm deep l ends a s s urance that s i gn i fi ­
cant quanti ties o f  the e l ement wou l d  not move . Severe gul ly  eros i on 
cou l d  move s ubstanti a l  quanti ties  of pl utoni um . but th i s  has  not been 
observed except i n  steep , d i sturbed a reas . 

The potenti a l  of mammal s  for d i s pers i ng p l uton i um has been i nvesti ­
gated i n  c�n s i derabl e deta i l by quanti fy ing  certa i n acti vi ti es  of poc ket 
gophers and mu l e deer .  Burrowi ng and mound bui l d i ng by smal l mamma l s  
exposes contami nated soi l  to eros i onal  forces .  Pocket gophers at Rocky 
Fl ats form mounds and d i g  tunnel s and burrows , and move l arge quanti ti es 
of soi l i n  the process . I n  a pl uton i um-contami nated a rea of 2 . 6  ha , 
gophers constructed about 4 . 5  mounds/day , representi ng  about 5 , 000 kg 
of so i l  per year wh i ch contai ned about 85 �Ci of 2 39pu . Most  of the 
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mound soi l  ori q i nated from the 10- 15  cm hori zon . The fate of p l utoni um 
i n  exposed mounds has not been stud i ed ,  but observati ons suqqest that 
most rema i ns i n  the i mmediate area of the mound . Mul e deer i ngest pl u ­
ton i um associ ated wi th vegetati on and  soi l and  transport the materi a l  to 
the s u rround i ng area , where most i s  excreted wi th feca l materi a l . Meas ured 
soi l i ngesti on rates of up to 30 g/day and i ngesti on of contami nated vege­
tati on ( 1 100- 1400 g/day ) l ead to an esti mated probabl e annual  i ntake of 
0 . 07 �Ci per deer feedi n g  around the contami nated a reas at Roc ky Fl a ts . 
An esti mated maxi mum pos s i b l e annual  i ntake per deer i s  1 3  �Ci i f  the 
an i mal  were confi ned enti rel y  to macropl ot 1 .  Around 100 deer uti l i ze 
the Rocky Fl ats buffer zone , but thei r acti v i ty i s  sel dom concentrated i n  
the more h i gh l y  contami nated areas . An upper l i mi t estimate o f  the pro­
portion of tota l p l uton i um d i s persed from macrop lot 1 by mammal i an acti vi ties  
i s  of the order of  0 . 1  to 1% per decade . A more probab l e  esti mate i s  
0 . 00 1  to 0 . 01%  per decade . 

We have attempted to measure the degree of  p l uton i um uptake from 
soi l to p l ants through root a s s imi l ation , and the comparati ve i mportance 
of root upta ke and aeri a l  depos i ti on .  I ntact ,  con tami nated soi l b l ocks 
and co l umns from macropl ot 1 were transpl anted ei ther to an uncontami nated 
area northwest of the Rocky Fl ats P l ant or to a green house at Col orado 
State Uni vers i ty .  Vegetati on growi ng  o n  these b l ocks  and co l umns has 
been c l i pped at  vari ous t ime i nterva l s and as sayed for p l uton i um to get 
an estimate of root uptake . The val ues have run of the order of 0-4 dpm/g 
dry vegetati on , wh i ch i s  s i mi l ar  to the val ues for u l trasoni cated vege­
ta tion from macrop l ot I ,  but s ubstanti a l ly  l ess  than unwashed vegetation 
from macropl ot 1 wh i ch avera ged about 60 dpm/g . These facts strongly 
i mp l i cate aeri a l  depos i ti on as the major transport mechan i sm .  However ,  
other data do not s upport thi s concept .  For examp l e , uncontami nated soi l  
b l ocks p l aced i n  contami nated macropl ot 1 generated vegetati on tha t was 
a l so of the order of 0-4 dpm/g . Al so , aeri a l  depos i ti on ra tes a s  meas ured 
by wet pot col l ectors i n  macrop l ot 1 wou l d  on ly  account for about  2 dpm/g , 
as s umi ng a retenti on ha l f-t ime of 14 days for p l uton i um on vegetati on 
s urfaces . Because  of th i s  di screpan cy and our i nabi l i ty to expl a i n  i t ,  
we can not yet draw a defi n i te concl u s i on a s  to the rel ati ve i mportance 
of root uptake and aeri a l  depos i ti on .  
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Compa rati ve Behavi or of 2 3 8pU and 2 39Pu 

9 

It  has  been con s i stently observed that the i sotop ic  acti vi ty ratio  
( dpm 2 39pu/g f dpm 2 3 8pu/g ) i s  of the  order of  65 in  s urface soi l samp l es . 
However ,  the i sotopi c  ra ti o ( I R )  has been observed to decrease w ith so i l  
depth . A l so ,  I Rs for a n i ma l  ti s s ues have been substanti a l l y  l ower than 
for s urface soi l , runn i n g  of the order 5-30 . Our i n i ti a l  i n terpretation 
of th i s  observation was that 2 3 8pu i s  more mob i l e  than 2 3 9pu and penetrates 
more rapi dly i nto the so i l  and through b i o l ogi cal membranes more effi c i ent ly .  
Such  i sotopi c d i s cri mi nation has  some theoreti ca l bas i s  because it  has  
been demons trated that pa rti c l e s  of 2 3 8pu break down i n  aqueous systems 
much more rapi d ly  than 2 3 9pu part i cl es because of the h i gher s peci fi c  
acti v i ty of 2 3 8pu . The mo re rapi d  breakdown i s  con s i stent w i th the 
process  of " radi o lyti c wea theri ng . "  

An argument aga i nst the concept of di fferenti a l  rates of pa rti cl e 

breakdown from radi o lys i s  i s  the fact that we have no reason to s u spect 
that 2 38pu parti c l es occur di sti nct from 2 39pU  parti c l es . P l uton i um 
parti c l es i n  the env i rons of Rocky Fl ats l i ke ly  conta i n  both i sotopes 
i nt i mately mi xed i n  a reasonabl y predi ctabl e rati o .  Thus , the radi o lyt ic  
effect of 2 3 8pu decay , man i fested i n  reco i l  energy of  the 2 3 4U nucl eus , 
s hou l d  d i s l odge fragments conta i n i ng 2 3 9pU as  wel l as  2 3 8pu . Another 
argument i s  that much of the p l uton i um i n  soi l at Roc ky Fl ats appears 
monomeri c and there i s  l i ttl e i f  any reason to s us pect i sotop i c  d i scri mi ­
nation for monomeri c p l uton i um .  

Recentl y ,  we have exami ned several data sets by pl otti ng  the I R  as 
a functi on of total p l utoni um i n  the samp l e .  Each data set has  s hown a 
s i mi l ar pattern , wi th I R  va l ues be l ow 50 nearly a l ways associ ated wi th 
samp l es conta i n i ng l es s  than 10 dpm of p l uton i um .  Abo ve 10 dpm ,  the I R  
appears i n dependent o f  the tota l p l uton i um i n  the samp l e .  Therefore , i t  
seems c l ear that the I R  i s  b i ased by samp l e  acti vi ty ,  the b i as becomi n g  
more severe as  t h e  total Pu  content decreases bel ow 10 dpm . Unaccounted­
for i nterference under the 2 3 8pu pea k of the a l pha s pectrum cou l d exp l a i n  
the bi as observed , but th i s  pos s i b i l i ty has  not been expl ored ful ly .  
Formu l ati on of conc l u s i ons  regard i n g  the  i sotop i c  ra ti o vari ati ons  
therefore awa i ts further data ana lys i s .  
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Ecol ogi cal Consequences of Pl uton i um Contam i nati on at  Rocky Fl ats 

The contami nati on of a porti on of the terrestri a l  envi rons  of Rocky 
Fl ats w ith s ubstantia l  quanti ties  of pl uton i um provi ded the opportuni ty 
to sea rch for pos s i bl e  ecol ogi cal effects res u l ti ng  from th e presence 
of the el ement .  Gross popul ation effects from the l evel s  o f  p l uton i um 
present i n  the envi ronment were not expected on the bas i s  of predi cti ons 
and extrapol ations from l aboratory studi es . However ,  pri or to our studies , 
a l ack  of popu l ation effects had not been demonstra ted and furthermore , 
extrapol ati on from the l aboratory to the natural envi ronment i s  frequentl y 
not a va l i d practi ce , owi ng to compl exi ti es and i nteractions wh i c h  occur 
i n  nature but not in the l aboratory . 

We conducted studi es wh i c h  permi tted compari sons of vari ous bio l ogi cal  
measurements and pathol og i ca l  data between ecol ogi ca l ly  s i mi l ar s tudy areas 
at  Rocky Fl ats of widely varyi ng  p l uton i um l evel s .  Soi l  i n  the pri nc i pa l  
study areas ranged from 100  to  over 20 , 000 dpm 2 39 Pu/g in  the  upper 3 cm 
( 2-400 �C i /m2 ) .  In  addi ti on , comparati ve data were obta i ned from control 
areas , conta i n i ng on ly  worl d-wide fa l l out  pl uton i um of the order of 
0 . 1 dpm/g ( 0 . 002 � C i /m2 ) .  Bi o l og i ca l  meas urements s uch as vegetati on 
commun i ty structure and b iomass ;  l i tter mas s ;  arthropod commun i ty s tructure 
and b iomass ; and sma l l mamma l speci es occurrence , popu l ati on den s i ty ,  
b ioma s s , reproducti on , and p hysi ca l  s i ze of who l e  ca rcas s  and organs 
were made . I n  addi tion , pathol ogi cal exami nati on s of smal l mamma l s ,  

i nc l udi ng  x- ray for s kel etal  sarcomas , mi croscopy for l ung  tumors , and 
necropsy for general pathol ogy and paras i te occurrence were carri ed out .  

Whi l e  m i nor di fferences in  certa i n  b io l ogi cal attri butes between 
study areas were observed , none cou l d be re l a ted to p l uton i um l evel s .  
Patho l ogi cal condi tions  and paras i tes were found i n  some rodents , but 
occurrence freq uencies  between control and contami nated areas were 
s i mi l ar .  No evi dence o f  cancers or other radi ogen i c  d i seases was found .  
These observati ons and  mea s urements , combi ned wi th i ntens i ve fi e l d obser­
va ti ons over a peri od of fi ve years , l eads us  to concl ude that p l uton i um 
contami nati on a t  Roc ky Fl a ts has  not p roduced demons trabl e ecol ogi ca l 
changes . Furthermore , the l evel s of pl uton i um observed i n  ti s s ues of 
p l ants and a n i ma l s in contami nated areas were i ns uffi c ient  to produce 
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the doses that wou l d  be requ i red to produce obvi ous b i o l ogi cal  changes . 
Subtl e b i o l ogi ca l changes , such as chromosome aberrati ons , cannot be 
ru l ed out at Rocky Fl ats . Howeve r ,  even i f  chromosome aberration 
frequenci es were i ncreased in  the more h i gh ly  contami n ated areas ,  popu­
l ati on- l evel  changes wou l d  l i ke l y  not pers i s t  because of the s urroundi ng 
reservo i r  of norma l  geneti c i nformati on . 
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APPENDIX B 
METEOROLOGY 

Appendix B cons i s t s  of two documents  that present detailed in formation relat ing 
to climatic  charac teri s t i c s  and d i f fusion me teorology of the Roc ky Flats P l an t . The 
fi rst of these documen ts , Appendix B- 1 ,  is a complete copy o f  a report enti tled 
" Charac teri s t i c  Ai rflow Pat terns Near Roc ky Flats Plant and The i r  Relationship to 
Metropolitan Denver . "  Thi s  report was p repared for the Plant ' s  operat ing contrac to r 
by Loren W .  Crow , a c onsulting meteorologist . Dated December 1 6 ,  1 9 7 4 , the report 
was b ased on a three -year s tudy of the s i t e  me teorology . 

The second document , Appendix B - 2 , presents in format ion detailing di ffus ion 
e s t imates  made for the P l ant s i te . The se e s t imates were used to e s t imate acc idental 
and normal emi s s ion doses for various sec tors and d i s tanc e s  from the s i te . 
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SUMMARY 

Neutral s tabi lity conditions with corresponding we l l-mixed a irflow 

preva ils s lightly over 50 percent of the hours per year at both Rocky 

Flats and Denver Airport (Stapleton Inte rnationa l Airport) . Under such 

cond itions there is a wide range of directions of f low with a s lightly 

higher frequency in the direc tion range from west-northwest through 

northeast . •  

During stable conditions there is a marked difference in the patterns of 

airflow emanating from the Denver metropo litan area and the a irflow 

emanating from Rocky Flats . The c onfluence of drainage a ir from both 

areas general ly occurs above the lower part of the p latte River Va lley 

to the west and north of Brighton , Co lorado . There is very litt le 

vertical mix ing during s table air periods . Stab�e conditions prevail 

for 35 and 40 percent o f  all hours . 

The least frequent stabil ity c la s s  is unstable conditions . Most of the 

unstable hou rs occur in the summer time when there is strong vertica l  

mixing produced by high surfac e tempe ratures during daylight hours . The 

unstable hou rs constitute less than 15 percent o f  the total hours per 

year. Unstable conditions generally occur when a ir is moving toward the 

mountains and with corre sponding rapid vertic al mixing . 

Repeatable pa tterns of a irf low can be identified in five separately 

de fined categorie s .  Days which are primarily c ontrolled by " synoptic " 

airflow and " turn-a round" days are the most frequent type s .  A lmost all 

dense po l lution occurs on " turn-around" type days in the Denver me tro-

pol itan area . The effluents which moved away from either Rocky Flats or 

- 1-
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the Denver metropolitan area under downslope stable conditions seldom 

move back over the same source point with more than a smal l  frac t: n of 

the initial density . This is particularly true at Rocky Flats where 

effluents emanate from essentially a point source .  

High wind speeds � 20 mph occur between 500 and 600 hours per year at 

Rocky F lats . The dominant direc tion of airflow for such winds is from 

the west or northwest. Such strong winds are capable of picking up and 

re- transporting dust partic les which have previously obtained some 

collec ted burden of pol lutant materia l from a localized sourc e .  Densities 

of gaseous pollutant material or the very sma l l  and slowly falling 

partic le s c ontaining toxic pollutants would be very low under such strong 

wind conditions at distances of more than a few hundred yards . 

The e stimates of wind frequenc ies by stabi lity categories in this report 

will be replaceable by improved data when more reliable stabi lity 

measurements can be made using the planned 200- foot meteorological tower 

at Rocky Flats . 

-2-
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INTRODUCT ION 

This report summarizes airflow patte rns within estimated stabi lity cate-

gories . These estimates have been made in the absence of vertica l  ternpera-

ture profile measurements in the immediate vic inity of the Rocky F lats 

Plant . Hourly wind data from January 1 ,  1972 , through August , 197 4 ,  

furnished the maj or source o f  information in the plant area . Determination 

of annual frequenc ies was based on the two-year period 1972 and 197 3 .  

The wind measuring unit at Rocky Flats is located on the roof of the Health 

Physic s Building which is located near the we st end of the entire complex . 

That building has been c ircled on the plant site map sr.':·m as Fig . 1 .  

Only eight direc tion ranges ( 4 5  degrees each) were used in dete rmining 

hourly wind direc tions at the Roc ky Flats P lant . This prevents a direct 

relationship with the 36 direc tional values , one for each 10 degrees , 

reported by the Nationa l Weather Service at Denver Airport . When di.rect 

comparisons were used the Denver Airport data were grouped into 50 degree 

ranges for each of the four maj or c oordinate s - north , ea st , south and 

wes t .  For each of the other four directions - northea st , southea st , 

southwe s t ,  and northwest - a 40 degree range was used . 

Future use of meteorological tower data , particu larly temperature 

differences with he ight , will be very usefu l  in determining the hourly 

frequency of observations which fal l  within the maj or stability categorie s .  

- 3-
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Figure 1 .  Local physical c ontour pattern in the immediate area o f  the Rocky 
Flats P lant .  
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LOCAL TOPOG RAPHIC INFLUENCES 

Most of the building complex at the Rocky F lats P lant is located on a 

shelf of gradually s loping terrain .  This location is shown in the 

physical contour map , F ig .  1 .  The entire plant area covers a nearly 

square area , two miles on each side . There are three important drainage 

ditches in this area - Woman Creek , Walnut Creek, and Rock C reek . The 

deepest and most extensive drainage ditch , Woman Creek , is near the 

southern portion of the plant s ite area . The genera l downward s lope 

from west to east covers a 300-foot dec line from near 6 100 feet MS L  near 

the western plant boundary to approximately 5 800 feet near the eastern edge . 

The re lative ly sharp slope downward to the bottom o f  Woman Creek from the 

plant complex can help account for some downslope drainage of cooler air 

near the ground from northwest toward southeast in the immediate area of 

the ... ,ind measuring unit on the roof of the Health Physic s  Building . In 

other light wind situations of downslope drainage , a irflow seems to seek 

an alternate path from southwe st toward northeast with a net downward 

flow into Walnut Creek . The c ollection of supplemental wind data near the 

surface along both Woman C reek and Wa lnut Creek wil l  produc e  good c om-

parati'/e data after the meteorological tower has been installed near the 

Health Physic s Bu ilding . 

An examination of over 23 , 000 hours of wind data shows that l ight airflow 

from north to south during night or forenoon hours is most often related 

to drainage flow . Light airflow from south to north is genera lly part 

of the upslope motion during day light hours . 

-5-
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The annual climatic range of tempe ratures and the extreme wind speeds 

recorded at the measuring point of the Hea lth Physics Building are 

carried in the Annua l Environmental Monitoring Reports : l )  
variations 

in temperature are less than 2
o

F .  under most a irflow condi tions throughout 

the entire Rocky Fla ts P lant Complex . However ,  temperature di fferences 

between parking lot areas and grassland areas could be much greater 

than 2
°

F .  during the warmest part of the day under light wind speed 

conditions . 

-6-
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REGIONAL TOPOGRAPHIC INFLUENCES 

The Rocky F lats p lant is only a few mile s  to the east of rapidly 

increas ing e levations of the front range of the Rocky Mountains . 

Terrain heights inc rease from near 6000 feet above sea leve l in the 

immediate vic inity of the Rocky Flats P lant to above 10 , 000 feet MS L 

within a di stance of le s s  than 20 mi le s  to the we s t .  The relative loca-

tion of the Rocky F lats P lant to the metropo litan area of Denver to the 

southeast of the plant and the c i ty of Boulder to tile northwest is 

identified in both Figs . 2 and 3 .  

The height contours are at 500-foot interval s  in the geographic map , 

Fig . 2 .  Howeve r ,  more detai led maps identify a ridge of higher ground 

between the drainage toward the east and northea s t  from Rocky F lats and 

the next drainage basin to the south which feeds into C lear C reek and 

j oins the P latte River at L�e north edge of metropo litan Denver. That 

ridge of higher ground is identified on both the geographic contour map , 

Fig .  2 ,  and the shaded re lief map , Fig . 3 .  The drainage basin o f  Big Dry 

Creek j oins the P latte River near Fort Lupton which is approximate ly 18 

miles farther north from the mouth of C lear Creek . 

The ne t drainage of the severa l  tributaries to the p la tte River is toward 

the north-northea st from Denver toward G re e ley . Howeve r ,  the re is well 

documented evidence o f  downs lope flow toward the c enter of the val ley in 

the Denve r metropolitan a rea during most hours of s table air conditions . 

The drainage is downs lope from the 5500 foot contour toward the 5200 foot 

e levation of the p latte River as it moves through downtown Denver . A 

dashed red line is used to emphasize the 5500 c ontour line which approxi-

mates most of the Denver metropolitan area in Fig . 2 .  E levations in the 
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Federal Heights area near the north end of the me tropol itan area rise 

above 5600 feet at the highest point . The se differences are most import-

ant as they relate to any air pollutants which are emitted near the 

ground during stable hours when the net flow is almost always downs lope . 

The sharply higher terrain to the west of the Rocky Flats area i s  

graphically portrayed i n  ��e shaded relie f map , Fig . 3 .  This higher 

terrain rece ives a comparative ly large amount of surfac e heating from 

the sun under c lear or partly c loudy conditions in the early forenoon 

hours . A reversal of airflow from downslope to upslope takes place 

generally one to two hours earlier in the vicinity of Rocky F lats than 

at the Denver Airport which i s  located in the northeast part of the 

Denver metropolitan area . 
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SYNOPTIC VS . NON-SYNOPTIC AIRF LOW 

In meteorology the term " synoptic " has deve loped a special meaning which 

relates to the various " same time " maps which are prepared to give a 

nearly instantaneous over-all view of airflow patte rns . The map most 

commonly understood is the pressure pa ttern map . Such a map indicates 

the general airflo\v pattern around high and low pres sure c enters ove r  

broad areas and above the so-ca l led " surfac e fric tion layer" . This 

pattern can be determined even though surface ob servation points are 

separated by many mile s .  For purposes of this summa ry , " synoptic " f low 

at the surface near the Rocky Flats P lant is ind icated whenever the sur-

face wind veloc ity and directions are both very similar to the synoptic 

flow pattern at approximately 1500 fee t  above the ground . 

The l inkage o f  the surface wind direction and ve locity '.-lith the flow at 

1500 fe et takes place primarily during daytime hours but can occur any 

time during the day or night when the large- scale weather map patten1 is 

suffic iently strong to control airflow throughout a w e l l-mixed layer from 

the surface of the earth upward . 

Non- synoptic flow reg ime s are those in which the surfac e wind d irec tion 

and ve loc ity may carrj little or no d irect re lationship to the general 

flow pattern as indicated on the weather map at approximate ly 1500 fee t  

above the ground . When nighttime radiation take s  p lac e and a layer of 

cooler stable air develops near the earth ' s  surfac e , the airflow patte rn 

within that layer general ly has a much lighter ve loc ity and the direction 

can vary considerably from the flow above the stable air. The stable 

layers of air near the surfac e generally occur in the time period between 
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8 p . m .  and 9 a . m .  but can occur for several additional hours per event . 

Overcast c loud cover c onditions and/or prec ipitation would dec rease the 

chanc e that a s eparate stable layer can develop near the surfac e .  Data 

from a 200- foot tm�er will permit the determination of stability c lasses 

and l inkage with synoptic flow on almost an hourly basi s .  
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CHARACTERISTIC AI RFLCW PATTEPl-TS 

Several repeatable patte rns of airflow at bo th Rocky F lats and Denve r 

Airport can be identif ied from a review of the hourly sequences of wind 

observations . In Fig s .  4 through 11 example s of the se repeatab le airflow 

patterns are i l lustrated . In the se figures the hour ly observations of 

wind speeds at Rocky F la ts are presented in miles per hour and at the 

Denver Airport they are listed in knots . The appropriate c onvers ion 

factor to change knots to mph is to multiply by 1 . 15 .  

In the s e  seve ral figures conta ining hourly wind direc tion and speed 

observations , the direc tion indicator ends at a center point for each 

hourly plotted value . The number at the outer end of the direc tion 

indic ator shows the wind speed . For instance , a wind from the east at 

10 mph is shown as _ 10. A wind from the northwest at 1 5  mph is shown 

1 5  
as ". " C "  stands for calm . Gusts are indicated by the letter " G " , 

fol lowed by the numbe r  of the peak veloc ity for the Denver Airport data . 

Prec ipitation is also shown only as reported at Denver Airport . 
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1 .  Synoptic Flow with Prec ipitation 

Example s of c losely re lated airflow at both locations are i l lus trated 

when active prec ipitation is taking place in the entire region . In 

Fig .  4 ,  six days of airflow which had extended periods of ac tive 

prec ipitation are presented . Precipitation is li sted only in the 

hourly observations at Denver Airport but it can be assumed that the 

same type of precipitation wa s occurring at Rocky F lats . The code 

lette r ind icators are S = snow , R = rain , L = drizzle , SW and � 

indicate shower-type prec ipitation , and Z L  freez ing drizz l e .  

I n  each instanc e the hourly winds a t  Rocky F lats are shown a t  the left 

of the two c olumns with hourly data from Denver Airport in the right 

column . With only e ight separate direc tion c lasses used at Rocky 

F lats , there appears to be longer periods of continuous flow within a 

single 45 degree bracket than occurs ocrre spondingly at Denver Airport 

whe re wind direc tions are observed to 36 points of the c ompass . 

Generally speaking , airf low coincident with precipita tion occurs when 

winds are in the quadrant north through ea s t .  The hourly wind direc tion 

records from the two sta tions are matched very well on November 12 , 

1972 , and on April 30 and May 6 ,  1 9 7 3 . 
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2 .  Additiona l Synoptic F low Example s 

S e ts of seven separate days with six of them having no prec ipitation 

are shown in F ig .  5 .  In th is instance a l l  ROcky F lats hourly winds 

are shown for individua l days on page 1 8 .  Corre sponding hourly winds 

at the Denver Airport for the same seven days a re shown on page 1 9 . 

In many instance s  there a re notably lower wind spe eds at Denver than 

at Rocky F lats . Even the peak gusts at Denver Airport on Dec ember 12 

do not equal the steady winds for most hours at Rocky F lats . E s sentia l ly 

a l l  hours on these days could be listed as synoptic a irf low . However , 

the light winds at Denver which occur primarily during nighttime hours 

may be di sas sociated from the gene ra l  synoptic flow and may represent 

wha t can be ca lled " dropout" hours when the c o lder air ne ar the ground 

permits disas soc iation from the �tronger flow aloft . Data for the 

early morning hours of November 27 show four or more hours at both 

Rocky Flats and Denve r when there was probably a " d ropout" of airflow 

near the surface from the general synoptic f low . 
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3 .  Additiona l Synoptic Flow Days with " Dropout" Hou 

S ome additional i l lustrations o f  predominate ly synoptic flow type days 

with some hours when there was a dropout at both locations similar to 

that mentioned for November 27 above are presented in Fig . 6 .  The 

hours which appear to be totally independent of general synoptic 

flow are bracketed . These " dropout" hours when colder stable air 

is present near the ground generally begin by midnight and end be fore 

noon . Many times they end by 8 a . m .  
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4 .  Afternoon Linkage with Synoptic F low a t  Denver Airport 

A frequent repeatable pattern of airflow is �ae in which synoptic 

flow from some westerly direction persists throughout the entire 

24 hours at Rocky F lats but only is linked with the surface flow at 

Denver during the warmer hours of the day a fter the stable layer 

of air near the ground has been e liminated due to surface heating . 

Three sequential days that i l lustrate this repeatable pattern are 

shown in Fig . 7 .  In this case the hourly winds on three days , 

January 2 8 ,  2 9 ,  and 30 ,  at Roftky F lats are shown at the left .  The 

hours when synoptic linkage prevai ls at Denver Airport are identified 

with a long vertica l  bracke t .  
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5 .  Weste rn  Synoptic F low at Rocky F lats Matched with Easterly F low in 

Afterno�n at Denver 

In some ins tanc es airflow c ontinue s  at Rocky F lats from a we sterly 

component with occas ional wind speeds grea ter than 20 mph whi le at the 

same time airflow at Denver Airport is fram some easterly component . 

It is not complete ly c lear whether or not this east to west flow at 

the Denver Airport constitutes a replacement eddy . The airflow at 

Denver may move toward the mountains at s ome point south of Rocky F lats 

where it then rises and j oins into a flow from west to ea st at some 

upper leve l .  Three s ets of such days are shown in Fig . 8 .  

I t  i s  c e rtainly true that data from the Denver Airport would not be 

representa tive o f  airf low at Rocky Flats on thes e  days . The hours 

rluring which the a irflow is predominantly ea st to west at Denver 

Airport are c irc led in blac k .  
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6 .  Downs lope Dra inage a t  Rocky Flats and " Turn-Arou.nd " Days a t  Denver Airport 

During winter months it is o ften possible for downs lope drainage f low 

to continue at Rocky Flats for almost a l l  hours while on the se same 

days there is a downs lope drainage flow for 14 or more hours and a 

reversa l to ups lope flow for three or more hours at Denver Airport . 

Five sets of tilis combination of airflow are presented in Fig . 9 .  

The period o f  downs lope drainage flow a t  Denver i s  identi fied with a 

bracke t .  The ups lope or up-val ley flow hours are c irc led for identifi-

cation . The s e  days at Denver Airport fit the desc ription of " turn-

around" days while drainage flow continues at Rocky Flats . 
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7 .  "Turn-Around" Days and Comparisons of Timing 

A long the easte rn  s lope of the Rocky Mountains a high frac tion of 

the days experience a " turn-around" of airf low . Under these condi­

tions downs lope drainage flow begins in the evening hours after solar 

heating can no longer prevent formation of a co lder layer of air near 

the g round . This colder more dense air moves down-va l ley with extremely 

local influences of terrain features . In the southeast portion of the 

Denver metropolitan area drainage flow is from southeast toward north­

wes t .  In the southwes t  portions of Denver the f low is from the south­

we st . The net flow of all drainage winds moves air down-val ley along 

the lower regions of the P latte River and a l l  tributaries thereto . 

The Rocky F lats downs lope mo tion is repre sented by winds from northwest 

through southwe st . Ups lope motion at Rocky F lats is represented mostly 

by winds from northeast through southeas t .  The immediate terrain 

features surrounding the wind unit at ROCky F la ts tend to show that 

light winds from the north are still part of downs lope f1o\'" toward 

Woman C reek , whereas light winds from the south are genera l ly a part 

of very localized ups lope flow . 

At Denve r the downs lope flow is from a southe r ly direc tion , genera l ly 

from 1 80 degrees through 220 degrees . Howeve r ,  the local drainage 

a long Sand C reek near the wind measuring uni t  at the Denve r Airport 

often reflec ts a drainage flow from the s outheas t .  Ups lope flow 

includes the north to south f low a long the lower regions of the P latte 

Rive r Va lley in the Denver metropo litan a rea . It also inc ludes a l l  

of the winds from a n  easterly component during the warmer hours o f  
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the day . Four sets of turn-around type days at both stations are 

shown in Fig . 10 . The identification of hourly periods of drainage 

flow and the reverse type ups lope flow is the sarne as that described 

above . It is quite typical that a period of near calm conditions 

occurs at or near the turn-a round time s ,  whether from downs lope to 

ups lope or from ups lope to downslope . 

The reversal of airflow on turn-around days genera lly takes place 

somewhat earlier at Rocky Flats than at Denver .  An ana lysis of 

comparative minimt� temperature s at the two stations showed that Denver 

Airport had c older minimum temperature s on 2 5 5  mornings out of the 366 

days in 1972 . Thus , there is a higher surface temperature to start with 

on most mornings at Rocky F lats than at Denver Airport . The re would 

be a thinner layer of cooler stable air to be heated be fore the 

reversa l to ups lope flow c ould take place at Rocky Flats . The earlier 

time of turn-around is c onfirmed by the 24 sets of turn-around periods 

c overed in Fig . 1 1 .  Most turn-arounds occur be fore 9 a . m .  a t  Rocky 

Flats , whe reas nearly one-half of all the turn- arounds occur after 

10 a . m. at the Denver Airport .  Examples can b e  found of an earlier turn­

around at Denver but they are re lative ly rare . A one hour earl ier 

turn-around is Ehown for Apri l 10 which appears in the upper part of 

Fig . 1 1 .  

Calm and/or light and variable winds are generally included within the 

hours of stable downslope flow but it could be argued that they a lso 

are a part of the changing air motion produced by surface heating 

eliminating the colder layer near ��e ground . Longer delays for timing 
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of turn-a rounds tend to occur during winter months . However , these 

are also the months when synoptic flow has a higher frequency at 

Rocky Flats than at Denver .  

Maximum temperatures are typically higher a t  Denver Airport than at 

Rocky Flats . During 197 2 there were 2 87 days with highe r maxima 

at Denve r Airport . 
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The relative frequency of different types of airflow patterns can be 

indicated by ass igning the dominant airflow pattern which prevails for 

each day in the year. A sununary of this type documentation for the 73 1 

days during the two-year period 1972-73 is shown in Table I .  If more 

than one-half of the hours in a given day could be classified into one of 

the five repeatable- type categorie� that day was given an appropriate 

" type" ass ignment. The two highest frequencies were " synoptic " and 

"turn-around" type days at both locations . There were s lightly higher 

frequencies for both " synoptic " and " turn-around" days at Rocky Flats than 

at Denver A irport. However ,  there was a notably higher number of instances 

when the afternoon hours were linked with synoptic flow �.t Denver as 

compared with Rocky Flats . Each of these characteristic type airflow 

patterns has been described above . The spec ia l  type days of synoptic 

with seme dropout hours and drainage-type days have a higher frequency 

in the months Oc tober through May than in the warmer summer months .  
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TABLE I .  DISTRIBUTION OF PREDOMINANT AIRFLC:M PATTERNS FOR ReCK!' FIATS AND DENVER FOR THE YEA RS  1972 and 1973 

(731 days) • 

Type DaX station Jan. � Mar .  Apr. � JUne July Aug . Sept Oct. Nov. Dec . Total 

Synoptic Rocky Flats 37 19 26 25 22 15 20 19 23 17 23 31 277 

Denver 22 15 28 31 27 14 22 17 21 20 23 24 264 

synoptic Rocky Flats 2 2 1 7 5 1 4 8 6 6 42 

Drop-out 
HoUrs Denver 3 2 7 7 3 4 5 2 3 3 1 40 

Aftexnoon Rocky Flats 1 6 9 2 6 '5 12 12 3 2 2 7 68 

Linkage with 
Synoptic Denver 9 9 10 8 8 22 22 19 6 6 3 6 128 

t:;" I 
..... w Turn-around Rocky Flats 12 20 20 18 2 5  34 29 30 30 34 21 9 282 , ,..) (.0 1  Days '" 

Denver 2 1 24 2 1 14 20 19 14 20 30 32 25 19 259 

Drainage Rocky Flats 9 4 5 4 1 1 1 6 9 40 

Denver 7 9 1 2 1 1 1 6 12 40 

.ussing Rocky Flats 1 6 1 4 3 3 1 1 2 22 



C ONFLUENCE OF DOWNSLOPE AIRFLOW AND DIVE RGANCE OF UPSLOPE A IRFLOW -

Examination of terrain features and the directions of air motion during 

the hours when cooler air prevails near the ground indicates a confluence 

of air from the Denver metropolitan area with air from the Rocky Flats 

area in a broad zone above the platte River Va l ley to the west and north 

of Brighton , Colorado . This is illustrated in Fig . 12 . There would be 

considerable dilution of pollutant materia l from both sourc es be fore reaching 

the confluence area . 

After surface heating has eliminated the cooler layer of air near the 

ground the downs lope drainage flow of this more dense air ceases . This is 

followed by a re latively brief period of near calm , or light and variable 

wind conditions , which in turn is fo llowed by upslope motion . F ig. 13 

shows upslope airflow patterns which are typical �ediately following the 

time of a irflow reve rsal . Note that all " c louds" or layers of pollutants 

which have previously moved downslope during prior hours would move upslope 

from their current position at the time of turn-around . The ups lope path 

will not be a direct reversa l of the downslope path . This is specially 

true of any point source . Upslope paths are a l so genera l ly d ivergent. 

In the warmer part of the a fternoon hours on all turn-around days some 

easterly wind component preva ils along a belt at least 40 miles easb�ard 

from the mountainous terrain which rises above 7000 fee t .  

The documentation of th e  airflow patterns related t o  a i r  pollution in the 

Denver metropolitan area is supported by multiple prior studie s .  In the 

winter of 196 1-62 Riehl and Crow ( 2 )  used data from a ne twork of 1 1  wind 
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F igure 12 . Charac teristic downslope airflow during STABLE 
conditions in the geographic region from the south edge of the 

Denve r metropolitan area northward . 
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F igure 13 . Charac teris tic ups lope flow patterns which occur 
immediately following the reversa l of a irflow on " turn-around " 
type days . 
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measuring units covering 10 detailed episodes of re latively dense air 

pollution. A sec ond study expanded by the Atmospheric Sciences Department 

of Colorado State university (3 ) used continuous wind records from 17 wind 

measuring units distributed in a pattern throughout the Denver metropolitan 

area . 

A description of the "heat island" and cross-sectional dimension of 

pollution for the Denver area was reported by Crow in a special study 

prepared for the Colorado Department of Public Health in 196 4 ( 4 ) . (Not 

published. ) 

Typical daily airflow patterns related to air pollution are also described 

in "Air Pollution in the Denver Area" published by Public Service Company 

of Colorado , 1967 ( 5) . Excerpts of that report are presented in Appendix A. 

The depths of the polluted layer as shown there�n for 8 and 11 a . m.  have 

subsequently been found to be from 200 to 400 feet deeper.  

The most recent documentation of  detailed airflow over Denver related to air 

pollution was part of the Environmental Protection Agency ' s  " Brown Cloud" 

study in November ,  197 3 (6 ) .  During that study period many photographs were 

taken from Rocky Flats to show typical dimensions of the main body of the 

visible pollution layer in the Denver metropolitan area . Most of those 

photographs showed the polluted layer to be several miles to the southeast 

of Rocky Flats . Two sets of such photographs are shown in Figs . 14 and 1 5 .  

The principal time period when some of the pollution from the Denver 

metropolitan area moves over Rocky F lats is during afternoon hours . Material 

which initially moved to the north-northeast from Denver moves back west­

ward toward the mountains . These di luted effluents from Denver may j oin 
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with the upslope motion of the effluents emanating from the Rocky Flats 

area . 

It would also be possible under rare c ircumstances for air moving generally 

in the downslope mode to have confluence with pollution from the Denver 

metropolitan area over the Platte River Valley several miles north-

northeast of Denver with subsequent return of that air moving back over 

Denver from the north-northeast . 
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C loud cover and high plume rise 

from both cooling towers and 

stacks at Cherokee power p lant 

as seen from ROCky Flats three 

hours after end of snowstorm 1 

0830 No 20 3 

Four-hour buildup of air 

pol lution over Denver as seen 

from Rocky Flats 1 
1230 , Nov . 20 

Seven-hour bui ldup of air 

pol lution over Denver as seen 

from Rocky Flats 1 
1530 , Nov . 20 

Figure 14.  progre s s ive deve lopment with changes in depth , dimension ,  and location of 

pollution layer , Nov . 2� 1973 . 
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F igure 1 5 .  
dimension 

pollution 

Two photographs . lowing 

of po l lution layer during 

layer in mid-a fternoon on 

Air poll ution layer over 

Denver as seen from Rocky 

Flatl 

1 400 , .�ov . 29 , 1973.  
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AIR POLLUTION CYCLE OJE R DENVER METROPOLITAN AREA 

Notations in the Remarks Column of the hourly observations made at the 

Denver Airport inc lude reference to the location of where smoke is 

observed. An analysis of the entire 8760 hours of 1972 resulted in the 

summary prepared in Table I I .  The highest frequency o f  smoke observations 

occurs between 8 a . m .  and noon with the quadrant of direction west through 

north being the most frequent . The remark of " smoke over the city" has 

nearly an equal frequency in the early forenoon hours and late afternoon . 

The appropriate direction for a "smoke over the city" observation would be 

to the west of the observer. 

When smoke is reported for all quadrants it would mean there is some 

pollution to the east and south of the Denver Airport. Such observations 

would directly relate to those instances when the air motion has reversed 

and is moving polluted air back from the north over the northeastern part 

of the city . The total frequency of remarks regarding smoke accounted for 

16 percent of all observations during 197 2 .  There is no exac t requirement 

for observers to list smoke in the Remarks Column . There fore , this statistic 

is very far from exact or totally inc lusive . It doe s ,  however ,  prove 

that Denver Airport has more hours when the airport is to the south or 

east of smoke or a layer of visible pollution than any other direction . 

Fig .  16 presents a cross-section prepared as a part of the special study 

of November ,  1973 . Multiple pollution episodes were used to develop the 

height and dimension of the polluted layer.  

The nearly repeatable pattern of pollution over Denver on episode days of  

November ,  197 3 , i s  illustrated in the cross-section diagram of Fig . 16 . 
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TABLE I I .  FREQUENCY OF HOURS WHEN WEATHER OBSE RIlER A T  STAPLETON FIEID REPORTED THAT SMOKE WAS NOTABLY VIS IBLE IN ONE OR MORE DIRECTIONS FROM THAT POINT OF OBSERVATION DURING 197 2 .  

Hour 

0 1 
02 
03 
04 
05 
06 
0 7  
08 
0 9  
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

OVer C i ty SMOKE VISIBLE TO: All (no dir . ) S SW W NW N NE E QUadrants · 

7 1 1 1 1 10 2 1 1 1 12 2 4 1 10 1 4 3 1 1 18 5 6 3 2 '2l 6 13 6 2 23 6 13 7 3 18 3 14 26 20 1 5 24 5 2 2  3 2  2 3  6 9 26 1 5 20 32 27 8 'I2 2 7  1 5 19 32 26 8 1 12 18 1 7 22 2 7  2 4  5 1 13 18 1 6 1 8  22 18 4 10 19 1 5 11 15 11 2 4 15 1 5 15 16 13 3 9 � 5 11 10 5 6 24 2 8 11 1 1  5 4 24 1 5 8 8 4 
19 1 6 12 10 5 
10 1 5 9 7 4 2 1 1 5 1 4 7 7 4 5 3 4 6 7 5 3 3 3 5 6 1 4 �2 

_ _ � .J  3 

• 
During 49 hours smoke was listed as reason for visibility limited to six miles or less at Stapleton Field . 

being 
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Total Hours 
Smoke/year 

11/366 
15 
19 
20 
34 
48 
52 
87 

11 9 
131 Peak 

13 r- Freq . 
1 1 8  

97 
75 
77 
58 
6 5  
5 0  
53 
40 
3 3  
28 
22 
14 

13 97/8784 
16% 
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Figure 16 .  Typical WlM-ESE p�ofi1e o f  po l lution layer depths over metropolitan Denver 
between 0800 and 1500 on days when temperature inversions are not e l iminated and when 
the polluted layer which forms near the downtown area spreads southward and away from 
its original location ovp.r the north edge of Denver. 
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This c ross-section has been prepared to show the vertical profile of terrain 

and the pollution layer at various hours of the day as it is typic ally 

observed . The pro file , which is greatly distorted in the vertical sc ale , 

runs from the mountainous area to the we st-northwe st of the ROcky F lats 

P lant south-eastward to Buckley ANGB . This profile c rosses the Platte 

River about three miles northeast of the downtown City of Denver and passes 

through Staple ton Airport . Multiple photographs , taken during the spec ial 

study period of November ,  1 9 7 3 , and during other periods studied by this 

author ,  support the approximate elevations of the polluted layer tops as 

shown in the c ross-sec tion for the hours from 0800 through 1500 . These 

depths of the polluted layer should be considered typica: of days in which 

the temperature inversion is NOT broken . In the summer months the respec tive 

tops of the polluted layer may be s lightly higher .  

The ground leve l for most downtown buildings i s  approximate ly 5200 fe et 

above mean sea leve l .  The higher bui ldings extend s lightly more than 400 

feet above ground leve l .  Thus , they extend approxima te ly 2 7 0  feet above 

the runway elevation for Denver Airport , which is 5 3 3 1  fee t .  The e leva­

tion of the po lluted layer tops is shown as above ground leve l at Denver 

Airport since the surface temperatures used to help derive the elevation 

tops are those measured hourly at the airport . Temperature pro file s f rom 

the 0500 rawinsonde at Denve r have been used to support the findings 

shown in Fig . 16 . 

The most frequent pattern of spreading for the pollution layer from noon 

through 1500 is to the south and/or west of the downtown area . This is 

aided by upslope motion above the higher terrain located in that direc tion 
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from the city . For instance , North Table Mountain , South Table Mountain , 

and Green Mountain all extend above 6000 feet MSL.  At the tops of  these 

relatively flat protrusions the layer of stable air in early morning hours 

is very thin . Thus , a small amount of surface heating is required to 

eliminate the stable air layer. The stable layer is replaced by air which 

is well mixed vertically . In some instances a chimney-like airflow 

pattern is produced. Air which is heated and rises above the low foothills 

may move back toward the east above the temperature invers ion over the 

valley. This upward motion of air above the higher terrain where the 

temperature inversion has been eliminated induces a movement of air coming 

first southward and then westward from the downtown area of Denver .  

Before it reaches the mountainous terrain , vertical mixing often has 

destroyed the temperature inversion and the upper edge of the polluted 

layer becomes quite diffuse . 

The frequency with which the western edge of  polluted layer reaches Rocky 

Flats is less than one-third of the days when relatively dense pollution 

can be noted in the downtown area of Denver. Likewise , there are very few 

instances when the polluted layer envlopes Buckley ANGB. 
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SEVERE WINDS 

The occurrence of very strong winds at the Roc�J F lats location is 

repeatable for many hours year after year .  A special study has been made ' 

o f  all hours � 10 mph at both Denver and ROcky Flats for the year 197 3 .  

In this instance the wind speeds which are reported in knots at Denver 

were adj usted to mi les per hour to be directly c omparable to the data at 

Rocky F lats . Als o ,  the Denver Airport data were grouped into the same 

eight directions used at Rocky Flats . The results of this summary appear 

in Table III . This shows a total of 329 hours when winds were � 20 mph 

at Denver Airport . There were 522 hours of such high winds at ROCky Flats . 

At Denver Airport the highest oc tant of direc tion is from the north with 

the second highest from northwes t .  A t  Rocky plats the highest octant is 

from the west with 246 hours and the second higpe st is northwest with 16 8 

hours . Both of these direc tion frequenc ies at Rocky F lats are higher than 

the peak direction from the north at Denver .  

When wind speeds are � 30 mph soil partic les can be picked up and moved 

for several miles . Lighter partic les c ould move for hundreds of mile s . 

The heavier particles would fa ll back to earth within distances of a few 

hundred feet to a few miles as permitted by the variations in the associated 

gustiness of the winds . 

The time of day for s trong wind occurrenc e s  is not the same at the two 

locations . The respec tive frequenc ies by hour of the day are shown in 

Fig. 1 7 .  There i s  a minor a fternoon peak shown a t  Rocky Flats above the 

general level near 20 instances for each hour. The higher number of 
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TABLE III.  FREQUENCY OF HOURS OF WINDS EQUAL TO OR GREATER THAN 
20 MPH WITHIN EIGHT OCTANTS OF WIND DIRECTION FOR THE DENVER AIRPORT 
AND ROCKY FLATS , BASED ON 1973 DATA. 

Month N NE E SE S SW W NW Totals 
- --

DENVER AIRPORT 
Jan . 24 1 2 5  

Feb. 0 

Mar . 20 7 1 2 5 8 43 

Apr .  14 1 4 5 5 6 3 5  

May 2 1  3 3 2 7  

June 1 3 4 2 3 13 

July 6 1 10 4 2 1  

Aug . 1 1 11 2 1 16 

Sept. 8 6 5 3 1 6 2 9  

Oct . 9 1 2 4 20 36 

Nov. 4 1 13 2 20 

Dec . 40 1 4 5 14 64 

Totals 147 17 2 7 44 12 3 8  62 3 2 9  

ROCKY FLATS 

Jan . 7 27 2 2  56 

Feb. 1 2 2 5 

Mar. 8 3 2 1 5  2 8  

Apr. 5 16 18 3 9  

May 10 1 14 3 28 

June 10 27 6 43 

July 5 2 7 

Aug . 2 5 1 8 19 1 36 

Sept. 4 10 3 17 

Oct. 2 4 2 25 19 52 

Nov. 1 1 1 2 34 28 67 

Dec . 20 10 6 5  4 9  144 

Totals 59 8 5 1 9 26 246 168 5 22 
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nighttime hours with strong winds at Rocky Flats than at Denver Airport 

is related to the higher frequency of " synoptic " type airflow . 

At Denver Airport there are 10 hours or less per year with winds � 20 mph 

between 2200 through 0 900 . By contrast there are more than 2 5  hours equal 

to or greater than 20 mph from 1300 through 1700 . Several of the higher 

wind speeds at Denver Airport occur during summer thunderstorms which 

have a higher frequency at Denver than at Rocky Flats . 
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WIND FREQUENCY IN STABILITY CATEGORIES 

until such time as temperature profile measurements and wind gradient 

data through the lower 200 feet become available from the meteorological 

tower planned at Rocky F lats , estimates of stabi lity conditions can be 

made us ing ( 1 )  time of day , ( 2 )  wind speed and direction , and ( 3 )  rela­

�ionships with known stability sequence s  in the Denver me tropolitan 

area . The estimates which are made in this report are based on such 

airflow characteristic s .  

A compi lation showing wind distribution by pasquill stability c lasses 

using the STAR Program originally designed by meteoro10;ists working for 

the Environmental Protection Agency has been obtained for a five year 

record at Denver Airport . This compilation appears in arrays of 16 wind 

directions and s ix stability categories . For purposes of pre liminary 

estimation in the ana lysis reported herein , only three categories were 

used for stability - STABLE , NEUTRAL and UNSTABLE . The 3 6  directions of 

wind records at Denver Airport were consolidated to 16 values and the eight 

directions initially available at Rocky Flats were expanded to cover 16 

directions . The frequenc ies of winds in each stability group were 

developed fram hourly wind and tempe rature records . 

Tables IV and V show the e stimated distribution of winds within each 

stability c lass at Denver and Rocky F lats . It is rec ommended that these 

data be used j ointly in determining long te rm depositions of any e f fluent 

coming from Rocky Flats . The graphical presentation of the percentages 

in each of the three categories is presented in Figure 1 8 .  
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'rABIB N. PER;:ENTAGE FREQUEN:Y OF WIND DIRECTION IN VELCX: I'lY CIASSES FOR AIRFLCM BE'lWEEN THE SURFACE AND 200 
METERS IN THE VICINI'lY OF STAPLETON INTERNATIONAL AIRPORT AT DENVER, COLORADO, BASED ON HOURLY AIRFLCM DATA 1972-74 . 

N 

NNE 

HE 

ENE 

E 

ESE 

SE 

SSE 

S 

SSW 

SW 

WSW 

W 

WNW 
NW 

NlM 

STABLE (E+F) 
(meters/sec . ) 
1-2 3-4 5-6 7-8 � 9 

. 1  . 2  . 1  

. 1  . 1  

. 1  . 1  

. 1  . 2  . 1  

. 1  . 2  . 2  

. 1  . 3  . 2  

. 2  . 5  . 3  

1.0 2 . 2  1 . 4 

1 . 5  3 . 2  2 . 6  

2 . 5  6 . 0  3 . 3 . 2  

1 . 2  3 . 1  1 . 6  . 1  

. 4  2 . 0  . 8  

. 2  . 5  . 3  

. 1  . 2  . 1  

. 2  . 1  

. 2  . 1  7:S 19':2 IT:4 . 3  
-

Average wind velocity 

Average mixing depth 

�- - . . . -'---"-

NEUTRAL (D) 

Total 1-2 3-4 5-6 7-8 -
. 4  . 1  1 . 2  2 . 9  2 . 4  

. 2  . 1  1 . 6  2 . 5  1 . 6  

. 2  . 1  1 . 1 1 . 8  . 6  

. 4  . 2  1 . 3  1 . 4  . 5  

. 5  . 1  . 8  1 . 4 . 7  

. 6  . 5  1 . 1 1 . 0  

1 . 0  . 3  . 7  . 4 

4 . 6  . 3  1 . 0  . 7  

7 . 3  . 3  1 . 3  1 . 2  

12 . 0  . 1  . 4  1 . 4  1 . 4  

6 . 0  . 2  1 . 1 . 7  

3 . 2  . 2  1 . 0  . 6  

1 . 0  . 6  1 . 0  . 7  

. 4  . 7 1 . 4  1 . 1 

. 3  . 8  1 . 6  1 . 2  

. 3  1 . 0  1 . 2  . 6  
3 8 . 4% --::7 TI::3 22.B 'i5.4 

3 . 7  m /e 

.. _. 

UNSTABLE (A+B+C )  

� 9 Total 1-2 3-4 5-6 7-8 � 9 Total 

. 3  6 . 9 . 3  . 4  . 1  . 8  

. 2  6 . 0  . 3  . 4  . 2  . 9  

. 2  3 . 8  . 4  . 4  . 2  1 . 0  

3 . 4  . 1  . 5  . 4  . 2  1 . 2  

3 . 0  . 1  . 6  . 6  . 2  1 . 5  

2 . 6  . 5  . 4  . 1  1 . 0  

1 . 4  . 4  . 3  . 1  . 8  

2 . 0  . 2  . 2  . 4  

. 2  3 . 0  . 1  . 2  . 3  

. 1  3 . 4  . 1  . 1  . 2  

2 . 0  . 1  . 1  

1 . 8  . 1  . 1  

. 1  2 . 4  . 1  . 1  . 2  

. 3  3 . 5  . 1  . 1  . 2  

. 4  4 . 0  . 2  . 1  . 3  

2 . 8  . 2  . 3  . 1  . 6  T.B --:2 4 . 2 4 . 0  1 . 2  
- ---g:r;, 5 2 . 0% 

5 . 8  m/s 4 . 8  m/s 

2400 meters 2400 meters 
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TABIE V .  PERCENTAGE FREQUENCY OF WIND DIRECTION IN VELCC ITY BY STABILITY CIASSES FOR AIRFLOW BE'IWEEN THE SURFACE 

AND 200 METERS IN THE VIC INITY OF ROCKY FIATS , BASED ON HOURLY AIRFLOW DATA 1972- 7 4 .  

STABLE (E+F ) 
(meters/sec . ) 

1-2 3-4 5-6 7-8 � 9 Total 1-2 3-4 
-

N . 2  . 3  . 3  . 2  1 . 0  . 1 1 . 0  

NNE . 2  . 2  . 2  . 6  . 1  . 9  

NE . 1  . 1  . 1  . 3  . 1  . 8  

ENE . 1  . 1  . 2  . 6  

E . 05 . 05 . 1  . 3  

ESE . 05 . 05 . 1  . 3  

SE . 1  . 1  . 2  . 2  . 9  

SSE . 1  . 1  . 2  . 1  . 5  . 1  . 7  

S . 1  . 1  . 3  . 1  . 6  . 1  . 6  

SSW . 1  . 2  . 3  . 1  . 7  . 4  

SW 1 . 0  2 . 0  1 . 5  . 4  4 . 9 . 4  

WSW 1 , 2  2 . 4  1 . 9 . 5  6 . 0  . 2  

W 1 . 2  2 . 5  2 . 0  . 5  6 . 2  . 4  

WNW 1 . 4  2 . 8  2 . 2  . 6  7 . 0  . 8  

NW 1 . 0  2 . 1  1 . 5  . 4  5 . 0  . 8  

NNW . 6  1 . 2  1 . 0  . 2  3 . 0  . 8  
6 . 9  14 . 1  11 . 8  3 . 4  36.2% rw 9 . 9  

Average wind veloc ity 4 . 2  m/s 

Average mixing depth 450 meters 

NEUTRAL (D) 

5-6 7-8 � 9 Total 

1 . 6  1 . 7  1 . 0  5 . 4  

1 . 5  1 . 6  . 9  5 . 0  

1 . 4  1 . 5 . 8  4 . 6  

1 . 0  . 2  2 . 0  

. 3  0 . 7  

. 4  . 2  1 . 0  

1 . 3  . 8  3 . 2  

1 . 1  . 5  2 . 4  

1 . 0  . 4  2 . 1  

1 . 0  . 5  . 2  2 . 1  

1 . 0  . 4  . 2  2 . 0  

1 . 0  . 4  . 6  2 . 2  

1 . 4  1 . 2  1 . 4  4 . 4  

2 . 4  1 . 2  1 . 6  6 . 0  

2 . 2  . 9  1. 1 5 . 0  

2 . 2  . 9  1 . 0  4 . 9  
20 . 8  12 . 4  8 . 8 53 . 0% 

6 . 6  m/s 

3200 meters 

1-2 3-4 

. 1  

. 1  

. 1  . 7  

. 1  . 6  

. 1  . 5  

. 1  . 8  

. 1  . 7  

. 5  

. 1  

. 1  

. 1  

. 1  

. 1  

. 1  

� --.:.! 
. 5  4 . 7  

UNSTABLE (A+B+C) 

5-6 7-8 -L2 Total 
-

. 1  . 2  

. 2  . 1  . 4  

. 6  . 2  1 . 6  

. 4  . 2  1 . 3  

. 4  . 2  1 . 2  

. 9  . 2 2 . 0  

. 9  . 3  . 2  2 . 2  

. 4  . 1  1 . 0  

. 1  

. 1  

. 1  

. 1  

. 1  

. 1  . 2  

. 1  . 2  4:2 1:3 ---:2 10 . 8% 

4 . 9  m/s 

3200 meters 
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Figure 18 . Estimates of annual frequency of wind direction under STABLE conditions 
at Denver Airport and ROCky Flats . 
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Figure 18 continued . Estimates of annual frequen�y of wind directions under 
NEUTRAL and UNSTABLE conditions at Denver Airport and Rocky Flats . 
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Under STABLE conditions there is a notable diffe rence in a irflow between 

Denver Airport and Rocky Flats . There is a prominent peak frequency of 

airflow from south- southwest at Denver. By c ontrast , the range of wind 

direction under STABLE conditions at Rocky Flats carries a broad leve l of 

nearly equa l frequency from southwest through northwest. In most instanc es 

the STABLE air temperature near the ground above the lower portions of the 

Platte River Valley near the north end of Denver is colder during the 

morning hours than at Rocky Flats . STABLE but relative ly warmer air 

moving past Rocky Flats would establish its own equivalent leve l of 

buoyancy and move toward the P latte River at a higher elevation than the 

colder air near the surface in the Denver metropolitan area . In o��er 

instances NEUTRAL stability conditions with corresponding rapid dispersal 

of e ffluents will prevai l  at Rocky Flats while co lder STABLE air and its 

col lec ted burden of pollutants will remain near. the ground to the north of 

Denver .  Under such circumstanc es there would b e  n o  mixing downward of 

e ffluents from Rocky F lats into the STABLE air be low . 

Under NEUTRAL and UNSTABLE conditions the frequency distribution of direct­

ions is somewhat similar at both locations . However , Rocky Flats has a 

greater frequency of UNSTABIE air motion ranging from the northeast through 

south-'southeast directions . The relatively low frequency of UNSTABLE 

conditions with corresponding rapid vertical mixing should limit any surface 

deposition of material emanating from Rocky F lats to the first one to three 

miles from the sourc e toward high.er ground to the west of the plant . 

Correc tion and improvement in these sets of e stimated data should be 

expected when more reliable stability data becorn,e avai lable . 
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APPENDIX A 

Duplication of material presented in the booklet 

"Air Pollution in the Denver Area" published in 1967 

by Public Service Company of Colorado as an information 

booklet with text and diagram material furnished by 

consulting meteorologist ,  Loren W .  Crow .  
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Where 
Does 
It 
Accumulate? 

All daytime employees in the Denver Metropoli­

ta n area have m a ny opport u n ities to observe 

some visible portion of this com m u n ity's air  pol­

l ution as they d rive to work. At that t ime of day 

the most dense portion is located near a nd 

slig htly north of the center of the c ity. 

M ost of the a i r  pol l ution visible at 8 :00 a.m.  

moved very slowly "dow n - sl ope" from other 

h ig h er pa rts of the u rban area d u ring the hours 

of darkness. Some of this po ll ution may have 

been generated the previous day whi le the a ir  

motion was " u p  slope" from the val ley floor to­

ward h ig her g ro u n d .  D u ri ng the n ig ht it returned 

to its favorite early morn i ng collection basi n .  

E a c h  forenoon the su pply o f  n e w  poll ution i n ­

creases, and t h e  temperatures near t h e  g round 

become warmer. When wind velocities remain 

near  calm, the layer of dense a i r  poll ution g rows 

in both vertical and horizontal dimension. By 

11 :00 a.m.  the layer may cover nearly h a lf the 

urban area to a depth of 500 to 600 feet. This 

area is sti l l  closely related to low elevations along 

the Platte River a nd Clear Creek valleys. 
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To 
W-here 
Does 
It 
Spread? 

D u ring weather periods which permit near calm 

wi nds a nd heavy b u rdens of a ir  pol lut ion the air  

flow over Denver is l a rgely control led by its sur­

rou nd i ng terra i n .  S u rface cool ing at n ight  esta b ­

l ishes down - slope motion towa rd Ada m s  City. 

D u ring the warmer part of the day a reversal 

takes place a n d  the a i r  motion is pri m a ri ly from 

the lower parts of the city toward h igher  a reas. 

Flags which i n d icated wi nds from the sout h ­

southwest at 6 :00 a . m .  w i l l  show that t h e  a i r  i s  

moving from t h e  north - northeast a t  2 :00 p.m.  

This  " back and forth" reversal  (If  a i r  flow tends 

to perm it a passage of the same poll uted a i r  more 

than once across the D enver M etropol ita n area. 

By late afternoon the top of the pol luted l ayer 

may be 1 ,000 to 1 ,200 feet a bove the val ley floor 

and the outer edges may now have moved be­

yond the south, east, a nd western bou ndaries of 

the bui lt- u p  u rban area . The amount of pol l ution 

per u n it vol ume is low at t h is t ime of day because 

it has been m ixed with so m u c h  additional  a i r. 

The dense poll ution of early forenoon is con ­

ta i n ed i n  only three to five cu bic m i les of a i r  by 

late afternoon a somewhat heavier b u rden of 

pol l ution is m ixed i nto 20 to 40 c u bic m i les of a i r. 
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APPENDIX B - 2  

DIFFUS ION ESTIMATES 

E s t imates o f  s i te di spers ion parame ters for the Rocky F l ats P l ant have been made 
from s i te me teoro l ogical  da ta as presented in Sec tion 2 . 3 . 6  o f  thi s  S tatement . No 
at temp t has been made to modi fy c a l culated values by po s s i b l e  terrain e f fe c t s  or 
macro -me teoro logical  e f fec t s  at long d i s tanc es from the s i te because quan t i fic ation 
of such e f fects  is extremely unc ertain and is no t s igni f i c ant wi th in the accuracy o f  
this  type o f  calculation . 

The d i s cuss ion that fo l l ows presents the me thodo logy , as sump t ions , and results  
of  the di f fus ion e s t imates . Addi t ional information rela ting to  s i te- spe c i fic  me teor­
o logy i s  conta ined in Appendix B - 1 and in S e c t ion 2 . 3 . 6  of thi s  Env i ronmental Impac t 
S tatement . 

Short -Term ( or Instan taneous ) Re lative Conc entra tions ( X/Q ) 

The relative concentrat ion o f  pol lutants  ( X/Q )  ( from a un i t  concentrat ion re­
leas e )  downwind from an emi tt ing source can be computed from the Gaus s i an form o f  
solut ion to the d i f fus ion equa tions . The symbo l ,  x ,  repre sents the conc entrat ion 
( usual ly in microcuries per cub i c  me ter ) and Q represents the source emi ss ion rate 
( u sually in m i c rocur ies per second ) . The Gau s s i an dis tribution yields a peak value 
along the centerl ine of the emi tted p lume w i th the values fall ing o f f  exponent i a l ly 
in both dire c t ions normal to the wind direc tion . The p lume c enterl ine concentrat ion 
at  ground level i s  given by 

.x. = __ 1 __ 

_h_S_+
O"
_

Z
_h:...p_-_h-"g:...) 2 ]  ':c, 

Q 11 0"  0" U 
Y z 

( derived from S l ade , 1 9 6 8) ,  where hs i s  the s tack he ight above terra in at  the point 
of release , h is the plume r i s e , h is the height  of the downwind terrain above the 

- p g 
s tack base , u i s  the mean wind speed between p lume and ground , and cry and crz are the 
Gauss ian d i s t ribution parame ters ( p lume s tandard deviations ) in the horizon tal and 
vertical  d i re c t ions normal to the mean wind direct ion . The parame ters cr and cr are y z 
func t i ons o f  downwind d i s tance from the source so that the above d i spers ion equation 
i s  imp l i c i t ly a funct ion o f  downwind d i s tanc e . The values o f  cr and cr are obtained y z 
by the me thod o f  McMu l l en ( McMu l l en , 1 9 7 5) .  According to thi s  me thod , 

2 0" = exp [ I  + J ( In x )  + K ( In x )  1 
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where a i s  the standard devi at ion o f  the concentration in the horizontal ( ay ) or in 

the vertical (az ) di rect ions in uni ts of meters ; In x is the natural log o f  the 

downwind d i s tance expres sed in kilometers ; and I ,  J ,  and K are emp i rical cons tants 

for a given stabi l i ty condition , for each type of a .  

Values o f  I ,  J ,  and K are given in Tables B - 2 - 1  and B - 2 - 2 for ay and az ' res ­

pect ively . The method o f  McMullen avoids the variabi l i ty which can be expec ted from 

vi sual readings o f  the Pasquill curves and i s  used to obtain a values in thi s impact 

s tatement . 

Table B - 2 - 1 
Values o f  the Constants I ,  J ,  and K ,  

for a as a funct ion o f  downwind d i s tance , 
fo¥ six Pasqui l l  Stability Classes 

Stability 

Class 

A 
B 
C 

D 
E 

F 

for 

S tabi l i ty 

Class 

A 

B 
C 

D 
E 
F 

I J K 
5 . 35 7  0 . 8828 - 0 . 00 7 6  
5 . 05 8  0 . 9024 - 0 . 0 0 9 6  
4 . 65 1  0 . 9 1 8 1  - 0 . 00 7 6  
4 . 230  0 . 9222  - 0 . 0087 
3 . 92 2  0 . 9222  - 0 . 0064 
3 . 533 0 . 9 1 8 1  - 0 . 00 7 0  

Table B - 2 - 2  
Values o f  the Cons tants I ,  J ,  and K ,  
a as a funct ion o f  downwind distance , 
f�r six Pasqui l l  Stabi l i ty Classes 

I J K 
6 . 035 2 . 1 0 9 7  0 . 2 7 7 0  
4 . 694 1 .  0629  0 . 01 3 6  
4 . 1 1 0  0 . 9201  - 0 . 0020 
3 . 414 0 . 7 3 7 1  - 0 . 03 1 6  
3 . 057  0 . 6794 - 0 . 0450 
2 . 62 1  0 . 6 5 64 - 0 . 0540 

I f  the mean wind speed and stabi l i ty condi tion during any time period are known , 

the maximum average relative concentration during that time period for any d i s tance 

downwind from the source may be calculated . 
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For the evaluation o f  short - term release o f  a i rborne e ffluent from the Rocky 
Flats P lant , the fol lowing c onservat ive assumpt ions were made : 

1 .  Ground- level release from a po int source ( hs = 0 ,  hp = 0 ) . 
2 .  No dep l e tion o f  the a i rborne e ffluent by washout , s e t t l i ng , or  surface 

depo s i  tion . 
3 .  No signi fi c ant  terrain change s near the Plant  s i t e  ( hg = 0 )  
4 .  Plume - centerl ine , relative concentrations are determined . 
5 .  Average di ffu s i on c ond i t ions , Pasqu i l l  Category E ,  wind speed o f  3 . 0  me ters 

per second . 
6 .  No cred i t  for bui lding wake d i lut ion . 
7 .  Rel ative c oncentrat ions we igh ted by the frequency o f  wind in e ach sector . 

The result ing equation for relat ive concentration i s  

Tabl e  B - 2 - 3  gives the calculated , sho r t - t e rm relative c oncentrat ions as a fun c ­
tion o f  d i s tanc e , unweighted b y  s e c t o r  frequenc ie s .  The maximum s i te -boundary X/Q i s  
3 . 52 x 1 0 - 5 seconds per cub i c  meter . Tab l e  B - 2 - 4 give s relative concentrations a s  a 
fun c tion o f  d i s tanc e , weighted by the frequency with which the wind b lows from each 
d i re c t ion . These  relative concentrations are used to determine the d i spersion o f  
airborne radioac tive e ffluents from accidental P lant releases . 

TABLE B - 2 - 3 

CALCULATED SHORT- TERM RELATIVE 
CONCENTRATIONS ( X/Q ) 

( Pasqu i l l  E ,  3 . 0  m/sec ) 

Distance ( mi l e s ) 

1 . 2  
2 . 0  
3 . 0  
4 . 0  
5 . 0  

1 0 . 0  
2 0 . 0  
30 . 0  
40 . 0  

*3 . 5 2E - 5 = 3 . 52 x 1 0 - 5  

B - 2 - 3 

x/Q ( sec/m3 ) 

3 . 52E - 5* 
1 .  63E - 5 
9 . 0 2E - 6 
5 . 98E- 6 
4 . 3 8E - 6 
1 .  7 2E - 6 
7 . 06E - 7 
4 . 30E- 7 
3 . 06E - 7 



TABLE B-2-4 
3 

CALCULATED SHORT-TERM RELATIVE CONCENTRATIONS (X/Q , sec/m ) 

(Sector Frequency Weighted)  (Pasquil l E ,  3 . 0  m/sec)  

Wind Ave rage 

Source Affe cted Annual 2 3 4 5 1 0  2 0  

(secto r )  Sector Frequency miles miles miles miles m i l e s  miles 

1 . 63E-5* 9 . 02E-6  5 . 98E-6 4 . 38E-6 1 .  72E-6 7 . 06E-7 

N S 0 . 066 1 . 08E-6 5 . 95E -7 3 . 95E-7  2 . 89E-7 1 .  1 3E - 7  4 . 66E-8 

NNE SSW 0 . 060 9 . 78E-7  5 . 41E-7  3 . 5 9E-7  2 . 63E-7 1 .  03E -7 4 . 24E - 8  

NE SW 0 . 065 1 . 06E -6 5 . 86E - 7  3 . 89E-7 2 . 85E - 7  1 .  12E-7  4 . 59E-8 

ENE WSW 0 . 034 5 . 5 4E - 7  3 . 0 7E - 7  2 . 03E - 7  1 .  49E - 7  5 . 83E-8 2 . 40£-8 

E W 0 . 0 1 9  3 . 18E-7 1 . 7 6E - 7  1 . 17E-7  8 . 5 4E-8 3 . 35E-8 1 . 38E-8 

ESE WNW 0 . 030 4 . 9 7 E - 7  2 . 75E-7 1 . 82E - 7  1 . 3 4E - 7  5 . 23E-8 2 . 15E-8 

SE NW 0 . 056 9 . 1 3E - 7  5 . 05E - 7  3 . 35E - 7  2 . 45E - 7  9 . 6 1 E - 8  3 . 96E-8 

SSE NNW 0 . 039 6 . 36E-7 3 . 5 2E-7 2 . 33E-7 1 .  7 1£ - 7  6 . 69E-8 2 . 76E-8 

S N 0 . 028 4 . 56E-7 2 . 5 2E - 7  1 .  68E - 7  1 .  23E - 7  4 . 80E-8 1 . 98E-8 

SSW NNE 0 . 02 9  4 . 73E-7  2 . 6 1 E - 7  1 .  7 4E - 7  1 .  27E - 7  4 . 98E-8 2 . 05E-8 

SW NE 0 . 069 1 . 12E-6 6 . 22E - 7  4 . 1 3E - 7  3 . 02E - 7  1 .  18E-7 4 . 8 7E-8 

WSW ENE 0 . 08 3  1 .  35E-6 7 . 48E - 7  4 . 9 7E-7  3 . 63E - 7  1 .  42E - 7  5 . 86E-8 

W E 0 . 1 0 7  1 .  74E-6 9 . 65E-7  6 . 40£-7 4 . 69E - 7  1 .  84E - 7  7 . 56E-8 

WNW ESE 0 . 1 3 1  2 . 14E-6 1 . 18E-6 7 . 84£ - 7  5 . 7 4E - 7  2 . 25E-7  9 . 25£-8 

NW SE 0 . 102 1 .  66E -6 9 . 20E - 7  6 . 10E-7 4 . 47£-7 1 . 75E - 7  7 . 21£-8  

NNW SSE 0 . 08 1  1 . 32E-6 7 . 30E - 7  4 . 85E-7 3 . 55E-7  1 .  39E-7  5 .  72E -8 

1 . 000 

*The numbers in this horizont a l  row a re mul tipl ied by the frequency to obtain X/Q . 
5 

1 . 63E-5 = 1 . 6 3  x 10  

B-2-4 

30 40 

m i l e s  m i l e s  

4 . 30E - 7  3 . 06E - 7  

2 . 84E - 8  2 . 02E-8 

2 . 58E-8 1 . 83E-8 

2 . 80E-8 1 . 99E-8 

1 . 46E-8 1 . 04E-8 

8 . 39E-9 5 . 96E-9 

1 .  3 1E - 8  9 . 32E-9 

2 . 41E-8 1 .  7 1E-8  

1 . 68E-8  1 .  19E-8 

1 . 20E -8 8 . 56E-9 

1 . 25E-8 8 . 86E-9 

2 . 97E-8 2 . 1 1E-8  

3 . 5 7E-8 2 . 5 4E -8 

4 . 60E -8 3 . 2 7£-8  

5 . 63E-8 4 . 00E-8 

4 . 39E-8 3 . 12E-8 

3 . 48£-8  2 . 48£-8 



Annual Ave rage Relat ive Conc entrat ions ( X/Q ) 

For annual average concentrations , a sec tor- averaged form o f  the d i f fus ion 
equation is used . Averaging over a 22 . S - degree sec tor el iminates the 0y ( ho rizontal 
dispersion term ) . The coe ffic ient p receding the exponential term is replaced by 
2 . 032/ozux , where x i s  the downwind d i s t ance in me ters ( S lade , 1 9 68 ) . 

For the evaluation o f  annual average re leases o f  a i rborne e f fluen ts from the 
Rocky Flats Plant , the fo l lowing conservat ive assump tions were made : 

1 .  Ground l evel release from a point sourc e ( hs = 0 ,  hp = 0 ) . 
2 .  No dep l e t ion o f  the a i rborne e ffluent due to washout , settl ing , o r  surface 

depo s i t ion . 
3 .  No s igni ficant terrain changes near the Plant s i t e  ( hg = 0 ) . 
4 .  Wind direct ion averaged across individual secto r  for frequency o f  t ime wind 

is in that sec tor . 
5 .  Values o f  X/Q , c alcul ated for each s tab i l i ty c l as s , are combined as a 

weighted ave rage , based on the frequency dis tribution o f  stab i l i ty c l asses 
for each sec tor as de termined from s i te data ( Tab le 2 . 4- 1 1  of  Sec tion 
2 . 4 . 5 )  . 

6 .  No c redi t for building wake di lut ion . 

7 . Relat ive conc en t rations we ighted by the frequency the wind blows in each 
direc tion . 

The resul t ing equation for relative c oncentration i s  

x 
Q 

Tab le B - 2 - S  gives the c alculated annual ave rage concentrations as a func tion o f  
d i s tanc e , we ighted b y  the frequency that the wind b lows from that d i rec t ion , and 
frequency o f  each s tabi l i ty c l ass . The maximum secto r  X/Q is 5 . 04 x 10 - 7 seconds per 
cubic me ter in the east - southeast sector (west - northwest  wind sourc e )  at two miles . 
These relat ive concen trat ions are used to determine the d i sp e rs ion o f  airborne rad i o ­
a c t ive e ffluents from rout ine Plant  releases . 
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TABLE B-2-5 3 
CALCULATED ANNUAL AVERAGE RELATIVE CONCENTRATIONS (X/Q ,  s ec/m ) 

(Averaged Over Wind D i rection and P lume Stab ility C l as s )  

Wind Ave rage 

Source Affec ted Annua l  2 3 4 5 10 20 30 40 

( s ector) Sector Frequency miles miles miles miles miles miles miles miles 

N S 0 . 066 1 .  47E - 7* 7 . 65E-8 4 . 86E-8 3 . 44E -8 1 . 20E-8 4 . 40E - 9  2 . 49E-9 1 . 68E-9 

NNE SSW 0 . 060 1 .  07E-7 5 . 53E-8 3 . 49E-8 2 . 45E-8 8 . 39E-9 2 . 9 9 E - 9  1 . 66E- 9  1 .  1 1E - 9  

NE SW 0 . 065 9 . 5 2E-8 4 . 85E-9 3 . 03E -8 2 . 1 2E-8 7 . 08E -9 2 . 46E-9 1 . 35E-9 8 . 9 1E - 10 

ENE WSW 0 . 034 5 . 64E- 8  2 . 85E-8 1 . 78E-8 1 . 23E-8 4 . 07E-9 1 . 40E - 9  7 . 58E- 10 4 . 9 6E - 10 

E W 0 . 0 1 9  2 . 61E-8 1 . 30E - 8  8 . 04E-9 5 . 5 5 E - 9  1 .  80E - 9  6 . 07E - 1 0  3 . 28E - 1 0  2 . 13E-10 

ESE WNW 0 . 030 3 . 33E - 8  1 . 65E-8 1 . 01E-8 6 . 98E-9 2 . 23E - 9  7 . 46E - 1 0  4 . 00E - 1 0 2 . 5 9 E - 1 0  

SE NW 0 . 05 6  8 . 46E-8 4 . 29E-8 2 . 68E-8 1 . 86E - 8  6 . 1 9 E - 9  2 . 1 4E - 9  1 .  1 7E - 9  7 . 69E- 10 

SSE NNW 0 . 03 9  7 . 99E-8 4 . 13E-8 2 . 6 1E-8 1 . 84E-8 6 . 35E - 9  2 . 30E -9 1 . 29E-9 8 . 7 1E - 1O 

S N 0 . 028 7 . 43E-8 3 . 88E - 8  2 . 47E - 8  1 . 75E-8 6 . 12E-9 2 . 25E-9 1 . 28E-9 8 . 63E - 1 0  

SSW NNE 0 . 029 7 . 15E-8 3 . 75E-8 2 . 39E-8 1 . 70E-8 6 . 02E-9 2 . 24E - 9  1 . 2 8E-9 8 . 7 1 E - 1 O  

SW NE 0 . 069 3 . 25 E - 7  1 .  74E - 7  1 .  13E-7 8 . 1 2E - 8  3 . 00E -8 1 .  1 7E-8 6 . 88E - 9  4 . 79E-9 

WSW ENE 0 . 083 3 . 8 7E-7 2 . 07E-7 1 . 34E - 7  9 . 67E-8 3 . 58E-8 1 . 40E-8 8 . 24E - 9  5 . 73E - 9  

W E 0 . 107 4 . 25E - 7  2 . 27E-7 1 . 47E-7 1 . 06E - 7  3 . 89E-8 1 . 5 1E-8 8 . 84E - 9  6 . 14E-9 

WNW ESE 0 . 1 3 1  5 . 04E - 7  2 . 69E-7 1 .  74E - 7  1 . 25 E - 7  4 . 58E-8 1 . 77E-8 1 . 03E-8 7 . 1 7E - 9  

NW SE 0 . 102 3 . 7 7 E - 7  2 . 0 1 E - 7  1 . 30E- 7  9 . 29E-8 3 . 40E-8 1 . 3 1E-8 7 . 64E - 9  5 . 29E-9 

NNW SSE 0 . 08 1  2 . 5 7E - 7  1 . 36E - 7  8 . 75E-8 6 . 25E -8 2 . 2 6E-8 8 . 62E-9 5 . 00E- 9  3 . 44E- 9  

1 . 000 

*1 . 47E-7 = 1 . 47 x 1 0-
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AP PEND I X  C 

GEOLOGY AND S E I SMOLOGY 

Thi s  appendix contains three reports relating to g eo lo gy and s e ismo logy . The 

firs t , App endix C - l ,  is ent i t l ed "Summary of Non - Nucl ear Remo t e  S ens ing at the Rocky 

Flats S i t e  and S tatus o f  Ana lys i s  o f  Geo lo g ical  and Hydro l o g i ca l  Indicators - - July 

1975 through Dec emb er 19 7 5 . "  Thi s repo rt wa s prepared by J .  G .  L ac key , E .  B .  Jone s , 

and H .  A .  Wo l l enberg who are a s sociated w i t h  EG& G ,  Inc . o f  Las Vegas , Nevada . 

Appendix C - 2 ,  "Rocky Flats Reflect ion S e i smic Pro j ect , "  was submitted by T .  L .  

Davis from the Department o f  Geophy s ic s , Co lorado School o f  Mines , i n  Go lden , Colo ­

rado . 

The third report , Appendix C - 3 ,  i s  a " S o i l  Survey" from the So i l  Cons ervat ion 

Service of the U .  S.  Departmen t of Agriculture . 
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AS D- 7 6 - 0 0 1  
6 J anu ary 1 9 7 6  

TEC HNICA L M E M ORANDUM 

Subj e c t :  Summary of N o n - nu c le ar Remote Sens ing at the Rocky F l a t s  
Si te and S t a tus o f  Analysis o f  Geologi c al and Hydrologi c al 
Indi c a tors - July 1 9 7 5  through De c ember 1 9 7 5  

B y :  J .  G .  Lackey, E .  B r u c e  Jones ':', and H .  A .  Wollenb erg':":' 

1 .  G E N ERAL CONSI DERA TIONS 

1 .  1 Overview of the Program 

During the i n terval of July 1 9 7 5  through December 1 9 7 5 , E G & G  
and as s oc i ated pers onnel were engaged i n  a n  ongoing program to do non­
nuclear remote s ens ing of the E RDA Rocky Flats S i t e .  Th is progr am i s  
c arried ou t w i  th the cooper ation and s upport o f  Rocky Fl ats pers onnel.  
A p propri ate ground tru th data to s upport and c alibrate the remotely s en s e d  
d a  t a  w e r e  als 0 a c  q u i  red during this in t e r v  al . 

This program was c arried out for the purpos e of as s i s ting the 
Divi s i on of Oper a tion al Safety ( DOS ) of th e Energy Res e arch and Development 
Adminis tra tion ( ER DA ) in c arrying ou t i ts res pons ibili ties . DOS has the 
res pons ibili ty to ens u r e  th at all ERDA programs and operations are conduc ted 
in a m anner tha t will prote c t  the publi c ,  ensure occupational s afety and health, 
and p r es erve th e environmen t in acc ordanc e w ith n a t i onally a c c e p t e d  norms . 

Dur ing this p e r iod of ac t i v i ty ,  EG&G pers onnel a c q u i r e d  a c on­
s i derable c a t al o g  of remo tely s en s e d  data in the form of photograph i c  and 
therm al infrared imagery . EG&G and ass ociated pers onnel subs e qu en tly 
interpr e ted s ome pos s ible geologi c al and hydr ologi c al fe a tures of the s i t e 
which were vi s u ally dis c ernible on the pho tograph and infrared imagery . 

F i e l d  inves tiga �ion was c ar r i ed out in c oope ra tion with R o c ky Fl ats 
personnel and p e r s onnel from the U .  S .  Ge ologi cal Survey offi c e  in Denver for 
th e purpos e of ver ifying the geologi cal and hydrologi c al fe a tures and planning 
addi tional inves t i ga t i ons nec es s ary to res ol ve uncertainties by phys i c al meas ­
ureme n t .  

':' E .  B r u c e  J ones , M .  W .  Bi t tinger & As s oc i ates , is r e tained as a c onsul tan t 
to E G & G .  

':":' H. A .  Wollenberg, L awrence B erkeley Labo r a tory, is re tained a s  a cons ul tan t  
to EG &G . 

C - 1 - 1  

n ��EGB.G 



Technical Memorandum 
6 January 1 9 7 6 
Page 2 

A geological elemen t of primary interest was the pos s ible 
exis tence of a fault or shear zone on or near the site .  The remo tely 
s ensed imagery is compa tible wi th the interpretation that a faul t  or shear 
zone cros sing the Rocky Flats Site may exis t. Cer tain geological fe atures 
visually obs ervable on the ground are als o c ompa tible with this pos sibili ty . 
To tes t  this hypo the ses,  the Color ado School of Mine s was engaged to c onduct 

.s eismic reflec tion surveys . These studies ( Davis , 1 0  and 2 9  Dec emb er 1 9 7 5 )  
indicate little likelihood of appr eciable vertical disloc ation of lineaments in 
the eastern por tion of the site.  

The primary elements of hydrologic interest were seeps , s prings , 
and gener al water-balance information for the imme diate plant s ite and sur­
rounding ar ea. V arious s eeps and springs were noted on photographic and 
thermal infr are d  imagery along the three b as ic drainages flowirg through the 
plant site.  It aIJpears that there is some concentration of spr ings and s eeps 
in the vicinity of the plant. With the pres ently available inform ation, it is 
impos sible to de  termine whether or not this apparent conc entr ation occurs 
naturally 0 ... • was induced by the cons truction and operation of the plant . 

1 . 2 Goals 

The shor t term goals of the non- puclear remote s ens ing progr am 
are summ ari zed:  

A. Provide remotely s ens ed data to document current s tatus of 
the site and fac ili tate s tu dies of future change s as they occur . 

R .  Supplement curren tly available data abou t the hydrological. 
geological, and ecological environml:nt where appropri ate 
by remo te sens ing. 

The long term go als of the non- nuclear r emote s ens ing . progr am 
c an be sum m ari zed as follows : 

A.  Define a long term data ac quis i ti on an d pres entation s cheme. 
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B .  C arry on repetitive data ac quisition and pr esen tation as 
appropriate. 

C .  Provide analys is and interpretation of data when reque s ted 
to do s o .  

1 .  3 Repor ting Pr ocedure 

1 .  3 . 1 In te rim Ou tpu ts of the Ongoing Progr am 

The non - nucl ear rem o te s ens ing ac tivities c arried out at the Rocky 
Flats Site during the interval July 1 9 7 5  through Dec emb er 1 9 7 5  are par t of an 
ongo ing program to support the DOS mis s ion . B ec aus e they ar e part of a con­
tinuing program , the information pres ented here is limited to th e following: 

A. A des cription of the data ac quis ition plans and activi ties 
tha t produced all available imagery and data . 

B .  A des c r ip ti on o f  the findings ' of the program t o  date 
rela tive to hydrologi cal and geological indic ations . 

C .  A des cription of the field inves tigation performed to 
verify th e interpr etations and results of the inves tigat ion . 

D.  Interim recommendations for additional inves tiga tions 
neces s ary to resolve uncertainties iden tified to date. 

1 .  3.  2 The Pl an for F inal Re por ts 

The time s c ale involved has precluded the gene ration of a formal 
repor t pres en ting �he ex tens ive remotely s ensed data acquired during this 
interval. However, it  is  antic ipated that the data will have a con tinuing 
us efulnes s in analyzing geological, hydrological ,  and ec ologic al as pects of 
the Rocky Flats Site . Ther efore, a formal report as referenced below will 
be iss ued and dis tribu ted.  

EGG- 1 1 8 3 - 1 6 8 0  
C a t alog of R emote Sens ing and Ground Truth Data 
for the ERDA Rocky Fl ats Si te 

hy J. G. Lac key and R . ..-\ . iV1 eibaum 
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Likewise,  a report s ummari zing the current ac tivities to interpret 
and verify s ome of the hydrologic al and geological features of the Rocky Flats 
Site will be is s ued. The report is referenc ed as follows :  

EGG - 1 1 8 3 - 1 6 79 
Non- nuclear Remote Sens ing and Analys i s  of Geological 
and Hydrologic al Indic ators at the ERDA Roc ky Flats Site 

by J.  G. L ackey, E. Bruce Jones ,  and H.  A. Wollenberg 

1 .  4 Des cription of the Rocky Flats Site 

1 .  4. 1 Loc ation 

The Rocky Flats Plant i s  located on a high pl ate au near the e as tern 
foothills of the Rocky Mounts . It c overs about 1 0  s qu are miles ( more than 
6, 500 acres ) near the north boundary of Jeffers on County. 

The plant is about 1 6  miles northwes t  of downtown Denver, s i tu ated 
almos t equidis tant and wi thin 1 2  miles of B oulder, Golden and Arvada. Other 
ne arby popul ation c enters include Broomfield, Louis ville, and Lafayette. 

The west edge of the facility is par alleled by Colorado Highway 9 3  
which inters ec ts Color ado Highway 7 2  about one mile s outh of the plant' s  west 
entranc e .  Indiana Avenue parallel s the plant ' s eas t boundary an d provides an 
eas t acc e s s  to the facility.  

1 . 4 . 2 Miss ion 

The plant is a key fac ility for the produc tion of nuclear components . 
Most of the work i s  direc tly related to national defens e .  The northern half of 
the plan t is involved in proc ess ing plutonium and in gener al was te treatment. 
The southern half hous es uranium, beryllium , and s tainless s teel component 
fabric ation operations . 

2 .  RE MOTE SEN SING PLAN S AND AC TIVITIES 

The principle features of the short term remote s ens ing plan were 
determined af ter discus s ions with Rocky Flats pers onnel and after m aking an 
on- s i te ground inspection reconnai s s ance .  The main elements of the plan 
consisted of the following : 
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A. C onventional aerial photogr aphy 

B .  Four - c amera s ys tem pho tography 

C .  Infrared thermal mapping 

D. G round tru th operations 

It was concluded that if the overall plan for r emote s ens ing were 
car ried OU L, i t  would allow the following data to be made availab le :  

A .  Detailed up - to- date aerial m ap .  

B .  Identification and class ification o f  s eeps and w e t  areas . 

C .  Data for use i n  multispectral data reduc tion alogri thims 
for clas s ifying ecology and land us e .  

D.  High quali ty images of  all types to provide b as el ine informa cion . 

E .  Ground truth t o  support the above . 

2 .  1 C onventional Aerial Pho tography Pl ans and Oper ations 

the area:  
Rocky Fl ats pers onnel reques ted color aerial photogr aphy covering 

Nor th through Boulder 
Sou th to Golden 
West to Continental Divide 
Eas t to 1 - 2 5  

In s upport of thi s  re qui rement, two ai rcraft pho tographic mis s ions 
were flown on 1 5  A u gus t 1 9 7 5  at an al titude of 1 8 , 000  ft and 7 , 000  ft above terrain. 
An addi t i onal miss ion was flown on 6 Oc tober at 1 9 , 000  ft above ter rain. The 
thr ee mis sions were flown in a Beechcraft A- I 00 aircraft us ing a Wild R C - 8  aerial 
came ra and color negative fi lm . Th e thr ee miss ions provided the nec ess ary coverag e ,  
produc ing pho togr aph s  with s c ales o f  1 : 3 6 , 000,  1 : 1 4, 0 0 0 ,  and 1 : 3 8 , 000,  res pec tively . 

2 . 2 Mu l tispec tral ( Four - C amera) Aerial Photogr aphy Plans and Oper ations 

The mul tispec tral photography plan involve d the utili z a tjon of a 
camera sys tem c ontaini ng four 70mm Has selblad c am eras to pho tograph s imul­
taneously in four differen t wavelength regions . The four channels llsed wer e :  
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F ilm F ilter Wavelen�th R e�ion 

1 Aeroc olor 2 4 4 5  W2A 4000 - 7 0 0 0A 

2 Infrared Aerochrome 2 4 4 3  W 1 2  + WC C 3 0B 5 0 0 0  - 9 0 00A 

3 Infrared Aerographic 2 4 2 4  W 8 9 B  7 0 0 0  - 9 0 0 0A 

4 Plus - X  Aerographic 2402  W2 5 6 0 0 0  - 7 0 0 0A 

The planned coverage included complete cover age of an ar e a  two 
miles in all direc tions from the plant and s ingl e fr ame coverage of the inner 
fence area. 

Miss ions were flown on 1 6  August. 1 5  Oc tober. and 1 7  October to 
obtain the required coverage. 

The 1 6  Augus t mission w as flown in the A - 1 0 0 aircraft at 5 . 000  ft 
above terrain and covered an area two miles north. s outh. and wes t of the plant 
and as far eas t as Standley L ake.  The s c ale of the photogr aphs was 1 : 1 9 . 5 0 0 .  

Missions on 1 5  and 1 7  Oc tober were flown in a Martin- 404 aircraft 
at 1 0 , 000  f1: above terrain and s ingle frame coverage of the immediate plant area 
was ob tained. The s cale of this imagery was 1 : 39 . 0 0 0 .  

2 . 3 Infr ar ed Thermal M apping Plans and Operations 

The infr ared therm al m apping plan was devi s ed after ins pection of 
color aer ial photographs and an on- s i te ground rec onnais s anc e .  Par ticular 
atten tion was given to des i gning the coverage s o  as to be able to detect varia tions 
in ground moi s ture and v ari ations in surface geology by means of thermal effects . 
The infrared thermal m apping plan c an be summari z ed as follows : 

A .  High Alti tude Long Wavelength Scan 

1 .  B endix s c anner 
2 .  8 - 1 2 .  5� detector 
3 .  Approximately 1 0 , 000 ft al titude 
4 .  Mid- afternoon - three east  to wes t pas s es 

B .  Low Altitude Long Wavel ength Scan 

1 .  Bendix s c anner 
2 .  8 - 1 2 . 5 /.1  detec tor 
3 .  Approxim ately 1 ,  000  ft al ti tude 
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4 .  Mid- afternoon - s elected passes 
5 .  Dawn - overlapping pas s e s  of inner fence area 
6 .  Dawn - flight lines along s elec ted s tream beds 

C .  Multispectral Multi - s c an Da ta Set 

1 .  8 - 1 2 . 5 1l  and 3 - 5 . 5 1J  detectors 
2 .  A pproxim ately 1 , 0 00 ft alti tude 
3 .  Mid- afternoon and before sunris e - two flight 

lines over s elected tes t are a  

The required coverage w as obtained o n  1 5, 1 6 , and 1 7 Oc tober, 
us ing the Martin - 4 0 4  aircraft and a B endix therm al m apper Model LN- 3 .  
Due to variable windy weather on 1 6  Oc tob er, s ome data acquis ition runs for 
this  date were repeated on 1 7  Oc tober . 

2 .  4 Ground Truth Pl ans and Op erations 

Par ticul ar attention w as given to the design of the ground truth plan 
bec aus e ground tru th data were considered to be es s ential to the proper c alibration 
and u tili z ation of all types of remotely s ensed data acquired by airborne oper ations . 

It should be noted that the implementation of the ground tru th plan was 
carried out in cooperation wi th, and with the support of, Rocky F l ats personnel.  
Below is an item i z ation of the oper ations which cons tituted the ground truth plan 
and pers onnel as s ignments . 

A.  W ater Level Measurements in Wells and Bore Holes -
As Many As Pos s ible ( RF P  per sonnel ) 

B .  Pho tography of Plant Life Around Ground Seep Areas 
( EG &G pers onnel ) 

C . Therm al Infr ar ed Radiometer Temperature Measurements 
( EG &G pers onnel) 

1 .  Water surfac e 
2 .  Wet poisoned s eep 
3. A s ph alt 
4. Open bare ground 
5. Uniformly vegetated ar ea 
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D. Soil Mois ture Samples (personnel from all organi zations ) 

1 .  � 3 0 points at s elec ted loc ations and times specified 
by EG &G consultants . 

NOTE : A ll of the data desc ribed in this document in Sec tions 
2 .  1 thru 2 . 4 will be fur ther des cribed and c ataloged in report EGG- 1 l 8 3 - 1 68 0  
now in prepar ation. 

3 .  HYDROLOGIC AL A N D  GEOLOGICAL IN DIC A TIONS 

3 .  1 Geological and Hydrological Set ting 

The geologic s e tting of the Rocky Flats Site is dominated by the 
sedimen tary and s tructural patterns of the Front Range urb an corr idor . The 
set ting,  covered briefly here, is describ ed in detail by Hurr ( 1 9 7 5 )  and in a 
repor t by DRS / B lume & Associ ates ( 1 9 7 4 ) .  Immedia tely w e s t  o f  the s ite,  
s teeply upturned beds of the Fox Hills , Laramie, and Arapaho form a tions 
crop out, and then dip eas tward beneath the s i te . The b e s t  aquifer of the gr oup, 
the Fox Hills s ands tone, oc curs at a dep th of approximately 8 0 0  ft beneath the 
plant area. Overc apping thes e bedrock uni ts is a veneer ( 1 0 to 70 ft ) of gravelly 
alluvial depo s i ts ,  termed the Rocky Flats gravels . These gravels are cons idered 
by Hurr ( 1 9 7 5 )  to be the remnants of alluvial fan materi al ,  debouc hed from C oal 
C r eek C anyon . The gravels extend wes tward of, and occupy gaps in, the outcrop 
of the up turned Fox Hills beds . This permits percol ation of some shallow ground­
water through the Fox Hills outc rop, e as tward on to the s ite area. Leakage from 
Cold Creek C anyon and the Boulder Divers i on C anal could al so furnish s ome water 
on s i te on the Rocky Flats gravels . Thus , water contribution to the site area, 
though gre atly influenc ed by the plant ' s  water sys tem , and supplemented by rain 
and s nowfall, l ikely has c omponents from groundw ater flow in the near - s urface 
gravels . That ground water which flows off - s ite is l argely confined to the gravels , 
but some may percolate to deeper aquifers through permeable zones in the Arapaho­
Lar amie,  and through fault zones which may intersect  these formations . 

Th e contac t ( or interfac e )  between the Roc ky Fl ats gravels and the 
les s - permeable underlying Arap aho Formation s erves as the locus of natural 
and m an- c aus ed s eeps , where the contac t  in ters ects the topogr aphic surface 
on th e s ides of the s tream - ch annel valleys . The mes a- like topography of the 
s i te ;  flat,  grave l - c apped surfac es incised by small s tr e ams , lends i ts elf well to 
the formation of such s e eps . Mos t flow from leakage ( from both the solar evapora­
tion ponds or other plant- s i te s ourc es ) probably surfaces at s eeps on the sloping s ides 
of the s tream channel vall eys . Subsurface leakage from the holding ponds is  more 
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likely to reach the deep aquifers than leakage from the s olar ponds . This 
could occur ei ther di rectly by percolation through the Laramie- Arapaho, 
or by percolation through a fault or shear zone which may inters ect  the 
s urfac e and the bedrock uni ts at dep th. Evi dence for s uch a zone was r e ­
por ted b y  Hurr ( 1 9 7 5 ) ,  who s u gges ted tha t the zone may b e  a southerly 
ex tens ion of �he Eggles ton R es ervoir Fault, des cribed by Spencer ( 1 9 6 1 ) .  

3 .  2 Geologi c al Indications 

Of the imagery available to date , that most diagnos tic for 
interpret a ci on of geologi c features is the high alti tude ( 1 8 ,  0 0 0  ft  above ter rain) 
na tural c olor pho tography, obtained 1 5  Augu s t  1 9 7 5 ,  the high altitude ( 1 0 , 0 0 0  
ft  above ter rain) mid- day thermal infr ared mapping o f  1 6  and 1 7  Oc tober , and 
the d awn lower alti tude ( abou t 1 ,  0 0 0  ft )  thermal infrared mapping of 1 6  and 1 7  
Oc tober.  A zone of lineamen t s ,  mos t of which ar e oriented N NW - SSE,  is 

apparent in the e as tern portion of the site on both the photo and thermal infr a­
red imagery. The lineaments are expr es s ed as topographic features such as 
s tream ori entations , cuts in mesa r im s ,  and c ontinu i ty of tributary s tream 
ali gnments acros s m ain drainages . A n  example of preferential s tre am or­
ientation, which may be influenced by faul ting, is the N NW direc tion of the 
south for k  of Coal Creek, ne ar the 5 , 7 5 0 ft contour across the north- s outh 
line of sec  tions 34 and 3 5 .  Orientations of c uts i n  mesa rims ar e exemplified 
in the nor thwest quarter of s ec tion 2,  and just  north of the e as t  ac cess  road 
in s e c tion 1 2 . A continuity of tributary ali gnment across a main dr ainage is 
indic a ted on the north fork of Walnu t Creek in the s ou thwest qu ar ter of sec tion 2 .  

The low - s un- angle photogr aphy, ob tained shortly after s unris e on 
1 6  Oc tober , though not ex tens ive in coverage, shows good enhanc emen t of 
diagnos tic topogr aphic features in the ar e a  south and eas t of the main plant 
s i te .  

Dawn thermal infr ar ed imagery indic ates well the N NW tr end of 
lineaments , as well as north - s outh trending features in the s outhwes t quar ter 
of s e c tion 2 .  Ground check o f  these reatures indic ated very l i ttle topogr aphic 
express ion. Tone changes in mid- day and dawn thermal infrared imagery are 
evi den t on south - fac ing s lopes nor th of holding pond A- 2 and on rela tively fla t  
terrain s outh of �he B holding ponds . These c h anges , near the dis tor ted and 
offs et bedding obs erved near these ponds , may refl e c t  contras ts in ground 
mois ture contem and / or li thology on oppos i te s ides of a fau l t  zone . 
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Taken individually, the lineament features and disloc ations of 
bedding obs erved on the ground may be a ttribu ted to the lenticu lar nature of 
s edimentary lithologic uni ts , i. e . , a s and bed may "lens out " to be replaced 
at the s am e  s tratigraphic level by shal ey material .  However,  when plot ted 
areally, as on the accompanying map ,  the overall zonation and general 
alignment of surfac e features infers that there is s tructural control to their 
orien tation by a fault or shear zone.  

3 .  3 Hydrological Indic ations 

The airborne data collec tion was des igned s o  th at c e r t ain hydrologi c  
fea tures could be evalua ted . The specific  data. collec tion, other than photographs 
of hydrologic interest ,  was the 8 - 1 2 . 5 /.1  thermal infr ared mappings c arried out 
near s unris e and solar noon. To as sis t with this  airborne data collec tion, 
hydrologic ground tr uth, in the form of s oil mois tur e ,  was t aken at s elec ted 
loc ations . 

The prim ary elements of hydrologic interest  were s eeps , s pr ings , 
and general water - b alance information for th e immediate plant s i te and the 
sur rounding ar ea.  Sinc e the local geology controls much of the natural water 
balance of this ar ea,  the hydrologic and geologi c elements were highly inter­
related both in mission pl anning and p reliminary interpretation. 

3. 3. 1 Seeps and Springs 

\"arious s e eps and s prings were noted on photographic and thermal 
infr ared imagery along the thr ee b as ic drainages flowing through the plant s i te .  
Closer ins pec tion of  some of  the s e  indic ated that the s e  s prings and s eeps ap­
par ently em erged from the interfac e of the Rocky F l ats gravel s and the lower 
more impervious Arapaho form ation.  I t  als o initially appears tha t there is 
some concentr ation of s prings and s eeps in the vic ini ty of the plant s i t e  its elf. 
With the present information avail ab le,  i t  is impos s ible to determine whether 
or not this appar en t  conc entra tion occ urs naturally or was induc ed by the con­
s t ruc t ion and operat ion of the plan t .  

If this concent ration is  n o t  nat un.l,  then one should initially look 
at  some obvious pos s ibilit ies : ( 1 )  the plant is los ing water through the f l plumbing" , 
( 2 1  (he cons truc tion of various facili ties have allowed for conc entra tion of gr ound ­
water through foundat ion drains , e tc . , or ( 3 ) a combi nation of the firs t two. 
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Roc ky Flats pers onnel have s ampled the water from s elected 
s prings and dis closed that with one exc eption, the w ater does not h ave the 
chemi c al or radiological char acteristics of pl ant process waters . The 
exc eption is the s eeps to the northeast of the s olar evaporation ponds which 
contain l arge amounts of nitrate s .  

3 .  3 .  2 W ater B alance Information 

The natural w ater b alance of an area is determined by the manner 
in which waters naturally enter and leave the area under cons ideration . At 
the Rocky F l ats Plant site there ar e s everal opportunities for water to enter 
the system: 

A. Precipi tation 

B .  S eepage los s es from the Boulder Divers ion C an al to the west  
of the s i te which would enter the Roc ky F lats gravels . 

C .  Ground- water s eepage from the west  from Coal Creek near 
the mouth of Coal C re ek C anyon. This would primarily b e  
through the upper o r  near - s urface gravel formations . 

Similarly w ater would tend to l e ave the are a  through: 

A. Surface runoff - fed by s eeps and springs as w ell as 
by dire c t  runoff. 

B. Evapor ation 

C .  Evapotranspiration from the native vegetation . 

D.  Pos si ble deep seepage to a lower aquifer ( s ee the geologic 
report comments on this ) .  

The inform ation previous ly mentioned on seeps and s prings indic ates 
that the miss ion was quite helpful in loc ating thes e areas , but the airborne imaging 
techniques used are not c ap able of quantifying the flows .  In addi tion to loc ating 
the s e eps and s prings , the airborne inform ation als o  sugges ts that there is s om e  
hydrologic connection with Coal C r e e k  a t  the mouth o f  the c anyon. This is noted 
from the mid- day therm al infr ared s c an.  One c an note a dark pattern emerging 
from the north half of the C oal Creek alluvial fan. Al though bri e fly fi eld chec ked, 
no firm conc lus ions can be d r awn at this poin t .  
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Ins pec tion of the mid- day thermal infr ared m apping indic ates that 
the Boulder Diversion Canal does not appear to be leaking any pronounc ed amoun t 

of waLer into the gr avels at specific points . The early morning s c an lines did 
not cover this ar ea.  

4 .  FIELD INVESTIGATIONS 

F i eld inves tigations were conduc ted on 1 3  and 1 4  November 1 9 7 5 
and on 1 0  Dec ember 1 9 7 5  for the purpos e of ver ifying s ome of the geologi cal 
and hydrologi cal indi c a tions which were noted in the remotely s ensed imagery. 
Pers onnel from s everal organi z ations were pres ent a t  each of thes e meetings . 
For this reas on, the inform ation relative to thes e  meetings ill b e  pres ented 
in the form of notes s ubmitted by one of the available par tic ip ants . Because of 
the evolving nature of the field inves tigations , they ar e pres ented here as a 
chronologic al s equence of ac tivities . 

4 . 1 Notes on F i eld Examination of the Rocky F l ats Pl ant Area, 1 3  November 1 9 7 5  

Par tic ipants : R .  T .  Hurr,  USG S ;  C .  Illsley, RF P; E .  B .  Jones , Bit tinger & Assoc . ; 
and H .  A.  Wollenberg, L B L  

Notes : by H .  A .  Wollenberg 

The purpos e of the examination was to field- check specific points 
of interes t indi cated by the multispec tral aer ial surveys , and to ob s erve ground 
features which m ay be as s oc iated w ith faulting. The points vis ited are numbered 
on the accompanying m ap ,  Page 1 8 .  

( 1 ) Surfac e indica tions of pos s ible fau lting, obs erv ed originally by 
R .  T. Hurr ( 1 9 7 5 ) ,  were ins pected in the de eply eroded dr ainage channel j u s t  
south o f  the eas ternmos t holding ponds ( B - 3  and B - 4 )  on the s ou th fork of Walnu l 
Creek.  A t  this loc ation, s trongly con torteu c layey layers of the A r apaho forma tion 
occur s tratigraphi cally above and below a hard, resis tant medium - to - fine- grained 
s ands tone l ayer , approxima tely O. 5m thi c k .  Though mos tly ob s cured by s lumped 
material ,  the s and layer appears to be offs e t  ver tic ally, downw ard to the eas t,  
in s ever al s mall s teps eas tward along th e tr ench. 

( 2 )  F aul ting is als o  sugges ted by the apparent verti cal ( downw ard 
to eas t )  offset  of a si milar s ands tone bed on the north shore of holding pond A - 2 
on the main fork of W alnu t Creek.  
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( 3 )  The loc ation of the bri ght, roughly E-W tr ending linear feature 
on the dawn thermal infrared image w as ins pected.  The featur e is a sharp, 
s outh - fac ing s c arplet on the s ou th edge of the flat r idge- top gravel cap. This 
s c arple t receives the firs t r ays of the morning sun,  c aus ing a sharp temper ature 
contr as t with the flatter terr ain above and below. 

The area of subtle temper ature contras ts on the south - fac ing s lope 
jus t nor th of pond A- 2, ob s erved on both the mid- day and dawn thermal infr ared 
imaging, was s c anne d  from the r idge top at location 3 .  Though no s harp changes 
in veget ation ar e appar ent , ther e are vegetational variations which may reflect 
ch anges in ground mois ture.  

An area spanning the north fork of Woman Creek was s c anned from 
the r idge top nor th of pond A- 2 .  This was to field check a north - s ou th tr ending 
linear fe ature, apparent on the dawn thermal infr are d  image, and the color pho to­
gr aph . Ground obs ervation indic ates that there is  no sharply app arent topographic 
expr ess ion of this featur e ,  so that sub tle changes in ground mois ture and v ege ration 
prob ably ac count for its appearance on the images . 

( 4 )  Roadcuts in the Arapaho formation were obs erved on Indiana S treet,  
nor th of the inters ec tion with the Eas t Ac c e s s  Road . In this area, mas s ive medium­
to - fine- gr ained sands tone near the base of the Arapaho i s  over- and underlain by 
grayish clayey material. Some of the exposures show zones of iron - s taining and 
occas ional iron nodules . 

( 5 ) The terr ain along and s outh of Rock Cr eek was obs erved from the 
county road bor dering the north line of Sec . 3 6 ,  T I S, R 7 0W .  Hur r  s peculates 
that in this area the s ands tones of the lower �t; r apaho formation may be displaced 
200 to 3 00 ft vertically by an EN E- trending fau lt.  Ther e is  no surface evi dence 
for the faul t in this area, but well- log data 3.nd roadcuts far ther east sugge s t  its 
pre s enc e .  

( 6 )  T h e  hummocky terrain on the s lopes s outh o f  R ock C r eek w as 
obs erved from Colorado Highway 1 2 8 near the north border of Sec . 2 ,  T2 S ,  R 7 0W .  
A s  well a s  sharp break s  i n  the rim-rock south of the creek,  Hurr pointed out an 
apparent offs et  in s pring lines in the cl ayey Ar apaho . This area lines up along 
the proj ection of the strike of the pos s ible N NW - tr ending faul t !  shear zone obs erved 
in the holding pond area. 

( 7 ) The Eggl es ton Res ervoir area was vis i ted,  and a well- exposed 
ou tcrop of  purpor tedly F ox Hills s ands tone ( Spencer , 1 9 6 1 )  w as ins pected. 
This s ands tone,  where fr eshly expos ed wes t of the res ervoi r ,  is light- colored, 
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fine grained, quartzo-felds p athic, with s ome dark lithic grains . In a more 
weathered exposure near the res ervoir ' s  right abutment, the s ands tone is 
buff and iron stained.  Ground inspection northeas t of the res ervoir showed 
no indic ation of the Eggles ton fault, but s lickens ided clayey material, pro­
b ably of the Laramie formation, in the de eply eroded natural "spillway" below 
the dam, indic ated prob able faulting. 

It is concluded from this ground inspection that s urficial features 
in the eas tern portion of the plant ar ea, as well as north of the plant area, 
sugges t the pr esence of a fault or shear zone . The orientations of s ome 
sands tone and clayey units in the Arapaho / Lar amie form ation in this ar ea 
s trongly sugges t vertical offs ets , though the termination and reappearanc e 
of beds may also be attributed to the lenticular nature of this s edimentary 
sequenc e. 

On 14 November, thes e  findings were pres ented to Rocky Flats 
Plant personnel. As a resul t  of this meeting, s eismic reflectivity s urveys 
were recommended to assist  in confirming the exis tence of the Eggles ton 
fault. Subs equently, arrangements were made by Rocky Flats Plant personnel 
to have the Colorado School of Mines perform the s urvey initi ally on site and 
then nor thward along the Eggles ton fault as noted by Spencer ( 1 9 6 1 ) . 

4. 2 Notes of M eetings in Connec tion with Rocky Flats Proj ect, 1 0  Dec ember 1 9 7 5 

Participants : M. Thompson, J. Cleveland, C .  Illsley, E .  B .  Jones , and H. Wollenb erg 

Notes : by H. A. Wollenberg 

Illsley reported on C olorado School of Mines (CSM) s eismic surveys 
during the past weekend. CSM h ad not found evidence of subsurface faulting on 
their north vibros eis line. We would ins pect the data in the afternoon at CSM. 

Jones and Wollenberg emphas i z ed the importanc e of obtaining s amples 
and chemic al analys es of  well waters from the Fox Hills aquifer eas t of  the plant 
site. Illsley s aid that the USGS has s ome analys es of thes e  w aters ,  and he would 
check to s ee if the data are available, and whether tritium were analyzed. 

During the mid- m orning, Wollenberg, Jones ,  and Ill sley examined 
an area on the Rocky Flats gravels west of Highway 9 3 ,  near and s outh from the 
small l ake in the s outh c en ter of Sec.  8, T2S, R 70W. This was to observe on­
s ite, ground conditions in an ar ea of tone change on the 1 8  August  1 9 7 5  color , 
and 1 7  October mid- d ay thermal infr ared imagery. The prominent sharp ridge 
northwes t  of the lake is probably c apped by an erosion remanent of pre- Rocky 
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Fl ats gr avels ; a s imi lar b and of angular boulders forms a low ridge north of 
the lake.  The l ake oc cupies a small depres s ion at an elevation well above 
that of the clos est  portion of Coal Creek. No app arent differ ence w as noted 
on the s urfac e of the ground between areas of differ ent image tone, s outh of 
the lake, and sou th across Woman Creek. There w as no obs ervable differenc e 
in ground condi tions be

.
tween the r ela tively cooler zone north of Woman Creek 

indic ated on the thermal infr ared imagery, and warmer ground south of the 
c re ek. The cooler are a  may repres ent a zone of near - surfac e groundwater 
flow from Coal Creek into and through the, Rocky Flats gravels west  of the 
plant s ite . The zone ' s  infrared and color photogr aph "s i gnature " s uggest 
pos s ible hydrologic communication between thes e gravels and thos e  on the 
plant site .  

The Colorado School of  Mines was vis i ted in the afternoon to s e e  
results o f  the 6 and 7 December vibroseis r eflection s urveys across the suspected 
fault / shear zone north and e as t  of the plant area. Pres ent were T .  Davis and 
G.  Keller of CSM, Cleveland and Illsley of R F P, and Jones and Wollenberg. 
Velocity diagrams from the two s urvey lines were inspec ted, and indicated 
no appar ent offs ets of Fox Hill s ,  Pierre, or deep er s edimentary units beneath 
the plant site.  Thi s  indic ates no evidence of appreciable NNW - SS E  faulting on the 
RF P s i te ( Davis,  1 0  Dec 7 5 ) .  Previous s ei s mic data o f  T .  Davis showed offs ets 
as sociated with Denver B asin growth faults , nor theas t of Eggles ton Res ervoir. 

It was planned to continue reflection profiling, with two lines 
immediately north and south of Eggl es ton Res ervoir ,  acros s the expected 
posi tion of the Eggles ton R es ervoi r  fault; a third line 1 mile south of the 
Res ervoir ;  and a nor th- south line along Indi ana Avenue ( the east  boundary 
of RF P) ,  to check the pres ence of faults which may project  on- s ite from �he 
northeas t.  Priority will be given to the confirmatory lines in the vicinity of 
Eggleston Reservoir, for comp arison with data from 1ines on- site .  

5 .  RECOMMENDATIONS 

Recommendations for further s tudies of the Rocky Flats s ite c an  
be divided into two categori es : ( 1 ) geological s tudies to better determine the 
geologic al s tructure of the s i te and ( 2 )  hydrological s tudi es to better unders tand 
the w ater b alance of the s i te .  

C - l - I S  
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5 .  1 Geologic al S tudies 

Examination of airborne imagery and surface features s trongly 
sugges ts the presence of a fault or shear zone in the e as tern portion of the 
R F P  site area. As indic ated previously, Hurr ( 1 9 7 5 )  sugges ted that such 
a zone may be the s ou thern extension of the Eggles ton R es ervoir fault. 
Spenc er ( 1 9 6 1 )  sta ted that the Eggleston Res ervoir F ault is a revers e fault, 
dipping s teeply to the west, wi th beds offs et 2 0 0  to 3 0 0  ft vertically. Where 
observed on the ground in the vic ini ty of the plant site holding ponds , offs ets 
are probably les s than 5 0  to 2 0  ft. Therefore, if the fault / shear zone in the 
eas tern portion of the plant s ite is a southerly exten"s ion of the Eggles ton 
Res ervoir F ault, a substan tially different degree of offs etting has oc curred 
on the fault between the two locations . Subsequent s tudies should be des igned 
to confirm or deny the presence of the fault, and if it is pres ent, whether or 
not it provides communic ation between surface or shallow water at the plant 
site and aquifers at depth in the Lar amie and Fox Hills Formation s .  R ecom­
mended proc edures for the evaluations follow: 

A. Chemical and r adiometric analyses of w ater from wells 
penetrating the Laramie-Fox Hills aquifer,  east of the 
pl ant s ite should be conduc ted. 

B .  A geophysical survey of the faul t / s hear zone are a, 
utili zing s eismic sounding techniques should be ac ­
complished, to determine the pres enc e and extent of 
offs et or dis tortion of beds cros sing the zone.  Bec ause 

of  the inferred difference in  magnitude of offs ets, a 
s eismic line should be oriented in the northern portion 
of the s ite area, as well as a line across the zone in the 
vicini ty of the holding ponds . 

C .  It i s  s trongly recommended that the north-south line 
along and north from Indiana Avenue also be surveyed 
as soon as pos sible. It is important to confirm or deny 
the pres ence of any faults that may underlie the RF P si te o 

NOTE : Vibros eis reflection surveys conduc ted by the Colorado 
School of Mines during the period 1 3  through 2 1  Dec ember 1 9 7 5, trans ec ting 
the area of the suspected shear zone, indicated no apparent offs ets of beds at 
depths exc eeding 6 0 0  ft. ( The resolu tion of the techni que is stated to be :::; 2 0  ft . ) 
Similar vibros eis traverses on 2 8  December in the vicinity of Eggles ton Res ervoir 
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Fault ( Davis, 2 9  Dec ember 1 9 7 5 ;  Spencer , 1 9 6 1 ) , indicated no apparent 
offs ets of beds at dep th in that area. 

5. 2 Suggested Hydrologic Studies 

The work thus far has sugges ted two main thrus ts for future 
hydrologic studies . First, the source of the water which appears as 
springs in the vicinity of the plant should be identified insofar as reason­
ably prac tical .  Second, a moni toring program should be designed in order 
to continue to ensure knowl edge of the sourc es and disposition of this water. 
( Some of this suggested effort is underway, and will be reported els ewhere .  ) 

To accomplish the first task, one must not only have a water 
bal ance in the pl ant, but mus t also show how the water enters and leaves 
the surrounding area. Verbal communic ations with Rocky Flats personnel 
indic ate that in-plant water-bal ance studies have been m ade - - thus a portion 
of this work is underway. The water bal ance of the s urrounding area is con­
sidered to some extent by Hurr ( 1 9 7 5) in the curr ent U. S. Geological Survey 
draft dealing with this ar ea. Convers ations indicate that the c urrent USGS 
report does not contain the detail that may ultimately be desired by Rocky 
Flats Pl ant personnel . 
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OBJECT IVE 

The pu rpose o f  th i s  proj e c t  wa s to inve s t igate the pos s ib le 

ex i s tence o f  fau l t s  in the v i c in i ty o f  the U . S .  Atom i c  Ene rgy 

Comm i s s i on ' s  Rocky F l a t s  P l ant . 

INVE S T IGAT ION PROCEDURE 

Du r ing the t ime interva l December 9 - 2 8 , 1 97 5 and Febru a ry 10 

through Apr i l  1 ,  1 97 6 ,  Rockwe l l  Inte rn a t i on a l  Inc . , ope rator o·f 

the Rocky F l a t s  P l ant , con t r a cted and f inanced the acqu i s i t i on ,  

proce s s ing and interpret a t ion o f  1 5  m i le s  o f  se i s m i c  r e f l e c t ion 

d a t a  in the v ic i n i ty o f  the Rocky F l a t s  P l ant . The survey was 

per formed through the Geophys i c s  Fund Inc . , under the d ir e c t ion 

o f  Tom D av i s  o f  the Depa rtment o f  Geophy s i c s  o f  the Co l orado S chool 

of Mine s . 

The VIBROS E I S  ( tr adema rk o f  Cont i nenta l O i l  Company ) system 

o f  d a t a  a cqu i s i t i on w a s  u s ed throughout the pro j e c t . The se i s m i c  

sou r ce invo lved a t ru ck-mounted s e rvo-hydr au l ic v ibrator wh i ch 

was made to swe ep at a con s t ant amp l i tude ove r  a l ine ar r ange o f  

frequenc ie s du r ing a f ixed pe r iod o f  t ime .  Throughou t the survey 

a 48 - 8 H e r t z  down swe ep wa s used extend ing ove r  an 8 - se cond 

dur a t i on .  D a t a  was re corded for 1 1  s e c onds from the t ime o f  

sweep in i t i a t i on .  The proce s s  by wh i ch the s ign a l  i s  recovered 

is s im i l ar to th at of the ch i rp radar method . F ie ld re cords 

from th i s  se i s m ic source show no d is cern ib le re f lect ion in forma ­

t i on because the se i s m i c  pu l s e  i s  spre ad ove r seve r a l  se conds . 

The d a t a  mu s t  be c omput e r  cros s - corre l a ted w i th the or ig ina l sweep 

o f  frequenc i e s  be fore re f l e c t i on in format ion may be v iewed . The 

s ign a l  gene rated by th i s  s ource was re corded by a 24- channe l 

d ig i t a l  f i e ld sy stem DFS - 1 0 0 0 0 . The s ource pa ttern a t  e a ch 

v ibrator p o in t  ( vp )  con s i s ted o f  2 7  sweeps spaced over 1 0 - foot 

i n t e rva l s . D i s t an ce between source po ints ( vp s )  v a r ied from l ine 
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to l ine but w a s  e i the r 40 0 or 6 0 0  feet . The r e ce ive r p at te rn 

con s i s ted o f  1 5  geophon e s  s t re t ched ove r  2 0 0  feet . I n format i on 

du r ing e a ch v ibrat ion was recorded by 2 4  set s o f  the se geophone 

a rr ay s . The spac ing between the geophone groups v a r ied from 

l ine to l ine but wa s e ithe r 2 0 0  or 3 0 0  feet . D a t a  acqu i red was 

pro c e s sed on the Geophys i c s  Dep a rtment ' s  Phoen ix m i n i compute r .  

A s t andard proce s s ing sequence o f  demu l t ip lex ing , summing , cro s s­

corre l a t ing , and s t a ck ing w a s  pe r fo rme d .  

S e i sm i c  d a t a  w a s  acqu ired in the gene r a l  v i c in ity o f  the 

Rocky F l a t s  P l ant ( l in e s  1-8 ) and Egg l e s ton Re s e rvo i r  north o f  

H ighway 1 28 ( l ine s 1 - 3 ) a s  shown i n  F igure 1 .  The se l ine s were 

loc ated accord ing to topograph i c  con s ider a t ion s w i th the spec i f i c  

geo log i c  obj e ct ive i n  mind . One l ine t rave rsed the ent ire extent 

of the p l ant ( l ine 6 ) . The e co log i c a l  adv an t age of the VIBROS E I S  

t e chn ique was demon st r a ted throughout the pro j ect but mos t i mport ant 

du ring the Cent r a l Avenue traverse . 

INTERPRETAT ION 

G e o l og i c a l ly ,  the Rock F l a t s  P l ant i s  s ituated as dep i c ted 

in F igu re 2 .  A s tr a t igraph i c  co lumn is i l lu st rated in F i gu re 3 .  

The Ro cky F l a t s  ( F igu re s  4- 1 1 )  and Egg l e s t on ( F igu re s  1 2 - 1 4 )  

se i sm i c  l ine s we re inte rpreted a s  shown . The d a t a  qu a l ity fa c i l i­

t a ted the int e rpre t a t ion . I n  add i t i on ,  the s e i sm i c  d a t a  wa s t ied 

t o  the Tom Jo rdan Marsh a l l  L ake We l l  ( 2 2 - 1S - 7 0W )  for hor i zon 

contro l and subsu r f a ce ve l oc i ty i n format i on . A synthe t i c  s e i s mo­

gram ( F igu re 1 5 )  run from the son ic log in the we l l  en ab l ed a 

good s e i sm i c -we l l  t ie . S e i sm i c  d a t a  made av a i l ab l e  by Tom J ordan 

( D av i s ,  1 9 7 4 )  w a s  t i e d  d i re ct ly to the Rocky F l a t s  da t a . Two 

m ap s  ( F igu re s 1 6  and 1 7 ) we re prep ared on the Top and B a s e  o f  the 

P i e rre Sh a le re spe ct ive ly . 
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The maps and re l ated s e i s m i c  s e c t ions i l lu s t rate tha t  two 

typ e s  o f  fau l t  systems a re p resent in the Rocky F l a t s  a re a . 

One fau l t  sys tem i s  l o c a l ly r e s t r icted to the Upper P ie rre 

S h a l e  and L a r am i e-Fox H i l l s s e c t ion s . It is depos i t iona l in 

n a ture and re l ated in a growth fau l t  manner documented by 

D av i s  ( 1974)  and We imer ( 197 3 ) . An a s s o c i ated b a s ement - c ontro l led 

f au l t  system ex i s t s  on the we s tern and southe rn extremi ty o f  

the sha l l ow g rowth fau lt system . The b a sement - c on t ro l led f au l t  

system loc a l ized depos it ion o f  the Uppe r P ie rre S h a le and Laramie­

F ox H i l l s interva l s . S ed i ment a t ion rates and th i ckne s s  a c cumu la ­

t ions were gre ate s t  w ith in the down f au lted g r aben a re a  t o  the 

north o f  the Rocky F l a t s  P l ant . The b a sement- contro l le d  f au l t s  

to the we s t  and north o f  the Ro cky F l a t s  P l ant exh ib i t  a growth 

h i s to ry a s  we l l .  D i s p l acement at the N iobr a r a  leve l i s  approx i­

mate ly 1 5 0 - 2 0 0  fee t  whe r e a s  d i s p l a cement at the T op of the P ie r re 

i s  in the order o f  5 0-7 5 feet . The Pre c amb r i an b a sement conf igu r a ­

t ion con forms to the T op o f  the N iobr a r a  s t ru c tu re m ap .  I t  i s  

l o c a ted approx ima te ly 4000 fee t  ben e a th the N iobr a r a  ho r i zon . 

D i sp l a cemen t s  on the b a sement a c ro s s  the b a s emen t-contro l led 

fau l t s  app e a r s  to be in the order o f  3 0 0 - 3 5 0  fee t .  D i s p l acement 

v a r i e s  wi th l a t e r a l  pos i t ion on the b a s ement - re l ated f au l t s  a s  

we l l .  The north - s ou th fau l t  h a s  more d i s p l acement than the north­

e a s t  t rend ing fau l t .  In add i t ion the north - s outh t rending f au l t  

h a s  more d i sp l a cemen t i n  the south e rn port ion o f  the m ap a re a  

th an it h a s  in the north ; ie . ,  the fau l t  d ie s  out to the north . 

The northe a s t  trend ing f au l t  h a s  more d i sp l a cement in the s outh­

we s t  and d i s p l a c ement dimin i shes in a northe a s t e r ly d ir e c t i on . 
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SUMMARY 

Interpre t a t ion o f  15  m iles o f  se i s m i c  re f l e c t ion d a t a  in the 

v ic in i ty o f  the Rocky F l a t s  P l an reve a l s : 

a .  Two d i s t inct but a s s o c i ated fau l t  sys t ems ex i s t  in the 

are a .  A b a sement- contro l led g r aben area to the north 

o f  the Rocky F la t s  P l ant l oc a l ized s ed imen t at ion in the 

form o f  a depocenter throughou t L ate Cretaceous t ime . 

A s s o c i ated pene c ontemporaneou s g rowth fau l t ing ex i st s  in 

th i s  graben a re a .  The se fau l t s  a re north e a s t  trend ing 

and do not trend into the p l ant a re a . 

b .  The Rocky F l at s  P l ant is loc ated on the s t ab le ,  upthrown , 

h or s t  b lock south o f  the graben a r e a  north o f  H ighway 1 28 . 
There is no ev idence for sha l low ,  penecontempor aneou s , 

growth f au l t s  wi th in th i s  b a s ic s t ructura l  e le men t . The 

s t ru c tura l  b lock on wh i ch the p l ant is l oc ated is f l anked 

one m i le to the wes t  and north by two b a s ement- contro l led 

f au l t s  wh ich fau lt the ent i re sed imenta ry s ect ion . Near­

s u r f a ce d isp l acement on thes e  f au l t s  i s  in the order o f  

5 0  feet . 

c .  No fau l t s  e x i s t  w ith in the immedi at e  are a  o f  the Rocky 

F l a t s  P l ant . 

REFERENCES 

D av i s ,  T .  L . , 197 4 ,  S e i sm i c  inve s t i g a t i on o f  Late Cret aceou s 
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Cent r a l  F ront R ange , C o l or ado : de lt a ic sed iment a t i on , growth 

fau l t ing , and E a r ly L a r am ide crus t a l  movement : Mtn . G e o l og i s t , 
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CO-CONS -2 ( formerly CO-L2 ) 
5/69 
( fi le code C�S -l)J ) 

U. S .  Dept . of Agriculture 
So i l  Conservation Service 

CCNSERVATICN P LAN  MAP AND 
;S OIL AND CAPABILITY HAP LffiEND SHEET 

Di fferent kinds of s oi l , range s i tes , or W00d land s i tes are s epa ra ted on the 
map by s olid b lack lines . Within each area is an iden ti fying s ym bo l  or 
name . The following symbols are sh o"m on your map : 

Symbol or Site N ame 

Overflow 

Fair Condition 

Wet Meadow 

Fair Condition 
(FC- ) 

Q�nera lized Descripti on s  

(Detailed descriptions are available jn 
your S oil C ooservati on S e rvice office . ) 

In the potential plant c ommll:1 i t:;r t3.11 [ra s s e s  form 

a maj or part of the v e ge tat-i on wi th )"lid a!'1d short. 
grass e s  int�rmixin � to for�n <in [1 1 1l0 st. continu()us 
cover . Swi tchgras s ,  lUf: blue s tC:: i1l , ',J(;stern l'lheat­
gra ss , green ne edle gra s s ,  Indiang!'as s ,  blu e  gra.na 
and Can ada wild rye are the mo st at-1llnd?nt spe cif:'s . 
A number of other pla.n.ts are nre s0nt in small 
amount s .  Produc tion c ?n reach 3000 pounds of 
air dry ve ge tation per acre pe l" ye ar o 

In fa.ir c ondition we s t e l'n whe a t ,  Kentuc;,:r blue gra s s  
( an introduce.d spe c i es ) cmd h;:li.ry frA.Ina ar� ·th8 
d ominant speci e s .  nu s::, annu;..ll b�' or'lc, s;':itchs!'z',f-' S ,  
june grass , and nee dle and th;-:-G ad nre p;-e sent in 
les s or amounts . \!umr, rouc other pla!1ts Bre pre ser.t 
in trace ;:Jlnounts . Jrs sent produc tion is l20()"" 
1300 pounds of I'tir d r;r '/ege tation per ,,,-e re pc:­
ye ar . 

In the potential pl ant c om:nunity s'Witc� �ra3s , 
Ind ian gra s s ,  lu g blue ::: tem end prairie c ():'d �ra 3 s  
are the d ominant Gra s se s . Sc�dEe s and rushes 
OCCUl:" a s  an urodcrsto:cy but are n ::-t pro:rlinen t o  
A varie ty o f  ot1lcr �;r d ::; f,", S  &'1.0 nerenninl forb" .. 
alo'J,g with f:,;u'u1:)s sue :' a s  wild 1'03," , C .'=\!1 be 
expecte d , . but "hc'u.lei. be .... e ll :::; c·::. tterc d .  Produc­
tion C a!1 re C' cr. 1) 000+ po-.Jr..ds of <til' dry 1Tege tatio:1 
per acre per ye a1' 0 

In l ou fair . c ondi tion Balti c rilsh i s  the d ominant 
pl ant . Ncbr:lst:a f3edff: , KC�ltucky b} llc p'a s s , slende r 
W!1t." atgra ss,  sl",p r·�:T f'ra s s  3!1d c 'l � ".d 1. thi f:t.J r- nrc H�. �� '  
pro'T!inent" A nu�l)er oi' o th-3r forbs a .")t)8a1' in f;:n.:.lll 
amcmnts . Prodllc ti('IIl i '3  p re sent12r �' rO�I�ct 1800+ 
pOllncs of <iir rl ry ve S8 ta t i on per nCl'e per ye nr . 
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co-ernS -2 ( fo rme rly CO-L 2 ) 
5/69 

u. S .  Dep t .  of A g ri. c u ltu re 
S o i  1 C on s e rvation S t" rvi c e  

( fi Ie code C(ljS - lJ� ) 

CCNSERVATICN PLAN MAP AN D 
;SOIL AND CAPABILITY �1AP LEDEND SHEET 

Di fferent kinds of s oi l ,  range s i te s , or wood land s i tes are s epara t ed on t he 
map by s o lid b lack lin es . Within each a rea is an identify i n G  s ymbol or 
n ame . The following symbols are shown on yo ur map : 

Symbol or S ite N ame 

Clayey Foothill 

Excellent Condition 
( E C )  

Good Condition 
(GC ) 

Fair Condition 
( Fe )  

Gen era li z e d  Des c ripti on s  

(Detailed descripticns are avai lable in 
your S ol I  C ooservat.i on S ervi ce of nee . ) 

In the p otential plant c orll!"lUni ty, ,,'fe s tern whGat��ras s ,  
green nee dl

'
e er3.s s and needle and t:lrc Cld dOl11inrit:.'! the 

site . Sandberg blue gra s s ,  blue i':ra:I1,'l ,  tufi'al o��ra s s  
and Indian rioee;rass are prc ser.t :i.n 2 8 5 0 1'  31-:J.::)Unts � 
A number of forb s arc pre se nt in :::mall a:notln ts . Pro­
duc ti on CM rea c h  1000+ pound s  of air dry ve Ge tation 
per acre · PJ r 7e a1' . 

In exce llent c O:ldi tion we s te rn whe a t f!ra :=; s  and p,reen 
needle crass are the d ::Jminant ��ra ", s(:, s o  Chc a t p r a s s ,  
biscutroot, curlycup gum,Jee d , s al s i fy ,  C o;:-I<ll,dra and 
a number of o ther < forb s are pre s en"':. ill small am'Jllnts . 
Produc tion i s  l0011itOO+ pound s of ·cd.r dry ve gc t.'1.ti on 
per acre per year o 

In good c ondition 1-lestern whea "tr,ra s s ,  june g1'a s s ,  green 
nee dle gra s s ,  b:1ffal o;?rass and Ke ntucky blue"ra s s  
dominate the s ite . A large nwnber o f  foros aTlPcar 
in small amounts . Produc ti on i s  arou:ld 800- 900 pound s  
of air dry vcgeb.tion per acre pe r  ye 3.r . 

In fair c ondition buffalogras3 , Kentucky blu0 <;1'ass and 
we s tern whe 'ltg1'ass d o:nin ,':rte t;1 i s  si te e S;n.'!ll 2 mounts 
of chea tgrass , sal s ify and othe l'  foro s are pre sent . 
Produc tion is 300-400 p0und s o f  a ir dry vege tatic� 
per acre :r-e r  ye ar o 
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co-ems -2 ( fo rme rly CO-L 2 ) 
5/69 
( fi le code eGiS - Ill ) 

u .  S .  Dept.. of A g ri c u lture 
S o i 1 C on s e rvati on S e r-vi c e  

emSERVATIG l rUtN }'tA P fIN D 
>S OIL AND CAPABILJ.'fY I�JIP IJJJElm S HEET 

Di ffere n t  kinds of s oi l ,  range s i tes , or Hooc H2.nd s i tes a re s epa ra ted on thf! 
map by s o lid b lack lin es . Wi thin c ae�l a rea is an idcnti fy i n C  s ymool  o r  
name . The follmdng symbols a re sh Olm on y o u r  map :  

Symbol or S ite N arne 

Cobbly Foothill 

Exc ellent Condition 
( EC ) 

Good Cond ition 
(GC ) 

Fair Condi ti o!"l 
( f<'C )  

Poor Conditi on 
( PC )  

Gen er<J. J i  z e d  ����yrlJ?ti on� 

(Detailed OCGcl'":l ptions are ava.1. 1a.blc in 
your S oi l  eonscl'vati on S e rvi c e  offi c e . ) 

In the potfmti'J:l. p] ;:j n t  c (m.nun.;.t�r lu£ bJ.L;(� � �tem,  l :i.ttl.� 
blu ·� !3 t'��::l,  r:!�� '.lll t :; j.n  mu:,l:,' ) sick oHi,�� fT,J"18 .!1 prA:� r:t G d?''Jp­
Geed , switc;) f : �' a S t" ;te:l l o�'i i!1d iangT" ass a:ld ne e dl e  and 
thread are tilt;: d O !1�cJant r:r:3.8 s e .:; .  They are :nixed Hith 
le s sor (l)riount�:i of bl U€ [Tar,a , j une p,ril.ss , and ,\..;p s terl1 
whe 'ltgra s�; . Cud\'J�Gd s ,:wP. , h'1iry f'olda.ster, "lin l',ed buc k­

T!lheat, �al 1d �·:or· t,  p'tJt'�i18 P: ";tj.rie cl'.)�,,t e r ,  r/cnster:1o:1 CUlj 
a mll'rlber of othel' forb 3 .:n.'e nre S f:-nt in small a:n:)tmt s .  
Pro6ucti on '::3.11 re ,:ch ? , SOO pO'J.nds o f  air dry vegetation 
per p.. cre p er yc nr c 

In e xcell ent c orid.i tion the CO'lDosi tion i s  cl() :::e to that 
l i s tud a b ovC' (nc ar the f)ot8!1 'si'al ) . .  ;;i th s:rnl1 a;;--,Qu!lts of 
annu.'3.1 bro:1l:, pr�.cLJ.y r e ar o.nd frini:eci S 'l i�,e prc l:;ent . 
Producti on h; near 2 000 p ound s of air dry vegc t ::l ti. on 
pe r acre per ye ar o 

In [ood c on d i tion nee dle and thre :,d is· the o o;-,u."l.ant 2r3�; :-; .  
Little bl-Jc s tern, s e d r-:c ,  sid e o �t s  grx::a and 1-)1'.1e r;rn;Tla are 
al s o D ro.�Li.nent . A ' J ar�" e numb e r  o f  forb s are nre 08n-!:. in 
small a��:"..lnts . Product.ion r:2nf�e S  fro;n 1200-1500 TJuunds 
of p.ir dry Yl' geta tion per ac re :ocr ye ar o 

Ii:) fair cond:::. U on n c e d l :,:  n::d t.hre J d ,  j une f,l'a sS , ""? stcrn 
wheatLra�s s ,  buffa: oi'T a s s ,  l i t tle bl. l1c s t.c:rl ,ll1d anm!:;l 
bro;;le are tllc d Or1i!l ,"lnt crt? �� :" e � � S�� d ; 'c i s  ,,1. [,0 bro::d r.cnt . 
A la:::'f;e :lUlJll 1f::r of fOl'k: :>rs pre S8l!t Hi th ha.iry goJ ::l a stcr 
d or,'iinatinr; c; O; :l\� f;::w J.l al·C ; ;W .  Pr.); luctiun r:·mges fl'orn 
600-900 p ound s o.:� ail' d ry ver:e t.: ,ti c�:1 per clcre per year . 

D.i..st'l:.:'bed p re 'l S Fh8":'9 exc J.YCltio;-l ,  e tc . ,  h8. c taken pl ;�':: e  
fall into this c onditicm . Cheatr;ra s s ,  WOT':ni.;ood, �"'J(;€:t­
clo'J er, fjn�! kevJ2 cd , , ; e  G tern rc.,,;1ee d ,  in :::;; Y:le areas anl111al 
rye ( seeded ) ,  and :'1r'ny fo" h s  d OI'liT' :" t.e the B i t.e . Only 
trac e amounts of the pote!l.tial :olant c O:rl '1UJlity arrear .  
Pr0,juctioll ,',:; ,:'::-',, '8 :" arounci :� C;O p ")und s  o:t a:i.l' dry 
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UN ITED STATES DEPARTM ENT OF AGR I C U LTURE 
SO I L  CONSERVAT I O N  SERVICE 

SUBJECT: SOIL SURVEY - Soil Survey and Interpretations for DATE. 12-18-75 
Rockwell International - Rocky Flats Division Requeat 

TO: 
·
Doug Lofstedt , Aeting DC, Golden Field Office , ses 

Attached is the following: 

1.  Soil survey map on a scale of 1 : 24,000, Mapped 1n accordance with 
current soil survey policy and procedure . (Also a negative of soil map . ) 
2 .  Soil map unit de scriptiono conta ining information concerning physio­
graphy, s oil characterist i c s ,  use and management .  

3 .  Soil series interpretations for Denver, JCutch, Nederland, !lunn and 
Valmont Series . 

4.  General de scription of soils for area . 

Soil interpretations are from the draft manuscript for the Jefferson 
County Soil Survey "Tbleh is now in progre s s  and is to be compl.eted 
December 1978 . Draft. m';!nuscript .m�teria 18 for the .soil sw:vey 3r� 
maint�ined in the Golden ses Fie ld Office and Jeffco So il Survey Office 
located at the Denver Federal Center, Building 41. 

:-,;,..4 ( ;'H.-' ,£::-, ",./J-,17 c'-rv 
Alan E. Am..::n 
Party Lead�r , Jeffco Soil Survey 
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SOIL SURVEY - ROCKY FLATS PlANT 

A soil survey map of the area requested has been made on a scale of 1:24,000 in a ccorda nce with current soil survey policy and procedure . 

Attached are the following Soil Interpretat ions : 

(1) Soil map unit de scriptions containing informat ion concern­
ing physiography , re lief, soil characteristics , use and 
management . 

( 2 )  Soil Survey Interpretations for the Denver , Kutch,  Netherland , 
Nunn and Valmont Soil Serie s .  

Additional information for specific are a s  can be made ava i lable . 
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SOIL SURVEY LEGEND FOR ROCKY FLATS RE CUEST 

2A Alluvial and Stream Channel Land s , 0 to 2 Percent Sl::.>pe 

8A Nunn Cle Loam, 0 to 3 Percent Slope 

8B Nunn Clay Loam , 3 to 5 Percent Slope 

8c Nunn Clay Loam, 5 to 9 Percent Slope 

14c Denver Clay Loam ,  5 to 9 Percent Slope 

l8A Englewood Clay Loa.m , 0 to 3 Percent Slope 

28 Midway Clay Loam , 5 to 28 Percent S lope 

4lD Kutch-Denver C lay Loam , 9 to 18 Percent S lope 

X41 Denver- Kutc h-Midway Soils , 9 to 25 Perc ent S lope 

50A Nederla nd Cobbly Gravelly Sandy Loam , 0 to 3 Percent S lope 

50E Nederland Cobbly Gra velly S a !ldy Loam , 9 to 45 Percent Slope 

5lA Valmout Gra velly Clay Loam , 0 to 3 Percent Slope 

52)) Unnamed ( Rocky Flats ) Gra ve lly Loam , 9 to 28 Percent S lope 

X52 Unnamed ( Rocky Flat s )  - Hunn Complex , 5 to 9 Percent Slope 

5 3D Moderate ly Steep a nd Steep Grave lly Land , 15 to 45 Percent S lope 

90 Arguistolls , Wet , 5 to 12 Percent Slope 

101 Borrow Area - Shale s and Clayey Soils 

GP Grave l Pit 
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CO-C�S -2 

CAPABILITY GROUPS OF SOI�� 

Capab i l i ty c l as s i f i cation i s  the grouping o f  s o i l a to shmr . in a general �ay . 
the ir suitab i l i ty for mo s t  kinds o f  farm:l.ng . It is a prac t i c &.l c lass i f i c at ion 
based on l im i tat ions o f  the soils . the r i s k  of damage vhen they are used , and 
the Yay they respond to treatment . The so ils are c las s i fied accor d i ng to 
degree 8Jld kind of permanent l imi t a.t ion , but vi t hout c onG l d erat i on of mo.,l or 
and generally expens ive lendforming that would c hange the s lope . dept h . or 
other charncter i s t i c s  of the s o i ls ; and vithout cons iderat ion of pos o ib le but 
unlikely major reclamat ion projects . 

Roman numert� B  are used to shov the 8 broad Ca.pab i l ity Class es and letters 
tollow the c las s numeral to indicate the princ i pal problem or hazard . Classes 
and sub-clas ses us ed are as follovs : 

Class I - Fev or no l imitat i ons that restr ict cho i c e  ot c rops or require 
cono ervat lon measures . 

Clas s I I  - Some limi tat i on s  that reduc e the cho i c e  of crops or requ i re 
moderate conservat ion measures . 

CIRes I I I  - Severe l imi tati ons that reduc e choice o f  c rops or requ i re 
epe e i &!  conservat ion pract ices or both . 

Clafi B IV - Very severe limitat ions tha.t restrict the choice o f  crops , require 
veTJ careful management . or both . 

ClUB6 V - Not su ited for cult ivat ion but haa fev or no ha�ards when used tor 
p� · ture , range , voodland or vildl i fe . 

ClnlliS VI - Not aui ted for cuI ti vat ion . Severe l im i ta t iona . Su i ted for ran�e , 
�ture , woodland or vildl i fe v ith caretul =anagement and needed coneerv� , i on 
pn.cUces . 

Class VI I - Not suited for c ul t i vat ion . Very s evere l imi tat ions . Sui ted tor 
range , voodland or vi ldl i fe uses i f  carefully mMaged . U sually cannot apply 
phYSi cal prl� t i � e s  such as pitt ing , turroving . seeding . etc . 

ClasG VI I I  - Rot su ited tor c ult ivat ion . rBnRe . pas ture or voodland . Su!t�d 
only for recrea.t ion , vi ldli fe , vater supply or esthet i c  purpo s es . 

e - &oll1ou by vi nci or vat er 16 the major problem . 
v - Exceor. i Ye ueter fmch M wetne s s , overflov , or h igh vat Ct' t abl e . 
8 - MaJor problem h in the s oi l . I t  ilia!" b.: teo ch::..l lO'.: , too heavy , stony , 

lov f.n rer.t U H)' , salty . n.lltaline or have low JOOi llture capae i ty . 
c: - Cl imate 1B the rmJ or ha�ard . Grmfing season !!lay be very short , �herc i s  

a shortage o f  rainfal l  o r  both . 

E.uw"'ples : 

H Ie - ClMS I I I  lRn{\ vhere- eros io:t i n  the ma.J or htulU'<! . 

IVc - �l1as IV h.nd where the c li .llIate i s  the ��J or proble", _ 
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2A- -Mixed Alluvial Lands Bordering Channe ls a nd Stream Cour se s  

The se are deep , well drained , frequently flooded loamy soils o ccurring 

along intermittent dra inage channels and creeks . Soils are forming 

in stratified alluvia l fi ll materials that are extremely variable in 

texture , including sandy loams , gravelly and cobbly materi a ls , and 

loams , derived from mixed source s .  Slope s are nearly level to gently 

sloping . 

Included in this unit are channe ls and creek beds . 

The se lands are used primarily for gra zing , a nd hsve ae stheti c  va lue 

in the lands cape . The se lands are not s uited for urban uses because 

of the flooding hazard . They are not suited for cUltivation in that 

they are divided by stream channels , subject to frequent flooding 

and have highly variable texture s .  

Permeability i s  moderate to rapid . Ava i lable wat er capacity i s  low 

to moderate . Effective rooting depth i,s 60 inches or more . Erosion 

hazards are severe . 

The rangeland vegetation on this unit is typical of the Overflow Range 

S ite . Domins nt gra sses are switchgra ss , big b lue stem , we stern wheat­

gra s s ,  Indis n  gra s s , a nd blue grama . Controlled gra zing is ne ce ssary 

to maintain vigor in key fcra ge spe c i e s . Per iod.i c sumn,er deferme nt 

of grazing will he lp improve or ma inta in range condit ion . 

Capability Subcla s s :  Vhf 

Overflow Range S ite . 
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8A- -Nunn Clay Loam, 0 to 3 Per���.�lope 

Thi s i s  a deep , well drained soil forlned in calcareous loamy mixed 

a lluvium depo s ited on terrac e s , fe n s  and uplands . S lope s are neatly , 

level to gently sloping . 

Included in thi s unit are Denve� clay loans and Englewood clay loams 

on slope s of 0 to 3 percent . 

Typi cally the surfa ce layer i s  very dark grayi sh brown clay loam about 

8 inche s thick . The sub soil i s  dark grayi sh brown heavy clay loam or 

clay about 18 inche s thick . The sub stratum is  calcareous loam and light 

clay loam alluvium extending to 60 inche s or more . 

Permeability i s  slow .  Effect i ve root ing depth i s  60 inche s  or more . 

Available water c apacity i s  high . S�rface runoff i s  s low , and wind 

and water ero s ion haz� rds are s li ght . The se soils are somewhat diffi cult 

to t ill because of the clay loam sur face and subsoil . 

Thi s soil i s  used for irrigated and nonirrigated cropland , grazing , and 

urban use s . 

Management concer n s  in  irrigated area s of this soil are effi cient use of 

irrigation water , and prevent ing soil los s .  Thi s soil is suited to 

furrow and border i rrigation . 

0- 3 - 1 1  



In nonirrigated cropland are a s  the mai n  obj e ctive s of management are 

c onserving moi st ure and protect ing the coil from erosion . Pract i ce s  

such a s  stubble mulch tillage and incorporat ing crop residue s i n  and 

on the surface are needed to prot e ct s urfa ce soil b lowi ng and improve 

water infiltration .  The number of tillage operations s hould be kept 

to a minimum. Ti llage pans form e a s ily i f  the soil i s  t illed when 

wet . Chi seling or subso iling breaks up tillage pans and improve s  

water infi ltration . 

Rangeland vegetation i s  mostly mid- gra s s e s  and cool sea son forbs 

typi cal of the clayey foothills range site . Dominant gra s se s  are 

we stern wheatgras s ,  green needlegra s s , blue grama , buffalo gra s s , 

Indian rice gra s s  and native bluegra s se s . Common forb s are winter 

fat , small pod vetch , fringed sage and arnica . Controlled grazing 

is  ne eded to ma intain vigor in key forage specie s .  Periodic summer 

de ferment of grazing will he lp improve or ma intain range condition s . 

FenCing and care ful location of live stock watering fa cilitie s 

improve s gra zing di stribution . 

Windbreaks and ornamental plantings are di fficult to e stabli sh on 

thi s soil due to limited av�ilable water . Sill��er fallow a year before 

planting a nd supplemental watering are neces sary for the s urvival and 

e stabli shment of planUngs . 
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This soil i s  limited for home site s and roads by high shr i nk- swell 

potential . Thi s can be overcome by spe cial building de sign s  or 

backfilling with more suitable material . 

Capability Subcla s s : lIe , irri gated . 
Ill s ,  nonirrigated . 

C layey Foothills Range Site . 

C - 3 - 1 3 



8B- -Nunn Clay Loam, 3 to 5 Percent S lope s 

This i s  a deep , well drained soil on gently sloping alluvial fans 

and valley s ideslopes . It formed in calcareous clayey a lluvial mate­

rial . The average annua l precipitat ion is 13 to 15 inches . Slopes 

are gently sloping . 

Included in thi s unit are small areas  of Denver soils . 

Typically the surface layer i s  very dark grayish brown clay loam about 

6 inche s thick . The subsoil is dark grayi sh brown heavy clay loam and 

clay about 14 inche s thick over brown ca lcareous clay loam about 

5 inche s  thick . The substratum is  ca lcareous loam and light clay loam 

alluvium extending to 60 inches or more . 

Permeability is s low . Effective rooting depth is  60 inche s or more . 

Available water capa city is  high . Surface runoff is  rapid , and wind 

and water eros ion ha zards a re moderate .  The se soils are somewhat diffi­

cult to till because of the clay loam s urface and subsoils . They have 

a moderate shrink- swell potent i a l .  

This soil i s  used for irrigated and nonirrigated cropland , gra z ing and 

urban use s .  

Management concerns in irrigated areas  of this soil are efficient use 

of irrigation w9ter and preventing soil los s . S lope s  on thi s unit 

re quire cont::>ur furrow or cont::-ur border irrigation . 
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Rangeland vegetati on i s  mostly mid gra s ses and cool sea son forbs typical 

of the c layey foothills range sit e .  Dominant gra sses  ere we stern wheat-

gra s s ,  green needlegra s s ,  blue grama , buffalo gra s s , Indian ricegrass 

and native bluegra s se s . Common forbs ar� winter fat , small pod vetch , 

fringed sage , and arnica . Controlled gra zing is  needed to ma intain vigor 

in key forage species . Periodic summer deferment of gra zing will help 

improve or mai ntain range condit ion s . Fenc ing and care ful location of 

live stock watering faci lities improve s gra z ing distribution . 

Windbreaks and ornamental plantings are difficult to establi sh on this 

soil due to limited ava i lable water . Summer fallow a year before plant-

i ng a nd supplementa l watering are nece s sary for the survival and e stab-

lishment of plantings . 

Thi s soil is limited for home sites and roads by slope and high shrink-

swell potential . The se can be overcome by compensat ing mea sure s such 

a s  special building de signs or backfilling with more suitable 

materials . 

Capability Subcla s s :  IIIe , irrigated . 
IIle , nonirrigated . 

C layey Foothills Ra Dge Site . 
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8C--Nunn Clay Loam, 5 to 9 Percent Slope 

This i s  a deep , well drained soil on moderately sloping valley side slope s  

and ridge s . It formed i n  ca lcareous clayey alluvium .  The average annual 

precipitat ion i s  about 15 inche s . Slopes are moderate ly sloping : 

Inc luded in this  unit are small areas  of Denver clay loam on 5 to 9 per­

cent slope s .  

Typically the surface layer i s  very dark grayish brown clay loam about 

5 inche s thick .  The subsoil i s  dark grayi sh brown heavY clay loam and 

clay about 14 inche s thick over brown calcareous clay loam about 5 inche s  

thick . The sub stratum i s  calcareous loam and light clay loam alluvium 

extending to 60 inche s or more . 

Permeabi lity i s  slow . Effective root ing depth i s  60 inche s or more . 

Avai lable water capa city is  high . Surface runoff i s  rapid , water erosion 

ha zard i s  high and \-find erosion ha zard is  moderate . The se soils are some­

what difficult to t ill because of the clay loam surface and sub soil 

texture s .  They have a moderate shrink- swe ll potential.  

Thi s soil i s  used for irrigated a nd nonirrigated cropland , gra zing and 

urban use s .  

Management concerns i n  irrigated area s of thi s  soi l are e fficient use of 

irrigat ion water and prevent ing soil lo ss . Slopes on thi s  u.nit require 

contour furrow or contour border irrigat ion . 

C - 3 - 1 6  



In nonirrigated cropland areas the main obj ective s of management are 

conserving moi sture and protecting the �oil from erosion . Pra ctices 

such as stubble mulch t illage and incorporating crop residue s in and 

on the surface are needed to protect surface soil blowing and improve 

water infiltrat ion . The number of t il lage operations should be kept 

to a minimum . 

Tillage pans form easily if the soil 1 s  tilled when wet . Chiseling or 

sub soiling bre� up tillage pans and improve s water infiltration . 

Rangeland vegetation i s  mostly midgra sses and cool sea son forbs typica l  

o f  the clayey foothills range sit e .  Domi nant gra s se s  are we stern wheat­

gra s s ,  green needlegra s s ,  blue grama , buffalo gras s ,  Indian rice gra s s  

and native bluegras se s .  Common forbs are winter fat , small pod vetCh, fringed 

s age and arnica . Controlled grazing i s  needed to maintain vigor in key 

forage spe cie s . Periodic summer deferment of grazing will help improve or 

maintain range conditions . Fenc ing and careful lo cation of livestock 

watering facilitie s improve s grazing distribut ion . 

Windbreaks and ornamental plantings are diffi cult to e stabli sh on thi s 

soil due to limited ava i lable water . Summer fallow a year before 

plant ing and supple�ental watering are ne ce s sary for the survival and 

e stablishment of plantings . 

Thi s soil i s  limited for home site s and roads be cause of high shrink­

swell potential and slope . Thi s  can be overco�e by spe ciel building 

de signs or backfilling with more suitable material . 
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Capability Subcla s s : IVe , irrigated . 
IVe , nonirrigated.  

C layey Foothills Range Site . 
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14C--Denver Clay Loam, 5 to 9 Percent Slopes 

This i s  a deep , well drained soil on upland hills , ridge s and side­

slope s .  It formed in calcareous , clayey alluvium . 

Included in thi s unit are small area s  of Kutch clay loam in cre st 

positions on slopes of 5 to 9 percent . 

Typically the surface layer i s  grayish brown clay loam about 4 inches 

thick . The subsoil is about 30 inches thick brown clay with pale 

brown calcareous clay in the lower part . The underlying material is  

very pale brown clay loam that is  strongly calcareous extending to 

a depth of 60 inches or more . 

Permeability is  slow . Ava ilable water capacity i s  high . Effective 

rooting depth i s  60 inche s or more . Surface runoff i s  moderate , and 

water and wind erosion hazard i s  moderate .  These soils have a high 

shrink- swell potential .  They are moderate ly alkaline . 

Thi s soil i s  used for irrigated and nonirrigated cropland and grazing . 

Clayey surface and sub soil layers make tillage difficult . 

Management concerns in irrigated areas of thi s soil are e fficient 

use of irrigation water and preventing soil los s .  Slope s on thi s 

unit require contour furrow or contour border irrigation . Shorter 

irrigation runs and smaller amoQ�ts of water are needed to minimize soil 

los s .  
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In nonirrigated area s , the main concerns of mana gement are conserving 

moisture and protecting the soil from eros ion . Practi ces such a s  

stripcropping perpendi cular to the preva iling wind , and leaving 

stubble mulch on soil not protected by a growing crop will help to 

prevent wind eros ion . Incorporating crop re sidue s in or on the 

surface is also an e ffective means of improving soil tilth and con­

servi ng ava i lable moisture . 

Rangeland vegetat ion is mostly mid gra s se s  and cool season forbs 

typi cal of the Clayey Foothills Range Site . Dominant gra s se s  are 

western wheatgra s s ,  green needlegra s s ,  blue grama , buffalo gras s ,  

I ndian ri cegra s s , and native bluegra s ses . Common forb s are winter­

�at J sma ll pcd vetch , fringed sage , and arni ca . Controlled gra z ing 

is needed to maintain vi gor in key forage specIe s .  Periodi c summer 

de ferment of grazing wi ll help improve or maintain range condit ions . 

Fencing and care fu.l location of livestock wat€ring fa cilities improve 

grazing di stribution . 

Windbreaks and ornamental plantings a�e di ffi cult to establish on thie 

soil due to limited ava i lable water . Summer fallow a year before 

planting and supplemental water:i.ng are nece s sary for the survival 

and e stabli sr..ment of plantings . 
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This soil has moderate limitations for home s ites and roads due to 

s lope and high shrink- swell potent i a l .  The se problems may b e  

overcome with spec ial des igns and measure s such a s  backfilling . 

Soil lo ss to eros ion during construction can be minimized by em-

ergency t illage or mulching.  

Capability Subcla s s : IVe , irr igated . 
IVe , nonirrigated . 

Clayey Foothills Range S ite . 
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18A--Englewood Clay Loam, 0 to 3 Percent Slopes 

Thi s is a deep , well drained soil forming on gently sloping alluvial 

fans , flood plains and dra inage ways . It formed in calcareous clayey 

alluvial parent materials weathered from sedimentary rock . Average 

annual prec ipitation is 13 to 15 inches . Slopes are nearly level to 

gently sloping . 

Included in this unit are small are a s  of Denver clay loam on slope s  

o f  0 to 3 prrcent . 

Typica lly the surface layer is very dark grayi sh brown clay loam about 

5 inche s thick . The subsoil i s  very dark grayish brown clay about 

25 inches thick . The substratum i s  olive gray heavy clay loam with 

vi s ible calcium carbonate concret ions extending to depths of 60 inches 

or more . 

Permeability i s  slow . Effective root ing depth i s  60 inches or more . 

Avai lable water capacity i s  high . Surface runoff i s  rapid,  water 

erosion hazard and wind erosion ha zards are slight . These soils are 

subj ect to occ a s ional flood ing during �pring and summer months . 

This soil i s  used for irrigated and nonirrigated cropland , range and 

urban use s .  Tilla ge may be difficu.lt due- to the amount of c12 Y in the 

soi l ,  and operations should be kept to a minimum to prevent compaction . 
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Ma nagement concerns in irrigated area s  of thi s soil are effe cient use 

of irrigation water and mea sure s to prevent salt bui ldup . Using 

irrigat ion only when needed will prevent exce s s  upward salt movement . 

The s e  soils are suitable for border and furrow irrigation.  

In  nonirrisated area s ,  the main concerns of management are conserving 

moi sture and protect i ng the soil from erosion . Practice s  such a s  

stripcropping perpendi cular t o  the preva iling wind and leavi ng stubble 

mulch on soil not prote cted by a growing crop he lp to prevent wind 

erosion .  Incorporat ing crop re s idue s i n  or on the surface i s  also 

an effective means of improvi ng soil t i lth, conserving moisture , a nd 

protect ing soil . 

Range land vegetat ion i s  mostly midgra s s e s  and cool sea son forb s ,  typi cal 

of the Clayey Foothills Ran Site . Dominant gra sses are we stern wheat­

gra s s ,  green needle gra s s , blue grama , buffa lo gra s s , Indian ri cegrass , 

and native bluegra sse s .  Common forb s are winter fat , small pod vetch, 

fringed sage s e.nd arnica . Controlled grazing i s  needed to maintain 

vigor in key forage spe cie s .  Periodic summer de ferment of gra zing 

'trill help improve or ma intain range condit ions . Fencing and c are ful 

location of live stock watering facilit ies improves grazing distribut ion . 

Windbreak s  and ornamental plantings are diffi cult to e stablish on thi s 

soil due to limited ava ilable water . Summer fallow a year before plant­

ing and supplemental watering are neces sary for the survival and e stab-

li shment of plantings . 
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This soil is  limited for homes ites and roads by high shrink- swe ll 

potential .  Thi s can be overcome by compensating mea sure s such a s  

speci�l building des igns o r  ba ckfilling with more suitable materials . 

Capabi lity Subcla ss :  lIs , irrigated . 
IIIe , nonirrigated . 

Clayey Foothills Range S ite . 
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28- -Midway Clay Loam, 5 to 28 Percent Slope 

Thi s s oil cons i st s  of shallow , we ll dra ined soils on upland ridges , 

knobs and s ide slope s . It formed in mildly alka line , loamy materials 

derived from interbedded sha le .  Slope s are moderately sloping to 

moderately steep . 

In a repre sentative profile the surface layer i s  a grayi sh brown , 

mi ldly alkaline clay loam about 4 inches thick . The underlying 

material i s  a light olive brown , mildly alka line clay loam about 

10 inche s thick . At a depth of' about 14 inche s j. s an interbedded 

shale . 

Permeability i s  moderate . Effect ive rooting depth i s  9 to 20 inche s 

and avai lable w�ter capac ity i s  low . Surface runoff is  medium to 

rapid . Eros ion hazards are severe . 

Thi s soil i s  be st suited for gra zing . The native vegetat ion con s i sts 

of gras se s  and forbs typical of the shaley foothills range site . Range 

management practices such a s  deferred gra z ing and proper gra zing use 

are e s sential in ma intaining forage product ion . 

Soil depth and slope are severe limit ing feature s when considering 

the se soils for homesitc s , roads and urb�ulzation . 

Capability Subcla s s :  VIle . 

Clayey Foothill Range Site . 
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X41--Denver-Kutch-Midway Soils , 9 to 25 Percent Slope 

The se strongly s loping to moderately steep soils are on upland ridge s 

and valley s ide slope s  bordering dra inage ways . Areas are divided by 

many secondary dra ina ge ways . The average annual precipitation range s 

from 13 to 17 inche s . Denver clay loam soils make up about 60 percent 

of the unit , Kutch clay loam about 25 percent and Midway clay loam 

about 15 percent . The Denver soil i s  on mid-slope and foot slope 

pos itions with slope s of 9 to 18 percent . The Kutch soils are on 

crest s lope posit i ons with 9 to 25 percent slope s .  The Midway soils 

are on steeper knob- like areas with slopes of 18 to 25 percen\-V where 

s hale li e s  near the surface, and commonly have 5 to 25 percent cobble 

s cattered on the surfa ce .  

Included in this unit are small areas with slope s of 25 to 35 percent . 

The Denver soil i s  a deep , well drained soil . It formed in calcareous , 

clayey alluvium . 

Typically the surface layer i s  grayi sh brown clay loam a bout 5 inches 

thick . The sub soil is about 22 inche s thick , brown clay and i s  cal­

careous in the lower part . The underlying material i s  very pale brown 

clr.y loam that i s  strongly calcareous extending to a depth of 60 inche s 

or more . 

Permeability i s  slow, available water c apa city i s  high .  Effective rooting 

depth is ' 60 inche s or more . �l' rface runoff is rap i d  and eros ion ha zard 

i s  high . 
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The Kutch soil i s  a moderately deep , we ll drained soi l .  I t  formed 

in calcareous , clayey materials weathered from shale . 

Typically the surfa ce layer is  grayish brown clay loam about 4 inche s  

thick . The subsoil i s  dark grayi sh brown and light "brownish gray 

clay about 17 i nche s thick . The sub stratum layer i s  light gray clay 

loam about 12 inche s thick . Soft shale i s  at a depth of about 33 

inche s . 

Permeabi lity i s  slow .  Effective rooting depth i s  20 to 40 inche s . 

Available water capac ity i s  moderate . Surfa ce runoff i s  rapid , water 

erosion hazard is high , and wind eros ion hazard i s  moderate .  

The Midway soil i s  a sha llow, well drai ned soi l .  It formed i n  mildly 

a lkaline , clay loam materials derived from shale . 

Typically the surface layer i s  a grayish brown , mildly alkaline clay 

loam about 4 inche s thick . The underlying material i s  a light olive 

brown , mildly alkaline clay loam about 10 inches thi ck . At a depth 

of about 14 inche s i s  an interbedded shale . 

Permeab ility i s  moderate . Effective rooting depth i s  9 to 20 inches . 

Available water capac ity i s  low . Surface rQ�off i s  rapid . Water 

e ros ion ha zard is high . 

C - 3 - Z 7 



The se soils are used ma inly for gra zing . They are not suited for 

cropland . 

Rangeland vegetation of thi s unit consists of gra s s e s  typical of the 

clayey foothills range s ite . Careful attention to proper gra zing use 

is needed on thi s unit to prevent depletion because it is di ffi c ult 

to revegetate .  Periodi c deferment of gra zing i s  a n  effective pra ct ice 

to help improve or ma intain range condit iqns . Fenc ing and careful 

location of live stock watering fac ilit i e s  improve gra zing distribution . 

Windbreaks and environment a l  plant ings are ge nerally not suited on thi s 

unit . On- s ite i nve stigati on i s  needed to determine i f  plantings are 

fea s ible . 

The primary limiting soil properties for home s ite s ,  urban developments 

and roads are s lope , shrink- swell potentia l ,  s lOl" perme ability, and 

depth to bedrock in area s of midway and Kutch s ?ils . Intens ive and 

costly compensating measure s are needed to minimi ze the se limitillg 

propertie s .  

Capability Sub c la s s :  VI le , nonirrigated . 

Clayey Foothills Ran�e Site (Denve r  and KutC�1 Soils ) 
Shaly Foothills Range S ite (Midvray Soils ) 
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41D- -Kutch-Denver Complex ,  9 to 18 Percent Slopes 

The se strongly sloping to moderately steep s oils are on uplands and 

valley s ideslopes . The average annua l precipitation is about 15 inche s . 

Kutch clay loam , 9 to  18 percent s lope s , make s up about 45 percent of 

the unit , and Denver clay loam , 9 to 18 percent slope s . make s up about 

35 percent of the unit . The Kut ch soils are on ridge cre sts and shale 

break are a s  where sha le is within 40 inche s of the surfa ce . The Denver 

soils are in midslope and foot slope posit ions where clayey alluvium locally 

weathered from sha le ha s been depos ited . 

Included are small area s of Nunn clay loams on 5 t o  9 percent slope s in foot 

sl ope po s itions . A few shallow Midway clay loams and shale outcrops 

occur in midslope and ridge cre st positions on 9 to 25 percent slope s . 

Some sha le exposure s occur due to severe erosion in the unit . 

The Denver soil i s  a deep , we ll dra ined soil . It formed in calcare ous 

clayey a lluvium .  

Typically the surface layer is grayish brown clay loam about 5 inche s 

thi ck . The subsoil i s  brown clay about 22 inche s thi ck and i s  calcareous 

in the lower part . The underlying material i s  strongly calcareous very 

pale brown clay loar'l extending to 60 inche s or more . 

Permeabi lity i s  slow . Effective root ing depth i s  60 inche s or more . 

Available water capacity i s  high . Surface runiff o s  rapid , water erosion 

hazard is  high , and wi nd erosion ha zard i s  moderate . 
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The Kut ch soil i s  a moderately deep , well dra ined soil . It formed 

i n  calcareous clayey materials weathered from shale . 

Typically the surfa ce layer i s  grayi sh brown clay loam about 4 inche s 

thick . The subsoil i s  dark grayi sh brown and light brownish gray clay 

about 17 inches thick . The substratum layer i s  light gray clay loam 

about 12 inche s thick . Soft shale i s  at a depth of about 33 inche s .  

Permeability i s  slow . Effective rooting depth i s  20 to 40 inche s .  

Avai lable water capac ity i s  moderate .  Surface runoff i s  rapid , water 

erosion hazard is high , and wind erosion h�zard i s  moderate . 

The se soils are used mainly for gra zing . They are not suited for crop­

land . Area s in cropland are best re seeded to gra s s . 

The rangeland vegetati on of thi s unit consi sts of gra sses  typical of the 

clayey foothills range site . Proper gra zing use is  necessary to prevent 

depletion of range because it i s  difficult to revegetate . Per iodic 

deferment of gra zing i s  an effective pra ctice to help improve or main­

tain range conditions . Fencing and careful locat ion of live stock water­

ing fac ilities improve s gra z ing di stribution.  

Windbreaks and environmental plantings are diffi cult to e stabli sh on thi s 

unit . Summer fa llow a year be fore planting and supplementa l  watering 

will be nece s sary for the survival of plant i ngs . On- s ite inVE stigations 

are needed to determine s ite suitabi lity . 
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The primary limiting soil propertie s for home s ite s ,  urban development s 

a nd roads are s lope , shrink- swell potent i a l ,  slow permeabi lity and 

d epth to bed rock . Compensat ing mea sure s are ne ce s s ary to overcome 

thes e  limitat ions . 

Capability Subcla s s :  VIe , nonirrigated . 
VIe ,  irrigated . 

Clayey Foothills Range Site . 
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50A--Nederla nd Cobbly Grave lly Sandy Loam , 0 to 3 Percent Slope s 

Thi s i s  & deep , well dra ined soil on old high terraces and fans . It formed 

in calcare ous , gravelly and cobb ly loamy alluvi um .  The average annua l 

pre c ipitat ion i s  about 15 inche s . Slopes are ne arly to gently s loping . 

Included in thi s unit are small areas of Valmont cobbly clay loam and 

Nunn clay loam , all on s lope s of 0 to 3 percent . 

Typi cally the surface layer is grayi sh brown , cobbly sandy loam about 

4 inches thick . The upper part of the subsoil i s  brown cobbly s a ndy 

loam about 6 inche s thick . The middle part of the subsoil i s  a brown 

cobbly s andy loam about 8 inche s thi ck and the lower part i s  light brown 

c a lcareous , cobbly gravelly s andy loam . The sub stratum i s  calcareous , 

cobbly , gravelly loam extending to 60 inche s or more . Percent of cobble 

range s from 50 to 75 percent by volume . 

Permeability i s  moderate . Effective root ing depth i s  60 inche s or more . 

Available water capac ity i s  moderate . Surface runoff i s  slow and erosion 

ha zard& are slight . 

Thi s  soil i s  used almost entire ly for gra zing . Some small are a s  are used 

for building s ites  and roads . The large amount of cobble on the surface 

and s cattered throug;hout the profile limit the uses of this soil . It i s  

not suited for cultivat ion . 
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Rangeland vegetation of thi s  soil i s  typical of the cobbly foothills 

range s ite consisting mainly of Big blue stem, little blue stem , side­

oats grama , mountain muhly , blue grama , switch gra s s , winged buck­

wheat and nailwort . Proper grazing i s  needed to maintain quantity ani 

quality of de s irable vegetat ion . Combinations of stockwater deve lop­

ment , fenc ing and de ferred grazing help improve and ma int � in range 

condition . 

Windbreak s and environmenta l  plantings are difficult to e stabli sh on 

the se soils . Limited ava ilable water a nd the large amount of cobble 

are the principa l concerns in e stabli shin8 tree and shrub plantings . 

Spec ial care , cons i sting of summer fa llow a year in advance of pla nting 

and supplementa l  water , i s  needed to insure e stabli shment and survival 

of plantings . 

The large amount of cobble and large st one s are the primary limiting 

soil propert ies for building s it e s , urban deve lopment and roads . 

Capabi lity Subcla s s :  VII s .  

Cobbly Foothills Range Site . 
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50E--Nederland Cobbly Gravelly Sandy Loam , 9 to 45 Percent Slope s 

Thi s i s  a deep , well drained soil on old high terraces , s ide s lopes 

a nd fans . It formed tn calcareous , cobbly and grave lly loamy alluvium . 

The average annual pre cipitation i s  about 15 inches . S lope s are strongly 

s loping to steep . 

Included in this unit are sma ll areas  of Va lmont cobbly clav loam on 

s lope s of 9 to 18 percent in toe slope pos itions . 

Typically the surface layer i s  grayi sh brown cobbly sandy loam about 

4 inche s thick . The upper part of the subsoil i s  a bro�� c obbly sandy 

loam about 12 inche s thi ck . The lower part of the subsoil i s  light 

brown calcareous , cobbly gravelly sandy loam . The sub stratum i s  

ca lcareous , cobbly gravelly loam extending t o  60 inche s  or more . 

Percent of cobble range s from 50 to 75 percent , by volume . 

Permeability i s  moderate . Effective root ing depth i s  60 inche s or 

more . Ava ilable water c apac ity i s  moderate . Surfa ce runoff i s  rapid . 

Water ero s i on ha zard i s  severe and wind eros ion hazard i s  s light . 

This soil is  used aJmost entire ly for gra zing . Some small areas  a re used 

for bui lding s ites and roads . This  soil i s  not suited for cultivation . 

The large amount of cobble on the surface and scattered throughout the 

profile and slope limit the use s of thi s soil . 
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Rangeland vegetation of this s il is  typical of the cobbly foothills 

range s ite , consi sting ma inly of big blue stcm , little blue stem , s ide 

oats grama , mountain muhly , blue grama , switch gra s s , winged buckwheat 

and na il wart . Prope r gra zing i s  needed to ma intain quantity and 

quality of de sirable vegetation . Combination of stockwater development , 

fencing and deferred gra zing help improve and maintain range conditio n .  

Windbreaks and environmental pla ntings are difficult to e stablish o n  these 

soils . Limited available water and the large amount of cobble are the 

princ ipal concerns in establi shing trees  and shrubs . Special care , 

consisting o f  summer fa llow a year in advance of planting and supple­

menta l wate r ,  i s  needed to insure e stablishment and survival of plantings . 

The large amount of c obble and stone s ,  and slope are the primary limiting 

factors for building sites , urban development and roads . 

Capability Subcla s s : VIle , nonirrigated . 

Cobbly Foothill Range Site . 
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5lA-- Valmont Gravelly Clay Loam, 0 to 3 Percent Slope s 

Thi s deep , well dra ined soil i s  located on old high terraces and benche s . 

It formed in gravelly and cobbly loamy alluvium . Average annual precipi­

tation range s from 13 to 15 inche s . Average annua l a ir temperature i s  

440 F .  Slope s a re nearly level to gently sloping . 

Included a re small areas  of Nederland cobbly gravelly sandy loam , 0 to 

3 percent slope s ,  and Nunn clay loam , otc 3 percent slopes . 

Typically the surface layer is very dark gray ish- brown gravelly clay 

loam about 8 inches thick . The sub soil is  dark brown gravelly clay loam 

or gravelly clay about 14 inche s  thi ck . The underlying layers are cal­

careous , light brown gravelly loams and c obbly gravelly loams extending 

to 60 inche s or more . 

Permeability i s  moderately slow . Effective rooting depth is  60 inche s 

or more . Ava i lable water capacity is  moderate . Surfa�e runoff i s  

medium . The wind and water eros ion ha zard i s  slight t o  moderate . 

Thi s soil is  used mainly for grazing . Some small areas are used for 

nonirrigated and irrigated cropland . Tillage i s  difficult due to 

cobble s and gravels . 
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Range land vegetation i s  mostly cool sea son gras se s  and forbs ,  a s  

typical o f  the Cobbly Foothi ll Range Site . Dominant gra s s e s  are 

mountain muhly , blue grama , big blue stem , little bluestem, june­

gra s s , s ideoat s grama , we stern wheatgra s s ,  red threeawn , Indian 

gra s s , and switchgra s s . Common forbs are a ster , hairy gold a ster , 

wi ld alfalfa , blazing star , sandwort and cudweed s age . Controlled 

gra zing i s  needed on these s oils to maintain the key forage species 

in good vigor . Periodic summer deferment i s  beneficial in readi ng 

the obj e ct ive s of range improvement for maintenance of optimum range 

conditi ons . Fencing and careful location of li -ie stock watering area s  

improve s grazing di stribution . 

Management concerns in nonirrigated area s are conserving moisture 

and protect ing the soil from eros ion . Practices such a s  strip­

cropping perpendicular to the prevailing wind - and leaving stubble 

on soil not covered with a growing crop he lp to prevent wind erc sion . 

Incorporating crop residues in and on the surface i s  also an effec­

tive means of improving soil tilth and incre a s i ng moisture . 

In irrigated area s ,  the principal concerns of management are e ffic ient 

use of irrigati on water and controlling soil los s .  The se soils are 

suitable for border and furrow irrigat ion . 
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Windbreaks and ornamental plantings are difficult to establi sh 

on this s oi l ,  due to limited ava ila ble water . Summer fa llow a year in 

adva nce of pla nt ing and supplementa l watering are nece s sary for the 

surviva l and e stabli shment of plant ings . 

Thi s s oil has only minor limitations for home s ites and roads . Cobbles 

a nd stone s may hamper heavy equipment somewhat . 

Capabi lity Subcla s s :  lIIc , nonirrigated . 
l IIe , irrigated . 

Cobbly Foothills Range Site . 
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52D - Unnamed (Rocky Flat s ) gra velly Loom, 9 to 28 Percent Slope s 

Thi s  i s  a deep , well dra ined so il on knob s and hillsides of outwa sh 

terrace r 2mnants . It formed in ca lcareous , cobbly , loamy alluvium . 

Average annual pre cipitation is about 15 inche s . Slope s are strongly 

sloping to moderately steep . 

Included are small area s of the Denver clay loam and Kutch clay loam 

soils on s ide slope s and occ a s ional area s  underlain by shale and sand­

stone at depths of 10 to 20 inche s on knob- like area s .  

Typically the surface layer i s  very dark grayi sh brown loam about 

3 inches thick . The subsoil is very dark grayish brown clay loam 

about 9 inche s thi ck a nd is ca lcareous in the lower part . The sub­

stratum i s  very pale bro�� ma s s ive calcareous gravelly sandy loam 

extending to 60 i nche s .  

Permeability i s  moderate . Effect ive rooting depth i s  60 i nche s or 

more . Ava ilable water capa c ity i s  moderate . Surface runoff i s  medium 

to rapid , and wind and water ero sion hazards are moderate to severe . 

Thi s  soil i s  used ma inly for gra zing . Steep slope s and gravelly surface 

layers limit thi s s?il for cultivation . 
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Rangeland vegetat ion i s  mo stly cool season gra sses and forbs , typical 

of the Cobbly Foothill Range S ite . Dominant gra sses are mountain 

muhly ,  blue grama , big bluestem, little blue stem, j unegra s s ,  s ideoats 

grama , we stern wheatgra ss , red threeawn , Indian gra s s  a nd switchgras s . 

Common forbs are a ster , hai�y golda ster , wild alfa lfa , blazingstar , 

sandwort and cudweed sage . Controlled gra zing i s  needed on the se soi ls 

to maintain vi gor in key forage species . Periodic summer de ferment of 

grazing will help improve or ma intain range condit ion . Fencing a nd 

careful location of live stock \'latering facilit ie s  improve s gra zing 

di stribution . 

Windbreaks and ornamental plantings are difficult to establish on this 

soil due to limited ava i lable water and salinity . Summer fallow a year 

before planting and supplementa l  watering are neces sary for the surviva l 

and e stabli shment of plantings . 

The construction of roads and buildings on this soil unit i s  limited by 

steep slope s and cobbles , and will require compensating de signs . Soil 

los s  due to eros ion during construction 3hould be minimized whenever 

lJossible . 

Capability Subcla s s :  VIe , irrigated . 
VIe , nonirrigated . 

Cobbly Foothills Range Site . 
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X52--Unnamed (Rock.y Flats  )--Nunn Complex ,  5 to 9 Percent Slope 

The se moderately s loping soils are on upland ridge s ,  s ide slope s and 

hills . The average annua l prec ipitation is about 15 i nche s .  The 

unnamed (Rocky Flat s )  gravelly loam , 5 to 9 percent slope makes 

up about 55 percent of the unit . The Nunn clay loam, 5 to 9 percent 

s lope s makes up about 35 percent . The unnamed (Rocky Flats ) soils 

are on cre sts of ridge s and hills . The Nunn soils are on mid a nd 

foot slope position s . 

Included in mapping are small areas  of Denver clay loam soi l s  and 

Kutch clay loam , all on s lope s of 5 to 9 percent . 

Unnamed ( Ro cky Flat s )  is  a deep , well dra i ned soil on knob s and hillside s 

of outwa sh terrace remnant s .  It formed i n  calcareous , cobbly ,  loamy 

alluvium . 

Typically the surface layer i s  very dark grayi sh brown grave lly loam about 

3 inche s thi ck . The subsoil i s  very dark grayish brown c lay loam about 

9 i nche s thick and i s  ca lcareous in the lower part . The sub stra.tum i s  

very pale brown calcar us gravelly sandy loam extending to 60 i nche s .  

Permeability i s  moderate . Effective rooting depth i s  60 inche s or more . 

Ava ilable water capac ity i s  moderate . Surface runoff i s  medium to rapid , 

a nd wind and \vater ero sion hezards are moderate . 

The Nunn soil i s  a deep , well dra ined soil formed on moderately s loping 

alluvial fan s  and ridge s . It formed in ca lc?,reous , clayey aD-uvial 

parent material . 
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Typically the surface layer i s  a very dark brown clay loam about 5 inche s 

thi ck . The sub soil is  very dark grayi sh brown heavy clay loam about 

14 inches thick over brown calcareous clay loam about 5 inche s thi ck . 

The substratum is yellowi sh brown calcareous clay loam extending to 

60 inche s or more . 

Permeability i s  slow. Effective rooting depth is 60 inche s  or more . 

Available water capac ity is  high . Surfa ce runoff i s  rapid , and wind 

and water eros ion hazards are moderate . Thi s soil i s  somewhat diffi­

cult to t ill because of the clay loam surface and subsoil layers . 

They have a moderate shrink- swell potential.  

�hese soi ls are used mainly for grazing . Some areas are used for non­

irrigated and irrigated cropla nd . They are best suited for native 

plants and grazing . 

The rangeland vegetation of thi s unit con s i st s  of gras se s  typi cal of 

the cobbly foothi lls range site on the unnamed (Rocky Flat s ) soil and 

clayey foothills on the Nunn clay loam so i l .  Proper grazing use i s  

neces sary to prevent depletion o f  range . Periodic deferment of grazing i s  

an effective practice t o  help improve or ma intain range condit ions . 

Fencing and careful location of live stock water faci lit ie s improve s gra zing 

distribution . 
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Windbre aks and environmental plantings are diffi cult to e stabli sh 

on thi s unit . Slli�er fallow a year before pla nting and supplementa l  

watering are neces sary for the e stabli stwient and survival o f  plantings . 

The primary limiting soil propert ies for home s ite s , urban deve lopment s 

and roads are shrink- swell potential and slow permeability of the 

Nunn soi l .  

Capab ility Subcla s s :  VIe , nonirrigated . 
lYe , irrigated . 

Cobbly Foothills Range Site - Unnamed (Rocky Flats ) soi l .  
Clayey Foothills Range Site - Nunn Clay Loam Soi l .  
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53D--Moderately steep and Steep Gravelly La nd ,  15 t o  45 Percent S lope s  

The se moderately deep we ll dra ined soils a r e  on cre st slope s and knobs . 

They are forming in cobbly and gravelly ca lcareous loamy alluvium 

overlying shale . Average annua l prec ipitat ion i s  15 inches . S lope s are 

moderately steep and steep . 

Included are sma ll areas of Heldt clay loams and Midway clay loams and 

sha le exposure s .  

Thi s  land type i s  strat ified and highly variable . It contains 15 to 

40 percent waterworn cobble s and gravels . In most pla ces the surfa ce 

layer i s  a thin , dark colored gravelly sandy loam about 3 inche s  thick 

ranging to cobbly clay loam . The underlying material range s from gra velly 

sandy loam to cobbly clay loam . Shale or partia lly consolidated cal­

careous gravelly alluvi a l  material occur s  between depths of 20 and 40 

inches . 

Permeability range s from moderate to slow . Ava ilable water capacity i s  

moderate .  Runoff i s  rapid . The potent ial for water erosion i s  high , and 

for wind ero sion i f  slight . The surfa�e hori zons are neutra l in react ion , 

a nd the sub stratum is  s light ly to moderately a lka line . 

'1'his  soil i s  genera�ly in nat ive vegetat i on a nd used for grazing . The 

maj or limit ing factor of thi s soil unit i s  s lope . 

Capabi lity Subcla s s :  VIle , nonirrigated . 

. Cobhly Foothills  Ra nge Site . 
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90- -Argiustoll s ,  Wet , Seeped,  5 to 12 Percent Slope s 

The se are deep , somewhat poorly d.rai ned soils on upland s ideslope s .  

They are formed in loamy and clay loam a lluvia l  deposit s that are sub­

j e cted to a seepage condition . Annua l average precipitation i s  about 

15 inche s . Slopes are moderately s loping . 

Included in thi s unit are Kutch clay loams a nd De nver c lay loam soile 

on 5 to 9 percent s lope s .  

Permeability i s  slow . Effective rooting depth i s  60 inche s or more . 

Avai lable water capac ity i s  high . Surface runoff i s  moderate . Wind 

erosion ha zard i s  slight , and water ero sion hazard i s  moderate . 

This soil uni� i s  of small extent , a nd i s  used ma inly for grazing . 

The soil i s  not suited to cult ivation due to wetne s s .  

The ra ngeland vegetation i s  dominated by tall gra s se s , principally 

8witchgra s s ,  Indian gra s s ,  big blue stem , a nd cordgra s s . Sedge s and 

rushe s occur , but predominate only where water i s  at or near the 

surface most ' of the ye ar . A variety of other gra s se s  nnd forb s , includ­

ing shrub s such a s  wild rose , are scattered i n  the unit . cattails 

&nd bulrushes are on swampy spots . Ground cover i s  60 percent or more . 

Controlled gra z ing i s  nece ssary to mai nte in  vigor in key forage specie s .  

Periodic summer deferment of gra z i ng will help improve or ma intain range 

condition . Fencing and alternative live stock water a nd salt are a s  will 

help prevent live stock concentrations  i n  the se wet area s .  
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Thi s soil is  severely limited for homesites and roads due to wetne s s , 

high shrink- swell potential and slope . Costly compensating engineer­

ing measure s are nece ssary to overcome the se limitations . 

Capability Subcla s s : IVw, Nonirrigated. 

Wet Meadow Range S ite . 
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101-- Borrow Are a - Sha le s  and Clayey Soils 

Thi s unit consist s  of landscape that ha s been altered through cut 

operations and leveling . Materia l  exposed is  a clay shale . Some ares s 

have a surface backfill ranging in depth of 4 to 12 inche s of loam and 

clay loam . The side slope s  of the se area s are steep to ne arly vertical 

and are easily eroded . Depth of cut varies from 2 to 20 feet or more . 

The floor or bottom of the se borrow areas is  usually nearly level to 

gently sloping . With additional backfilling with loamy or sandy 

loam surface layer s and additional shaping , vegetation can be succe ss­

fully e stabli shed and maintained . The se materials are usually slightly 

to moderately alkaline . 
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APPENDIX D 

NATIONAL POLLUTION DISCHARGE ELIMINATION SYSTEM PERMIT 

The NPDES perm i t  and revi s ions , which fo l low , concern aqueous e f f luent l imi tat ions 
and moni toring requi rements for the Roc ky F l ats P l ant . The or iginal perm i t  was 
e f fec t ive S ep tember 6 ,  1 9 7 4 . I t  was revi sed on Oc tober 1 ,  1 9 7 4  and July 1 7 , 19 7 5 .  

The exp irat ion date for th is  perm i t  i s  June 30 , 1 9 7 9 . 
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111 
,.rmit No. CO-000l 333 
Arplication No. CO-2SB-OXT -2-000331 

AUTHORIZA nON TO m�CHARGE UNDER TIlE 

NATIONAL POLLUTANT DISCHARGE ELIMINATION SYSTEM 

In compliance with the provisions of the Fetli!ra1 Water Pollution Control Act, as amtnded, 
(33 U.S.C. 1 251 �t. seq; the "Act"), 

The U . S .  Atomic Energy Commi ssion , 

is authorizec.l to discharge from a facility located at the Rocky F1 a ts P1 ant between Bou1 der 
dnd Gol den , Col orado , 

to receivinG waters named South Wa l nut Creek vi  a Di scharge 001 , a nd 
North Wa l nut Creek via Di scha rge 002 , and 
Woman Creek v i a  D i scharge 003 , 

in accordance with eCflucnt limitations, monitoring requirements and other conditions set forth 
in Parts I ,  II, and II! hereof. 

This permit shall become effective on date of i ss uance . 

This permit and the authorization to discharge shall expire at midnight, June 30 , 1 979 . 

Signed this 6 day of September , 1 974 . 

0-1 

JOHN A. GREEN 
REGIONAL ADMIN ISTRATOR 
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A. EFFLUE�T L�HTATIONS AND �fONITORING REQUIREMENTS 

During the period beginning i mmed i a te 1y and lasting through September 30 , 1 974 ,  . 
the perm ittee is authorized to discharge from outfall(s ) serial numbcr(s) 001 (Con t i nued to pa ge 3 ) . 

Such d is.:h arges sh:ill .be limited and moni tored by the perm ittee as specified below : 

E ffluen t U1at:lcteristic Di�ch:lrJ;e Limi tations Monitorill� R�quirements 
Concen tra t i o n  kg/day (lhs/day ) 

Daily Avg Daily Ma..."( 

Fl ow - M3/ Day (MGD ) N/A N/A 

To ta l S u s pended So l i ds  b/ N/A N/A 

To tal  Pho sphorus ( a s  P )  N/A N/A 

NHr a te (a s  N ) N/A N/A 

Fl uori de N/A N/A 

To ta l BODS N/A N/A 

To ta l Re s i dua� Chl ori ne N/A N/A 

D i s s o l ved Oxygen N/I>. N/A 

a /  I N o  samp l e s h a l l b e  gre a ter t h a n  th i s  va l ue .  

rng/ l 
Daily Avg 

N/A 

30  

8 

1 0  
N/A 

30 
N/A 

N/A 

mg/ 1 Measurement Sam pIt: 
Daily �ta..."( Frequency Type 

N/A 3 X �leek I ns ta n ta neous 

4 5  Wee k l y  Gra b o r  Con t i nous 

N/A Weekly Gra b or Con t i nuous 

20 3 X �Jeek Grab  o r  Con t i nuous 

1 . 7 Wee k l y  G r a b  o r  Con t i nuous 

45 Wee kly  Grab  or Con t i nuous 

0 . 1  a/ 3 X Week Grab 

�/A Weekly G rab 

b/ The l im i ta t i on s  on To ta l Suspended Sol i ds s ha l l not  apply duri ng peri ods of surface runoff a t  -
the fac i l i ty .  
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A. EFFLL'E:-':T LL\l lTATrO:-:S A..'-:O �IO � lTORI�G REQUIRE�1ENTS 
Dur:r.g the .p(':iod bc�nni:-:g i mmed i a te l y  :md lastin :;  through 
th� p.:r:r.:tt(� :s llu �!:orized to dischaq:;e from outfaU (s) serbl ,number(s) 

September 30 , 1 974 . 
001 ( Co n t i nued from page 2 ) .  

Such d :!i':;' :'::;;�s sh:l!! be l imited ::t.'1d mo:-:itored by the pc::m ; ttc� as sp�ciried bdcw: 

Eft1�(::1 t CiI�r�ctC'!ri$tic Oisclirgt! Li m i tations MO!l i tori ::� �l:quircm('n ts 
k�/d:lj' (lbs/day) . Concen tra t i on 

mg/ 1 mg/ 1 Dci1y Avg D.tily :\r�" O:liiy Avg DaBy �1a..", 

Fec a l  Co1 i forms - orga n i smsi1 00 m1 30 day avera qe 200 
7 day average 400 ( See Defi n i t i ons , Pa rt 1 -3�e ,  page 8 )  

Tota l Chromi um N/A N/A 0 . 05 0 . 1  

MC:lsu w�c"t 
Fr�quer.cy 

'Week1 y 

Week l y  

S::t..r:1tl!·:! 
Typ� 

Grab 

Grab or Conti nuous 

� � The concen tra ti o n  of  O i l  a nd Grease sha l l not exceed 1 0  mg/l i n  any sampl e and sha l l be mon i tored da i l y 
on a v i s u a l  ba s i s  and wee k l y  on a grab samp l e ba s i s . 

The pH s h a l l not be l es s  than 6 . 0  s tandard un i ts nor g reater than 9 . 0  s ta ndard un i ts a nd s ha l l be 
mon i tored da i l y  on a grab sampl e ba s i s .  

There s h a l l be no d i scharge of fl oa t i ng sol i d s  o r  v i s i bl e  foam i n  other than trace amoun ts . 

�amp 1 es taken i n  compl i a nce wi th the mon i tor i ng req u i rements s pec i f i ed above shal l be taken a t  the 
fol l owi ng l ocati on ( s ) :  Al l pa rameters : excep t  To tal  Suspen�ed So l i ds and Feca l Co1 i forms s ha l l be 
mon i tored at the outfa l l from Pond 8-4 . To ta l Suspended So l i ds and Feca l Co1 i forms s ha l l be 
mon i tored a t  the outfa l l of the Sa n i tary Sewer Sys tem . 
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A. EFFLl' £:\T LL\I IT':\TrO�S .-\'�D :\10�ITORI�G RF.QUIRE:\m�TS 

Dt:rir.g the period be;;!:1n:ng October 1 ,  1 974 . nnd lasting th rough June 30 , 1 979 , 
the p.::,:r. :!.te� is :lu t!:o:-i:.:::d �o dischar�c (rom ou tfa!!(s)  sl!naI J1 u m hcr{s) 00 1 (Conti nued to pag e  5) . 

Suc:t di:;;::1 :.!";i!S s!1�l be \ imi�ed :!..'1d n�o!1 itor�d by th e pc:m itt,:!c ns specified ut!low: 

E �f1!.!e:1 t C l :'!:-ac ��ri:it;c Disc!l :l!'�.! Limi tations Mon: tori::!! %!cquiremt:!1t.s 
kg/day (lus!d�y ) . 

Concen tra t i o n  
m<]/ l  moll  �1e:lS�lr.::r.:cn t . S:'-:"!lp!\1 

Dilly A'.'ll D�tily :\b.x D:li!y A\'g Daily �tax F!'equ�r.cy Type! 

Fl ow - M3/Oay ( MGO ) N/A N/A N/A N/A Da i l y  I n s tan taneous 

Tota l Sus pended Sol i ds J4 ( 75 )  57 ( 1 25 )  1 5  25  Da i
'
l y  Grab or Con ti nuous 

Tota l Phos phorus ( a s  P )  N/A N/A 8 N/A Da i ly Gra b  or Con t i nuous 

N i tra te ( a s  N )  23 ( 50 )  46 ( 1 00 )  1 0  20 Da i l y Grab o r  Con t i nuous 

Fl uori de N/A N/A N/A 1 . 7  Da i l y Gr.ab or Con t i nuous 

To tal  B005 23 ( 5 0 )  5 7  ( 1 25 )  1 0  25 3 X Week Gra b  o r  Con t i nuous 

To tal  Res i dua l C h l o r i n e  N/A N/A N/A 0 . 1  a/3  X Week Grab 

D i s so l ved Oxygen (mi n i mum ) N/A N/A 4 2 b/ 3 X Week Grab 

a/ No sampl e sha l l be greater ' tha n th i s  va l ue Total Res i dua l Chl ori ne sha l l be mon i tored a t  the outfa l l -
from pond B-4 � 

21 No sampl e sha l l be l es s  than thi s  val ue .  
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A. EFFLUENT LThHTATIO�S AND �10�ITORI�G REQUIREMENTS 

During the period beginning O c tober 1 , 1 974 , and lasting throuch June 30 , 1 979 . 
the permittee is authorized to d ischarge from outral l (s)  serial number(s)  001 ( Conti  nued from page 4 ) . 

Such discharg�s siUlll be limiwd and monitoreu by the permittee as specified below: 

E ffluen t Lnaract.eristic Di�charge Limitations Monitorill':: n�quirem(>nts 
kg/day (lbs/day ) Concentra t i o n  

mg/ 1 mg/ l 
Daily Avg Daily Ma.'( Daily Avg Daily �1a.'( 

Fec a l  Col i fo rms - o rga n i sms/l aO m1 
( See De fi n i t i ons . Par t  1 -3-e . page 1 0 )  

30 day average 200 7 day average 400 

Me-...J r" cnellt 
Frequency 

3 X Week 

Sample 
T\'pc 

Grab · 

To tal Chromi um N/A N/A 0 . 05 0 . 1  Wee k l y  Grab or Con ti nuous 

The conc e n tra t i o n  of O i l a nd Grease 'sha 1 1 not exceed 1 0  mg/ 1 i n  a ny sampl e a nd sha l l be mon i tored da i l y 
on a v i s u a l  ba s i s a nd wee k l y  o n  a grab sampl e ba s i s .  

The pH s h a l l not be l es s  than  6 . 0 s tandard u n i ts nor grea ter than 9 . 0  s ta ndard uni ts and s ha l l be 
mon i tored da i 1 y on a g ra b  samol e ba s i s .  

Th�re s ha l l  be no d i scharge ot  f l oa t i ng sol i d s or v i s i b l e  foam i n  o ther tha n trace amou n ts . 

Samp l es taken i n  comp l i ance w i th the n,o n i tor i ng req u i rements speci fi ed a bove s ha l l be ta ken a t  the 
fo l l ow i ng l oca t i on ( s ) : A l l parame ters except Total  Res i du a l  C h l o r i ne , sha l l be mon i tored a t  the 
o u t fa l l from Bui l d i ng 995 , the Wa s tewa ter Trea tmen t P l a n t . Tota l Res i dua l C h l ori ne sha l l  be 
mon i tored a t  the outfa l l from Pond B-4 . 
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A. E FFLUENT LIMITATIO�S AND �fO�ITO RING REQUIREMENTS 

Du ring the period begin n ing imrned i a te l y  and lasting through June 30 , 1 979 , 
the permittee is authorized to d ischarge from outfaJl ( s )  serial number(s) 002 . 
Such d isch arges shrill be lim ited a.nd moni tored by the permittee :lS specified below: 

Effluent O. aractcristic Discharge Limi tations 
kg/day (tbs/day ) Concentra t ion 

rng/ l mg/ l 
Daily Avg Daily Max Daily Avg Daily Max 

Monitorin� Requirements 

Mt'asurem�llt 
Frequency 

Sample 
Typc' 

Flow-m3 /Day (MGD) 

N i tra te ( a s  N )  

N/A 

N/A 

N/A 

N/A 

N/A 

1 0  

N/A 

20 

Da i l y 

Da i ly 

I nsta n taneous 

Grab or Con ti nuous 

Th i s  d i s c ha rge  s ha l l cons i s t  only of runoff due to prec i p i tation . 

The pH shall not be less than 6 . 0 standard units n or gf£>ater than 9 . 0  sta.nrl:ud units and shall be monitored 
da i l y on a grab sampl e ba s i s .  

There shall be no discharge of floating solids or visible foam in other than tr:lce amounts. 

. 

Samples taken in compli:lnce wi th the modtoring requirements specified above shall be taken at the following loc:ltion(s) :  
At the o u t fa l l from Pond A - 3 . 
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A. EFFLUE�T L�nTATIO:-:S AND �tONITORI�G REQUIRE�1E�TS 
Du rin !! the p<.'riod beginning i mmed i a te 1 y and lasting througry June 30 , 1 979 I 
th e p�rm i t tee is a u th orized to discharge from outfal l ( s )  serbl nu mber(�} 003 . 

Such dis..:: h :;.rg�;; shall be limited a..'1d m o n i to red by the permi ttee as specified below: 

E ffec t i v e i mmed i a te l y a nd l a s t i ng to no l a te r  t h a n June 30 , 197 5 ,  D i s c ha rg e  003 s ha l l cons i s t  on ly of 
s u rface r u no f f , �a t e r  Trea tme n t  P l a n t  f i l te r  b a c kwa s h  and c o o l i ng towe r b l owdown . T h e re s ha l  I be no 
c ha n g e  i n  o p e ra t i on tha t w i l l  s i g n i f i ca n t l y  d e t e r i ora te the q ua l i ty of the d i s c ha rge bel ow tha t pre se nted 
i n  t h e  pE rmi t a p p l i ca ti o n .  

E f fe c t i v e a s  s o o n  a s  rea s o na b l e a n d  p ra c t i c a l  bu t no l a te r  t h a n  J u l y  1 ,  19 7 5 , a n d  l a s t i ng through 
J u ne 30 , 19 7 9 , D i s c h a rg e  003 s ha l l c o n s i s t  on l y  of s u r fa c e  runo ff . 

D i s c ha rge 003 s ha l l be mon i tored for t h e  fo l l ow i n g  pa rame ters a t  t h e  i n d i c a ted frequency . A l l samp l es 
s ha l l  be ta ken at the o u t fa l l from Pond C - l : 

? E ffl u e n t  C na r a c t e r i s t i c  Mon i to r i ng Requ i reme n t s  � 

N i tra t e s  ( a s  N )  mg/1 

To t a l  D i s s o l ved Sol i d s - m9/ 1 

pH - un i ts 

C hemi ca l Oxygen Dema nd - m9/ 1  

�1ea s u reme n t  
Frequency 

Mon th l y  

2 X Month 

2 X Month  

Mon thly  

Sampl e 
Type 

Gra b o r  Con ti nuous 

Grab o r  Con t i nuous 

Grab o r  Con t i nuous 

Grab o r  Con ti nuous 
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B. SCHEDULE OF COMPLIANCE 

PART . M I  
P .. ,,'t 8 IIf 1 5 
Pl:rmit Nu. CO-0001 333  

1 .  The permi ttee shall ach ievt: compliance wi th the e ffluent lim itations speci fied Cor 
discharges in accordance with the fo! lowinb schedule:  

The ' perm i ttee � na l ' s u bm i t  to the perm i t i s s u i n g a u thori ty i n  l es s  than 
n i nety ( 90 )  days a fter the i s s uance  of th i s  perm i t ,  a n  i mpl ementa t i o n  
pl an  for a n  aba terr.cn·t p ro g ram des i gned to a c h i eve  the e ffl uent  l i mi ta t i o ns 
s pec i f i ed i n  UI l'S '�rm i t  fo r d i s c ha r g e  from o u t fa l l ( s )  003 
The i mpl ementa t i o n p l a n  sha l V ' c o n s i s t of �n o u t l i ne of i n tended de s i gn .  
c.ons truc t i o n  a n d  ope '"a t i o n , i nc l ud i ng a compl i a nce schedu l e  s e t ti ng 
forth the da tes by wh i c h  compl i a n c e  wi th the e ffl u e n t  l i mi ta t i o n s  wi l l  
be reached . The  comp l i a n c e  sched u l e s ha l l i nc l ude .  where appropr i a te .  
dates to accompl i s h the fol l ow i ng : 

(a ) comp l e t i on  o f  p r e l i m i n a ry p l a ns 
( b )  comp l e t i o n  o f  f i n a l  p l a n s  
( c )  award o f  co ntra c t ( s }  
(d ). commencemen t o f  c o n s truct i o n  
{e } comp l e t i on o f  maj o r  c o n s truc t i o n  pha s e s  
( f )  comp l e ti o n  o f  a l l c o n s tru c t i o n  
( g ) a t ta i nment  o f  o pe ra t i o n a l  1 p\ l P 1  

Upon a pproval of the i mp l eme n ta t i o n  pl an  by the perm i t i s su i ng a u tho r i ty . 
the sc hedu l e o f  compl i a nc e  s ha l l become cond i t i ons o f  t h i s perm i t .  

2. No later than 14 calendar days following a date identi fil'd in the above schedule o C  
compliance, the permi ttee sh all su bmit eiUl er a report of progtess or, i n  the case o f  
speai fic ac t ions bei n g required by  identified dat u, a written notice of compliance o r  
noncompliance. I n  the latter case, the' nol.ice shal l include the cause of noncompliance, 
any rem�dial actions taken, and ' the probability of meeting the next scheduled 
requirement. 
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c. MONITORING AND REPO RTING 

1. Represen tatiue Sampling 

PA RT I M I  

9 Ill" 1 5 
CO-0001 333 rO:IIlII1 Nt>. 

Sam ples and measu re men ts Ul. k en as requ i red herein shall be represen lati v·, of the volume 
and nature of the f!1 o n i iored d ischarge. 

2. Reporling 

M onitoring resul ts ohta, ned during Wae prevI ous 3 mo n ths shall be sum marized for 
each month �lld rep orl<? j  on a Disch arge Moni toring Report Form ( EPA N o .  3320· 1 ) ,  
postmarked no l a ter than th e 28th d a y  o f  the m o n th fol l o w i n g  th e com ple ted reporting  
period .  The first report i s  dlle 0 11 January 28,  1 97 5 . S i gned cop i e s  o f  these , 
and a l l other reports req u i red herei n ,  s ha l l  be s ubm i tted to the Reg i ona l 
Admi n i s trator a t  the fo l l ow i ng addre s s : 

U . S .  Envi ronmenta l  Pro tec t i on Ag ency 
SO i te 900 , 1 860 L i ncol n Street 
Denver , Col orado 80203 
Attenti on : En forcement - Permi ts 

3. Defin itions 

a. Thl' " dai ly average " dischar�e means thl' total d isch arge hy wc i(1:h t  durin g  a calend¥ 
m on th divided by the n u m ber o f  Jays ' in  th e m o n th Ulat th e production o r  
co m merc ial fa c i l i ty ',..as o perating. Whe re less than dai ly sam pling is  re quired by th is 
perm i t ,  the daily avC'rage d ischar�e shall  be determ ined hy th; su m mation of all thE' 
measured dai:y disch arges by weigh t  divided by the n u m ber o f  days during th,. 
calendar month when the measu rements were made. 

b. The "daily m ax i m u m "  discharge means th e to tal discharge by weight during any 
calendar day . ( SE:e CONT I NUAT I ON - next pa ge ) 

4 .  Tes t  Procedures 

Tf'st procedures for th e anal ysis of polL! Lan t,", shal l con form to regulations f lu blished 
pursuant to Sec tion 304 ( g )  o f  the Act, un<.ler which such proced u res may be requ ired . 

5. Recording of Results 

For each ml'asurement or sample' taken pu rsu ant to the requirer. le'nts of this permit, th£, 
permi tLee shall recnrd the fol luwing in formation : 

a. The E'xact place,  date ,  an d time o f  Sam ,)! i l l�;  

h. The dates the analyses wert' performed ; 

c .  The person(s)  wh o performcd th e analyses ; 
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d.  T h e  analy tical tcchll iques o r  m,·thods L:seu ; and 

C. Thc resul ts of all rrC juin'u analysps. 

1; .  A dditional Mon itoring b y  Permittee 

PART I �1 I 
1· .. 1 ... • 1 0  1'1 1 5  
I·�rtnll ,,;... CO-000 1 3 33 

I f  th(' pormittcc �� o ; l i l.or-; nllY poll utant nt thl' I ocation ( s )  desi�n n t ('d r Nc i n  m ore 
rrf'qu('n t ly th:m rC'( � i n>d bv this perm i t .  u�inJ.! approvC'd a nalyticnl  m C' t hodl' ao; sp('ci fi t'd 
ahovc . the resul ls  u f  SUl h mon i torin.r-. 

shal l  bp i ncl uueu i n  the calcu lation and reporting of 
lh(! values reC(uir£'u i n  ' I (� D ischarge l\l onitoring Report F orm ( EPA No. 3 3 20·1 ).  Such 
increased freq u ency sha�l also he indicated . 

7. Records Retention 

All r('cords and info rm a t ion rl'sul t i n g  from lh(' m o n i t oring (lct i vitil's rl'q u i rf'd hy this  
perm i t  includ i n l-:  all rC'ccmls of  analyses performed and cal ibration an d maint pnanc(> of 
i ns lnl mE'n t ation and rOl"o ru ings from con tinuous moni toring instru mentation shall bl' 
(t· tairwd for a minimum of th ree ( 3 )  years.  or l o n �c r  if requestpd by the Regional 
Adm i n istra tor . 

CONTI NUA T I  ON 

3 .  Defi n i t i on s  ( cont i nued ) 

b .  (con t i nued ) 

Th i s  l i m i ta t i o n  s ha l l be d e term i ned by the a na l y ses  o f  a prope r l y  
preserved c ompos i te s ampl e c ompos ed o f  a mi n i mum o f  fo ur ( 4 )  grab  
samp l e s  co l l ec ted at  equa l l y  s paced two ( 2 )  hour i n terva 1 s  and 
proport i oned accord i ng to fl ew at the t i me of  samp l i ng .  

c .  The "da i l y  avera g e "  concen tril t i o n  mea n s  the average  concen tra t i on 
dur i ng a c a l endar month . Where l es s  tha n da i l y sampl i ng i s  r eq u i red 
by th i s  permi t ,  the a v erage  c oncen tra t i o n  s ha l l be d e termi ned by the 
summa t ion  of a l l  mea s u red da i l y sampl es  d fv i ded by the number of  days 
dur i ng the  ca l end a r  month  when the mea surements  were made . 

d .  The "da i l y ma x i mum" concentra t i on  s ha l l  be determ i ne� by the 
a na l ys i s  of  a properl y preserved compos i te samp l e composed of  a 
ml n l mufu o f  fo ur ( 4 )  grab  sampl es  co l l ec ted a t  equa l l y  s paced 
two ( 2 )  hour  i n terva l s a nd pro por t i oned accord i ng to fl ow a t  the 
t ime of s ampl i ng .  

e .  Averages  for feca l co 1 i forms s ha l l be de termi ned by the geome tr i c 
mea n o f  a mi n i mum o f  three ( 3 )  consec u t i ve grab  samp l e s ta ken 
dur i ng s eparate weeks  i n  a 30-day pe r i od for the 30-day avera g e , 
and  dur i ng separa te days i n  � 7 - day �eri od for the 7 - day a verag e . 
(Mi n i mum to ta l of  three ( 3 )  sampl es ) 
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PART I M I  

Pa ge 1 1  o f  1 5  
Permi t No . C O - 0 0 0 1 333 

3. D e f i n i t i on s  (conti nued ) 

f .  " Ne t "  va l u e .  no ted u n d e r  E f fl u e n t  C h a rac te r i s t i c s a re 
ca 1 c u l a teG o n  the ba s i s o f  the n e t  i nc re a s e  o f  the i nd i v i d u a l  
parameter D v e r  t�� q ��nt i ty o f  tha t same pa rame t e r  p r e s e n t  i n  
the i n ta ke I''io ter measured p r i o r  to a ny c o n tami n a t i on o r  u s e  i n  
t h e  p roc e s s � f t h i s ;fa �i l i ty .  Any c o n tam i n a n t s  con t a i n ed i n  
a ny i n ta ke WJ t e r  o b ta i n ed from underg �o und w e l l s  s ha l l not  be 
a d j u s ted fo r as  d e s c r i bed a bo v e  a nd there fore s ha l l  be con s i d e r e d  
a s  p ro c e s s i n p� t t o  the f i na l  e f f l u e n t . L i m i ta t i on s  i n  wh i c h 
" n e t "  i s  no t no ted a r e  ca l c u l a ted on the ba s i s  o f  g ro s s  me� s ur e ­
men t s . o f  e a c h  pa , oame ter i n  t h e  d i s c ha rg e  i r r e s pec t i v e  o f  l h e  
q u a n t i ty o r  qua l i �y o f  t ho s e  pa rame t e r s  i n  the i n t a k e  wa te r s . 

g .  A "compo s i t e "  s amp l e .  fo r mon i to r i ng requ i remen t s . i s  d e f i ned 
as a m i n i mum o f  fo u r  ( 4 ) g r a b  samp l e s  co l l ec ted a t  equa l l j  
spaced two ( 2 )  h o u r  i n terva l s a n d  propo r t i one'd a cc o rd i ng to fl ow . 
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A. MANAGE�l ENT REQUmE�f E!'TS 

1 .  Change in Discharge 

P"RT I I  If. 

I''''j:'' 1 2 of 1 5 
I'(rnlil No. CO-0001 333  

All ciischargt!s au th or ized herein sh al l he consistent wi th the terms and condi tinns o f  this 
pl'rmil .  ThE' d i5 c:har�(' o f  any po l lu tal l t identified in th is  perm i t  m ore frc( . lenUy than o r  
ilt u 1('\'('1 i n  eX C('55 1 r  th at au th orized shall  constitute a violation o f  t h e  permit. Any 
anticipated fac: i l i ty ex pansi ons.  produc ti on incrC'ases, or  proce!';s modifications wh ich will 
rt'su l t  in n('w,  d i ffNl' 1 I  , , ' or  inneased d iscil arg€'s o f  po l lu tan ts must be reported by 
suhmission of a Of'W N! ' )ES appl ication or, if such chan ges will  not viol a te the e ffluent 
l i m i t:l t ions "p('ci fil'd in  th is p('rmil,  ey no tice to the permit issu ing au thority oC such 
("hanJ!('s . Follo w i n g  swh I . n t i (�e . the permit  may be modified to specify and l i m i t  any 
pol lu tan t..c; n o t pre vlO usly l imited.  

2.  Noncompliaflcc N oL i{icatiol1 

I f, for any Tl'350 n ,  the pl' fm i ttee does not cc,mply w i th or wil l  be unable to comply wi th 
any daily max i m u m  efnuf'nt l i m i tation sp.?ci fieci in this permit, the permittee sh al l  
provide the Regional Administrator  and the State wi th the following informat�on,  in 
wri tin�t within five ( 5 )  days of becoming aware of such condition: 

Jl. A descriplion of the d isch arge and cause of noncompliance; and· 

b. The pNi od of n onco m p l iance, inclu ding exact dates and times; o r, if not corrected, 
th(' an tici pa ted tI me the noncompl iance is ex pected to con tinue,  and steps being 
taken to redu ce,  el i minate and preven t recurrence of the n oncomplying di5charge. 

3. Facilities Opera t ion 

The pC'fm itt('e shall at :l l l  ti mps main tain in good working order an,d o pNate as e fficientl y  
a� possi blE' a l l  trC'a t m en t or con trol facil i ties or  sys tems instal led o r  used by the perm ittee 
to achieve .com p l iance with the terms and cond itions of this permit. 

4. A dverse Impact 

Th(� permittee shall takf' a l l  reason ahle steps to min imize any ad verse im pact to navigablC' 
watrrs r('su l t i n g  fro m nOIll'o mpliancf' with any efnuent l i mi tations speci fied in th is 
perm i t, i nclu d i n g  sti ch accelC'ra trd or :ldd it icn:ll  mon i tori ng as necessary to determine the 
nalur(' and i m pact o f  till' noncomplying discharge. 

5. IJypassing 

Any divNsion from or hypa�s o f  facil i ties necessary to' mai n tain com pl iance with the 
tI'rms and conditions of this perm i t  is pro h i bi ted , except ( i )  wh ere u n avoidable to prevent 
loss or l i fe o r  sp.v"rf' pro perty damage ,  or ( i i )  where excessive storm drainage or r u n o ff 
would dam age any faci l i t i('s necc5sary for �om pliance w i th the effl u e n t  l imI tations and 
proh ihitions of th is p Prmit .  The perm i'tee shall prom ptly n o t i fy the Regional 
Ad m inistrator and the State in writing of each such diversio n  or bypass. 
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Solids. sludgE's. filter hackwash,  or other pol l u tan ts  removed in the course of treatment or 
control of wastewaters shall bE.' d iiposed of in a manner such as to preven t any pollu tant 
from such maLeriab from entering navigatle waters. 

7. Power Failures 

In order to maint...;in t· 'm pl iance with the e(f1uent limi tations and prohibitions o r  th is 
permit. the pennitLee sl.all either: 

a. In accordance with the SchE-dule of Compliance contained in Pfl!t I .  provide an 
alternative power source s'l Cficient to operate the waste water control facilities; 

or, if su�h alternative power s�urce is not in existence, and no date for its implementation 
appears in Part I ,  

b. Halt,  reduce o r  o thE"rwise control production and /or al l discharges upon th e 
red u clion , l oss, or failure of the primary source of power to the wastewater control 
faeil i ties. 

B. RESPONSIBI LITI E S  

1.  Righ t of Entry 

The permi ttee s ha l l a l l ow the Reg i ona l  Admi n i s tra tor a nd/or h i s  authori zed 
representa t i ves , upon the presenta t i on of c reden t i a rs :  

a. To enter u pon thE' perm i ttee 's premises where an effluent source is located or in 
which any records are requ ired to be kept under the terms and cond itions of t:,is 
pcnnit ;  and 

b. A t  reasonable times to have access to and copy any records required to be kept u nder 
the Lenn s and condit ions of th is pt'rmit;  to inspect any m oni tori ng equipment or 
mon itoring method required in this p�nnit;  and to sample any discharge of pollutan ts .  

2.  Transfer of Ownership or Con trol 

In UIC event of any change in control or ownership of faci l ities from wh ich the authori.zed 
d ischarg�s emanatR.; the perm i t tee shall no ti fy the suc

'
ceeding O Yrller or controller of the 

ex istence of this penn i t  by l('tter, a copy of which shall be forwarded to the Regional 
Administrator anti the State water pollut;on control agency . 

3. A uailabiJity of Reports 

Except for data de l('nn ined to he conCid('n tial u nder Sec tio •• 308 of the Act, all reports 
prepared in accordance \\; th the temls of th is pe rm i t  shall be av�ila ble for public 
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inspection a t  the offices of .the State war,cr pol l u tion control agency and the Regional 
I Admin istrator. As re q u ired by the Act, e!fiuent data shall not be considered con fident ial . 
Know in gly m ak in g  an y fal se !;tateme n t  on any such report may resu lt in the imposition o f  
criminal penalties a:; provided for in Section 3 0 9  of the Act. 

4. Permit Modification 

Arter notice and OrpOl unity (or a heari na, th is perm it may be mod ified. suspen ded . or 
revoked in whole or in part during ib; tenn for cause includin g, but  not limited to, the 
following: 

a. Violation of any terms or conditions of this permit; 

b. Obtaining this permi t  by misrepresentation or failure to disclose fully all relevan t 
facts; or 

c. A change in  any condition that requires either a temporary or permanent reduction or 
elimination of the authorized discharge. 

fr. Toxic Pollu tan ts 

Not .... 'ithstanding Part I I .  B·4 above .  if a toxic effluent standard or proh ibition ( including 
any schedule of compl iance specified h such effluent st;mdard or proh it-ition ) is 
establ ished u ndpr S�ction 307(a)  of th e Act for a toxic pollu tant  wh ich is present i n  the 
d isch arge and su ch s tandard o r  proh ibition is more stringe n t ,than any l im itation for such 
pollu tan t  in this perm it . this perm i t  shall be revised or modified in accordance with th e 
toxic effluen t stan dard or prohibi tion and th e perm ittee so no tified. 

6. Civil and Criminal Uability 

Ex cept as provided in pennit conditions on " Bypassing " (Part I I ,  A·5) and "Po we!" 
F:li lures " ( Part I I ,  A·7) ,  n othing i n  this perm i t  shall be constru ed to rel i eve the permittee 
from civil or criminal penalties for noncompl iance. 

7. Oil and Hazardous Substance L iability 

Noth ing in th is perm it sh:lll be con strued t o  prrclude the insti tution of any leg;;.! action or 
relieve the permi t tC'e fro m any respons1 bi l it ies ,  l iabil i ties, or penalties to which the 
permi ttee is or may tx! subjeCt under Section 3 1 1  of the Act. 

8. State Laws 

Noth ing in this pf'rm i t sh a l l  be constnted to prec lude the institu tion o f  any legal ac tion or 
relieve the perm i ttre from an y resron sibil ijes,  l iahil ities, or penal ties establ ished pursuant 
to any applicable State law or rcgul�tion under auth ori ty p,('served by Section 510 of the 

Act. 
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The issuance o r  th is perm it does not convE'y any property rights in either real or personal 
property , or an y exclusive privileges, nor does it authorize any injury Lo privat.r property 
or any i nvasion of personal rights, nor any infringement of Feueral , State v; l ocal laws or 
regul ations. 

1 0. Severability 

The pro\'isions of th is . 'c rm i t  are se'h'rnble, and if any provision of th is perm i t ,  or the 
application or any prC' 'f ision oC this permit to any cirC'umstance, is held inval id.  the 
application o f  such provision to other circumstances, and the remainder of th is permit, 
shaJl not be affected there b .,  
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APPENDIX E 

ACC IDENT AND RELEASE PROBAB I LITIES 

Th i s  append ix cons i s t s  of  two repo rts prepared by Dr . J .  E .  Selvidge , a con­
sultant to the Roc ky Fla ts Plant contrac tor . The first of her reports , Append ix 
E - l ,  is enti tled " Probab i l i ties o f  Airc raft Crashes at Rocky F l ats and Subsequent 
Radioac tive Re lease . "  

The second document , Appendix E - 2  is  enti tled "Natural Hazards Tha t May Trigger 
a Rad i o l ogical  Re l ease F rom a P l u toni um P roc e s s i ng Fac i l i ty . "  
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PROBABILITIES OF AIRCRAFT CRASHES AT ROCKY FLATS AND 

SUBSEQUENT RADIOACTIVE RELEASE 

Judith E. Selvidge 

Consultant 

Abstract. The probability of a small airplane from 
Jefferson County Airport (Jeff co) or Stapleton 
International Airport crashing into a plutonium 
area at the Rocky Flats Plant has been calculated 
at 1 .4 X 1 0-4 and 4.2 X 1 0-6 per year, respectively. 
The probability of such a crash involving a large 
airplane from Jeffco or Stapleton is 3 .5 X 1 0-6 and 
1 . 1 X 1 0-6 per year, respectively . Overall, the 
chance of an aircraft of any size , or any type, and 
from any source crashing into a plutonium area at 
Rocky Flats is 2 .8 8  X 1 0-4 per year . An event 
tree was developed to cover every plausible series 
of events leading to a release of plutonium in the 
range of 0 to 1 000 grams .  Selected results show 
an annual release probability of 3 .9 X 1 0-5 for less 
than 0.5 grams, 5 .8 X 1 0-6 for 50 to 70 grams, 
5 .6 X 1 0-8 for 200 grams, and 6.4 X 1 0- 1 0  for 
1 000 grams. Calculations led to a weighted average 
release amount of 3 . 7 X 1 0-4 grams of plutonium 
per year. Because of conservative assumptions, 
it is estimated that these probabilities are high by 
a factor of about two for small aircraft and 1 0  for 
large aircraft . 

INTRODUCTION 

This study consists of three parts. First , the 
probability of an aircraft crashing into a building 
containing plutonium is computed. Secondly , the 
damage that such a crash might cause is estimated . 
The third part is an assessment of the amount of 
plutonium that could escape assuming the damage 
described were to occur. 

Several categories of aircraft , all having different 
probabilities of crashing, are considered . Con­
struction of the various buildings containing 
plutonium is taken into consideration as is the 

amount and form of plutonium that might be 
subject to release . Results of the study are 
summarized in probability tables and graphs that 
show different amounts of plutonium versus the 
probabilities of those amounts being released . 
Incorporated in these probabilities are the three 
principal types of uncertainties previously mentioned ; 
namely, the probability of a crash, the probability 
of certain damage if a crash occurs, and the 
probability of a certain size of release if the damage 
occurs. 

AIRCRAFT CRASH PROBABILITIES 

Historical data concerning the probability of a 
crashing airplane striking a plant or other building 
has been collected in connection with safety 
studies of nuclear power plants . I -4 These data , 
broken down according to the type of flight (air 
carrier or general aviation),  size of aircraft (large 
or small),  and distance of the crash site from an 
airport , are based on from 5 to 1 0  years of reports 
of aircraft accidents in the United States. To apply 
this information to the assessment of aircraft crash 
probabilities for Rocky Flats, air traffic in contact 
with the Jefferson County (Jeffco ) Airport and with 
Stapleton International Airport are considered 
separately . In addition, the hazards from low­
altitude,  transient air traffic and from aircraft 
flying over the Rocky Flats Plant as part of normal 
Plant operations are evaluated . 

Jefferson County Airport 

Air traffic at Jeffco Airport involves about 2 3 3 ,000 
movements (takeoffs, landings, and other radio 
contact with the control tower) per year. Apart 

E- 1- 4 
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FIGURE 1 .  Geographical Relationship of leffco Airport to Rocky Flats 

from a few air-carrier training flights, an occasional 
military flight,  and about 300 small air-taxi flights, 
these movements are all by general aviation aircraft. 
Approximately 95 percent of these aircraft are 
classified as "small" (weight less than or equal to 
l 2 ,5 00 lbs). The geographic relationship of Jeffco 
Airport to the Rocky Flats Plant is shown in 
Figure 1 .  The distance from Jeffco to the nearest 
part of the Rocky Flats controlled zone, the 
portion of the facility surrounded by a security 
fence ,  is 4.5 miles. The size of this zone is 0 .608 
square miles, and the 'part of that area that is 
considered, a possible source of plutonium release 
is 0 .05 square miles in size . This latter area was 
computed by adding the areas of buildings 
containing plutonium , the areas of those buildings' 
"shadows,"* and the area of an asphalt pad that 
covers contaminated soil at the southeast corner of 
the controlled zone. 

*The shadow of a building is the additional vulnerable area 
created when a plane arrives while traveling at an angle rather than 
falling straight down. In this calculation, the assumption is made 

that a plane crashing ou t of control is traveling at an angle of 10° 
or greater to the horizontal. 

2 

Table 1 shows computations for the probabilities 
of fatal crashes at Rocky Flats involving large and 
small aircraft from Jeff co Airport. The overall 
probability per year of a crash into a plutonium 
area by a plane associated with Jeffco is seen to be 
approximately 1 .4 X 1 0-4• When large aircraft 
alone are considered , this figure is reduced to 
approximately 3 .5 X 1 0-6• Throughout this report , 
only crashes resulting in fatalities have been 
considered since away-from-the-airport landings 
with no fatalities are not believed to result in 
accidents of a severity that would damage Plant 
structures. 

Stapleton Air Traffic 

Rocky Flats lies 1 7  miles to the northwest of 
Stapleton International Airport. Generally such a 
distance would be considered too great for the 
presence of that airport to have an effect upon the 
probability of a plane crash at Rocky Flats. One of 
1 3  airways into Stapleton passes near the Plant, 
however. For this reason, an estimate has been 

E - 1 - 5  
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TABLE 1 .  Computation of Fatal-Crash Probabilities at Rocky Flats for Aircraft Associated with leffco Airport 

Number of Movements Crash P(RF Controlled Zone)t P(RF Plutonium Area)tt 

in the Airway Per Year Probability of 0.608 square mDes of 0.05 square miles 
Aircraft Type (M)* P(H)** 1M X P(H) X 0.608) 1M X P(H) X 0.05 ) 

General Aviation 
Small 221 ,065 1.220 X 10-1 1.6397 X 10-· 1.3485 X 10-' 

Large 1 1 ,635 5.952 X 10-' 4.2105 X 10-' 3.4625 X 10-' 

Air Taxi 
Small 300 1 .905 X 1 0-7 3.4747 X 1 0-' 2.8575 X l O-t 

An Aircraft 233,000 1 .7165 X 10-· 1 .4 1 17 X 10-' 

*(M) = Movements. 
**p(H) .. Probability of a crash per movement per year per square mile at a distance of 4 to 5 mDes from an airport, based on historical data. 

See Page 226 of Reference 1. 
tp(RF Controlled Zone) = Probability of a crash per year inside the 0.608-sq-mi controlled zone at Rocky Flats. 

ttP(RF Plutonium Area) .. Probability of a crash per year into the 0.05-sq-mi plutonium area at Rocky Flats. 

TABLE 2. Computation of Fatal Crash Probabilities at Rocky Flats for Aircraft in the Nearby Stapleton Airway 

Number of Movements Crash P(RF Controlled Zone)t P(RF Plu tonium Area) tt 

in the Airway Per Year Probability of 0.608 square mDes of 0.05 square miles 
Aircraft Type (M)* P(H)** 1M X P(H) X 0.608) 1M X P(H) X 0.05) 

Air Carriers 
Large 16,500 1.2 X 10·' 1.204 X 10-' 9.900 X 10-7 

General Aviation 
Large 675 2.9 X 1 0-' 1.190 X lO-t 9.788 X lO-t 
Small 1 2,825 6.6 X 10-' 5.146 X 10-' 4.232 X 1 0-t 

An Aircraft 30,000 6.469 X lO-s 5.320 X lO-t 

*(M) = Movements. 
**P(H) = Probability of a crash per movement per year per square mDe at a distance of 9 to 10 mDes from an airport, based on historical data. 

See Page 226 of Reference 1 and Page 156 of Reference 4. 
tP(RF Controlled Zone) = Probability of a crash per year inside the 0.608-sq-mi controlled zone at Rocky Flats. 

ttP(RF Plutonium Area) = Probability of a crash per year into the 0.05-scj-mi plutonium area at Rocky Flats. 

made of the annual crash probability attributable 
to traffic in that air corridor. The annual number 
of aircraft movements was computed from the 
Stapleton controllers' estimates and from a sample 
survey of movements observed on Stapleton's 
traffic-control-area radar. 

The probability of a fatal crash per movement per 
square mile is estimated in the calculation by taking 

the probability for distances of 9 to 1 0  miles from 
the airport (the furthest distance for which crash 
probabilities have been computed). These 
calculations appear in Table 2.  Generally the 
results of these computations are accurate to 
about one significant figure; the second figure is 
partially significant. To minimize the rounding 
error, however, additional fIgures are carried at 
intermediate steps in the calculation. Overall 
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accuracy of the probabilities is discussed further 
in the "Conservative Assumptions" section of 
this report . 

The probability of a crash into the plutonium area 
of Rocky Flats by a large aircraft,  either an air 
carrier or general aviation plane, is seen to be 
approximately l . l X 1 0-6; the probability for a 
small aircraft is approximately 4.2 X 1 0-6• These 
probabilities are small when compared to crash 
probabilities already computed for Jeffco . (The 
overall crash probability of 5 .3 X 10-6 at Rocky 
Flats is a factor of 25 less than that for Jeffco.) 
These probabilities are retained in this study, 
however, since the damage in the event of a crash 
at the Plant may be substantially greater because 
of greater size and/or speed for these planes than 
for aircraft associated with Jeffco . 

Rotorcraft Operations Over the Plant 

Helicopters fly over the Rocky Flats facility from 
time to time to carry out work associated with Plant 
operation. These activities include spraying for 
weed control, taking aerial photographs, and making 
radiological measurements. These helicopters are 
in the air over the Rocky Flats controlled zone for 
about 60 hours per year. On the basis of four years 
of accident statistics· for rotorcraft operating in 
the U.S., the probability of a fatal crash per 100 
hours of flying time is 2 .830 X 1 0-3• Multiplying 
this value by 0.6 (60 hours/ l OO hours) gives a 
probability per year of a fatal crash in the Rocky 
Flats controlled zone of 1 .698 X 1 0-3• This is 
added into general-aviation, small-aircraft, (since 
these helicopters are all <1 2,500 lbs.) accident 
probability. The Plant's plutonium area is 8 .2 
percent (0.05 sq mi/0.608 sq mi) of the controlled 
zone, so the additional crash probability for the 
plutonium area alone that is attributable to rotor­
craft is 1 .4 15  X 1 0-4 per year. 

Other Traffic 

There are occasional flights of small, general 
aviation planes traveling south and north to the 

·1970-1974. Source: National Transportation Safety Board 
Annual Review of U.S. General Aviation Accidents, Department of 
Transportation, Washington, D.C. 
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TABLE 3. Summary of Aircraft 
Crash Probabilities at Rocky Flats 

P(RF Controlled Zone)· P(RF Plutonium Area)·· 
Aircraft Type 0.608 �uare miles O.OS square miles 

Large 

Small 

All Aircraft 

S .S34 X 10-' 

3.424 X 1 0-5 

3 .479 X 1 0-5 

4.SS0 X 10-6 

2.834 X 1 0-0 

2.880 X 1 0-0 

·P(RF Controlled Zone) = Probability of a crash per year inside 
the 0.608-sq-mi controlled zone at Rocky Flats. 

•• P(RF Plutonium Area) = Probability of a crash per year into the 
O.OS-sq-mi plutonium area at Rocky Flats. 

west of Rocky Flats and that are below the 10,000-
ft altitude of Stapleton's Traffic Control Area (TCA). 
This traffic amounts to about 3 ,000 movements 
per year (less than 1 0  per day). Taking as the 
crash probability for these planes the figure used 
for general aviation at five miles from an airport, 
the effect upon the small-plane crash probability 
per year for Rocky Flats is to increase it by 
3 ,000 X 1 .22 X 1 0-8 X 0.05 for a resulting 
l .8300 >.< 1 0-6• 

Summary of Aircraft Crash Probabilities 

Combining the crash probabilities of aircraft from 
all sources gives the values shown in Table 3 .  

The event with the greatest potential for damage, 
that of a large plane crashing into a plutonium 
area, is seen to have a probability of occurrence 
equal to 4.5 50 X 10-6• For a small aircraft 
crashing into the plutonium area, the probability 
is 2 .834 X 1 0-4• These values correspond to an 
expected occurrence of the specified crash of 
once in about 220,000 years in the first case and 
once in about 3 ,500 years in the second case. 

Conservative Assumptions 

These probability values are believed to be 
"conservative;" that is, to err on the high side 
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because of a few assumptions made to accommodate 
existing data. The assumptions concern historical 
crash probabilities, the number of aircraft in the 
vicinity of the facility, and the size of the vulnerable 
plutonium area. 

Crash Probabilities 

The probabilities of a fatal crash per aircraft 
movement are based on data from 1 966 through 
1 970 but are applied to movements estimated for 
1 975 . 

There has been a steady improvement in aircraft 
safety over the years; for example, fatal accidents 
for U.S. air carriers in 1 973 was 1 5  percent less 
than the average for the 1 966 through 1 970 
period .  Initial crash probabilities per movement 
consequently are likely to be 1 5  to 20 percent 
too high. 

The large-aircraft crash probability for planes 
associated with Jeffco Airport assumes that these 
are all general aviation flights. Actually, some are 
military or air-carrier training flights-both of 
which have lower accident rates than general 
aviation . 

Number of Aircraft 

The historical probabilities for general aviation 
aircraft assume that planes are equally likely to 
leave or approach the airport from any direction. 
In the case of Jeffco Airport, however, the 300 
sector containing Rocky Flats, where one would 
expect to find about 1 / 1 2th (or 8 .3 percent) of 
the air traffic, receives only 1 to 5 percen t of the 
activity. The reason is the surrounding terrain . 

As a result, the number of relevant aircraft 
movements is probably over-estimated by a factor 
that may be as large as eight. 

Size of Plutonium Area 

The size of that portion of the control zone of 
concern in case of a plane crash is computed by 
first taking the area of the buildings containing 
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radioactive material. The area is then increased 
by an amount (the shadow) that allows for the 
height of the building and the approach of a 
crashing aircraft at other than a 900 angle with 
the horizontal. The conservative assumption made 
was that the craft impacts at a 1 00 angle . If a 
more realistic assumption is made that this angle 
will be anywhere between 900 and 1 00 ,  then the 
effective area is less by a factor of about six. * 

Effect Upon the Probabilities 

These more-realistic approximations could be 
incorporated into the probability calculations in 
place of the conservative counterparts. The effect 
would be that of reducing the final probability 
estimates for crashes in the plutonium area by a 
factor of about two for the small aircraft and 
about 1 0  for large aircraft . In this study, however, 
subsequent calculations of damage and overall 
probability of plutonium release are made using 
the original, conservative figures. 

RESULTS OF CRASH IMPACT 

If an aircraft hits a part of the Plant designated as a 
plutonium area, the seriousness of the results of 
this impact, in terms of the amount of any plutonium 
release, depends on a number of factors: ( 1 )  
whether or not pieces of the plane penetrate into 
the interior of the structure , (2) the kind of 
destruction caused in the interior of the structure, 
(3) the proportion of building containing plutonium, 
and (4) the quantity and form of the available 
plutonium . The damage to the structure will be 
considered next. 

Penetration Probability 

Whether or not the plane penetrates into the 
building depends on the strength of the barrier 
(thicknesses of the e xternal walls, internal walls, 
roof, and ceiling) and the striking force of the 
plane. The barrier thickness, measured in inches 

*The average angle would then be 50° .  The shadow was 
computed using the tangent of the impact angle, and tan 50° /tan 
10° '" 6.75 .. 6. 

5 
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of concrete, varies from one building to another. 
The striking force of a plane is mainly a function 
of its size and the velocity at which it is traveling. 
In a study by Chelapati, et al,5 a computer 
simulation model was designed to calculate the 
penetration depth expected for the same four 
general classes of aircraft as distinguished here: 
small and large in size and associated with a nearby 
airport (Jeffco traffic) or with an airport at a 
distance of more than five miles (Stapleton and 
other traffic) .  The output from this simulation,  
expressed in terms of penetration probability for 
different thicknesses of concrete, is recreated in 
the appendix of this report . One assumption of 
this model was that the missile penetrating the 
building is the most resistant part of the plane; 
namely, the engine. Within each of the main-size 
categories, a range of possible aircraft-engine sizes 
and weights was considered in the simulation. 
The diameters of typical holes made by these 
missiles were taken to be 40 inches for the engine 
of a small plane and 60 inches for that of a large 
plane. 

The probability of a plane penetrating a particular 
part of a particular building can be determined by 
tables in the appendix of this report . Compute the 
total thickness, in inches, of the concrete barriers 
(roof, ceiling, and wall) and use that total to find 
the applicable row in the appropriate table. 

Probability of Crashing 
Into Plutonium Portion of Building 

Given than an aircraft penetrates a building, its 
probability of striking a vulnerable part of the 
building; i .e . ,  the area containing plutonium, is 
computed in the following manner. First ,  the size 
of these areas containing plutonium is computed 
and expressed as a percentage of the total building 
area. Missiles can reach locations on the first floor 
for example, by passing through the first floor 
ceiling, or by passing through the roof and the 
first floor ceiling. It is assumed that small planes 
just penetrate the barrier and have little residual 
velocity. In passing through the first floor walls, 
small planes therefore will strike plutonium areas 
only if the areas are adjacent to the walls. For 
pieces of a large plane, on the other hand , some 
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Small Missile 

FIGURE 2. Penetration Paths 

residual velocity is expected , and the assumption 
is made that the missile may land anywhere within 
the building (see Figure 2) .  The probability of 
striking a plutonium area is then equal to the ratio 
of the plutonium area to the total area of the 
building. * 

Missles that reach the first floor by passing through 
( 1  ) the second floor wall and the first floor ceiling 
or (2) through the roof and the first floor ceiling 
are also assumed to be equally likely to fall 
anywhere on the first floor; consequently, the 
probability of striking a plutonium area is again 
equal to the proportion of the floor space occupied 
by plutonium areas. This applies to both large 
and small aircraft . In a similar manner, the 
probability that a missile coming through the 

-This probability calculation is conservative since the initial 
probability of striking the building was found by taking as the 
total target size, the building area plus the building's shadow to 
account for the plane's angle of impact. Use of this larger area­
building area plus shadow- as the denominator in the plutonium­
area probability would have given the probability a smaller value 
and would imply that the missile continued on its original line path 

after penetrating a barrier. 
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second-story wall or roof will hit a filter plenum 
on the second floor is calculated. This probability 
is equal to the proportion of the second floor 
occupied by the equipment. An exception is the 
case of a small plane entering through the second 
story wall. In the latter instance, only equipment 
adjacent to the wall is considered vulnerable. 

Damage Scenarios 

Damage from an aircraft missile penetrating a 
building containing plutonium can vary. Rather 
than consider all possible kinds and amounts of 
damage from this source or to consider the 
probabilities of such an event, several scenarios 
have been constructed . These fairly detailed 
scenarios describe damage patterns that are believed 
to be typical. 

Scenario 1 (Small Plane) 

A small plane crashes into the wall of a plutonium 
building. The plane's engine, weighing 400 pounds, 
penetrates into the building at the area adjacent 
to the wall. Some equipment is knocked over and 
is broken. About 50 gallons of gasoline (half the 
plane's load) spills into the building through the 
4O-inch hole made in the wall. This gasoline ignites 
and the fire spreads over a 25 0-square-foot area 
(dhmeter 1 8  ft) .  The fire burns for 5 to 1 0  
minutes before burning out or being extinguished. 

Scenario 2 (Small Plane) 

A small plane passes through the roof or second­
story wall of a plutonium building into the second­
floor ventilation area and strikes a filter plenum. 
As described in Scenario 1 ,  the plane makes a 
40-inch hole to the exterior, and a fire is started 
over a 250-square-foot area. 

Scenario 3 (Small Plane) 

A small plane crashes into a plutonium building, 
and the engine penetrates both the second-story 
wall or roof and the first floor ceiling. The engine, 

RFP-2462 

weighing 400 pounds, comes to rest on the first­
floor working area after having knocked over and 
broken some equipment. Gasoline, however, does 
not penetrate to this area, so there is no gasoline 
fIre. Holes in wall, roof, and ceiling are 40 inches 
in diameter. Since this scenario postulates no fire 
in the plutonium area, it is assumed that no release 
will occur. 

Scenario 4 (Large Plane) 

A large aircraft crashes into a plutonium building, 
and an engine weighing two to three tons penetrates 
the wall and roof leaving a 60-inch-diameter hole 
to the exterior. Some equipment is broken up, 
crushed, and scattered . Two thousand gallons of 
fuel flowing from the plane into the building 
causes a fire of about 5 ,000 square feet in an area 
80 feet in diameter. The fire burns for 20 to 30 
minutes (this assumes that about 20 percent of 
the fuel typically available in the aircraft ignites 
inside the building). 

Estimates were made of the amount of plutonium 
that would be released as a result of Scenarios 1 ,  
2,  and 4. The release also depends, of course, on 
the form of the plutonium and the total amount in 
the area where the damage occurs. These varied 
from one building to another. 

Plutonium Available for Release 

Within each building considered, the plutonium 
areas were subdivided according to the approximate 
amount of material present and its form. The 
following categories and descriptions were established : 

1 .  Plutonium areas not presently in use. 

2.  Plutonium waste packaged in drums. 

3 .  Plutonium waste packaged in fiberglass-covered 
plywood boxes. 

4. Two to three kilograms of plutonium in oxide 
form. 

5 .  Two to three kilograms o f  plutonium in 
metallic form. 

E - 1 - 10 
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TABLE 4. Proportion of Plutonium Dispersed in One Hour or Less During a Fire 

Amount Dispersed 

Minimum Average Maximum 
Form of Plutonium Source of Data (percent) (percent) (percent) 

Metallic Reference 6 and 7 0.005 0.02 0.1 

Molten 
Ten times that of "metallic" 

because of surface area 
0.05 0.2 1.0 

Plu tonium Oxide 

Plutonium Oxide in Waste 

Plutonium Oxide on Asphalt Surface 
During Moderate Wind 

Low Wind 

Reference 8 

Reference 8 

Reference 9 

6.  Ten kilograms of plutonium in oxide form. 

7 .  Ten kilograms of plutonium in  metallic form. 

8 .  Seventy to one-hundred kilograms of  plutonium 
in oxide form. 

9 .  One-hundred kilograms of plutonium in 
metallic form packaged and stored in a vault. 

1 0. Eight-hundred kilograms of plutonium in 
metallic form packaged for shipping in 
containers averaging one to five kilograms of 
plutonium each. 

The probabilities of an aircraft striking a plutonium 
area in a given building were computed separately 
for each plutonium building and for each category 
found in the building. 

ASSESSMENTS OF 
THE AMOUNT OF PLUTONIUM RELEASED 

General Considerations 

Assessments of the amount of plutonium released 
were made by considering the uncertainty in 
three parts: ( l )  the amount and form of the 
material generally present in the area of the 
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postulated accident, (2) the amount of material 
present that would be exposed ; i.e., material 
that has its containment breached, by the postulated 
accident, and (3) the amount of exposed plutonium 
that would be dispersed to the exterior of the 
area. Building supervisors and other knowledgeable 
people at Rocky Flats estimated these three 
factors for the various combinations of amounts 
and forms of plutonium present in their buildings. 
Their estimates of the plutonium present were 
used directly in the analysis. Estimates of the 
percentages of material exposed and subsequently 
dispersed, however, were adjusted to be more 
comparable with results of various experimental 
studies. These experimental values and their 
sources are shown in Table 4 and can be summarized 
as follows: for metallic plutonium, the maximum 
release because of fire accompanying the accident 
would be about 0 . 1  percent of the material present. 
For experiments in which plutonium is heated to 
ignition but with no other burning material present, 
the maximum releases are about half this amount. 

In the case of molten plutonium, which has a 
much larger surface, a maximum release of 1 .0 
percent is postulated . This is 1 0  times the amount 
postulated for metallic plutonium. For plutonium 
oxide, a light powder that would be widely 
scattered in the accident, a maximum release of 
1 .0 percent is also assumed, except when the 
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plutonium is contained in combustible contaminated 
waste . The amount released (entrained on small 
pieces of ash) may be as high as 40 percent. For 
plutonium outside a building (for example, the 
plutonium in the contaminated earth covered by 
the asphalt pad), the release depends mainly on 
the wind speed and the period of time the pluto­
nium is exposed . During a period of 24 hours with 
moderate winds (20 to 25 mph), up to I percent 
of the material might be released . 

Detailed Assessments 

The percentage of the available material released 
would be greatest from a large fire and when the 
hole in the building is directly above or alongside 
the fire . For each area and accident combination,  
several release amounts and their probabilities of 
occurrence were assessed, conditional on the 
assumption that the accident occurred . 

When assessing the possible release from areas of 
high plutonium concentration, the details of a 
postulated accident were considered. For example, 
if a missile penetrates into the area and scores a 
direct hit on a glove-box line where large quantities 
of plutonium oxide are being processed, what will 
be the amount of plutonium available for release, 
and what is the probability of such a direct hit? 
If, on the other hand , the missile lands in the area 
without actually striking the glove boxes, and 
starts a fuel fire on the floor around the glove 
boxes causing the gloves to burn off and the 
windows to crack, what will be the amount of 
release? 

For plutonium in the form of solution or sludge, 
the assumption was made that a fire resulting from 
an aircraft crash would be extinguished before 
enough evaporation had taken place to release the 
plutonium . 

Within the filter plenums, fires in the first or 
second filter stages were estimated to allow the 
release of from I to 40 percent of the material 
trapped on the filters. (These values are taken 
from studies of plutonium release from combustible 
waste and probably are overestimates of the release 
amounts.) No release is expected from a fIre in 
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the third or fourth filters, which essentially are 
uncontaminated . The escape of unfiltered air 
because of a rupture in the filtering system also 
is not considered a hazard . The reason is that a 
crash affecting the filters would cause a break in 
the system between the area where the contaminated 
air originates and the fans that draw the air 
through the filters. This means that little or no 
air would be drawn out of the contaminated area. 

SU�ARY OF RESULTS 

Event Tree 

The previously discussed release estimates and 
their likelihood of occurrence are combined to 
give an overall impression of the risk attributable 
to an aircraft crashing into the Plant.  One way of 
showing all combinations of occurrences that 
have been considered is an event tree in which the 
various events and their probabilities are presented 
in sequential form . This method is illustrated in 
Figure 3 .  Each pathway through the tree represents 
a different, specific series of events leading to a 
plutonium release in the range of a to 1 ,000 grams 
(the maximum release postulated from an aircraft 
crash). 

The amount of release is shown at the last branch 
in the path. The probability associated with any 
of these releases is obtained by multiplying together 
all the conditional probabilities computed along 
the path leading to the fInal release branch. For 
example, the path marked by the dotted line 
assumes that a large aircraft from Stapleton crashes 
into Building I ,  penetrates Area A and causes a 
release of y grams of plutonium. The probability 
of this release (y) therefore would be a mathematical 
combination of the probabilities of a crash by a 
large aircraft from Stapleton , hitting a building 
the size of Building I ,  penetrating an area 
protected in the manner of Area A, and releasing a 
percentage of plutonium equal to y grams. 

To simplify the presentation in Figure 3, only part 
of the event tree has been drawn in detail. Many 
branches have been omitted . In the actual event 
tree, each aircraft origin made, both for large and 
small aircraft, is developed to show ( I )  all the 
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FIGURE 3. Partial Event Tree for Aircraft Crashes Into the Facility. 
One Possible Path Through the Tree is Indicated by the Dotted Line. 

TABLE 5 .  Possible Amounts of Plutonium Released Because of Aircraft 
Accidents and Their Probabilities of Occurrence Per Year (grouped data) 

Probability Broken Down by Aircraft Size and Origin· 

Large Aircraft Small Aircraft 
Total Probability 

(per year) leffco Stapleton leffco Stapleton 

3.9 X 10-' 4.5 X 10-' 1 .4 X 10-' 3.9 X 10-· 5.3 X 10-' 

8.5 X 1 0-' 4.8 X 10-' 2.4 X 10-' 7.1 X 10-' 6.9 X 10-' 

1 .8 X 10-' 5.6 X 10-1 1 .4 X 10-1 1.7 X 10-' 3.1 X 1 0-1 

3.4 X 10-' 3.0 X 10-' 1 .6 X 1 0-' 2.9 X 10-' 6.1 X 1 0-' 

2.7 X 1 0-' 6.9 X 10-' 3.9 X 1 0-' 1.8 X 1 0-' 3.3 X 10-' 

5.8 X 1 0-' 7.9 X 10-' 4.2 X 10-' 5.7 X 10-6 8.2 X 1 0-1 

1 .3 X 10-' 6.8 X 1 0-1 1 .2 X 10-1 3.2 X 1 0-' 4.3 X 10-10 

5.6 X 10-' 1 .4 X 10-' 4.6 X 10- 10 5.6 X 1 0-1 8.3 X 10-10 

3.7 X 1 0-' 2.6 X 1 0-' 1.1 X 10-' 

1.2 X 10-' 1.2 X 10-1 6.8 X 10-10 

6.4 X 10-10 3.2 X 10-10 3.2 X 10-10 

.Sum of component probabilities may not equal total because of rounding and grouping. 
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FIGURE 4. Amounts of Plutonium Releases 
(grams) and Their Probability Values 
(Caused by All Types of Aircraft Crashes) 

buildings that could be hit, (2) all the different 
areas within each building, and (3) within each 
area, all of the different amounts of possible release. 
The label and number of these categories for areas 
within a building and releases from an area generally 
will differ from one building to another, depending 
on the types and amounts of plutonium present. 
The complete event tree for this study had 309 
end points. 

Release Amount Versus Probability 

Possible amounts of release, and their probabilities 
of occurrence, are presented in tabular (Table 5)  
and graphical (Figure 4) form. As was described 
earlier, a probability and an amount of release are 
associated with each end point of the event tree. 
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TABLE 6. Weighted Average of the Plutonium 
Released Per Year Because of Aircraft Accidents 

Type of Aircraft 
and Origin 

Large Aircraft - leffco 

Stapleton 

Small Aircraft - leffco 

Stapleton 

Total· ·  - All Aircraft 

Weighted Average of 
Plutonium Released· 

(grams per year) 

1.2 X 1 0-'  

3.7 X 1 0-' 

3.3 X 10-' 

S.7 X 1 0-' 

3.7 X 10-' 

·The weighted average is equal to the amount of 
possible release times the probability of occurrence. 
summed over an release amounts. (Computed from 
ungrouped data) 

"Second rlgUre only partially signirlcant due to 
rounding error. 

The same release amount may appear at different 
end points. For example, 20 grams is the 
postulated release amount for several different 
paths through the tree. To summarize the results 
of calculations for all paths through the tree, the 
end-point release amounts are tabulated in order 
from the smallest quantity to the largest. Also 
included are their probabilities. When the same 
amount occurs more than once, its different 
probabilities are added to give the total probability 
of such a release. In this manner, a probability 
distribution over the release amounts is obtained. 
This distribution is shown in Table 5 and is drawn 
on a log-log chart in Figure 4. The weighted 
average of the release amount, which is a sum, was 
computed by multiplying each of the different 
releases by their probability of occurrence and 
then ad Bing up these products. The result, as 
shown in Table 6, is 3 .7 X 1 0-4 grams of plutonium. 

This is the value taken as the "source term" from 
which the environmental effects are computed. 
The release category having the highest probability 
of occurrence is, according to Table 5, "less than 
0.5 grams." The largest contributor to this category 
is a hypothesized outcome if a plane were to crash 

1 1  
E - 1 - 14 



RFP-2462 

into the asphalt pad area. This outcome is the 
release of 0.0005 grams of plutonium, and it has a 
probability of occurrence per year equal to 
2.5 X 1 0-5• 

Maximum Release 

The largest release noted in Table 5 ,  1 000 grams, 
would result if particular spots in the following 
plutonium buildings were penetrated : 

Release 
(grams) 

1000 
1000 

Building· 

I 

2 

Probability (per year) 
of Aircraft Impact and 
Release of Plutonium 

1 .4 X 1 0-10 

1 . 1  X 1 0-10 

Releue by Plutonium Area 

Breaking down the release figures according to 
which plutonium area is the source shows that 
Buildings 3 and 4 are the sources of greatest 
possible release. In both buildings, the hypothesized 
accident making the largest contribution to the 
weighted average is that of a small plane from 
Jeffco crashing into and setting fire to a filter 
plenum. 

Building or Other 
Plutonium Area 

3 

4 

6 

7 

8 

2 

Asphalt Pad 

5 

Weighted Average of 
Possible Releases 

(grams plutonium per year) 

1 .4 X 1 0-4 

1 . 1 X 1 0-4 

7 .4 X 1 0-5 

1 .2 X 1 0-5 

6.9 X 1 0-6 
. 

1 .0 X 1 0-6 

3 .4 X 1 0-7 

1 . 1 X 1 0-7 

1 .5 X 1 0-8 

*For security reasons, specific buildings at the Rocky Flats 
Plant have been assigned different identiftcation numbers for. 
this report. 

1 2  

REFERENCES 

I .  D. M .  Boonin. "An Aircraft Accident Probability 
Distribution Function." Trans. A mer. Nucl. Soc. 
1 8 :225-226. June 1 974. 

2. D.  G. Eisenhut. "Reactor Sitings in the Vicinity 
of Airfields." Trans. Amer. Nucl. Soc. 1 6: 2 1 0-
2 1 1 .  1 973.  

3 .  I .  B. Wall. "Probabilistic Assessment of Aircraft 
Risk. for Nuclear Power Plants." Nuclear Safety 
1 5 : 276-284. May-June 1 974. 

4. "Failure Data." Reactor Safety Study 
Appendix III (Draft), Pages 1 54-1 56.  
WASH-I 400. U.S. Atomic Energy Commission. 
August 1 974. 

5. C.  V.  Chelapati, R. P. Kennedy, and I .  B. Wall. 
"Probabilistic Assessment of Aircraft Hazards 
for Nuclear Power Plants." Nucl. Eng. Des. 
1 9 : 333-364. 1 972. 

6. H. K. Hilliard. Probable Volatilization of 
Plutonium During a Fire. Hanford Laboratories, 
HW-7 1 743 . Page 7 .  Hanford Atomic Products 
Operation, Richland , Washington. December I ,  
1 96 1 . 

7. J. Mishima. A Review of Research on Plutonium 
Releases During Overheating and Fires. 
Hanford Laboratories, HW-83668 . Page 8.  
Hanford Atomic Products Operation, Richland,  
Washington. August 1 964. 

8. J. Mishima and L. C. Schwendiman. Amount 
and Characteristics of Plutonium Made A irborne 
Under Thermal Stress. BNWL-SA-3379 . 
Battelle-Northwest, Richland, Washington. 
October 1 970. 

9 .  J .  Mishima and L. C.  Schwendiman. Some 
Experimental Measurements of A irborne 
Uranium (Representing Plutonium) in Trans­
portation A ccidents. BNWL-1 732. Battelle­
Northwest, Richland, Washington.  August 1 973. 

E - 1 - 1 5  



RFP-2462 

A P P E N D I X  

COMPUTATIONAL DETAILS 

Penetration Probabilities tables reflect reported values (means and standard 
deviations) for each of four categories, and the 
distribution is assumed to be log normal. These 
probabilities and penetration depths (in inches) 
apply to reinforced concrete. 

The penetration probabilities from the simulation 
study by Chelapati, et aI, (Reference 5 )  are 
reproduced in Tables A-I through A-4. These 

TABLE A-I .  Penetration Probabilities for Small Plane from 
Jeffco (Mean = 6 .3 inches; Standard Deviation = 1 .8 inches) 

Depth of Penetration Into Concrete 
(inches) Cumulative Probability Penetration Probability * 

1 .000 0.000 1 .000 

2.000 0.000 1 .000 

3 .000 0.006 0.994 

4.000 0.069 0.93 1 

5 .000 0.247 0.753 

6.000 0.486 0.5 1 4  

7 .000 0.697 0.303 

8 .000 0.840 0 . 1 60 

9.000 0.92 1 0.079 

1 0.000 0.963 0.037 

1 1 .000 0.983 0.0 1 7  

1 2 .000 0.993 0.007 

1 3 .000 0.997 0.003 

1 4.000 0.999 0.00 1 

1 5 .000 0.999 0.00 1 

1 6 .000 1 .000 0.000 

*Probability of penetration to the depth shown in the fIrst column or to a greater depth. The probability is 

I minus the cumulative probability from Column 2.  

E - 1 - 1 6  
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TABLE A-2. Penetration Probabilities for Small Plane from 
Stapleton (Mean = 10.2 inches; Standard Deviation = 4.4 inches) 

Depth of Penetration Into Concrete 
Cumulative Probability Penetration Probability· (inches) 

1 .000 0.000 1 .000 

2 .000 0.000 1 .000 

3 .000 0.003 0.997 

4.000 0.020 0.980 

5 .000 0.064 0.936 

6.000 0.141  0.859 

7 .000 0.240 0.760 

8 .000 0.35 1 0.649 

9 .000 0.462 0.538 

10.000 0.5 63 0 .437 

1 1 .000 0.65 1 0.359 

1 2 .000 0.726 0.274 

1 3 .000 0.786 0.2 1 4  

14.000 0.835 0 . 1 65 

1 5 .000 0.873 0 . 1 27 

1 6.000 0.903 0.097 

.Probability of penetration to the depth shown in the first column or to a greater depth. The probability is 
1 minus the cumulative probability from Column 2. 

14 
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TABLE A-3 . Penetration Probability Distribution for Large Plane from 
Stapleton (Mean = 54.9 inches; Standard Deviation = 26.4 inches) 

Depth of Penetration Into Concrete 
(inches) Cumulative Probability Penetration Probability* 

1 .000 0.000 1 .000 

2.000 0.000 1 .000 

3.000 0.000 1 .000 

4.000 0.000 1 .000 

5 .000 0.000 1 .000 

6.000 0.000 1 .000 

7 .000 0.000 1 .000 

8 .000 0.000 1 .000 

9 .000 0.000 1 .000 

1 0.000 0.000 1 .000 

1 1 .000 0.000 1 .000 

1 2 .000 0.001 0.999 

1 3 .000 0.002 0.998 

1 4.000 0.003 0.997 

1 5 .000 0.004 0 .996 

1 6.000 0.007 0.993 

*Probability of penetration to the depth shown in the first column or to a greater depth. The probability 
is I minus the cumulative probability from Column 2 .  
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TABLE A-4. Penetration Probabilities for Large Plane from 
Jeffco (Mean = 20.9 inches; Standard Deviation = 7 .7 inches) 

Depth of Penetration Into Concrete 
(inches) Cumulative Probability Penetration Probability· 

1 .000 0.000 1 .000 

2.000 0.000 1 .000 

3 .000 0.000 1 .000 

4.000 0.000 1 .000 

5 .000 0.000 1 .000 

6.000 0.000 1 .000 

7 .000 0.002 0.998 

8 .000 0.006 0.994 

9 .000 0.0 1 5  0.985 

1 0 .000 0.030 0.970 

1 1 .000 0.05 3 0 .947 

1 2 .000 0.084 0.9 1 6  

1 3 .000 0 . l 25 0.875 

1 4 .000 0. 1 72 0.828 

1 5 .000 0.226 0 .774 

1 6.000 0.284 0.7 1 6  

*Probability of penetration to the depth shown in the first column or to a greater depth. The probability 
is 1 minus the cumulative probability from Column 2 .  

16 
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NATURAL HAZARDS THAT MAY TRIGGER A RADIOLOGICAL RELEASE 

FROM A PLUTONIUM PROCESSING FACILITY 

Judith E. Selvidge 

Consultant 

Abstract. Calculations show the probability of a 
tornado striking a plutonium area at Rocky Flats 
is 2 .2 X 1 0-4 per year. The source term (expected 
value of plutonium release) should such an event 
occur is calculated at 3 .3 X 1 0-7 grams. The 
source term for high-velocity , downslope winds is 
higher-2.2 X 1 0-3 grams. The probability of a 
meteorite that weighs one or more pounds (453 
grams) striking a plutonium area is estimated at 
8.88 X 1 0-7 per year. Because of this small 
probability and the remote chance that a plutonium 
release would occur even if a meteorite hit occurred, 
the hazard from meteorite impact is considered 
negligible. Conservative assumptions result in all 
calculated frequencies being almost certainly too 
high. Empirical observations have indicated lower 
frequencies than those calculated . 

INTRODUCTION 

Natural events that may cause damage leading to 
the release of radioactive material at Rocky Flats 
are tornadoes, downslope windstorms, earthquakes, 
and impact by meteorites . Floods, tidal waves, 
cyclones, hurricanes, and volcanoes are not 
considered to be hazards at the Rocky Flats site. 
For each of the natural hazards of interest, the 
probabilities are greater than about 1 0-8 per year. 
The damage that could result from the event and 
the subsequent radiological release should be 
assessed . 

In this report, the probability of occurrence is 
computed for severe downslope windstorms and 
tornadoes. The possible damage and associated 
release of plutonium are also estimated as are the 
hazards from possible meteorite impact. The 
probabilities and possible release for earthquakes 
are still under study. 

PROBABILITIES 
FOR DOWNSLOPE WINDSTORMS 

The Front Range area of the State of Colorado from 
Colorado Springs to Fort Collins is subject to 
occasional, severe, downslope windstorms occurring 
in the lee of the Rocky Mountains. These storms 
generaily are strongest and cause the most damage 
in the city of Boulder, about 1 0  miles north of 
Rocky Flats . Figure 1 shows schematically the 
wave-like character of the winds. * Rocky Flats, 
which lies between Boulder and Jefferson County 
Airport, can be expected to experience high winds 
at about the same time and with comparable 
maximum-wind velocities as those occurring in 
Boulder. Several studies of Boulder windstorms 
have dealt with the characteristics of the winds 
(their gustiness and maximum speeds), the frequency 
of occurrence of the storms, and the wind damage 
produced . I-3 This report treats the winds at Rocky 
Flats in a similar manner. 

Windstorm Frequency 

The frequency of occurrence of reported windstorms • •  
in Boulder over the 1 04-year period from 1 869 
to 1 972 ranges from 0 to 1 4  storms per year. * * * 
The number reported is greatest during the latter 
part of that period because of the city's expansion 
into previously open areas, particularly the Table 
Mesa section of that city . 

The average number of storms from 1 960 to 1 972 
was 6.08 per year. The value of six storms per year 

*Reference 1 ,  Page 4. 
* *  A windstonn for the Boulder and Rocky Flats area is defined 

as a period when all of the National Center for Atmospheric Research 

(NCAR) wind-measuring stations in Boulder reported winds of 

greater than 50 mph, and at least one station reported speeds greater 

than 75 mph (hurricane force). 
* * * Reference 1, Page 1 2. 
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FIGURE 1 .  Cross Section of Potential Temperature (K) During a Windstorm at Boulder, Colorado. The 
short dashed lines are flight paths of the aircraft that conducted the potential temperature survey. lines of 
constant potential temperature can be considered as streamlines of atmospheriC flow. (See Reference 3 .) 

will be used in this study as an estimate of the 
frequency of windstorms at Rocky Flats. 

Maximum Wind Speed 

Wind gusts of over 1 00 mph have been measured 
during downslope windstorms in the Boulder and 
Rocky Flats areas. The statistical theory of 
extremes makes use of past data on maximum 
gusts to estimate the probability of occurrence of 
high winds during future storms.4 Following this 
theory, a particular probability distribution is fit 
to previously observed, maximum gusts and is 
projected to give the probability of high wind-speed 
values. In this study, the estimates are based on 
data collected during 32 recent storms representing 
a five-year period . The data are shown in Table 1 .  

1 

Two distributions have been used here to fit these 
extreme wind values : the Fisher-Tippett Type I 
and the Fisher-Tippett Type II distributions.2 , 4, 5 
The first distribution is appropriate when data 
having extremes that are of interest follow an 
exponential type distribution-the second when 
the logarithms of the data have this form . When 
each of these models is fit by the method of order 
statistics to this sample of peak gusts recorded at 
Rocky Flats, the following extreme distributions 
are obtained : 

Type I: Probability (gust � x mph) --
= 1 - exp (- exp (- «x - ex)/I3» ) 

with ex = 7 1 .0337 and 13 = 1 2 . 1 785 

Type II: Probability (gust � x mph) 
= 1 - exp (- (x/l3) -'Y) 

with 'Y = 6.2705 8 and 13 = 70.2809 

E - 2 -4 



TABLE 1 .  Maximum gusts recorded at Rocky Flats 

Maximum 

Wind Speed 

Year Month Day (mph) 
---

1969 1 7 98 
1 29 62 

1 3 1  100 

3 19 86 
4 7 7 1  

1970 1 25 74 
2 3 97 
2 16 79 

1 1  21 62 
1 1  25 7 1  
1 1  28 62 
1 1  30 97 
1 2  3 1  67 

1 9 7 1  1 20 7 1  
1 23 66 
1 25 95 
1 29 76 
2 1 1  75 
3 4 7 1  
3 3 1  74 

1 2  20 62 

1 97 2  1 5 8 1  
1 9 56 
1 1 1  1 05 
1 2 1  6 8  
1 24 82 
1 28 9 1  

1 1  26 1 04  
1 2  1 68 

1973 3 1 3  7 2  
1 1  1 70 
1 2  2 92 

These formulae were used to compute the proba­
bility of attaining or exceeding a particular gust 
speed in a given storm. Multiplying that probability 
by the expected six storms per year gives the wind 
speed probabilities per year shown in Table 2. 

As can be seen from Table 2 ,  these probabilities 
differ depending on whether the Type I or Type II 
assumption is made . The Type II distribution has 
been used more often with wind data. Since it 
also gives larger probability values, the conservative 
assumption that the Type II model is the better 
one will be made in this study. Appendix A gives 

RFP-25 23 

TABLE 2. Estimates of the 

Maximum Wind Speed Probabilities 

Probability Per Year that the Peak Gust 

Equals or Exceeds the Wind Speed Shown 

Wind Speed Type I Type II 
(mph) Distribu tion Distribu tion 

1 00 5.3 X 1 0- 1 6.2 X 1 0- 1 

150 9.0 X 1 0-' 5 . 1  X 1 0-' 

200 1 .5 X 10-' 8.4 X 10-' 

details of the calculation of these probabilities; 
Appendix A also presents graphs showing the 
entire probability distributions (from which an 
intermediate value can be read ).  

Probabilities can be computed theoretically for 
wind speeds greater than 200 mph; however, it is 
estimated that from a practical viewpoint, down­
slope winds cannot exceed 200 mph. Above 200 
mph, a turbulent breakdown in the flow is expected, 
which would prevent a flow increase to greater 
speeds.6 

FREQUENCY 
OF OCCURRENCE OF TORNADOES 

The probability of a tornado striking the Rocky 
Flats facility is estimated primarily from historical 
data giving the number and sizes of tornadoes 
reported locally during a 2 I -year period .  The 
presence of the Rocky Mountains, with the foothills 
being only four miles west of the plant, influences 
the meteorological conditions in the area. In 
particular, theories of tornado formation predict 
that storms that are intense enough to generate 
tornadoes will rarely occur this close to the 
mountains-also that any tornadoes generated will 
be smaller and weaker than those occurring in the 
plains to the east . * A study of all reported tornadoes 
in the State of Colorado during 1 959- 1 972,  for 
which wind speeds were recorded or estimated, 
supports these theories. * * Figure 2 shows the 

* Reference 7, Pages 4-5.  
"Reference 7,  Page 1 1 . 
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FIGURE 2. Geographical Distribution of Tornadoes in the State of Colorado During 1959-1972. Encircled 
numbers correspond to Fujita Scale damage specifications explained in the text (see Reference 7). 

geographical distribution of these tornadoes. Each 
circle in Figure 2 represents the location of a 
tornado , and the number inside each circle is a 
measure of the storm's intensity on the Fujita 
Scale .s This scale is a way to correlate, approxi­
mately, wind speeds with reported damage. The 
scale is described more fully in the section of this 
report entitled Structural Damage to Rocky Flats 
Buildings. 

mountains and with the plant in the center of the 
western edge. The north-south dimension is 
approximately 41  miles, and the east-west dimension 
is approximately 1 0  miles, giving a total area of 429 
square miles. The region was defined in terms of 
its longitudinal and latitudinal coordinates so as 
to conform to the format in which data on tornado 
locations are reported . 

Because of the dependence of tornado frequency 
and size on the proximity of the mountains, the 
tornado probability for Rocky Flats is assessed by 
means of a detailed study of the local area. The 
geographical area studied is a long, narrow, 
rectangular region approximately parallel to the 

4 

Specifically, the region is the area from the plant 
site (39° 54' north latitude, 1 05° 1 2 ' west 
longitude) plus 0° 1 8 ' to the north, minus 0° 1 8' 
to the south, and minus 0° 24' to the east. The 
area of interest therefore is bounded by 39° 36' 
and 40° 1 2 ' north latitude and 1 05° 1 2 '  and 
104° 48' west longitude. 
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TABLE 3. Fujita Scale Damage 
Specifications (from Reference 1 5) 

Wind Speed 
Fujita Range Damage 
Scale (mph) OassiflCation 

FO 40-72 Light 

Damage Description 

Some damage to chimneys and 
]V antennae; breaks twigs 
off trees; pushes over 
shallow rooted trees. 

Fl 73- 1 12 Moderate Peels surface off roofs; 

F2 1 13-157 Considerable 

F3 158-206 Severe 

F4 207-260 Devastating 

windows broken; Iigh t 
trailer houses pushed or 
overturned; some trees 
uprooted or snapped; 
moving automobiles pushed 
off the road. 73 mph is 
the beginning of hurricane 
wind speed. 

Roofs tom off frame houses 
leaving strong upright walls; 
weak buildings in rural 
areas dem olished; trailer 
houses destroyed; large 
trees snapped or uprooted; 
railroad boxcars pushed 
over; light object missiles 
generated; cars blown off 
highway. 

Roofs and some walls tom off 
frame houses; some rural 
buildings completely 
demolished; trains over-
turned; steel-framed hangar-
warehouse type structures 
torn; cars lifted off the 
ground; most trees in a 
forest uprooted, snapped, 
or leveled. 

Whole frame houses leveled, 
leaving piles of debris; steel 
structures badly damaged; 
trees debarked by small 
flying debris; cars and 
trains thrown some 
distances or rolled con-
siderable distances; large 
missiles generated. 

Information from The Severe Storms Forecast 
Center at Kansas City and from a survey of the 
Environmental Data Services' Monthly Bulletin of 
Storm Data shows that during the 2 1  years from 
1954 through 1 974, eighteen tornadoes were 
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FIGURE 3 .  Schematic Representation of Locations of 
Reported Tornadoes (1954-1 974) by Geological Coor­
dinates and in Relation to Rocky Flats. (Notice that 
scale in miles is different for vertical and horizontal axes.) 

reported within the geographical area selected . 
The intensities were reported for 1 2  of these and 
are all either Fa or F 1 on the Fujita Scale (see 
Table 3). The location of these 1 8  tornadoes by 
geological coordinates and relative to Rocky Flats 
is shown schematically in Figure 3 .  

Probability of a Tornado a t  Rocky Flats 

The average number of tornadoes per year in the 
region studied is 0 .86. Its area is 429 square miles, 
giving a probability of about 2 .0 X 1 0-3 per year 
for the occurrence of a tornado per square mile. 
The probability per year of a tornado striking one 
or more of the plutonium areas at Rocky Flats is 
found by multiplying 2.0 X 1 0-3 by the size of the 
vulnerable area within the plant site and by taking 
into account the typical dimensions of the tornado 
reported in this area. The probability must also be 
increased somewhat to allow for the supposition 
that some tornadoes are unreported . Details of 

-

-

-

-

-
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this computation are shown in Appendix B. The 
probability value obtained is 2 .2 X 1 0-4 per year. 

Tomadic Wind Speed at Building Height 

The wind speed within a tornado is believed to vary 
depending on its height above ground and the 
distance from the tornado center.9 Taking the 
height variation into account and assuming that 
the strongest tornado that could occur in this 
geographical location would be of strength F3 
(see Table 3), the resulting wind speed at the 
heights of Rocky Flats' buildings would be in the 
range of 1 00 to 1 50 mph. 

DAMAGE 
FROM DOWNSLOPE WINDS OR TORNADOES 

Structural Failure 

Information about high-wind damage to structures 
comes in part from reports of tornado damage and 
in part from theoretical wind-tunnel studies. For 
ordinary residential buildings, extensive failure 
of roofs, walls, and even foundations occur during 
wind speeds in the range of 1 5 0  and 200 mph. * 
At these speeds, however, reinforced concrete 
buildings usually are not damaged, except for 
possible interior damage to areas where windows 
are broken .**  For example, when cyclone Tracy 
hit Darwin, Australia on Christmas, 1 974, wind 
speeds of up to about 1 70 mph were measured . 
Descriptions of the damage included these 
observations: "Photographs show iron cladding 
stripped from steel frame hangers of the Air Force 
Base, and the unrein forced masonry buildings at 
the Naval Headquarters completely demolished as 
though they had been hit by an earthquake ! On 
the other hand, concrete structures at the Travel 
Lodge Motel appear undamaged."!2 And "this 

*See Pages 232·252 of Reference 10 for wind-tunnel test results. 
See Pages 35-43 of Reference 1 0  for reports on damage from the 
Topeka tornado of June 8, 1 966. 

**Eagleman, et al, in discussing the Topeka tornado of June 8, 
1 966 states, "The large reinforced concrete structures withstood the 
tornadic winds, although the contents and internal partitions were 
severely damaged." (Reference 1 0, Page 27). Melarango (Reference 
1 1) reports that modern reinforced concrete buildings have 
survived tornado hits with only minor damage. 

6 

type of structure (reinforced concrete) appeared to 
perform adequately although the failure of 
reinforced concrete columns at the Community 
College in the northern suburbs was an exception. 
The major reinforced-concrete buildings in the 
commercial centre suffered damage to brick infill, 
roof membranes and glazing but apparently no 
structural damage."!3  . 

Concrete block and other masonry structures are 
often damaged by wind speeds above 1 00 mph. 
A report on a Dallas, Texas tornado in 1 957 
contrasts the damage experienced by frame houses 
and by masonry structures. 

In studying damage to structures, two general 
modes of collapse, one typical for frame houses 
and the other for masonry structures could be 
distinguished . Masonry buildings responded to 
the internal force caused by the pressure reduction 
outside of the building, which pushed the walls 
outward and allowed the roof to fall in while 
frame houses with more ventilation and therefore 
more possibility for equalization of pressures 
showed rather the struggle to resist the sheer 
driving force of the wind. In the latter, the 
roofs were ripped off by wind motion, and the 
walls blown over and strewn along the tornado 
path. Masonry walls, exhibiting more rigidity, 
acted as a unit and were pushed over at once, 
while frame construction could give and there­
fore was not so frequently seriously damaged. * 

The minimum wind speeds necessary to cause the 
collapse of masonry walls during this tornado were 
estimated at from 92 to 1 09 mph. * * 

A general description of the damage resulting from 
winds of different speeds is found in the Fujita 
Scale mentioned earlier. This scale classifies storms 
into five types as shown in Table 3 .  

Structural Damage to Rocky Flats Buildings 

Using the Fujita Scale to classify the winds and 
applying the descriptive information gathered to 

*Reference 14, Page 167. 
**Reference 1 4, Page 1 74.  
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the plutonium buildings at Rocky Flats, the follow­
ing estimates of the effects on structure from high­
speed winds are obtained. 

Case A - Winds 1 25-1 57 Miles Per Hour 

At this speed, buildings having metal or asbestos 
siding would be expected to suffer some structural 
damage. Sheets of metal siding might be ripped 
off. Holes in the wall would allow equipment and 
stored material to be blown around in the interior 
of the building. Some of the walls of concrete 
block buildings may collapse . 

Holes might be made in the walls of Building 4, 
siding might be torn loose from Building 8 ,  and 
walls of Building 5 and 7 may partially collapse. 
A speed of 1 25 mph is used as the lower limit for 
this case since that value is the design basis wind 
for Buildings 4, 7 ,  and 8 .  

Case B - Winds 1 58-206 Miles Per Hour 

Damage to metal or asbestos buildings would be 
more extensive than that described under Case A. 
Asbestos siding may shatter in places, and large 
portions of the walls of masonry (concrete block) 
buildings may collapse. Doors on concrete structures 
might be blown in or out allowing some interior 
wind damage to occur. 

Damage from Wind- or Tornado-Borne Missiles 

In addition to structural damage during a high 
wind,  buildings may be damaged by loose objects 
or pieces of more fragile buildings that are picked 
up and carried along by the wind .  The higher the 
wind speed,  the more likely an object is to become 
airborne and the greater its force when it crashes 
into anything in its path. Objects that are heavy 
enough to be a serious source of damage, however, 
require very fast wind speeds before they become 
airborne ; furthermore, because of air resistance, 
these airborne missiles travel at speeds less than 
that of the wind that carries them along. As an 
example, film analyses of a 1 957 tornado in 
Dallas indicated that although wind speeds reached 

RFP-2523 

1 72 mph, none of the speeds of 400 pieces of  
debris travelling over paths that were observed 
exceeded 1 25 mph. 16  On the other hand, an 
example of an object unusual in that it is both 
heavy and yet "flies well" would be a steel 
reinforced beam attached to a carport roof that 
has been torn off its wall by the storm. During a 
1 973 tornado in Plainview, Texas, such a beam 
penetrated the exterior wall of a conventional 
brick-veneer residence and passed through several 
pieces of furniture inside the house . 1 5  

In  safety studies for nuclear reactors , possible 
damage by missiles ranging from wooden planks 
to automobiles has been discussed. I I  The force 
with which a missile strikes a building depends on 
details of the physical characteristics of the object 
(its weight, size, and aerodynamic features), the 
speed of the wind ,  and the vertical and horizontal 
distances the object is carried. This information 
would be difficult to obtain for all likely objects 
and storms;  furthermore, the theoretical formulae 
for penetration gives values that do not correspond 
closely to empirical data. l ?  For these reasons, 
the following assumptions about types of airborne 
missiles and their damage will be made. 

Missile Description 

Large wooden plank, 
1 2-foot long, weighing 
about 200 pounds. 

Steel pipe, I O-feet long 
weighing about 1 00 
pounds. 

Automobile, 3000 
pounds, rolling into 
building. 

Damage Expected 

Would penetrate the 
exterior wall (which is 
O .5-inch asbestos 
board) of Building 4.  

Would penetrate the 
exterior wall of Building 
4. Could penetrate the 
roof of Building 5 .  
(Minimum roof thick­
ness is 2 inches of 
concrete .) 

Would make a hole in 
the wall of Buildings 4, 
5 , 7 ,  and 8 .  

It is hypothesized that the wooden plank would 
become airborne during a windstorm or a tornado 
at wind speeds in the upper end of the F2 range 
(about 1 40- 1 5 8  mph). It is assumed that a plank 
hits each of the plutonium buildings when winds 
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are in that range. For winds above 1 58 mph, the 
effect of the missile damage will be ignored because 
of the more serious structural damage expected, 
which results in a greater contribution to any 
radioactive release. 

A steel pipe missile is assumed to become airborne 
during the sustained winds of a tornado (but not 
during the gusts of a windstorm) and to hit the 
roof of every plutonium building. 

An automobile would become a rolling missile at 
wind speeds above about 200 mph; however, as 
was the case for wooden planks, structural damage 
or failure would be more important at these speeds. 
For this reason, automobile damage will be omitted. 

The assumption that one plank or pipe hits each 
building under the conditions specified is a 
compromise between scenarios where no missiles 
are available and those where many missiles hit 
each building. 

RADIOACTIVE RELEASE 

Radioactive Release Resulting from Missiles 

Although the three types of missiles discussed 
would damage the buildings, in most cases no 
radioactive release would be expected to occur. 
A missile penetrating a roof would have to hit and 
make a hole in a filter plenum or in duct work 
leading to the plenum to cause a release. Such a 
missile would probably remain lodged in the hole 
created . If not, the airflow would be into rather 
than out of the hole as long as the filter's air pump 
was operating. During a tornado,  however, 
negative pressure for a few seconds outside the 
building would draw out unfiltered air. Negative 
pressure also may occur during high winds because 
of the Bernoulli effect. The amounts of release 
and their probabilities for each building have been 
assessed, taking into account the proportion of the 
second floor that contains ducts and filter plenums. 
Missiles penetrating the walls of Building 4 will be 
considered as possibly causing a release (with 
probability = 0.0 1 )  if the hole made is near a glove­
box area. In this case, the containment of the box 
and its duct work could be breached, which would 
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allow the release of unfiltered air and chips of 
plutonium. 

In the case of damage by missiles to buildings 
containing plutonium packaged for shipping, it is 
assumed that holes in the structure will not result 
in a plutonium release and that containers within 
the building that might be hit by missiles or blown 
around by the wind probably would not be broken 
open. Even if they were, no release of radioactivity 
from the building would be expected. 

Radioactive Release Resulting 
from Structural Damage 

Partial collapse of walls or the ripping off of metal 
siding from buildings containing packaged plutonium 
is not expected to lead to any release of radioactivity. 
For Building 4, the release from possible fracturing 
of the siding by winds that are in the F2 range of 
the Fujita Scale would be comparable to that 
occurring from missile damage. For F3 winds, 
damage to the walls will be assumed to occur in 
many locations. 

SUMMARY OF HAZARDS 

Probabilities 

Tornado : The probability per year that a plutonium 
building will be hit by a tornado is found to be 
approximately 2.2 X 10-4• 

Maximum Downslope Wind : The probability that 
the maximum wind speed experienced during a 
storm will be any particular value is assumed to 
follow a Fisher-Tippet Type II (Frechet) 
distribution. The distribution was fit to maximum 
wind speed data collected at Rocky Flats during 
five years (32 wind storms). According to these 
data, the probabilities of high-speed wind gusts are 
as shown below. 

Wind Speed Probability Return Period 
(mph) (per year) (years) 

� 1 00 0.62 1 .6 

� 1 50 0.05 1 20 

�200 0.0084 1 20 

E - 2 - 1 0  



TABLE 4. Summary of Probabilities of Release, Release 
Amounts, and Weighted Average of Release for Tornadoes 

Weighted Average 
Release Amount Total Probability of Release 

(g Pu) (per year) (g Pu) 

0.6 1 .1638 X 10-' 6.9828 X 10-10 

0.7 6.2646 X 10-8 4.,3852 X 10-1 

I 1.0105 X 10-7 1.0105 X 10-7 

3 6.2646 X 10-1 1.8794 X 1 0-7 

Total Tornado Weighted Average of Release -3.3 X 10-7 

(Source Term) 

Grouping the wind speeds into ranges to correspond 
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TABLE S. Summary of Probabilities of 
Release, Release Amounts, and Weighted 
Average of Release for Downslope Winds 

Total Weighted Average 
Wind Probability Release of Release 

Building Speed (per year) (g Pu) (g Pu) 

4 F2 1. 7392 X 10-5 0.7 1 .2174 X 10-1 
1 .2215 X 10-4 I 1 .2215 X 10-4 
1.7392 X 10-1 3 5.2176 X 10-' 

F2 Total (1 .8650 X 10-4) 

F3 9.1785 X 10-5 2.1 1 .9275 X 1 0-4 
2.7219 X 10-4 3 8. 1657 X 1 0-4 
9.1 785 X 10-' 9 8.2607 X 1 0-4 

F3 Total (1 .8354 X 1 0-') 

5 F2 1 . 1842 X 10-' 0.6 7.1053 X 10-6 

F3 7.8342 X 10-1 1 .8 1 .4101  X 1 0-4 

Total (5.5 103 X 1 0-4 ) 

to the Fujita wind speed scale produces the following No release from other Grand Total 2. 1700 X 1 0-1 

results: plutonium buildings Weighted Average 

Wind Speed Return 
Range Fujita Scale Probability Period 
(mph) Number (per year) (years) 

1 25 - 1 57 F2 0.1 6 6.3 

1 58 - 206 F3 0.032 3 1  

Weighted Average of the Release 

The amounts of plutonium released, given that a 
building is damaged, and the probabilities of these 
releases are assessed by considering the strength of 
the wind, the amount of plutonium available in the 
buildings, the distance of the plutonium from 
exterior walls, the element's form and its contain­
ment. Tables 4 and 5 show the total probability, 
release amount, and wind speed category for 
tornado and downslope winds. The last column in 
Tables 4 and 5 is the weighted average of the 
release (release amount times the total probability). 
The overall, total, weighted average of the release 
caused by tornadoes is 3 .3 X 1 0-7 grams plutonium. 
For high winds, it is found to be 2 .2 X 1 0-3 grams 
of plutonium (this is also called the "expected 
value of the release" and the "source term"). 
These figures show that downslope winds make 

of Release 
(Source Term) 

the greatest contribution to the weighted average 
of releases. 

Precision of Results 

The computed weighted average of the release 
caused by high winds (2.2 X 1 0-3 grams) seems 
large. It is greater than that computed for aircraft 
crashes (3.7 X 1 0-4 grams) and tornadoes 
(3 .3 X 1 0-7 grams). This value could be unreal­
istically high if the probabilities of the high winds 
are too large, if the postulated damage to the 
buildings is greater than would actually occur, if 
the assessment of the amount of plutonium released 
is too conservative, or if any combination of these 
is the case. 

The wind probabilities are based on a well-known 
mathematical model; however, at some point this 
model will no longer apply since infinitely fast 
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winds do not occur. It is not known at what 
speeds true wind-speed probabilities begin to differ 
from theoretical ones, nor to what extent they 
differ. Computing the probabilities with several 
mote years of data would be one way of improving 
the estimates. 

The damage postulated to occur at various wind 
speeds is based on descriptions of what has happened 
to buildings of this general type under severe wind 
conditions. The Rocky Flats buildings may be 
stronger than the general class. This estimate of 
building strength could be improved by engineering 
tests. 

Support for the argument that the probability or 
the damage estimates are too high comes from 
consideration of the "return period" for the F2 and 
F3 category winds. The F2 return period is 
estimated to be 6.3 years. This means that a wind 
gust in that range would be expected to occur 
about once every 6.3 years. Since measuring 
instruments used in the past at Rocky Flats were 
not designed to record values in excess of 1 00 mph, 
the frequency of F2-range winds cannot be verified . 
It is postulated that in such a wind , the exterior 
walls of Buildings 4 and 5 would be breached at 
some point, either by wind-borne missiles or 
because of structural failure. This damage has not 
been experienced since the buildings were 
constructed ; consequently, it can be assumed that 
either the probabilities, the damage, or both are 
probably overestimated . 
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A P P E N D I X  A 

DET AILS OF CALCULA nONS OF WINO-SPEED PROBABILITIES 

This Appendix details the technique used to 
compute wind-speed probabilities of maximum 
gusts on the basis of sample data. The steps in the 
calculation are ( 1 )  The preparation of a probability 
graph of the data, (2) The fitting, by order statistics, 
of a straight line through the data. This is used in 
extrapolations to estimate probabilities for wind 
speeds greater than those observed in the sample, 
and (3) The determination of the confidence of 
probabilities estimated in Step (2) .  The theory 
behind these calculations is attributed mainly to 
'Gumbel;4 the application of the theory, especially 
the order statistics calculation, follows the method 
clearly presented by Lieblein.18 

The data are analyzed by the two distributions, 
Fisher-Tippett Type I and Fisher-Tippett Type II 
(also called the Frechet distribution). The second 
of these assumes that the logarithm of the variable 
(wind speed), of which the extreme values 
(maximum gusts) are being studied, follows an 
expontential type of distribution. This is a 
commonly made assumption; thus, the Type II 
distribution will be taken as the correct distribution 
from which to estimate the maximum wind-speed 
probabilities. The Type I distribution is shown 
simply for purposes of comparison and because it 
was the distribution applied by Amr.z Further data 
must be collected and work done before anything 
further can be said on the relative merits of these 
two distributions. 

For the Type I distribution, the cumulative 
probability of x, F(x), which is the probability 
of a value (in this example the wind speed) being 
less than or equal to x, is written as follows: 

Type I:  

P (wind speed <x) == F(x) ( 1 )  

• exp (-exp (_ (
x'j.Q. » )  

where 0. and {31 are constants. The Type II 
distribution can be found either by substituting 
I n  x for x or by rewriting the distribution as 

Type II : 

P (wind speed ";x) = F(x) 

x -"1 
= exp (- (

(3z
) ) 

(2) 

The constants "1 and {3z can be expressed in terms of 
the Type I constants as 

I "1 = 
{31 

and (3z = exp 0.. 

The probability of a wind speed greater than the 
value x, in other words the probability of exceeding 
x, is equal to I - F(x) or, 

Type I :  

P (wind speed >x) = I - F(x) 

x-a = I - exp (-exp (- (-p;-) » 

and 

Type II: 

P (wind speed >x) = I - F(x) 

x -"1 = I - exp (- (-) ) 
{3z 

(3) 

(4) 

For simplicity of notation, a transformation of x is 
made to y where y = (x - a)/{3 so that, for example, 
the Type I distribution can be written 

F (y) • exp (-exp (-y) ). 

1-2-14 13 
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TABLE A·1 .  Rocky Flats Wind Data Covering Five Years 

Data: Original Order, 
Date- Maximum Wind Speed 

Year Month Day (mph) 

1969 7 98 

29 62 

1 3 1  100 

3 19 86 

4 7 71 

1970 1 25 74 

2 3 97 

2 16 79 

1 1  21 62 

1 1  2S 71 

11 28 62 

1 1  30 97 

1 2  3 1  6 7  

1971 20 7 1  

1 23 66 

2S 9S 

1 29 76 

2 1 1  7S 

3 4 7 1  

3 3 1  74 

12 20 62 

1972 1 S 8 1  

9 S6 

1 1 1  lOS 

2 1  68 

1 24 82 

1 28 9 1  

1 1  26 104 

12 1 68 

1973 3 13 72 

1 1  1 70 

1 2  2 92 

-Dates correspond to Boulder-area wind storms. 

This is analogous to the use of a standardized 
variate t = (x-Il)/u in the normal distribution. 
This y is referred to as the "reduced variate." 

Probability Graph 

A probability graph is prepared from data that 
have been put in order from smallest to largest . 
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Data: Ordered in Groups Data: Ordered from 
of Six Observations Minimum to Maximum 

(mph) (mph) Rank 

62 S6 1 

7 1  6 2  2 

74 62 3 

86 62 4 

98 62 S 

100 66 6 

62 67 7 

62 68 8 

7 1  6 8  9 

79 70 10 

97 7 1  1 1  

97 7 1  1 2  

66 7 1  1 3  

67 7 1  14 

7 1  72 IS 

7S 74 16 

76 74 17 

9S 7S 18  

56 76 19 

62 79 20 

7 1  81  21 

74 82 22 

8 1  86 23 

lOS 9 1  24 

68 92 2S 

68 9S 26 
72 97 27 

82 97 28 

9 1  98 29 

104 100 30 

70 104 3 1  

9 2  105 32 

The rank of an observation is then taken as an 
estimate of its cumulative probability. For example, 
Table A-I shows the observed, maximum, wind 
speed recorded in each of 32 storms. Column 2 
lists the data according to original observations. 
In Column 4, the data have been recordered from 
smallest to largest . The rank order of each observa­
tion is shown in Column 5 .  The information to be 
plotted on the probability graph is the ordered 
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FIGURE A·I .  Fitting the Data to a 
Fisher· Tippett Type I Distribution 

1 40 

observations, Xi, i = 1 to n ,  versus their cumulative 
probability estimate taken to be i/(n+ 1 ), where i 
is the rank and n the total number of observations 
(here n = 32). The X values are plotted on a 
uniform scale along the horizontal axis. The i/(n+ 1 )  
values are plotted on a distorted vertical axis, 
designed in such a manner that the extreme value 
distribution, exp( -exp( -y) ) will plot as a straight 
line. To obtain this feature on ordinary graph 
paper, the value plotted along the vertical axis is 

y = - I n  (- In (i/(n + 1 )  ) ) .  

Wind data graphed in this manner are presented 
in Figures A-I and A-2. Two additional scales have 
been drawn in to permit one to read directly from 
the graphs the probability of exceeding any wind 
speed and the corresponding "return period" (the 
reciprocal of the probability,  interpreted as the 
expected number of storms or years between the 
occurrence of winds this high or higher) .  For 
greater precision the probabilities should be 
computed from Equation 1 and 2 or Equation 3 
and 4 using the constants <ieveloped in the next 
section. 
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FIGURE A-2. Fitting the Data to a 
Fisher· Tippett Type II Distribution 

Fitting a Line to the Data 

5.2 

Once the observations have been plotted on an 
extreme-value probability graph, as described above, 
a line can be fit by eye to the data. This will 
provide an approximate method for finding (by 
interpolation or extrapolation) the probabilities 
associated with wind speeds other than those 
observed in the sample. A better way to fit a line 
to the data, however, is mathematically by means 
of order statistic as described by Lieblein.I8 The 
fIrst step in the procedure is to order the data 
within groups of six observations (Column 3 ,  
Table A-I ) . For details of  the rest of  the method, 
see Reference 1 8 . This method yields estimates of 
the constants in Equation 1 and 2 so that once a 
model for the process has been chosen (it is 
concluded here that Equation 2,  the Type II model, 
is appropriate), the cumulative probability values 
for any x (wind speed) can be determined from 
the equation. For these data, the constants were 
computed to be: 

Equation 1 

E - 2 - 1 6  

a = 7 1 .0337 

PI = 1 2 . 1 785  

1 5  
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Equation 2 'Y = 6.27058 

{32 = 70.2809 

So, for example, applying the Type II distribution 
for a wind speed of 1 50  mph results in (from 
Equation 4) 

P (wind speed > 1 50) = 1 - F (x) 
1 50  -6.27058 

= 1 - exp (- (70.2809) ) 

= 1 - exp (-0.008 6 1 8) 

= 1 - 0.99 1 42 

= 8 .5806 X 1 0-3 

- 8 .6 X 1 0-3 

This is the probability of a wind > 1 50 mph per 
stonn. To convert to probability per year, we 
multiply by 6,  the estimated number of storms 
per year. 

Confidence of the Estimates 

When a line is fit statistically to data as described 
above and shown in the figures, it is possible to 
calculate the degree of confidence one should have 
in that line compared to an ideal line that would 
be obtained if an infmite amount of data were 
available. Uncertainty about the accuracy of the 
position of the fitted line-whether, for example, 
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its slope should be slightly steeper or less steep­
will have a large effect upon values obtained by 
extrapolating the line far beyond the observed 
points. For example, using the Type II distribution 
in Figure A-2 and converting the probabilities to 
probabilities of occurrence per year, the maximum 
wind speed of 200 mph is found to have a proba­
bility of about 8 .4 X 1 0-3• 

For that probability, however, the corresponding, 
maximum wind speed would be quite different if 
the slope of the line changed. It is possible to 
compute for each probability, the wind speed 
range about the line, which is plus or minus two 
standard deviations from the line position. For 
200 mph and probability equaling 8 .4 X 1 0-3, 
the wind speed range is from about 1 40 mph to 
290 mph. This means it might be correct to say 
the probability per year of a wind exceeding 
140 mph is 8 .4 X 1 0-3 (e.g., the line should be 
steeper and high value winds are less likely than 
implied by the present line) or, on the contrary, 
that the probability per year of a wind exceeding 
290 mph is 8 .4 X 1 0-3 (e.g., the line is less steep 
and higher speed winds are more likely than shown). 
Consequently, there is a great deal of uncertainty 
associated with these figures. Nevertheless, the 
lines as shown are the best estimates of the 
correspondence between maximum winds and 
probabilities that can be found from the available 
sample of 32 storms. There is no statistical reason 
to assume that the line should be in the steeper 
part of the range (implying a lessened wind hazard) 
rather than in the less steep part of the range. 
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A P P E N D I X  B 

DETAILS OF CALCULATIONS OF TORNADO PROBABILITY 

Vulnerable Area 

The size of the area vulnerable to tornado is taken 
to be 0.0884 square mile. This fJgUre is computed 
by adding the "extended areas" of the plutonium 
buildings. These extended areas are increasing the 
building dimensions by 1 45 feet in every direction 
to account for the fact that the tornado, which is 
treated as a point in the probability calculation, 
actually has a width and length. This is the same as 
saying that if the center of the tornado passes 
within 1 45 feet of a building, the building will be 
assumed to be hit by the tornado. The value of 
145 feet is an estimate of the tornado size, based 
on reported tornadoes in the area and allowing for 
the possible orientation of the tornado. 

Unreported Tornadoes 

It is estimated that 80 percent of the tornadoes 
occurring in this geographical area are reported. 

An estimate of the actual tornado frequency, 
therefore, can be obtained by multiplying the 
observed frequency by 1 .25 . 

Computation of Annual Probabilities per Square Mile 

Nearby area = 429 square miles 

Yean of observation = 2 1  

Tornadoes observed = 1 8  

Tornadoes per square mile per year = 1 8/429/2 1 
e! 2.0 X 1 0-3 

Factor to account for unreported tornadoes = -1 .25 

Annual probability of a tornado, per square mile 
= 2.0 X 1 0-3 X 1 .25 = 2.4975 X 10-3 

At Rocky Flats' Plutonium Areas 

2.4975 X 1 0-3 per square mile X 0.0884 miles of 
vulnerable area = 2.2074 X 10-4 r:ts 2.2 X 1 0-4 per year 

17 
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A P P E N D I X  C 

TECHNICAL NOTE ON THE HAZARD AT ROCKY FLATS 

FROM POSSIBLE METEORITE IMPACT 

The probability per year of a meteorite striking a 
plutonium building at Rocky Flats is computed to 
be approximately 8.88 X 1 0-7• This implies that 
such a meteorite impact would be expected less 
than once in a million years. Because of the small 
probability of this occurrence and the presumption 
that even if a meteorite were to hit a plutonium 
building, there is little chance that a release of 
plutonium would result, the hazard at Rocky Flats 
from meteorite impact is considered negligible. 

The probability of meteorite impact was computed 
following the general method proposed by V. E. 
Blake.19 Only meteorites having a size greater 
than or equal to one pound are considered. It has 
been estimated that about 3 ,500 such meteorites 
strike the earth every year. It is assumed that they 
strike the earth at random; that is, that are equally 
likely to hit any part of the earth. 

Details of the Calculation 

The total surface of the earth is approximately 
equal to 1 .97 X 1 08 square miles. The part of 
Rocky Flats composed of buildings containing 
plutonium has an area equal to 0.05 square miles; 
therefore, the fraction of the earth's surface 
occupied by these plutonium buildings at Rocky 
Flats is 

0.05 

1 .97 X 1 08 

The proportion of the earth not occupied by those 
buildings is then 

0.05 I - ---� 
1 .97 X 1 08 

Since a meteorite is assumed to strike the earth at 
a random location, this proportion is also equal 
to the probability that any particular meteorite 
hits the earth elsewhere than at a Rocky Flats 
plutonium building. If there are 3 ,500 meteorites 

18 

equal to or larger than one pound striking the 
earth per year, the probability that none of them 
hits Rocky Flats is the product of all these 
probabilities or 

( 1 _ 0.05 ) 3,500 

1 .97 X 108 

Consequently, the probability that one or more of 
the meteorites hits Rocky Flats is equal to one 
minus the probability that none does, or, 

1 - ( - 1 .9�·�\oi) 
,.,00 

To solve for this quantity, we first fmd the 
probability that none strikes Rocky Flats, using 
the series expansion: 

n n(n- l )a1 n(n- I )  (n-2)a3 
( I -a) = 1 - na + 

2 !  
-

3 !  
+ . . .  

or 

I - . 
s = ( I  - 2.54 X 1 0- 10) � 0 05 
) 

3,500 3,500 

1 .97 X 1 0  

= 1 - 3 ,500 (2.54 X 1 0- 10) 
_ 10\1 3 ,500 (3 ,499) (2.54 X 1 0 )  - . . . +----------

2 !  

= I - 8.88 X 1 0-7 + 7 .89 X 1 0-13 - . . . 

The terms in this expansion after the first two are 
negligible, so we have 

1 - 8.88 X 1 0-7 

for the probability per year of no meteorite impact 
at Rocky Flats. The probability per year of one 
or more such impacts then becomes 

I - ( 1  - 8 .88 X 10-7) 

or 

8.88 X 1 0-7 
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INTRODUCTION 

I t  i s  in tended tha t the in forma t ion presented in thi s Appendix wi l l  be sufficien t  
t o  a l low a person w i t h  no knowl edge o f  radiat ion dos ime t ry b u t  with mathema t i c a l  
s ki l l s  t o  be ab l e  t o  reproduce any d o s e  value pre s ented in t h i s  Impact S tatement . 
Whe re compu ter codes are used to gene rate dose convers ion fac tors , the codes are 
referenced , input s  to the codes are de sc r ibed , and the dose convers ion fac tors are 
tabul ated . Whe re equat ions are derived spec i fi c a l ly for c a l culat ions in this Impac t 
S tatement , the derivat ions are presented in this  Appendix . Cons iderations , as sump ­
t ions , and me thodology for each type o f  dos e c a l culat ion are d i s c u s s ed . Sampl e  
c a lculat ions are presented . 

F . l  Dos ime try for Rout ine Re leases 

F . l . l  Inha lat ion Pathway 

This s e c t ion desc ribes the me thods for calculating do s e s  to o f f - s i t e  persons by 
way o f  inhalation o f  ai rborne radionuc l ides . The me thods involve defining the a i r  
concentration at  t h e  point o f  intere s t , de fining the quan t i ty inha l ed , and determining 
the dos e  rec eived by the organs over t ime . 

F . l . l . l  Dose from Inhalat ion 

The organ dose for a given radio isotope is the p roduc t of the source term S 
( c ur ies  released ) ,  the di spers ion term X/Q* ( seconds per me ter3 ) and the do s e  conver­
s ion fac tor F I ( rem per curie inhal ed mu l t ipl ied by the b reathing rate in meters 3 per

' 

s econd ) . The equat i on i s  then : 

Organ Dose ( rem) 

where S = S ourc e term ( curies re l eased ) 
X/Q = d i spers ion fac tor ( s/m3 ) 

( 1 ) 

F I 
= dose convers ion fac to r  for inhalat ion ( rem/Ci inhal ed mul t i p l ied by the 

b reathing rate in m3/s ) .  

The to tal organ dose i s  the sum for a l l  radionuc l ides o f  intere s t . 

Sourc e Term 

The s ource t e rm S has two components , the sourc e term for the annual airborne 
rel ease and the sou rc e term for the material depo s i ted o f f- s i te from the ini tial  
re lease and then resuspended . ( Thi s o f f- s i t e  resuspens ion i s  no t to  be confused with 
the on- s i t e  resuspension , wh ich i s  inc luded in the ai rborne sourc e term) . The values 

*Throughou t thi s di scuss ion , X/Q i s  used to repre s ent X/Q ' , where X i s  the ground 
level a i r  concen tration in C i/m3 and Q '  is the rate of re lease at the source in 
C i/s ( neglec t ing radioac t ive decay ) as given in Hous tonJ et . al . ( 19 7 6 ) . 

F- l 



for the f i r s t  component o f  the s ource term are obtained from Tab l e  3 . 1 . 2 - 1 ,  mul tipl ied 
by 70 to obtain the source term over a 7 0 -year per iod . 

Values for the second component o f  the source term are a factor 0 . 9 7 ( the resus ­
pens ion rat io ) time s the source terms in the first  component ,  except for 2 4 1 Am .  For 
2 4 1 Am the re is an add i t ional component resu l t ing from the ingrowth o f  2 4 1 Am from 
2 4 1 pu .  Thi s  factor is 0 . 0047 t ime s the source term in Tab le 3 . 1 . 2 - 1 for 2 4 1 PU . The 
derivation o f  the se factors i s  shown below .  

De rivation o f  the Re suspens ion Ratio  

Thi s  derivation is  to de termine the  ratio  of  the  integrated a i r  concentrat ion 
from resuspension to the integrated air  conc entration from the ini t i a l  release , for a 
chronic re lease over 7 0  years . 

F i rs t , determine the a i r  concentrat ion at time t resul ting from resuspens ion . 
Thi s  air concen tration i s  given by 

where k( t - t )  

= Jo
t 

k ( t - , ) Sr Vd d, A i r  Concentration 
a t  t 

= resuspens ion factor ( m- l ) 

( 2 )  

= a i r  concentrat ion at  the point o f  intere s t  from the cont inuous a i r ­
borne release ( C i/m3 ) 

Vd = depo s i t ion velo c i ty ( m/d ) 
t = t ime o f  depo s i t ion from the s tart o f  release ( days ) 
t = t ime s ince the s tart o f  the continuous depo s i t ion ( days )  

The resuspension factor i s  the ra tio  o f  the air  concentration ( Ci/m3 ) from 
resuspension to the surface concentration ( C i/m2 ) on the so i l . The expre s s ion for 
the re suspens ion factor used here is the one developed by Anspaugh , et al . ( Anspaugh , 
et . a l . , 1 9 7 5 ) , whi ch has the form 

( 3 ) 
for und i s turbed so i l . To con s i der the po s s i b i l i ty o f  d i s turbed so i l , the equ i l ibrium 
value o f  1 0 - 9 was modi fied by a factor o f  1 0 0  to a value o f  10 - 7 , fol lowing the 
approach of the Colorado Department of He al th ( CDH , 1 9 7 6 ) . To s impl i fy integration , 
the express ion e - 0 . 1 5 {E  i s  approximated by the sum o f  four exponen t i al s , 

5 -2 3 
0. 5 5e- . 5 x 1 0 t + 0 . 30e-6 . 1 x 1 0 - t 

+ 1 . 22 x 1 0- 3 e-8 • 0 x 10-4t 

2 -3 + 0 . 055e- . 0  x 1 0  t ( 4 )  

The depo s i t ion veloc i ty Vd i s  the apparent speed a t  which the par t i c l e s  s e t t l e  
from the a i r . F o r  par t i c l e s  with activ i ty med i an ae rodynamic d i ame ter ( AMAD )  o f  0 . 3  
� m ,  a value o f  Vd = 0 . 0 01 m/s i s  used . 
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Us ing the s e  values , the integrat ion of equat ion 2 y i e l ds the air concen trat ion 
from resuspens ion at  time t :  

- 2 
A i r  Concentrat i on = 86 . 4  S [ 1 . 00 x 1 0-3 ( 1 _ e- 5 . 5  x 1 0  t ) 

at t r 
-3 

+ 4 . 92 x 1 0- 3 ( 1 _ e-6 . 1  x 1 0 t ) ( 5 ) 
3 2 0 1 0- 3 t ) + 2 . 75 x l O- ( l -e- ' x 

+ 1 . 53 x 1 0-4 ( 1 _e-8. 0 x 1 0-4t) + 1 0 - 7t] 

Next , the integrated a i r  concentration from resuspens ion over t ime t needs to be 
determined . Thi s  de terminat i on i s  accomp l i shed by integrat ing equat ion 5 over t ,  
yie lding 

I n tegrated A i r  y 
Concentrat i o n  [8. 82 x 1 0-3t - 1 . 82 x 1 0-2 ( 1 _e-5 . 5 x 1 0-2t ) 

-3 -3 
0 . 806 ( 1 _e-6 . 1  x 1 0  t) 1 . 38 ( 1 _e-2 . 0  x 1 0  t) 

-4 
0. 1 91 ( 1 _ e-8 . 0  x 1 0  t ) + 5 . 00 x 1 0-8 t2 ] 

( 6 ) 

Equat ion 6 i s  the numerator o f  the des i red resuspen s ion rat i o . The denominator 
( the integrated air conc entration from the ini t i a l  releas e )  is given by S rt ,  which i s  
the p roduct o f  the a i r  concentrat ion for the ini t i a l  re l ease and the time s ince the 
s tart of the release . The ratio Y/Sr t ,  evaluated for 70 years ( t  = 2 5 5 6 7 . 5  days ) ,  
equals  0 . 8 6 and app l i e s  to rout ine chronic  re leases from 7 0  years o f  P l ant op eration , 
s tart ing with no ini t ial radioac t iv i ty . When thi s  ratio i s  mul t ipl ied by the inte­
grated 7 0 -year source term , the re sult  i s  the integrated a i r  conc entrat ion from 
resuspens ion . 

When app lying thi s  fac tor , note that mathematically i t  makes no d i f ference 
whether the fac tor is app l i ed b e fore or  after cons idering di spers ion . The above 
derivation is made for cond i t ions after d i spers ion . The a i r  concentration S can r 
also be cons i dered to be the airborne source term given in Tab l e  3 . 1 . 2 - 1 ,  s ince S r 
appe ars in both the numerator and denominator o f  the ratio Y/S t and any modi fying r 
factors for S r canc e l . Calculat ions for thi s  impac t s tatement are more eas i ly made 
by determining a total airborne source term S equal  to 1 . 9 7 t imes ( and 7 0  t imes ) the 
values l i s ted in Tab l e  3 . 1 . 2 - 1 ( except for t ri t ium ) . No te  a l so that the same fac tor 
can be app l i ed for all radioisotopes ( except 3H ) , s ince no radioact ive decay is 
assumed . Thi s  is  a conservat ive as sump t ion for tho s e  rad i o i sotopes with h a l f - l ives 
short compared to the 7 0  years . 

For 2 4 1 Am there is  an add i t ional component to the total source term , that i s  the 
contribut ion from 2 4 1 Am ingrown from the decay o f  2 4 1 pU and then resuspended . The 
derivat ion of thi s  fac tor is s imilar to that for the s imp l e  resuspens ion case , but 
s l igh t ly more comp l ex . In th i s  case the 2 4 1 pU is  depo s i ted chron i c al ly ,  2 4 1 Am grows 
in from the decay of the 2 4 1 pU ,  and the 2 4 1 Am is resuspended at a rate governed by 
the t ime s ince depo si tion of the 2 4 1 pu .  The end fac tor is the ratio of the integrated 
air concen trat ion o f  2 4 1 Am to the integrated air concentration o f  2 4 1 pU from the 
ini t i a l  re leases . 
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The de rivat ion i s  as fo l lows . Le t Po be the ground concentration ( grams/me ter2 ) 

o f  2 4 1 pU depo s i ted at  t=O . Cons ider thi s  to be an acute depo s i t ion . (A  chronic 

re lease wi l l  be approximated by integrat ing a l arge number of acu te re leases . )  The 

rate o f  change of the air concentra t ion o f  2 4 1 Am is given by 

dA -A 1 t 
df = kA 1 

Po e 

where A = air concen tration o f  2 4 1 Am ( g/m3 ) at time t 
k = resuspens ion fac tor (m- l ) 

Al = phys i c a l  decay cons tant for 2 4 1 pU ( d - l ) = 1 . 3 2 2  x 10 - 4d - l  

t = t ime since the depo s i tion o f  2 4 1 pU ( d )  

( 7 ) 

Us ing the modi fied Anspaugh express ion for k ( con taining the exponential  approx i ­
ma t ion ) and integrat ing y i e l ds the a i r  concen tration o f  2 4 1 Am at time t :  
A = A P [9 98 ( 1  -5 . 5 1 x 1 O-2t -3 1 o ·  -e ) + 48. 1 ( 1 _e-6 . 23 x 1 0  t) 

+ 25 . 8 ( 1 _e- 2 . 1 3 x 1 O- 3t) + 1 . 31 ( 1 _e- 9 . 32 x 1 O-4t) ( 8 ) 
1 0- 7 -A t 

+ � ( 1 -e 1 ) ] 
1 

The integrated air concentration o f  2 4 1 Am over t ime t from the depo s i tion o f  
2 4 1 pU at  t ime t = O  i s  ob tained b y  integrat ing equat ion 8 .  

In tegrated A = 

( AI NT) 
2 - 2 P [ 1 . 1 3 x 1 0- t + 2 . 39 x 1 0- 2 ( e- 5 . 5 1 x 1 0  t_l )  o 

- 3  - 3 
+ 1 . 02 ( e-6 . 23 x 1 0  t_ 1 )  + 1 . 60 ( e-2 . 1 3 x 1 0  t_1 ) 

-4 -A t 
+ 0 . 1 86 ( e-9 . 32 x 1 0  t_ 1 ) + 7 . 56 x 1 0-6 ( e  1 

- 1 ) J 

( 9 ) 

The amounts o f  2 4 1 Am and 2 4 1 pU used in thes e  equat ions are in terms o f  mass 
(grams ) .  To conve rt to ac tiv i ty ( curi e s ) mul t iply AINT by the spec i f ic ac t ivity for 
2 4 1 Am ( 3 . 42 Ci/g ) and P by 10 3 . 5  C i/g for 2 4 1 PU . The value of P pertains to the o 0 
sur fac e concentrat ion o f  2 4 1 pu on the ground at t=O . To conve rt to the ini t i a l  
amount o f  2 4 1 pu re leased PQ ' divide Po b y  the depos i tion veloc i ty ( Vd= O . O O l  m/s ) and 
by un i t  d i spers ion ( X/Q = 1 s/m3 ) .  The re sult  o f  the se convers ions i s  to mod i fy 
equation 9 so tha t the ratio o f  the integrated 2 4 1 Am activ i ty concen trat ion in the 
ai r ,  from ingrowth and resuspens ion , to the ini t i a l  2 4 1 pU sourc e term , fo r an acute 
releas e , is ob tained : 

- 5 AINT AINT( act i v ity) = 3 . 30 x 1 0  Po -P- (mass ) o ( 10 )  

T o  ob tain the to tal  integrated ac tivity � o f  the resuspended 2 4 1 Am over a 
pe riod o f  t ime T ,  equa tion 10  i s  integrated from t=O to T ,  yielding equa tion 11 . 

AT = 3 . 30 x 1 0- 5 Po [5 . 65 x 1 0- 3 T2 

+ 1 64  ( 1 _e- 6. 23 

+ 200 ( l _e-9 . 32 

1 -2 
- 2 . 83T + 0 . 436 ( 1 _e -5 . 5 x 1 0  T) 

- 3 3 x 1 0  T ) + 75 1 ( 1 _e-2 . 1 3 x 1 0- T) 
-4 - A  T x 1 0  T ) + 0 . 0572 ( 1 -e 1 ) J  
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The resuspens ion ratio for 2 4 1 Am  i s  the ratio o f  the total in tegrated ac t ivi ty 
Ar to the ac t iv i ty of 2 4 1 pU released over T ,  PQT .  Evaluated for T=2 . 5 5 6 7 5  x 1 04 days 
( 7 0 years ) ,  the ratio Ar/PQT = 4 . 7 x 1 0 - 3 When thi s  ratio is mul t ip l ied by the 
7 0 - year source term for 2 4 1 pU , the re sul t  is the total in tegrated a i r  c oncentrat ion 
of ingrown 2 4 1 Am . 

D i spers ion Term 

The values o f  the di spers ion term x/Q are c alculated and pre sented in Appendix 
B- 2 .  For chron ic emi s s ions the app ropriate values are thos e  calcu l a ted for me teoro ­
l ogi c a l  cond i t ions averaged ove r the year and we igh ted accord ing to the frac t ion o f  
the t ime the wind b lows towards a given sec tor . These values are p re sented in Tab l e  
B - 2 - 5 .  The rad ionuc l ide c oncentration i n  a i r  for the c enterl ine o f  the plume i s  
as sumed for a l l  persons i n  a sector . Al so as sumed i s  that the re i s  n o  dep l e t ion o f  
the p l ume b y  depo s i t ion o f  part i c l e s  be fore the p lume reaches the person . 

Dose Conve rs ion Fac tors 

Values of the dose conve rs ion fac tors FI ( except for t r i t ium ) are generated by 
the DACRIN computer code devel oped at Batte l le - Pac i fic  Northwe s t  Laborator i e s  (Hous ton , 
et  al . ,  1 9 74 ) . For tri tium the do s e  convers ion fac tor i s  derived from data in a 
document by Hoenes and Soldat ( Hoenes and Soldat , 1 9 7 5 ) .  

The DACRIN computer code i s  used to calculate the e f fec t ive organ dose o r  dose 
commi tment to any of 23  organs or  t i s sues based on the model of the resp i ratory t ract 
deve l oped by the ICRP Task Group on Lung Dynam i c s  ( ICRP , 1 9 6 6 ) . Organ up take o f  
radionuc l ides from the b lood and c learance o f  the radionuc l ides from the organ are 
mode led according to ICRP Pub l ications #2 ( ICRP , 1 9 5 9 ) and #19 ( I CRP , 1 9 7 2 ) . 

Inpu t s  to the DACRIN code used to gene rate the dose conve rs ion fac tors are 
duration o f  intake dose period fo l l owing the end of up take , o rgans o f  intere s t , 
radionuc l ides o f  intere s t , radionucl ide re lease rate , par t ic l e  s i z e  ( AMAD ) , solub i l i ty 
c l a s s , breath ing rate , and spec i fic di spers ion mode l to be used . The code c ontains  a 
data l ibrary in  which are s tored value s o f  parame ters such as o rgan mas s , c le arance 
rate , and part i t ion fract ion wi thin the body . Values in the data l ib rary may be 
a l t e red i f  de s i red . 

Spec i fi c  values o f  the inputs and al terations  to the data l ibrary are as fo l lows . 
For the 7 0 -year dose from 7 0  years o f  uptake , the uptake t ime i s  2 . 2 09  x 1 09 seconds 
( 70 years ) fo l lowed by 0 . 1  seconds of extra dose ac cumulation . ( The DACRIN code � 
requ i re s  both inpu t s , so , in the case  o f  a chronic  uptake , a negl igibly sho rt period 
of do se accumulation is used . ) For the c a lculation of the 7 0 -year dose from one year 
of chroni c  up take , the uptake time is 3 . 15 6  x 1 0 7 seconds ( one year ) fo l lowed by a 
dose ac cumulat ion t ime o f  2 . 1 7 7  x 10 9 s econds ( 69 years ) .  
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Organs o f  intere s t  for rout ine releases are the total body , l ive r ,  bone , and 
lungs . 

Solub i l i ty c l a s s  W ,  defined by the ICRP Task Group on Lung Dynami c s ,  as material 
wi th a maximal c learance hal f- t ime from the lungs ranging from a few days to a few 
months , i s  used fo r radionuc lides  in the total body , live r ,  and bone . Solub i l i ty 
Class  Y ,  used by the ICRP to desc ribe materials  re tained in the lungs , with a max imal 
b i o logical hal f- time ranging from 6 months to s everal years , is used for the lungs . 
Obviously , the inhaled material canno t be both C l a s s  W and C l a s s  Y s imu l taneous ly as 
th i s  treatment sugges t s . However , s ince the exac t solub i l i ty o f  the inhaled ma terial 
is  no t known , th i s  treatment is  cons e rvat ive ly used to yield a maximum dose to any o f  
the s e  organs regard l e s s  o f  the actual solubi l i ty .  

A parti c l e  s ize  o f  0 . 3  � m  AMAD i s  used , because the f i l ter systems a t  Roc ky 
Flats  have a minimum e ffic iency at thi s  value . No te that even i f  the par t i c l e  s ize 
were as sma l l  as 0 . 0 1 �m  AMAD , the depo s i t ion in the pu lmonary region of the respira­
tory trac t ( abou t 7 5% )  would only be doub l e  that fo r the 0 . 3  �m  AMAD part i c l e s , 
resu l t ing in dose convers ion fac tors wh ich wou ld be almo s t  doub l ed . Even with 1 00% 
depo s i tion in the pulmonary region , an unlikely occurrenc e for any par t i c l e  s i z e , the 
do se  convers ion fac tor resul ting from the ICRP mod e l ing wou ld only increase by l e s s  
than 2 . 7  over the value obtained for the 0 . 3  �m parti c l e  s ize . There fore , no matter 
what  the part i c l e  size actually i s , the organ dose would no t be under e s t imated by 
more than a fac tor o f  2 . 7 ,  based on ICRP mode l ing . For maximum intake , a breathing 
rate of 3 . 5 9 x 10 - 4 m3/s , de rived from ICRP #23 ( ICRP , 1 9 7 5 ) ,  is used . 

The breathing rate for a chroni c  exposure i s  taken to be 2 . 6 6 x 10 - 4 m3/s , bas ed 
on data for re ference man for total a i r  breathed over 24 hours ( ICRP , 1 9 74 ) . 

The DACRIN code contains a prov i s i on for calculating atmospheric d i spers ion . 
Thi s  part o f  the code was bypas s ed by inputting a value o f  uni t  X/Q at a d i s tanc e o f  
1 me te r .  Di spersion fac tors spe c i fi c  t o  Rocky Flats  are used separately i n  the 
calcula tion of the organ dose ( see Equation 1 ) . 

The radi onuc l ides o f  intere s t  are tho se  l i s ted in Tab l e  3 . 1 . 2 - 1 ,  except for 
tri t ium ( 3H ) . The dose convers ion fac tors are c alculated for an activity o f  one 
curie released chron i c a l ly over the p eriod of uptake . 

Organ mas s e s  are ob tained from referenc e man data in ICRP #23 : To tal body 
mass = 7 0 , 00 0  g ,  l iver mas s  = 1 , 800 g ,  bone (mineral ) mass = 5 , 00 0  g ,  and lung mas s  = 
5 7 0  g .  

Values in the organ data l ibrary are based on recommendat ions o f  the ICRP ( ICRP #2 , 
#6 , #1 9 ,  and #2 3 ) . Changes  were made in the values for the frac t ion o f  plutonium and 
americ ium in the b lood which i s  trans ferred to the bone , l iver , and total body . 
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The fract ions used are obt ained from ICRP #19 ( I CRP , 1 9 7 2 ) . They are 0 . 45 for 
both the bone and l iver , and 0 . 1  for the total body . ( The value o f  0 . 1  actual ly 
pertains to " o ther ti ssues and exc re ta" , accord ing to I CRP in 9 .  For th i s  Impac t 
S t a tement , tb be conservat ive , a l l  o f  the 0 . 1  i s  cons idered to pertain to the other 
t i s sues of the to tal body . The total body " o rgan " fo r plutonium and americ ium there ­
fore refers to a l l  t i s sues o f  the body exc ept the mineral bone and the l iver . For 
a l l  other rad ionuc l ides the total body re fers to all the t i s sues of the body , inc luding 
the bone and l ive r .  For internal depo s i tions , the app ropriate concept o f  the total 
body fo r dose calculat ions i s  al l t i s sues and organs exc ept tho s e  for which a s eparate 
dose is c a lcul ated and fo r which there is a concentrat ion of the radionuc l ide . When 
the amounts  o f  the radionuc l ides that are concentrated in one or s everal organs are 
a l so cons idered to be d i s tributed un i fo rmly among a l l  the t i s sues and organs o f  the 
total body , the result ing total body dose is art i fi c i al ly ,  but cons ervat ively , high . 
Conc eptua l ly , the total body dose in th is  Impac t S t a tement re fers to a l l  t i s sues and 
organs exc ept the bone , l iver , and lung . Ma thematical ly , the " total  body " dose i s  a 
hybrid o f  the two concepts . )  

Tab l e  3 . 1 . 2 - 1 l i s ts three i tems fo r which the dose convers ion fac t ors are no t 
gene rated by the DACRIN code . The i tems are t r i t ium , 2 3 6 U ,  and the mi s c e l l aneous 
alpha emi t t ing isotope s . For tri t ium the dose conversion factor of 2 . 40 x 1 0 - 2 rem 
per Ci inhaled i s  derived from NUREG- 0 1 7 2 , Tab le 8 ( Hoenes , 1 9 7 7 ) . The value o f  1 . 58 
x 1 0 - 7 mrem/50 yr per pCi inhaled given in NUREG- 0 1 7 2  conve rts to the value 2 . 40  x 
1 0 - 2 rem/Ci inhaled as fo l lows . S ince trit ium has an e f fe c t ive hal f- time in the body 
which is very short compared to one year ( 1 2 days , ICRP #2 ) ,  the act ivi ty inhaled 
chronically  during the year del ivers nearly all the do s e  in that year . The NUREG-
01 7 2  value the refore also pertains to the dose in one year , i . e .  1 . 5 8 x 1 0 - 7 mrem/yr 
per pCi inhal ed . The same argument pertains to the ac tivi ty inhaled over 7 0  years , 
so that one obtains a value o f  1 . 58 x 1 0 - 7 mrem per pCi inhaled over 7 0  years . 
Mul tiplying by the chronic breathing rate o f  2 . 66 x 1 0 - 4 m3/s and conve rting mrem to 
rem and pCi to Ci yields  the value o f  4 . 20 x 1 0 - 2 ( rem ' m3 ) / ( Ci . s )  or 4 . 20 x 1 0 - 2 

rem/C i inhaled fo r uni t  x/Q fo r a l l  ti ssues and organs o f  the total body . As s t ated 
in NUREG- O l 72 , " the radiation dose due to ab sorpt ion th rough the s kin has been 
inc luded in the inhal at ion dose commi tment fac tors fo r tri t ium . " 

For the dose conve rs ion factor for "mi s ce l l aneous a lpha emi t t ing isotope s "  
( Tab l e  3 . 1 . 2 - 1 ) ,  the do se conve rs ion fac tor fo r curium - 242 i s  used , since this i sotope 
yields  the large s t  fac tors fo r the l ive r ,  bone , and lungs , compared to other reasonable 
cho i c e s . The dose convers ion fac tors for 2 4 2 Cm are generated fo r this  Impact Statement 
by mu lt iplying the dose conve rs ion fac tor for 2 4 1 Am by the ratio of values of the 
e f fe c t ive ene rgy depo s i tion per d i s integration , given in ICRP #2 , of 2 4 2 Cm to 2 4 1 Am . 
The dose conversion fac tors fo r 2 3 6U are obtained by compari son with 2 3 4 U us ing the 
same method as above for values fo r 2 4 2 Cm . 
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Values o f  the do se �onve rs ion fac tors for the inhalat ion pathway for chron ic 
releases are pre sented in Tab l e s  F - l and F - 2 .  These do se convers ion fac tors are in 
terms of rem per curi e re leased mu l t ip l i ed by the breathing rate ( m3/s ) and by a 
dispers ion factor ( X/Q equal to uni ty ) w i th uni t s  s/m3 . S ince the value o f  X/Q is  
uni ty , the se dose  convers ion factors are  nume r i c a l ly equal to  fac tors that have no t 
been mul t ipl ied by a d i spers ion factor . The dose convers ion fac tors presented here , 
therefore , can be cons i dered to have uni ts o f  e i ther rem/Ci or ( rem ' m3 ) / ( Ci ' s ) , where 
the curie ac tiv i ty refers to the activ i ty released to the atmo sphere . One can obtain 
values o f  dose convers ion fac tors in terms o f  rem per curie inhaled by dividing the 
fac tors presented here by the breath ing rate , 2 . 66 x 10 - 4 m3/s . 

Do se convers ion fac tors for a max imum intake rate o f  3 . 59 x 10 - 4 m3/s can be 
derived from fac tors in Table  F - 1 or  F - 2 by mul t i p lying tho se fac tors by the ratio o f  
the breathing rate s , 1 . 35 .  

Radi onuc l ide 
3H 

2 3 4 U 
2 3 5 U  
2 3 6 U 
2 3 8 U 
2 3 1 Th 
2 3 4 Th 
2 3 8 pU 
2 3 9 pu 
2 4 0 pu 
2 4 1 pu 
2 4 2 pu 
2 4 1 Am 
2 4 2 Cm** 

TABLE F - 1 
DOSE CONVERS ION FACTORS FOR THE 7 0 -YEAR DOSE FROM 

7 0  YEARS OF CHRON IC INTAKE VIA INHALATION 
Part i c l e  S iz e  = 0 . 3�m AMAD 

Breathing Ra te = 2 . 6 6 x 1 0 - 4 m3/s 
3 

Do s e  Convers ion Factor ( re�' m  ) Cl ' S  

Class  W 
To tal Body Liver Bone 

-2 * * 4 . 20 x 1 0  
1 .  679 x 102 * 3 . 75 5  x 1 03 

1 .  5 7 6  x 102 * 3 . 5 9 9  x 103 

1 .  610 x 10 2 ,'r 3 . 5 9 9  x 10 3 

1 .  473  x 1 02 * 3 . 442 x 10 3 

2 . 53 9  x 1 0 - 3 4 . 389  x 10 - 3 7 . 741 x 1 0 - 2 

4 . 0 5 1  x 10 - 1 7 . 79 1  x 1 0 - 1 1 .  9 6 3  x 101 

1 . 3 0 6  x 10 3 1 .  7 7 5  x 105 3 . 80 3  x 10 5 

1 .  430 x 1 03 1 .  898 x 10 5 4 . 2 9 5  x 1 05 

1 . 428 x 10 3 1 .  8 9 5  x 1 05 4 . 288 x 1 05 

2 . 5 60 x 10 1 3 . 67 1  x 1 03 8 . 7 8 5  x 1 03 

1 .  3 7 7  x 10 3 1 .  827  x 10 5 3 . 9 7 9  x 1 0 5 

1 .  241 x 1 03 1 .  986  x 10 5 4 . 3 1 7  x 10 5 

1 .  742 x 10 3 2 . 7 18  x 1 05 6 . 1 6 7  x 1 05 

Class  Y 
Lungs 

* 

1 .  7 9 6  x 10 5 

1 .  686 x 10 5 

1 .  7 2 3  x 105 

1 .  5 7 6  x 1 05 

6 . 674 x 1 0 - 1 

9 . 12 6  x 1 0 1 

2 . 05 9  x 105 

1 .  943 x 1 05 

1 .  942  x 1 0 5 

3 . 417  x 1 0 2 

1 .  869 x 10 5 

2 . 083 x 1 05 

2 . 33 9  x 1 05 

*The value for the do s e  conversion fac tor i s  taken to be equa l to that for the 
total body . 

**2 4 2 Cm i s  used for "mi s c e l l aneous alpha - emi t t ing iso tope s . "  

F - 8 



TABLE F - 2 
DOSE  CONVERS ION FACTORS FOR THE 70 - YEAR DOSE 

COMMITMENT FROM ONE YEAR OF CHRONIC INTAKE VIA INHALATION 
Part i c l e  S ize = 0 . 3fJ m  AMAD 

Breathing Ra te = 2 . 6 6 x 10 -4 m3/s 

Dose Conve rs ion Factor 
3 

( re�· m  ) Cl ' S  

Class  W Class  Y 
Radionuc l ide Total Body Liver Bone Lungs 

3H 4 . 20 x 10 - 2 * * * 
2 3 4 U 1 . 69 2  x 10 2 * 3 . 828 x 10 3 1 .  848 x 10 5 

2 3 5 U 1 .  588 x 10 2 * 3 . 669  x 10 3 1 .  7 3 5  x 10 5 

2 3 6 U 1 .  623 x 1 0 2 * 3 . 669  x 10 3 1 .  7 7 3  x 10 5 

2 3 8 u 1 .  485 x 10 2 * 3 . 5 0 9  x 10 3 1 .  622  x 10 5 

2 3 1 Th 2 . 5 3 9  x 10 - 3 4 . 3 89  x 10 - 3 7 . 742 x 10 - 2 6 . 674 x 10 - 1 

2 3 4 Th 4 . 0 58  x 10 - 1 7 . 804 x 10 - 1 1 .  9 6 6  x 10 1 9 . 1 3 7  x 1 01 

2 3 8 pu 2 . 2 98  x 1 0 3 2 . 7 7 7  x 10 5 6 . 5 0 2  x 10 5 2 . l l 8  x 1 05 

2 3 9 pu 2 . 7 24 x 1 03 3 . 1 6 5  x 1 05 7 . 9 1 9  x 10 5 1 .  9 9 9  x 10 5 

2 4 0 pu 2 . 7 1 7  x 1 0 3 3 . 1 58  x 10 5 7 . 8 9 9  x 1 05 1 .  9 9 9  x 10 5 

2 4 1 pU 3 . 343 x 1 0 1 4 . 5 7 8  x 10 3 1 . 1 3 4  x 1 04 3 . 5 0 6  x 1 02 

2 4 2 pu 2 . 623 x 1 03 3 . 048 x 1 0 5 7 . 3 38  x 10 5 1 .  924 x 1 05 

2 4 1 Am 2 . 132  x 10 3 3 . 2 69  x 1 05 7 . 842 x 1 0 5 2 . 144 x 10 5 

2 4 2 Cm** 2 . 99 2  x 1 0 3 4 . 47 3  x 1 05 1 . 1 2 0  x 1 0 6 2 . 40 7  x 10 5 

*The value for the dose convers ion fac tor i s  taken to b e  equal to that for the 
total body . 

**2 4 2 Cm i s  used for "mi s c e l l aneous a lpha - emi t t ing i so tope s . "  

F . 1 . 1 . 2  Samp l e  Ca lculat ion 

Calculate the 7 0 - year bone dose to a person l iving to the ESE of the Roc ky Flats  
Plant at a d i s tance o f  2 m i l e s  for  rout ine releases  via inha l a t ion ( average in take ) 

S tep 1 :  

S tep 2 :  

Obtain the radionuc1 ides and the total a c t iv i ty released per year from 
Tab le  3 . 1 . 2 - 1 .  These ac t iv i t i e s  are in m i c rocur i e s . Convert to 
cur i e s  by d iv �d ing by 10 6 . Convert to curies released over 7 0  years " 
by mul t iplying by 7 0  years . 
Inc lude the resuspen s i on over 7 0 - years by mul t iplying each o f  the 
values from S tep 1 by 1 . 8 6 .  For americ ium- 241 , add in the product  o f  
4 . 7  x 10 - 3 times the value for p l utonium- 241 ob tained at t h e  end o f  
S tep 1 .  
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S tep 3 :  

S tep 4 :  
S tep 5 :  

From Tab l e  F- 1 obtain the dose convers ion fac tor for bone for each o f  
the radionuc l ides . Mul t iply each o f  the values from S tep 2 by the 
corresponding dose convers ion fac tor . 
Sum a l l  values obtained from S tep 3 .  
From Tab l e  B - 2 - 5 ,  ob tain the value o f  the dispers ion factor x/Q for a 
d i s tance o f  2 m i l e s  in the ESE d i re c tion . Thi s  value i s  5 . 04 x 10 - 7 

s/m3 . Mul t ip ly thi s  value by the sum obtained in S tep 4 .  Thi s resul t ,  
0 . 1 8 rem , i s  the 7 0 -year bone dose from 7 0  years o f  releases from 
rout ine P l ant operation via inhalation for a person l iving cont inuous ly 
for 70 years at 2 m i l e s  ESE o f  the P l an t . 

Thi s cal cul ation i s  summariz ed in Tab l e  F - 3 .  

TABLE F - 3 
TABULATION FOR THE SAMPLE INHALATION DOSE CALCULATION 

Dose Convers ion Dos e  for Un i t  
Total Ai rborne 7 0 - Year Re lease 7 0 - Year Release Fac tor x/Q 

Radio - Re lease Rate P lus Resuspens ion ( re�- m3 ) rem - m3 
( s ) nuc l ide (I:! Ci/yr ) ( C i )  ( C i ) Cl. - S  

3H 5 x 106 3 . 5  x 102 6 . 5  x 102 4 . 20 x 10 - 2 2 . 7  x 1 01 

2 3 4 U 1 0 6  7 . 4 x 10 - 3 1 . 4  x 1 0 - 2 3 . 7 5 5  x 10 3 5 . 3  x 10 1 

2 3 5 U  4 2 . 8  x 10 - 4 5 . 2  x 10 - 4 3 . 5 9 9  x 10 3 1 . 9  
2 3 6 U 0 . 4  2 . 8  x 1 0 - 5 5 . 2  x 1 0 - 5 3 . 5 9 9  x 10 3 1 . 9  x 10 - 1 

2 3 8 U 89 6 . 2  x 10 - 3 1 . 2  x 1 0 - 2 3 . 442 x 10 3 4 . 2  x 1 01 

2 3 1 Th 4 2 . 8  x 1 0 - 4 5 . 2  x 10 - 4 7 . 741 x 1 0 - 2 4 . 0  x 1 0 - 5 

2 3 4 Th 89 6 . 2  x 1 0 - 3 1 . 2  x 10 - 2 1 .  9 6 3  x 10 1 2 . 4  x 10 - 1 

2 3 8 pU 1 0 5  7 . 4 x 10 - 3 1 . 4  x 1 0 - 2 3 . 80 3  x 10 5 5 . 5  x 103 

2 3 9 pU 3583  2 . 5  x 1 0 - 1 4 . 7  x 10 - 1 4 . 2 9 5  x 1 05 2 . 0  x 10 5 

2 4 0 pU 812 5 . 7  x 1 0 - 2 1 . 1  x 1 0 - 1 4 . 288 x 1 05 4 . 8  x 1 04 

2 4 1 pU 2 2 883 1 . 6  3 . 0  8 . 7 8 5  x 1 03 2 . 6  x 104 

2 4 2 pU 7 . 3  x 10 - 2 5 . 1  x 1 0 - 6 9 . 5  x 10 - 6 3 . 9 7 9  x 10 5 3 . 8  
2 4 1 Am 930 6 . 5  x 1 0 - 2 1 . 2  x 1 0 - 1 4 . 3 1 7  x 1 05 5 . 2  x 104 

Mi sc . 1 7 . 0  x 10 - 5 1 . 3  x 10 - 4 6 . 1 67 x 10 5 8 . 0  x 10 1 

3 . 3  x 10 5 

7 0 -year Bone Do se ( rem ) 5 3 - 7 3 - 1 = 3 . 3  x 1 0  rem - m  x 5 . 04 x 1 0  slm = 1 . 7  x 10  rem 
s 
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F . l . 2  Food Ingest ion Pathway 

Thi s  s e c t ion describes  the me thods for cal culat ing do ses to o f f - s i te persons 
from inges t ing food containing rad ionuc l ides rel eased from routine P l ant opergt ions . 
The me thods involve de fin ing the amoun t o f  the person ' s  d i e t  contaminated by these 
release s , where the food is  produced and con sumed , the mode l ing o f  up take by p l ants 
or animal s ,  and the model ing o f  the internal depo s i tion in the person . The mode l ing 
has been deve loped at  B a t t e l l e - Pac i fic Nor thwe s t  Labo ratories ( Baker , et  a l . , 1 97 6 ; 
Baker , 1 9 7 7 ; Brenc h l ey , et  a l . ,  1 9 7 7 ) and is  incorporated in the FOOD computer code , 
wh ich generates the dose convers ion factors . Th i s  di scu s s i on , there fo re , inc ludes a 
discuss ion o f  th i s  code , the inpu ts  to the code , and the values o f  the dose convers ion 
fac tors generated from the se inputs . 

F . l . 2 . l  Dose from Food Inges t ion 

The dose to the organs of a per son from a given rad ionu c l i de inge s ted from food 
is given by the equat ion 

where S 

Organ Dose ( rem ) = S (� )  F f 

= sourc e term for the radioisotope ( curies rel eas ed ) 
= d i spe rsion fac to r ( s/m3 ) 

rem ' m3 = dose conve rs ion fac tor for food inges tion ( Ci · s  ) 

The total organ dose i s  the sum for a l l  rad ionucl ides o f  interes t .  

Source Term 

( 1 2 )  

The source term for food contamination has on ly one component , the source term 
for the initial  ai rbo rne releas e .  The s e  sourc e terms are ob tained from Tab l e  3 . 1 . 2 - 1 .  

D i spers ion Fac tor 

The appropriate di spers ion fac tor is the x/Q to the location o f  food produc t ion . 
For thi s  Impac t S tatement , the locat ion o f  food produc t i on i s  cons idered to coincide 
with the location o f  food consump t ion for loc a l ly produced food . Thi s as sump t ion is  
reasonab le and conservat ive , s ince mos t  o f  the  maj or  food p roducing locat ions in  the 
5 0 -m i l e  vic ini ty of the P l ant are more remote from the P l ant than the maj or  population 
areas and s ince a portion o f  a person ' s  food may be produced at h i s  home . The values 
of the d i spers ion fac tors are obtained from Tab le B - 2 - 5 .  
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Do se Convers ion Fac tors 

Values o f  the dose convers ion fac tor F f are generated by the FOOD comput e r  code , 
and by a mod i f i c a t ion of FOOD cal led PABLM . These codes are based on a model derived 
by Soldat ( F le t cher and Dot son , 19 71 ) wh ich e s t imates the t rans fer of radionucl ides 
to food produ c t s  ( excep t for t r i t ium ) from i rr igat ion water or from air depo s i t i on to 
p l an t s  through bo th leaves and root s .  The pub l i shed vers ion of the FOOD code is 
designed to calculate the annual int ernal dos e to man from up take of various foods , 
such as produce , eggs , mi l k ,  and meat s .  A total  o f  14 food c a tegories  ( c ombined into 
s even c a t ego ries  for the PABLM vers ion ) can be s e l ec ted for which values are spec i fi ed 
for the consump t i on rate , growth period , crop yield , hold -up t ime ( the t ime be tween 
harves t and consump t ion ) , and di spers ion fac to r .  

The PABLM vers ion o f  the FOOD code uses iden t i c a l  mode l ing but executes the 
c a l culat ion of the cumu l a t ive radiation do se to  persons from cont inuous inge s t ion of 
food containing radionucl ides over a period o f  many years , us ing an i t erat ive proces s . 
For each year through the end o f  the dose period , the do s e  and the dose commi tment to 
the end o f  the per iod result ing from the radionucl ide intake during the year are 
computed . The se doses and commi tments are added toge ther to  comput e  the cumu l a t ive 
dose . The FOOD model conservat ively as sumes that the only mechan i sm for removal o f  
t h e  radionucl ides from t h e  so i l  i s  b y  radioac t ive decay . N o  soi l/ai r  resuspens ion 
model is pre s ently ava i labl e  to  a s s e s s  t h i s  up take route . For t r i t ium the mode l 
as sumes that the plan t s  are at 10% o f  equ i l ibrium with the res idual amount s  o f  radio­
nuc l ides in the so i l . 

The data l ibraries a s soc iated with the FOOD and PABLM codes contain data pertain­
ing to up take by plants and animals  and organ do se model ing for 220  radionuc l ides , 
the total  body , and 22 int ernal organs . Values o f  parame ters used to calculate doses 
to  the organs are t aken from ICRP recommendat ions found in I CRP Pub l i c a t ions �2 , �6 , 
and �1 9 .  Al terat ions to th i s  data l ibrary are the same as tho se to the data l i b rary 
o f  the DACRIN code . In add i t ion , the values for the t rans fer from the G . I .  t rac t to 
the b l ood for p lutonium and ameri c i um are tho s e  used by the EPA ( EPA , 1 9 7 7 ) for 
oxide . The s e  values are 1 x 1 0 - 4 for 2 3 9 pU and 2 4 0 pu and 1 x 10 - 3 for 2 3 8 pU ,  2 4 1 pU ,  
and 2 4 1 Am . The value for 2 4 2 pu i s  taken to be the same as for 2 3 9 pU , 1 x 10 - 4 . 

Inpu t s  to  the FOOD and PABLM codes are given in Tab le  F - 4 for both the average 
and the maximum in take rates o f  food . The input data are e i ther spec i fi c  for the 
v i c in i ty o f  the Plan t , based on an analys i s  of food product ion in the area , or are 
obt ained from recommendat ions by the Nuc l ear Regula tory Comm i s s ion ( USNRC , 1 9 7 7 ) . 
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TABLE F- 4 
INPUT VALUES FOR THE FOOD AND PABLM CODES 

Consump t ion* Growing Ho l dup** 
Food ( kg/y r )  Period** Y i e l d** ( days )  

Ca tegor;y Maximum Average ( da;ys ) ( kg/m2 ) Maximum ( l )  Average 
Leafy Vege tab l e s  30  0 9 0  1 . 5  1 14 

Other Above 
Ground Veg . 30  10  60  0 . 7  1 14 

Roo t  Vegetab l e s  182 1 9  90  4 . 0  1 0  1 4  
Fruit  335  0 9 0  2 . 0  10  1 4  
Gra in 88 7 6  9 0  1 . 0  10  14 
Eggs 30 0 . 3 0 9 0  0 . 84 1 1 8  
Milk 2 7 4t l O t  30  1 . 3  1 4 
Meat  98  2 2  90  0 . 84 1 5  34 

*Loc ally - p roduced food only . 
** In the case o f  animal produc t s , the values pertain to the forage or  feed grain . 
t - Un i t s  are Q/yr . 
( l )Maximum re fers to values that yield  a maximum intake o f  radionuc l ides . 

Do se convers ion fac tors F f for food inge s t i on for the 7 0 - year dose from 7 0  years 
of chronic releases and food c onsump tion are given in Tab l e s  F - 5 and F - 6 for average 
and max imum intake s , re spec t ively . These values are c alculated for uni t  X/Q and for 
a re l ease of 1 C i  ( over 70 years ) for each radionuc l ide . The un i ts are ei ther 
( rem · m3 ) / ( C i · s )  or rem/C i for uni t  X/Q , as for the dose convers ion fac tors for 
inhalation .  For ca lculat ions us ing equa tion 12 , the un i t  ( rem ' m3 ) / ( Ci ' s ) i s  appro ­
priate . Dos e  convers ion factors for 2 3 6 U and 2 4 2 Cm are ob tained by analogy to 2 3 4 U 
and 2 4 1 Am , respec t ive ly , as for the inhal at i on pa thway . 

F . 1 . 2 . 2  Samp l e  Calculat ion 

Calculate the 7 0 - year bone dose to the person l iv ing to the ESE at  a d i s tanc e o f  
2 m i l e s  for rout ine re l eases  via food ingest ion ( average in take ) .  

S tep 1 :  

S tep 2 :  

S tep 3 :  

Ob tain the r�d ionuc l ide s and the total activi ty re leased per year from 
Tab l e  3 . 1 . 2 - 1 .  The s e  ac t ivi t i e s  are in microcuries .  Convert to 
curies by d ivid ing by 10 6 . Convert to curi e s  rel eased over 7 0  years 
by mul t iplying by 70 years . 
From Tab l e  F- 5 obtain the dose conversion factor for bone for each o f  
the rad ionuc l ides . Mul tiply each o f  the values from S tep 1 by the 
corre sponding dose convers ion factor . 
Sum a l l  value s ob tained from S tep 2 .  
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S tep 4 :  From Tabl e  B - 2 - 5 obtain the value o f  the d i spersion fac tor  x/Q for a 
d i s tanc e o f  2 m i l e s  in the ESE d i re c t ion . Thi s  value i s  5 . 04 x 10 - 7 

s/m3 . Mul t iply this  value by the sum ob tained in S tep 3 .  Thi s  resul t ,  
1 . 4  x 1 0 -4 rem , i s  the 70 -ye ar bone dose ( rem ) from 7 0  years o f  release 
from routine P l ant operation via food inge s t ion . 

Thi s c a lculation i s  summarized in Tab l e  F - 7 .  

TABLE F- 5 
DOSE CONVERS ION FACTORS FOR THE 7 0 -YEAR DOSE FROM 7 0  YEARS OF CHRONIC 

INTAKE VIA FOOD INGESTION - AVERAGE INTAKE 

Dose Convers ion Fac tor 
3 

( re�o m  ) Cl ° S  

Radionuc 1 ide Total BO�� Liver Bone Lungs 
3H 5 . 4  x 10  5 . 4  x 1 0 - 2 'i'\ 5 . 4  x 10 -2 

2 3 4 U 9 . 3  * 2 . 0  x 10 2 * 
2 3 5 U 8 . 9  * 2 . 0  x 10 2 7, 
2 3 6 U 9 . 0  * 2 . 0  x 102 * 
2 3 8 U 6 . 4  * 1 . 3  x 10 1 * 
2 3 1 Th 2 . 1  x 10 - 11 3 . 7  x 10 - 1 1  6 . 4  x 10 - 10  * 
2 3 4 Th 1 . 3  x 10 - 4 2 . 6  x 1 0 -4 6 . 4  x 10 - 3 * 
2 3 8 pU 5 . 7  7 . 6  x 1 0 2 1 . 7  x 103 * 
2 3 9 pu 6 . 1  x 10 - 1 8 . 1  x 10 1 1 . 9  x 10 2 * 
2 4 0 pu 6 . 1  x 1 0 - 1 8 . 1  x 10 1 1 . 9  x 10 2 * 
2 4 1 pU 1 . 1  x 1 0 - 1 7 . 6  4 . 3  x 10 1 * 
2 4 2 pu 6 . 1  x 10 - 1 8 . 1  x 1 0 1 1 . 7  x 10 2 * 
2 4 1 Am 5 . 4  8 . 6  x 1 0 2 1 . 9  x 10 3 * 
2 4 2 Cm** 7 . 6  1 . 2  x 10 3 2 . 7  x 10 3 * 

*The value for the dos e  conve rs ion fac tor i s  taken t o  be equa l to that for the 
total body . 

**2 4 2 Cm i s  used for "mi s c e l laneous alpha - emi t ting i sotopes . "  
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TABLE F - 6 
DOSE CONVERS ION FACTORS FOR THE 70 - YEAR DOSE FROM 7 0  YEARS OF CHRON IC 

INTAKE VIA FOOD INGEST ION - MAX IMUM INTAKE 

rem · m3 
Do se  Convers ion Fac tor  ( C . ) l ' S  

Radionu c l ide To tal Body 
3H 

Liver Bone Lungs 
1 . 1  1 . 1  -k 1 . 1  

2 3 4 U 5 . 7  x 10 1 -k 1 . 3  x 10 3 * 
2 3 5 U 5 . 5  x 10 1 * 1 . 2  x 10 3 * 
2 3 6 U 5 . 5  x 10 1 7\ 1 . 2  x 10 3 * 
2 3 8 U 3 . 9  x 10 1 _ok 9 . 1  x 10 2 * 
2 3 1 Th 2 . 5  x 10 - 7 4 . 3 x 10 - 7 7 . 6  x 10 - 6 * 
2 3 4 Th 9 . 6  x 10 - 4 1 . 8  x 10 - 3 4 . 6 x 10 - 2 i: 
2 3 8 pu 3 . 2  x 10 1 4 . 4  x 10 3 9 . 4  x 10 3 -k 
2 3 9 pu 3 . 6  4 . 7  x 10 2 1 . 1  x 10 3 * 
2 4 0 pU 3 . 6  4 . 7 x 10 2 1 . 1  x 10 3 "k 
2 4 1 pU 6 . 6  x 10 - 1 4 . 3 x 10 1 2 . 5  x 10 2 * 
2 4 2 pu 3 . 4 4 . 5  x 1 0 2 9 . 9  x 10 2 * 
2 4 1 Am 3 . 1  x 10 1 4 . 9  x 10 3 1 . 1  x 104 * 
2 4 2 Cm** 4 . 3  x 10 1 6 . 7  x 103 1 . 5  x 10 4 * 

*The value for the dose convers ion factor is taken to be equal to that for the 
total body . 

a1ph
'
a - emi t t ing **2 4 2 Cm is used for "mi s c e l l aneous i sotopes . " 

TABLE F - 7 
TABULATION FOR THE SAMPLE FOOD DOS E  CALCULATION 

Dos e Convers ion Dos e  for Un i t  
To tal Ai rborne 7 0 -Year Fac tor Dispers ion 

Release Release ( reI? m3 ) rem ' m3 
Rad ionuc 1 ide (!:I Ci/yr )  ( C i ) Cl ' S  ( s ) 

3H 5 x 10 6 3 . 5  x 102 5 . 4  x 10 -2 1 . 9  x 101 

2 3 4 U 1 0 6  7 . 4  x 10 - 3 2 . 0  x 10 2 1 . 5  
2 3 5 U 4 2 . 8  x 10 - 4 2 . 0  x 1 0 2 5 . 6  x 10 - 2 

2 3 6 U 0 . 4  2 . 8  x 10 - 5 2 . 0  x 10 2 5 . 6  x 1 0 - 3 

2 3 8 U 89 6 . 2  x 10 - 3 1 . 3  x 10 1 8 . 1  x 1 0 - 2 

2 3 1 Th 4 2 . 8  x 10 - 4 6 . 4  x 10 - 10 1 . 8  x 10 - 1 3  

2 3 4 Th 89 6 . 2  x 10 - 3 6 . 4  x 10 - 3 4 . 0' x 10 - 5 

2 3 8 pU 1 0 5  7 . 4  x 10 - 3 1 . 7  x 1 0 3 1 . 6 x 10 1 

2 3 9 pu 3 583 2 . 5  x 10 - 1 1 . 9 x 1 0 2 4 . 8  x 10 1 

2 4 0 pU 812  5 . 7  x 10 - 2 1 . 9  x 10 2 1 . 1  x 10 1 

2 4 1 pU 22883 1 . 6  4 . 3  x 10 1 6 . 9  x 10 1 

2 4 2 pu 7 . 3  x 1 0 - 2 5 . 1  x 10 - 6 1 . 7  x 10 2 8 . 7  x 10 -4 

2 4 1 Am 930  6 . 5  x 10 - 2 1 . 9  x 10 3 1 . 2  x 10 2 

Misc . 1 7 . 0  x 10 - 5 2 . 7  x 1 0 3 1 . 9  x 10 - 1 

2 . 85 x 102 

7 0 -Year Bone Dos e ( rem ) = 2 . 85 x 10 2 ( rem . m3
) s x 5 . 04 x 10 - 7 s/m3 = 1 . 4  x 10 - 4 rem 
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F . 1 . 3  Water Inges t ion Pathway 

Thi s  s e c t ion describes the me thods for calculating doses to o f f- s i te persons 
from inges ting water containing radionuc l ides from both waterborne and airborne 
releases from routine P l ant operations . For waterborne releas e s , concentrations  o f  
radionucl ides i n  o f f- s i te water suppl ie s  are determined by measurement s  o f  radio­
nu� l ide s in tap water from the se wa ter supp l ie s . For ai rbo rne release s ,  concentrat ions 
of radionu c l i de s  in o f f - s i t e  water supp l i e s  are determined by c alculat ing airborne 
d i spers ion to , and depo s i tion into , the lake or reservo i r . The me thod for c a l culating 
the dose convers ion fac tors is deve loped in th i s  sec tion . 

F . 1 . 3 . l  Dos e  from Ingest ion o f  Wa ter Containing Radionucl ides from Waterborne 
Releases  

The organ dose to a pers on inge s t ing water containing a given radionuc l ide i s  
given by the equat ion , 

where C = w 
I = w 
F = w 

1 0 - 6 = 

- 6 Organ Dose ( rem ) = 10  Cw Iw Fw 

concentrat ion o f  the radionucl ide in the water ( pCij£ ) 
wa ter intake rate ( £/d ) 
do s e  convers ion fac tor for water inge s t i on [ ( rem · d ) /J.1Ci ] 

convers ion factor from pCi to J.1 C i  ( 10 - 6 J.1 Ci/pC i )  

( 1 3 ) 

The values Cw for the concen tration o f  the radionuc l ide in the water are obtained 
from Tab l e  3 . 1 . 2 - 2 .  The water intake rate Iw is derived from data for re ference man 
( I CRP , 1 9 7 5 ) .  The values used in thi s  Impac t S tatemen t are 1 . 6 5 £/day for average 
up take and 2 . 2 8 £/day for max imum up take rates for adu l t  man . 

Dos e  Convers ion Factors 

The dose convers ion fac tor Fw for a given organ and radionuc l ide is calcul ated 
from the equat ion 

( rem ) £f2 f1 Fw �C;/day i n gested = 
51 . 1 5 m Ae 

-A t 
[ t + L ( e e _l ) ] Ae 

where g = e f fec tive energy ( MeV ) depo s i ted in the organ per d i s in tegration 
( g  = I EF ( RBE ) n  in ICRP #2 ) 

m = mas s  o f  the organ o f  intere s t  ( g )  
fl 
f l  2 

t 
A e 

= 
= 
= 
= 

t rans fer frac t i on from the G . I .  t rac t to the b lood 
tran s fer  frac t i on from blood to the organ of intere s t  
time ( days ) over which the inge s t i on occurs 
e f fec t ive removal cons tant from the organ ( d - l ) = Ab + A 
where Ab = In 2/ ( b io logical hal f- t ime in days ) 

A = In 2/ ( phys ical  hal f- l i fe in days ) .  
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Values for the se parame ters are obt ained from ICRP #2 and #19 un less  noted 
o therwi se . 

Values for the transfer from the G . I .  trac t to the b l ood fl for p lutonium and 
americ ium are those used by the EPA ( USEPA , 1 9 7 7 ) for oxide , as wa s done for food 
inges t ion . The values o f  the dose c onvers i on fac tors F and the parame ters used in w 
equat ion 14 are given in Tab le F - S .  

The derivation o f  equat ion 14 for the dose conve rs ion fac to r  i s  as fo l lows . For 
a chron ic  intake the rate of change in the activ i ty of the rad ionuc l ide in the o rgan 
of intere s t  resu l t s  from the input rate into the organ ( fl fZSw ) minus the removal 
rate (h X ) . The d i f ferential  equat ion is e 

( 1 5 ) 

whe re X = a c t ivi ty ( � Ci )  o f  the radionuc l ide in the o rgan o f  interest at t ime t 
Sw = intake rate ( � Ci/day ) o f  the radi onuc l ide into the G . I .  trac t 
fl , fZ ' he = as defined for equation 14 . 

Solving this d i f ferent i a l  equation for X and assuming no ini t ia l  a c t iv i ty in the 
organ yields the a c t ivity X ( t )  in the o rgan as a fun c t i on of 't ime 

The integrated activ i ty in the organ Q ( t )  ( � C i ' days ) i s  obtained by integra ting 
X( t )  over t ime t 

Q (t )  \t X ( t) dt. 
" 0  

Integration yields 

Q ( t )  

( 1 7 )  

( 1 8 ) 

The dose to the organ i s  the produc t o f  the integrated ac t iv i ty Q ( t )  and the " 
e f fe c t ive energy depo s i ted per d i s integration o f  the rad i onuc l ide c ,  d ivided by the 
mass of the organ m ,  wi th the p roper c onvers ion factors : 3 . 7  x 1 04 d i s integrations/ 
( � Ci ' s ) , 8 . 64 x 1 04 sid , 1 . 60 x 1 0 - 6 ergs/MeV , 1 0 - 2 ( rem · g ) /erg . The dose to the o rgan 
is then given by 

Organ Dose  ( rem) 
f f ' 5  -A t 

51 . 1 5  � � [ t  + t- ( e e 
-1 ) ] . 

e e 
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TABLE F - 8 
DOS E  CONVERS ION FACTORS FOR THE 7 0 -YEAR DOSE FROM A CHRON IC INGEST ION 

OF WATER FOR 70 YEARS OF RELEASES FROM ROUT INE PLANT OPERATION 

Radionu c l ide 
3H 

2 3 5 U  

2 3 1 Th 

Organ 
Total 
Body 
& Al l 
Organs 1 . 0  

Total 
Body 1 x 10 - 4 

L iver 
Bone 
Lungs 

To tal 
Body 1 x 10 - 4 

Liver 
Bone 
Lungs 

To tal 
Body 1 x 10 - 4 

Liver 
Bone 
Lungs 

Total 
Body 1 x 10 - 4 

L iver 
Bone 
Lungs 

To tal  
Body 
Liver 
Bone 
Lungs 

1 x 10 - 4 

1 x 10 - 4 

1 x 10 -4 

Values o f  Parameters 

f t  2 

1 . 0  

1 . 0  

- 2 5 . 7 8 x 1 0  

6 . 93 x 10 - 3 

0 . 3 3 2 . 31 x 10 - 3 

1 . 0  6 . 9 3 x 10 - 3 

0 . 3 3 2 . 31 x 10 - 3 

1 . 0  6 . 93 x 10 - 3 

0 . 3 3 2 . 31 x 10 - 3 

1 . 0  6 . 93 x 1 0 - 3 

0 . 3 3 2 . 31 x 1 0 - 3 

1 . 0  
0 . 0 5 
0 . 7  

0 . 648 
0 . 648 
0 . 648 

E. ( MeV ) 

o . 0058  ( 1 )  

49 

240 

46 

2 3 0  

4 7  

2 3 0  

43 

2 2 0  

0 . 1 8 
0 . 1 6 
0 . 5 6 

m ( g )  

7 0 0 0 0  

D o s e  Conve rs ion 
Factor 
( rem : d ) IJ C l  

1 .  87 

7 0 0 0 0  5 . 14 x 10 - 4 

* 
5000  0 . 104 

* 

7 0 0 0 0  4 . 82 x 1 0 - 4 

* 
5000  0 . 1 00 

··k 

7 0 0 0 0  4 . 93 x 10 - 4 

* 
5 0 0 0  0 . 1 0 0  

* 

7 00 0 0  4 . 5 1 x 10 - 4 

* 
5 0 0 0  0 . 0 9 5 8  

7 0 0 0 0  
1 8 0 0  
5 0 0 0  

* 

2 . 0 3 x 10 - 8 

3 . 5 1 x 10 - 8 

6 . 1 9 x 10 - 7 

* 

*The value fo r the do se convers ion factor i s  taken to be equal to that fo r 
the to tal body . 

( l ) The value for the e f fe c t ive energy per d i s integrat ion for 3H is an upda ted 
value derived at  B a t t e l l e - Pac i fic Northwe s t  Labo ratories ( Kennedy , 1 9 7 8 ) . 
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TABLE F - 8 ( Continued ) 
Dose Convers ion 

Values of Parame ters Fac tor 

fl f f A ( d  1 ) ( rem: d ) 
Radionuc l i de Organ 2 e e (MeV ) m ( g )  Il Cl. 

2 3 4 Th Total 
10 - 4 10 - 2 x 10 - 6 

Body 1 x 1 . 0  2 . 88 x 0 . 91 7 0 0 0 0  2 . 31 

Liver 1 x 10 - 4 0 . 0 5 2 . 88 x 10 - 2 0 . 90 1800 4 . 43 x 10 - 6 

Bone 1 x 10 - 4 0 . 7  2 . 88 x 10 - 2 4 . 5  5000  1 . 1 2 x 10 - 4 

Lungs * 

2 3 8 pU Total 
10 - 3 10 - 5 1 03 

Body 1 x 0 . 10 3 . 2 3 x 5 7  7 0 0 00 1 . 0 5 x 
Liver 1 x 10 - 3 0 . 45 6 . 91 x 10 - 5 5 7  1800  1 . 43 x 10 5 

Bone 1 x 10 - 3 0 . 45 4 . 0 6 x 10 - 5 280 5000 3 . 07 x 10 5 

Lungs * 

2 3 9 pu Total 
10 - 4 10 - 5 10 2 

Body 1 x 0 . 1 0 1 .  0 7  x 5 3  7 0 0 0 0  1 . 1 6 x 
Liver 1 x 10 - 4 0 . 45 4 . 7 5 x 10 - 5 5 3  1800 1 . 54 x 104 

Bone 1 x 10 -4 0 . 45 1 .  9 1  x 10 - 5 2 7 0  5000  3 . 48 x 104 

Lung s * 

2 4 0 pu Total 
10 - 4 10 - 5 1 02 Body 1 x 0 . 1 0 1 . 1 0 x 53 7 0 0 0 0  1 . 1 6 x 

L iver 1 x 10 - 4 0 . 45 4 . 7 7 x 10 - 5 5 3  1 8 0 0  1 .  5 3  x 10 4 

Bone 1 x 10 - 4 0 . 45 1 . 93 x 10 - 5 2 7 0  5000  3 . 47 x 104 

Lungs * 

2 4 1 pu Total 
10 - 3 x 10 - 4 1 0 1 Body 1 x 0 . 1 0 1 . 43 2 . 3  7 0 0 0 0  2 . 20 x 

Liver 1 x 10 - 3 0 . 45 1 . 80 x 10 -4 1 . 0  1800  1 . 43 x 10 3 

Bone 1 x 10 - 3 0 . 45 1 . 5 1 x 10 -4 1 4  5 0 0 0  8 . 1 5 x 10 3 

Lungs * 

2 4 2 pu Total 
10 -4 1 0 - 5 10 2 

Body 1 x 0 . 1 0 1 . 0 7 x 5 1  7 0 0 0 0  1 . 1 1 x 
Liver 1 x 10 - 4 0 . 45 4 . 7 4 x 10 - 5 5 1  1800 1 . 48 x 104 

Bone 1 x 10 - 4 0 . 45 1 . 90 x 10 - 5 2 5 0  5000  3 . 22 x 1 04 

Lungs * 

*The value for the dose c onve r s i on fac tor is  taken to be equal to that  for 
the total  body . 
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TABLE F - 8 ( Cont inued ) 
Dose Conver s i on 

Values of Parame ters Fac tor 

fl f l  A e ( d  1 ) ( rem: d ) 
Rad ionuc l ide Organ 2 e ( MeV ) m (g)  J.l C 1 

2 4 1 Aui Total 
10 - 3 1 0 - 5 1 03 Body 1 x 0 . 1 0 1 . 5 0 x 5 7  7 0 0 0 0  1 . 2 0 x 

Liver 1 x 10 - 3 0 . 45 5 . 1 8 x 1 0 - 5 57  1 80 0  1 .  60  x 1 0 5 

Bone 1 x 1 0 - 3 0 . 45 2 . 33 x 1 0 - 5 280  5 0 0 0  3 . 49 x 1 0 5 

Lungs * 

2 4 2 Cm** Total 
10 - 3 ( 2 )  0 . 1 0 ( 2 )  10 - 3 1 0 1 Body 1 x 4 . 2 9 x 80 7 0 0 00 3 . 45 x 

Liver 1 x 1 0 - 3 ( 2 )  0 . 45 ( 2 )  4 . 28 x 1 0 - 3 7 8  1800 5 . 90 x 1 0 3 

Bone 1 x 1 0 - 3 ( 2 )  0 . 45 ( 2 )  4 . 49 x 1 0 - 3 400 5 0 0 0  1 . 04 x 104 

*The value for the dose conversion fac tor i s  taken to be equal to that for 
the to tal  body . 

**2 4 2 Cm i s  used for "mi s c e l l aneous alpha - emi t ting isotopes . "  
( 2 ) These values for 2 4 2 Cm are set  equal to those for 2 4 1 Am .  

Dividing by the intake rate Sw yie lds the equa tion for the dose c onver s i on 
fac tor F ( rem per J.l C i/day ingested ) ,  whi ch i s  equation 1 4 .  w 

Note that equations 1 7  and 14 are va l id for any type o f  inges t i on ( food o r  
water )  onc e the radionuc l ide reaches the G . I .  trac t .  

Sample Calcula tion 

Calculate the 7 0 -year bone dose to a person drinking water  ( ave rage inge s ti on 
rat e )  from Great We s tern Re servo i r  for 7 0 -years for routine P l ant operations . 

NOTE : 

S tep 1 :  

Separate values o f  the activity per l i ter are not given for the pluto­
nium ( alpha ) and uranium i sotopes . However ,  s ince the dose conver s i on 
fac tors for the i s o topes o f  these nuc lides ( except for 2 4 1 pU ) are 
e s sen t i a l ly the same , the dose conve rsion fac tors for 2 3 9 pU and 2 3 8 U 
are used in the plutonium and uranium values , respec tive ly . 

Ob tain the radionuc l ides and the activity per l i ter  for Great We stern 
Re servo i r  from Tab l e  3 . 1 . 2 - 2 .  In add i t ion , the activ i ty for 2 4 1 pU i s  
calcul ated from the activi ty for Pu ( alpha ) . Th i s  value i s  equal t o  
5 . 1  times the activity f o r  the Pu ( alpha ) ( see Tabl e  2 . 7 . 2 - 2 ) . Mul t iply 
the se values by 1 0 - 6 to convert to J.l C i/.£ . 
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S tep 2 :  

S tep 3 :  

Mul t iply by the water intake rate ( 1 . 65 Q/d ) to obtain the ac t iv i ty 
intake rate ( � C i/d ) for each radionuc l ide . 
Mul t iply by the dose conversion fac tor Fw from Tab l e  F - 8 .  The result 
i s  the contribution to the organ dose for each radionuc l ide . Sum 
these values to obtain the total o rgan dose , 7 . 0 8 x 10 - 2 rem . 

A tabulat ion o f  this c a lculation i s  given in Tabl e  F - 9 .  

TABLE F - 9 
TABULATION OF THE SAMPLE CALCULAT ION OF THE BONE DOS E  FOR WATER 

INGESTION FOR WATERBORNE RELEASES 

Dose Conversion 7 0 - Year 
Conc entration Intake Rate Fac tor Bone Dose 

Rad ionuc l ide ( eCi/Q ) ( � Ci/Q ) (!:lCi/d ) ( rem ' d/� Ci )  ( rem ) 
Pu ( a lpha ) 
2 4 1 Am  

U 
3H 

2 4 1 pU 

F . 1 . 3 . 2  

0 . 1  L O x 
0 . 1  L O x 
2 . 0  2 . 0  x 

200 2 . 0  x 
0 . 51 5 . 1  x 

10 - 7 1 . 65 x 
- 7 1 0  1 . 65 x 
- 6 1 0  3 . 3 0 x 
- 4 1 0  3 . 30 x 
- 7 1 0  8 . 42 x 

10 -7 3 . 48 x 10  4 5 . 74 x 1 0 -3 

1 0 - 7 3 . 49 x 1 05 5 . 7 6 x 1 0 - 2 

10 - 6 0 . 0 9 5 8  3 . 1 6 x 10 - 7 

1 0 - 4 1 .  87  6 . 1 7 x 10 - 4 

10 - 7 8 . 1 5 x 103 6 . 86 x 10 - 3  

7 . 0 8 x 10 -2 

Dose from Inge s t ion o f  Water  Containing Radionuc lides  from Ai rborne 
Re l eases 

The o rgan dose to a person inges t ing water containing a given radionuc l ide is 
given by equat i on 1 3 , for waterborne releases . The values fo r the concentrat ion o f  
the radionuc l ide  i n  the wa ter Cw may b e  obtained in two d i f ferent ways . I t  may be 
measured and correc ted for o ther sourc e s , or it c an be e s t imated from ai rbo rne d i sper­
s i on mode l ing . In th i s  s e c t ion , the value for Cw for ai rborne re l eases i s  calculated 
from ai rbo rne di spers ion mode l ing to the water s torage reservo i r .  The equat ion to 
c alculate this value Cw i s  

where S a 

x/Q 

= ac tivi ty o f  the radionuc l ide rel eased ( � Ci )  from the P l ant via 
airborne during the period of  one comp l e te turnover o f  the water 
in the reservo i r  

= di spers ion fac tor (�) to that reservo i r  
m 

= surface area o f  the reservo i r  (m2 ) 
= depo s i t i on velo c i ty (�) o f  the radionuc l ide  from the air 

v = volume of  the water supply ( Q ) 
10 6 = conversion fac tor from � C i  to pCi ( 1 0 6pCi/� Ci ) . 
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For thi s  analy s i s , the as sump t ion i s  made that water in each reservo i r  i s  c om­
p l e te ly cyc led once each year . There fore , values of S are obtained d i rec tly from a 
Tab l e  3 . 1 . 2 - 1 .  I f  the turnover rate i s  more frequent than once a year , the doses 
c a lculated for this  pathway would be c onservatively high .  The converse i s  a l s o  t rue . 

The value o f  the d i spersion fac tor x/Q is c a l cul ated spec i f i c a l l y  for the water 
supp ly of intere s t . For this impac t s tatement , c a l culat ions are done for the two 

water supp l i es for which depo s i t ion o f  radionuc l ides from airborne re leases would be 
mo s t  s ign i f i cant . These  supp l i es are Great Western Re servo i r  and S t andl ey Lake . 
Concentrat ions o f  radionuc l ides from ai rborne releases to o ther supp l i e s  are c ons i dered 
to b e  l e s s  than for these two supp l ies . The value of x/Q to Great We s tern Re servo i r ,  
calcul ated ac cording t o  me thods di scussed i n  Appendix B - 2 ,  for an e f fe c t ive s tack 
he igh t of 120  m and for a dis tance of 4 . 0  km to the ENE , i s  2 . 95 x 10 - 8 s/m3 . The 
value o f  x/Q to S tandl ey Lake , for an e f fec t ive s tac k height o f  1 5 0  m and for a 
d i s tanc e  o f  7 . 2  km to the SE , i s  1 . 31 x 10 - 8 s/m3 . These values app ly to chronic 
re leases and are averaged over the wind direc t ion and Pasqu i l l  s t ab i l i ty c l ass  in  the 
same manner as for the values p resented in Tab l e  B - 2 - 5 .  

The sur fac e area o f  Great Wes tern Re servoi r  i s  6 . 0 8 x 10 5 m2 with a volume o f  
3 . 7 9 x 10 9 Q .  The surface area o f  S t andley Lake i s  4 . 7 1 x 10 6 m2 with a volume o f  
5 . 2 3  x 1 0 10Q .  

The depo s i tion veloc i ty Vd is taken to b e  0 . 0 01  mls for a l l  rad ionuc l ides except 
t r i t ium and the halogens ( Bake r ,  1 9 7 7 ) . A value of 0 . 0 1 mls i s  used for tritium ,  
even though a value o f  zero i s  used by Baker , to match the value o f  0 . 0 1 mls for the 
halogens and to be cons e rvative . 

Using these values , the concentration o f  the radionuc l i des in the water o f  Great 
We stern Reservo i r  and S t andley Lake c an be c a lculated using equation 2 9 , and the 
o rgan doses c an be calculated us ing equat ion 1 3 . The results  o f  these  calculations 
for the bone are p res ented in Tab l e  F - 10 . 

For wate r supp l ies o ther than Great Wes tern Re servo i r  and S t andley Lake , the 
conc entrations of radionu c l i des in the water from a i rborne rel eases are taken to be 
equal to those  fo r S t andl ey Lake , al though the radionuc l ide c onc ent rat ions are expec ted 
to be somewhat l e s s  than tho se for S tandl ey Lake . Note , however , that in c omparison 
with the total  dose p resented in Tab le 3 . 1 . 2 - 3 ,  the dose contribution from thi s  
pathway i s  negl igib l e . 
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TABLE V - 1 0  
CONCENTRATIONS OF RADIONUCLIDES iN  G�EAT WESTERN RESERVOIR AND STANDLEY 

RELEASES AND THE RESULTI NG 7 0 - YEAR BONE LAKE FROM ROUTINE PLANT AIRBORNE 
RATES )  DRINKING THI S  WATER FOR 7 0  YEARS DOSE TO PERSONS ( AVERAGE INTAKE 

Wa ter Conc entra t ion ( pCi/£ ) 7 0 -Year Bone Dose ( rem ) 
Radionu c 1 ide Great We stern S tandl ey Great Wes t e rn S tandley 

3H 2 . 4  x 10 - 1 -2 7 . 4  x 1 0 -7 1 . 8 x 10 -7 5 . 9  x 10  
2 3 4 U 5 . 0  x 10 - 7 1 . 3  x 10 - 7 8 . 6  x 10 - 14 2 . 2  x 1 0 - 14 

2 3 5 U  1 . 9  x 10 - 8 4 . 7  x 10 - 9 3 . 1  x 10 - 1 5  7 . 8  x 1 0 - 1 6  

2 3 6 U 1 . 9  x 10 - 9 4 . 7  x 10 - 1 0  3 . 1  x 10 - 1 6  7 . 8  x 1 0- 1 7  

2 3 8 U 4 . 2  x 10 - 7 1 . 1  x 10 - 7 6 . 6  x 10 - 14 1 . 7  x 1 0 - 1 4  

2 3 1 Th 1 . 9  x 10 - 8 4 . 7  x 1 0 - 9 1 . 9  x 10 - 2 0  4 . 8  x 1 0 - 2 1  

2 3 4 Th 4 . 2  x 10 - 7 1 . 1  x 10 - 7 7 . 8  x 1 0 - 1 7  2 . 0  x 1 0 - 1 7  

2 3 8 pu 5 . 0 x 10 - 7 1 . 2  x 10 - 7 2 . 5  x 10 - 7 6 . 0  x 1 0 - 8 

2 3 9 pU 1 . 7  x 10 - 5 4 . 2  x 10 - 6 9 . 8  x 10 - 7 2 . 4  x 10 - 7 

2 4 0 pU 3 . 8  x 10 - 6 9 . 6  x 10 - 7 2 . 2  x 10 - 7 5 . 5  x 10 - 8 

2 4 1 pU 1 . 1  x 10 - 4 2 . 7  x 10 - 5 1 . 5  x 10 - 6 3 . 6  x 1 0 - 7 

2 4 2 pU 3 . 5  x 1 0 - 10 8 . 6  x 10 - 11  1 . 9  x 10 - 1 1  4 . 6  x 1 0 - 1 2  

2 4 1 Am 4 . 4  x 10 - 6 1 . 1  x 10 - 6 2 . 5  x 1 0 - 6 6 . 3  x 10 - 7 

M i s c . 4 . 7  x 10 - 9 1 . 2  x 1 0 - 9 8 . 1  x 10 - 1 1  2 . 1  x 10 - 1 1  

6 . 2  x 1 0 - 6 1 . 5  x 1 0 - 6 

F . 1 . 4 Ground P lane I rrad i a t ion 

Thi s sect ion describes the me thods for c a l cu l a ting do ses to o ff - s i te pe rsons 
i rrad iated by radionuc1 ides depo s i ted on the ground . The chronic buildup of the 
surface conc entration ( Ci/m2 ) ove r 70 years is determined for each radionuc 1 ide . 
Dose convers i on fac tors , wi th un its  o f  ( rem · m2 ) / ( Ci · s ) , are ob tained from the EXREM 
computer code , deve loped at Oak Ridge National Laboratory ( Trubey , 1 9 7 3 ) .  

F . 1 . 4 . 1  Do se from Ground P lane I rradiat ion 

The dose to the organs o f  a person for a given radionuc 1 i de from chroni c  surface 
depo s i t ion over t ime t is given by the equat ion 

where S = 
g 
F = 

X/Q = 

t = 

43 . 2  = 

2 
. Organ Dose ( rem ) = 43 . 2  (�) S/ t 

radionuc 1 ide ( ai rborne ) release rate ( Ci/day ) 
dose conve rs ion fac tor [ ( rem · m2 ) / ( C i . s ) ]  
di spers ion factor ( s/m3 ) 
durat ion o f  the chroni c  depo s i t ion ( days )  
( The duration t also i s  the period o f  dose ac cumu l a t ion ) 
p roduc t o f  ( 8 . 64 x 104 s/d ) ( 1/2 ) ( Vd ) where Vd i s  the dep o s i t ion 
veloc i ty and is set  equal to 0 . 00 1  m/s . The uni ts of th i s  
constant are mid . 
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Thi s  equat ion i s  derived in S e c tion F . l . 4 . 2 .  

For the ingrowth o f  a daughter radionuc l ide from the phys i c a l  decay o f  i t s  
paren t , whi c h  i s  depo s i ted chron i c a l ly , the organ dose re sul t ing from the daughter 
radionuc l ide i s  given by 

( SA )d 4 
Organ Dose ( rem) = tsAT::" (8 .64 x 1 0  ) 

p 

whe re ( SA) d = spec i fic  ac t ivity 
( SA ) p = spec i fic  ac t ivity 
( Sg )

e 
= a i rborne release 

8 . 64 x 1 0  = sid 

( C i/g ) o f  the 
( Ci/g ) o f  the 

rate ( C i/d ) o f  

Fd 
= dose convers ion fac tor for the 

daughter radionuc l i de 
parent radionuc l ide 
the paren t 

daughter radionuc l ide 
Ap = phy s ical  decay cons tant ( d - l ) for the parent radionuc l ide . 

Other terms a re de fined as for equation 21 . 

( 2 2  ) 

For the ingrowth o f  2 4 1 Am from 2 4 1 pu ,  the only s igni ficant case for Plant 
e f fluents , and for t = 2 5 5 67 . 5  d ( 7 0 years ) ,  ( SA ) d = 3 . 42 Ci/g , ( SA ) p = 1 03 . 5 Ci/g , 

- 4  -1  Ap 
= 1 . 32 2  x 10  d , and Vd = 0 . 00 1  mis , equat ion 22  reduces to 

( 2 3 )  

Values o f  the a i rborne release ra tes are ob tained from Tab l e  3 . 1 . 2 - 1 b y  d ividing 
the values in C i/yr by 3 6 5 . 25 d/yr . Values o f  the dispers ion fac tor ( x/Q ) for a 
chronic release are ob tained from Tab l e  B - 2 - 5 .  Values o f  the do se convers ion fac tor 
F are presented in Tabl e  F - l l . These  values are generated from the Oak Ridge EXREM 
code . The values o f  F are for the total body . Values for a l l  o ther o rgans are 
considered to be equal to those for the total body . 

F . 1 . 4 . 2  Derivation o f  Equa t ions 

The deriva tion of equa t ion 21  is as fo l l ows . For a chronic release the rate o f  
bui ldup o f  the surface conc entrat ion G ( Ci/m2 ) o f  the radi onucl i de on the ground 
( negl e c t ing rad i o l og i c al decay ) is desc ribed by the d i f ferential  equat ion 

whe re a l l  terms have been de fined p revious ly . S o lving for G yields the value o f  the 
surface concentrat i on at any t ime t ,  

( 25 )  
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TABLE F- l l  
DOSE CONVERS ION FACTORS FOR GROUND PLANE IRRAD IATION 

Dose Convers ion Factor 

Rad ionuc lide 
2 

( re�' m ) Cl ' S  
3H 0 

2 3 4 U 1 . 5  x 10 - 5 

2 3 5 U  9 . 0 x 10 - 4 

2 3 6 U L O x 10 - 5 

2 3 8 U 1 . 0  x 10 - 5 

2 3 1 Th 4 . 1  x 10 - 4 

2 3 4 Th 5 . 3  x 10 - 5 

2 3 8 pU L O x 1 0 - 5 

2 3 9 pu 4 . 3  x 1 0 - 6 

2 4 0 pU 9 . 0 x 10 - 6 

2 4 1 pU 0 
2 4 2 pu 8 . 6  x 10 - 6 

2 4 1 Am 2 . 4  x 10 -4 

2 4 2 Cm* 9 . 2  x 10 - 6 

*242Cm is used for the I Imiscellaneous alpha- emi t t ing i so topes . 1I 

The dose H over t ime t from exposure to the ground concentra t ions as  i t  builds up 
i s  ob tained by so lving the d i f ferent ial equation dH 4 

dt = 8 . 64 x l O G F ( 26 )  

where t h e  value 8 . 64 x 104 i s  the convers ion fac tor sid . Sub s t i tut ing equat ion 25  
---

for G and- solving y i e lds 

( 27 )  

For the radionuc l i des  o f  intere s t  Vd = 0 . 001  m/s . Us ing thi s  value in equat ion 
2 7  yields equat i on 21 . Note that no weathering into the s o i l  or phys ical  decay i s  
inc luded . Weather ing into the soil  would dec rease the dose from ground plane irrad i a ­
t ion because o f  the shielding o f  t h e  soil  over weathered radionu c l i de s . Loss o f  
rad ionuc l ides by physical  decay would also lower the dose . 

The derivat ion o f  equation 2 2  i s  as fol lows . The rate o f  daughter ingrowth from 
the physi cal decay o f  the parent is given by 

dA _ A P ( 28 )  dt - p 
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whe re A = mass surface conc ent ration ( g/m2 ) o f  the daughter at t ime t ( d )  
P = mas s  surface concentrat i on ( g/m2 ) o f  the parent a t  t ime t ( d )  

Ap = phy s i c al decay concentration ( d - l ) o f  the parent 

Loss by phy s i c a l  decay of the daughter is not inc luded , for s imp l i c i ty and 
conserva t i sm .  

The value fo r P needs to be derived b e fore equation 2 8  c an b e  s o lved . The rate 
change of P is equal to the depo s i t ion rate [ ( x/Q ) Vd Sp J minus the rate of l o s s  by 
phy s i c a l  decay ( ApP ) . Thi s  di fferen tial  equat i on i s  

( 2 9 ) 

where Sp i s  the a i rborne release rate ( g/d ) in terms o f  mas s o f  the p arent and a l l  
o ther terms are a s  defined p revious ly . So lut ion o f  equa tion 2 9  y i e l d s  the value o f  P 
at t ime t 

1 -A t P = -- (X) Vd Sp ( e  p -1) .  Ap Q ( 3 0 ) 

Sub s t i tu t i on for P in equation 28 and solving yields  the value o f  the daughter 
mass surface conc entra t i on at time t ,  

1 -A  t A = (�) Vd Sp ( t + ;;- e P - t-) . 
p p 

( 3 1 ) 

Converting to a c t ivi ty by mul t ip lying by the spec i fi c  ac t ivi ty ( Ci/g )  o f  the 
daughter and paren t y i e l d s  A in terms of ac tivity surface concentration ( C i/m2 ) 

( SA) d 1 -Apt 1 A (act i v i ty) = TSAT::" (�) Vd (S
g

) p ( t + -- e - --) p Ap Ap 
( 3 2 ) 

where ( Sg ) p i s  the a c t ivi ty release rate ( C i/d )  o f  the parent and ( SA ) d and ( SA ) p are 
the spec i fi c  a c t iv i t i e s  ( C i/g ) of the daughter and parent , re spec tive l y . 

The organ dose H ove r t ime t from expo sure to A ( ac t iv i ty ) a s  i t  bui lds up i s  
obtained by s o lving the d i fferen t i a l  equation 

�� = 8 . 64 x 1 04 Fd A ( acti v i ty )  ( 3 3 ) 

Solut ion o f  equa tion 3 3  fo r H yields  equat i on 2 2 .  

For ingrowth o f  2 4 1 Am from 2 4 1 pU ,  equa t i on 2 3  i s  obtained by eva luat ing equa t ion 
2 2  u s ing the fol l owing value s : t = 2 5 5 6 7 . 5  d ,  Vd = 0 . 001 mis , and Ap = 1 . 32 2  x 1 0 - 4 

- 1 d . 
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F . l . 4 . 3  S amp l e  Calcu l a t ion 

Calculate the 7 0 -year organ dose ( al l  o rgans ) to a pe rson l iving in the ESE at 
a d i s tance of 2 mi l e s  for rou t ine re leases  from ground p l ane i rrad i a ti on . 

S tep 1 :  

S tep 2 :  

S tep 3 :  

S tep 4 :  
S tep 5 :  

Obtain from Tab le 3 . 1 . 2 - 1 the radionuc l ides and the total a i rborne 
activity released per year . Conve rt the s e  a c t iv i t i e s  to Ci/d by 
mul t iplying by 10 - 6 C i/� Ci and then d iv iding by 3 6 5 . 2 5 d/yr . 
F rom Tab le F - l l  ob tain the values o f  the dose conversion fac tor F for 
e �ch radionuc l ide . Mu l t iply each value from S tep 1 by the value of F 
for the co rresponding radionuc l ide . A l s o  mul t iply each value by 43 . 2  
( from equat ion 2 1 ) and by 6 . 54 x 10 8 ( th i s  value i s  t2 ) .  
Mul ti p ly the value o f  2 4 1 pu from s tep 1 by the value o f  F for 2 4 1 Am  

and by 5 . 39 x 10 8 ( equat ion 2 3 ) . 
Sum a l l  value s  from s teps 2 and 3 .  
F rom Tab l e  8 - 2 - 5 ob tain the values o f  the di spe r s i on factor X /Q for a 
d i s tance o f  2 m i l e s  in the ESE d i rec tion . Thi s  value i s  5 . 04 x 1 0 - 7 

s/m3 . Mul t ip ly th i s  value by the sum obtained in s t ep 4 .  The resu l t , 
1 . 46 x 1 0 - 5 rem , i s  the 7 0 -year dose ( rem ) to any o rgan from 7 0  years 
of a i rborne releases  from rou t ine P lant operation from ground p lane 
irradiat ion . 

Thi s  c a l cu l a t ion i s  summar ized in Tab l e  F - 12 . 

F . l . 5  M i s c e l l aneous Calculation s  

Thi s  s e c t ion describes the me thodo logy f o r  various c alculat ions pertaining t o  
chroni c  releases  from routine P l ant operat ion . The s e  c a l cu l a t i ons are : ( 1 )  age­
spec i fi c  do s e s  ( Tab l e  3 . 1 . 2 - 4 ) , ( 2 )  compari s on of the 7 0 - year dos e  commi tment from 1 
year o f  expo sure to the 7 0 - year dose from 7 0  years o f  expo sure ( Tab l e  3 . 1 . 2 - 7 ) , ( 3 )  
popu l a t i on do s e s  ( Tab l e  3 . 1 . 2 - 8 ) , and ( 4 )  the e ffec t o f  a hypo the t i cal h igh - dens i ty 
popul a t ion to the east  o f  the P l ant ( Tab l e  3 . 1 . 2 - 9 ) . 

F . l . 5 . l  Age - Spec i fi c  Do s e s  fo r Chronic Intakes 

The dos e s  a s s e s s ed in this Impac t S t atement are general ly for organs of the 
reference adu l t  mal e  and are calculated for his s t andard organ ma s s e s  and intake 
rate s . Thi s  s e c t i on describes the me thodo l ogy to calculate o rgan doses  to persons 
who b egin the 7 0 -year chron i c  expo sure period as o ther than adu l t  male . In part i cu lar , 
th i s  s e c t i on deve lops the me thodo l ogy by wh ich values in Tab l e  3 . 1 . 2 - 4 are ob tained . 
These values are the ratio  o f  the organ dose for the person who begins the 7 0 - year 
chron ic exposure period younger than age 20 or a s  an adu l t  femal e to the organ dose 
fo r the adu l t  re ferenc e man . Thi s ratio  is determined for both inh a l a t ion and inge s ­
t i on uptake pathways ( ground p l ane irrad i a t i on w i l l  be deal t  w i th only b r i e fly , 
s ince the ratios  are a l l  uni ty ) . 

F - 2 7  



TABLE F - 1 2  
TABULATION FOR THE SAMPLE CALCULATION FOR GROUND PLANE IRRADIATION 

Release Rate 
Radionucl ide ( Ci /d )  

3H 1 . 3 7 x 1 0 -2 

2 3 4 U 2 . 9 0 x 1 0 - 7 

2 3 5 U  1 . 1 0 x 1 0 - 8 

2 3 6 U 1 . 1 0 x 1 0 - 9 

2 3 8 U 2 . 44 x 1 0 - 7 

2 3 1 Th 1 . 1 0 x 1 0 - 8 

2 3 4 Th 2 . 44 x 1 0 - 7 

2 3 8 pu 2 . 87 x 1 0 - 7 

2 3 9 pu 9 . 80 x 1 0 - 6 

2 4 0 pu 2 . 22 x 1 0 - 6 

2 4 1 pU 6 . 2 7 x 1 0 - 5 

2 4 2 pU 2 . 00 x 1 0 - 1 0  

2 4 1 Arn 2 . 55 x 1 0 - 6 

M i s c . 2 . 74 x 1 0 - 6 

2 4 1 Arn ( Ingrown ) 0 ------

To tal  

Dose Convers ion 
Fac tor F 

2 
( re�' m ) Cl. · S  

o 
1 0 - 5 1 . 5  x 

9 . 0  x 1 0 - 4 

1 0 - 5 L O x 
1 . 0  x 1 0 - 5 

4 . 1  x 1 0 - 4 

5 . 3  x 1 0 - 5 

1 . 0  x 1 0 - 5 

4 . 3  x 1 0 - 6 

9 . 0  x 1 0 - 6 

o 
8 . 6  x 1 0 - 6 

2 . 4  x 1 0 - 4 

9 . 2  x 1 0 - 6 

2 . 4  x 1 0 - 4 

Dose Per 
Uni t  x/Q 

3 
( rem ' m  ) s 

o 
1 .  2 3  x 1 0 - 1 

2 . 80 x 1 0 - 1 

3 . 1 1 x 1 0 - 4 

6 . 89 x 1 0 - 2 

1 .  2 7  x 1 0 - 1 

3 . 65 x 1 0 - 1 

8 . 1 0 x 1 0 - 2 

1 . 1 9 
5 . 64 x 1 0 - 1 

o 
4 . 86 x 1 0 - 5 

1 . 7 3 x 1 0 1 

7 . 1 2 x 1 0 - 1 

8 . 1 1 
2 . 89 x 1 01 

Organ Dose ( rem ) = 2 . 89 x 1 01 ( rem . m3 ) x 5 . 04 x 1 0 - 7 ( s ) = 1 . 46 x 1 0 - 5 rem s rn:> 

General Approach 

For persons who begin a chroni c  expo sure at age s younger than 2 0 , the intake 
rate , the ga s t ro inte s t inal up take rate , and the organ mass change wi th t ime . After 
age 20 these parame ters are cons idered to remain at the re fe rence values g iven in 
ICRP #23 for the adu l t  male and fema l e . Mathema t i c a l  equations describing the i n ­
cre a s e  in the in take rates and o rgan ma sses  from b i rth t o  age 2 0  are no t avai l ab l e . 
Even i f  such equations we re ava i l ab l e , integra t i on o f  tho se equa t ions into a ma the ­
mat i c a l  model  to obtain organ dos e s  for inhal a t ion and inges t i on would be prohib i ­
t ive l y  c omp l ex . Therefore , the fo l l owing approach i s  used . The 7 0 - year chronic 
int ake i s  cons idered to cons i s t  of 7 0  separate acute intakes , one a t  the s t art o f  
each year . The dose t o  the organ i s  c a l cul ated for each succ e s s ive year up through 
the 7 0 th year a f ter the f i rs t  int ake . For examp l e , the dose from the f i r s t  acute 
intake is a s s e s sed fo r each of the subs equent 7 0  years . For the second acute intake , 
the dose for each o f  69 years i s  c a l cu lated , and so on un t i l  dos e s  for 7 0  acute 
intakes have been c a l cu l ated . Each acute intake oc curs in p roportion to the intake 
rate corre sponding to the age and gender o f  the person . Each yearly dose i s  c alcu­
lated for an o rgan mass c orre sponding to  the age and gender of  the person at that 
t ime . Inc re ased gas tro intes t inal up take i s  inc l uded fo r the newborn . Thi s  app roach 
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i s  a l so used to c a lculate the values for the adu l t  male and fema l e .  Even though 
exac t equations are ava i l ab l e  for t h i s  c a s e , the s ame me thodo l ogy is used for b o th 
the nume rator and the denominator o f  the age - spe c i f i c  dos e  rati o . 

Data for Age - Spe c i fic  Intake Rate and Organ Mas s  

The data for values o f  the intake rate and organ mas s  from b i rth t o  age 2 0  and 
for adu l t s  are der ived from tab l e s  and graphs presented in I CRP #23 , " Report o f  the 
Task Group on Re ference Man , "  ( ICRP , 1 9 7 5 ) .  

The values o f  the age - spe c i fic  breath ing rate , presented i n  Tab le F - 1 3 , are 
obtained by graphing the values presented on page 346 o f  I CRP #23 ( conve rted to uni t s  
o f  m3/s ) and obtaining value s  from a smooth curve through the graphed poin t s . 

The values o f  the age - spec i fi c  ingest ion rate , a l s o  presen ted in Tab le F - 13 , 
are obtained by summing values disc erned from F igures 68 , 69 , and 7 0  o f  I CRP #23 . 

Inge s t i on 
Age ( g/d ) 

( Years ) Mal e  
B i r th 7 5  

1 1 8 7  
2 2 3 7  
3 2 7 2  
4 3 0 0  
5 3 2 8  
6 3 5 3  
7 3 7 6  
8 40 1 
9 41 6 

1 0  447 
1 1  467 
1 2  4 9 2  
1 3  5 1 2  
1 4  5 3 2  
1 5  546 
1 6  5 5 0  
1 7  5 5 3  
1 8  554 
1 9  5 5 3  

Adu l t  605 

TABLE F - 1 3  
AGE - SPECI F I C  INTAKE RATES 

Rate 

Femal e  Mal e  
7 5  9 x 

1 8 7  4 . 4  x 
2 3 7  7 . 2  x 
2 7 2  9 . 2  x 
3 0 0  1 . 08 x 
3 2 8  1 . 20 x 
3 5 3  1 . 3 2 x 
3 7 6  1 . 42 x 
400 1 .  5 3  x 
410 1 . 63 x 
4 3 5  1 .  7 4  x 
450  1 . 82 x 
468 1 .  9 1  x 
480 2 . 0 1 x 
491 2 . 1 0 x 
497  2 . 1 9 x 
49 7 2 . 29 x 
4 9 6  2 . 3 8 x 
494 2 . 47 x 
490 2 . 5 6 x 
421  2 . 6 6 x 
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Breathing Rate 
( m3/s ) 

Fema l e  
1 0 - 6 9 x 1 0 - 6 

1 0 - 5 4 . 4 x 1 0- 5 

1 0 - 5 7 . 2  x 1 0 - 5 

1 0 - 5 9 . 2  x 10 - 5 

1 0 - 4 1 . 0 8 x 1 0 - 4 

1 0 - 4 1 . 20 x 1 0 - 4 

1 0 - 4 1 . 3 2 x 1 0 - 4 

1 0 - 4 1 . 42 x 1 0 - 4 

10 - 4 1 .  5 3  x 1 0 - 4 

10 - 4 1 . 63 x 1 0 - 4 

1 0 - 4 1 .  7 4  x 1 0 - 4 

1 0 - 4 1 . 82 x 1 0 - 4 

1 0 - 4 1 . 9 1  x 1 0 - 4 

1 0 -4 1 .  9 9  x 1 0 - 4 

1 0 - 4 2 . 0 7 x 1 0 - 4 

10 - 4 2 . 14 x 1 0 - 4 

1 0 - 4 2 . 2 1 x 1 0 - 4 

1 0 - 4 2 . 28 x 1 0 - 4 

1 0 - 4 2 . 3 2 x 1 0 -4 

1 0 - 4 2 . 38 x 10 - 4 

10 - 4 2 . 43 x 1 0 - 4 



Al though the se values are spec i fi c a l ly for food intake , i t  i s  cons idered that the 
rel a t ive values of the age - spec i fic food ingest ion rate should we l l  approxima te the 
re l a t ive values of the water inge s t ion ra te fo r the same age and gender . 

A 1 0 0  fold rela tive inc rease i n  plutonium and americ ium gas t ro in t e s t inal up take 
fl in the newborn is taken from an EPA Guidance ( USEPA , 1 9 7 7 ) . 

The age - spec i fic organ masse s , presented in Tab l e  F - 14 , are ob tained a s  fo l lows . 
The va lues for the total body are d i s c erned from F igure 5 in ICRP #2 3 . The values 
for the l iver are taken from Tabl e  60 of ICRP #23 . The values for the bone are 
d i s cerned from F i gure 41 of ICRP #2 3 . The values for the lungs are taken from Tab l e  
65 o f  I CRP #2 3 .  No te that the bone m a s s  fo r a n  adu l t  i s  twi c e  the value o f  the 
mineral bone ( 50 00 g) used in o ther bone do se c alculat ions i n  thi s  Impact S t a tement . 
Also the mass o f  the lung for adu l t  man ( 1 000  g )  i s  greater than the mass o f  5 70 g 
( lung mas s  minus venous and arterial b lood ) used in o ther l ung dose c alculat ions . 
However , the use o f  these values ( in Tab l e  F - 1 4 )  has no e ffect on the value o f  the 
d e s i red ratio  i f  the fac tor of 2 in the values of bone mas s and the ratio of 1 0 00g/ 
5 7 0  g for the lung masses i s  as sumed to hold for a l l  ages . 

Equations for Inha lat ion 

The dose to the lungs from an acute inha l ation i s  given by 

p 
Lung Dose ( rem) = 51 . 1 5 � � ( l _e-At ) ( 3 4 )  

where Po = the ac t i v i ty ( � C i ) i n i t i a l l y  depos i ted in the pulmonary regions o f  the 
l ungs and c l ears with a b iological  hal f - t ime of 5 0 0  days ( for C l a s s  Y ) . 

A = the e f fe c t ive c l earanc e cons tant ( d - l ) fo r the lungs 

£ = e ffec t ive energy ( MeV) depo s i ted per d i s integrat ion 
m = mas s  o � the lungs 
t = t ime ( d )  s ince the depo s i t ion 

The value of P is proportional to the b reath ing rate B .  S inc e the desi red o r 
value i s  a ratio , a l l  c ons tant values wi l l  c anc e l  and , there fore , c an be di s regarded . 
Therefo re , equation 3 2  c an be s imp l i fied to 

B 
Lung Dose a m

r ( l _e-At ) .  ( 3 5 ) 

The l ung dose p e r  year from an acute inha l a t i on i s , for year numbe r  ( t2/365 . 2 5 )  
after  the intake , 

Br -At 1 -At2 Lu ng Dose per Year a mrt]J ( e  - e ) 

where tl = numbe r  o f  days s ince the s tart o f  exposure 
t2 = tl + 3 6 5 . 2 5 in uni t s  of day s . 

F - 3 0  

( 3 6 )  



Age 
(Years ) 
B i rth 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  
1 2  
1 3  
1 4 
1 5  
1 6  
1 7  
18 
19 
2 0  

Total Body ( kg )  
Mal e  Femal e  

3 . 5  
10 . 4  
1 2  
14 . 5  
1 7  
2 0  
2 2 . 5  
2 5  
2 7  
29 . 5  
3 2  
3 5 . 5  
3 9  
4 5  
5 1 . 5 
5 7  
6 2  
65 
68 
69 
70  

3 . 4  
9 . 4  

1 1 . 5  
14 
16 
1 8  
20 . 5  
2 3  
2 6  
2 9  
3 2  
3 7  
42 
46 . 5  
5 1  
5 3  
5 4  
5 5  
5 6  
5 7  
5 8  

TABLE F - I ' I 
AGE - SPEC I F I C  ORGAN MAS SES 

Organ Mas s  
Liver ( g )  

Male Femal e  
1 34 . 3  
342 . 5  
458 . 8  
5 30 . 6  
5 66 . 6  
5 9 1 . 8 
660 . 7  
691 . 3 
808 . 0  
804 . 2  
9 3 1 . 4  
9 0 1 . 8 
9 86 . 6  

1 3 6 . 5  
3 2 2 . 1  
428 . 9  
490 . 7  
5 5 9 . 0  
5 9 1 . 1  
603 . 5  
682 . 5  
7 3 2 . 5  
86 2 . 5  
9 04 . 6  
840 . 4  

1 048 . 1  

Bone ( g )  
Male Female 

600 
1 600 
1 800 
1 9 5 0  
2 0 5 0  
2250 
2 5 0 0  
2 7 5 0  
2900  
3 2 00 
3 5 00 
3800 
5 0 0 0  
6500 
8000  
8500 
8900  
9 3 0 0  
9 7 0 0  
9900  

1 1 0 3  
1 1 66 
1 228 
1448 
1 5 1 5  
1 7 0 2  
1 5 7 0  
1 800 

9 9 7 . 7  
1 2 0 9  
1349  
1414 
1417 
1541  
1433 
1400 1 0 0 0 0  

6 0 0  
1400 
1 6 00 
1 7 0 0 
1800  
1950  
2100  
2 2 5 0  
2 4 0 0  
2 5 5 0  
2 8 0 0  
3 0 0 0  
3400 
3900 
4400 
5 0 0 0  
5 500 
5 9QO 
6200 
6 5 Q O  
6800 

Lungs ( g )  
Mal e  Femal e  
5 1 . 7 

1 7 0 . 3  
245 . 9  
3 04 . 7  
3 14 . 2  
2 60 . 6  
3 99 . 5  
3 65 . 4 
405 . 0  
3 7 6 . 4  
474 . 5  
465 . 6  
458 . 8  
5 04 . 5  
6 9 2 . 8  
691 . 7  
747 . 3  
7 7 6 . 9  
874 . 7  

1 0 3 5 . 6  
1 0 0 0  

5 0 . 9  
1 7 5 . 3  
2 44 . 3  
2 6 5 . 5  
3 1 1 . 7  
3 1 9 . 9  
3 5 7 . 5  
404 . 4  
382 . 1  
3 5 8 . 4  
5 7 1 . 2 
5 3 5 . 0  
681 . 7  
602 . 3  
5 1 7 . 0  
7 0 8 . 8  
626 . 5  
694 . 5  
65 4 . 9  
7 85 . 2  
800  

Values from equat i on 3 6  are c a l cu l ated for each value o f  the b reath ing rate from 
the ons e t  of the c hroni c  exposure to 70 years , w i th the proper value o f  the l ung mass 
for each year of the period . There are 7 0  c a l cu l a t i on s  for the f i r s t  year o f  intake , 
69 c a l cu l a t ions for the second year o f  intake , 68 calculat ions for the th i rd year 
intake , and s o  on . No te , however , a s  a s imp l i f i c a t i on one c an group the years past 
age 2 0  when both the b reath ing rate and o rgan mass are cons tant . For the adu l t  male 
and femal e  one c an s imp l i fy the proc e s s  to a mere 70 c a l cu l a t i on s  for each . Values 
for a l l  c a l c u l a t i ons are then summed ·to obtain the value of the r e l a t ive age - spe c i f i c  
do se t o  the l ung for a s imul ated 7 0 - year chron ic intake . 

The do se to the o ther o rgans ( to ta l  body , l iver , and bone ) from an acute inhal a ­
tion based o n  the I CRP Task Group lung mode l ( I CRP , 1 9 6 6 ) for C l a s s  W s o lub i l i ty i s  
given by 

F- 3 1  



where A = 

D = 

Pac 
= 

AX 
= 

A = 

Ab 
= 

Ap 
= 

f = e 

fh 
= 

feAb + 

A -A x 
fhA5 
A -A x 

Organ Dose  ( rem) 1 A -A t 51 . 1 5 � f2 Po : � ( l -e X ) - � ( l -e-At) x 
- Q2- (At + 1 )  e -At + D 

A � 
P -A t + � ( 1  x ) '  \ -e .. ( 3 7 ) 

ini tial  a c t iv i ty in the naso - pharynx and tracheobronchi a l  compartments 
which goes to the b lood via pa thways a and c ( � Ci ) 
e ffec tive removal cons tant ( d - l ) from the o rgan o f  intere s t  
e ffec t ive c l earanc e cons tant ( d - l ) from the pulmonary compartment = 
A + Ab P 

- 1 bio logical clearance cons tant ( d  ) from the pulmonary c ompartment 
phy s i c a l  decay cons tan t ( d - l ) 
fract ion o f  the ac t iv i ty in the pu lmonary c ompartment tran s l o c a t ing 
via pa thway e ( fe 

= 0 . 2 5 for solub i l i ty C l a s s  W )  
fra c t i on o f  the a c t iv i ty in the pulmonary c ompa rtment tran s locat ing 
via pa thway h ( fh 

= 0 . 0833  fo r s o lub i l i ty C l a s s  W) . 

Pathways a and c in the ICRP Task Group lung model refer to c l earance from the 
naso - pharynx to the b lood and from the tracheobronchial c ompartment to the b lood , 
respec t ively . Pathway e re fers to c l ea rance from pulmonary region to the b lood . 
P athway h re fers to c l earanc e from the pulmonary region to the lymph nodes . 

Both Po and Pac are proportional to the breathing rate Br , but wi th d i f fe rent 
proport ions . For a particle s i z e  o f  0 . 3  �m AMAD , Po 

= 0 . 222  Br and Pac 
= 0 . 048 B r . 

The o rgan dose per year from the acute inhal a t i on i s , for year number ( t2/3 65 . 25 )  
a fter the intake , 

O B C r' -A t rgan Dose per Year (l ;;;r.:!., � 0 . 222 , � e x 2 
m\ t1 ,  I... �. AX 

At .. 0 A t -A t -) + 7 ( At2 
+ 1 )  e - 2 j + 

- • �:8 ( e  
-
Ix 2 

_ e x \) • 

-A t1 A -At -A t1 e X ) _ r< e 2 _ e ) 

The use o f  this equa t i on i s  the s ame as desc ribed for the lung dose calculation . 
Values o f  the parame ters for use in equat ion 3 6  are p res ented in Tab l e  F - 1 5  fo r 
2 3 9 pu .  

Organ 
To tal  Body 
Liver 
Bone 
Lungs 

TABLE F - 1 5  
VALUES O F  PARAMETERS USED TO CALCULATE THE RELATIVE ORGAN DOSE 

PER YEAR FOR P LUTON IUM - 2 3 9  

Value o f  Parame ters 
A ( d - 1 ) AX ( d - l ) A D 

1 . 39 x 1 0 -2 1 .  0 7  x 1 0 -5 0 . 3 3 3 6  - 1 . 1 5 9  x 1 0 -3 

1 . 3 9 x 1 0 - 2 4 . 7 5 x 1 0 - 5 0 . 3347 - 1 . 1 61 x 1 0 - 3 

1 . 3 9 x 1 0 - 2 1 . 9 1 x 1 0 - 5 0 . 3 3 3 9  - 1 . 1 59  x 1 0 - 3 

1 .  3 9  x 1 0 - 3 1 .  3 9  x 1 0 - 3 

F - 3 2  



Derivat ions o f  equa t ions 3 6  and 3 7 , based on model ing recommended by the ICRP 
Task Group on Lung Dynam i c s  ( ICRP , 1 9 6 6 ) , are as fol lows . For an acute expo sure the 
ac t iv i ty in the pulmonary region of the lungs P at t ime t after intake is g iven by 

( 39 ) 

The amount c l ea ring from the lungs w i th an e ffec t ive hal f - t ime o f  one day o r  
l e s s  i s  conside red to be negl igib l e . The lung dose i s  given by ( see discuss i on 
leading to equation 1 9 )  

Lung Dose ( rem )  = 51 . 1 5  � Q .  ( 40 ) 

where Q i s  the integrated ac t iv i ty in the lung , in uni t s  o f  � Ci · days and i s  given by 
integrat ing P ( equa t ion 3 9 ) over t ime t 

( 41 )  

Sub s t i tu t i on o f  the expre s s i on fo r Q into equa t i on 40 y i e lds equation 34 . 

For the total body , l iver , and bone the a c t i v i ty Y in organ x by pa thway e ( from 
lung to b l ood to o rgan ) and pathway h ( from lung to lymph nodes to b lood to o rgan ) i s  
governed b y  the d i f feren t i al equat ion 

where L = a c t iv i ty in the lymph nodes a t  t ime t ( � C i ) 
- 1 ALb = b io logi c a l  c l earance c on s t ant from the l ymph nodes ( d  ) 

Y = ac t iv i ty in o rgan x at t ime t ( � Ci ) 

( 42 )  

and a l l  o ther parame ters are de fined previous ly . The term fZ feAbP i s  the rate o f  
input into o rgan x from the lungs v i a  pathway e ;  the t e rm fZA LbL i s  the rate o f  input 
into o rgan x from the lymph nodes ; and the term AXY is the rate a t  wh ich ac t iv i ty 
leaves o rgan x .  

Be fore equat ion 42 c an be s o lved , i t  i s  first  neces sary to obtain equat ions for 
P and L .  The ac tivi ty P i s  g iven by equation 3 9 . The equa t ion for L i s  obtai ned a s  
fol l ows ( fo r  C l a s s  W c ompounds ) .  The r a t e  o f  change o f  t h e  ac t i v i ty in t h e  lymph 
nodes i s  g iven by the d i fferent i a l  equa tion 

( 43 )  

where the term fhAbP i s  the rate o f  input into the l ymph nodes from the lungs i n  
pathway h and A L  i s  t h e  r a t e  o f  removal from t h e  lymph node s . Solving equa t ion 43 
for L y i elds 
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L = f A P t -At  
h b 0 e . 

Sub s t i tut ion o f  the se exp re s s ions for P and L into equation 42 and s o lving 
yields  the equation for the ac t iv i ty in o rgan x a t  t ime t v i a  pathway e and h 

( 44 )  

( 45 ) 

The ac t iv i ty in o rgan x from pathway a ( from the nas o - pharynx NP to the b lood to 
o rgan x )  and from pathway c ( from the t racheobronch i a l  TB c ompa rtment to the b lood to 
o rgan x )  is assumed to be d i re c t ly dep o s i ted in o rgan x ,  s ince the hal f- t ime in the 
NP and TB c ompartment s  is much l e s s  than one day . The ac t i v i ty in o rgan x from 
pathway a and c is there fore given by 

Y = f' P e -At  
2 ac  . 

The total  ac t iv i ty in o rgan x i s  the sum o f  equat ions 45 and 4 6 . 

( 4 6 ) 

The in tegrated ac t iv i ty Qx i s  obtained by integration o f  the total a c t iv i ty in 
o rgan x .  

Q = f ' P [ � ( l _e
A xt

) x 2 0 A X f ' P -A t + � ( l -e x ) AX 

The dose to o rgan x i s  given by 

A - T 

Organ Dose ( rem )  = 51 . 1 5  � Qx . 

Subs t i tut ion o f  equation 47 into equation 48 yields equ a t i on 37 . 

Equation s  for Inge s t i on 

The dos e  to the o rgans from an acute inge s t ion i s  g iven by 

Organ Dose ( rem) 
f ' f  -A t 5 1 . 1 5  � -f-l  S 1 ( l -e x ) 

x 

( 47 ) 

( 48 )  

(49 ) 

where S I i s  the in take ( � C i )  a t  t ime t .  Other parameters are de fined a s  for equation 
14 . S ince the d e s i red value i s  a r a t i o , a l l  c on s t an t  values w i l l  c anc e l  and c an be 
d i s regarded . The r e fore , equat ion 49 c an be simp l i f ied to 

f S -A  t 
Organ Dose ex _1_1 ( l -e x ) m . 

F - 34 
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The organ dose per year for the year number ( t 2/3 6 5 . 2 5 )  a fter the intake i s  

f1 S r  -Axt 1 -Axt2 Organ Dose per Year a -- ( e  - e ) 
m 

( 5 1 )  

where t 2 = t1 + 3 6 5 . 2 5 i n  uni t s  o f  day s . The me thods for c a l cu l a ting the age - spec i fi c  
organ do se fo r ing e s t ion a r e  the s ame a s  de s c r ibed f o r  inha l a t i on . The v a l u e s  o f  Ax 
are given in Tab l e  F - 1 6  for 2 3 9 pU ,  2 4 1 Am , and 3 H .  

TABLE F - 16 
VALUES OF THE EFFECTIVE REMOVAL CONSTANTS FOR THE ORGANS 

FOR PLUTON I UM- 2 3 9 , AMERI C I UM- 241 , AND TRITI UM 
- 1 E f fec t ive Removal Cons tant Ax ( d  ) 

Radio - Clas s  VI 
Lungs 

nuc l ide To tal Bod:i Liver Bone C l as s Y 
2 3 9 pu 1 . 0 7  x 1 0 - 5 4 . 7 5 x 1 0 -5 1 .  9 1  x 10 -5 1 . 3 9 x 10 - 2 1 .  39 x 1 0 - 3 

2 4 1 Am 1 . 5 0 x 1 0 - 5 5 . 1 8 x 10 - 5 2 . 3 3  x 1 0 - 5 1 . 3 9 x 1 0 - 2 1 .  3 9  x 1 0 - 3 

3 H 5 . 7 8 x 1 0 - 2 

Derivat ion o f  equat ion 49 i s  a s  fo l lows . I f  the inge s t ed a c t iv i ty S I i s  cons idered 
to go immediately to the organ of intere s t  fol lowing the acute uptake and then to 
leave the organ a t  an exponen t i al rate governed by the e f fec t ive removal cons tant Ax ' 
the ac tivi ty y in the organ at t ime t i s  

( 5 2 )  

where the term f2 f1 S I define s the amount in the o rgan immediately after the acute 
inge s t ion a t  t = O .  The o rgan dose i s  given by 

Organ Do se ( rem ) 51 . 1 5 � Q ( 5 3 )  

where Q i s  the integrated activity i n  � Ci days and i s  given by integra t ing Y ( equat ion 
5 2 ) ove r t ime t 

( 5 4 )  

S�b s t i tu t i on o f  equat i on 5 4  into equation 5 3  y i e l d s  equat ion 49 . 

S ampl e  Calculat ion 

Calculate the age - spec i fi c  bone do se ratio for the newborn and 10 year o l d  mal e s  
resul ting from chron ic inge s t ion o f  2 3 9 pU . 
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S tep 1 :  

S tep 2 :  

Calculate the rel a t ive bone dose c ommi tmen t to re ference man from each o f  
the acute intakes a s  fo l l ows . For each o f  the years from 7 0  to 1 c a l culate  
the  rel a t ive bone do se to re ference man using equa tion 5 0 . The in take rate 
S I is obtained f rom Tab l e  F - 1 3  for the adu l t  ma l e  ( 60 5  g/d ) . The bone mas s 
i s  ob tai ned from Tab l e  F - 1 4  for adu l t  male ( 1 0000  g ) . The e f fec t ive remova l 
rate cons tant i s  obtained from Tab le F - 1 6  for 2 3 9 pu bone ( 1 . 9 0 6  x 1 0  
5 d - l ) ,  and f l  = 1 .  Sum these doses for the years 7 0  through 1 .  Also sum 
the resu l t s  for years 60 through 1 ,  and 50 through 1 .  

Cal cul a te the r e l a t ive bone dose to the growing individual from each o f  the 
acute in takes as fo l lows . 
a .  Calculate the relative bone dose for the year o f  expo sure and each 

succ eeding year of l i fe unt i l  age 7 0 , for the f i r s t  in take as fo l lows . 
Use equat ion 5 1 , inge s t i on rate S I obta ined f rom Tab l e  F - 1 3  for the 
mal e , bone mass m obtained f rom Tab le F - 14 for the ma l e , and the 
e f fec t ive remova l  rate c onstan t  obtained from Table F - 1 6  for 2 3 9 pu and 
bone . The rela t ive gas t ro i n te s t inal up take factor is taken from 
S e c t ion F . l . 5 . l  Data for Age - Spec i f i c  Intake Rate and Organ Ma s s  as 
1 0 0  for the newborn , and 1 for a l l  o ther ages . For the f i r s t  year o f  
expo sure , c a l culate the rela tive bone dose for that year by us ing the 
inge s t ion rate for the newborn , the bone mas s  for the newborn , and 
tl = O  d .  The resul t is 8 . 6 7 x 1 0 - 2 . Calcul a te the re l a t ive bone dose 
for the sec ond year ( the f i r s t  year fo l lowing the in take ) u s ing the 
s ame inge s t i on rate , the bone mas s  fo r the one year o l d , and t l = 3 6 5 . 2 5 d .  
Th i s  resul t i s  3 . 23 x 1 0 - 2 Continue this  proc e s s  for each suc c e s s ive 
year through tl = 1 9  x 3 6 5 . 2 5 d .  Calculate the re l a t ive bone dose for 
the adu l t  years fo l lowing the inge s t ion using the s ame inge s t i on rate , 
the adul t bone mas s  t l = 2 0  x 3 6 5 . 2 5 d ,  and t2 = 7 0  x 3 6 5 . 2 5 d .  Th i s  
value i s  1 . 9 2 x 1 0 - 1 Sum each o f  these resu l t s . 

b .  Cal culate the r e l a t ive bone dos e  for the year o f  intake and each 
suc ceeding year of l i fe unt i l  age 7 0  for the second in take as fol l ows . 
For the year o f  intake ( which i s  age 1 - 2 )  c a l culate the re l a t ive bone 
do se us ing the inge s t ion rate for the one year o l d , the bone mas s for 

- 4 the one year o l d  and t l = 3 6 5 . 2 5d . The re sul t i s  8 . 11 x 1 0  . Calculate 
the r e l a t ive bone dos e  for the second year u s ing the s ame inge s t i on 
rate , the bone mass for the 2 year o ld , and tl =2 x 3 6 5 . 2Sd . Th i s  
resu l t i s  7 . 1 6 x 1 0 - 4 Continue thi s p ro c e s s  through t l = 1 9  x 3 6 5 . 2 Sd . 
Calculate the r e l a t ive bone dose for the adul t years fo l lowing this 
inge s t i on us ing the s ame inges t ion rate , the adul t bone mas s ,  t l =20 x 
3 6 5 . 2 S d  and t2 = 6 9  x 3 6 5 . 25d . Th i s  value i s  4 . 82 x 1 0 - 3 . Sum each o f  
thes e  resul t s . 
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S tep 3 :  

c .  Cont inue this  pro c e s s  through intake number 20 . Sum a l l  the resu l t s  
from S teps 2 a , 2b , and 2c . Al s o  sum the re su l t s  o f  S tep 2c for intakes 
number 11 through 2 0 . 

Calcul ate the rat i o  o f  the re l a t ive bone dose to the newbo rn and 1 0  year 
old male to that of reference man a s  fo l l ows . 
a .  For the newborn mal e , add the total re l a t ive bone dose from b i rth to 

age 2 0  from S tep 2 c  and the total  re l a t ive bone dose from age 2 0  to 7 0  
(ye ars 5 0  to 1 )  f rom S tep 1 .  Thi s re sul t i s  t h e  re l a t ive b one dose 
ove r the l i fet ime of the individual when chroni c  expo sure s t ar t s  as a 
newborn . The de s i red ratio i s  obtained by dividing this  re s u l t  by the 
total  re l a t ive b one dose to re ferenc e man over the en t i re 7 0  years , 
obtained from S tep 1 .  

b .  For the 1 0  ye ar o l d  mal e , add the total re l a t ive bone dose for intakes 
number 11 through 2 0  from S tep 2c and the total re l at ive bone dose to 
re ference man for years 60 through 1 from s tep 1 .  Th i s  re s u l t  is  the 
r e l a t ive bone dose over 7 0  years to the individual when expo sure 
s t ar t s  at age 1 0 . The de s i red ratio i s  obtained by divid ing this  
resu l t  by the total re l ative bone dose  for re ference man from S tep 1 .  

The resu l t s  o f  the se c a l c u l a t ions are tabulated in Tab l e  F - 17 . 
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TABLE F - 1 7  
TABULATION O F  SAMPLE CALCULATION O F  AGE - S PEC I F I C  BONE DOSE FOR CHRON IC INGESTION 

Tabu l a t i on for S t ep 1 :  Rel a t ive Bone Dose for Re ference Man 

Years R e l a t ive Years Re l a t ive Years R e l a t iv e  Years Rel a tive 
Remaining Bone Dose Remaining Bone Dos e  Rema ining Bone Dos e  Remaining Bone Dos e  

7 0  - 2 5 0  - 2 3 0  - 2 1 0  4 . 0 7 x 1 0 - 3 2 . 33 x 1 0  1 . 7 8 x 1 0  1 . 1 4 x 1 0  
69 2 . 3 1 x 10 - 2 49 1 .  7 5  x 1 0  - 2 2 9  1 . 1 1 x 1 0  - 2 9 3 . 67 x 1 0 - 3 

68 2 . 2 8 x 10 - 2 48 1 .  72 x 1 0  - 2 2 8  1 .  0 7  x 1 0  - 2 8 3 . 2 8 x 1 0 - 3 

6 7  2 . 25 x 1 0  - 2 47 1 . 69 x 1 0  - 2  2 7  1 . 04 x 1 0  - 2 7 2 . 88 x 1 0 - 3  

6 6  2 . 2 3 x 1 0  - 2 46 1 .  6 6  x 10 - 2 2 6  1 . 0 0 x 1 0  - 2 6 2 . 47 x 1 0  - 3 

6 5  2 . 20 x 1 0  - 2 45 1 . 63 x 10 - 2 2 5  9 . 66 x 1 0 - 3 5 2 . 0 7 x 1 0 - 3 

94 2 . 1 7 x 1 0  - 2 44 1 . 60 x 1 0  - 2 24 9 . 3 1 x 1 0 - 3 4 1 .  6 6  x 1 0 - 3 

6 3  2 . 1 5 x 1 0  - 2 43 1 .  5 6  x 10 - 2 2 3  8 . 9 5 x 1 0  - 3  3 1 . 2 5 x 1 0 - 3 

62 2 . 1 2 x 10 - 2 42 1 . 53 x 1 0  - 2  22 8 . 5 9 x 1 0 - 3 2 8 . 3 6 x 1 0  - 4 
"rj 61 - 2 41 - 2  2 1  8 . 23 x 1 0 - 3 1 4 . 2 0 x 1 0 - 4 I 2 . 0 9 x 1 0  1 . 50 x 1 0  w 

- 2 - 2  7 . 8 6  x 1 0 - 3 00 60 2 . 0 7 x 10 40 1 . 47 x 1 0  2 0  
5 9  - 2  3 9  - 2 1 9  - 3 To tal ( 7 0 through 1 )  2 . 04 x 1 0  1 .  4 4  x 1 0  7 . 49 x 1 0  
5 8  - 2  3 8  - 2 1 8  7 . 1 2 x 1 0 - 3 - 1 2 . 0 1 x 1 0  1 . 41 x 1 0  8 . 94 x 1 0  
5 7  1 . 9 8 x 1 0  - 2 3 7  1 . 3 7 x 1 0  - 2 1 7  6 . 7 5 x 1 0 - 3 Total ( 60 through 1 )  
5 6  1 .  9 5  x 1 0  - 2 3 6  1 . 34 x 1 0  - 2 1 6  6 . 3 8 x 1 0 - 3 6 . 7 3 x 1 0  - 1 

5 5  1 .  92 x 1 0  - 2 3 5  1 . 31 x 1 0  - 2 1 5  6 . 00 x 1 0  - 3 Total ( 50 through 1 )  
5 4  1 . 9 0 x 1 0  - 2 3 4  1 . 2 7 x 1 0  - 2 1 4  5 . 62 x 1 0  - 3 4 . 7 9 x 1 0  - 1  

5 3  1 . 87 x 1 0  - 2 3 3  1 . 24 x 1 0  - 2 1 3  5 . 2 3 x 1 0  - 3 

5 2  1 . 84 x 1 0  - 2 3 2  1 . 21 x 1 0  - 2 1 2  4 . 85 x 1 0  - 3 

5 1  1 . 81 x 1 0  - 2 3 1  1 . 1 7 x 1 0  - 2 1 1  4 . 46 x 1 0  - 3 



TABULATION FOR STEP 2 :  RELATIVE BONE DOSE FOR NEWBORN MALE 

Dose For Exposure Number 
Dose Year 1 2 3 4 5 6 7 

1 8 . 67 x 1 0 -2 -4 - 4 9 . 67 x 1 0 -4 1 .  0 2  x 1 0 - 3 1 . 01 x 1 0 - 3 9 . 7 9 x 1 0 -4 
8 . 1 1 x 1 0  9 . 1 3 x 1 0  

2 3 . 2 3 x 1 0 - 2 7 . 1 6 x 1 0  - 4 8 . 37 x 1 0  - 4 9 . 14 x 1 0  - 4 9 . 18 x 1 0  - 4 9 . 04 x 1 0  - 4 8 . 84 x 1 0 - 4 

3 2 . 85 x 1 0  - 2 6 . 5 6 x 1 0  - 4 7 . 9 1 x 1 0  - 4 8 . 2 7 x 1 0  - 4 8 . 2 1 x 10 - 4 8 . 1 6 x 1 0  - 4 8 . 33 x 1 0 - 4 

4 2 . 61 x 1 0 - 2 6 . 2 0 x 1 0  - 4 7 . 1 6 x 1 0  - 4 7 . 39 x 1 0 - 4 7 . 41 x 1 0  - 4 7 . 68 x 1 0  - 4 7 . 49 x 1 0  - 4 

5 2 . 47 x 10 - 2 5 . 61 x 1 0  - 4 6 . 39 x 1 0  - 4 6 . 67 x 1 0 - 4 6 . 98 x 1 0  - 4 6 . 9 1 x 1 0  - 4 6 . 80 x 1 0  - 4 

6 2 . 2 3 x 1 0  - 2 5 . 01 x 1 0  - 4 5 . 7 7 x 1 0  - 4 6 . 2 8 x 1 0  - 4 6 . 2 8 x 1 0  - 4 6 . 28 x 1 0  - 4 6 . 22 x 1 0  - 4 

7 2 . 0 0 x 1 0 - 2 4 . 5 2 x 1 0  - 4 5 . 44 x 1 0  - 4 5 . 65 x 1 0  - 4 5 . 7 0 x 1 0  - 4 5 . 7 4 x 1 0  - 4 4 . 7 0 x 1 0  - 4 

8 1 . 80 x 1 0  - 2  4 . 2 6 x 1 0  - 4 4 . 89 x 1 0  - 4 5 . 1 3 x 1 0 - 4 5 . 22 x 1 0  - 4 4 . 3 3 x 1 0  - 4 3 . 59 x 1 0  - 4 

9 1 . 7 0 x 1 0 - 2 3 . 83 x 1 0  - 4 4 . 44 x 1 0  - 4 4 . 7 0 x 1 0  - 4 3 . 94 x 1 0  - 4 3 . 31 x 10 - 4 2 . 89 x 1 0 - 4 

1 0  1 . 53 x 1 0 - 2 3 . 48 x 1 0  - 4 4 . 0 6 x 1 0  - 4 3 . 54 x 1 0 - 4 3 . 0 1 x 1 0  - 4 2 . 67 x 1 0  - 4 2 . 7 1 x 1 0 - 4 

1 1  1 . 39 x 1 0 - 2 3 . 1 8 x 1 0  - 4 3 . 0 7 x 1 0  - 4 2 . 7 1 x 1 0 - 4 2 . 43 x 1 0  - 4 2 . 5 0 x 1 0  - 4 2 . 57 x 1 0 - 4 
'"l'j 

- 2 - 4 2 . 34 x 1 0 - 4 2 . 1 8 x 1 0 - 4 - 4 - 4 - 4 I 1 2  w 1 . 27 x 1 0  2 . 40 x 1 0  2 . 27 x 1 0  2 . 37 x 1 0  2 . 44 x 1 0  
\.0 

1 3  9 . 57 x 1 0 - 3 - 4 - 4 2 . 04 x 1 0 - 4 - 4 - 4 - 4 
1 .  84 x 1 0  1 . 89 x 1 0  2 . 1 5 x 1 0  2 . 2 5 x 1 0  2 . 3 2 x 1 0  

14 7 . 3 1 x 1 0 - 3 1 . 48 x 1 0  - 4 1 .  7 7  x 1 0  - 4 1 . 94 x 1 0  - 4 2 . 04 x 1 0  - 4 2 . 1 4 x 1 0  - 4 2 . 2 6 x 1 0  - 4 

1 5  5 . 9 0 x 1 0 - 3 1 . 38 x 1 0  - 4 1 . 68 x 1 0  - 4 1 . 84 x 1 0  - 4 1 . 95 x 1 0  - 4 2 . 0 8 x 1 0  - 4 

1 6  5 . 5 1 x 1 0 - 3 1 . 3 1 x 1 0  - 4 1 . 59 x 1 0  - 4 1 . 7 5 x 1 0  - 4 1 . 89 x 1 0  - 4 

1 7  5 . 2 3  x 1 0 - 3 1 . 2 5 x 1 0  - 4 1 .  5 2  x 1 0  - 4 1 . 7 0 x 1 0  - 4 

1 8  4 . 9 7 x 1 0 - 3 1 . 19 x 1 0  - 4 1 . 48 x 1 0  - 4 

1 9  4 . 7 3 x 1 0 - 3 1 . 1 6 x 1 0  - 4 

2 0  4 . 60 x 1 0 - 3 

2 0 - 7 0  1 .  9 2  x 1 0  - 1 4 . 82 x 1 0 - 3 6 . 1 5 x 1 0 - 3 7 . 1 0 x 1 0 - 3 7 . 89 x 1 0  - 3 8 . 68 x 1 0 - 3 9 . 41 x 1 0 - 3 

Total 5 . 5 7 x 10  - 1 1 . 18 x 1 0  - 2 1 . 40 x 1 0  - 2 1 .  5 2  x 1 0 - 2 1 . 58 x 1 0  -2 1 . 62 x 1 0  -2 1 . 65 x 1 0 - 2 



TABULATION FOR STEP 2 :  RELATIVE BONE DOSE FOR NEWBORN MALE 
( Cont inued ) 

Dos e  for Expo sure Number 
Do se Ye ar 8 9 10 1 1  1 2  1 3  14 

1 9 . 48 x 1 0  -4 9 . 59 x 1 0 - 4 9 . 0 2 x 1 0  -4 8 . 8 6 x 1 0  -4 8 . 5 2 x 1 0  - 4 6 . 83 x 1 0 -4 5 . 46 x 1 0  -4 

2 8 . 9 3 x 1 0  - 4 8 . 63 x 1 0  - 4 8 . 19 x 10 - 4 8 . 10 x 1 0  -4 6 . 43 x 1 0  - 4 5 . 2 1 x 1 0  - 4 4 . 41 x 1 0  - 4 

3 8 . 04 x 1 0  - 4 7 . 84 x 1 0  - 4 7 . 49 x 1 0  - 4 6 . 1 2 x 1 0  - 4 4 . 91 x 1 0  - 4 4 . 2 1 x 1 0  - 4 4 . 1 2 x 1 0  - 4 

4 7 . 30 x 1 0  - 4 7 . 1 7 x 1 0  - 4 5 . 65 x 10 - 4 4 . 67 x 1 0  - 4 3 . 97 x 1 0  - 4 3 . 9 3 x 1 0  - 4 3 . 9 1 x 1 0  - 4 

5 6 . 67 x 1 0  - 4 5 . 41 x 10 - 4 4 . 3 2 x 1 0  - 4 3 . 7 7 x 10 - 4 3 . 7 1 x 1 0  - 4 3 . 7 3 x 1 0  - 4 3 . 7 1 x 1 0 - 4 

6 5 . 04 x 1 0  - 4 4 . 1 3 x 1 0  - 4 3 . 48 x 10 - 4 3 . 52 x 1 0  - 4 3 . 52 x 1 0  - 4 3 . 54 x 1 0  - 4 3 . 54 x 1 0  - 4 

7 3 . 85 x 1 0  - 4 3 . 3 3 x 1 0  - 4 3 . 2 6 x 1 0  - 4 3 . 34 x 1 0  - 4 3 . 34 x 1 0  - 4 3 . 3 7 x 1 0  - 4 3 . 44 x 1,0 - 4 

8 3 . 10 x 10 - 4 3 . 1 2 x 1 0  - 4 3 . 09 x 10 - 4 3 . 1 8 x 10 - 4 3 . 1 8 x 1 0  - 4 3 . 2 8 x 1 0  - 4 

9 2 . 90 x 1 0  - 4 2 . 9 6 x 1 0  - 4 2 . 93 x 1 0  - 4 3 . 0 2  x 1 0  - 4 . 3 . 09 x 1 0  - 4 

10 - 4 - 4 - 4 - 4 
'Tj 2 . 7 5 x 1 0  2 . 81 x 10 2 . 7 9 x 1 0  2 . 94 x 1 0  
I 1 1  - 4 - 4 - 4 � 2 . 62 x 10 2 . 67 x 1 0  2 . 7 2 x 1 0  

0 
2 . 49 x 10 - 4 - 4 1 2  2 . 60 x 1 0  

1 3  2 . 42 x 1 0  - 4 

2 0 - 7 0  1 . 01 x 1 0 - 2 1 . 0 8 x 1 0  - 2 1 . 1 3 x 1 0  - 2 1 . 2 3 x 1 0  - 2 1 . 29 x 1 0  - 2 1 .  3 7  x 10 - 2 1 . 43 x 1 0 - 2 

Total 1 .  6 7  x 1 0 -2 1 .  69 x 1 0 -2 1 .  6 6  x 1 0 - 2 1 .  7 0  x 1 0 -2 1 . 7 0 x 10 - 2 1 .  7 1  x 1 0 -2 1 .  7 2  x 1 0 - 2 



Dose Year 15 
1 4 . 61 x 10 -4 

2 4 . 3 1 x 1 0 - 4 

3 4 . 0 9 x 1 0 - 4 

4 3 . 89 x 1 0 - 4 

5 3 . 7 0 x 1 0 - 4 

6 3 . 60 x 1 0 - 4 

2 0 - 7 0  1 . 5 0 x 1 0 - 2 

Tota l  1 .  7 4  x 1 0 - 2 

>TJ 
I � t--' 

TABULATION FOR STEP 2 :  RELAT IVE BONE DOS E  FOR NEWBORN MALE 
( Cont inued ) 

Dose for Exposure Numbe r  
1 6  1 7  1 8  1 9  2 0  

4 . 46 x 1 0  - 4  4 . 29 x 1 0 -4 4 . 1 2 x 1 0 -4 3 . 9 6 x 1 0  -4 3 . 87 x 1 0  

4 . 2 3 x 1 0  - 4 4 . 07 x 1 0 - 4 3 . 93 x 1 0 - 4 3 . 85 x 1 0  - 4  

4 . 0 2 x 1 0  - 4  3 . 88 x 1 0 - 4 3 . 82 x 1 0 - 4 

3 . 82 x 1 0  - 4 3 . 7 7 x 1 0 - 4 

3 . 7 2 x 1 0  - 4 

1 . 5 5 x 1 0  - 2 1 .  5 7  x 1 0 - 2 1 .  5 9  x 1 0 - 2 1 . 61 x 1 0  - 2 1 . 61 x 1 0  

1 .  7 5  x 1 0  - 2  1 .  7 3  x 1 0 -2 1 .  7 1  x 1 0 -2 1 . 68 x 1 0  -2 1 .  65 x 1 0  

-4 

- 2 

-2 
TOTAL ( 1  through 2 0 )  8 . 67 X 1 0 - 1 

TOTAL ( 11 through 2 0 ) 1 . 7 3 x 1 0 - 1 



TABULATION FOR STEP 3 :  CALCULATION OF AGE - SPECIFIC RATIOS 

Newborn Mal e : 8 . 67 x 1 0 - 1 + 4 . 7 9 x 1 0 - 1 
= 1 . 51 

- 1 8 . 94 x 1 0  

1 0  Year Old Mal e :  1 . 7 3 x 1 0 - 1 + 6 . 7 3 x 10 - 1 
= 0 . 946 

- 1 8 . 94 x 1 0  

Equation s  f o r  Ground P l ane I rradiat ion 

It i s  a s sumed that organ doses from ground p l ane i rradi a t i on are not dependent 
on the age , gender , o r  organ s i z e  o f  the person , since the origin of the rad i a t ion i s  
external t o  the body and s e l f - shielding o f  the pe rson ' s  body i s  not inc l uded for dose 
to adul t s . A l l  ra t i o s  to refe renc e man are there fore uni ty . 

F . l . 5 . 2 Rat io o f  th e 70 -Ye ar Dose to the 7 0 -Year Do s e  Commi tment 

The rat i o  of the 7 0 - year dose from 70 years of P l ant opera t i on to the 70 - ye ar 
dose commi tment from one year of P l an t  opera t i on is presented in Tab l e  3 . 1 . 2 - 7 for 
inhalation , inge s tion , and ground p l ane i rradiat ion . Since a rat i o  of two typ e s  o f  
do s e s  i s  the d e s i red value , a l l  con s t ant values appe aring in b o t h  the numerator and 
in the denominator c anc e l . The desired ratio i s ,  therefore , given by the ra tio o f  
the dose convers ion fac tors , for the s ame in take rate . 

For inh a l a t ion , the rat i o  i s  ob t ained by mUl tip lying the dose convers ion factor , 
g iven in Tab l e  F - l ,  by 7 0  and dividing by the dose c onver sion fac tor for the c orre­
sponding radi onuc l ides and o rgan , g iven in Tab l e  F - 2 .  The mul t ipl i c a t i on by 7 0  i s  
nec e s sary to adj u s t  the intake rate o f  1 Ci/70 yr for the values i n  Tab l e  F - l to b e  
for an intake rate o f  1 C i/yr , which i s  the intake rate for values i n  Tabl e  F - 2 .  
For examp l e , the ratio for the bone dose from 2 3 9 pu i s  equal to ( 4 . 2 95 x 1 0 5 x 7 0 ) /  
( 7 . 9 1 9  x 1 05 ) o r  3 8 . 0 .  

F or inge s t ion , th e b one dose c onver s i on fac tor for the 7 0 -year dose from 7 0  years 
of P l ant operat ion is g iven in Tab l e  F - 5 .  The dose c onvers ion fac tors for the 7 0 -
year dose commi tmen t  from one year o f  P l an t  ope rat ion are ob t a ined from the FOOD c ode 
as described in S e c t i on F . 1 . 2 . 1  and are pre sented in Tab l e  F - 1 8 . The ratio i s  ob t a ined 
by mul t ip l ying the dose c onversion fac tor in Tab l e  F - 5 by 7 0  and dividing b y  the dose 
c onve rs ion fac tor in Tab l e  F - 1 8  for the corresponding rad ionu c l ide and organ . For 
examp l e , the ra t i o  for the bone dose for 2 4 1 Am is equal to ( 1 . 9  x 1 0 3 x 7 0 ) / ( 3 . 4  x 
1 0 3 ) or 3 9 . 1 .  The ratios  based on the dose convers ion factors for food inge s t ion 
a l s o  are considered to be valid for water inges t ion , s ince the mode l ing from the GI 
trac t to the organ of intere s t  is iden t ic a l  fo r the two inge s t ion p athway s . 
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TABLE F - 1 S  
DOSE CONVERS ION FACTORS FOR THE 7 0 -YEAR DOSE 

FROM ONE YEAR OF CHRON IC P LANT RELEASE 
FOR 70 YEARS OF FOOD INGESTION - AVERAGE INTAKE 

3 
Dose Convers ion Fac tor ( re�' m  ) C l ' S 

Radi onuc l i de To tal Body Liver Bone Lungs 
3H 1 02 1 02 5 . 4  x 5 . 4 x "k 5 . 4  x 

2 3 4 U  1 . 1  x 1 0 1 * 2 . 6  x 1 0 2 * 
2 3 5 U  6 . 6  * 1 . 5  x 1 0 2 * 
2 3 6 U 1 . 1  x 1 0 1 ··k 2 . 5  x 1 0 2 * 
2 3 8 U 6 . 2  * 1 . 3  x 1 0 1 * 
2 3 1 Th 2 . 1  x l Ol l  3 . 7  x l O l l  6 . 5  x 1 0 1 0  * 
2 3 4 Th 1 . 3  x 1 04 2 . 5  x 1 04 6 . 4  x 1 0 3 * 
2 3 8 pu L O x 1 0 1 1 . 2 x 1 0 3 2 . S  x 1 0 3 * 
2 3 9 pu 1 . 2  1 . 4 x 1 0 2 3 . 3  x 1 0 2 * 
2 4 0 pu 1 . 2 1 . 4 x 1 02 3 . 3  x 1 02 * 
2 4 1 pu 1 . 5  x 1 0 1 9 . 7  5 . 7  x 1 0 1 * 
2 4 2 pu 1 . 2  1 . 3  x 1 0 2 3 . 2  x 1 0 2 * 
2 4 1 Am 9 . 4  1 . 4 x 1 03 3 . 4  x 1 0 3 * 
2 4 2 Cm** 1 . 3  x 1 0 1 1 . 9  x 1 0 3 4 . 9 x 1 0 3 * 

*The value fo r the dose c onvers ion fac tor i s  t aken to be equal to that for 
the to t a l  body . 

-J,*2 4 2 Cm i s  used fo r the "mi s c e l l aneous alpha - emi t t ing i so top e s . "  

1 02 

For ground p l ane i rrad i a t ion , the 7 0 -year dose from 7 0  years o f  P l ant operat ion 
is given by equation 2 1 . The 7 0 -year dose from one year o f  P l an t  releases  fo l lowed 
by 69 years o f  exposure to ground contaminated by that re lease is given by 

Organ Dose ( rem) = 8 . 01 x 1 08 (�) SgF . ( 5 5 )  

The ratio o f  equa tion 2 1  ( fo r  t = 2 5 5 6 7 . 5  days ) t o  equation 5 5  i s  3 5 . 3 .  Note 
that these equa tions negle c t  lo s s  of the radi onuc l i de by radioact ive decay o r  weather-
i ng into the so i l . Thi s ratio is a s sumed to appl y  to all the rad i onuc l i de s , except 2 4 1 Am .  

For 2 4 1 Am there i s  a second componen t resu l t ing from ingrowth from 2 4 1 PU .  For 
this component ,  the 7 0  year dose from one year of p l an t  releases  is g iven by 

( 5 6 )  

whe re ( S g ) p i s  the rel e a s e  rate ( C i/d ) for 2 4 1 pU and ( Sg ) p i s  the re lease rate ( C i/d ) 
for 2 4 1 Am . Fd i s  as defined for equation 22 . 

F - 43 



The 7 0 -year dose from 7 0  years o f  P l ant ope ration s  for 2 4 1 Am  i s  given by the sum 
o f  equation 2 1 , evaluated for 2 4 1 Am ,  and equat i on 2 3 . Thi s  resu l t  i s  

The ratio o f  equat ion 5 7  t o  equa tion 5 6  i s  

2 . 82 ( 58 )  Rat i o  8 7 
x 1 0  ( Sg)A + 1 . 87 x 1 0  ( Sg ) p 8 . 01 

- 6 - 5 For values o f  ( S  )A = 2 . 55 x 1 0  Ci/d and ( Sg ) p = 6 . 2 7 x 1 0  C i/d ( from Tab le 
F - 1 2 ) ,  the ratio for �4 1 Am is 3 2 . 9 .  

Derivation o f  equation 5 5 , for the organ dose from a chronic release ove r one 
year fo l l owed by 69 years o f  exposure only to ground contaminated by that release , i s  
as fol lows . The o rgan dos e  cons i s t s o f  two c omponents , the do se from the f i r s t  year 
of chronic releas e s , during wh ich the ground surface concentration is increas ing , and 
the dose from the remaining 69 years , during wh ich the ground sur face concentrat ion 
is a s s umed to be c on s t ant , with no l o s s  from radiological  decay or weathering . The 
f i r s t  c omponent HI i s  obtained by evaluat ing equation 2 1  for t = 3 6 5 . 25 days . 

The second c omponent H69 i s  obtained a s  fol l ows . F i rs t , the ground surface 
concent rat i on G1 a t  the end of the f i r s t  year i s  determined . Thi s  value i s  given by 
equat i on 2 5  for t = 3 6 5 . 2 5 days and Vd = 0 . 00 1  m/s . The dose H69 f rom expo sure to 
the cons t ant surface concentration G1 is given by 

where the cons tant 8 . 64 x 1 04 is the convers i on fac tor se conds per day and t is in 
days . Sub s t i tut ing for G1 and s o lving for t = 2 . 52 x 1 04 days ( 69 years ) yields  

( 61 ) 

Summing the two c omponent s  HI and H69 yields the total dose over 7 0  years , given 
by equation 5 5 . 

Derivat i on o f  equat ion 5 4 , for the case o f  the dose f rom 2 4 1 Am  ingrown from one 
year o f  re lease o f  2 4 1 pU in addit ion to the dose from the r e l ea s ed 2 4 1 Am  is a s  
f o l l ows . The dose from ingrown 2 4 1 Am cons i s t s  o f  two c omponents . These c omponent s  
are the dose HI f rom the 2 4 1 Am  grown i n  during the year o f  chronic re leases  o f  the 
2 4 1 pU and the dos e  H69 f rom the 2 4 1 Am which cont inues to grow in during the remaining 
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69 years . The f i rs t c omponen t  HI i s  ob ta ined by evalua t ing equat i on 2 0  for t = 3 6 5 . 25 
days , ( SA ) d = 3 . 42 C i/g , ( SA ) p = 1 0 3 . 5  C i/g , Ap = 1 . 3 22 x 1 0 - 4 d - l , and Vd = 0 . 00 1  
m/s . 

H1 = 3 . 03 x 1 03 (�) ( 5  ) p Fd 
g 

( 62 )  

where ( Sg ) p i s  the re lease rate ( C i/d ) for 2 4 1 pU and Fd i s  the dose c onvers ion fac tor 
for 2 4 1 Arn .  

The sec ond c omponent H69 i s  o b ta ined as fol l ows . The concen t ra t ion o f  the 
parent 2 4 1 pu on the ground at one year , in terms of ma s s  ( g/m2 ) ,  is obtained by 
evaluat ing equ a t i on 2 5  for t = 3 6 5 . 25 days 

Po = 3 . 65 x 1 0- 1 (X) 5 o P ( 63 )  

where Sp i s  the mas s rel ea s e  rate ( g/d ) for the 2 4 1 pU . The rate o f  i ngrowth o f  2 4 1 Arn 
from the depo s i ted 2 4 1 pU i s  g iven by the d i f feren t i a l  equat i on 

where A = mas s  surface concentrat ion for 2 4 1 Arn a t  t ime t from ingrowth f rom 
thi s componen t o f  the 2 4 1 PU .  

( 64 )  

Ap = decay con s t ant for 2 4 1 pU = 1 . 3 2 2  x 1 0 - 4 d - l 

P ( t ) =  mass sur face c oncentrat i on for 2 4 1 pU ( g/m2 ) a t  t ime t ( d )  a fter the 
end of the f i r s t  year (t = 0 a t  t = 3 6 5 . 2 S d ) . 

The value o f  p e t )  decreases w i th t ime from radiological  decay and i s  g iven by 

( 65 )  

Sub s t i tut ing equa t i on 65 and 6 3  into equa t ion 62 and s o lving y i e lds 

( 66 )  

Convert ing to ac tivi ty by A = A ( ac t ivi ty ) / ( SA ) d and S = ( S  ) / ( SA )  , where . p g p P 
( SA ) d = 342 C i/g for 2 4 1 Arn ,  . ( SA )  = 1 0 3 . 5  C i/g for 2 4 1 pU ,  and ( S ) i s  the ac t iv i ty p g p 
rel e a s e  rate ( C i/d ) for 2 4 1 pu ,  equat ion 6 7  for the 2 4 1 Arn surface concentrat ion 
( Ci/m2 ) is obta ined from equ a t i on 66 . 

-A T 
A( acti v i ty )  = 1 . 2 1  x 1 0-2 (XO ) ( 5  ) ( l -e p ) g p 

The 69 -year do se H69 i s  obta ined by so lving the d i f feren t i a l  equa t i on 

( 6 7 ) 

dH69 4 � = 8 . 64 x 1 0  A (acti v i ty) Fd ( 68 )  
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where A ( ac t ivi ty ) i s  given by equat ion 67 and Fd i s  the do se convers ion fac tor for 
2 4 1 Am .  S o lving for H69 yie lds 

H69 = 1 . 04 x 1 03 (t) ( Sg ) p Fd ( T + t e-ApT - t ) .  
p p 

Eval ua t i ng equa t ion 69 for t = 2 . 5 2 x 1 04 days ( 69 years ) yie lds 

( 69 )  

( 7 0 )  

Summing equa t ions 62 and 70 yields  the 7 0 - year dose from 2 4 1 Am ingrown from 
2 4 1 pU released chroni c a l ly during the f i rs t  year . Thi s  resu l t  is the second term in 
equa tion 5 6 . The f i r s t  term in equa tion 56 i s  equat ion 5 5 , where Sg is the re lease 
rate for 2 4 1 Am ( Sg )A and F is  the do se convers ion factor for 2 4 1 Am  Fd . 

F . l . 5 . 3  Popul a tion Do s e s  

The popul a t ion organ do s e s , presented in Tab l e  3 . 1 . 2 - 8 ,  a r e  ob tained b y  mul t i p ly ­
ing the number o f  peop l e  a t  each o f  t h e  1 6  direc tions and 8 d i s tanc e s  from t h e  p l ant , 
a s  presented in F i gure 2 . 3 . 3 - 1  for the populat ion in 1 9 7 7  and in F i gure 2 . 3 . 3 - 2 for 
the proj ec ted popu l a tion in year 2000 , by the organ dose for the co rre sponding direc­
tion and d i s t ance (Tab l e  3 . 1 . 2 - 3 ) . The values for a given o rgan are then summed to 
give the to t a l  popu l a t i on organ dose , in uni t s  of man - rem . 

There i s  one re finement to this  c a l c u l a t i on involving the s e c t ions in which the 
popu l a t i on is cons idered to drink water supp l i ed from S t andl ey Lake . The total  
number of  persons drinking water suppl i ed from S tandly Lake in 1 9 7 7  is  1 1 8 , 5 00 or 45% 
o f  the total popu l a t ion in tho s e  sec t i ons . For the s e c ti ons iden t i fied in Tab l e  3 . 1 . 2 - 3 
as conta ining persons drinking water supp l ied from S tand l ey Lake , 45% o f  the popu l ation 
was cons idered to drink that water and rece ive the dos e  presented in Tab l e  3 . 1 . 2 - 3 .  
The remaining 5 5% rec e ive the dose pres ented i n  Tab l e  3 . 1 . 2 - 3 minus the dose contribu­
t i on from the drinking water supp l i ed from S t andley Lake . For the year 2000 proj ec ted 
popu l a tion , the value of 45% i s  a s sumed to remain val id , and the s ame procedure i s  
used . The dose contribut ion from drinking water supp l ied from S t andl ey Lake to 
persons in tho se sec t i ons are 5 . 28 x 1 0 - 4 rem to the total  body , 2 . 9 5 x 10 - 2 rem to 
the l iver , 6 . 43 x 1 0 - 2 rem to the bone , and 5 . 28 x 1 0 - 4 rem to the l ungs . 

For the contribut ion to the popul a t ion dose from the sec t ions containing person s  
drinking w a t e r  supp l ied from S tandl ey Lake , t h e  procedure i s  a s  fo l l ows . 

1 .  Mul tiply the popu l a t i on in the sec tion by 0 . 45 .  
2 .  Mul tiply that re su l t by the organ do s e  pre s en ted in Tab l e  3 . 1 . 2 - 3 for that 

s e c t i on . 
3 .  Mul tiply the popu l a t i on in the s e c t i on by 0 . 55 .  
4 .  Sub trac t  the o rgan dose con tribut ion o f  S tand ley Lake drinking wa ter ( from 

the preceding paragrap h )  from the corresponding value in Tab l e  3 . 1 . 2 - 3 .  
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5 .  Mul tiply the resu l t  o f  S tep 3 by the resu l t  o f  S t ep 4 .  
6 .  Sum the values f rom S tep 2 and S t ep 5 .  Th i s  sum i s  , the popu l a t ion o rgan 

dose for that sec tion . 

F . l . 5 . 4  Popu l a t i on Dose for a Hypo the t ical  High Den s i ty Popu l a t ion E a s t  o f  the P l an t  

The popu l a tion bone do s e  i s  pre sented in Tab l e  3 . 1 . 2 - 9 f o r  t h e  proj e c t ed popul a ­
t ion f o r  y e a r  2000  plus a hypo the t i c al high dens i ty popu l a t i on in t h e  eas tern s e c t o r s  
a t  d i s t ances b e tween 2 and 5 mi l e s  from the c e n t e r  o f  t h e  P l an t . Thi s  sec t ion presen t s  
the c on s iderat ions fo r t h a t  c a l cu l a t i on . 

The value o f  7 2 9 6  persons per square mi l e  i s  used as the hypo the t i c a l  high­
den s i ty popul a t ion . Th i s  value i s  obtained as fo l lows . Based on the subdiv i s ions o f  
Coun t rydal e  and Count rys ide , e a s t  o f  the P l an t , the average numbe r  o f  dwel l ings per 
acre i s  4 . 03 .  Based on data from the Denver Regional Counc i l  of Gove rnment s  ( DRCOG ) ,  
the ave rage fam i ly s iz e  i s  2 . 8 3 .  At one fami l y  per dwe l l ing , the number o f  persons 
per acre is 1 1 . 4 ,  and , at 640 acre s/mi2 , the numbe r  o f  persons per m i l e2 i s  7 29 6 .  

Nex t , the s e c t ion ( fo r  s e c to r  d i rec t ion and a t  d i s tance r2 - rl ) area i s  determined , 
where r2 and rl are the outer and inner d i s tance (mi l e s ) o f  the s e c t ion boundaries 
from the center o f  the P l an t . F rom b a s i c  geome t ry the s e c t ion area i s  ( /1 6 ) ( r� - rI ) '  

Mul t ip l i c a t i on o f  the sec t ion area by the value 7 2 9 6  persons/mi 2 y i e l d s  the 
hypo the t i c a l  popu l a t ion for that s e c t ion for year 2000 . Note tha t when c a l cu l a t ion 
is done for any sec t ion , the resu l t  is a t  l eas t 1 . 5 6 t imes greater than the year 1 9 7 7  
popu l a t ion for any s e c tion , even for the sec tion c onta ining the c enter o f  Denver . No 
cred i t  is taken for l a rge bod ies  o f  water , such as the SE s e c tor contain ing S t andley 
Lake . 

The popu l a t ion dose i s  obta ined using the proc edure desc ribed in Sec tion F . l . 5 . 3 .  

Note that these p ro c edures c an be used t o  c a l culate  the popu l a t ion o rgan dose to 
hypo the t i c al popu l a t ion den s i t i es for any s e c t ion o r  groups of sec t ion s . The e a s tern 
s e c t i on s  out to 5 m i l e s  were chosen fo r this  imp a c t  analys i s  to i l lu s trate the po s s ib l e  
impac t to t h e  popu l a tion do s e  f rom potent i a l  nearby devel opmen ts over and above that 
proj ec ted by DRCOG for year 2000 . 
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F . 2  Acc idental Re leases  

F . 2 . 1  Assessment o f  R i s k  Dose 

The risk dose from ac c i dental releases is determined for re ferenc e man a s  a 
funct ion o f  direct ion and d i s tance from the P l ant . The ri sk dos e  i s  the sum o f  the 
risk do s e s  fo r the pa thways of inhal a t i on , food and water inge s t ion , ground p l ane 
i rrad i a t ion , and plume shine ( for releases from c ri t i c al i ty acc idents ) .  The o rgan' 
r i s k  dose to the thyro id a s  we l l  as to the total body , l iver , bone , and lungs i s  
c a l cu l ated . 

In genera l , the concept o f  the r i s k  dose requ ires that the release over a period 
of years be t reated as an acute* release at the start of each of the years . The 
series o f  acute releases can be wel l - approximated by a chronic release over that 
period of years . The rate of release equal s  the magni tude of the release ( Ci ) i f  the 
ac c ident occurred mul t i p l ied by the probab i l i ty of occurrence per year . 

F . 2 . 1 . 1  Inhal at ion Pathway 

The o rgan risk dose v i a  inha lat ion i s  obtained in the s ame manner as desc ribed 
in S e c t ion F . 1 . 1  for rout ine releases . Re fer to that s e c t ion fo r the detai l s  o f  the 
me thodo logy . 

The source terms are obtained from Tab l e  3 . 2 . 3 - 1 ( right column ) . The se values 
are in terms of � C i/yr and need to be converted to Ci over 7 0  years by mul t iplying by 

- 5 7 . 0  x 1 0  . The total  o f  314 � C i/yr for plutonium a l s o  needs to be adj us ted for 
resuspens ion (mul tiply by 1 . 97 )  and apport ioned among the i s o topes of p lutonium . The 
d i s tribut ion among the i s o topes of plutonium i s  based on the i s o topic c ompos i t ion by 
we ight for Rocky F l at s  plu tonium given in Tab l e  2 . 7 . 2 - 2 ,  c onverted to i s o topic  c ompo­
s i t ion by ac tiv i ty . These c onvers ions are accomp l i shed a s  shown in Tab l e  F - 1 9  to  
obtain the des i red source terms ove r 7 0  years fo r the p l u tonium i s o tope s and americ ium . 
The alpha ac t iv i ty o f  2 4 1 Am i s  taken to be 2 0% o f  th� p l u tonium a lpha ac t iv i ty ( the 
314 � Ci/y refers to plutonium alpha ac t iv i ty only ) .  Although the value of 20% exceeds 
the max imum of ingrowth of 2 4 1 Am in Rocky F l at s  plutonium , further ingrowth is cons i ­
dered for the 2 4 1 Am  for the se calculations , a s  was desc ribed for the routine re leases  
( S e c t ion F . 1 . 1 . 1 ) . 

The d i spers ion fac tors X/Q** to o ff - s ite locations are p re sented in Tabl e  B - 2 - 4 
o f  Appendix B - 2 .  For the " chronic " re leases  from the p o s tu l a ted ac c i den t s , the 
d i spers ion fac tors are c a l cu l ated fo r Pasqui11  E cond i t ions w i th a wind speed o f  

*The word " acute " i s  meant to imply a release o f  very short durat ion and no t nec e s ­
sarily requi ring urgent at tention . 

**Throughout th i s  discuss ion , X/Q i s  used to repre s ent E/Q , where E i s  the time 
integrated a i r  concentration in ( Ci ' s ) /m3 and Q i s  the total re lease in Ci , as  
di scus sed by Hous ton ( Hou s ton , e t  a l . ,  1 9 7 6 ) . 
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TABLE F- 1 9  
CONVERS ION O F  THE SOURCE TERM FOR PLUTON I UM I SOTOPES AND FOR AMERI C I UM 

To t a l  

Re l a t ive 
Ri s k  Source 

Spec i fi c  Re l a t ive Frac t ion o f  R i s k  Source Term Ove r  

We ight Ac tivi ty Ac t ivi ty ( l )  Pu Alpha Term ( 4 )  7 0  Years ( 5 )  

I so tope ( g )  ( C i/g ) ( Ci ) Ac t iv i ty ( 2 )  ( !-I Ci/y r ) ( C i ) 
2 3 8 pu 0 . 0 1 1 7 . 1  0 . 0 0 1 7 1  0 . 0 2 3 3  7 . 3 2 1 . 0 1 x 1 0  - 4 

2 3 9 pu 9 3 . 7 9 0 . 0622  0 . 05834 0 . 7 9 62 2 5 0  3 . 45 x 1 0 - 2 

2 4 0 pU 5 . 80 0 . 2 2 8  0 . 0 1 3 2 2  0 . 1804 5 6 . 6  7 . 81 x 1 0 - 3 

2 4 1 pU 0 . 3 6 1 03 . 5* 0 . 3 7 2 60 5 . 085 1 5 9 7* 2 . 2 0 x 1 0 - 1 

2 4 2 pu 0 . 0 3 0 . 0 0 3 9 3  1 . 1 8 x 1 0 - 6 1 . 61 x 1 0  - 5 5 . 0 6 x 1 0  - 3 6 . 9 7 x 1 0 - 7 

2 4 1 Am 0 . 20 ( 3 )  62 . 8  9 . 1 9 x 1 0 - 3 

* B e t a  Ac t i v i ty . 
( 1 )  Ob t ained by mUl t iplying the percent by we ight by the spe c i f i c  ac t iv i ty . 
( 2 )  Obtained by dividing the r e l a t ive ac t iv i ty by the sum o f  the r e l a t ive a c t i v i t i e s  

f o r  the p luton ium alpha em i t ters . 
( 3 )  The value for 2 4 1 Am i s  t aken to be 2 0% o f  the plutonium alpha a c t ivi ty . 
( 4 )  Ob ta ined by mU l t ip lying the frac t ion o f  the Pu alpha ac t iv i ty by the value o f  

3 1 4  !-I C i/yr . 
( 5 )  Ob t a ined by mUl t iplying the r i s k  source term ( !-I Cily ) by 7 . 0  x 1 0 - 5 ( C i . yr ) /!-I C i  

and b y  1 . 9 7 t o  inc lude t h e  component from 7 0  years o f  re suspen s ion . 
( 6 )  For 2 4 1 Am the component o f  the amoun t o f  resuspended 2 4 1 Am ingrown f rom 2 4 1 pU i s  

inc luded . Th i s  addi t ional component i s  equal to 4 . 7 x 1 0 -3 t imes the r i s k  
s ource term f o r  2 4 1 pu ,  i . e . , 5 . 2 5 x 1 0 -4 C i . 

3 . 0  mls and are weighted by the f requency with wh ich the wind bl ows i n to the s e c to r  
o f  intere s t . One c an a rgue persuasively t h a t  t h e  f a c t o r s  should a l s o  be we ighted 
accord ing to the f requency of each Pasqu i l l  s tab i l i ty c l as s , as was done for the 
di spers ion of rou t ine r e l ea s e s . However ,  use of Pasqu i l l  E s tab i l i ty c l a s s  resu l t s  
in a more conservative a s s e s sment o f  the di spers i on , a n  approach wh ich i s  approp riate 
for the a s s e s smen t of  r i s k  from acc idental  releases . 

The dose c onversion fac tors for the 7 0 -year do se from 7 0  years o f  chroni c 
intake v i a  inha l a t ion for the plutonium i so topes and for 2 4 1 Am are those presented in 
Tab le F - l .  

The dose c onvers ion fac tors for f i s s i on produc t s  rel eased from c r i t i c a l i ty 
acc iden t s  are a l s o  obtained from the DACRI N  c omput e r  c ode and are presented i n  
Tab l e  F - 2 0 . The se fac tors a r e  gene rated b y  t h e  DACRIN c ode us ing spec i fi c  v a l u e s  o f  

( 6 )  

the source t e rms and are a c omp o s i t e  sum for the f i s s i on produc t s  l i s ted i n  Tab l e  3 . 2 . 3 - 2 .  
A s o lub i l i ty c l as s  D ( c learanc e from the lungs wi th a hal f - t ime o f  up to a few days ) 
i s  a s sumed for the gene rat ion o f  the do se convers i on fac tors for a l l  o rgans ( ex c ep t  
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D i s tance 
( m i l e s ) 

2 
3 
4 
5 

1 0  
20 
30 
40 

TABLE F - 20 
COMPOS ITE 7 0 - YEAR RISK DOSE* FOR UN IT DI SPERS ION FOR RADIONUCLIDES 

RELEASED FROM POTENTIAL CRITICALITY ACC IDENTS V IA INHALATION 

To t a l  Body 
7 . 24 x 1 0 - 1 

7 . 14 x 1 0 - 1 

6 . 9 9 x 1 0 - 1 

6 . 84 x 1 0 - 1 

6 . 1 9 x 1 0 - 1 

5 . 1 9 x 1 0 - 1 

4 . 6 2 x 1 0 - 1 

4 . 20 x 1 0 - 1 

Do s e  for Un i t  D i spers ion ( rem . m3
) s 

L iver 
1 .  5 2  
1 .  50 
1 . 49 
1 . 47 
1 . 41 
1 .  3 1  
1 .  2 6  
1 .  2 2  

Bone 
2 . 92 
3 . 0 2  
3 . 0 8 
3 . 1 3 
3 . 1 7 
3 . 1 3 
3 . 09 
3 . 0 7 

Lungs 
4 . 34 x 1 01 

4 . 14 x 1 0 1 

3 . 97 x 1 01 

3 . 81 x 1 01 

3 . 22 x 1 01 

2 . 5 6 x 1 01 

2 . 21 x 1 0 1 

1 . 98 x 1 01 

. Thyroid 
3 . 62 x 1 02 

3 . 5 1 x 10 2 

3 . 42 x 1 0 2 

3 . 34 x 1 02 

2 . 95 x 10 2 

2 . 5 0 x 1 0 2 

2 . 21 x 1 0 2 

2 . 0 1 x 1 0 2 

*Thes e  values are spe c i f i c  for the source terms and value s  of the probab i l i ty 
o f  o ccurrenc e for the c ri ti c al i ty a c c ident s  pos tulated in thi s  Imp a c t  S tatemen t . 

the l ungs ) for the f i s s ion p roduc t s  from c r i t i c a l i ty a c c iden t s . A solub i l i ty C l a s s  W 
i s  a s sumed for the l ungs . The fac tors are p re s en ted a s  a func t ion o f  d i s tance , since 
the DACRIN code comput e s  the decre a s e  in the source term from radio logical decay plus 
the ingrowth o f  daughter radionuc 1ides during the t ime for the radionuc 1 ide s to 
trave l from the p l an t  s i te t o  the d i s tance of intere s t , travel ing a t  a speed o f  
3 . 0  m/s . No resuspen s i on i s  incl uded for these radionuc 1 ides , whi c h , exc ep t for the 
p l u tonium and ameri c ium ,  are nob l e  gas e s  and short - l ived i s o t op e s  of iodine and 
bromine . 

F . 2 . 1 . 2  Food Inge s tion Pa thway 

The o rgan r i s k  dose v i a  food ing e s t ion i s  o b tained in the s ame manner as de s ­
c ribed i n  S e c t ion F . 1 . 2  for rout ine release s . Re fer t o  that s e c t ion for the deta i l s  
o f  the me thodo l ogy . 

Source terms for plutonium and americ ium are ob t ained as d i scus sed for the 
inha l a t ion pathway ( S ec tion F . 2 . 1 . 1 ) . The only f i s s ion p rodu c t s  of consequence for 
thi s pathway are the i s o tope s of iodine and b romine - 82 . Source terms for the se 
i s o topes are ob t ained from Tab l e  3 . 2 . 3 - 2 .  S ource terms for plutonium and americium 
are converted t o  C i  rel eased over 7 0  years by mul t iply ing by 7 . 0  x 10 - 5 . 

For the f i s s ion p roduc t s , the source terms are converted to Ci released over 
7 0  years by mul t iply ing by 7 0 . The d i spers i on terms are obtained a s  desc ribed for 
the inha l a tion pathway ( S e c t ion F . 2 . 1 . 1 ) .  
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The dose conversion fac tors are gene rated by the FOOD c omputer code described i n  
Sec t ion F . l . 2 . l  and a r e  p re sen ted in Tab l e  F - 5 f o r  plutonium and americ i um and in 
Tab l e  F - 2 l  for the s igni f i c ant f i s s ion p roduc t s . These fac tors pertain to a re lease 
of  one curie over 7 0  years . 

TABLE F - 2 l  
DOSE CONVERS ION FACTORS FOR F I S S ION PRODUCTS 

USED IN RISK DOS E  CALCULATIONS VIA FOOD INGESTION 
7 0 - Year Chroni c  Re l ea s e  and Food Consump t ion a t  the Average I nt ake Rate 

Rad i o -
Dose Convers ion Factor 

nuc l ide To t a l  Body Liver 
8 2 Br 4 . 9  x 1 0 - 2 * 

1 3 1 I 1 . 0  1 . 7  1 . 7  
1 3 2 1 2 . 1  x 1 0 - 1 6  5 . 6  x 1 0 - 1 6  3 . 1  
1 3 3 I 1 . 1  x 1 0 - 3 * 

1 3 4 1 ** ** 

1 3 5 1  2 . 0  x 1 0 - 7 * 

3 
( re�' m  ) C � ' s  
Bone 

* 

x 1 0 - 1 6  

* 

** 

* 

Lungs 
* 

* 

* 

* 

** 

* 

Thyro i d  
* 

5 . 9  x 1 0 2 

7 . 7  x 1 0 - 1 4  

6 6 1 0 - 1 . x 
** 

7 3 1 0 - 5 . x 

for the total  body . 
** No calculat ion was made by the FOOD code for inpu t values for this  radio­

nuc l ide becau s e  t h e  do se from this  radionuc l ide i s  cons idered to b e  neg l igib l e . 

* The value for the do se convers ion fac tor i s  t aken t o  be that 

F . 2 . 1 . 3  Water Inge s t i on Pathway 

The r i sk dose from water ingest i on resu l t s  from " chron i c "  a i rborne re l ea s e s  and 
from the r i s k  o f  the impoundment fai lure releas ing water to Great Wes tern Re s ervo ir . 

Airborne Re l ea s e s  

The r i s k  dos e  from airborne r e l e a s e s  i s  obta ined in t h e  s ame manner a s  described 
in S e c t ion F . l . 3 . 2 .  Re fer to that s e c t ion for deta i l s  of the me thodo l ogy . 

The source terms for p lutonium and americ ium i n  uni t s  o f  � Ci/yr are ob tained 
from Tab l e  F - 1 9 , c o lumn 6 .  For f i s s i on produc t s , the source t erms are obtained from 
Tab l e  3 . 2 . 3 - 2 and are mul t i p l i ed by 1 0 6 to c onvert to uni t s  of � Ci/yr . No rad io ac t ive 
decay is inc l uded for the t ime b e tween the release and the c onsump t ion . 

The d i spers i on fac tor i s  weigh t ed by the wind d i rec t ion frequency and i s  c a l c u ­
l ated u s ing t h e  methodology in Appendix B - 2 wi th t h e  values o f  p arame ters given in 
S e c t ion F . l . 3 . 2 .  The d i spers ion factor to Great We s tern Reservo i r  is  1 . 46 x 1 0 - 7 

s/m3 and t o  S tandley Lake , i s  9 . 80 x 1 0 - 8 s/m3 . 
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The dose conve rs i on fac tors for p lu tonium and americ ium are those presented in 
Tabl e  F - 8 .  The dose conve r s i on fac tors for the i s otopes of i odine and bromine - 82 
are c a l culat ed us ing equation 14 and values of parame ters from ICRP #2 . The s e  
fac tors a r e  p re sented i n  Tabl e  F - 2 2 . 

Risk Dose from Risk o f  an Impoundment Fai lure 

The r i s k  dose from inges ting wa ter supp l ied from Great We s te rn Re servoir re sul ting 
from the r i s k  o f  an impoundment fai lure i s  obtained a s  fol l ows . The " expec ted" 
annual release ( � Ci/yr ) is obtained from Tab l e  3 . 2 . 3 - 1 .  The values are 8 7  � C i/yr for 
plutonium i s o t ope s , 82 � Ci/yr for 2 4 1 Am ,  and 485 � Ci/yr for uranium i sotopes . The 
a c t ivity values fo r the plutonium and uranium i s o topes are f i r s t  apportioned among 
the i s o topes . For plu tonium thi s  d i s tribu tion i s  accomp l i shed a s  shown i n  Tabl e  F - 1 9 . 
For uranium the d i s tribu tion i s  based on the ra tios o f  the activi t i e s  in Tab l e  3 . 1 . 2 - 1 .  
Al l o f  the released a c t iv i ty i s  a ssumed t o  go into the 3 . 7 9 x 1 0 9 Q volume o f  Great 
Wes te rn Reservo i r , wi th an a ssumed turnover rate o f  onc e per year . The wa ter c oncen ­
t ra t i on Cw ( pC i/Q ) for each radi onuc l ide i s  then given by 

Cw 106 s (l ) e V 

= radi onuc l ide concen t ration in the water o f  the reservoir ( pCi/Q ) 
" expec ted"  ac t iv i ty releas ed in a year for a given radionucl ide 
( � Ci ) 

v = reservo i r  vo lume ( Q ) = 3 . 7 9 x 1 0 9 Q for Great Wes tern Re servo i r  
1 0 6 = conversion fac tor f rom � Ci to pCi ( 1 0 6 pCi/� C i ) 

I t  i s  a ssumed that the a c t i v i ty concentra t i on in the fini shed drinking water i s  the 
same as that in the res e rvoi r  water Cw o No c redit is taken for p o s s i b l e  removal in 
the water treatmen t  proce s s . 

Once the value o f  Cw i s  obtained , the o rgan 
equa tion 1 3 . The intake rate Iw is 1 . 65 Q/d for 
convers ion fac tors a re obtained f rom Tabl e  F - 8 .  

risk do se c an be calculated us ing 
re ference man . Values o f  dose 
Th i s  c a l cu l a t ion is done for each o f  

the radi onuc l ides , and the res u l t s  are summed for each organ . 

F . 2 . 1 . 4  Ground Plane I rrad i a t ion 

The ri sk do se from ground p l ane i rradiat i on is calcul ated from a chronic bui l dup , 
a s  desc ribed in S e c t ion F . 1 . 4 .  In this  c a s e  the i s otopes o f  i odine are o f  intere s t  
a s  wel l  a s  t h e  i s o topes o f  plu tonium and 2 4 1 Am .  The r i s k  dose f o r  the i s o topes o f  
plutonium and 2 4 1 Am  c an be c alcul ated from equat i on 2 1  ( plus equation 2 3  fo r 2 4 1 Am ) . 
However ,  equa tion 21 a s sumes no rad i oac tive decay , an as sump t ion that i s  not appro ­
priate for the i s o topes o f  iodine . When radioac tive decay i s  inc luded , the equation 
for the organ dose is given by 

F - 5 2  

( 71 )  



TABLE F- 2 2  
DOS E  CONVERS ION FACTORS FOR WATER INGESTION FOR 

F I S S ION PRODUCTS FOR RISK DOSE  CALCULATIONS 
Dose Convers ion 

Values of Parameters Factor 

Radio- f1 f t  he ( d- 1 } ( rem:d ) nuc l ide Organ 2 e (MeV } � I:!C1 
8 2 B r  Total Body 1 . 0  1 . 0  0 . 53 3  1 . 8  7 0 0 0 0  6 . 3 1 x 1 01 

* Liver 
* Bone 
* Lungs 
* Thyro id 

1 3 1 1 To tal Body 1 . 0  1 . 0  9 . 1 2 x 1 0 - 2 0 . 44 7 0 0 0 0  9 . 0 1 x 1 0 1 

Liver 1 . 0  0 . 12 0 . 18 6  ** 1 80 0  2 . 0 6 x 1 02 

Bone 1 . 0  0 . 07 0 . 13 6  ** 5 0 0 0  5 . 9 2 x 1 0 1 

* Lungs 
Thyro id 1 . 0  0 . 3  9 . 1 2 x 1 0 - 2 0 . 23 20 4 . 95 x 1 04 

1 3 2  I To tal Body 1 . 0  1 . 0  7 . 1 5 1 . 7  7 0 0 0 0  4 . 44 
Liver 1 . 0  0 . 1 2 7 . 22 ** 1 80 0  2 . 0 5 x 1 0 1 

Bone 1 . 0  0 . 0 7 7 . 22 ** 5 0 0 0  4 . 3 1 
* Lungs 

Thyroid 1 . 0  0 . 3  7 . 1 5 0 . 65 2 0  1 .  7 8  x 1 03 

1 3 3 1  Total Body 1 . 0  1 . 0  0 . 7 9 7  0 . 84 7 0 0 0 0  1 .  9 7  x 1 01 

Liver 1 . 0  0 . 1 2 0 . 90 0  ** 1 80 0  8 . 14 x 1 0 1 

Bone 1 . 0  0 . 0 7 0 . 845 ** 5 0 0 0  1 . 82 x 1 01 

* Lungs 
Thyro id 1 . 0  0 . 3  0 . 7 9 7  0 . 54 20 1 .  33  x 1 04 

1 3 4 1 Total Body 1 . 0  1 . 0  1 9 . 3  1 . 5  7 0 0 00 1 . 45 
Liver 1 . 0  0 . 12 1 9 . 8  ** 1 800 6 . 60 
Bone 1 . 0  0 . 07 1 9 . 3  ** 5 0 0 0  1 . 42 

* Lungs 
Thy roid 1 . 0  0 . 3  1 9 . 3  0 . 82 2 0  8 . 33 x 1 02 

1 3 5 1  Total Body 1 . 0  1 . 0  2 . 48 1 . 3  7 0 000 9 . 79 
Liver 1 . 0  0 . 1 2 2 . 5 7 ** 1 80 0  4 . 41 x 1 01 

Bone 1 . 0  0 . 0 7 2 . 5 7 ** 5000  9 . 2 6 
* Lungs 

Thyroid 1 . 0  0 . 3  2 . 48 0 . 5 2 20 4 . 1 1 x 1 03 

* The value fo r  the dose conver s i on factor i s  taken to be that for the total body . 
** The value for the e f fec t ive energy depo s i t ion i s  taken to be that for the total body . 
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t 1 -At  1 ) Organ Dose ( rem )  = 864 (�Q) S F (I + � e - :z 
g A A 

( 7 2 ) 

whe re the variables  are de fined as for equat ion 2 1 , and A i s  the radioactive decay 
cons tant ( d- l ) .  A depo s i t i on veloc i ty o f  0 . 01 m/s i s  used for iodine . For the 
i odine i s otopes ( o f  importanc e )  the values of the radioac t ive decay c ons tant and the 
reduc t ions of equa tion 72 for t = 2 5 5 6 7 . 5  days are given in Table  F - 23 . Do se conver­
s ion fac tors F genera ted by the EXREM computer code , are also p resented in  Tabl e  F - 2 3 . 

I so toQe 
1 3 1 1 
1 3 2 1  
1 3 3 1 
1 3 5 1 

TABLE F - 23 
VALUES FOR THE EVALUATION OF THE 7 0 - YEAR ORGAN DOSE  FROM GROUND PLANE 

IRRADIATION FOR THE ISOTOPES OF IOD INE FOR A CHRONIC  RELEASE 

Decay Cons tant Organ Dose Dose Conversion Factor 
A ( d - l ) ( rem ) ( rem . m2/Ci . s )  
0 . 0861 2 . 5 6 x 1 08 (X/Q )  SF 1 . 6  x 1 0 - 3 

7 . 2 3 3 . 0 6 x 1 0 6 ( X/Q ) SF 9 . 1  x 1 0 - 3 

0 . 7 9 2  2 . 7 9 x 10 7 (X/Q )  SF 2 . 7  x 10 - 3 

2 . 48 8 . 91 x 10 6 ( X/Q ) SF 6 . 8  x 1 0 - 3 

F 

The total organ dose i s  the sum o f  the o rgan doses for all  the radionuc l ides o f  
intere s t , us ing source terms g iven in  Tables 3 . 2 . 3 - 1 and 3 . 2 . 3 - 2 ,  converted t o  uni ts 
of � Ci/day . The as sump t ion i s  made that the person is exposed 24 hours a day for 
7 0  years . Thi s  as sumpt ion is conservat ive by at least a fac to r  of thre e , s ince the 
average person i s  no t l i kely to spend more than 8 hours per day outdoors . 

Derivat ion o f  equat ion 7 2  i s  as fol l ows . For a chronic release the ra te o f  
bui l dup o f  the surface conc entrat ion G ( C i/m2 ) o f  the radionuc l ide , inc luding radio­
active decay , i s  de scribed by the d i fferential  equa tion 

where a l l  variable have been de fined previous ly . The term ( X/Q ) Vd Sg i s  the rate o f  
depo s i t ion o f  the radi onuc l ide from the ai rborne release and the term A G  i s  the rate 
of loss by radioact ive decay . Solving for G yields the value of the surface concen­
tration at any time t 

( 7 3 ) 

( 74 ) 

The organ do se H ove r  t ime t from continuous exposure to the ground concentration 
i s  obtained by solving the di f ferent ial  equation 

dH 6 
dt = 8 . 64 x l O G F  ( 75 ) 
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where t i s  in days , A i s  d - l , and 8 . 64 x 1 04 i s  the c onversion factor sid . Sub s t i tu ­
t i ng G from equat ion 7 4  and so lving y i e lds 

For Vd = 0 . 0 1 mls for the iodine s , equa t i on 72 is ob t a ined . 

F . 2 . 1 . 5  Plume Shine I rrad i a t ion 

Plume shine refers t o  the i rrad i a t ion rec e ived by a person from external radio ­
nuc l ides in the a i r .  Thi s  pathway i s  s igni f i c an t  only for certain f i s s i on produc t s  
for c r i t i c a l i ty acc ident s . Dose c onvers ion fac tors for p l ume shine are generated by 
the S UBDOSA c ompu ter c ode , developed a t  B a t t e l l e - Pac i fi c  Northwe s t  Laboratories 
( S trenge , et  a l . , 1 9 7 5 ) . I nput to th i s  code i s  the value o f  ac t iv i ty rel eased for 
each radionuc l ide from the p o s tu l ated metal and solut i on c r i t i c al i ty acc iden t s  ( Tabl e s  
3 . 2 . 2 - 3 and 3 . 2 . 2 - 4 ) . Al though t h e  c a lculat ion o f  t h e  do se c onvers ion factor i s  done 
for an acute releas e , the value is the same for a chroni c  re lease ( o f  the s ame magn i ­
tude ) , s ince the t o t a l  do se del ivered from radionuc l ides external to the b ody i s  the 
s ame as l ong as the produc t of the ac t ivi ty and the t ime is the s ame for b o th exposures . 
For examp l e , expo sure to 3 6 5  uni t s  o f  ac t iv i ty for one un i t  o f  t ime resu l t s  in the 
s ame do se as exposure to one uni t  o f  a c t iv i ty for 3 6 5  uni t s  of t ime . The dose c onver ­
s i on fac tors u s e d  i n  this  Impact S tatemen t a r e  f o r  the gamma dose a t  a depth o f  1 c m  
for the t o t a l  body . The se factors are used for a l l  o ther organs a s  we l l  ( a  c onserva­
t ive a s sump t ion ) . The se do s e  conve rs ion factors are a funct ion of d i s t anc e , s ince 
there is both rad io ac t ive decay and daughter ingrowth during the t ime of ai rborne 
tran s i t  from the p l ant to the locat ion of intere s t . 

and 

The 7 0 -year o rgan r i s k  dose from plume shine i s  given by 

where Fpm 
F p s  

Organ Ri s k Dose ( rem) = 70 (X) ( 0 . 0008 F + 3 . 65 x 1 0- 5F ) Q pm ps 

= dose c onve rs ion fac tor ( rem ' m3/s ) for the me t a l  c r i t i c a l i ty acc ident 
= dos e  c onvers i on fac tor ( rem ' m3/s ) for the s o lut ion c r i t i c al i ty 

acc ident 

( 7 7 ) 

0 . 00 0 8  = probab i l i ty per year o f  the max imum c redible me t a l  c r i t i c a l i ty 
acc ident 

3 . 65 x 10 - 5 = ( 1  x 1 0 - 7 + 0 . 0 0 8  x �) whe re 1 x 1 0 - 7 i s  the probab i l i ty p e r  year 
of the max imum c rediTIle solut ion c r i t i c a l i ty acc ident and 0 . 00 8  is the 
probab i l i ty per year o f  the max imum probab l e  so lut ion c r i t i c al i ty 
acc ident ( at a magni tude o f  1/220 o f  the maximum c redible  solut ion 
c r i t i c a l i ty acc iden t ) 

7 0  
x/Q 

The values 
Fps for the 

= 

= 
number o f  years for which the re lease and dose are cons idered 
d i spersion factor ( s/m3 ) obta ined from Tab l e  B- 2 - 4 .  

o f  the dos e  conve r s i on factors Fpm for the me t a l  c r i t i c a l i ty a c c i dent 
s o lu t i on c r i t i c a l i ty acc ident are pre s ented in Tab l e  F - 24 . 
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D i s t ance 
(Miles ) 

1 . 2  
2 
3 
4 
5 

1 0  
2 0  
3 0  
4 0  

TAB LE F - 24 
DOSE CONVERS ION FACTORS FOR PLUME SHINE RESULTING FROM 

THE POSTULATED CRIT ICAL ITY RELEASES 

3 
( rem · m  ) Dose Converson Factor* s 

Me tal C r i t i c a l i ty S o lution Cri tical i ty 
105 452 . 5  1 .  0 65 x 

3 82 . 7  9 . 0 05 x 104 

3 2 5 . 8  7 . 651  x 1 04 

281 . 1  6 . 586  x 104 

243 . 4  5 . 689  x 1 04 

122 . 3  2 . 82 6  x 104 

40 . 9 3 9 . 241 x 10 3 

2 0 . 7 3 4 . 6 1 7  x 1 03 

1 3 . 3 8 2 . 9 6 7  x 1 03 

*Calculated for a depth of 1 cm in the body but i s  app l ied to a l l  organs . 

F . 2 . 1 . 6  S amp l e  Calcul at ion o f  the Risk Dose 

Calculate the 7 0 -year r i sk do se to the bone of re ference man l iving at a d i s tance 
of 2 mi les  in the southeas t  d i rec t ion . 

S tep 1 .  

S tep 2 .  

Calculate the r i sk dose for uni t  X/Q via inhalat ion as fo l lows . 
a .  For p lutonium and ameri c ium ,  obtain the r i s k  source terms over 7 0  

years from Tabl e  F - 1 9 . Mul tiply these values b y  the dose  conver­
s ion fac tors from Tab l e  F - 1 for corre sponding rad ionuc l ides . Sum 
the re sul ts . 

b .  For radionuc l ides re leased by c r i t i c a l i ties , the compo s i te dose 
per uni t  X/Q is ob tained di rec tly from Tab l e  F - 2 0 . The value fo r 
thi s  calculation i s  4 . 1 7 x 1 0 - 2 ( rem . m3 ) /s . 

c .  Sum the resul ts o f  S teps 1 a  and lb . 

Calculate the risk dose for uni t  X/Q fo r food inge s t ion as fol lows . 
a .  For p lutonium and ameri c ium ,  obtain the risk  source term over 7 0  

years b y  mul t i p lying the values o f  the risk  source term ( � Ci/y r )  
from Tabl e  F- 1 9  by 7 . 0  x 10 - 5 . Mul tiply these value s b y  the dose 
conversion factors f rom Tabl e  F - 5 for corresponding radionuc l i des . 
Sum the resul ts . 

b .  For radionuc l ides from c r i t i c al i ties , mul t iply the source terms 
in Table 3 . 2 . 3 - 2  by 70 and by the dose conversion fac tors presented 
in Table F- 2 1 . Sum the resu l t s . 
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S tep 3 .  

S t ep 4 .  

S tep 5 .  

c .  Sum the resu l t s  o f  S tep s 2 a  and 2b . 

Calculate the r i s k  dose for water ingest ion as fo l lows . 
a .  For ai rborne p lutonium and ame r i c ium , obt ain the r i s k  source 

terms ( � Ci/y r )  from Tab le F - 1 9 . Calcul ate the concentration 
( pCi/Q ) in S tand ley Lake by mul t ip lying the r i s k  source term by 
8 . 83 x 1 0 - 9 ( equat ion 20 ) for each radionuc l ide . Mul t i p ly these 
values by the average intake rate ( 1 . 65 Qld ) , by 10 - 6 � Ci/pC i , 
and by the dose convers ion fac tor , presented in Tab le F - 8 ,  for 
the corre sponding radionucl ide . Sum the resul ts . 

b .  For ai rborne iodine and 8 2 Br , obtain the source terms from Tab l e  
3 . 2 . 3 - 2 and mul t iply b y  10 6 . A s  i n  S tep 3a ( but for Vd = 0 . 0 1 m/s ) , 
mul t iply by 8 . 83 x 10 - 9 , by 1 . 65 ,  by 10 - 6 and by the do s e  conver­
s i on factor , p re s ented in Tab l e  F - 2 2 , for the corresponding 
radionuc l ide . Sum the resul t s .  

c .  Sum the resu l t s  o f  Steps 3 a  and 3b . 

Calculate the r i s k  dose for ground p lane i rradiat ion for uni t  di spers ion 
as fo l lows . 
a .  For p lutonium and americ ium , div ide the r i s k  sourc e term ( � C i/yr ) , 

from Tab le F- 1 9 , by 3 65 . 25 and mul t iply by 1 0 - 6 to obtain the 
r i sk source term in uni t s  of C i/d . Based on equation 2 1 , mul t ip ly 
the r i sk source term for each radionucl ide by 43 . 2  and by 6 . 54 x 

1 08 . Mul t ip ly the resul t by the value o f  the do s e  convers ion 
factor , from Tab le F - l l , for the corresponding radionuc l ide . 
Inc lude the contribut ion from ingrowth o f  2 4 1 Am from depos i ted 
2 4 1 pU by mul t ip lying the r i s k  source term ( Ci/d ) for 2 4 1 pU by 
5 . 39 x 1 08 ( from equation 2 3 ) and by the do se convers ion fac tor , 
from Tab l e  F - l l , for 2 4 1 Am . Sum a l l  resul t s . 

b .  For the iodine i sotopes , divide the r i sk source terms from Tab l e  
3 . 2 . 3 - 2 b y  3 65 . 25 t o  convert t o  uni t s  o f  Ci/d . Mul t i p ly b y  the 
constants  presented in Tab l e  F - 23 ( 2 . 5 6 x 108 for 1 3 1 1 , and so 
on) and by the value o f  the dose convers ion fac to r , a l so p resented 
in Tab l e  F- 23 , for the corresponding i so tope . Sum a l l  resul t s . 

c .  Sum the resu l t s  o f  S tep s 4a and 4b . 

Calculate the r i sk do se from p l ume shine i rradiat ion for un i t  x/Q a s  
fo l lows , based o n  equation 7 7 . Ob tain the do se convers ion factor for 
the metal c r i t i ca l i ty for a d i s tanc e  of 2 m i l e s , from Tab l e  F - 24 . 
Thi s  value i s  382 . 7 .  Mul t iply by 0 . 00 0 8 , yielding 0 . 30 6 .  Mul t iply 
the va lue ( 9 . 00 5  x 1 04 ) ,  from Tab l e  F- 24 for the solut ion c r i t i c a l i ty 
at 2 m i l e s , by 3 . 65 x 10 - 5 , y i e lding 3 . 29 .  Sum the two resu l t s  ( 3 . 60 )  
and mul t iply by 7 0 , y i e l ding 2 . 5 2  x 1 02 ( rem ' m3 ) /s . 
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S tep 6 .  Sum the totals from S teps lc , 2c , 4c , and 5 .  Obtain the va lue o f  the 
d i spers i on factor for 2 m i l e s  in the SE  direct i on from Table  B - 2 - 4 . 
Mul tiply thi s  fac tor ( 1 . 66 x 10 - 6 ) by the sum . To thi s  resul t ,  add 
the r i s k  dose from water inges tion . Round o f f  to 2 s i gni ficant figures . 
The resul t ( 4 . 1  x 10 - 2 rem ) i s  the lO -year r i s k  bone dose . 

The resul t s  o f  these  calculations are tabulated in Table  F - 2 5 . 
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Radi o -
nuc l ide 

2 3 8 pu 
2 3 9 pu 
2 4 0 pu 
2 4 1 pu 
2 4 2 pu 
2 4 1 Am 

Sub total 

8 2 Br 

"11 3 1 1 
�1 3 2 I \0 1 3 3 1 

1 3 4 1 
1 3 5 1 

Subtotal 
TOTAL 

TABLE F - 2 5  
TABULATION FOR THE SAMPLE CALCULATION OF THE RISK DOS E  

Ai rbo rne Source Term 
( Over 7 0  Years ) 

With Inhal ation 
Ini tial Resuspens i on 3 

( rem - m  ) ( C i ) ( C i ) s 
5 . 1 2 x 1 0 -4 1 . 01 x 1 0 - 3 3 . 84 x 1 02 

- 2 - 2 1 . 48 x 1 04 1 . 7 5 x 1 0  3 . 45 x 1 0  
3 . 9 6 x 1 0 - 3 7 . 81 x 1 0 - 3 3 . 3 5 x 1 0 3 

- 1 - 1 1 .  9 3  x 1 0 3 1 . 12 x 1 0  2 . 20 x 1 0  
3 . 54 x 1 0 - 7 6 . 97 x 1 0 - 7 2 . 7 7 x 1 0 - 1 

4 . 40 x 1 0 - 3 9 . 1 9 x 1 0 - 3 3 . 9 7 x 1 0 3 

2 . 44 x 1 04 

7 . 98 x 1 0  - 4 

1 . 58 x 1 0  - 1 

1 . 86 x 1 0 1 

2 . 68 
6 . 3 6 x 1 0  1 

5 . 68 x 1 0  1 

2 . 92 
2 . 44 x 1 04 

R i s k  Dose  For Uni t  D i s�ers ion 
Food Groun Plane 

Inge s t ion I rradiation 
3 3 

( rem - m  ) ( rem - m  ) s s 
8 . 7 0 x 1 0 - 1 5 . 66 x 1 0 - 3 

3 . 3 3 8 . 32 x 1 0  - 2 

7 . 5 2 x 1 0 - 1 3 . 94 x 1 0 - 2 

4 . 82 
6 . 0 2 x 1 0  - 5 3 . 3 7 x 1 0  - 6 

8 . 3 6 1 . 1 7 ( +0 . 57 )  
1 . 81 x 1 01 1 .  87  

3 . 9 1 x 10 - 5 

2 . 69 x 1 0  - 1 2 . 5 2 
5 . 7 7 x 1 0 - 1 5  2 . 0 3 x 1 01 

2 . 95 x 1 0 - 3 7 . 90 

- 5 1 . 82 x 1 0 1 1 . 14 x 1 0  
2 . 7 2 x 1 0 - 1 4 . 89 x 1 01 

1 . 3 3 x 1 0 1 5 . 5 5 x 1 0 1 

Plume Shine 
Irrad i a t i on 

3 
( rem - m  ) s 

2 . 52 x 1 02 

2 . 52 x 1 02 

Concentration 
In Wa ter 

(2C ij.£ ) - 8  6 . 46 x 1 0  
2 . 2 1 x 1 0  - 6 

5 . 00 x 1 0  - 7 

1 . 41 x 1 0  - 5 

4 . 4 7  x 1 0 - 1 1  

5 . 55 x 1 0  - 7 

1 .  0 1  x 1 0 - 12 

1 .  9 9  x 1 0 - 1 0  

2 . 3 5 x 1 0  - 8 

3 . 3 8 x 1 0 - 9 

8 . 03 x 1 0  - 8 

9 . 7 1 x 1 0 - 9 

Sum o f  Risk Dose for Uni t  D i spersion = 2 . 47 x 1 04 rem - m3 

Mul t iply by the Di spers i on Fac tor : Dose ( rem ) = 1 . 66 x
S

10 - 6 

Add in Dose from Wa ter Inge s t i on : To tal Bone Risk  Dose ( rem ) 
Round to 2 s i gni f i c ant figures : To tal Bone Risk Dose ( rem ) = 

s 4 rem - m3 - 2 � x 2 . 47 x 1 0  = 4 . 1 0 x 1 0  rem m s 7 = ( 4 . 1 0 x 1 0 - 2 + 4 . 98 x 1 0 - ) rem 
- 2 4 . 1  x 1 0  rem 

R i s k  Dose 
F rom Wa ter 

Inge s t i on 
( rem ) 

3 . 2 7 x 1 0  -8 
1 . 2 7 x 1 0 - 7 

2 . 86 x 1 0  - 8 

1 . 90 x 1 0  - 7 

2 . 3 7 x 1 0 - 1 2  

3 . 20 x 1 0 - 7 

6 . 9 8 x 1 0 -7 

1 .  0 5  x 1 0 - 1 6  

1 C L  1 0 - 1 4  
• � f X 

1 . 6 7 x 1 0 - l 3 

1 . 0 2 x W - l 3  

8 . 74 x 1 0 - l 3  

1 . 48 x 1 0 - l 3  

1 . 3 1 x 1 0 - 12 

6 . 98 x 1 0 - 7 



F . 2 . 2  As sessment o f  Dose Downwind from Ac c iden ts 

The organ doses to pe rsons downwind fo l lowing an acc idental release are calculated 
for each type of max imum c redible acc ident . The re are three ca tegories o f  acc idents 
for which the me thodology i s  d i s cus sed : 1 )  acc iden ts releas ing airborne plutonium , 
2 )  c r i t i c al i ty acc idents releas ing ai rborne f i s s i on produc ts ( and some plutonium ) , 
and 3 )  impoundment fai lure resul ting in wa terborne rel eases . These releases are all  
cons ide red to be acute releases , and the organ dose ca lculated i s  the 7 0 -year dose 
commi tment .  The pathways cons ide red are the same as those for the risk dose assessment , 
and the me thodologies are s imi lar . 

F . 2 . 2 . 1  Ac c idents Releasing Airborne Pluton ium 

Acc iden ts re l eas ing ai rborne plutonium are the spi l l , mechanical fai lure , f i re , 
explos ion , ai rcraft impac t ,  tornado , and high wind . Once the assessment o f  dose i s  
made f o r  one o f  these acc ident types , the asse ssment can be made for any other o f  
these  types b y  mul tiplying b y  the r a t i o  o f  the activ i t i e s  released . 

Inhalation Pa thway 

The o rgan do se is obt ained in the same manne r as desc ribed in S e c t ion F . l . l .  
Source terms are obt ained from Table 3 . 2 . 3 - 1 .  The a c t iv i ty i s  in terms o f  � Ci pluto­
nium released and needs to be apport ioned among the isotope s of p luton ium as discussed 
in Sec tion F . 2 . l . l .  The value for 2 4 1 Am  i s  taken to be 2 0% o f  the plutonium alpha 
ac tivity . The a c t ivity i s  converted to curies by mu l tiplying by 10 - 6 Ci/� Ci . 

As for chronic releases , there is re suspension o f  ma terial depo s i ted from acute 
releases to cons ider . This factor , whi ch is the ratio of the integrated a c t ivi ty 
from resuspension to the a c t ivity in the initial  re lease , is 0 . 9 7 ( as for chronic 
release s ) . The derivation of this factor is as fol lows . The a c t ivity depos i ted on 
the surface of the ground from an acute release i s  given by 

Ga = So Vd (x)  Q ( 7 8 )  

whe re G = surface activi ty ( Ci/m2 ) a 
S = ac tivity acu tely released ( Ci )  0 
Vd = depo s i t ion veloc i ty (m/s ) 

x/Q = d i spers ion factor ( s/m3 ) .  
The a i r  conc entrat ion Ca , from resuspens ion at time t after depo s i t i on ,  i s  

( 7 9 )  
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where k ( t )  is  the modi fied Anspaugh resuspens ion expres s ion discu s sed in S e c t ion 
F . 1 . 1 . 1 .  The integrated air concentration Cal from resu spens ion over time t is given 
by integrat ing equation 7 9 , 

Integration over 7 0  years ( t  = 2 5 5 6 7 . 5  days ) yields 

Cal = 1 . 12 2  x 10 - 2 G . a 

Subs t i tuting for Ga from equation 7 8  and for Vd = 0 . 0 0 1  mis , the integrated a i r  
conc entration from resuspens ion i s  

( 80 )  

( 81 )  

with uni t s  o f  ( C i . days )/m3 . Thi s  result i s  the numerator o f  the resuspens ion ratio . 

The denominator o f  the resuspens ion ratio i s  ac t iv i ty in the init ial re l ea se 
3 - 5 So ( C i ) mul t ipl ied by X/Q ( s/m ) and by 1 . 1 6 x 1 0  days/s to give the " integrated" 

air concentration Co from the initial  release in terms of ( C i - days )/m3 

( 83 )  

The ratio o f  equation 82 divided by equation 83 i s  equal to 0 . 97 .  Thi s  fac tor , 
when mul t i p l i ed by the initial  airborne ac tiv i ty , gives the source term for the 
component from resuspens ion . For 2 4 1 Am there is an addit ional component , as for the 
chroni c  release s .  Thi s  component is the re suspended 2 4 1 Am which had ingrown from the 
radioactive decay of 2 4 1 pu .  Thi s  factor , for the acute release , is 9 . 4 x 1 0 - 3 

time s the initial  a i rborne source term for 2 4 1 pU and i s  obtained by evaluating equation 
10  for t = 2 5 5 67 . 5  days  ( 7 0 years ) .  

The d i spersion fac tors X/Q for the acute releases are tho se given in Tabl e  
B - 2 - 3 i n  Append ix B - 2 .  The Pasqu i l l  E s tab i l i ty c l a s s  w i th a wind speed o f  3 . 0  m/s 
i s  u s ed to calcul ate the di spers ion factors for a l l  the postul ated acc idental release s , 
inc l uding re leases  from the tornado and high wind acc idents . I f  the dispersion from 
a high wind of 1 5 8  mph ( 7 0 . 6  m/s )  i s  calcu l ated for a Pasqu i l l  D s t ab i l i ty class , the 
d i sp e r s ion factor is a fac tor of 50 to 70 l e s s  than the X/Q fo r Pasqui l l  E cond i t ions , 
with a wind speed o f  3 . 0  mis , at dis tances o f  2 m i l e s  to 40 miles  downwind , respec t ively _ 

The dose conversion fac tors are genera ted by the DACRIN computer code for acute 
re leases  and are presented in Tab le F - 2 6 .  Input values to gene rate these factors 
are : uptake t ime = 600 s econds ( 1 0 minute s ) ,  dose time = 2 . 2 0 9  x 10 9 s econds ( 7 0 
years ) ,  breathing rate = 3 3 3  cm3/s , part i c l e  s ize = 0 . 3  � m , di spers ion = 1 ,  d i s tanc e 
= 1 m ,  ac tivity per rad ionuc l ide = 1 Ci . 



Radionuc lide 
2 3 8 pU 
2 3 9 pu 
2 4 0 pu 
2 4 1 pu 
2 4 2 pU 
2 4 1 Am 

TABLE F - 2 6  
DOSE CONVERS ION FACTORS FOR THE 70 - YEAR DOSE  

COMMITMENT FROM AN ACUTE RELEASE VIA INHALATION 
Par t i c l e  Size  = 0 . 3  �m AMAD 

B reath ing Ra te = 3 . 3 3 x 10 - 4 m3/s 

3 
( ref!1· m  ) Dose Conve rs ion Fac tor Cl ' S  

Total Body 
2 . 891 x 1 0 3 

3 . 43 2  x 1 0 3 

3 . 42 3  x 1 0 3 

4 . 1 88 x 10 1 

3 . 3 0 5  x 1 0 3 

2 . 680 x 1 0 3 

Class  W 
Liver 

3 . 486 x 1 05 

3 . 9 7 7  x 1 0 5 

3 . 9 68 x 1 0 5 

5 . 7 3 3  x 1 0 3 

3 . 8 3 0  x 1 0 5 

4 . 1 0 7  x 1 0 5 

Bone 
8 . 1 7 5  x 1 05 

9 . 9 7 1  x 1 0 5 

9 . 946 x 1 05 

l .  421 x 1 04 

9 . 240 x 1 0 5 

9 . 8 7 1  x 1 05 

Food Inge s t ion Pathway 

Class  Y 
Lungs 

2 . 6 5 1  x 1 05 

2 . 5 0 2  x 1 0 5 

2 . 5 02 x 1 0 5 

4 . 389 x 1 0 2 

2 . 408 x 1 0 5 

2 . 683 x 1 0 5 

The organ dose commi tment i s  obtained in the same manner as des c ribed in S e c ti on 
F . 1 . 2 . 1 .  Source terms are obtained as desc ribed for the inha l a t ion pathway , exc luding 
resuspens ion . The d i spers ion fac tors are the same as for the inhalation pa thway . 

The dose conversion fac tors are generated by the FOOD computer code for acu te 
releases and are presented in Tab le F - 2 7 . Intake values ( Tab l e  F - 4 )  for the average 
individual are used for a l l  dis tances  exc ep t 1 . 2  miles . At the dis tanc e o f  1 . 2  
miles , intake values for the maximum ind ividual are used . Consump tion o f  food 
produced at the s i te of intere s t  is considered to cont inue ove r the 70 years . The 
acute release is cons i de red to occur at the time j ust prior to harves t o f  each type 
o f  food , resul t ing in maximum contaminat ion o f  the plant or animal food p roduc t s  at  
the  t ime o f  consump t ion . Values of  the dose  convers ion fac tors a re for 1 Ci  released 
and for uni t  dispers ion for each radionuc l ide . The fract ions t rans ferred from the 
G . I .  t rac t to the blood are those used by the EPA (EPA ,  1 9 7 7 ) , as di scussed in Sect i on 
F . l . 2 . l .  

Water Inge s tion Pathway 

The organ dose commi tment i s  obtained in the same manne r as desc ribed in S e c t ion 
F . 1 . 3 . 2 for airborne re leases , modi fied as fo l l ows . The 7 0 -year dose commi tment to 
the organs is given by the equat ion 

Organ Dose ( rem ) = 6 . 0 3 x 1 0 -
4 Cw Fwa 
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Rad ionuc l ide 
2 3 8 pU 

2 3 9 pu 

2 4 0 pU 

2 4 1 pU 

2 4 2 pU 

'2 4 1 Am 

Radionuc l ide 

*The 

2 3 8 pu 

2 3 9 pu 

2 4 0 pU 

2 4 1 pU 

2 4 2 pU 

2 4 1 Am 

value fo r 

where C w 

TABLE F - 2 7  
DOSE CONVERS ION FACTORS FOR THE 7 0 - YEAR DOSE 

COHHl TMENT FOR AN ACUTE RE LEASE VIA FOOD INGEST ION 

Do se  Conve rs ion Factor rem · m3 
( C i ' s  ) for Average In take 

To t a l  Body Liver Bone Lungs 
1 . 8  x 1 0 2 2 . 2  x 1 0

4 
5 . 0  x 1 0

4 ./, 
2 . 1  x 1 0 1 2 . 5  x 1 03 6 . 3  x 1 03 ·k 
2 . 1  x 10 1 2 . 5  x 1 03 6 . 3  x 1 03 i': 

2 . 8  1 .  7 x 1 0 2 L O x 1 0 3 ii, 
2 . 1  x 10 1 2 . 4  x 10 3 5 . 7  x 1 03 -k 
1 . 7 x 1 0 2 2 . 6  x 1 04 6 . 1  x 1 04 �k 

Do se  Convers ion Fac tor 
3 

( re�' m  ) C � ' S  fo r Hax imum Intake 
To tal  Body L iver Bone Lungs 

9 . 0  xW 1 . 1  x 1 05 2 . 5  x 1 05 ·k 
1 . 1  x 1 0 2 1 . 2  x 1 04 3 . 1  x 1 04 '""k 
1 . 1  x 10 2 1 .  2 x 1 0 4 3 . 1  x 1 04 -k 
1 . 4  x 1 0 1 8 . 7  x 1 0 2 5 . 3  x 10 3 iI, 

L O x 1 0 2 1 . 2  x 1 04 2 . 9  x 1 04 "1\ 
8 . 3  x 10 2 1 . 3  x 1 0 5 3 . 0  x 1 05 ·k 

the do s e  conve rsion  fac tor i s  taken to be that for the total  body . 

= conc entra t i on o f  the rad ionuc l i de in the wa ter ( pC i/Q ) obta ined from 
equat ion 20  

= dose conve r s i o n  fac tor for  wa ter inge s t i on from acute  re l e ases  
( rem/fJ C i ) 

6 . 0 3 x 1 0 - 4 = convers ion fac t or ( 1 0 - 6 fJ C i/pC i ) x 3 6 5  days x 1 . 6 5 Q /day in take 
rate . 

S ource terms are obta ined f rom Tab l e  3 . 2 . 3 - 1  in un i t s  o f  fJ C i , and the a c t iv i ty 
i s  appo rtioned among the p l u tonium i so topes as d i scus s ed i n  S e c t i on F . 2 . 1 . 1 .  The 
va l ue for 2 4 1 Anl i s  taken to be 20'10 o f  the p lutonium a l pha ac tivi ty . 

The d i spe rs ion fa c to r  i s  c a l c u l a t ed spe c i f i c a l l y  for Gre a t  We s tern Re s e rvo i r  for 
downwi nd , Pasqu i l 1  E cond i t i ons ( wind speed = 3 . 0  m/s ) by t he me thod pre sented in 
Appendix B - 2 . The val ue o f  the d i spers ion fac tor t o  Great We s tern Re servo i r  i s  6 . 6 3 
x 1 0 - 7 s/m3 . To c ons e rva t i ve l y  e s t ima t e  t h e  doses  to persons downwind from ac c ident s ,  
a l l  the se peop l e  a re assumed to d r i nk wa t e r from Grea t We s t ern Re s e rvo i r . 
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The dose  convers ion fac tors are generated as  fol lows . As suming a one -year 
turnover rate of the water in the reservo i r , a l l  of the uptake of ac tiv i ty wou ld 
occur in the first  year . For s imp l i c i ty and conservativi sm , l e t  a l l  the a c t iv i ty 
inges ted in the year be inges ted acutely at the time o f  the release ( at t = 0 ) . The 
activ i ty Y in the o rgan at time t = 0 i s  then 

where Y 
S r 
fl 
f l  2 

= activ i ty 
= ac tivi ty 
= trans fer 
= trans fe r 

in the o rgan at time t ( � C i ) 
( � C i ) inge sted at time t = 0 
frac tion from the G . r .  tract to the b lood 
frac t i on from the b lood to the organ of interes t .  

( 85 )  

For an exponential removal from the organ wi th an e f fec tive removal cons tant Ax ' 
the activ i ty in the organ at any time t after the intake i s  

( 86 )  

The in tegrated activity Q ( t )  i n  the organ ( � Ci ' days ) i s  obtained by integrating 
equation 8 6  

Q( t) = f1 f2S r ( 1 _e
-Ax t

) . Ax 
( 87 )  

As in the discuss i on o f  equation 1 7  in Section F . 1 . 3 . 1 ,  the organ dose  i s  given 
by 

Organ Do se ( rem ) = 5 1 . 1 5 £ Q ( t )  m ( 8 8 )  

The do se conversion fac tor fo r water inges tion from an acute re lease i s  g iven by 
sub s t i tu tion of equation 87 into equat ion 88 and dividing both s ides o f  the resu l t ing 
equation by S

r
' 

E: f f ' -A t 
Dose Convers i on Factor ( rem/pCi ) = 51 1 5 __ 

1
_
2 ( 1 -e x ) . ( 89 )  . m\ 

Dose  convers ion fac tors for the plutonium isotope s , for 2 4 1 Am , and for the 
uranium and thorium i so topes , calculated from equation 89 for t = 2 5 5 6 7 . 5  days 
( 70 years ) and using values from Tab l e  F - 8 , are p resented in Tab l e  F - 2 8 . 

F - 64 



TABLE F - 28 
DOSE  CONVERS ION FACTORS FOR THE 70 - YEAR DOSE  

COMMITMENT FROM AN ACUTE RELEASE VIA WATER INGESTION 

Dose Conversion Factor ( re� ) jJ C l. 
Radi onuc l ide Total Body Liver Bone Lungs 

2 3 8 pu 7 . 2 5 x 10 - 2 8 . 7 5 2 . 0 5 x 10
1 * 

2 3 9 pu 8 . 66 x 10 - 3 1 .  00  2 . 5 1 * 
2 4 0 pU 8 . 63 x 10 - 3 1 .  00  2 . 5 1 * 
2 4 1 pU 1 . 14 x 10 - 3 7 . 0 3 x 10 - 2 4 . 18 x 10 - 1 * 

2 4 2 pu 8 . 34 x 10 - 3 9 . 66 x 1 0 - 1 2 . 3 3 * 
2 4 1 Am 8 . 84 x 10 - 2 1 . 0 3 x 10 1 2 . 48 x 10 1 * 
2 3 4 U 5 . 1 7 x 10 - 4 -k 3 . 5 1 x 10 - 2 * 
2 3 5 U  4 . 85 x 10 - 4 * 3 . 3 6 x 10 - 2 * 
2 3 6 U 4 . 9 6 x 10 -4 * 3 . 3 6 x 10 - 2 * 
2 3 8 U 4 . 5 3 x 10 - 4 * 3 . 2 2 x 10 - 2 * 
2 3 1 Th 2 . 0 3 x 10 - 8 3 . 5 1 x 10 - 8 6 . 1 9 x 10 - 7 .. k 
2 3 4 Th 2 . 3 1 x 10 - 6 4 . 44 x 10 - 6 1 . 12 x 10 - 4 �k 

*The value of the dose convers ion factor i s  taken to be equal to that for the 
total body . 

Ground Plane I rradiation 

The 7 0 - year organ dose from rad ionuc l ides depo s i ted on the ground from an acute 
release i s  given by 

Organ Dose ( rem ) = 2 . 2 1 x 10 6 S ( x. )  F ( 9 0 )  0 Q 

where So 
= ac tiv i ty re leased ( jJ C i ) 

x/Q = d i spersion factor ( s/m3 ) 
F = dose convers ion factor for sur face activ i ty [ ( rem ' m2 ) / ( C i ' s ) ] 

2 . 2 1 x 10 6 = 8 . 64 x 104 sid x 2 . 55675  x 104 d x 0 . 0 01  mls ( The uni t i s  m . ) 

The value s for the source term So are obtained as described for the inha lation 
pathway , exc luding resuspens ion . The d i spers ion fac tors x/Q are the same as  for the 
inhal a t ion pathway . The dose conversion factors F are obtained from Tab le F - l l . 

The deriva tion o f  equa tion 90  i s  as fo l lows . The value o f  the surface 
activ i ty Ga ( C i/m2 ) is given by 
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As suming no rad ioac t i ve decay , the va lue o f  Ga i s  constant over 7 0  years so that 
the organ dose H,  obta ined by i n tegrat ing equat ion 91  ove rt ime t and mu l t ip lying by 
the dose conve rsion factor F ,  is  given by 

90 . 

by 

H ( rem ) = 8 . 64 x 1 04 Ga F t .  ( 92 ) 

So lving fo r t = 2 . 5 5 6 7 5  x 1 0 4 days ( 7 0 years ) and Vd = 0 . 0 0 1  m/s yields equa t ion 

The 7 0 -year organ dose from 2 4 1 Am ingrown from 2 4 1 pU acutely re le ased is given 

Organ Dose ( rem ) = 5 . 2 0 x 1 0 4 ( X ) ( S ) F Q 0 P ( 9 3 )  

whe re ( So ) p i s  the ac tiv i ty ( C i ) o f  the 2 4 1 pU acutely re leased . The de rivat ion o f  
equa ti on 9 3  is  as fo l lows . The rate o f  ingrow th o f  2 4 1 Am f rom the 2 4 1 pU on the 
ground is given by equat ion 2 8 , 

( 94 )  

In the case for a si ng le re lease o f  2 4 1 pU a t  t ime t = 0 ,  the amoun t (mas s ) o f  
2 4 1 pU a t  t ime t ,  i s  gove rned only by the radioa c t ive decay o f  the 2 4 1 pU ,  so that P is 
given by 

-A t 
P P e P o ( 9 5 )  

whe re ' po is the ini t i al amount ( g/m2 ) o f  2 4 1 pU on the surface o f  the ground . Subs t i ­
tut ion o f  equa t ion 9 5  into equa tion 9 4  and so lving for A yields 

- J" t A = Po ( l -e p ) . ( 9 6 )  

Conve rs ion f rom mass t o  ac t i vi ty , us ing the spec i f ic  ac tivi t i e s  ( 3 . 42 Ci/g fo r 
2 4 1 Am and 1 0 3 . 5  C i/g fo r 2 4 1 PU ) , yields 

-J" t A ( acti v i ty )  = 3 . 30 x 1 0-2 Poa ( l -e p ) ( 9 7 )  

where P is the ini t i al ac t ivi ty  ( C i/m2 ) o f  2 4 1 pU on the surface o f  the ground and oa  . 
i s  equal to ( X /Q )  Vd ( S  ) ] where ( S ) is the ac t iv i ty ( C i ) o f  the 2 4 1 pU acutely o p o p 
released . The o rgan dose H is obta ined by so lving equa t i on 3 3 , us ing equa t ion 9 7  fo r 
A ( ac t iv i ty ) , 

( 9 8 )  

F - 6 6  



where the convers ion fac tor F re fers to the factor fo r the daughter ( 2 4 1 Arn ) . Eva l u a ­
t i on o f  equ a t i on 9 8  f o r  2 4 1 Arn ,  u s ing Vd = 0 . 0 01  mis , Ap = 1 . 3 2 2  x 1 0 - 4 d - l , and t = 

2 5 5 6 7 . 5  d ( 7 0  years ) y i e l d s  equa t i on 9 3 . 

S ampl e  C a l c u l a t i on 

Calcul ate the 7 0 - year dose commi tment to a person 2 mi l e s  downwind from the 
maximum cred i b l e  release from an a i rc raft  impac t .  

S tep 1 .  

S t ep 2 .  

S tep 3 .  

S tep 4 .  

S t ep 5 .  

S tep 6 .  

6 From Tab l e  3 . 2 . 3 - 1  obtain  the amount o f  ac t i v i ty re leased ( 7 . 3  x 1 0  
� C i  o f  pluto n i um alpha ac t i v i ty ) . Apportion the ac t i v i ty among the 
i so topes of pluton i um and fo r 2 4 1 Arn and conve rt to the uni t of C i  by 
mul t iply ing by 1 0 - 6 C i/� C i . Mu l t i ply the ac t iv i ty for each radionuc l i de 
by 1 . 9 7 to inc l ude resuspens ion , plus  ( 9 . 4  x 1 0 - 3 x 2 4 1 pu ac t ivi t y )  
for 2 4 1 Arn ( thi s c a l c u l at ion i s  u s e d  only fo r the inha l a t ion pathway ) .  

For the inha l a t ion pathway , mul t i ply the re s u l t  from S t ep 1 by the 
do se convers ion  fac tor for each rad i onu c l ide from Tab l e F - 2 6 . S um 
va lues  for a l l  radi onuc l ides . 

For the food inges t i on pathway , mu l t iply the resul t from S tep 1 ( no t  
inc ludi ng re s u spens ion ) by the do se  conve r s i on fac tor for each rad i o ­
nuc l i de from Tab l e  F - 2 7 . S um values for a l l  radionuc l ides . 

For the water inge s t i on pa thway , calculate  the radionuc l i de concentra -
t ion i n  the water u s i ng equ a t i o n  2 0  and the val ues  for Gre at We s tern 
Re servo i r . Equ a t i on 2 0  reduces  to : C = 1 . 0 6 x 1 0 - 7 S .  Mul t iply w 6 0 the values  ( w i th no re s uspen s i on )  from S t ep 1 by 1 0  ( to convert bac k 
to � C i ) and by 1 . 0 6 x 1 0 - 7 to obtain C ( pC i/Q ) fo r each radi onuc l ide . w 
Us ing equ a t i on 84 , mul t iply each value C by 6 . 0 3 x 1 0 - 4 and by the w 
do se  conve r s i on fac tor for the co rre spond ing 
F - 2 8 . Sum the re s u l t  for a l l  radionuc l ides . 
i s  the bone do se ( rem ) from wa ter i ng e s t ion . 

rad ionuc l ide from Tab l e  
Th i s  s um ,  0 . 0 04 69 rem , 

For ground p l ane i rrad i a t i on , mul t iply the re s u l t  from S t ep 1 ( no t  
inc ludi ng resu spens ion )  b y  2 . 2 1 x 1 0 6 and b y  the value o f  the do se 
conve rs ion factor fo r the corre spond i ng rad i onu c l i de , obtained from 
Tab le F - 1 1 . Mu l t iply the re sul t from S tep 1 ( no t  inc l ud i ng re su spen ­
s i on ) for 2 4 1 pU by 5 . 2 0 and by the value o f  the dose conve r s i on fac tor  
for  2 4 1 Anl .  S um values  for  al l rad ionuc l i de s . 

Sum the re s u l t s  o f  S t eps 2 ,  3 ,  and 5 .  O b t a i n the d i spers ion fac tor 
x/Q from Tab l e  8 - 2 - 3 for a d i s tance o f  2 mi l e s . Mu l t iply th i s  va l ue 

F _ 67 



S tep 7 .  

( 1 . 63 x 1 0 - 5 ) by the sum o f  t h (� resul t s  o f  S teps 2 ,  3 ,  and 5 .  Thi s 
resul t ,  3 0 6  rem , i s  the bon e �ose ( rem ) from inha l a t i on , food inge s t ion , 
and ground p l ane i rrad i a t i on . 

Sum the resul ts o f  S teps 4 and 6 .  Th i s  resul t ,  3 0 6  rem , i s  the to tal 
bone dose . Round o f f  to 2 s i gni f i c ant figure s to give 310 rem . 

No te that once thi s calculat ion i s  done for one type o f  acc ident re sul ting in an 
ai rbo rne release o f  plutonium ,  the bone dos e  for any o the r accident re l ea s ing 
only a i rbo rne p lu toniume is obtained s imply by divid ing this re sul t by the value 
7 . 3  x 1 0 6 by then mul t i p lying by the a c t ivi ty re leased from the other a c c ident 
of interes t .  

Thi s  c a l cu l a t i on i s  summar i z ed in Tab l e  F - 2 9 . 

F . 2 . 2 . 2  Cri t i c a l i ty Ac c iden t s  

Cri t i c a l i ty acc idents re l ease f i s s ion produc t s  a s  we l l  as plutonium and ame r i c ium . 
The me thodo l ogy for the two types o f  c r i t i c a l i ty acc iden t s , the me tal and the s olut ion 
c r i t i c a l i t i e s , is the s ame a l t hough dose conve r s i on fac tors gene ra ted by DACR IN , FOOD 
and SUBDOSA codes are speci fic for each type . The pa thways c ons idered inc lude plume 
shine as we l l  as inha l a t i on , food and wa ter inge s t i on , and ground p lane i rrad i a t i on . 

Inha l a t ion Pa thway 

The o rgan dose v i a  inha l a t i on i s  given by the produc t o f  the source term ,  the 
di spersion fac tor , and the dose , convers ion fac tor ( see equa t ion 1 ) .  

The d i sp e r s i on fac tors X/Q a re obtained from Tab l e  B - 2 - 3 in Appendix B - 2 .  

For the two typ e s  o f  c r i t i ca l i ty ac c iden t s , the o rgan dos e  i s  c a l c aula ted for 
the c ompo s i te inventory of the re leased radi onuc l ides ins tead of for each rad i onu c l ide 
s eparately . The dos e  convers ion fac tors are generated by the DACRIN c omputer code as 
desc ri bed in S e c t i on F . 2 . l . l ,  based on the source terms in Tab l e  3 . 2 . 2 - 3  for the 
max imum c redible me tal c r i t i c a l i ty and in Tab l e  3 . 2 . 2 - 4 for the maximum credible 
solut i on c r i t i c a l i ty . These dose convers ion fac tors , for an acute release , are 
pre sented in Tab l e  F - 3 0 . 

Food Inge s t i on Pa thway 

The o rgan do se comm i tment i s  obta ined in the s ame manner as desc r ibed in Sec t i on 
F . l . 2 . l ,  tha t  i s ,  the p roduc t o f  the source term ,  d i spers i on fac to r , and the dose 
convers ion fac to r . 
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TABLE F- 2 9  
TABULATION FOR THE SAMPLE CALCULATION FOR THE RELEASE O F  AIRBORNE PLUTON IUM FROM THE AIRCRAFT IMPACT 

Ac t iv i ty 
Ac t iv i ty Released Plus 
Released Resuspen s i on 

Radionuc1 ide ( C i ) ( C i ) 
2 3 8 pU 0 . 17 1  0 . 3 3 7  
2 3 9 pU 5 . 83 1 l . 5  
2 4 0 pU 1 . 32 2 . 60 
2 4 1 pu 3 7 . 3  7 3 . 4  
2 4 2 pU 1 . 1 8 x 1 0 - 4 -4 2 . 3 2 x 1 0  
2 4 1 Am 1 . 465 3 . 24 

'"rJ I 
0\ 
1.0 

Sum o f  Dose  per uni t di spe rsion for inhal ation , 
food ingestion and ground p l ane i rradiat i on 
Di spe rsion Fac tor X/Q 

Dose 
Dose Via via Food 

Inhalat ion Inge st i on 
for Uni t for Uni t  

Di spe rsion D i spe r s i on 
3 

( rem - m3 
( rem - m  

s s 
2 . 7 5 x 1 05 8 . 5 5 x 1 03 

1 . 1 5 x 1 07 3 . 67 x 1 04 

2 . 59 x 1 0 6 8 . 32 x 1 03 

1 . 04 x 1 06 3 . 7 3 x 1 04 

2 . 1 4 x 1 0 2 6 . 7 3 x 1 0 - 1 
. 6 3 . 1 9 x 1 0  8 . 94 x 1 04 

1 . 86 x 1 07 1 . 80 x 1 0 5 

= 1 . 88 x 1 07 rem - m3 

5 s 3 = 1 . 63 x 1 0 - s/m 

Radi onuc l i de 
Concentra t i on 

in Wa ter 
(EC i/1 ) 

1 . 81 x 1 0 -2 

6 . 1 8 x 1 0  - 1 

1 . 40 x 1 0  - 1 

3 . 95 
1 . 2 5 x 1 0  - 5 

1 . 5 5 x 1 0  - 1 

Bone Dose ( rem ) from inhal ation , food inge s t i on , 
and ground plane i rradiat ion = 1 . 88 x 1 07 x 1 . 63 x 1 0 - 5 = 3 0 6  
Total Bone Dose ( rem ) 
To tal Bone Dose ( rem ) rounded to 2 s i gni ficant 
figures 

= 306 + 0 . 00469 

= 3 1 0  

Dose  From 
Ground P l ane 

I rrad i a t i on 
Dose for Uni t 

v i a  Wa ter Di spe rsion 
Inge st i on 3 

( rem - m  ) ( rem ) s 
--::4 3 . 7 8 2 . 24 x 1 0  

9 . 3 5 x 1 0  - 4 5 . 54 x 1 0 1 

2 . 1 2 x 1 0  - 4  2 . 63 x 1 0 1 

- 4 0 9 . 9 6 x 1 0  
- 8  2 . 24 x 1 0 - 3 1 . 7 6 x 1 0  

2 . 32 x 1 0 - 3  7 . 7 7 x 1 02 

4 . 69 x 1 0 - 3 
+ 

4 . 66 x 1 02 

1 . 32 x 1 03 



D i s t a n c e  
_ ( m i l e� 

1 . 2  
2 
3. 
4 
5 

1 0  
2 0  
3 0  
4 0  

D i s t a n c e  
( m i l e s ) 

1 . 2  
2 
3 
4 
5 

1 0  
2 0  
3 0  
4 0  

TAB LE F - 3 0  
DO S E  CONVERS I ON FACTORS FOR THE 7 0 - YEAR DOSE COMM I TMENT 
FROM ACUTE RE LEAS E S  FROM THE MAX I MUM CRED I B LE METAL AND 

S O LUT ION CR I T I CAL ITY AC C I DENTS V I A  I NHALAT ION 

To t a l  Body 
1 .  7 8  
1 .  7 6  
1 .  7 4  
1 . 7 1 
1 .  68 

1 . 3 5  
1 .  2 3  
1 . 1 4 

To t a l  Body 
3 . 2 3 x 1 0 2 

3 . 1 9 x 1 0 2 

3 . 1 4 x 1 0 2 

3 . 0 8 x 1 0 2 

3 . 0 2 x 1 0 2 

2 . 7 2 x 1 0 2 

2 . 3 0 x 1 0 2 

2 . 0 3 x 1 0 2 
2 1 . 84 x 1 0  

Me t a l  C r i t i c a l i ty 
3 

( rem · m 
_ ) Do s e  Conve r s i on Fac t o r  s 

L i v e r  
3 . 8 6 x 1 0 1 

3 . 8 6 x 1 0 1 

3 . 8 5 x 1 0 1 

3 . 8 5 x 1 0 1 

3 . 8 5 x 1 0 1  
3 . 8 3 x 1 0 1 

3 . 8 1 x 1 0 1  
3 . 8 0 x 1 0 1 

3 . 7 9 x 1 0 1 

Bone 
9 . 43 x 1 0 1 

9 . 4 5 x 1 0 1 

9 . 4 7 x 1 0 1 

9 . 4 9 x 1 0 1 
1 9 . 4 9 x 1 0  

9 . 5 0 x 1 0 1 

9 . 4 9 x 1 0 1 
1 9 . 4 9 x 1 0  

9 . 4 8 x 1 0 1 

Lungs 
1 . 1 2 x 1 0 2 

1 . 0 8 x 1 0 2 

1 . 0 5 x 1 0 2 

1 . 0 1 x 1 0 2 

9 . 7 9 x 1 0 1 

8 . 5 8 x 1 0 1 

7 . 2 5 x 1 0 1 

6 . 5 5 x 1 0 1 

6 . 0 7 x 1 0 1 

S o l u t i o n  C r i t i c a l i ty 
. rem · m3 

Do s e  Conve r s l o n  Fac t o r  ( ------ ) s 
L i v e r  Bone Lungs 

��1 0 2 2 . 1 7 x 1 0 2 1 . 9 7 x 1 0 4 

2 . 1 6 x 1 0 2 2 . 67 x 1 0 2 1 . 8 9 x 1 0 4 
2 . 0 9 x 1 0 2 3 . 1 2 x 1 02 1 . 8 1 x 1 04 

2 . 0 2 x 1 0 2 3 . 4 1 x 1 0 2 1 . 7 3 x 1 04 

1 . 9 5 x 1 0 2 3 . 5 9 x 1 0 2 1 . 6 6 x 1 04 

1 . 6 6 x 1 0 2 3 . 8 0 x 1 0 2 1 . 3 9 x 1 04 

1 . 2 5 x 1 0 2 3 . 6 1 x 1 0 2 1 . 1 0 x 1 04 

9 . 8 2 x 1 0 1 3 . 4 6 x 1 0 2 9 . 44 x 1 0 3 

8 . 1 1 x 1 0 1 3 . 3 6 x 1 0 2 8 . 4 0 x 1 0 3 

Thy ro i d  
7 . 5 3 x 1 02 
7 . 3 4 x 1 0 2 

7 . 1 2 x 1 0 2 

6 . 9 2 x 1 0 2 

6 . 7 4 x 1 0 2 

6 . 0 0 x 1 0 2 

5 . 0 7 x 1 0 2 

4 . 5 0 x 1 0 2 

4 . 0 8 x 1 0 2 

Thy ro i d  
1 . 6 6 x 1 0 5 

1 . 6 2 x 1 0 5 

1 . 5 7 x 1 0 5 

1 . 5 2 x 1 0 5 

1 . 4 8 x 1 0 5 

1 . 3 2 x 1 0 5 

1 . 1 2 x 1 0 5 

9 . 9 0 x 1 0 4 

8 . 9 9 x 1 0 4 

Va l u e s  o f  t he s o u r c e  t e rms a re ob t a i ne d  f rom Ta b l e  3 . 2 . 2 - 3  for t h e  max i mum 
c re d i b l e  me t a l  c r i t i c a l i ty and f rom Tab l e  3 . 2 . 2 - 4  for the max i mum c re d i b l e  s o l u t i o n  
c r i t i c a l i t y .  

The d i s p e r s ion f a c t o rs X /Q a re o b t a i n e d  f rom Tab l e  8 - 2 - 3  i n  Ap p e n d i x  B - 2 . 

The d o s e  c onve r s i o n fa c to rs a re g e n e ra t e d  by t h e FOOD compu t e r  c o d e  o n l y  fo r 
tho s e  rad i o nu c l i d e s  wh i c h c on t r i b u t e  s i gn i f i c an t l y  to t h e o rg an d o s e  from food i n t ake . 
Th e do s e  c onve rs i on fa c t o r s  fo r p l u t o n i um :mel ame r i c i um a re p re s e n t e d  i n  Tab l e  F - 2 7  
and i n  Ta b l e  F - 3 1  fo r t h e  f i s s i on p roduc t s  o f  s i gn i f i c a n c e  fo r t h i s  p a t hway . 
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Rad i o ­
nuc l i d e  

8 2 B r  
1 3 1 1 

1 3 2 1  

1 3 3 1 

1 3 4 1  

1 3 5 1 

R ad i o -
nuc l i d e  

8 2 B r  
1 3 1 1 

1 3 2 1  
1 3 3 1 

1 3 4 1  

1 3 5 1 

TABLE F - 3 1  
DO SE CONVERS ION FACTORS FOR THE 7 0 - YEAR DOS E  COMMITMENT 

FROM AN ACUTE RELEAS E FROM C R I T ICALITY ACC IDENTS VIA FOOD INGESTION 

Do s e  Conv e r s i on Fac t o r  
3 

( r e�' m ) C l ' S  f o r  Ave rage I n t ak e  
To t a l  Body L i v e r  Bone Lungs _Thyro i d_ 
4 . 3  x 1 0 1 -k ..,� -1\ -k 
7 . 8  x 1 0 1 1 . 3  x 1 0 2 1 . 3 x 1 0 2 -k 4 . 4  x 1 04 

2 . 0  x 1 0 - 3 5 , 3 x 1 0 - 3 2 . 9  x 1 0 - 3 -k 7 . 4  x 1 0 - 1 

4 . 8  ··k ok i', 3 . 0  x 1 0 3 

8 . 2  x 1 0 - 9 -k -k i� 3 . 0  x 1 0 - 6 

4 . 9  x 1 0 - 1 ·k * -k 1 . 7  x 1 0 2 

Do s e  Conv e r s i on F a c t o r  
3 

( r e�' m ) C l ' S  f o r  Max i mum I n t ak e  
To t a l  Body L i v e r  Bone Lungs Thyr o i d  
1 . 1  x 1 0 3 ok i" i" -k 
1 . 2 x 1 0 3 2 . 0  x 1 0 3 2 . 1  x 1 0 3 ok 7 . 0  x 1 05 

4 . 9  x 1 0 - 2 1 . 3 x 1 0 - 1 7 . 3  x 1 0 - 2 -k 1 . 8 x 1 0 1 

1 . 2  x 1 0 2 ii, * il• 
7 . 5  x 1 04 

2 . 1  x 1 0 - 7 -k ·k -k 7 . 5  x 1 0 - 5 

1 . 2 x 1 0 1 i'r -k -k 4 . 3  x 1 0 3 

*The v a l u e  o f  t he do s e  c o nv e rs i on f a c t o r  i s  t a k e n  t o  b e  e qu a l  to that fo r t h e  
t o t a l  body . 

B a s e d  on the p ropo s e d  g u i d a n c e  o f  t h e  U . S .  Food and Drug Admi n i s t ra t i on ( USHEW , 
1 9 7 8 ) , the food a f f e c t e d  by re l e a s e s  f rom a c r i t i c a l i t y a c c i d e n t  i s  c on s i de re d  to b e  
c o n t ro l l e d  i f  t h e  do s e  from foo d  i ng e s t io n  i s  1 . 5 r em or g r e a t e r  to the t hyro i d  for 
max i mum i n t a ke v a l u e s  and f o r  the max i mum i n d i v i du a l  ( i n  th i s  c a s e , the i n fan t m a l e ) . 
The do s e  to the thyro i d  i s , the re fore , c a l c u l a t e d  for e a c h  d i s t a n c e  f o r  max imum 
i n t a ke v a lu e s  and i s  mu l t i p l i e d  by the f a c t o r  5 . 7 6 ( f rom Tab l e  3 . 2 . 4 - 3 )  for t h e  
n ewborn m a l e .  T h e  r e s u l t o f  t h i s  c a l c u l a t i o n  i s  comp a r e d  to the 1 . 5  r e m  v a lu e  t o  
d e t e rm i n e  i f  the foo d wou l d  b e  c o n t ro l l e d  a t  t h a t  d i s t an c e . I f  the c a l c u l a t e d  v a l u e  
i s  g r e a t e r  t h a n  o r  equ a l  t o  1 . 5  rem , t h e  a f fe c t e d f o o d  wo u l d  b e  c on t ro l l ed a n d  no 
a c tua l do s e  from t h e  food p a thway wou l d  b e  re c e iv e d . I f  the c a l c u l a t ed v a l u e  i s  l e s s  
than 1 . 5  rem , the a f fe c t e d  food wou l d  n o t  b e  c on t ro l l e d . The organ d o s e s  f rom t h e  
f o o d  p a thway f o r  t h a t  d i s t a n c e  a r e  then c a l c u l a t e d  u s i ng av e rage i n ta k e  v a l u e s . 
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Water Ing e s tion Pathway 

For the organ dose commi tment from wa ter inges tion , the only rad ionuc l i des o f  
s igni fi c ance are some i so topes o f  iodine and 8 2 B r .  For the se rad ionuc lides radioac tive 
decay is s igni fi c ant . The organ dose commi tment i s  given by 

where (C ) w 0 

A 
l . 65 x 1 0 - 6 

Organ Do se ( rem) 

1 . 65 x 1 0-6 } ( 1  _ e-3 • 65 x 1 02 A ) ( Cw ) o Fwa 
( 9 9 )  

= conc entra tion o f  the radionuc l ide (pC i/Q ) i n  the wa te r a t  t ime 
t = 0 for an acute release , ob tained from equat i on 2 0  

= rad ioac t ive decay cons tan t ( d - l ) 
= convers ion fac tor ( 1 0 - 6 � Ci/pCi )  x 1 . 65 Q/d intake rate 

The value s of the radioac tive decay constant are p resented in Tab le F - 23 , excep t  for 
1 3 4 1  (A  = 1 . 92 d - 1 ) and 8 2 B r  ( A  = 0 . 47 1  d - 1 ) .  

3 65 x 1 0 271. . The term ( l/71. ) ( l - e - . ) ( Cw ) o rep resents the lntegrated water conc entra-
t ion over one year , in uni t s  of (pCi - d ) /Q ,  and is obtained by in tegrating the water 
concentration at  t ime t ,  g iven by ( C ) e -71. t . w 0 

Other cons iderations are the same as those p resen ted in S e c t ion F . 2 . 2 . 1 .  For 
the halogens a value of 0 . 0 1 mls i s  used for the depo s i tion veloc i ty Vd when c alcula­
ting the value of ( Cw ) o ' 

Values o f  the source term are obtained from Tab le 3 . 2 . 2 - 3 fo r the maximum c red ible 
metal  c r i t i c a l i ty and from Table 3 . 2 . 2 - 3 for the maximum c redi b l e  solut ion c r i t i cal i ty .  
These values are c onverted to uni t s  o f  � Ci by mul tiplying by 1 0 6 . 

Dose convers ion factors are cal cula ted using equat i on 89  and values o f  parame ters 
from Table F - 2 2 . These  values are presented in Tab le F - 3 2 . 

Ground Plane I rradiation 

The organ dose from ground plane i rradiat ion for an acute release i s  obtained 
for pl utonium and ame ric ium as descri bed in S e c tion F . 2 . 2 . 1 .  Source terms , in  uni ts 
o f  C i , are obtained from Tab les  3 . 2 . 2 - 3  and 3 . 2 . 2 - 4 for the maximum c red ible metal 
and solut i on c r i t i c al i t i e s , respec t ive ly . 

For the i so topes o f  i odine ( 8 2 B r  i s  not signi ficant for ground plane i rrad i ation)  
for which radioac t ive decay i s  s igni ficant , the organ dose over time t i s  given by 
the equation 

Organ Dose ( rem) ( 1 0 0 )  
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TAB LE F - 32 
DOSE CONVERS ION FACTORS FOR THE 7 0 -YEAR DOSE COMMITMENT 

FROM WATER INGESTION OF F I S S ION PRODUCTS FOR AN ACUTE RELEASE 

Dose Convers ion Fac tor ( rem: d ) 
I1 C � Rad i o -

nuc l ide Total Body Liver Bone 
8 2 B r  2 . 47 x 1 0 - 3 * * 

1 3 1 1 3 . 5 3 x 10 - 3 8 . 0 7 x 10 - 3 2 . 3 2 x 10 - 3 

1 3 2 1  1 .  7 4  x 10 - 4 8 . 0 3 x 10 - 4 1 . 69 x 10 - 4 

1 3 3 1 7 . 7 0 x 10 - 4 3 . 1 8 x 10 - 3 7 . 1 2  x 10 - 4 

1 3 4 1  5 . 62 x 10 5 2 . 5 8 x 10 4 5 . 5 7 x 1 0 5 

1 3 5 1  3 . 8 3 x 1 04 1 . 72 x 10 3 3 . 62 x 1 04 

*The value of the dose  conversion fac tor i s  taken to 
total body . 

where So = activity ( C i ) acutely rel eased 
A = radioac tive decay cons tant ( d- l ) 

be 

Lungs Thyroid 
* * 
·k 1 .  9 3  
i'r 6 . 97 x 10 - 2 

* 5 . 20 x 1 0- 1 

* 3 . 2 6 x 102 

* 1 .  61 x 1 0 1 

equal to that  for the 

and the other parame ters as they are defined in Sect ion F . 2 . 2 . 1 .  

Derivation o f  equat ion 1 0 0  i s  as fol lows . The surface a c t iv i ty G ( t )  at  t ime t 
after an acute release at t ime t=O , inc luding rad ioac t ive decay , i s  given by 

G { t )  = G e-At 
o ( 1 0 1 ) 

where Go i s  the act ivi ty ( Ci/m2 ) on the surface at t ime t=O  and i s  equal to SO ( X/Q ) Vd 
( s ee equat ion 91 ) .  The d i f ferential  equat ion for the organ dose i s  equat ion 3 3 . 
Sub s t i tuting equat ion 1 0 1  for G in equation 2 6  and solving for H yields equat i on 1 0 0 . 

Equat ion 100  c an be eva luated fo r the iso topes o f  iodine , us ing the values Vd = 

0 . 0 1 mis , t = 255 67 . 5  d ( 7 0 years ) ,  and the values o f  A pre sented in Tabl e  2 3 . The 
values o f  the dose conversion fac tor are also  ob tained from Tab l e  F - 23 . Values  o f  
the d i spersion fac tor are ob tained from Tab l e  B - 2 - 3 .  

P lume Shine I rradiat ion 

The 7 0 - year organ dose c ommi tment from plume shine is given by 

Organ Dose ( rem) = (a) Fp ( 10 2 )  
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whe re Fp i s  t h e  dose c onve r s i on fac t o r  for p l ume s h i ne gene r a t ed s p e c i f i c al ly f o r  t h e  

s o u r c e  t e rms in  Tab l e  3 . 2 . 2 - 3  for t h e  max imum c re d i b l e  me t a l  c r i t ic a l i ty o r  f o r  t h e  

s o u r c e  t e rms i n  Ta b l e  3 . 2 . 2 - 4  for t h e  max i mum c re d i b l e  s o l u t ion c r i t i c a l i ty .  T h e s e  

d o s e  conv e r s i on fac t o r s  are p r e s e n t e d  in  Tab l e  F - 24 . S e e  S e c t ion F . 2 . 1 . s  for a 

fu r t h e r  d i s c u s s ion o f  t h e s e  do s e  conv e r s i o n  fac t o r s . 

Th e d i s p e rs i on fac t o r s  x /Q a re o b t a i ned f rom Tab l e  8 - 2 - 3 . 

S amp l e  Ca l c u l a t i on 

Ca l c u l a t e  t h e  1 0 - ye a r  t hy ro i d  d o s e  c omm i tme n t  f rom t h e  re l e a s e  f rom t h e  max imum 

c red i b l e s o l u t ion c r i t i c a l i ty ac c i de n t  to a pe rson ( re f e re n c e  man ) 2 mi l e s  downwind . 

S t ep 1 .  

S t ep 2 .  

S te p  3 .  

The 1 0 - y e a r  t hy ro i d  d o s e  c omm i tme n t  fo r inha l a t i o n  i s  ob t a i ned d i re c t ly 

f rom Tab l e  F - 3 0 , f o r  un i t  d i s p e rs ion . The d e s i re d  v a l u e  i s  1 . 6 2 x 1 0 5 

( rem ' m3 ) / s . 

O b t a i n  t h e  1 0 - y e a r  t h y ro i d  d o s e  c omm i tmen t fo r food inge s t i on a s  

f o l l ows . MU l t i p l y  t h e  ac t i v i t y  ( C i ) re l ea s e d  f rom Tab l e  3 . 2 . 2 - 4  by 

t h e  va l ue o f  t he d o s e  c onve r s i on fac t o r  for t h e  c o rre s ponding rad i o ­

nuc l i de f rom T ab l e  F - 3 1 , fo r max imum i n take and b y  5 . 1 6 ,  f rom Tab l e  

3 . 2 . 4 - 3  fo r t h e  newbo rn m a l e .  F o r  t h e  t h y ro i d  d o s e  t h e  c on t r i bu t ion 

f rom p l u t o n i um and ame r i c ium i s  neg l i g i b l e . S um a l l  p ro d u c t s . 

Mu l t i p l y  by t he d i s pe r s i on fac t o r  a t  2 mi l e s  f rom Ta b l e  8 - 2 - 3  ( x/Q = 

1 . 6 3 x 1 0 - 5 s/m3 ) .  Th i s  r e s u l t , 1 . 2  x 1 0 4 rem , i s  g r e a t e r  t han 1 . 5  r em 

so t h e  a f fe c t e d  food wou l d  be c on t ro l l e d , and t h e  d o s e  f rom t h e  food 

p a thway wou l d  approx ima t e  z e ro . ( I f  t he re s u l t  i s  l e s s  than 1 . 5  rem , 

t he p ro c edu re i s  to mUl t i p l y  t h e  ac t i v i ty re l e a s e d  by t h e  v a l u e  o f  t h e  

d o s e  c onve rs i on fac t o r fo r t he c o r re s pond i ng rad i onuc l i de for ave rage 

i n t ake , s um t h e  va l u e s , and i n c l ude the r e s u l t  i n  S t e p  6 . ) 

Ob t a i n  t he 1 0 - ye a r  t h y ro i d  d o s e  c omm i tme n t  for wa t e r i nge s t ion a s  

fo l l ows . Us ing e q u a t i on 2 0  and t h e  v a l u e s  for Gre a t  We s te rn Re s e rvo i r  

( w i t h  x/Q = 6 . 6 3 x 1 0 - 1 s/m3 ) , c a l c u l a t e  t h e  wa t e r  rad i onuc l ide c o n c e n -

t ra t i o n  C ( Ecju a t i on 2 0  redu c e s  t o  C = 1 . 0 6 x 1 0 - 6  S , whe re t h e  w w 0 
va l u e s  o f  S a re o b t a i ned f rom Ta b l e  3 . 2 . 2 - 4 , c onve r t e d  to u n i t s  o f  o 

6 � C i  by mu l t i p ly i ng by 1 0 . )  Eva l ua t e e q u a t i on 9 9  wi t h  t h e  va l u e  o f  � 
g iven i n  Tab l e  F - 2 3  o r  i n  t h e  t e x t  a c c ompany ing equa t i on 9 9 , for e a c h  

v a l u e  o f  ( C
""
J o o b t a i n e d  f r-om equa t i on 2 0  and fo r t he v a l ue o f  t h e  d o s e  

c onve r s i on fac t o r  F f c(;u Tab l e  F - 3 2 , fo r t h e  c o t- r e s p ond i ng rad i o -
wa 

n u c l .i d e . P l u t on i um and allle r i c i ulll c on t r i b u t i o ns a re n e g l e gi b l e .  S um 

t he r e s u l t i ng v a l u e s . 



S tep 4 .  

S t ep 5 .  

S te p  6 .  

S t ep 7 .  

The thyro id d o s e  from g round p l an e  i r rad i a t i on i s  o b t a ined u s ing 

equ a t i on 1 0 0  for e a c h  o f  the  i s o to p e s  o f  iodine , u s i ng the v a l u e s  t = 

2 5 5 6 7 . 5  d ( 7 0  y e a r s ) , V
d 

= 0 . 0 1 mis ,  S from Tab l e  3 . 2 . 2 - !+ , and A from 
a 

Tab l e  F - 2 3 , and X/Q = 1 for un i t  d i s p e r s i on . S um t h e  re su l t i ng v a l u e s . 

The thyro i d  d o s e  f rom p l ume s h i ne i r rad i a t i on i s  o b t a i n ed f rom equa t ion 

1 0 2 . For un i t  d i sp e r s ion , t h e  v a l u e  is  given as  a c ompo s i t e  for a l l  

t h e  rad ionuc l id e s  f rom Tab l e  F - 24 . The va l u e  a t  2 mi l e s  i s  9 . 0 0 5  x 

1 0 4 rem p e r  un i t  X/Q . 

S um the v a l u e s  from S t e p s  1 ,  2 ,  4 ,  and 5 .  Th i s  s um i s  2 . 7 0 x 1 0 5 rem 

p e r  un i t  d i s p e r s i on . Mu l t i p ly by t h e  d i sp e r s i on fac to r  for 2 mi l e s  

downwind from Tab l e  8 - 2 - 3  ( X/Q = 1 . 6 3 x 1 0 - 5 ) .  Th i s  r e su l t  i s  4 . 40 rem . 

Add t h e  r e s u l t s  o f  S t e p s  3 and 6 .  The r e s u l t  ( 4 . 4  r em )  i s  t h e  7 0 - y e a r  

t hy ro id d o s e  c omm i tmen t f rom t h e  max imum c red i b l e  s o l u t i o n  c r i t i c a l i t y 

ac c id e n t  t o  r e fe re n c e  man 2 m i l e s  downwind , wi t h  t h e  a f fe c t e d  food 

c o n t ro l l e d  at t h i s  d i s t an c e . 

Th i s  c a l c u l a t ion i s  t abu l a t ed in Tab l e  F - 3 3 . 

F . 2 . 2 . 3  Impoundmen t F a i l u r e  

T h e  po s tu l a t ed impoundm e n t  fa i l u r e  i nvo l v e s  a wa t e rb o rne re l ea s e  o f  p l u t on i um , 

ame r i c i um ,  and u r an i um i s o tope s  t o  Great We s te rn R e s e rvo i r .  The d o s e  a s s e s smen t , 

t h e r e fore , invo l ve s  the d e t e rminat i o n  o f  t h e  7 0 - y e a r  do s e  comm i tment t o  p e r s o n s  

d r i n k i ng wa t e r  sup p l i ed f rom G r e a t  We s t e rn Re s e rvo i r  fo r one year fo l l ow i ng t h e  

r e l e as e . 

The me t hodo l ogy u s ed i s  d e s c ribed i n  S e c t i on F . 2 . l . 3 ,  wi t h  t h e  fol l owing modi f i ­

c a t i o n s . The r e l e a s e  i s  con s i d e red to be an ac u t e  re l ea s e  wi th al l re l e a s ed ac t iv i ty 

depo s i t e d  i n  G r e a t  We s t e rn R e s e rvo i r .  The re l e a s e d  ac t i v i ty i s  po s t u l a t e d  to be 

8 7 , 0 00  � C i  o f  p l u ton i um , 82 , 0 0 0  � C i  o f  ame r i c i um .  and 4 8 5 , 0 0 0  � C i  o f  u ranium . Ac t i v i ­

t i e s  o f  the  p l u ton i um and u ran i um a re appo r t i oned amoung t h e i r  i s o t o p e s  a s  d e s c r i bed 

i n  S e c t ion F . 2 . 1 . 3 . The rad i onuc l i de conc e n t ra t i on Cw i n  t h e  wa t e r  i s  o b t a i ned from 

equa t i on 7 1 , whe r e  S
w 

now re f e rs to t h e  a c t i v i ty ( � C i ) re l e a s e d  a c u t e l y  from e a c h  

radi onuc l ide . 
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TABLE F - 3 3  
TABULAT I ON FOR THE SAMPLE CALCULAT ION OF THE 7 0 - YEAR THYRO ID DOS E COMM ITMENT 

TO REFERENCE MAN 2 MILES DOWNWIND 

Wa t e r  Inges t i on 
Ini t i a l 

7 0  Y Th ' d D f U '  D "  Rad ionuc l ide 
- ear y r0 1  ose o r  n1 t 1 spers 1 0n C t t '  [ ( rem " m3 )/s ] once2 ra 1 0n Thy r0 i d  

Food Ground plane plume Shine ( w ) o Do s e  
Radi onuc l ide Inha l a t ion Inge s t ion I rrad i a t ion I rrad i a t ion (pCi/l ) ( rem ) 

82 2 - 1  - 9  B r  3 . 47 x 1 0  3 . 3 2 x 1 0 · 2 . 8 7 x 1 0 
1 3 1  7 8 2 1 - 5 I 3 . 9 1 x 1 0  . 9 8 x 1 0  5 . 93 x 1 0 2 . 6 1 x 1 0 
1 3 2 1 1 . 1 9 x 1 0 5  7 . 2 1 x 1 0 3 7 . 0 3 x 1 0 3 1 . 0 2 x 1 0 - 3 
1 3 3 1 7 . 1 9 x 10 7 2 . 8 2 x 1 0 3 1 . 0 2 x 1 0 3 3 . 5 2 x : 0 - 4 
1 34 1 1 . 7 0 2 , 4 1 x 1 04 5 . 2 2 x 1 0 - 4 
1 3 5 1  1 . 1 7 x 1 0 7 6 . 4 7 x 1 0 3 2 . 8 9 x 1 0 3 1 . 6 3 .x 1 0 - 3 

Total 1 .  62  x 1 05 1 .  2 3  x 1 08 1 .  74 x 1 04 9 . 0 1 x 1 04 3 .--5 5 x l� 
MU l t iply the total fo r Food Inge s t i on by 5 . 7 6 and by X /Q � 1 . 65 x 1 0 -

5 s/m3 . The r e s u l t ,  1 . 2  x 1 0 4 rem , 
i s  g re a t e r  than 1 . 5  rem so the food i s  c on s i de red to be con t ro l l e d , and the con t r i but ion from Food Inge s t ion 
is not inc luded . 

3 
Sum the values fo r Inha l a t ion , Ground P l ane Irrad i a t i on , and P l ume Shine I rrad i a t i on = 2 . 7 0 x 1 0 5 rem " m  

Mul tiply by the Di spe rs ion Fac tor ( 1 . 63 x 1 0 - 5 s/m3 ) :  Do s e  ( rem ) 

Add the Dose from Wa t e r  Inge s t ion t o  th i s  do s e : 

3 5 rem " m  - 5  3 = 2 . 7 0 x 1 0 x 1 . 63 x 1 0 s/m 
= 4 . 4 0 rem s 

Total Dose ( rem ) = 4 . 40 rem + 0 . 0 0 0 3 5 5  rem = 4 . 40 rem 
Round o ff to 2 s i gn i ficant figur e s : 7 0-year Dose Comm i tment to the Thyro id = 4 . 4  rem fo r Re ference Han 

2 H i l e s  Downwind 



F . 2 . 3  As ses sment o f  the Impact o f  the Maximum Credible Ac c ident 

The impac t of the maximum credible ac c ident on individuals and populations are 
asses sed in S e c t i on 3 . 2 . 4 . 2 .  Thi s  sect ion presents the me thodology used for tho s e  
calculations . 

F . 2 . 3 . 1  Dose to Persons Downwind 

The do se to persons downwind and towards the sou theas t of the P lant is calculated 
as de s c r ibed in S e c t ion F . 2 . 2 . 1 ,  except for the cons iderat ion of the di spers ion 
fac tors . For this calculat ion the d i spers ion factors are calculated us ing an e ffec t ive 
s tack he ight which i s  equal to the d i f ference in alti tude between the P lan t and the 
terrain to the southeas t  at the var ious dis tance s . Dispers ion fac tors are a l so 
calculated for Pasqu i l l  s tabi l i ty class  D ,  us ing the me thodo logy pre sented in Appendix 
B - 2 .  

F . 2 . 3 . 2  Dose to  the Popu lat ion Downwind 

The dos e  to the populat ion downwind and southeast  of the P lant is  calculated by 
mu ltiply ing the do se to the person , obtained as des cribed in S e c t ion F . 2 . 3 . 1 ,  by the 
populat ion in each s e c t ion , ob tained from Figure 2 . 3 . 3 - 1 for the 1 9 7 7  populat ion and 
from Figure 2 . 3 . 3 - 2 for the proj ected year 2 0 0 0  population . The di spers ion factor 
for the d i s tanc e of the near edge of the sect ion is  used for all persons in that 
sect ion . 

F . 2 . 3 . 3  Impact on a Hypothet i cal High Dens i ty Population 

The populat ion dens i ty for the s e c tions 2 to 5 miles  from the P lant i s  determined 
as d e s c ribed in Sec t ion F . l . S . 4 .  The populat ion do s e  is then determined as d i s cussed 
in S e c t i on F . 2 . 3 . 2 , us ing the popul ation proj e c ted for year 2000 . D i spers ion fac tors 
are based on Pasqu i l l  s t ab i l i ty class D because  use of this  c l a s s  re sul ts  in the 
highe s t  populat ion dose and i s , there fore , more conservat ive . 

F . 2 . 4  Age - Spe c i fic  Dose from Acute Intakes 

The age - spec i fic  dose from an acute intake is obtained as a sub s e t  of the calcu­
lation of the age - spec i fic  do se for chronic release s , desc ribed in S e c t ion F . l . S . l .  
As for chron i c  intakes , the des i red value i s  the rat io o f  the organ dos e  commi tment 
for the pe rson , who is  exposed at  an age younger than 20 or as an adu l t  femal e ,  to 
the o rgan dos e commi tment for the pe rson exposed as the adu l t  re ference man . Thi s  
rat i o  i s  de termined for the inhalat ion and inge s t ion intake pathways . The ratios for 
ground plane and p lume shine irradiat ions are uni ty . 
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F . 2 . 4 . l  General Approach 

The general approach is that d i s cu s s ed for c hron i c  intake s  ( Se c t i on F . l . 5 . l )  
w i th the fo l l owing mod i fic a t i on . In t h i s  c a s e , only one intake i s  i nvolved , and that 

intake oc curs i n  the firs t year . There fore , the dose  to the organ is c a lc u l a t ed for 

each o f  the 7 0  years fo l l owing that intake . The int ake rate i s  the one for the age 

and gender of the person at the t ime of the intake . The organ mas s  is cons idere d  to 

c hange up t o  age 20 and to remai n  c ons tant therea fter at the re fe renc e value for the 

adu l t . 

F . 2 . 4 . 2  Data  for Age - Spec i fi c  Intake Rate and Organ Mas s  

The values  o f  the intake rat e  and organ mass  are ob tained a s  d i s c u s s e d  i n  Sec t ion 

F . l . 5 . l  and are pres ented in Tab l e  F - 1 3  and F - 14 , respec t ively . In add i t i on , the 

thyro id is inc l uded here for acute  intake s . The mas s  of the thyro i d  as a func t i on o f  

age i s  obtained from Tab l e  8 3  o f  ICRP #23 . Thes e  value s are presented i n  Tab l e  

F - 34 .  The re l a t ive thyro id uptake* o f  i od ine for t h e  newb o rn i s  2 . 33 ( derived from 

USHEW , 1 9 7 8 ) .  

F . 2 . 4 . 3  Inh a l a t i on P athway 

The dose  to the l ungs is obt ained u s ing equat i on 3 6  where Br re fers to the 

breathing rate at the age and gender at the acute  intake . One e i ther c an do the 7 0  

c a l c u l a t i ons u s ing equ a t i on 3 6  o r  c an u s e  the fo l lowing s imp l i fi c a t ion . After doing 

the numbe r  o f  c al c u l a ti ons nec e s s ary t o  reach age 2 0 , s e t  t2 equal to 2 5 5 67 . 5  days 

( 7 0  years ) and do one final c al c u l a t ion . Us ing t h i s  s impl i fi c a t ion , the age - s pe c i fic  

lung dose  for the  adul t re ference male and femal e  c an be  a c c omp l ished in a s ingle 

c al c u l a t i on . ( Th i s  s imp l i f i c a t ion also c an be  used for other organs and for the 

i nge s ti on pathway . )  Re s u l t s  of all the c al c u l a ti ons are s ummed and then d i v i de d  by 
the age - spec i fi c  value for the adul t re ferenc e man to ob tain the de s i red r a t i o . The 
d o s e  to the o th e r  organs i s  obta ined u s ing equat i on 38 and fol lowing the s ame proc edure . 

F . 2 . 4 . 4  Inge s ti on P a t hway 

The organ d o s e  from an acute inges t ion i s  ob taine d  u s ing equa t ion 51 where  S I 
re fers to the intake rate for that gender a t  the age o f  the acute intake . The p ro c e ­

dure i s  t h e  s ame a s  d e s c ribed i n  Sec t i on F . 2 . 4 . 3  for t h e  inh al a t i on p athway . 

F . 2 . 4 . 5  S amp l e  Calcul a t i on o f  Age - Spec i fi c  Organ Dose F rom Acut e  Expo sure 

Calculate  the age - spec i fic bone dose rat i o  for the newborn and 1 0 -year - o l d  mal e s  

resul ti ng from acute inge s ti on o f  239pu .  

*The referenc e doe s  not make c l ear i f  thi s increased uptake i s  from the G . I .  
trac t to the b lood f" or  from the b l oo d  to the thryoi d  f2 . I t  i s  mathema t i c al ly 
equivalent to u s e  e i ther fac tor , s o  fl is used here . 
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TABLE F - 34  

AGE - SPECIFIC MAS S  OF THE THYROID 

Age Th:yro i d  Mass  (g) 
( Years ) Male Female 
B i rth 1 . 0  1 . 1  

1 1 . 8  2 . 1  
2 1 . 8  2 . 1  
3 2 . 6  2 . 5  
4 2 . 6  2 . 5  

5 4 . 6  4 . 9 
6 4 . 6  4 . 9  
7 4 . 6  4 . 9  
8 4 . 6  4 . 9  
9 4 . 6  4 . 9  

1 0  1 0 . 2  ( 10 . 2 ) * 

1 1  1 0 . 2  ( 10 . 2 ) * 

1 2  1 0 . 2  ( 1 0 . 2 ) * 

1 3  1 0 . 2  ( 10 . 2 ) * 

1 4  1 0 . 2  ( 10 . 2 ) * 

1 5  1 4 . 0  1 2 . 4  
1 6  1 4 . 0  1 2 . 4  
1 7  1 4 . 0  1 2 . 4  
1 8  1 4 . 0  1 2 . 4  
1 9  1 4 . 0  1 2 . 4  

Adu l t  2 0 . 0  1 7 . 0  

*Value i s  taken t o  b e  equal t o  that for the mal e . 

S t ep 1 .  

S tep 2 .  

Calculate the r e l a t ive 7 0 - year bone do se  commi tment to r e f e rence man 

fo l low i ng an acute i nge s t ion as fol lows . U s i ng the me thodology o f  

S ec t ion F . l . 5 . 1  a s  i l lu s t ra t ed i n  S t ep 1 o f  the a s s o c i at ed s amp l e  

c a l c u l a t i o n , calculate  the r e l a t ive bone d o s e  f o r  7 0  years remaining . 

As shown i n  Tab l e  F - 1 7  thi s  value i s  2 . 33 x 1 0 - 2 . 

Cal culate  the r e l a t ive 7 0 - year bone d o s e  c omm i tment to the i ndividual 

fol lowing an acute i nge s t i on , when that i nd iv idual is newborn as  

fol lows . Us ing me thodo logy of  S e c t i on F . l . 5 . 1  a s  i l l u s t rated i n  S tep 
2a o f  the a s s oc i ated s amp l e  c alculat ion , c al c u l a t e  the r e l a t iv e  bone 

dose for 70 years a f t e r  an acute inge s t ion as  a newborn . As shown in 
Tab l e  F - 1 7  th i s  value is 5 . 57 x 1 0 - 1 . 
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S tep 3 .  

S tep 4 .  

Calculate the re lative 7 0 - year bone dose commi tment to the individual 
fol lowing an acute inge s t i on ,  when that individual is 10 years o l d , as 
fol l ows . Us ing the me thodo logy of S e c t ion F . l . 5 . 1  as  i l lustrated in 
S tep 2b o f  the assoc iated sample calculat ion , calculate the re l a t ive 
bone dose fo r 70 years a fter an acute inge s t ion as a 10 year old as 
part i a l ly i l lustrated in Tab le F - 1 7 . Column 1 1  of that tab l e  shows 
the 60 year dose commi tment . Ten years are added to the final entry 
o f  that co lumn by evaluating equa tion 51  us ing the inge s t ion rate for 
age 1 0 , the organ ma ss fo r re fe renc e man , the e f fec tive removal rate 
cons tant for 239pu from bone , tl = 10  x 3 65 . 2 5 d ,  and t2 = 7 0  x 3 65 . 2 5 d .  
The re sult  o f  th i s  calculation replaces  the last  entry o f  that column . 
Sum the values in th is co lumn . 

Calculate the des i red ratios as fo l l ows . 
a .  For the newborn divide the re sult o f  S tep 2 by the resul t o f  

S tep 1 .  
b .  For the 1 0 -year-old divide the result o f  S t ep 3 by the resul t o f  

S tep 1 .  

The resu l t s  o f  the se calculat ions are tabula ted in Tab l e  F - 3 5 .  
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TABLE F - 3 5  
TABULATIOK O F  SAMPLE CALCULATION OF 

AGE - S PECIFIC BONE DOS E  FOR ACUTE INGESTION 

Tabul a t ion for S tep 1 .  

The re l a t ive 7 0 -year bone do se commi tment to re ference man i s  
6 0 5  _ [ 1  _ e - ( 1 . 90 6  x 1 0 - 5 ) ( 7 0 ) ( 3 65 . 2 5 )

J = 2 . 3 3 x 1 0 - 2 
IOOO\) 

Tabulat ion for S t ep 2 .  

F rom the total o f  Column 1 o f  the tabu l a t ion o f  S tep 2 ,  Tab l e  F - 1 7 , the re l a t ive 
7 0 - year bone do se commi tment to newborn is 5 . 5 7 x 1 0 - 1 . 

Tabulat ion for S t ep 3 .  

The re l a t ive 7 0 -year bone do se commi tment to 1 0  year o l d : 

Exposure Number 
Dose Year 1 1  

1 8 . 8 6 x 1 04 

2 8 . 1 0 x 1 0 - 4 

3 6 . 1 2 x 1 0 - 4 

4 4 . 67 x 1 0 -4 

5 3 . 7 7 x 1 0 -4 

6 3 . 5 2 x 1 0 - 4 

7 3 . 34 x 1 0 -4 

8 3 . 1 8 x 1 0 - 4 

9 3 . 0 2 x 1 0 - 4 

1 0  2 . 94 x 1 0 - 4 

2 0 - 7 0  1 . 42 x 1 0 - 2 

To tal 1 . 90 x 1 0 - 2 

Tabulat ion for S t ep 4 .  

For des i red ra tios : 

a .  

b .  

For the newborn mal e : - 1 5 . 5 7 x 1 0  = 2 3 . 9  
2 . 3 3 x 1 0 - 2 

1 . 9 0 x 1 0 - 2 
= 0 . 8 1 5  

2 . 3 3 x 1 0 -2 For the 1 0 -year o l d  ma le : 
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F . 2 . 5  Dose to Persons L iving on S o i l  Contain ing Rad ionucl ide Depo s i ted from 
Pas t Re leases  

The do se to pe rsons l iving on s o i l  contain ing rad i onuc l ides depos i ted f rom pas t 
re leases  i s  asses sed for inhalat ion o f  re suspended radionuc l ides , i nge s t ion o f  food 
grown on the soi l ,  i nges t ion of some o f  the s o i l , and i rrad i a t ion by the radionu c l ides 
on the ground . An a s s e s sment i s  made of the 7 0 - year organ dose rece ived by persons 
l iving continuous ly for 7 0  years on soi l w i th a surface conc entra t i on of 0 . 0 0 3  to 
0 . 0 1 � C i/m2 . The s e  surface concent rations correspolld to the contours iden t i fied by 
Krey ( Krey and Hardy , 1 9 7 0 )  for o f f - s i te soi l con tami nation ( s ee F i gure 2 . 3 . 9 - 1 ) .  

F . 2 . 5 . 1  Inhal a t ion o f  Resuspended Radionucl ides 

The 7 0 - year o rgan dose re sul t i ng from inha l a t ion o f  resuspended rad ionuc 1 ides is 
given by 

Organ Do se ( rem ) = 2 . 2 1 x 10 3 k G F I 

whe re G = rad ionuc l i de concentrat ion ( � Ci/m2 ) on the surfac e o f  the s o i l  
k = resuspen s i on fac tor (m - 1 ) 

F = dose conver s i on fac tor ( rem . m3/Ci · s ) for inha l a t ion 
2 . 2 1 x 1 0� = 1 0 - 6 Ci/� C i  x 7 0  yr x 3 . 1 56 x 1 0 7 s/yr 

( 1 0 3 ) 

The radionuc l ide conc entration G pertains to the sur fac e concent ration o f  the 
radionuc 1 i de a f t e r  s i te preparation and l and deve lopment for c ons t ruc t ion o f  the 
person ' s  r e s i denc e , s i nce it is reasonab ly assumed tha t the pe rson is not going to be 
dwe l l ing in a teepee on und i s turbed and undeve loped s o i l  for the 7 0  years . Fol lowing 
the approach of the Colorado Department of Hea l t h  ( CDH , 1 9 7 6 ) , a reduc t ion by a 
fac tor o f  1 0  in the amoun t o f  the radi onuc l i des ava i l ab l e  fo r resuspens ion i s  con­
s idered to resu l t  from s i te preparat ion and deve l opment .  

The value o f  G i s  obtai ned by apportioning the i n i t i a l  surface c oncentration 
among the i so topes of plutonium as desc ri bed in Sec tion F . 2 . 1 . 1 .  The ini t i a l  ac tivi ty 
of 2 4 1 Am  is taken to be 20% of the i n i t i a l  p lutonium alpha ac tivi ty , represent ing a 
cons e rvat ive app rox imation o f  the maximum ingrowth o f  the 2 4 1 Am  f rom 2 4 1 pU .  The 
values are a l so divi ded by the fac tor of 10 , resu l t ing from s i te preparation and 
development .  

The value o f  re suspens ion factor k i s  taken to be 1 0 - 7 m- 1 F o l l owing the 
approach of the Colorado Department of He a l th ( CDH , 1 9 7 6 ) ,  the value of 1 0 - 9 m- 1 for 
und i s turbed c ontaminated s o i l  i s  increased by a factor o f  1 0 0  to adj u s t  for c ondi t i ons 
where local  d i s turbances are rou t ine and frequent . 

The value o f  the dose convers ion fac tor F I i s  obtained from Tabl e  F - 1 .  
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F . 2 . S . 2  Inges t i on o f  Food Grown on S o i l  Containing Radi onuc l i des 

The 7 0 -year o rgan dose resul ting from the inges t i on of food grown on s o i l  
c ontaining rad i onuc l ides i s  given by 

Organ Dose ( rem ) = 1 0 - 6 G F c ( 1 04 ) 

where Fc = dose c onvers ion fac tor [ ( rem . m2 ) /C i ]  for inge s t i on o f  food grown 
on s o i l  containing rad i onuc l i des 

G = radi onuc l i de concentration ( � C i/m2 ) on the sur face of the s o i l  
1 0 - 6= convers i on fac tor ( 1 0 - 6 Ci/� C i ) . 

The value o f  G i s  ob tained as described in S e c t i on F . 2 . S . l .  

The values o f  the dose convers i on fac tor Fc are genera ted by the PABLM c omputer 
code for 7 0  years of  food consump t i on for the average indiv idua l . See S e c t ion F . l . 2 . l  
for a d i s cu s s i on o f  inpu ts to thi s  c ode . Values o f  the dose c onve rs i on fac tors are 
presented in Tab l e  F - 3 6 . 

TABLE F - 3 6  
DOSE CONVERS ION FACTORS FOR THE 7 0 -YEAR ORGAN 

DOS E  FROM INGESTION OF FOOD GROWN ON SO I L  
WITH A SURFACE CONCENTRATION O F  1 Ci/m2 

Dose Conversion Fac tor rem · m2 ( Ci  ) 

Radi onuc l i de Total  Body L iver Bone Lungs 
2 3 8 pu 2 . 9 x 10 - 1 0  4 . 0  x 1 0 - 8 8 . 3  x 10 -8 

2 3 9 pU 4 . 0  x 10 - 1 1  5 . 0  x 10 - 9 1 . 1  x 1 0 - 8 

2 4 0 pu 4 . 0  x 1 0 - 1 1  5 . 0  x 10 - 9 1 . 1  x 1 0 - 8 

2 4 1 pU 2 . 6  x 1 0 - 1 2  1 . 7  x 1 0 - 1 0  9 . 7  x 10 - 1 0  

2 4 2 pU 3 . 7  x 1 0 - 1 1  5 . 0  x 1 0 - 9 1 . 1  x 10 - 8 

2 4 1 Am 3 . 2  x 1 0 - 10  5 . 1  x 1 0 - 8 1 . 1  x 1 0 - 7 

*The value of the dose c onvers ion fac tor i s  t aken to be equal t o  that for the 
total  body . 

F . 2 . S . 3  Inge s t i on o f  S o i l  Containing Radionuc l ide s  

"'k 
* 
-k 
* 
·k 
* 

The 7 0 -year o rgan do s e  result ing from inge s t ion o f  s o i l  contai ning radi onuc l ides 
is given by 

Organ Dose ( rem ) = I s R Fs ( l O S ) 

where I s = 
R = 

rate o f  so i l  inge s t ion ( g/d ) 
ac t iv i ty o f  the radi onuc l ide per gram o f  s o i l  ( � C i/g ) 

F s = dose c onvers ion fac tor for d i rec t radionuc l ide inge s t i on [ ( rem · d ) /� C i ] . 
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The rate o f  s o i l  inge s t ion i s  t a ken to be the one gram per day throughout the 7 0  
year period fol lowing the approach o f  the Colorado Department o f  Hea l th ( CDH , 1 9 7 6 ) . 
Th i s  i s  probably a very conservat ive as sumpt i on , al though the del iberate ingestion o f  
s o i l  c an occur for young children (Healy , 1 9 7 7 ) .  The EPA ( EPA , 1 9 7 7 ) cons iders that 

" for  this  pathway to be as s ign i ficant as the inhalat ion pathway , extreme 
assumpt ions o f  soi l consumption rates would be requ i red . . .  " 

The ac tivi ty o f  the radionuc l i de per gram o f  s o i l  R i s  obtained by cons i dering 
that 2 d i s integrations per minute ( d/m ) per gram of soi l for alpha - emi t t ing pluton ium 
i s  equiva l ent to a surface activ i ty o f  0 . 01 � C i/m2 ( CDH ,  1 9 7 6 ) . The value 2 dim per 
gram converts to 9 . 01 x 1 0 - 7 � C i/g soi l . Thi s  activity i s  apport ioned among the 
i sotopes of plutonium and to 2 4 1 Am  as  described in Sec t i on F . 2 . 1 . 1 .  For values o f  
surface ac tivity o ther than 0 . 0 1 � C i/m2 , the activity i s  mul t ipl ied by the rat i o  o f  
the des i red surface concentration to 0 . 0 1 � Ci/m2 . 

The values o f  the do se convers ion factor Fs are obtained from Table  F- 8 .  Al though 
these fac tors are derived for water ingest i on , they are a l so val id for the d i rect 
inge st ion of  the radionucl ides in food o r  in any other ingestion medium . 

F . 2 . 5 . 4  Ground P l ane I rradiat ion 

The 7 0 - year organ dose from ground p l ane i rradiat i on is given by 

Organ Do se ( rem ) = 7 . 3 6 x 1 02 G F 

where G = radionuc l i de concentration ( � C i/m2 ) on the surface o f  the so i l  
F = dos e  convers ion factor [ ( rem ' m2 ) / ( Ci ' s ) ]  

7 . 3 6 x 1 0 2 = ( 1 0 - 6 C i/� C i  x 2 . 5 5 6 7 5  x 1 04 d x 8 . 64 x 1 04 s/d ) ( 1/3 ) . 

The values o f  the dose convers i on factor F are obtained from Tabl e  F- 1 1 . 

( 1 0 6 )  

N o  further ingrowth o f  2 4 1 Am  i s  inc luded , since the value apportioned t o  the 
2 4 1 Am  al ready represents a maximum ac tivity from ingrowth . 

The ground p l ane i rradiation i s  cons idered to occur for 8 hours per day , s ince 
an average individual might be outdoors and exposed to the ground only 8 hours per 
day . A fac tor of 1/3 i s , there fore , inc luded in equation 1 0 6 . 

F . 2 . S . 5  S amp l e  Calculat ion 

Calculate the 7 0 - year bone dose to a person dwe l l ing continuously for 7 0  years 
on soil wi th a surface concen trat i on of 0 . 01 � C i/m2 plutonium . 
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Step 1 .  

S tep 2 .  

S tep 3 .  

Step 4 .  

S tep 5 .  

For the do se from inh a l ation o f  re suspended radionuc l ides , apport ion 
the ac tivity among th e i so topes of p lutonium as desc ribed in Sec tion 
F . 2 . 1 . 1 .  The ac tivity of 2 4 1 Am is 20% or 2 . 0  x 10 - 3 � C i/m2 . Divide 
the value for each rad ionuc l i de by 10  for s i t e  preparat ion and mul tiply 
by a resuspens ion factor o f  10 - 7 , by 2 . 21 x 10 3 ( from equation 1 0 3 ) 
and by the value o f  the dose conve rs ion factor , from Tab l e  F - 1 ,  for 
corresponding radi onuc l i des . Sum a l l  resu l t s . 

For the dose from inge sting food grown on the so i l , mul t iply the 
appo rt ioned ac tivity ( from S tep 1 )  by 10 - 6 and by the value of the 
do se conversion fac tor , from Table  F- 35 , for corre spond ing radionuc l ides . 
Sum a l l  resu l t s . • 

For the do se from inge st ing soil  direc tly , the value 9 . 0 1 x 10 - 7 

� C i/g i s  the ac tivity per gram o f  s o i l  for the surfac e concentration 
o f  0 . 0 1  � Ci/m2 . Apportion thi s value among the i so topes as desc ribed 
in Sec tion F . 2 . 1 . 1 .  Mul tiply by 1 g/d and by the value of the do se 
convers ion fac tor , from Tab l e  F- 8 ,  for corre sponding radionuc l ides . 
Sum al l resul ts . 

For the dose from ground p l ane irradia tion , mu l t iply the value o f  the 
apport ioned suface concentrat ion ( � Ci/m2 ) by 7 . 3 7 x 102 and by the 
value of the do se conversion fac tor , from Tab l e  F - 1 1 , for corre sponding 
radionuc l ides . Sum a l l  resul ts . 

Sum the resul ts from S teps I through 4 .  Thi s  sum , 0 . 2 6 rem , i s  the 
total 7 0 - year bone do se from dwe l l ing cont inuou s ly (8 hours per day ) 
for 70 years on so i l  containing 0 . 0 1 � Ci/m2 plutonium . 

The resu l t s  of th i s  samp l e  calcula tion are tabu l ated in Tab le F- 37 . 
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TABLE F - 3 7  
TABULATION OF THE SAMPLE CALCULAT ION OF THE DOSE TO PERSONS LIVING 

ON SOIL CONTAIN ING RADIONUCLIDES  DEPOS ITED FROM PAST RELEASES 
S o i l  Surface Conc entration = 0 . 0 1 � C i/m2 Plutonium ( a lpha ac t iv i ty )  

7 0 - Year Bone Dose ( rem ) Surface 
Conc entration 

Ac t iv i ty 
in S o i l  Food Soi�u- . .  Ground Plane 

( � C i/m2 ) 
-4 2 . 34 x 1 0  

7 . 9 6 x 1 0 - 3 

1 . 80 x 1 0 - 3 

- 2 5 . 08 x 1 0  
1 . 61 x 1 0 - 7 

2 . 0 0 x 1 0 - 3 

( � C i/g ) 
-8 2 . 1 0 x 1 0  

7 . 1 8 x 1 0 - 7 

1 . 63 x 1 0 - 7 

- 6 4 . 58 x 1 0  
1 . 45 x 1 0 - 1 1  

1 . 80 x 1 0 - 7 

Inhalat ion 
1 .  97 x 1 0 - 3 

- 2 7 . 5 6 x 1 0  
1 .  7 1  x 1 0 - 2 

9 . 86 x 1 0 - 3 

- 6 1 . 42 x 1 0  
- 2 1 . 91 x 1 0  

1 .  24 x 1 0 - 1 

Inge s t ion 
1 .  9 x 1 0 - 17 

8 . 8 x 1 0 - 1 7  

2 . 0  x 1 0 - 1 7  

5 . 0  x 1 0 - 1 7  

1 . 8  x 1 0 - 2 l  

2 . 2  x 1 0 - 1 6  

4 . 0  x 1 0 -16 

Inge s t i on 
6 . 44 x 1 0 - 3 

- 2 2 . 50 x 1 0  
5 . 64 x 1 0 - 3 

- 2 3 . 74 x 1 0  
- 7 4 . 6 6  x 1 0  
- 2 6 . 28 x 1 0  

1 .  3 7  x 1 0 -1 

I rradiat ion 
-6 1 .  7 3  x 1 0  
- 5 2 . 52 x 1 0  
- 5 1 . 1 9 x 1 0  

1 . 02 x 1 0 - 9 

-4 3 . 54 x 1 0  
-4 3 . 92 x 1 0  

To tal 7 0 - Year Bone Dos e  = 0 . 2 6 rem 



F . 3  Do s ime try for Transportat ion 

No rmal operation o f  the transportat ion assoc iated with Rocky F l ats wi l l  resul t 
in d i rect  radiation expo sure to some individua l s , but no release o f  bery l l ium ( a  
nonradioac t ive material ) o r  any radioac t ive isotopes into the envi ronment . Re leases 
are expec ted should an ac c ident occur , however .  The expec ted yearly release rate 
from ac c idents i s  calculated for truc k transport , air transport , rai l  transport and 
the connec t ing del ivery veh i c l e  transport . 

F .  3 . 1  Nonradiologi cal  E ffects 

An atmospheric d i spersion calcula tion i s  used to determine the maximum a i r  
conc en tra t ion that would re sult from a bery l l ium shipment acc ident . For the a i r  
conc entration , a compari son i s  made w i t h  estab l i shed s tandards . Bery l l ium me tal 
shipment s  can resul t in envi ronmental rel eases i f  fire s  resu l t  in oxidat ion of the 
beryl l ium .  In cond i t ions where a gasol ine f i re may be invo lved , it i s  po s s i b l e  that 
some of the bery l l ium would b e  oxidized . The oxidation fo rmed on bery l l ium at  tempera­
tures above 147 2 ° F  is in a d i spersib l e  fo rm ; that formed at temperatures below 147 2 ° F  
s tays s t rongly attached t o  the metal and i s  no t read i l y  d i spersib l e . S i nce the exac t 
temperature his tory o f  a fire that could resul t in an ac c ident i s  not known , a conser­
vative as sumpt ion is  made that a t ransport fire resul t s  in  all  of  the bery l l ium 
becoming comp l e te ly oxidized in a d i spersible form . 

An intense f i re such as i s  as sumed in this acc ident would c reate an updra ft 
which would c arry the bery l l ium ox ide a l o ft and have the e ffec t of releasing i t  from 
an apprec iable height . A release hei ght  o f  100  meters is as sumed . 

As in o ther ac c ident calculations in this document ,  me teoro logical cond i t ions o f  
Pasqu i l l  s tab i l i ty c l ass E and a wind speed o f  3 . 0  meters per second are as sumed ( see 
S e c t ion F . 2 . 1 . 1  for further di scussion ) . 

Us ing equat ion 1 0 7  ( derived from Turne r ,  1 9 7 0 ) , whi c h  properly ac counts for an 
e l evated plume release , the maximum X/Q i s  de termined by trial  and erro r .  The resul t 
i s  1 . 82 x 10 - 6 sec/m3 at a d i s tance o f  3 . 5 5 m i l e s . 

( 1 0 7 ) 

where X = air conc entration of plume ( C i/m3 ) 

Q = sourc e term ( C i/sec ) 
a = calcu l ated as outl ined in appendix B - 2 y 
a = 

z c a l culated as outl ined in appendix B - 2 

� = wind veloc i ty (m/sec ) 
z = he ight o f  receptor above ground ( taken as 0 meters ) 

H = he ight o f  plume release ( m )  
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The amount o f  beryl l i um c arried in a Rocky Flats  weapon shipment i s  reasonably 
as sumed to be 150 grams in thi s c alculation . Thi s  amount o f  bery l l i um i s  oxidized in 
the fire and released over a period o f  time . Although thi s  would probab ly be over a 
several hour period , a conservative value o f  one hour was assumed . Equation 108 
shows the  air concentrat ion calculation . 

F .  3 . 2  

[ 150g t ( 60 m in · 60 �� ml n /J 

Radiological E f fec ts 

-6 s 8 g . 1 .  82 x 1 0  -3 = 7 . 58 x 1 0 - -

m m3 
( l08 ) 

Four modes o f  transportat ion a s so c iated with Rocky F l a t s  are cons i dered in thi s  
analys i s : transport truc k ,  de l ivery vehi c l e , a i r  c argo p l ane , and rai l . Transport 
truck is respons ible for the maj ori ty of the transportat ion entering and leaving the 
P lant . Al though a l arge portion o f  th i s  truck transportat ion u t i l izes  DOE - owned 
S a fe S ecure Trai lers , which have inherent s a fety feature s ,  the cons ervat ive as sump tion 
is made that a l l  transport truck shipments are via commercial  c arriers . Al l shipments 
are made in appropriate DOT- approved containers , however .  

Del ivery veh i c l e  sh ipments connec t from the airport a t  ei ther end o f  the shipment 
to the origin or des tinat ion fac i l i ty .  Again , these trucks are usua l ly DOE - owned 
vehi c l e s , but for the impac t a s s e s sment a c ommerc ial  del ivery vehic l e  is as sumed . A 
del ivery veh i c l e  sh ipment i s  as sumed to take p l ac e  at each end o f  the a i r  cargo 
shipment . The inc idenc e o f  de l ivery veh i c l e  s top s and s torage o f  the package s i s  
reduced by a fac tor o f  two , however ,  t o  more accurately describe  the s ecurity pre ­
cautions taken with the se sh ipments . 

No radioac tive materials  are sh ipped to or from Rocky F l a t s  via passenger c arrying 
airl ines . A l l  air shipments are made via commerc ial c argo aircraft . 

Rai l  sh ipment s  o f  radioac t ive mater i a l s  associated with Roc ky Flats  are a l l  made 
via Government owned ATMX ra i l  cars . The se cars act as a l arge type B shipp ing 
container as outl ined in the S a fe ty Analys i s  Report for Packaging (Adcoc k ,  197 4 ) . 
These cars are , however ,  treated as s tandard rai l  cars by the ra i l  companies . No 
spec i a l  treatment of the s e  cars is as sumed . 

F . 3 . 2 . 1  Normal Operat ions 

By making the o ften conservat ive a ssump tion that a l l  Roc ky Flats  shipment s  are 
made by commercial c arrier , it  is pos s ib l e  to use the me thodo logy and transportat ion 
parame ters given in the NRC document ent i t l ed " F inal Envi ronmental S tatement on the 
Tran sportation of Radioact ive Material by Air and Other Mode s "  ( USNRC , 1 97 7 ) .  Thi s  
report documents a methodology fo r asses s ing the r i sk dose t o  the U . S .  populat ion 
from various po rt ions of the transportation cyc l e . The populat ion dose resul ting 
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from normal operat ion and acc idents o f  transportation assoc iated with Roc ky Flats  i s  
expec ted t o  be  spread more or less  evenly across the Uni ted S tates , rather than being 
l imited to the Denver area . The U . S .  popula tion is expec ted to rece ive doses from 
d i f ferent asp e c t s  o f  the t ransportation proce s s . The doses  assessed in this analys i s  
are : 

1 )  dose to persons surrounding the transport l ink whi l e  the shipment i s  moving , 
2 )  do se to persons surrounding the t ransport veh i c l e  whi l e  i t  i s  s topped , 
3 )  dose to warehouse  personnel whi l e  the shipment i s  in storage , 
4 )  dose t o  c rewmen operating the transport vehic le , 
5 )  dose to persons in vehi c l e s  sharing the t ransport l i nk wi th the shipment 

and moving in the oppo s ite d irec t ion , 
6 )  do se  to persons i n  veh i c l e s  sharing the t ransport l ink w i th the shipment 

and moving in the same dire c t ion , and 
7 )  dose  to package handl ers moving a shipment between t ransportation modes . 

In add i t ion to the methodology , the NRC document gives parameters for each shipping 
mode deal ing with speeds , dis tances , and t imes spent  by veh i c l e s  in rura l , suburban , 
and urban transportation environment s . For derivations o f  the equations and exp lana­
t ions of the source of the parameters , the reader is re ferred to the NRC document . 

Equations for determination o f  the dose from each portion o f  the transport cyc l e  
are g iven i n  Tabl e  F - 3 8  ( equations 1 0 9  thru 1 1 6 ) . Equations 1 0 9  thru 1 1 5  apply to 
each o f  the transportation modes . S everal equations incorporate parameter sub s t i tu ­
tion s  f o r  some o f  the transportation mode s , however . In the air transpo rtation 
analy s i s , only equations 1 1 0 , 1 1 2 , and 1 1 6  are used because o f  the l arge separation 
distance between the moving aircraft and any surrounding popu la tion . Equat ion 1 1 6  i s  
app l icab le only t o  the movement o f  a i r  c argo from the a i r  transport mode t o  the 
del ivery veh i c l e  t ransport mode . Any dose to the handlers has been c redi ted to the 
air transport mode , and any dose ob tained during s torage t ime has been c redi ted to 
the del ivery veh i c l e  t ransport mode . 

P arame ters used in equat ions 1 0 9  thru 1 1 6  are g iven in Tabl e  F - 3 9 . Al l o f  these 
parameters exc ep t  K, SPY . FMPS , and P come from the NRC document . K i s  derived from 
equation 11 assuming the DOT l imit o f  10 mrem/hr at 6 feet from the exc lus ive use 
vehi c l e . 

D(d )  ( 1 1 7 )  

where D ( d )  = dose rate at a distance d (mrem/hr ) 
d = di stance from source ( ft )  
� = absorption coeffic i ent  for  air ( 0 . 0 0 1 1 8  ft- l ) 

B ( d )  = Berger bui ldup fac tor in air , where in this case B ( d )  = 0 . 0 0 0 6d + 1 
( dimens i onless ) 

K = dose rate factor (mrem . ft2/hr )  
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TABLE F-38 
EQUAT ION FOR THE CALCULAT ION OF DOSE 

TO THE POPULATION FROM NORMAL TRANSPORTAT ION* 

D = Ql • K • Spy • FMPS • move 

for A i r :  K = Ko T IS  
for Del i very Veh icl e :  Spy  = SPY/2 

f · PD + s s 
Vs 

Dstore = Q3 • K 
• 

Spy · lITstore • PDstore 

l eave for Del i very Veh i cl e :  K = Ko • T IS 
SPY = SPY/2 

e-lJdS(d ) D = Q4 • K • Spy • Nc • 2 crew d 

l eave for Truck :  K = 2 
l eave for Del i very Veh i cl e :  

l eave for A ir :  K = K · T IS  o 
Dopp = QS • K • Spy • FMPS • P • Fopp 

Dsame = Q6 • K • SPY . FMPS • P • Fsame 
I a I a 

lITs hi p 

f · PD + s u 
Vu 

f N I Ia 
Fa = f 

NrI fwy + f 
frh2Ns IfwJ:: + n s fWJ:: + f ffwy r ( V ) 2 s ( Vs/2 )

2 
( V  ) 

2 u 
r s 
I a I a I a 

+ fnNu IfwJ:: + f4R. 
frh2Nu I4R. + fnNu I4R. + fcs  ( V ) 2 ( Vs/2 )

2 ( V ) 
2 

r s 
I a fnNu Ics  + 

( V  ) 2 
u 

Dhandl er = 
Q7 • TIS  • Spy 

*See Ta b le  F-39 for defi ni tion of vari abl es 
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I a frh2Nu IfwJ:: 
(V/2 )

2 

I a frh2Nu Ics 
( V/2 )

2 

( 1 09 )  

( 1 1 0 ) 

( 1 1 1 ) 

( 1 1 2 ) 

( 1 1 3  ) 

( 1 1 4 ) 

( 1 1 5 ) 

( 1 1 6 ) 



Dose from the airc raft transportation mode i s  asses sed u s ing Ko and TIS . I t  i s  c on ­
s idered that the external dose rate o f  c argo a irc raft i s  more reasonably desc ribed by 
the t ransport i ndex l imi t than by any measured external dose rate l imi t . The number 
o f  shipments per  year SPY i s  found in Section 3 . 3 . 1 . 1 .  The average d i stanc e per 
shipment FMPS i s  found by taking the total radioac tive transport m i leage divided by 
the Spy for that transport mode . P values were obtained from s tudies quoted by the 
Colorado S tate Highway Department and Amtrack .  The resu l t s  of these  calculations are 
shown in Tab le F- 40 . 

To c alculate the health e ffects o f  thi s  external exposure to the population , the 
conservative as sumpt ion i s  made that a l l  the organs of the body are exposed to the 
same l evel as the externa l exposure . Us ing the health e f fect r i s k  es timates o f  Tabl e  
3 . 1 . 2 - 1 0  the maximum hea l th e f fec t e s t imate i s  c al culated in equations 1 1 8  thru 1 2 2 . 
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TABLE F - 39  
VALUES OF  PARAMETERS USED FOR NORMAL TRANSPORTATION DOSE AS SES SMENT 

f u 

PD r 

PD u 

Spy 

FMPS 

Constant 
Constant 
Con stant 
Constant  
Cons tant 
Constant 
Constant 

Transport 
Truck 

3 . 47 x 1 0 -10 

9 . 81 x 1 0 - 1 0  

2 . 7 7 x 1 0 - 9 

1 0 - 3 

1 . 89 x 1 0 - 7 

3 . 7 9 x 1 0 - 7 

dose rate fac tor 
( based on 1 0  
mrem/hr @ 6 f t )  3 6 1  
dose rate fac tor 
( for type B package ) -
fract ion o f  distance 

in rural 0 . 9  
frac tion o f  d i s tance 

in suburban 0 . 05 
fraction o f  distance 

in urban 0 . 05 
popul ation dens i ty 

( rural ) 1 6  
populati on den s i ty 

( suburban ) 1 8 6 2  
popUlat ion density 

( urban ) 1 0 0 0 0  
avg . ve l oc i ty 

( rural ) 55 
avg . ve l oc i ty 

( suburban ) 2 5  
avg . ve loc i ty 

( urban ) 1 5  
frac t ion o f  urban 

trave l on freeway 
or 4 lane roads 0 . 95 

fraction o f  urban 
trave l  on c i ty 
s tree ts  0 . 05 

shipments  per  
year 5 0 0  

avg . d i s tance p e r  
shipment 1 0 68 

total stop t ime 
in rural 2 . 0  

total stop t ime 
in suburban 5 . 0  

total s top time 
in urban 1 . 0  

Del ivery 
Veh i c l e  

3 . 47 x 1 0 - 10 

9 . 81 x 1 0 - 1 0  

2 . 77 x 1 0 - 9 

1 0 - 3 

1 . 89 x 1 0 - 7 

3 . 7 9 x 1 0 - 7 

3 6 1  

1 6  

o 

0 . 6  

0 . 4  

1 6  

1 8 6 2  

1 0 0 0 0  

5 5  

25  

1 5  

0 . 3  

0 . 7  

400 

2 5  

0 . 0  

0 . 0  

0 . 5  

Air 

9 . 81 x 1 0 - 1 0  

2 . 5  x 1 0 - 4 

1 6  

1 6  

1 862 

1 0 0 0 0  

2 0 0  

0 . 0  

1 . 0  

0 . 0  

*Constants  include addi t i onal uni t l e s s  factors from derivation . 
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Rai l  Uni t  

3 . 47 x 1 0 -10 

9 . 8  x 1 0 - 1 0  

2 . 7 7 x 1 0 - 9 

(mi2 ' rem ) / ( ft2 ' mrem ) 
( rem ' mi 2 ) / (mrem . ft2 ) 
( rem . km2 ) / ( mrem . ft2 ) 

1 0 - 3 

1 . 89 x 1 0 - 7 

3 . 79 x 1 0 - 7 

3 6 1  

0 . 9 

0 . 05 

0 . 05 

1 6  

1 8 62 

1 0 0 0 0  

40 

25 

1 5  

1 . 0  

0 . 0  

100  

149 7 

24 

0 . 0  

0 . 0  

rem ' mrem 
( rem ' mi ) /( mrem ' ft )  

( person ' rem ' hr )  

(mrem ' ft2 ) /hr 

ft2 

uni t l e s s  

uni t l e s s  

uni t l e s s  

persons/mi 2 

/ . 2 persons m1 

persons/mi 2 

mi/hr 

mi/hr 

mi/hr 

uni t l e s s  

uni t 1 e s s  

shipment/yr 

mi/sh ipment 

hr/shipment 

hr/shipment 

hr/shipment 



Transport De l ivery 
Truck Veh i c l e  A i r  Rai l  Uni t  

TIS  total T1 per 
shipment 50 50 mrem/ ( h r ' shipment ) 

LlTs tore storage t ime per 
shipment 2 . 0  2 24 hr/shipment 

PD populat ion den s i ty 
s tore in warehouse 9 0 0  9 0 0  2 5  person/km2 

Nc numb e r  o f  c rew 
per shipment 2 . 0  2 . 0  3 . 0  5 . 0  person 

LlT h ' avg . time per s 1p shipment 2 3 . 17 1 . 27 2 . 0  39 . 4  hr/shipment 

IJ absorb t ion coeff  
ft- 1 for a i r  0 . 0 0 1 1 8  0 . 0 0 1 1 8  0 . 0 0 1 1 8  0 . 0 0 1 1 8  

d dis t anc e 
from source 7 . 0  20 . 0  500 ft  

B ( d )  Berger bui ldup 
factor 1 . 042 1 . 0 1 2  1 .  3 0 0  uni tless  

P persons p e r  
veh i c l e  2 . 49 2 . 49 2 6 . 3  person/vehicle  

LlTs top average t ime o f  
s top 1 . 0  hr 

PD population densi ty 
s top around s top 7 2 0  person/km2 

N t  vehi c l e  count r in rural 470 470 1 . 21 veh i c l e/hr 
N t  veh i c l e  c ount s in suburban 7 80 7 80 1 . 21 veh i c 1 e/hr 
N t  veh i c l e  c ount u in urban 2800  2800  1 . 21 vehi c 1 e/hr 

I opp exposure d i s tanc e fwy integral 0 . 02 9  0 . 02 9  0 . 15 f t- 1 

I opp exposure dis tance  49- integral 0 . 048 0 . 048 0 . 15 ft - 1 

I opp exposure d i s tance CS integral 0 . 15 0 . 15 0 . 15 ft - 1 

I same exposure d i s tance fwy integral 0 . 008 0 . 008 0 . 0 9 7  ft - 1 

I same exposure d i s tanc e 49- integral 0 . 03 1  0 . 0 3 1  0 . 0 9 7  ft - 1 

I same exposure d i s tance CS integral 0 . 09 7  0 . 09 7  0 . 09 7  ft- 1 

frh frac t ion of d i s tance 
in rush hour 
traffic 0 . 08 0 . 08 0 . 0  uni tless  

fn frac t ion o f  d i s tance 
in normal 
traffic 0 . 9 2 0 . 92 1 . 0  uni tless  
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Transport Del ivery 
Truck Veh i c l e  Air Rai l  Uni t  

frac tion o f  dis tance 
on 4 - l ane 
s t reets  0 . 1  0 . 05 0 . 0  uni t l e s s  

frac t ion o f  d i s tance 
on c i ty s tree ts 0 . 05 0 . 65 1 . 0  uni t l e s s  

frac tion o f  d i s tance 
on freeways 0 . 85 0 . 25 0 . 0  uni t l e s s  

( 1 1 8 )  
69 . 55 man- rem/yr ' 7 0  y r  . 2 . 0  x 1 0 - 4 cancer morta l i ty 

- 9 7 x 1 0 - 1  cancer morta l i t i e s  man - rem t o  to tal body . 

( 1 1 9 )  
69 . 5 5  man - rem/yr ' 7 0  y r  . 2 . 0  x 10 - 6 cancer mortal i ty = 1 x 1 0 - 2  canc er mortal i t i e s  man - rem t o  l iver 

( 1 2 0 )  
69 . 55 man- rem/yr ' 7 0  y r  . 6 . 0  x 1 0 - 6 cancer mortal i ty = 3 x 1 0 - 2 cancer mortal i t i e s  man- rem t o  bone 

( 1 2 1  ) 
69 . 55 man- rem/yr ' 7 0  yr . 4 . 0  x 1 0 - 5  cancer mortal i ty = 2 . 0  x 1 0 - 1 cancer mor tal i t i e s  man - rem t o  lungs 

Total 1 . 2  cancer morta l i t i e s  

69 . 55 man - rem/yr ' 7 0  yr . 3 . 0  x 1 0 - 4 gene tic de fec ts - 1 . 5  gene t i c  d e fe c t s  man- rem t o  total body-

TABLE F - 40 
DOS E  TO POPULATION GROUPS FROM NORMAL OPERATIONS 

(man ' rem/y r )  

POEulation GrouE Truck De l ivery* Air Rai l  
Off- l ink pop . whi l e  moving 2 . 5 6 0 . 54 0 . 70 
Surrounding pop . whi l e  s topped 3 . 42 0 . 35 0 . 29 0 . 01 
Warehouse  personne l during s torage 0 . 90 0 . 80 2 . 50*** 0 . 06 
Crew whi l e  shipp ing 46 . 34 2 . 0 3 2 . 3 7 0 . 02 
On l ink pop . wh i l e  moving** 3 . 48 3 . 09 0 . 09 

oppo s i t e  d i rec tion ( 1 .  85 ) ( 1 . 3 7 )  ( 0 . 04 )  
s ame d i rect ion ( 1 .  63 ) ( 1 . 72 )  ( 0 . 05 )  
To tal 5 6 . 7 0  6 . 81 5 . 1 6 0 . 88 

To tal 
3 . 80 
4 . 07 
4 . 26 

5 0 . 7 6 
6 . 66 

( 3 . 2 6 )  
( 3 . 40 )  
6 9 . 55 

*Delivery vehicle from ai rport to des tination . 
**Total o f  same and oppos i t e  direct ion . 

***Handler dose  from tran s fer between air  and del ivery veh i c l e  transport modes , 
any s torage i s  credi ted to del ive ry vehicle  transport mode . 
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The values for the u . s .  population background dose to the organ o f  interes t  are 

derived from the same source as the background organ do se for the Denver area popula­

tion . NCRP #45 ( Table 44 ) supplies  the individual yearly organ do se . The u . s .  
popul ation figure come s from the World Almanac ( 197 8 )  and i s  taken as 2 1 6 , 817 , 0 0 0  
persons o n  July 1 ,  197 7 . 

The maximum individual dos e  i s  asses sed for several s i tuations assoc iated with 

Rocky F lats transportation . The fi rst individual cons idered is  someone who l ives 

near the entranc e to the Plant and re s ides 30 meters ( 1 0 0  ft ) from the road along 

which all Rocky Flats transport truck shipments pas s , going into and out o f  the 
Plant . The dose i s  calculated us ing equations 123  and 124 . Equation 123  i s  evaluated 

for K=l , V=l , and x=100 ft 

o = 2 � I ( X )  

where r = integration variable 

x = d i s tance from sourc e at closest point 

all o ther = ( see Table F39 ) 

( 12 3 ) 

( 12 4 )  

by use o f  a graph ( Figure D- 1 )  i n  the NRC document . Thi s  value i s  3 x 10 - 6  mrem . 

Correc ting for K and V and as suming 5 0 0  truck passages per year for 7 0  years , equation 

125 gives the 7 0  year dose . 

3 x 1 0-6 • 361 
24 . 8  

- 5  mrem 
= 4 . 37 x 1 0  truck passage 

500 truck passage • 70 yr = 1 . 53 mrem yr ( 12 5 ) 

To evaluate the dose to the individual that would fol low a Roc ky Flats transport 

truck along the pub l ic roadways , equation 126 is used . Assuming an average fol lowing 

d i s tance of 30 meters , 

-�d 
D(d)  = Ke B(d) 

d
2 ( 1 2 6 )  

an average shipment period o f  2 3 . 17 hours , and a bui ldup factor a s  calculated by 

equation 127 ; the dose to that individual from one shipment i s  calculated in equation 

1 2 7 . 

B(d )  = 0 . 006 • d + 1 ( 12 7 ) 

3 . 52 x 1 0-2 mh� • 23. 1 7  hr = 0 . 82 mrem ( 12 8 ) 
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The dose to truck drivers i s  c alcul ated assuming the DOT limi t o f  2 mrem per 

hour at the drivers compartment ,  23 . 1 7 hour average shipment time , and 30 shipments 

per year for one driver . Equation 129 shows this calculation : 

2 � 23 1 7 hr 
hr • • -:-srh ,:.;.:' pm--e-n"l""t 

• 30 shipment 
= 1 39 � 

yr . yr . 
( 129 ) 

De livery vehicle driver do se i s  calculated in the s ame way as suming 1 . 2 7  hours per 

shipment and one driver taking all the del ivery vehicle shipments at the Rocky Flats 

Plant for an entire year . Thi s  c alculation i s  shown in equat ion 130 . 

2 mrem 1 27 hr 
or- . . shipment • 200 shipment = 508 mrem 

yr yr 
( 1 30 ) 

In thi s analys i s  transportation workers are considered to be the individuals 

receiving dose from the warehouse and the crew c atagori e s  of Table F40 . 

F . 3 . 2 . 2  Ac cidental Re leases 

Population Risk Do se 

In thi s assessment a ri sk dose to the Un ited S tate population is  determined . 

The U . S .  population i s  again cons idered , rather than the population surrounding the 

Rocky Flats P l ant , because acc idents are as sumed to occur uni formly along transporta­

tion routes spread ac ross a large portion of the country . 

The transportation acc i dent analys i s  i s  based on a transportation model developed 

for thi s document . Amounts , frequenc ies , and routes are classi fied information when 

related to the U . S .  defense program . There fore , reasonable as sumpt ions were made in 

the development o f  this model . 

The transportat ion mode l used is  out lined in Table F41 . The model i s  based upon 

the example of Rocky Flats transportation given in Tab le F39 . Small amounts o f  radio 

nuc l ides not inc luded in this model are shipped to and from Rocky Flats but are no t 

inc luded in the model because o f  the ir negl igible impac t to the overall populat ion 

dose . 

Data from Table F37 are presented in columns 1 ,  2 ,  3 ,  4 ,  and 9 o f  Table F -41 . 
The container type used to ship the se materials ( column 5 )  i s  taken to be the type 

thought appropriate for the type and quantity of materials sh ipped ( re fer to section 

2 . 6 . 10 . 2 ) . The amount contained in each container ( column 6 )  is  conservatively taken 

as the maximum allowed by the various applicable regulations ( column 7 ) . Amounts 

c arried in LSA shipments are based on the LSA concentration l imit o f  sec tion 2 . 6 . 1 0 . 1  

mul tipl ied by the max imum legal weight o f  a truc k ,  40 , 00 0  pounds . For rail shipments 

the amount is cal culated as 10  times the LSA waste concentration t imes the maximum 
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Nuc l ide 

( 1 )  

Am- 241 

Be 

NP - 237 

Pu 1 

Pu+U2 

U- 233  

U- 2353 

U-2 384 

U- 2354 + 
U- 238 

I 
2 
3 
4 
5 
6 
7 
8 
9 

TABLE F -41 

ROCKY FLATS TRANSPORTATION MODEL 

Form Mode Amount Container Amount Per Re ferenc e for Containers Vehicle-Miles 
o f  Radio - Type Container Amount/Con- Per Vehicle Per Year 

nuc lide ( g )  tainer 
� ( 3 )  ( 4 )  ( 5  ) ( 6 )  ( 7 )  ( 8 )  ( 9 )  

Oxide Truck g B 5 . 8  Table 2 . 6 . 10 - 5 12 1 5 38900 

Waste Rai l  g B6 1 . 34 7 1 1 6 6 6980 

Metal Ai r kg LSA 20000 8 1 1 7 255000 

Sc rap Truck lb LSA 91000 8 10 1 7 6604 

Metal Air g B 500 9 12  2500  

Oxide Truck g B 500 9 12  1200  

Ai r g B 500 9 1 2  1300  

Metal Truck kg B 4500 1 0  1 2  37300  

g B 273  Table 2 . 6 . 10 - 5  1 2  1 1420 

Oxide Truck g B 273  Table 2 . 6 . 10 - 5 1 2  12700  

Me tal+ Truck kg B 4500 1 0  1 2  35400 
Oxide g B 273 Table 2 . 6 . 1 0 - 5 12  57800  

Ni trate Truck g B 273  Table 2 . 6 . 1 0 - 5  1 2  48000 

Was te Truck g LSA 2 . 05 1 1  1 1 8  107000  

Rail g B6 52 7 1 1 6 66980 

Me tal Truck kg B 4500 1 0  1 2  58240 

Waste Truck g B 500 9 1 2  3 7 00 

Oxide Truck g A 5 . 17 Table 2 . 6 . 10 - 5 1 2  1600  

Waste Rai l  g B6 500  9 1 1 6 2 364 

Me tal Truck kg B 13500 1 0  1 2  35300 

Air kg B 13500 1 0  1 2  6500 

g B 500 9 1 2  14700 

Oxide Truck kg B 6000 1 2 1 2  3200 

Ni trate Truck g B 500 9 1 2  740 

Me tal Truck kg A 73000 1 3  12  67030 

Air kg A 73000 1 3  12  7 7 0 0 0  

g A 500 9 241 7 1 2 0 0  

Me tal Truck kg B 13500 1 0  1 2  2600 

Was te Truck kg LSA 2000 1 4 1 1 8  1 1 80 0  

Rail  g B6 500 9 1 1 6 1 3 3 9 6  

Rocky Flats i sotope mixture inc luding Am-241 at 2 0% o f  plutonium alpha ac tivity 
Cons idered to be all Rocky Flats plutonium mixture 
Enri ched uranium isotope mixture 
Dep le ted uranium i so tope mixture 
Considered to be all  enriched uranium mixture 
Al l rai l shipments are by ATMX c ar which is i t s e l f  
Ten time s LSA concentration l imi t ( see text ) 

a type B container 

Typ i c al Rocky Flats shipment 
Conservative e s t imat ion based upon column ( 4 )  
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Foo tnotes for Table F -41 ( continued ) 

10 Model 1518 contents limit ( see page 2 - 152 ) 
11 LSA concentration l imit ( see text ) 
12  Model 1518  container SARP (Adcock , 1968)  
13  DOT 6C container gross weight l imit 49  CFR 178 . 99 
14 SNM strategic quantitie s  l imit  
15  12 containers per truck and airplane generally as sumed for this s tatement 
1 6  One package per rail  car because rail car is  cons idered one large type B 

container 
17 As sumed because of we ight of container 
18 Amount per container based upon one container per truck 

payload limi t of the ATMX car ( Adcock ,  1974 ) . I f  any o f  these limits yields an 

unreasonably high l imi t ,  a conservative value o f  500 grams is  assumed . This number 

is  still thought to be a qu ite conservat ive value . The number o f  containers per 

vehicle ( co lumn 8 )  i s  usually taken as 12  for air and truck transport . Thi s  column 

as well as the rest of the table is footnoted to expl ain the source of many o f  the 

entries , and to note several o ther , o ften conservative , as sump tions used . 

Del ivery vehi cles  are not speci fically included in Table F -41 . They are as sumed 

to connect  wi th both ends of air shipments , however . To model this  aspec t o f  Rocky 

Flats related transportation a 25 mile delivery vehicle shipment i s  as sumed with the 

frequencies outl ined in Tab le F -42 . The container type s  and amounts are the same as 

for the air shipments to which the del ivery vehicles  connec t .  

I t  i s  cons idered that , al though the exac t type o f  shipping container and amounts 

contained in them are not available , the model used in thi s transportation acc ident 

risk assessment is accurate enough to give es timates upon whi ch meaningful dec i s ions 

can be made . 

In thi s analys i s  acc idents are broken into eight s everi ty categorie s .  Each 

succeeding category involves a greater comb ination of crash force and fire severity .  

A fraction o f  oc currence i s  given for each category . These frequencies are further 

broken down into the frac tion of time that the acc ident of each severi ty class  occurs 

in an area o f  low , medium , or high density population . These populat ion zones corre ­

spond to rural , suburban , and urban areas . These values along with the overall 

vehicle acc ident rate are shown in Tables F42 , F43 , F44 , and F45 . Thes e  values are 

all derived from the NRC Transportation Environmental Impac t S tatement ( USNRC , 1977 ) .  

The amount re leased from a container i s  dependent upon the type o f  container , 

and the s everi ty o f  the acc ident . Table F47 shows the release model used in thi s 

analysis  which i s  also derived from the USNRC document .  In thi s analysis  every 
container wi thin a vehicle invo lved in an accident is assumed to behave in a s imilar 

manner . In addition , no credit i s  taken for containment o f  the vehic le . Both o f  the 

previous assumptions are quite conservative . 
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TABLE F- 42 

DELIVERY VEHICLE TRANSPORT MODEL 

Frac tion 
o f  Radioac tive Number o f  

Amount Air Shipment Delivery Vehic l e  
Nuc l ide Form o f  Radionuc lide Mileage TriEs* 

Be Me tal kg 400 

Np- 237 Metal g 0 . 02 8 

Oxide g 0 . 01 4 

U- 235 Metal kg 0 . 0 6 24 

g 0 . 14 5 6  
U- 238 Metal kg 0 . 7 5 300 

g 0 . 01 4 

*Based upon two delivery vehi c le trips per air shipment . 

Acc ident 
Severity 
Category 

I 

I I  

I I I  

IV 

V 

VI 

VI I 

VIII  

TABLE F -43 

FRACTIONAL OCCURRENCES* FOR TRANSPORT TRUCK ACCIDENTS BY ACCIDENT 
SEVERITY CATEGORY AND POPULATION DENS ITY ZONE 

Frac tional Occurrences According 
Frac tional to POEulation Density Zones 
Occurrences Low Medium High 

0 . 55 0 . 1  0 . 1  0 . 8  

0 . 3 6 0 . 1  0 . 1  0 . 8  

0 . 0 7 0 . 3  0 . 4  0 . 3  
0 . 0 16  0 . 3  0 . 4  0 . 3  

0 . 0028 0 . 5  0 . 3  0 . 2  
0 . 0011  0 . 7  0 . 2  0 . 1  

8 . 5  x 10 - 5 0 . 8 0 . 1  0 . 1  

1 . 5  x 10 - 5 0 . 9  0 . 05 0 . 0 5 

*Overall Acc ident Rate = 6 . 6 x 10 - 7 ac c idents/mi le . 

Acc ident 
Severity 
Category 

I 
I I  

I I I  

_IV 

V 

VI 

VI I 

VIII  

*Overall 

TABLE F -44 

FRACTIONAL OCCURRENCES FOR RAIL ACCIDENTS BY 
ACCIDENT SEVERITY CATEGORY AND POPULATION DENS ITY ZONE 

Frac t ional 
Occurrences 

0 . 50 

0 . 30 

0 . 18 

0 . 018 

0 . 0018 

1 . 3  x 10 -4 

6 . 0  x 10 -5 

L O x 10 -5 

Acc ident Rate = 5 . 8  x 10  - 7 railcar 

Frac tional Oc currence s  According 
to POEulation Density Zones 

Medium High Low 

0 . 1  0 . 1  0 . 8  

0 . 1  0 . 1  0 . 8  

0 . 3  0 . 4  0 . 3  

0 . 3  0 . 4  0 . 3  

0 . 5  0 . 3  0 . 2  

0 . 7  0 . 2  0 . 1  

0 . 8  0 . 1  0 . 1  

0 . 9  0 . 05 0 . 05 

ac cidents/rai 1car · mile . 
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Accident 
Severi ty 
Category 

I 

II 
I I I  

IV 

V 

VI 

VII 

VI I I  

TABLE F -45 

FRACTIONAL OCCURRENCES* FOR DELIVERY VEHICLE ACCIDENTS BY 
ACCIDENT SEVERITY CATEGORY AND POPULATION DENS ITY ZONE 

Frac tional Occurrences According 
Frac tional to POEu1at ion Density Zones 
Occurrences Low Medium High 

0 . 5 5 0 . 01 0 . 39 0 . 60 

0 . 3 6 0 . 01 0 . 39 0 . 60 

0 . 0 7 0 . 01 0 . 3 9 0 . 60 

0 . 01 6  0 . 01 0 . 50 0 . 49 

0 . 0028 0 . 01 0 . 5 0 0 . 48 

O . OO l l  0 . 01 0 . 50 0 . 49 

8 . 5  x 10 - 5 0 . 01 0 . 60 0 . 39 

1 . 5  x 10 -5 0 . 01 0 . 60 0 . 39 

*Overall Acc ident Rate = 6 . 6  x 10 - 7 acc idents/mi le . 

Acc ident 
Severi ty 
Category 

I 

I I  

I I I  

IV 

V 

VI 

VI I 

VI I I  

*Overall 

TABLE F -46 

FRACTIONAL OCCURRENCES* FOR AIRCRAFT ACCIDENTS BY ACCIDENT 
SEVERITY CATEGORY AND POPULATION DENS ITY ZONE 

Frac tional Occurrenc es Ac cording 
Frac tional to POEu1at ion Dens i ty Zones 
Occurrences Low Medium High 

0 . 447 0 . 05 0 . 9  0 . 05 

0 . 447 0 . 05 0 . 9  0 . 05 
0 . 0434 0 . 1  0 . 8  0 . 1  
0 . 0107 0 . 1  0 . 8  0 . 1  

0 . 0 279  0 . 3  0 . 6  0 . 1  
0 . 0 1 94 0 . 3  0 . 6  0 . 1  
0 . 0046 0 . 98 0 . 01 0 . 01 
0 . 0003 0 . 98 0 . 01 0 . 0 1 

Accident Rate = 8 . 9  x 10 -9 accidents/mile for commerc i al aircraft 

TABLE F -47 

RELEASE FRACTIONS 

Severi ty 
Category LSA 

I 0 
I I  0 . 01 

I I I  0 . 1  

IV 1 . 0  

V 1 . 0  
VI 1 . 0  

VII 1 . 0  

VI I I  1 . 0  

TYEe A 

0 

0 . 01 

0 . 1  

1 . 0  

1 . 0  
1 . 0  

1 . 0  

1 . 0  
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0 

0 
0 

0 

0 

0 . 01 
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The solid form in whi ch many o f  the final produc ts from Rocky Flats are shipped 

would prevent all  of the material re leased from becoming ai rborne as resp irable s ized 
particles . Table  F48 shows the frac tion used and the transport categori es to which 
they apply . Thi s  table i s  based upon assumptions used in the USNRC analysi s .  

Nuc lide Form Mode 

Pu Me tal Truck 

Me tal + 
Oxide Truck 

Pu + U Metal Truck 

U- 233  Oxide Truck 

U- 235 Oxide Truck 

Al l other categories 

TABLE F -48 

AEROSOL PARAMETERS 

Amount 

kg 

g 

kg 

g 

kg 

g 

kg 

Aerosolized 
Frac tion 

0 . 05 

0 . 05 

0 . 05 

0 . 05 

1 . 00 

Frac tion o f  
Respirabl e  Size 

0 . 2  
0 . 2  

0 . 2  

0 . 2  

0 . 2 

0 . 2  

0 . 2  

1 . 0  

Di spersion o f  the radioac t ive material , once i t  has been re leased and become 

ai rborne is derived from the USNRC document . The di spersion mode l i s  based on Gaus­

s i an di ffusion , a technique wide ly used in ana lys i s  o f  atmo spheric transport and 

di ffusion . Accidents that involve a re lease o f  dispersible material are as sumed to 

produce a c loud of aerosol ized debris ins tantaneous ly at the acc ident site . For risk 

dose calculat ions , the initial dis tribut ion o f  aerosol mass with he ight is  as sumed to 

be a l ine source extending from the ground to a height o f  10  meters . The ini tial 

conc entration increases wi th height in a manner consis tent wi th data ob tained in 

experimental detonations o f  s imulated weapons ( Church , 197 0 ) . The use o f  such an 
initial dis tribut ion is jus ti fied for acc idents in which fires or re s idual energy 

provide an aerosol cloud to be re leased from the acc ident s i te .  S ince the dose from 

a 10 -me ter-high l ine source i s  indistingui shable from that of a point source at 

downwind dis tanc es greater than about 100 me ters , the ini tial dis tribut ion with 

height i s  unimportant . Doses calcul ated using this mode l are conservative , s inc e 

mos t  potential acc idents involve energy releases that may carry aeroso lized materials 

to heights greater than 10  me ters . The degree o f  conservatism increas es as the 

he ight o f  release inc reases and is e special ly conservative for elevated sourc es such 

as a release that might result from midair airc raft co l l i s ions . 

A year or more o f  meteorological  data was taken from each o f  two separate sites  

in the Uni ted S tate s . These data ( presented in Figure 5 - 7 o f  the USNRC document ) 

were used to derive a l i s t  o f  areas in which a given di lution fac tor ( C i  inhaled/Ci 

re leased ) would no t be exceeded 95% of the time . Thi s  is in e ffec t  throwing out the 
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wor s t  ( 5% of  the total ) meteorological cond i tions and as suming tha t the ac c ident 
occurs during the wor s t  case cond i t ions of that remaining . These  areas and d i lution 
factors are given in Tabl e  F - 49 . The di lution fac tors are then mul t ip l i ed by the 
population in  the area a ffec ted for l ow ,  medium , and h i gh popu l a t ion dens i ti e s . The 
sum of these values for each of the population den s i ty zones is used in the popula­
tion do se  assessment calculation . 

( Ci 

TABLE F - 49 
DISPERS ION FACTORS FOR POPULATION EXPOSURE FROM TRANSPORTATION ACCIDENTS 

D i lution Fac tor 
inhaled/Ci releas e d )  

1 . 2  x 1 0 - 6 

5 . 6  x 1 0 - 7 

2 . 7  x 10 - 7  

1 . 2  x 1 0 - 7 

5 . 6 x 10 -8 

2 . 7  x 10 - 8 

1 . 2  x 1 0 - 8 

5 . 6  x 1 0 - 9 

2 . 7  x 1 0 - 9 

1 . 2  x 1 0 - 9 

5 . 6  x 1 0 - 1 0  

2 . 7  x 1 0 - 1 0  

1 .  2 x 1 0 - 10  

5 . 6  x 1 0 - 1 1  

2 . 7  x 1 0 - 1 1  

1 . 2  x 1 0 - 11 

4 . 9  x 1 02 

1 . 3  x 1 03 

3 . 7  x 1 03 

1 . 0  x 1 04 

3 . 2  x 104 

7 . 5  x 104 

1 . 5  x 1 05 

4 . 4  x 1 05 

7 . 5  x 1 05 

2 . 4  x 10 6 

4 . 2  x 1 0 6 

1 . 0  x 1 0 7 

2 . 1  x 1 0 7 

5 . 2  x 1 0 7 

1 . 4  x 1 0 - 8 

1 . 2  x 1 0 9 

Population D i l u t ion Fac tor 

Popul a tion x Di lution Fac tor 
Popula tion Dens i ty Zone 

Low 

3 . 5  x 1 0 - 9 

2 . 7  x 1 0 - 9 

3 . 9  x 1 0 - 9 

4 . 5  x 1 0 - 9 

7 . 4  x 1 0 - 9 

7 . 0  x 1 0 - 9 

5 . 4 x 1 0 - 9 

9 . 7  x 1 0 - 9 

5 . 0  x 1 0 - 9 

1 . 2  x 1 0 - 8 

6 . 0  x 1 0 - 9 

9 . 4  x 10 - 9 

7 . 9  x 1 0 - 9 

1 . 0  x 1 0 - 8 

1 . 4  x 1 0 - 8 

7 . 9  x 1 0 - 8 

1 . 9  x 1 0 - 7 

Medium 

4 . 2  x 1 0 - 7 

3 . 3  x 1 0 - 7 

4 . 7  x 1 0 - 7 

5 . 4  x 1 0 - 7 

8 . 9  x 1 0 - 7 

8 . 3  x 1 0 - 7 

6 . 5  x 1 0 - 7 

1 . 2  x 1 0 - 6 

6 . 0  x 1 0 - 7 

1 . 5  x 1 0 - 6 

7 . 2  x 1 0 - 7 

1 . 1  x 1 0 - 6 

9 . 5  x 1 0 - 7 

1 . 2  x 1 0 - 6 

1 . 7  x 1 0 - 6 

9 . 5  x 1 0 - 6 

2 . 3  x 1 0 -5 

High 

2 . 3  x 1 0 - 6 

1 . 8  x 1 0 - 6 

2 . 5  x 1 0 - 6 

2 . 9  x 1 0 - 6 

4 . 8  x 1 0 - 6 

4 . 5  x 1 0 - 6 

3 . 5  x 1 0 - 6 

6 . 3  x 10 - 6 

3 . 2  x 1 0 - 6 

7 . 9  x 1 0 - 6 

3 . 9  x 1 0 - 6 

6 . 0  x 1 0 - 6 

5 . 1  x 1 0 - 6 

6 . 7  x 1 0 - 6 

9 . 2  x 1 0 - 6 

5 . 1  x 10 - 5 

1 2 10 -4 . x 

In the c ases were nuc l ide mixture s such as Roc ky F l a t s  p lutonium , enriched 
uranium , and dep l e ted uranium are shipped , the dose asse ssment is c arri ed out b ased 
upon the nuc l ide mixture shown in Tab l e s  2 . 7 . 2 - 2 , and 2 . 7 . 2 - 4 .  

The convers ion from mass t o  ac t ivi ty i n  this assessment uses the spec i fi c  ac t i ­
v i ty fac tors shown i n  Tabl e  F - 5 0 . Throughout thi s transportation risk asses sment the 
plutonium mixture is as sumed to contain an a c t iv i ty of 2 4 1 Am equal to 20% of the 
p l utonium a lpha a c t iv i ty . Thi s  value i s  conserva t ively greater than the maximum 
ameri c ium ingrowth possible  wi th Roc ky F lats plutonium . 
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TABLE F- 50 

SPEC I FIC ACTIVITY OF ISOTOPE TRANSPORTED 

Nuc l ide 
Spec i fic  Ac tivity 

( C iLg) 

Am- 241 3 . 42 

Be ( non- radioac t ive ) 

Np- 237 7 . 0 6 x 10 -4 

Pu- 238 1 .  7 1  x 101 

Pu- 239 6 . 22 x 1 0 - 2 

Pu- 240 2 . 28 x 10 - 1 

Pu- 241 1 . 04 x 102 

Pu- 242 3 . 93 x 10 - 3 

U- 233 6 . 66 x 10 - 3 

U- 234 6 . 18 x 10 - 3 

U- 235 2 . 14 x 10 - 6 

U- 236  6 . 34 x 10 - 5 

U- 2 3 8  3 . 37 x 10 - 7 

Equat ion 131  is  used to calculate the 7 0  year population ri sk dose . Thi s  equation 

is  appl ied separately for each radioac tive nuc lide o f  each transportat ion category 

shown in Table F-41 for each o f  the organs o f  intere s t . Populat ion risk do ses are then 

summed separately for each transportation mode to get the to tal population dose , as 

shown in Table 3 . 3 . 2 -2 .  Exposure risk to beryll ium is determined in an analogous 
manner .  

Table  F - 51 summarizes the population risk do se calculation in a s l ightly di fferent 

fashion than explained above . The ac t ivi ty of each nuc l ide inhaled by the population 

on a yearly bas is  is presented . Thi s  i s  calculated us ing equation 131  with the terms 

in the square brackets deleted . 

fac tor , dose fac tor , and 7 0 -year 

for each of the organs . 

Thi s  activity i s  then corrected for the resuspension 

time period . The risk dose i s  shown in Table F - S 1  

The sum o f  the do ses from all  the nuc l ides is  the number used t o  determine the 

maximum heal th e f fect  to the population . Thes e  calculations are shown in equations 

l32  thru 1 3 6 . 

�z ;e 
= AR • FOSse · FOP

pz 
• FRse 

• VMPY • APC • CPV • FA • FRS · 
SPA · PDF

pz 
• [RF • ( CDF � IR )  • 70 yr] = PDR 70 
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where AR = acc ident rate ( Tables F -43 thru F -46 ) 

FOSsc  
= frac tional oc currence of given severity c lass ( Tables F -43 thru F -4 6 )  

FOPpz = fractional occurrence i n  a given population zone ( Tables F -43 thru F -4 6 )  
FRsc  = release frac tion ( Table  F -47 ) 
VMPY = vehicle mi le  per year ( Tab l e  F -4l ) 

APC = amount per container ( Tab le F- 4l ) 
CPV 

FA 

= 

= 

container per vehicle  ( Tab l e  F -4l ) 
frac tion aero sol ized ( Table  F -48 ) 

FRS 

SPA 

= 

= 
frac tion o f  that aerosol ized o f  respirab l e  size ( Table  F -47 ) 

spec i fi c  ac tivity ( Table F - 50 ) 
PDFpz 

= population di lution fac tor ( Table  F -49 ) 
RF = resuspension fac tor ( Sec tion F . l . l . l )  

CDF = chronic dose fac tor ( Table F - 38 ) 
IR = inhalation rate ( 3 . 33 x 10 - 4 m3/sec ) 

PRD70 = population dos e  over 70 years ( rem ) 

6 101 man- rem . 2 . 0  x 10 -4 cancer mortalities = . 1  x 70 year man- rem 1 0 - 2 cancer mortal i ties 1 . 2  x 70 year ( 1 32 ) 

1 2 104 man- rem . x 70 year 10 - 5 cancer mortalities 4 . 0  x man - rem = 10 - 1 cancer mortal i ti e s  4 . 9  x 70 year ( 13 3 )  

7 8 103 man- rem . x 70 year 

1 . 8  x 104 man - rem 
70 year 

2 x 10 - 6 cancer mortalities = 
man- rem 

6 x 10 - 6 cancer morta l i ties = 
man - rem 

To tal 

6 . 1  x 101 man- rem . 3 . 0  x 10 -4 gene tic defects 
70 year man- rem = 

2 x 10 - 2 cancer mortal i ties ( 134)  70 year 

1 x 10 - 1 cancer mortal i ties ( 1 35 ) 70 year 

10 -1 cancer mortal ities  6 . 3  x 70 year 

1 . 8  x 10 - 2 geneti c defec t s  
70 year ( 136 ) 

Al though the ground plane dose to the population was not used in the transporta­

tion risk dose assessment , it is calculated . The methodology used is outl ined in 
sec tion F . l . 4 .  The ground plane dose was evaluated separately for each population zone 

bec ause of the di fferenc es in the population dens i ty .  A summary of the calculation 
resul ts i s  shown in Tab le F- 52 . 
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TABLE F - 51 

POPULATION RISK DOSE CALCULATION SUMMARY 

70 Year Population Risk Do se 
Ac tivi ty inhal ed (man- rem/70 year) 

Nucl ide per year (Ci ) Total Body Lung Liver Bone 

10 -9 101 1 . 5  x 102 1�10 2 -- 2 
Pu- 238 1 . 7  x 9 . 2  x 2 . 7  x 10 

Pu- 239 5 . 8  x 10 - 8  3 . 4  x 101 4 . 6  x 103 4 . 5  x 1 03 L O x 1 04 

Pu- 240 1 . 3  x 10 -8 7 . 8 1 . 1  x 10 3 L O x 103 2 . 4  x 103 

Pu- 241 3 . 7  x 10 -7 3 . 9  5 . 2  x 101 5 . 6  x 102 1 . 3  x 10 3 

Pu- 242 1 . 2  x 10 - 12 6 . 6  x 10 -4 9 . 0  x 10 - 2 8 . 8  x 10 - 2 1 . 9  x 10 - 1 

Am-241 3 . 8 x 10 - 8 L O x 10 1 1 . 7  x 103 1 . 6 x 103 3 . 5  x 10 3 

U-233  2 . 5  x 10 - 11 1 . 8  x 10 - 3 1 . 9  1 . 8  x 10 - 3 4 . 1  x 10 - 2 

U- 234 1 . 1  x 10 - 8 6 . 9  x 10 - 1 7 . 9  x 102 7 . 4  x 1 0 - 1 1 . 7  x 10 1 

U- 235 1 . 0  x 10 - 9 6 . 6  x 10 - 2 7 . 1 x 101 6 . 6  x 1 0 -2 1 . 5  

U- 236 1 . 6  x 10 - 10 1 . 1  x 10 - 2 1 . 2  x 101 1 . 1  x 1 0 - 2 2 . 4  x 10 - 1 

U- 238 6 . 0  x 10 - 8 3 . 7  3 . 9  x 10 3 3 . 7  8 . 6  x 101 

Th - 231 1 . 0  x 10 -9 1 . 1  x 10 - 6 2 . 8  x 10 -4 1 . 8  x 10 - 6 3 . 2  x 10 - 5 

Th - 234 6 . 0  x 10 - 8 L O x 10 - 2 2 . 3  2 . 0  x 10 - 2 4 . 9  x 10 - 1 

To tal 6 . 1  x 101 
1 . 2  x 10

4 
7 . 8  x 10

3 1 . 8  x 104 

TABLE F- 52 

POPULATION RISK DOSE FROM GROUND PLANE IRRADIATION 

Ac tivi ty Re l eased in Each Population Zone 70 -Year Populat ion 
( C i/yr )  Ri sk Do se 

Nucl ide Low Medium High (man- rem ) 
Pu-238 4 . 1  x 10 -5 

1 . 4  x 10 -5 
1 . 1  x 10 -5 

4 . 9  x 10 -3 

Pu-239 1 . 4  x 10 - 3 4 . 9  x 10 -4 3 . 8  x 10 -4 7 . 2 x 10 - 2 

Pu -240 3 . 2  x 10 -4 1 . 1  x 10 -4 8 . 7  x 10 - 5 3 . 4  x 10 - 2 

Pu-241 9 . 0  x 10 - 3 3 . 1  x 10 - 3 2 . 4 x 10 - 3 0 
Pu-242 2 . 9  x 10 - 8 9 . 8  x 10 - 9 7 . 7  x 10 - 9 2 . 9  x 10 - 6 

Am- 241 5 . 5  x 10 -4 1 . 7  x 10 -4 1 . 2  x 10 -4 1 . 3  
U- 233 2 . 2  x 10 - 7 1 . 9  x 10 - 7 1 . 8  x 10 - 7 1 . 8  x 10 -4 

U- 234 6 . 8  x 10 - 5 7 . 9  x 10 - 5 7 . 3  x 10 - 5 4 . 6  x 10 - 2 

U- 235 5 . 9  x 10 - 6 7 . 3  x 10 - 6 7 . 0  x 10 - 6 2 . 6  x 10 - 1 

U- 236 1 . 3  x 10 - 6 1 . 2  x 10 - 6 1 . 1  x 10 - 6 4 . 7  x 10 -4 

U- 238 3 . 3  x 10 -4 4 . 3  x 10 -4 4 . 2  x 10 - 4 1 . 8  x 10 - 1 

Th- 2 3 1  5 . 9  x 10 - 6 7 . 3  x 10 - 6 7 . 0 x 10 - 6 1 . 2  x 10 - 1 

Th -234 3 . 3  x 10 -4 4 . 3  x 10 - 4 4 . 2  x 10 -4 9 . 3  x 10 - 1 

3 . 0  
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Downwind Do se 

Estimates o f  the dose downwind from an acc i dent involve di f fu s ion calculation 
based on short term meteorological condi t ions rather than long term average condit ion s  

as were used i n  previous r i s k  dose c alculations . For all  acc i dents , meteorological 

condit ions were as sumed to be Pasqui l s tab i l ity c lass  E with a wind veloc ity of 3 . 0  
meters per second . 

As was done in the bery l l ium acc i dent analys i s  a fire was assumed , result ing in 
a p lume release height o f  100 meters . Us ing equation 1 0 7  the r e l a t ive concent rat i ons 

( X/Q ) as a function of d i s tance downwind from the acc ident is shown in Table F - 53 . 

TABLE F - 5 3  

ATMOSPHERIC DISPERS ION FACTORS DOWNWIND FROM A TRANSPORTATION ACCIDENT 

Distance 

100 meters 

1 .  2 mi le 

2 

3 

3 . 55 

4 

5 

10  

20 

30 

40 

(�) 
( sec/m3 ) 

o 
3 . 2  x 10 - 7  

1 . 3  x 10 - 6  

1 . 8  x 10 - 6 

1 .  82 x 10 - 6  

1 . 8  x 10 - 6 

1 . 7  x 10 - 6 

1 . 0  x 10 - 6 

5 . 3  x 10 - 7 

3 . 5  x 10 - 7 

2 . 5  x 10 - 7 

The wors t  case accident i s  as sumed to be a severi ty c lass V I I I  ac cident involving 
a transport truck containing type B containers loaded with Rocky Flats plutonium . 

The amount released i s  calculated in equat i on 137 . The parame ters for thi s equation 
come from Tab les F -4l , F -47 , and F-48 . 

4500 grams container 12  vehicle  . 0 . 05 aerosol ized · 0 . 2  o f  resp irable s ize container 

0 . 1  released from container = 54 g ( 1 3 7 )  

Equat ion 1 3 8  i s  then app l ied to the i sotopic breakdown o f  the amount released to 

determine the organ dose commitmen t resul ting from each nuc l ide . 

D = R . SpA . RF . ADF . ( X )  Q 

F - 106  
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where 
D = organ dose commi tment ( rem ) 

R = amount of nucl ide released ( equation 1 3 6 )  
SpA = spec i fi c  ac tivi ty ( tabl e  F - 5 0 )  

RF = resuspens ion fac tor ( section F . 1 . 1 . 1 )  
ADF = Acute dose fac tors ( tab le  F- 2 6 )  
X/Q = di spers ion fac tor ( table  F - 53 ) 

The resu l t  o f  the above calculation carried out for each organ of interest  and 

summed for each o f  the nucl ides involved i s  shown in Table 3 . 3 . 2 - 3 as a funct ion o f  

dis tance downwind . 

To assess the health e ffec ts to the population as a result o f  the maximum credible 

acc ident i t  i s  necessary to assess the population dose commitment . The population 

dose commitment will  be dependent upon the population zone in which the acc ident i s  

as sumed t o  occur . The population dose commi tment is  determined b y  calculating the 

number of peop le living in one sector between two dis tances ( the population den s i t ies 

are found in Table F - 3 9 ) . Al l the people in a given sector and dis tance range are 

as sumed to receive a dose equal to the person res iding at the closest  dis tance of 

that range . In addition , all individual s in that sec tor are as sumed to be exposed to 

the p lume centerl ine air concentration , even though the plume always remains narrower 
than the sec tor i t se l f .  

The populat ion bone doses  for the three population zones are shown i n  Table 

F - 54 as a funct ion of dis tance downwind . The sums of the se three co lumns are used to 

assess  the health ri sks based upon the factors of Table 3 . 1 . 2 - 10 . These calculations 

are shown in equation 139 thru 141 . 

TABLE F - 54 

POPULATION BONE DOSE COMMITMENT FROM WORST CASE TRANSPORTATION ACCIDENT 

Population Bone Dos e  Commi tment (man- rem ) 

Dis tance Populat ion Dens i ty Zone 
(Mi ) Low Medium High 

2 - 3 1 . 9  x 102 2 . 4  x 104 1 . 2  x 1 05 

3 -4 3 . 8  x 10 2 4 . 4  x 104 2 . 4  x 1 0 5 

4 - 5 5 . 0  x 102 5 . 8  x 104 3 . 2  x 10 5 

5 - 10  3 . 8  x 103 4 . 6  x 10 5 2 . 4  x 10 6 

10 - 20 9 . 4  x 10 3 1 . 1  x 10 6 6 . 0  x 1 0 6 

20 - 30 8 . 0  x 10 3 9 . 6  x 10 5 5 . 2  x 1 0 6 

30 -40 7 . 2  x 103 8 . 8  x 10 5 4 . 6 x 10 6 

40 - 50 7 . 0  x 103 8 . 4  x 10 5 4 . 4  x 10 6 

Total 3 . 6  x 104 4 . 4  x 106 2 . 4 x 1 07 
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3 . 6  1 04 6 1 0 - 6 bone cancer mortalities = 0 . 22 bone canc er morta l i ties { 139 } x man - rem x man - rem 

4 . 4  1 06 6 1 0- 6 bone cancer mortalit ies = 2 6  bone cancer mortal ities  { 140 } x man- rem x man - rem 

2 . 4  107 6 x 10 - 6 bone canc er mortalities = 1 . 4  x 1 01 bone cancer x man - rem man- rem mortal ities { 141 } 

Urban {Max/Min } Ac c i dent 

The analysis  of what is re ferred to as a max/min ac c ident i s  carried out . 
Max/min refers to the fac t that thi s acc ident would result in maximum cons equence i f  

i t  occurred , but that i t  has a minimum probab i l i ty o f  oc currence . The consequence i s  
so high , however ,  that an assessment needs to b e  made no matter how s l ight the proba­

b i l i ty .  

To do thi s assessment , the methodology o f  Transport o f  Radionuc l ides in Urban 

Environs { DuCharme , 1 9 7 8 }  was used . Thi s  document uti l izes di spers ion models and 

dos ime tric methodologies spec i fically des igned for the urban environment .  Because 

the models are quite complex and computer oriented , hand calculations for a speci fic 

example are di f fi cul t . Ins tead , the max/min acc ident corre sponding to that in the 

Rocky Flats transportation asses sment was taken from the Sandia document and correc ted 

for Rocky Flats spec i f i c  transportation parameters . 

The corresponding max/min acc ident from the Sandia document i s  an ac cident 

invo lving a 1 . 1 3 x 106 Ci  shipment of Special Nuc lear Material . The model predic t s  

3964 latent cancer fata l i ties as a result o f  this accident . 

The analys is  o f  latent cancer fatalities  i s  based upon analys i s  o f  dose to the 

organs shown in Table  F - 5 5  from a 50 year dose commitment . Also inc luded in the 

table are the other parameters requi red to determine the overal l Latent Cancer Fatal ity 

rate per � C i  inhaled by the population . 

TABLE F - 5 5  

HEALTH EFFECT AS SESSMENT FROM SANDIA MAX/MIN ACC IDENT CASE 

LCF* mrem ' 50yr I:!Ci de�O S i tedt LCF 
Organ mrem · 50yr I:!Ci oeeo s i teo t !:!Ci in alea I:!Ci innaleo 
Lung 22 . 2  x 10 - 9 9 . 5 1 x 105 

0 . 2 2 4 . 64 x 10 -3 

Blood Forming 
10 - 9 x 103 10 -5 Organ 28 . 4  x 4 . 2  0 . 22 2 . 62 x 

Gas trointe s t inal 
10 - 9 10 2 10 - 7 Tract 3 . 4  x 1 . 6  x 0 . 2 2 1 . 20 x 

Thyroid 13 . 4  x 10 - 9 1 . 8  0 . 2 2 5 . 31 x 10 - 9 

Bone 21 . 0 x 10 - 9 2 . 461 x 10 6 0 . 22 1 . 14 x 10 - 2 

1 .  61  x 10 -2 

*LCF = latent cancer fatal i ty .  
t In Pulmonary Lung . 
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Once this c ancer rate is  determined , i t  is  pos s ible to calculate the frac tion o f  

the shipment that i s  ultimately inhaled by the population over a 50 year period . 

These calculations are shown in equations 142 and 143 . 

1 � C i  inhaled 5 6 . 22 x 10 LCF . 3964 LCF = 2 . 47 x 10  �Ci inhaled ( 142 ) 

2 . 47 x 10 5 � C i  inhaled + 1 . 13 x 1012  � C i  shipped = 2 . 1 9 x 1 0 - 7 frac t ion inhaled ( 143 ) 

This  fac to r  i s  now the bas i s  upon which the Rocky Flats max/min accident assessment 

is made . Inherent in this number is the frac tion released and aerosolized in respirable 

s i zed particles , the di spers ion o f  the material in the urban environment , and the 

resuspens ion over 50 ( not 70 as used in the Rocky Flats assessmen t )  years . 

The Rocky Flats assessment is  based on a loaded plutonium transport truck .  The 

amount inhaled by the population i s  c alculated in equations 144 and 145 . 

4 5 Kg container - 7 - 2 . Container . 12 vehicle . 2 . 19 . 10  frac tion inhaled = 1 . 18 x 10  g inhaled/50 
years ( 144 ) 

1 18 10 - 2 50 1 97 inhaled/70yr = . x g inhaled/ yr · � inhal ed/50yr 
- 2 1 . 45 x 10  g inhaled/7 0yr ( 145 ) 

Thi s  value is  then broken down into the isotopic mixture by activi ty based upon 

Tables 2 . 7 . 2 - 2 and F - 50 . Al though the exposure shown here is an acute exposure at 

the time o f  the accident , fol lowed by a 70 year chronic  expo sure from resuspended 

material , thi s asses sment used the conservat ive acute dose fac tors . These dose 

factors ( Table F- 2 6 )  corrected for the inhalation rate inherent in them ( divide by 

3 . 33 x 10 -4 m3/sec ) are multiplied by the re lease activi ties and summed for each 

organ , as shown in Table F- 5 6 . 

TABLE F- 5 6  

ORGAN DOSE COMMITMENTS FROM MAXIMIN TRANSPORTATION ACCIDENT 

Ac tivi ty inhaled 7 0 -Year Organ Dose ( man- rem ) 
Nuc l i de in 7 0  :years ( C i ) Total Bod:y Lung Liver Bone 
Pu-238 2 . 5  x 10 -5 

2 . 2  x 102 2 . 0  x 104 2 . 6:104 6 . 1�04 

Pu- 239 8 . 5  x 1 0 - 6 8 . 8  x 103 6 . 4  x 105 1 . 0  x 1 06 2 . 5  x 1 06 

Pu- 240 1 . 9  x 1 0 - 6 2 . 0  x 103 1 . 4 x 105 2 . 3  x 105 5 . 8  x 1 05 

Pu- 241 5 . 4  x 10 - 3 6 . 8  x 10 2 7 . 1  x 103 9 . 3  x 1 04 2 . 3  x 1 05 

Pu- 242 1 . 7  x 10 - 8 1 . 7  x 10 - 1 1 . 2  x 1 01 2 . 0  x 1 01 4 . 8  x 101 

Am- 241 2 . 3  x 1 0 -4 1 . 9  x 103 1 . 9  x 105 2 . 9  x 1 05 6 . 9  x 1 05 

1 . 4  x 104 
L O x 1 06 1 . 6  x 1 06 4 . 1 x 1 06 
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The health effec ts o f  thi s population dose commi tment are calculated in equations 

146 thru 150 . A s imilar calculat ion is done for an enriched uranium shipment . The 
result ing health e ffec ts are shown in Table F - 57 . 

1 4 104 man- rem 
· x 70 years 

1 0 10 6 man- rem 
· x 70 years 

1 6 10 6 man- rem 
· x 70 years 

2 . 0  x 1 0 - 4 cancer fatali ties 
man- rem 

1 0 - 5 cancer fatal � ties  4 . 0  x man- rem 

2 x 10 - 6 cancer fatal ities  = 
man- rem 

4 . 1 x 106 man- rem . 6 x 10 - 6 cancer fatal ities = 

Total : 

= 8 cancer fatal ities  2 .  70 years 

= 4 0 101 cancer fatal i ties . x 70 years 

cancer fatal i ties 3 . 2  70 years 

2 5 101 cancer fatal i ties . x 

7 1  cancer fatalities  
70 years 

1 4 104 man- rem 
· x 70 years 3 . 0  X 1 0 -4 gene tic defects = 4 2 genetic defec ts 

man- rem . 70 years 

TABLE F- 57 

HEALTH EFFECTS FROM MAX/MIN ACCIDENT INVOLVING ENRICHED URANIUM 

Organ 

Total Body 
Lung 

Liver 

Bone 

Cancer Fatali ties 

3 . 5  x 10 -3 

7 . 6  x 10 - 1 

3 . 5  x 1 0 - 3 

2 . 4  x 10 - 3 

7 . 7  x 10 -1 

Genetic De fec ts 

5 . 2  x 10 -
3 

5 2 10 -3 
. x 

( 146 ) 

( 147 ) 

( 1 48 )  

( 149 ) 

( 1 5 0 )  

Calculat ion o f  the decontaminat ion cost resulting from a radioact ive release i s  

carried out i n  the S andia document . For the Rocky Flats plutonium acc ident , equation 

151 calculates the activity re leased . 

. 12  containers . 0 . 879 Ci  
vehicle g 

. 0 . 0 5 aerosoized = 2 . 4  x 102 Ci ( 151 ) 

Graph 4 - 7 in the Sandia document shows a decontaminat ion cost o f  1 . 72 x 10 8 dol lars 
from such a release . 

The probability o f  thi s max/min acc ident occuring is  very low . Tables F - 41 and 

F - 42 give the probab i l i ty as c alculated in equation 152 . 

6 . 6  x 10 - 7 ac��1�nt 
. 1 . 5  x 10 - 5 Class VII I  accident 5 x 10 - 2 in h igh populat ion 

dens ity zone 
• 6 . 2  x 105 ;���s = ' 3 . 1 x 10 - 7 year - 1 = once in 3 . 3  x 106 years ( 152 ) 
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APPENDIX G 

PLUTONIUM TOXIC ITY 

Appendix G cons i s t s  o f  four reports deal ing with health e f fects  related to plutonium 
toxic i ty .  

Appendix G- l ent i tled "Health E f fec ts  from Transuranic Element Exposure" was 
prepared by R .  C .  Thompson and W. J .  Bair . 

Appendix G- 2 ent i tled " Cancer Risk from Foc al Depos i t s  o f  Alpha-Emitting Radionuclides 
in Lung Tissue" was prepared by R .  G .  Cuddihy and W. C .  Gri ffi th . 

Appendix G- 3 ent i tled " Nontechnical Di scuss ion o f  Plutonium and the basis o f  i t s  
Health S tandards "  was prepared b y  R .  E .  Yoder .  

Appendix G-4 i s  ent i t led "Rocky Flats Fac i l i ty Technical Assessment Document "  and 
was prepared by the U . S .  Environmental Protec tion Agency . 
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APPENDIX G- l 

Health Effects from Transuranic Element Expo sure 

R .  C .  Thompson and W. J .  Bair 

Prediction o f  the human health consequences attributable to the release of plu­

tonium and americium to the environment from Roc ky Flats operations i s  necessarily 

indirec t and highly uncertain . There i s  a lack o f  any pos i t ive information on 

effects o f  these  elements in e i ther man or experimental animals at the very low 
exposure l evels anticipated . There also i s  a lack o f  unders tanding o f  the mechani sms 

by wh ich such e ffects oc cur . This  understanding , i f  avai lable , would aid in the 

extrapolation of data obtained at much higher exposure leve l s . Data relevant to 

such predi ctions are considered in thi s Appendix under four general headings : ( 1 )  

experi ence wi th transuranic e l ements in man , ( 2 )  experience with natural radiation 

in man , ( 3 )  data from animal experiments on plutonium toxic ity , and ( 4 )  data on 

effects o f  other types o f  radi ation on man . Consideration will be given to the 

general problems of extrapolation from animal to man , and extrapo lation from the 
expo sure leve l s  producing observabl e e ffects , to the very much lower exposure leve l s  

predic ted t o  resul t from Rocky Flats operations . The controversy regarding the 

influence of spatial distribution of dose  on resul tant bio logical effects wi l l  also 

be addres sed . 

The general approach fol lowed in thi s  appendix i s  that o f  Appendix I I . G  o f  the 

LMFBR Envi ronmental S tatementl wi th modi fications re flec ting the newer information 

now avai l able . 

G . l EXPERIENCE WITH TRANSURANIC ELEMENTS IN MAN 

No l i fe- threatening effects at tributable to transuranic elements have been 

observed in man . Evidence o f  e f fects at the cel lular level ( e . g .  h i s tologically 

ob served e f fects surrounding a plutonium-contaminated wound2 , 3  and po ssible increases 

in chromosome aberrat ions fo l lowing acc idental exposure4 ) c anno t be related to exposure 

leve l s  in any manner useful to predictive analys i s . A recent accident in which a 

radiat ion worker in Hanford , Washington was exposed to gross external and subs tantial 

internal contamination with 24lAm resul ted in pain and di sablement , however these 

effec ts are attributed primari ly to the i solation requi red and to treatment proc edure s 

for acid burns and for removal of americium and nonradioac tive foreign materials . S 

Cons ideration mus t  there fore be direc ted toward the kind and magni tude of expo sures 

that have occurred wi thou t evi denc ing effects . Such exposures ari se  from two principal 

sources : the world-wide plutonium fallout from atmospheric tes ting of nuclear weapons 
and o ther devic es , and the acc idental exposure of plutonium workers . 
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Exposure to Fal lout Plutonium 

As the result o f  atmosphe ric tes ting o f  nuc lear weapons , an estimated 320 kilo­

curies of long- l ived plutonium isotopes have been depos ited on the surface of the 

earth , of which about 250 ki locuries is deposi ted on the northern hemi sphere and 16  

ki locuries on the United S tates . 6 , 7 Measurements o f  this plutonium in the air , in  

soil , in foods , and in man cons titute a "natural " experiment of  pertinence to  the 

estimat ion of the bio logical behavior of transuranic elements released from Rocky 
Flats . 

Estimates o f  human organ burdens and doses resul ting from fal lout plutonium have 

been made by Bennett , employing the ICRP lung model and the data on New York City 

plutonium air concentrat ions ( measured s ince 1965 and estimated prior to that date by 

analogy with measured strontium- 90 ) . 8 As suming no intake subs equent to 1972  and 

cal culating cumulative dos e  to the Year 2000 , Bennett arrived at the estimates given 

in Table G- l .  These estimates as sume no intake by inges tion and invo lve a cumulative 

inhalation intake from 1954 to 1972  o f  42 picocuries ( 1  p i cocuries = 10 - 12  curies ) 

per person , or 8 mi l l icuries total for a present U . S .  population o f  about 2 x 108 . 

For compari son , Table G- l also l ists  the estimated dose from 7 0  years o f  routine 

Rocky Flats Plant re leases . Though the true periods are not the same , this comparison 

helps to achieve some perspec tive . Note also that the estimates of dos e  from fal lout 

are based upon measured value s , while  the estimates of dos e  from Rocky Flats releases 

are based upon conservative as sumptions . 

Organ 

Lung 

Bone 

Liver 

a .  

TABLE G- l 

ESTIMATED RADIATION DOSE TO THE 1977  ROCKY FLATS AREA POPULATION 

FROM FALLOUT PLUTONIUM AND FROM 70 YEARS OF ROUTINE PLANT RELEASES 

(million man- rem ) 

Dose Equivalent to the 

Year 2000 from Fal lout Pua 

0 . 029 

0 . 061 

0 . 031  

Do se Equivalent from 

70 Years o f  Routine Releas esb 

0 . 00 8  

0 . 02 8  

0 . 012  

Per capita e s t imate o f  Bennett , based on New York City air concentrations , 8 

multipl ied by 1 . 8  mi l l ion population within 50 -mile radius o f  Roc ky Flats 

Plant ( see Table 2 . 3 . 3 - 2 in Chapter 2 ) . 

b .  Taken from Table 3 . 1 . 2 - 8 in Chap ter 2 .  

Direct measurements have been made o f  fallout plutonium in autopsy samples . 
Because the plutonium levels  are at the lower l imits o f  analyt ical c apabilitie s , many 

o f  the earlier values reported were highly uncertain . A recent summary o f  careful ly 

evaluated autopsy data collec ted from many s tates over a period extending from 1959 
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to 1976 provides the data shown in Table G- 2 . 9 The measured organ concentrations 

l i s ted are 50th percentile values ( 50% of individual samples are lower ) from more 

than 170 autop s i e s . Al so shown in Table G- 2 are computed es timates of plutonium 

concentration in t i s sues based on the New York plutonium air concentrations and the 

I CRP lung mode l .  The agreement is quite good , exc ep t for lymph nodes . The low 

measured value in lymph nodes may reflect a greater solub i l i ty of fal lout plutonium 

than assumed in the model . Proportionately larger amounts o f  plutonium are observed 

in the lymph node s of experimental animal s  and plutonium workers exposed to insolub le 
plutonium oxide . 

Organ 

Bone (vertebra ) 

Liver 
Lung 

Lymph Nodes 

Kidney 

Gonads 

TABLE G- 2 

CONCENTRATION OF FALLOUT PLUTONIUM IN MAN 

( pCi/kg ) 

Autopsy 

Data9 Computed 

1959 -1 9 7 6  1 9 64 
0 . 50 0 . 08 

0 . 58 0 . 23 

0 . 24 2 . 48 

2 . 42 43 . 0  
0 . 0 6 0 . 03 

0 . 13 0 . 02a 

Estimates 8 

1974 

0 . 2 0 

0 . 54 

0 . 12 

27 . 0  

0 . 0 6 

0 . 12a 

a Estimated on the as sumption that 0 . 05% o f  the total body burden is  present in 1 0  

g o f  ovaries . 

While these  data on fal lout plutonium in man cannot be linked to any measured 

effec t s , they do indicate that such unmeasurable e ffects in the general population 

around the Rocky Flats s i te wi l l  be more numerous than the mos t  conservat ive ly e s ti ­

mated e ffec ts from Rocky Flats operations . 

Occupational Exposure 

The U . S .  Transuranium Regi s try was establi shed in 1968 to obtain information on 

persons occupationally expos ed to plutonium and other transuranium elements .  It i s  

operated by the Hanford Envi ronmental Health Foundation , with cooperat ion from Pac i fic 

Northwe s t  Laboratory , Lo s Alamos Scienti fic Laboratory , and the Rocky Flats Plant . 

The Regis try seeks to identify po tentially exposed workers , obtain their health 

phys i c s  and medical records , and their permiss ion for pos tmortem sampl ing . Regi s try 
operat ions are summarized in Table G_ 3 . l 0  More than 14 , 00 0  persons have been spec i ­

fically identi fied a s  having been employed i n  operations that might lead t o  signi ficant 

plutonium expo sure . Note t�at Rocky Flats has contributed more than hal f  o f  all 

autops ies performed to date for the Transuranium Registry ;  Rocky Flats continues to 
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encourage all  workers to partic ipate in the Transuranium Regis try . Perm i s s ion for 

pos tmortem sampl ing and for access to medi c al records is at the workers ' discretion . 

The accumulat ing autopsy data are in general agreement with data on the d i s tribution 

of plutonium in experimental animals , and thus suppo rt the extrapol ation of animal 

tox i c i ty data to man . 

TABLE G- 3 
STATISTICS ON OCCUPATIONAL EXPOSURE FROM THE U . S .  TRANSURANIUM REGISTRY 

OCTOBER , 1 9 7 71 0  

Number o f  Persons for whom Regi s try Has : 
Releas e of 

Spec i fic  Health Physics Authori ty Autopsy 
Location Identification and Medical Records For AutoEsy Performed 

Hanford 7 , 0 7 9  2 , 244 535  24 

Rocky Flats 2 , 1 29 1 , 9 60 209 42 

Los Alamos 3 , 0 25 258 1 2 6  4 
Savannah River 1 , 683 1 67 9 2  0 
Mound 334 9 10 1 
Oak Ridge 14 0 0 1 
Elsewhere 122 106 13 1 
Total 14 , 386 4 , 744 985 73 

An epidemiologic s tudy o f  workers expo sed to plutonium at DOE installations has 

been underway s ince 1 9 74 . 1 1  Data on mo rtal i ty and morbidity in the se workers are 

being collec ted and fo l lowup through at least 1990 is antic ipated . The numbers o f  

exposed workers , grouped according t o  estimated depo s i tion level , are shown in Table 

G- 4 .  Additional workers potentially expo sed to plutonium , but with e s t imated depo s i ­
tion level s  lower than 1 nanocurie ,  wi ll be studied a s  controls . 

TABLE G-4 

DOE CONTRACTOR EMPLOYEES WITH ESTIMATED PLUTONIUM DEPOS ITIONS 

IN EXCESS OF 1 NANOCURIE AS IDENTIFIED FOR EPIDEMIOLOGIC STUDy1 1  

Number o f  Persons 

141 

885 
3 , 7 25  

E s t imated 
DeEo s i tion Range ( 10 - 9 Ci ) 

20 or more 

4 - 2 0  

1 - 4 

One group o f  exposed persons i s  o f  particular intere s t  because o f  their early 
exposure , the ir re latively high leve l of exposure , and the thoroughness  of the fol low­
up s tudi e s . 12  These 25 laboratory workers were exposed during 1944 and 1945 whi l e  

working at what i s  now the Los Al amos Scienti fic Labo ratory , under conditions that 

would be j udged crude and unaccep table by today ' s  s tandards . Their individual body 
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burdens are estimated to range from 5 to 42 0 nanocuries , total ing , in the aggregate , 

about 2 . 5  microcuries . These burdens have now been retained for more than 30 years . 

One o f  the 25 died of a coronary occlusion at age 33 , and another died as the resul t 

o f  an automobile  acc ident . None have shown medical findings attributable to inter­

nal ly depos ited p lutonium . 

Ano ther group o f  p lutonium workers o f  particular interest  are the 25 workers 

wi th initial lung burdens greater than 0 . 04 microcuries who were exposed during the 
Rocky Flats Plant fire of 1965 . 13 Aside from the cytogenetic e ffec ts noted below , 

there have been no detectable medical effects observed in these workers . 

An increased incidence o f  chromo some aberrat ions in lymphocy te culture i s  a very 

sensi tive indicator o f  radiation exposure . An increased inc idence o f  such chromo some 

aberrations has been reported in plutonium-exposed Rocky Flats Plant employees . 4 

Even though cont inuing s tudies on the se workers indicate a linear do se - response rela­

tionship be tween systemic plutonium burden and aberration frequency , the resul ts do 

not appear to be useful for predicting ul timate health e ffec ts . An increased inc i ­

denc e  o f  chromosome aberrations was al so observed i n  English plutonium workers , but 

could not be di f ferenti ated from pos s ible e ffec ts of external irradi ation . 14 In any 

case , the occurrence of these chromosome aberrations in cul tured lymphocytes i s  not 

known to relate , in any way , to ultimate biological e ffec ts influenc ing survival . 

In view o f  the relatively small number of persons wi th sizable plutonium depo s i ­

tions , i t  seems unl i kely that s tati s t ically valid inference s  with regard t o  toxic 

e ffec ts will ever be made . This  would not be true , however , if plutonium were mark­

edly more toxic than is currently beli eved . Thus , the 2 . 5  microcuri es presently re­

tained by the Lo s Alamos subj ects mus t  have amounted to about 10 mic rocuries origin­
ally depo s i ted , which , after 30 years , should have shown signi ficant e ffect s  if the 
canc er risk were as high as postul ated by Tamp l in and Cochran . 1 5 Thi s  point was con­

vinc ingly made in a paper by Cave and Freedman . 1 6 

G . 2  EXPERIENCE WITH NATURAL RADIATION IN MAN 

Experience with transuranic elements in man i s  l imi ted to the present genera­

tion . Other alpha - emi tt ing elements , however ,  are a natural part o f  man ' s  environ­
ment . He has lived wi th these internally depo s i ted radioelements and wi th radiation 

from other natural sources throughout the his tory of the species . An estimate o f  the 

radiation doses  to Denver area res idents from the se natural sourc es is presented in 

Table 3 . 1 . 2 - 6  o f  Chapter 3 . 1 7  Whether one compares the maximum exposed individual or 

the average Denver area resident , the es timated radiation exposure due to Roc ky Flats 

operations i s  a very small  frac tion o f  thi s natural bac kground exposure . 
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G . 3  EFFECTS OF TRANSURANIC ELEMENTS IN EXPERIMENTAL ANIMALS 

Oirect information on the toxicity of transuranic  elements i s  avai l able only 

from s tudies in experimental animals . The radiob iological l i terature suggests  that 

the b iological e ffects observed in such animal expe riments will  at least quali tatively 

approximate those that would occur in man exposed under the same condi tions . For 

thi s reason , it is important to look to the exten s ive resul t s  of animal experimentation 

for guidance in estimat ing the health ri sks from exposure to transuranic elements . 

The acute tox i c i ty o f  inj ec ted plutonium i s  due primari ly to des tructive e ffects 

on the blood- forming sys tem , resul ting from irradiation of the bone marrow by pluto ­

nium depo s i ted on bone surfaces , or released from the se surfaces into the marrow . 18 , 19 

In the c ase o f  inhaled plutonium , acute death in experimental animals  re sults from 

pulmonary edema , hemorrhage , and inflammatory des truc tion of the funct ional t i s sue o f  

the lung . 19 , 20 

Acute toxicity i s  convent ionally expressed in terms o f  an I L050 " dose ; i . e . , the 

dose required to kill  50% of the animal s  wi thin some spec i fied period of time , usu­

ally 30 days . For intravenously inj ec ted tetravalent plutonium-239 c i trate , in rats , 

the L050/30 is  about 70 microcuries per kilogram . A s imilar value was observed for 

mice . A somewhat lower value , 20 microcuries per kilogram was observed in dogs ; how­

ever , this was with inj ec ted hexavalent plutonium . The L05 0/30 for inhaled plutonium 

in rats and dogs was not very d i f ferent from the values for inj ec ted plutonium . Al l 

o f  these dose values will  vary somewhat depending on the compound adminis tered and 

the valence s tate o f  the plutonium . It seems unl ikely , however , that acute death 

would result from an internally depos i ted dose o f  less  than 10 microcuries per kilo­

gram , which translates to 700 microcuries for a 7 0 - kilogram man . Thi s  amounts to 

about 10 mil l igrams of plutonium- 239 , or about 40 micrograms of plutonium- 238 . l9 

Long- term e ffec ts occur at very much lower exposure levels than those requi red 

to produce acute death , and it is these long- term e f fects that are the only conc ern 

at the very low expo sure levels that might result from Rocky Flats release s . The 

inc idence of c ancer appears to be the mos t  sensi tive measure of these long- term e f ­

fects . The organs in which plutonium is  re tained in highe s t  concentrations are the 

bone , l iver , lung , and lymph nodes . In all  of these o rgans , tumor formation has been 

observed in animals as a result o f  plutonium depo s i t ion , mo s t  s igni ficantly in bone 

and lung . 

E f fects in Bone 

An informative experiment on the toxic e ffec ts o f  plutonium in bone is the bea­

gle s tudy in progres s  at the University o f  Utah . Th is experiment was initiated in 

1952 and was des igned to compare the long- term effects o f  intravenous ly inj ec ted plu­

tonium and radium . The compari son with radium is  of particular intere s t  because ex­

tens ive data are available on the toxic i ty o f  radium in man . 
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Table G- 5 shows the s tatus o f  the plutonium- inj ected animal s  in thi s experi­

ment . 21  In the earliest inj ec ted groups , all animal s  are now dead . In all  of these 

groups , there was a very subs tantial inc idence o f  bone cancers . Wi th decreas ing 

dose , the time to tumor appearance increased unti l ,  in the lowe s t  dose group , the 

average l i fe span was no t s i gni ficantly different from that of the contro l s . Addi ­

tional groups a t  lower dose l evels were exposed beginning i n  1964 . Several bone 

tumors have been observed in these groups , but mos t  o f  the animal s  are s t i l l  alive 

and no estimate of inc idenc e is meaningful at this time . 

TABLE G- 5 

PLUTONIUM- INDUCED BONE CANCERS IN UTAH DOG STUDy21 

Dogs with Bone Canc er 

Inj ec ted Dos e  Dos e  to Skele tonb 

(�Ci/kg) a 
Tumor Inc idence Years to Death ( rad ) ( rem ) 

2 . 9  7/9 = 78% 4 . 1  47 10 235 , 50 0  
0 . 9  12/1 2 = 100% 3 . 6  1410 7 0 , 500 
0 . 3  12/12 = 100% 4 . 5  581 29 , 050 
0 . 1  1 0/1 2 = 83% 7 . 2  231 1 1 , 550 
0 . 05 10/14 = 7 1% 8 . 9  1 3 5  6 , 7 50 
0 . 016 4/14 = 29% 9 . 9  55 2 , 75 0  
Control s  0 1 1 . 5  ( for all control dogs ) 

a .  Addi tional s tudies are in progres s  at dose levels o f  0 . 01 6 , 0 . 0 06 , 0 . 002 , and 
0 . 0006 microcurie per ki logram . 

b .  Cumulative dose to one year be fore death . 

Of more interes t  than absolute cancer inc i dence figures , i s  the finding in the 

Utah s tudies that p lutonium- 2 39 i s  radiologically 16 times more toxic than radium- 226 , 

on the bas i s  o f  the s ame total energy delivered to bone . 21  Thi s  di f ference is  attri ­

butab le to the more hazardous localization o f  plutonium on bone surfaces , near the 

cells  from which bone tumors originate . 

A number o f  long- term s tudies in rodents have also po inted to bone c ancer as the 

mos t  sensi tive indicator of the toxic i ty of inj ec ted plutonium . Cancer inc idence 

data from some o f  these s tudies are summarized in Table G- 6 .  These data were selec ted 

from a more extens ive tabulation by Bair , 22 and inc lude only experiments or experi ­

mental groups meeting the fol lowing criteria : ( 1 )  radiation do se to bone was evalu­

ated in the s tudy , ( 2 )  more than one exposure leve l was s tudied , ( 3 )  c anc er inc idenc e 

did not exceed 5 0  percent , and ( 4 )  l i fe shortening was no t exc e s s ive . Thes e  cri teria 
should help to exc lude resul ts showing a mi s leadingly low canc er inc idenc e due to 

saturation e ffec t s  or early death from other c auses . 
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I t  should be noted that calculation o f  the rem doses l i s ted in Tab le G- 6 involves 

the use o f  a quality fac tor o f  10 and a dis tribution factor o f  5 ;  rem doses  are 

the re fore 50 times the rad doses . The bone cancer inc idence per rem shows rather 

close agreement , both within and between experiments . Thi s  suggests  that cancer in­

cidence i s  an approximately l inear func tion o f  radiation dose to bone ove r the ranges 

s tudied , that it i s  not greatly influenced by the compound or route o f  adminis tration , 

and that mice , rats , and dogs show a s imilar sens i tivity , al though dogs appear to be 

more sen s i t ive than rodent s .  These s imilari ties o f  behavior lend con fidence to the 

use of these numbers for the es timation of e ffects  in man . 

TABLE G- 6 

PLUTONIUM- INDUCED BONE CANCERS IN EXPERIMENTAL ANIMALS22 

Bone Dose Bone Cancer 
Adminis tration Equivalent Inc idence 

S,eecies  Com,eouna Route ( rem ) Frac tional Per rem 
Mouse C i t rate Intravenous 2000 0 . 03 9  2 . 0  x 1 0 - 5 

4200 0 . 08 1 . 9  x 10 - 5 
6500 0 . 180 2 . 7  x 10 - 5 

20000 0 . 430 2 . 2  x 10 - 5 

Rat Ci trate Inhaled 830 0 . 0 13 1 . 6  x 10 - 5 
1 640 0 . 05 6  3 . 4  x 10 - 5 
3820 0 . 025  0 . 7  x 10 - 5 
6700 0 . 032 

- 5 12200 0 . 1 1 0 . 9  x 1 0 _ 5 1 7 80 0  0 . 19 1 . 0  x 1 0  
Rat Ci trate Oral 1 6 50 0 . 03 1 . 8  x 10 - 5 

2850 0 . 074 2 . 6  x 10 - 5 

Rat Citrate Intra- and 2600 0 . 04 1 . 5  - 5 x 10 _ 5 Subcutaneous 25650 0 . 25 L O x 10  
Rat Carbonate Inhaled 180 0 . 01 5 . 6  x 10 - 5 

320 0 . 01 1  3 . 4  x 10 - 5 
12 60 0 . 031  2 . 5  x 10 - 5 
6000 0 . 12 2 . 0  x 10 - 5 

Rat Ni trate Intratracheal 2565 0 . 01 6  0 . 6  x 10 - 5 
5850 0 . 04 0 . 7  x 10 - 5 

20900 0 . 09 0 . 4  x 10 - 5 
44000 0 . 1 3 0 . 3  x 10 - 5 

Dog a Citrate Intravenous 2750 0 . 29 10 . 5  x 10 - 5 
- 5 6750 0 . 7 1 10 . 5  x 10 _ 5 11550 0 . 83 7 . 2  x 10  

a .  Data of Re ference 22 al tered to 
2 1 . 

re flect more recent data reported in Re ference 
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E f fec t s  in Lung 

The tox i c i ty o f  inhaled p lutonium may be i l lustrated with data from an experi­
ment conduc ted at Pac i fic  Northwe s t  Laboratory , involving the inhalat ion o f  2 3 9pu0 2 
by b eagle dogs . 23 Thi s  experimen t was ini t iated in the late 1950  I S ;  i t  involved some 
65 dogs , the last  o f  which died in 1 9 7 3 . Of the 21 dogs that survived more than 4 . 5 -
years postexposure , 20 had mal ignant lung tumors . Tumor inc idenc e figures are there ­
fore o f  l i t t l e  help i n  interpreting these  resu l ts . L i fe - shortening , however ,  showed 
a dose - e ffec t relationship , as indic ated in F igure G- l .  Each point in thi s figure 
represents a dog . Mos t  of the dogs died early , wi thin a year or  two fo llowing pluto ­
nium exposure , with symp toms o f  respi ratory d i s tress occas ioned by s evere pulmonary 
fibro s i s . There appears to be about a 3 -year minimum latency period b e fo re a lung 
canc er  can develop ; a longer latency period i s  associat ed with sma l l er do se s . A line 
fi t ted to all of these  points intersec ts  the normal l i fe span of the b eagle dog at a 
dep o s i tion o f  about 5 nanocuries per gram o f  lung . Thi s  extrapo lation i s  very uncer­
tain , however . I f  one draws the b e s t  l ine through the closed c ir c l e s  ( the tumor ­
bear ing animal s ) , a s teeper slope i s  obtained . Clearly , more data a r e  needed from 
dogs exposed a t  lower leve l s . Experiments to obtain the se  data are in p rogre s s . 2 3  

The uti l i ty o f  the Pac i fi c  Northwes t  Laboratory b eagle data i s  l imi ted because 
o f  the relatively few animals  in the study and the high exposure l evel s , which re­
sul ted in e s s en t i a l ly 100% lung c ancer inc idenc e . These data are included only to 
i l lustrate the relationship between latency p rior to the appearance of  lung tumors 
and the quan t i ty of plutonium inhaled- - a re lationship which sugges t s  that at lower 
concentration l eve l s , the l atency period may exceed the normal l i fe span of these  
animal s .  

Data on the induc t ion o f  lung tumors in rats that inhaled compounds o f  p luton ium 
or americ ium were recently reviewed by Bair and Thomas . 24 Thei r  conclusions are sum­
marized in Tabl e  G- 7 .  The rem doses for lung are 10  times the rad doses , r e f l ec t ing 
a qual i ty factor of 10 , but no dis tribution fac tor . The inc idence per rem i s  sub ­

s tant i al ly higher for lung tumors in rats than for bone tumors in rats ( S ee Tab le G-
6 )  . 

E ffec ts  in Other Organs 

In terms o f  p lutonium content and radia tion dos e  rec eived , l iver i s  in the same 
c l a s s  wi th bone and lung . However , the l iver seems l e s s  radio sens i t ive than bone and 
lung . Malignan t liver tumors were the p rimary c ause o f  death in two o f  9 6  plutonium 
dogs in the Utah experiment . 25 Smal l ,  benign , b i l e  duc t  tumors were inc idental find­
ings at autopsy in eigh t  o ther dogs , but such tumors were also seen in control s at a 
somewhat lower inc idenc e . The liver tumor s  showed a typ i c a l ly long latent period , 
which sugges t s  that at lower dose l eve l s , and lower inc idences  o f  bone and lung tu ­
mors , l iver tumors might become more important relative to bone and lung tumors . 
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TABLE G- 7 

LUNG CANCER IN RATS FOLLOWING INHALATION OF ALPHA- EMITTING PLUTONIUM 

OR AMERICIUM COMPOUNDS a 

Chemical Form 
Inhaled 

" soluble"  

" insoluble"  

Mean 

8 x 10 - 5 

1 6  x 10 - 5 

a ,  Data from Reference 2 4 .  
b .  95% confidence interval . 

Canc er Inc idenc e Per Rem 

M ' b ax�mum 

10 x 10- 5 

20 x 10 - 5 

M "  b �n�mum 

6 x 1 0 -5 

13 x 10 - 5 

Lymph nodes draining the lung , or s i tes of intramuscular plutonium depo s i tion , 
may ac cumulate plutonium conc entrat ions many times higher than concentrati ons seen 

elsewhere in the body . Various his topatho logic changes have been obs erved in the 

tracheobronchial lymph nodes of dogs that inhal ed plutonium , but these changes were 

not obv iously detr imental . Tumors have been seen only rare ly , and their relationship 

to plutonium exposure is unc ertain . Indirect e f fec ts on immune c apabil ity or on 

lymph drainage are considered mos t  unl i kely at the low levels of exposure proj ect­

ed . 22 , 23 The ICRP , whi l e  recogniz ing the higher burdens and do se commi tments in the 

lymph nodes relat ive to the lungs , skel etal sys tem ,  and l iver , has not considered the 

thorac ic  lymph nodes to be a critical organ . 2 6  

E ffec ts o n  the production or survival o f  the various types o f  b lood cells  have 

been s tudied in many o f  the experiments on plutonium tox i c i ty .  A variety o f  such e f­

fec ts are noted at high exposure l evels . 19 The mos t  sensi tive o f  these e ffects i s  

probably the reduc tion i n  blood lymphocytes fol lowing deposition o f  plutonium i n  the 

lung . 23 One canno t rule  out the pos s ib i l i ty of a relationship between thi s ef fect on 

lymphocytes , lymph node pathology , dec reased immunologi cal c apab i l i ty ,  and the patho ­
genes i s  of plutonium- induced lung tumors . 

S ince plutonium on bone surfaces will  irradiate portions o f  the bone marrow , 

conc ern has been expre ssed that leukemia might be an important delayed e ffect of 

plutonium exposure . Al though l eukemias have , in rare ins tances , been reported to 
result  from plutonium expo sure , they have occurred only fo l lowing rather large do ses , 
and at a much lower inc idence than bone tumors . 18 , 2 7 

Plutonium depo s i ted in testes or ovaries would be of concern only because of 

pos s ible gene tic ef fec ts . While  s tudies o f  multi -generation gene tic e ffec ts have not 

been performed , an investigat ion of cytogenetic e f fects in the testes of hams ters 

showed no s igni ficant increase in the frequency o f  chromosome aberrations after 
c alcul ated radiation dos es o f  1 and 4 rads . 2 8  The exposures emp loy�d in thi s s tudy 

would result in s igni ficant l i fe shortening and cancer induction , sugge s ting that 
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gene tic ri sks are small  compared to somatic ri sks . Studies o f  chromosome aberrations 
in the germ c e l l s  o f  male mice after protracted exposure to 239pu , wi th doses ranging 

from 14 to 44 rads , showed s ign i fi cant e ffec ts , in agreement with predict ions based 
on previous s tudies with gamma ray and neutron exposure s  and assumed radiob iological 

effec tiveness ( RBE ) and dis tribution factors . 29 On the other hand , a study comparing 

the e f fec tivenes s  o f  tritium and 239pu in produc ing chromosome aberrat ions in the 

insect chi ronomus riparius showed no evidence for a higher relative biological e ffec­

tivenes s  for p lutonium . 3 0  Recent s tudies in mice have indicated that the cri ti cal 

spermatogonial s tern c e l l s  of the te stis  may receive a 2 to 2 . 5 times higher dose from 

depo s i ted plutonium than the average for the tes tis , due to the inhomogene i ties  o f  

distribution ; 31  however , such an enhanced e ffect i s  no t expec ted in man because o f  

the greater amount o f  inters ti tial t i s sue i n  human testes . 32 For the ovary , data 

from s tudies in the hamster indicate that the gene tically s i gn i fi cant dose rate to 

viable oocytes is l i ke ly to be lower than the average do se rate to the organ as a 

who le . 33 In any case , the total depo s i t ion o f  transuranics in the gonads i s  low , in 

all animal spec ies  studi ed , and dose to sens i tive gonadal c e l l s  would not be expected 

to exceed the total body average . 34 

G . 4  EFFECTS OF OTHER TYPES OF RADIATION IN MAN 

In the absence o f  data on the e f fects o f  transuranic elements in man , some 

inferenc es regarding these e ffects may be drawn from observat ions of the e f fects from 

other forms of ionizing radiation in man . Such in ferences would be based on data 

derived from medical , oc cupational , acc idental , or wart ime exposure of humans to 

di fferent radiation sources : ex ternal X radiation , atomic - bomb gamma and neutron 

rad iation , rad ium , radon and radon daughters , etc . Such in formation has been sum­

marized by the National Ac ademy o f  S c i ences - National Research Counci l Commi ttee on 

the Biological E ffec ts o f  Ionizing Radi ations , 35 and more recently by the Uni ted 

Nations Scient i fi c  Commi ttee on the E ffec ts o f  Atomic Radiation ( UNSCEAR ) , 3 6  and by 

the International Commi s s ion on Radiological Protec tion ( ICRP ) . 37 All o f  these risk 

es timates are l inearly extrapolated from human experience at relatively high dose 

rates and total doses ; the validity o f  such extrapolations wi l l  be di scus sed later in 

thi s Appendix . 

Canc er E ffec ts 

The extens ive human data cons idered in the BEIR report will no t be reviewed 

here ; it should be noted , however ,  that e ffec ts o f  i rradiation from external rather 
than internal sources , in particular the data from Japanese atomi c bomb survivors and 

i rradi ated spondyl i ti c s , were heavily weighted in arriving at risk e s t imates . The 

BEIR report makes estima tes o f  both absolute risk and relative risk and for each o f  

these as sumes e i ther a 30 -year or a durat ion -o f- l i fe interval fol lowing the la tent 

period , during which ri sk remains elevated . Thi s  leads to four risk es timates . 

Only the two estimates which lead to the lowes t  and the highes t  predictions o f  canc er 
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mortal i ty are cons idered here ; the lowe s t  be ing the absolute risk  model with a 3 0 -
year p l a teau , referred to as the " absolute mode l , "  and the highest  b e ing the re lative 
risk  model with a l i fet ime p l a teau , re ferred to as the " re l at ive model . "  Each o f  
these  model s  make s separate r i s k  e s t imates for the i n  u tero , 0 - 9 years , and 10+ years 
age periods , r e f l e c t ing age d i f ferences in the sens i t iv i ty to i rradiat ion . The 
derivat ion o f  these r i s k  es timates and the i r  app l i c at ion to the U . S .  population i s  
summarized i n  tab l e s  on pp . 1 6 9  and 1 7 1  of the BEIR report , 35 where the excess  deaths 
due to c ancers o ther than leukemi a  for the U . S .  population , per 0 . 1  rem , per year , 

are p redicted as 1 , 2 10 by the " ab so lute mode l "  and 8 , 340 by the " re lative mode l . "  

The frac t ion o f  the se non - l eukemia c anc ers that are bone c ancers i s  given as 
0 . 04 ,  and the frac t i on that are lung c ancers is given as  0 . 2 6 .  No frac t ion is given 
for l iver c ancers , which fal l in the BE IR report ' s  "GI including stomach " c ategory , 
which i s  0 . 20 o f  the non- leukemia c ancers . I t  i s  as sumed that the se c ancers wi l l  be 
induced in d i re c t  p roport ion to thei r  inc idence in the Hiroshima- Nagasaki survivors ,  
where primary l iver c ancers accoun ted for about 0 . 0 8 of the GI c ancers . There fore , 
0 . 0 1 6  ( the p roduct o f  0 . 08 and 0 . 2 0 )  i s  cons idered the frac tion o f  the total non­
l eukemia r i sk that i s  attributed to l iver c ancers . 

Taking the frac t ion o f  the predic ted non- l eukemi a  cancers attributab l e  to each 
c ancer type and converting populat ion dose to a man - rem bas i s , one arrives at  the 
risk  e s t imates shown in Tab l e  G- 8 .  Leukemia ri sks were not e s t imated because dose to 
bone marrow from bone - dep o s i ted t ransuranic  el ements is sma l l  compared to the dose to 
o ther organs , and because l eukemia has been only infrequently seen in animal expe ri -

t . h I ' 18 , 2 7 men s W1 t p uton1um . 

The c ancer r i sk from i rradiation o f  thoracic  lymph node s was also neglec ted , 
even though these nodes , in expe rimental anima l s , rece ive a radiation dose from 
plutonium that i s  higher than the dose to any other organ . 22 The inc idenc e o f  lympho ­
sarcoma , re ticulosarcoma , Hodgkin ' s  d i s ease , and/or mul tiple  myeloma has been ob -

d t b ·  d '  J . b b . 3 8- 40 . . . . serve 0 e 1nc rease 1n apanese atom1C om surV1vors , 1n pat1ents rece1v1ng 
radiotherapy for ankylos ing spondy l i t i s , 41 and in radiolog i s t s  who entered prac t ice 
in the days prec eding current re s t ri c t ions on occupational exposure . 42 For this 
reason , the lymphoid and re t icul ar t i ssues were c la s s i fied by an ICRP Task Group43 as 
being " apparent ly" high i n  susceptib i l i ty to the carc inogenic e ffec t s  o f  radiat ion ; 
however , i t  was noted by the Task Group that at l ea s t  some o f  the neop lasms inc luded 
in this group ( e . g .  mul ti p l e  myel oma ) appear to ari se in the bone marrow . Whethe r ,  
in fac t , any o f  these neop lasms i s  attr ibutab l e  to t rans forma t i on of cel l s  in lym­
phoid t i s sues , as opposed to t rans format ion of precursor c e l l s  in the bone marrow , i s  
debatab l e  i n  l ight o f  current concep t s  o f  c e l l  populat ion kine t i c s  in the lymphatic  
and re t icular sys tem . At  present , therefore , in the absence o f  evidence that 
local ized i rradi ation of lympha t i c  t i s sue is c arc inogenic in human or  animal popula­
t ions , i t  seems inappropriate to attemp t to e s t imate such c ancer ri sks . 
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Cancer 
Type 

Non - leukemia 

Lung 

Bone 

Liver 

TABLE G- 8  

DERIVATION OF CANCER MORTALITY RISK ESTIMATES 

FROM BE IR REPORT ESTIMATESI 

2 3 4 

Predic ted 
Excess  Deaths 

Frac tion per Year per 0 . 1  Rem 

5 

Predic ted 
o f  Non - per Year Cont inuous Exc ess  Deaths 

Risk Leukemiab Exposure o f  U� S .  per d Modela Canc ers POEulation Man-Rem 

"Absolute" 1 . 0  1 , 21 0  
"Relative" 1 . 0  8 , 340 
"Absolute" 0 . 2 6 315 1 6 x 10 - 6 

"Relative" 0 . 2 6 2 , 1 68 110  x 10 - 6 

"Absolute" 0 . 04 48 2 x 1 0 - 6 

"Relative" 0 . 04 334 17  x 1 0 - 6 

"Absolute " 0 . 01 6 19  1 x 10 - 6 

"Relative" 0 . 01 6 133 7 x 1 0 - 6 

a .  "Absolute " refers to BEIR report ab solute risk model with 3 0 -year plateau 
fol lowing latent period during whi ch risk remains elevated . "Relative" refers 
to BE IR report relative risk model with l i fetime plateau . 

b .  Frac tions given in BEIR report ( p .  1 7 1 ) for age 10  or more assumed to apply to 
all  categories . Frac tion for l iver cancers i s  no t given in BEIR report , but 
estimated as explained in text . 

c .  Non - leukemia deaths taken from BEIR report ( p .  1 69 ) . Others calcul ated by 
appli cation o f  frac tions li sted in Column 3 .  

d .  Calculated from numbers in Column 4 by multiplying by 1 0  ( convert ing to rem 
bas i s ) and dividing by 2 x 1 0 8  ( U . S .  populat ion total employed in derivation o f  
Column 4 numbers ) . 

The BEIR report c ancer ri sk es timates are compared in Table G- 9 with ri sk e s t i ­

mates derived from several other sources . The recommendations o f  the ICRp37 were 

large ly based upon , and therefore agree c losely with , the numbers publi shed by UNSCEAR 
in 1 9 7 7 . 3 6 The UNSCEAR ri s k  e s timates generally fall between the high and low esti ­
mates o f  the BEIR report . Whi l e  the BE IR report gave no spec i fic  es timate o f  liver 

cancer ri s k ,  UNSCEAR derives such a number , based largely on recently summarized 

data , on the induc tion of l iver cancer by "Thoro tras t , "  a prepa'ration of thorium 

dioxide . 44 England ' s  Medical Re search Counc i l  ( MRC ) pub l i shed risk es timate s whi ch 

i t  cons idered to be spe c i fically appli cable to plutonium ; 45 these are l i s ted in Table 

G - 9 , and do not di ffer markedly from the UNSCEAR numbers . 
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TABLE G- 9 

COMPARISON OF TRANSURAN IC HEALTH RISK ESTIMATES 

(Cancer death or gene tic defects per 10 6 organ - rem . ) 

BEIR
35 

Higha Lowa 

Lung Tumors 100 1 6  

Bone Tumors 17 2 

Liver Tumors 7 1 

Genetic De fec tse 1500 60 

a .  As derived in Table G- 8 .  

Human 

UNSCEAR36  

25 -50 

2 - 5b 

10 

1 85 

Risk Estimates 

ICRp3 7 MRC45 Mays 50 , 74 

20 25 20 

5b 5 4 

10 20 10 

200 300 

New-
Data 
From 

combe49 Animals 

60 - 200c 

10 - 100d 

10 

b .  Expressed as ri sk per 10 6 rad o f  low level radi ation to endo steal c e l l s , which 

should be roughly equivalent to risk per 10 6 rem of alpha radiat ion averaged 

throughout bone . 

c .  Data from Re ferenc e 24 ( s ee Tab le G- 7 ) .  

d .  Data from Reference 21  ( see Table G- 6 ) . 

e .  Defec ts in  all subs equent generations , inc luding spec i fic genetic de fec ts 

and de fects wi th compl ex etiology ( see Table G- lO ) .  

Also o f  intere s t  are recently accumulated data on the carc inogenic i ty or radium-
224 in human bone . 46 , 47 These data are particularly relevant to ri sks from plutonium 

s ince radium- 224 has a very short hal f- l i fe ( 3 . 62 days ) and , because o f  thi s , irrad i ­

ates only the surfac e layer o f  bone , in much the same manner as plutonium . When ad­

minis tered repeatedly , as it was to a large number of German patients shortly after 

the Second World War , the resul tant exposure o f  bone should c lo sely mimic that re ­

ceived from plutonium . Based on the se data , Mays , et al . ,  estimate a bone cancer 
- 6 risk o f  4 x 10 

at the high dose 

than a fac tor of 

per man- rem ; and present convinc ing arguments for conc luding that , 

level employed , this  es timate cannot be too high or too low by more 
21  ten . 

Also shown for compari son in Table G- 9 are the cancer risk e s t ima tes derived 

from animal experiments . The se estimates are somewhat higher than mos t  of those 

based on human data . The problems o f  extrapolation of animal data to men are dis­

cussed later in  thi s Appendix . 

Genetic E f fects  

The gene tic  ri sks cons idered in the BEIR report inc lude the ful l  spec t rum of  

gene tic  defects seen in the U . S .  and o ther Wes tern nat ions . Their e ffec ts upon the 

carrier may range from a lethal ac tion occurring at any time of l i fe ( from before 

G- 1 - 15  



b i rth unt i l  death ) , to minor metabo l i c  cons equences that may be nearly undetectab l e . 
The gene tic spec trum ranges from dominant s ingl e gene mutants who se e f fec t s  may be  
categori c a l ly recogniz ed , to subtle  genetic contribu t i ons to  d i s ease c ondi t ions that 
are p redominantly of env ironmental or non - genetic  orIgIn . As a cons equenc e ,  it i s  
not appropriate t o  compare o r  equate e s timates o f  gene tic r i s k  directly wi th c ancer 
risks , where case inc idence and c ase mortal i ty are sub s tantial ly one - to-one . 

The BEIR report ( pp . 54- 5 7 ) summarizes  i t s  r i s k  e s t imate s  for genetic defec ts in 
terms o f  a 5 rem per generation dose to a populat ion o f  one mi l l ion . 35 Converting 
the s e  numbers to a man - rem basi s ,  one obtains the r i s k  e s t imates o f  Tabl e  G - I O . The 
range o f  these e s t imates re f l e c t s  a 10 - fold unc ertainty in the value o f  the mutat ion 
rate doubl ing dos e , which i s  as sumed to l i e  in the range of 2 0 - 200 rem . There i s  a 
further unc ertainty wi th regard to the magni tude o f  the gene tic component o f  the de­
fec t s  with comp l ex e t i ology . 

An add i t i onal ca tegory o f  gene tic  r i s k  discus sed in the BE IR report i s  that con­
cerned wi th general " i l l  heal th "  of unc ertain genetic  determinat ion . Thi s  risk was 
c onservat ively e s t imated as a 0 . 5  to 5 . 0  percent increase in the equ i l ibrium inc i ­
dence o f  i l l  health per 5 rem per generation . Thus , for the total U . S .  populat ion , 
109 man - rem per generat ion woul d  increase i l l  heal th by 0 . 5  to 5 percent . 

TABLE G - I O  
DERIVATION O F  GENETIC  DEFECT R I S K  EST IMATES 

FROM BEIR REPORT ESTIMATES1 

1 

Type o f  Risk 
Spe c i f i c  Gene tic  

De fec t sC 

De fec t s  with Compl ex 
Etio logyd 

2 

Predic ted 
De fec t s  per M i l l ion 

Persons per 5 Rem 
per Generat ion at 

Egu i l ibriuma 

2 5 0  - 2 5 0 0  

50 - 5000  

a .  Values taken from Tab l e  4 ,  P age 5 7  o f  BEIR report . 3 5  

b .  Equal to values o f  Column 2 divided by 5 x 10 6 . 

3 

P redic ted 
D e fe c t s  per 

Man -Remb 

5 0  x 1 0 -6 

to 
500 x 10 - 6  

1 0  x 10 - 6  

to 
1000  x 10 - 6  

c .  Inc ludes dominant di seases , chromosomal and rec e s s ive diseas e s . 
d .  Inc ludes congeni tal anomo l i es , anomol i e s  expressed later , cons t i tutional and 

degenerative diseas e s . 
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Many uncertaint ies are involved in these genetic  risk  e s t imates , as reflec ted in 
the fol lowing s tatement from page 59  of the BEIR report : 35  

I t  i s  c l e a r  that the se e s t imates a r e  subj ect t o  great uncerta inty . 
The range s of p laus ible values a re broa d ,  and there is no a s surance 
that the true va lues are within these ranges . We are wel l  aware 
that future information will nece ss i tate revis ions . The estimates 
are pre s ente d , not a s  accurate s cientific info rmation ( a s  s cient i s ts 
we woul d  p refer to defer j udgment until the information is s o l i d ) , 
but a s  r ea s onable va lue s b a s ed on current knowledge which,  c rude 
and uncertain as they a re , may s erve as a better guide to rational 
uses o f  radiation than no estimates a t  a l l . 

Some o f  the uncertainty referred to above would seem to have b een reso lved by 
recent data gleaned from the vital  s ta t i s t i c s  records o f  the Canadian province of 
Bri t i sh Columb i a . 48 These  exc ep t ional ly wel l -o rganized s ta t i s t i c s  covering two 
mi l l ion peop l e  indicate  an inc idence o f  simpl e  dominant hered i tary di sease o f  0 . 0 8 
percent as c ompared to the 1 percent inc idenc e empl oyed in ob taining the BEIR Report 
risk e s t imates . Newcombe has argued persuas ive ly that " the bulk of the mos t  directly 
pertinent experimental s tudies thus fai l  to demon s t rate any important e f fe c t  of 
i rradi ation on the irregularly inhe ri ted d i s eases , or  on general health and we l l  
being , "  and conc ludes that only the dominant hereditary di seases " are l ikely to 
increase in direct  proportion to the mutat ion rate . . . .  ,, 4 9  On thi s  bas i s , Newcombe ' s  
e s t imate o f  total gene t i c  risk i s  10  x 10 - 6 per man - rem . 49 UNSCEAR , in i t s  1 9 7 7  
report , 3 6  felt  that the range o f  uncertainty s tated in the BE IR report could be 
sub s t antially  narrowed , but retained a cons iderab ly l arger e s t imate o f  genet i c  risk 
than that suggested by Newcombe . These  various genetic  r i sk e s t imates are compared 
in Tab l e  G- 9 .  

G . 5  ESTIMATION OF THE EFFECTS OF TRANSURAN IC  ELEMENTS IN MAN 

Data re l evan t to the e s t imat ion o f  health e ffec t s  in man have b een p resented in 
the preceding sect ions o f  this Appendix . The se  dat a ,  or  for that matter , any experi­
mentally obt ainab l e  dat a ,  are  not adequate for  the  p rec i s e  predi c t ion o f  such pos s i ­
b l e  heal th e ffec t s . Many assump t ions mus t  be emp loyed , and the c onc lus ions that are 
reached are meaningful  only in the l ight of the se as sump t ions . Particul arly c ri t ical  
are the assump t ions invo lved in the various ext rapo lations requ i red and the as sump ­
t ions involved in reduc ing plutonium exposure to the common denominator o f  radiation 
dose . A discuss ion o f  these problems i s  presen ted in th i s  sect ion . 

Extrapo l at ion from Animal to Man and to Very Low Exposure Leve l s  

E s t imation o f  the human risks as sociated wi th the uptake o f  very l ow l evel s  o f  
t ransuran i c  e l ements involves several kinds o f  extrapolation . Whe ther based on 
observations in experimental animal s  or man , there is the p roblem o f  ext rapo lating to 
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much lower exposure levels  than are covered by the data . The ava i l ab l e  human data 

are for types of radiations that do no t inc lude internally depo s i ted t ransuranic 
elements ; one mus t  extrapolate from experience with external i rradiat ion . Expe rimental 
animal data are ava i lab le for transuran i c  element tox i c i ty , but then one mus t  ext ra­
polate from anima l to man . 

The extrapolat ion o f  toxic i ty data from animal to man i s  the mos t  fam i l i ar o f  
these ex trapo lat ion p roc e s ses . That such extrapo l at ion can be j u s t i fi ed i s  an unde r­
lying as sumpt ion of mos t  toxicological research . Where data from several animal 
spe c i e s  are in reasonabl e  agreement ,  it is as sumed , in the absence of con fl i c t ing 
evidenc e ,  that man w i l l  behave s imi larly . Thi s  as sump t ion i s  more confident ly made 
in the .case of acute e f fe c t s . For long- term e ffects , spec i e s  di f ferences have more 
opportun i ty to mani fe s t  themselve s ,  and d i f ferenc es  in l i fe span may be of s i gn i f i ­
cance . 

Fortunate ly , for the case o f  bone - deposi ted alpha- emi tters , one c an make some 
direct  compari sons be twe en human and experimental animal tox i c i ty data . Tab l e  G- l l  

d d ·  . . . d . . l '  1 2 1 , 5 0  I compares ata on ra 1um tOX 1 C 1 ty 1n man an 1n exper1menta an1ma s .  n mo st 
s tudie s ,  the inc idenc e o f  bone c ancers per rad i s  higher in animal s  than i n  man . 
For radium , the extrapol a t ion error , from animal to man , would thus result in a 
conservat ive overestimate o f  e f fect  in man . Whi l e  such a conc lus ion c annot b e  con f i ­
dently as sumed to app ly t o  t h e  c a s e  o f  transuranium e l ements , t h e  experience with 
rad ium i s  at least  encouraging . 

As no ted in the previ ous sect ion , the data on the e f fec t s  o f  224Ra i n  man are 
the mo s t  appl icable data for the es t imat ion of plutonium e ffects  in man . Thi s  i s  
because 2 24Ra , with i t s  short ha l f- l i fe ( 3 . 62 days ) ,  irradiates only the surface 
layer of bone , as does plutonium . 21  

As ide from the  human rad ium data , experience with alpha - emi tters in man i s  of  
l i t t l e  help  in  these evaluat ions . Data on alph a - radiation- induced lung tumors in 
uranium miners , and l iver tumors in thorotrast patients , suffer from inherent do s i ­
metric complex i t i es that seriously l imi t the i r  u s e fulne s s . Recent s tud ies have shown 
no s igni fican t  exc ess o f  lung c ancer in uranium miners in the dose range o f  120  
Working Level Month s . 35 , 5 1 Th i s  do se o f  120  WLM has  been various ly rela ted to doses 
rang ing from 60 rad3 5  to 1 , 80 0  rad52  to the basal cell l ayer of the respiratory 
epithel ium , with 240 to 840 rad o ften be ing the range sugge s t ed . 5 1 - 5 3  The uranium 
miner data were , neverthe l e s s , cons idered as  one source o f  input in the derivat ion o f  
BEIR Report risk es t imates for radiat ion induced lung cancer . 

The thoro trast - inj ec ted patients do show an inc reased l iver c anc er and l eukemia 
inc idenc e ; however ,  thi s  inc idenc e resul ts from the  very inhomogeneous depo s i t i on of  
about 5 grams of  thorium in the  l ive r ,  which bears l i t t l e  dos ime tric relat ionsh ip to  
a plutonium depos it ion . The UNSCEAR report derives an inc idenc e e s t ima te o f  1 0  x 
1 0 - 6 per man - rem , based on the thorotra s t  data . 3 6 
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TABLE G- l l  
COMPARISON OF RADIUM TOXIC ITY DATA IN EXPERIMENTAL ANIMALS AND MAN 

Bone Cancer Inc idenc e per 106 Bone - Rad 
Radionuc l ide Mal e  Mice Femal e  Mice Dog Man 

2 2 6Ra na 70 a 320a 
2 2 8Ra 430b l 3 0 0b 

226+228Ra 6- 53a 
224Ra 7 3b l 2 0b 100 - 200a 

a .  Data summarized in Referenc e 2 1 . 
b .  Data summar ized in Re ferenc e 50 . 

Al l obs ervations on radiation e ffec t s , whether in animals  o r  in man , have been 
made for total rad iation doses , and for radiation dose rates that are much higher 
than the average t i s sue doses and dose rates that might resu l t  from releases of 
t ransuranic e l ements from Rocky F lats . The low inc idenc e o f  e ffec t s that migh t  
s t i l l  be  o f  conce rn when appl i ed t o  l arge populat ions are s imp ly unmeasurab l e  in 
e i ther animal experiments or  human epidemiological s tud ies . It is  neces sary , there­
fore , to interpo late between the doses from which data on e f fects  are avai lable and 
z ero dose , where zero e f fe c t  c an be as sumed . For the es t imates o f  heal th e ffec ts 
made in thi s  S tatemen t , we have b ased this interpolat ion on an as sumed l inear dose­
e ffec t re lationship . The BEIR repor t  (page 9 7 ) j u s t i fies  such a proc edure in the 
fo l l owing words : 3 5  

I n  view o f  the gaps i n  our understanding o f  radiation carcinogenes i s  
in man ,  and in v i e w  o f  i t s  more conservative imp l i cati ons , t h e  l inea r ,  
non-threshold hypo thes i s  warrants use i n  determining pub l i c  p o l i cy on 
radiation p rotection ; however ,  exp l icit exp lanation and qua l i fication 
o f  the a s sumptions and pro cedures involved in such risk estimates a re 
c a l led for to p revent their a c ceptance as s cient i fic dogma . Further­
more , the l inea r  hypothe s i s  i s  the only one which permits the s e l ec­
tion o f  the mean a c cumulated t i ssue dose to cha racte rize the radiation 
exp osure o f  a g roup under conditions o f  nonuniform expo sure and expo­
sure rate . The mean accumulated tis sue dose is the only practical 
quantity that can be used to estimate the risk o f  cancer in such popu­
lat ions unt i l  the influence o f  the many interacting variables can be 
better spe c i f ied . 

Whi l e  agreeing with the prac t i c a l  u t i l i ty o f  this p roc edure , i t  i s  mos t  impor ­
tan t  that the resu l t s  no t b e  accepted a s  " s c ient i f i c  dogma . "  I t  i s  n o t  the obj e c t ive 
of thi s  Envi ronmental S tatement to " determine pub l i c  po l i cy on radi a tion protec t ion . "  
I t s  obj ec t ive i s  to present a l l  o f  the evidenc e ,  so that pub l i c  po l i cy , as eventual ly 
det e rmined , may reflec t a l l  relevant risks and b enefi ts . In this l ight , i t  mus t  be 
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emphas ized tha t the interpo lated risk e s t imates do rest on conservat ive as sump t ions , 
and that there i s  no direct experimental evidenc e on wh i ch to base a cho i c e  be tween 
these e s t imates and an e s t imate o f  zero e ffec t .  

Pert inent to the as sump t i on o f  a l inear dose - e ffec t relationship i s  the recent 
caut ion vo i ced by the NCRP : 

"The NCRP wishes to caution governmenta l  p o l i cy-making a gencies o f  
the unreasonablene s s  o f  interp reting o r  a s s uming "uppe r  l imit" e s t i ­
mates o f  car cinogenic r i s ks a t  low radiation level s ,  derived b y  
l inea r extrapola tion from d a t a  obta ined a t  high doses a n d  d o s e  
rates , a s  actual r i s ks , a n d  o f  bas ing unduly restri ctive p o l i c ie s 
on such an interp retation or a s sumption . " s4 

Because there i s  cons iderab l e  experimental evidence to ind i c a te that low- do se­
rate  exposures are  l e s s  damaging , rad - for- rad , than high- dose - ra te expo sures , i t  has 
been o ften suggested that l inearly ext rapo lated e s t imates of e ffec ts at very l ow dose 
rates shoul d  be correc ted by some " dose - e ffec t ivenes s  factor . "  Such an approach was 
taken in the Reac tor S a fety S tudy5 5  ( Rasmus sen Report ) ,  where it was recommended tha t 
at  dose rates o f  l e s s  than 1 rem per day , or  at total do ses o f  l e s s  than 10  rem , the 
e ffect  e s t ima ted by l inear ex trapo lat ion shoul d  be reduced by a factor o f  five . The 
c redib i l i ty o f  thi s  approach i s  suppor ted by an Adv isory Group on Heal th E f fec t s , in­
c l ud ing among its 1 7  members , five who a l so served on the BEIR Commi t tee . 

App l i cat ion o f  the " ri s k- e f f e c t ivenes s  fac tor" as empl oyed in the Rasmussen 
Report was no t l imi ted to low- LET ( l inear energy t ransfer ) radiat i on . Mo s t  of the 
experimental support for the c oncep t , however ,  derive s from s tudi e s  with l ow- LET 
radiat ion . F rom theory , one may argue convinc ingly that the high LET o f  alpha radia­
t ion , and consequent l ack  of repai r  of c e l l ular  e ffec t s , demand s a l inear rel ation­
ship at low do se between c e l l s  ki l l ed or damaged and alpha partic l e s  t ravers ing the 
t i s sue . Thi s  l inear re l a t ionship would no t nec e s sari ly app ly to the total p ro c e s s  o f  
c arc inogene s i s , however ,  since there i s  n o  accepted theory ( l inear o r  nonl inear ) 
whi ch describes the proc ess by which dead or damaged c e l l s  l ead to the p roduc t ion o f  
canc ers . Because o f  th is uncertainty in thei r  app l i c ab i l i ty to high- LET radiat ion , 
r i s k  e ffec t ivene ss factors have not been empl oyed in thi s  Envi ronmental S tatement . 
The probab l e  c onserva tism o f  this approach must be kept in mind . 

Spatial  Averaging o f  Doses 

Throughout this Envi ronmental S tatement , e,ach e s t imated radiat ion dose has been 
c a l culated as a spa t i a l l y  averaged value for the total o rgan . Such doses are , in 
fac t , not uni formly d i s tributed throughout the organ . In part i cul ar , the transuranic 
e l ements are inhal ed and depo s i ted in the lung as par t i c l e s  exh i b i t ing a dis tribution 
o f  s izes  and shapes , which l eads to an obviously nonuni fo rm d i s t ribution o f  dos e . 
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The validity o f  thi s  spatial averaging o f  dose has been the subj e c t  o f  recent 
controversy , s timulated in large part by a p e t i tion from the Natu ral Resources De fense 
Counc i l  ( NRDC ) to the Atomi c  Energy Commis s ion and the Envi ronmental Pro t e c t ion 
Agency . Thi s  pet i t ion reque s ted a reduc tion o f  the maximum permi s s ible  concentrat ion 
of p lutonium in air by a factor of 115 , 00 0  when this  plutonium was present in the 
form of "hot partic les . ,, 1 5  The p e t i t ion was p resented in February 1 974 ; i t  was 
denied by the Nuc lear Regulatory Commi s s ion , as successo r  to the Atomic Energy Com­
miss ion , in April 1 97 6 . 5 6  In thei r  denial o f  the NRDC p e t i t ion , the Nuclear Regula­
tory Commiss ion expressed the fol lowing conc lus ions with respec t  to the val id i ty of 
averaging organ doses : 

"In summa ry , the uniform dos e  model is gene rally recognized by the 
s c ientific community and supported by expe rimenta l  evidence as a 
cons e rvative basis for standards for personnel p rotection . The NRC 
finds , in agreement with the recommendations of the organizations 
quote d , that ava ilable data support the use o f  the uniform dose 
a s sumption a s  an appropriately conservative approach . That i s , the 
avai lable data indicate that while the biological risk from a uni­
form lung dose of 15 rems p e r  yea r  is low, an equiva lent dose de ­
live red in a nonuniform manner is at least as low . The refo re , 
s tandards fo r insolub l e ,  alpha-emitting radionuclides , as based 
on a uniform dose a s s umption, are believed to be adequately con­
s e rvative . " S6 

As noted in the above quo'tation , several o rganizat ions have s tudied the " ho t  
part i c l e "  p roblem and have , wi thout excep t ion , concluded that the NRDC proposal i s  
wi thout meri t . 5 7  The ICRP h a s  given the problem repeated cons ideration ; 43 the NCRP 
has pub l i shed a recent report on the subj ec t , 5 8  as have also  the National Radio logical 
Protect ion Board , 59  the Medical Research Coun c i 144 in Eng land , and the German Mini s t ry 
o f  the Interior . 60  The conc lusions o f  these groups were revi ewed by the Nuc lear 
Regulatory Commiss ion and are summarized in ,th e i r  denial o f  the NRDC pe t i t ion . 5 6  

Aside from the highly pub l i c ized " ho t  parti c le hypothes i s , "  other ques tions have 
been raised conce rning 
based on average organ 
smal l , alpha- emi t ting , 
range , are respons ible 

the c onservatism o f  exposure l imi ts , or  health risk e s t imates , 
dose . Marte l l  has argued that naturally oc curring , very 
. 1 bl . 1 . h 10 - 1 6  10 - 18 . . . 1nso u e part1c es , 1n t e to cur1e act1v1ty 
for the carc inogen i c i ty of tobacco smoke . 6 1  By analogy , he 

concludes that very small p lutonium particles  should have a s imi lar e ffec t ,  and has 
p ropo sed a redu c t ion in p lutonium " . . .  air  concentration and lung burden s tandards by 
a factor o f  between 100 and 1000 . . .  ,, 62  Thi s  h ighly speculative hypothe s i s  is sup ­
ported by no experimental o r  c l inical veri fication o f  subs tantial accumulat ion o f  
such radioac t ive par t i c les in radiosens i t ive regions o f  the lung , and upon no evi ­
dence o f  a c ausal relat ionship between such part i c l e s  and human lung c anc e r . I t  i s  
opposed b y  c ons iderable evidence for the involvement o f  other c arc inogens known t o  b e  
present i n  tobacco smoke . 
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Go fman has pos tulated a greatly enhanced c arc inogen ic i ty for p lu tonium in c iga­
rette smokers , whose  impaired c i l iary c l earance mechani sms wi l l , he c ontends , resu l t  
in a greatly increased d o s e  to t h e  rad iosens i tive bronchial epi the l ium . 63 , 64 Again , 
thi s  speculat ion i s  supported by no re l evan t experimen tal o r  c l in i c al ev idenc e , and 
is opposed by spec i fi c  data attest ing to the sl ight e ffec t o f  c igare tte smoking on 
c l e arance from the lung . 6S , 6 6 

Recent sugge s t ions by Morgan for reduc t ion o f  plutonium exposure l imits , seem 
app ropriately cons i dered at thi s  point , s ince they are , in part , concerned with que s ­
t ions o f  spat i a l  d i s t ribut ion o f  dose . 67 Morgan sugges t s  a 240 - fold reduc tion in 
permi s s ib l e  plutonium burden , based on four fac tors which he argues  imply a greater 
haz ard to bone than is eijvis ioned by present s t andards . The first of the s e  fac tors 
relates to new informat ion on the relative toxic i ty of 2 3 9pu and 2 2 6Ra in dogs . As 
no ted in S e c tion G . 3 ,  thi s  tox ic i ty ratio , on the basis  o f  average dose to bone , i s  
16 , whe reas current s t andards are based on a ratio o f  five . 2 1  Morgan does no t con­
s ider the fac t that current s tandards are also bas ed on an as sumed 9 0  perc ent depo s i ­
t ion o f  systemic plutonium i n  bone , rather than ICRP ' s  presently preferred e s t imate 
of 4S percent depo s i t i on . 2 6  The net e ffect of these two changes would be a 1 . S - fold 
reduc t ion in the perm i s s ible  body burden based on bone as c r i t ical organ , rather than 
the factor of three p roposed by Morgan . 

Mo rgan ' s  s econd reduc t ion fac tor , with a value o f  two , i s  b ased on h i s  conc lu­
s ion that " . . .  the surfac e - to -volume rat io  for the t rab ecular bone o f  the dog . . .  i s  
abou t twi c e  that f o r  man . Thus the same amoun t o f  2 3 9pu in man would have twi c e  the 
conc ent rat ion of 2 3 9pu near the t rab ecular surfac e as that in the dog . 1I 67  Th ere i s , 
in  fac t , no p resent b a s i s  for de fend ing a s i gni ficant d i f ference in th i s  parame ter 
be tween man and dog . Lloyd and Hodges have repor ted data that would support Morgan ' s  
contention , 68 but more recent data o f  Spiers and Whi twel l  show e s s ent i a l ly iden t i c al 
ratios in man and dog . 69 

Morgan ' s  third reduc t ion factor , wi th a value of 10 , i s  based on the e s t imate  of 
a 10 - fold higher rate of turnove r of surface depo s i ted plutonium in dog bone as c om ­
pared to human bone . Acc ep t ing this  unc ertain e s t imate , i t  does n o t  fol l ow t h a t  the 
same ini t i al concentration of surface - depo s i t ed plutonium should b e  10  t imes as 
haz ardous i n  man as in the dog . The hazard is as sumed to resu l t  from a l i fetime o f  
exposure , and man has five t imes the l i fespan o f  the dog . A 10 - fold  higher absolute 
turnover rate in the dog there fore decreases the relative l i fespan turnover rate , 
compared w i th man , by only a fac tor o f  two . The s i tuation i s  more complex than thi s , 
however .  The same proc esses that bury p lu tonium on bone surfaces , a l so w i l l  bury 
radium on bone surfaces ; and these same turnover processes  w i l l  rel ease plu tonium and 
radium to redepo s i t  on o ther surfaces . These  complex interact ions have been e s t imated 
by Marshall and Lloyd to increase the relat ive hazard o f  p lutonium to rad ium in  man , 
as compared to dog , by a fac tor o f  three (not 10 as c l a imed by Morgan ) . 7 0  S p iers and 
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Vaughan , on the other hand , proc eed ing from human do s imetric considerations , wi thout 
relat ion to the dog , conclude that the present permi s s ib l e  body burden fo r plutonium 
" . . .  i s  no t in need o f  maj or revis ion in respect  to bone . ,, 7 1  

Mo rgan ' s  fourth reduc t ion fac tor , with a value o f  four , is  based on a pre sumed 
four - fo ld  greater radiat ion sensi tiv i ty o f  man relative to dogs . Thi s  pre sump t ion he 
derives from a pre l iminary report o f  results from Pu02 inhal at ion s tudies in baboons . 7 2  

These  resul t s  involved acute e f fects  i n  lung and are there fore hardly appl icab l e  to 
cons iderat ions of long - term e f fects  in bone . Moreover ,  extended obse rvat ions indicate 
that the baboon i s  l ess sens i t ive than the dog at survival t ime s in excess  of 1 000 
days . 7 3  

Morgan ' s  overa l l  fac tor o f  240 would there fore , more real i s t i c al ly ,  b e  re - evalu­
ated as something between one and five . His i s , moreover , only a partial approach to 
the evaluat ion of p lutonium hazards ; many other fac tors might b e  considered . Al l 
such fac tors are under continual review by nat ional and internat ional bodi e s  charged 
with the re spons i b i l i ty for such evalutions . Whi l e  some changes in plutonium expo ­
sure s t andards may b e  expec ted to resu l t  from the cont inuing accumulation o f  b e t ter  
data , there i s  no  p resent ind i c at ion that such changes will  b e  l arge . 

Conclus ions 

As de tailed  in Chap ter 3 ,  e s t imates have b een made of the canc er  morta l i t i e s  and 
gene tic de fec t s  that may resu l t  from p redic ted releases o f  radionuc l ides from the 
Rocky F l a t s  P l ant . Because the number o f  predic ted health e f fec ts i s  so smal l ,  i t  i s  
perhaps unnecessary t o  s tress  that they are based upon conservative e s t imates o f  
expo sure , mul t i p l i ed by conservat ive e s t imates o f  the r i sk from this exposure , and 
that whether the ac tual r i sk approaches the se numbers , or is zero , c an in no way b e  
infe rred from our p resent knowledge . Whether one should p l ac e  any c redence in the 
ab so lute value of these numbers i s  an arguabl e  propos i tion . Of perhaps greater 
val idi ty for dec i s ion making purposes are tho se gross compari sons of re l ative radiation 
expo sure that require no unc ertain extrapo lat ions and that make no pre tense to ab solute 
p red i c t ion . In this category are the compari sons of exposures from Rocky F l at s  
releases w i t h  t h e  exposures from natural background radiation and from fal l out p luto -
nium .  The predic ted exposure o f  Denver- area res idents from Rocky F l ats re leases i s  
only a sma l l  frac t ion o f  that rece ived from fal lout p lutonium and a very much smal l e r  
frac tion o f  the radiat ion expo sure from natural bac kground . 
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APPENDIX G-2 

Cancer Ri s ks from Foca l  Depos i ts of Al pha-Emi tti ng 

Radi onucl i des in Lung Ti s sue 

R .  G .  Cuddi hy and W .  C .  Gri ffi th 

Appendi x G- 1 of th i s  Env i ronmenta l Impact Statement conta i ns an analys i s  

of the human hea l th ri s ks from exposures to al pha-emi tt i ng transu ran i um e l e ­

ments used a t  the Rocky Fl ats faci l i ty .  Subsequent to the devel opment  of thi s  

ana l ys i s  s pec i a l  concern s were rai sed as to the potent ia l  for uni quely h i gh 

hea l th ri s ks bei ng assoc i a ted wi th parti c l es or foca l sources of a l pha -emi tti ng  

radi oact i v i ty in  l un g  ti ssue . The  a l l eged ri s ks for rad ioacti ve parti c l es were 

100 , 000 or 1 , 000 , 000 times h i g her than those deri ved from s tudi es of more 

un i formly di s tri buted radi oacti v i ty i n  l ung  ti s sue . Th i s Appendi x revi ews 

current sc ienti fi c i nformati on and shows that  there i s  cons i derab l e  experi ence 

from s tudi es of i n ha l ed or i ns ti l l ed radi o-acti v i ty i n  l aboratory an ima l s  or 

prev i ous acci dental exposu res of peopl e to determi ne the heal th r i s ks from 

di fferent di s tri but i ons  of radi at i on dose to l ung  ti ssue . Parti cu l a te or foca l 

sources of al pha-emi tti ng  radi ati on have not been s hown to have un i quely h i gher 

ri s ks than uni formly d i s tr i buted radi oacti v i ty .  Thus , current rad i at i on ri s k  

estimators appear to b e  adequate for projecti ng the ri s ks from trans urani um 

materi a l s hand l ed at  the Rocky F l a ts fac i l i ty .  

Hypotheses on Radi ation Ri s ks to Lung Ti s sue 

Projecti ng quanti tati ve rel ati ons h i ps between l evel s of exposure to 

i on i zi ng radi ati ons and ri s ks for devel opi ng neop l asti c d i sease i nvol ves 

substanti a l  a s s imi l at ion of i nformat ion from s tud ies i n  human popu l ations  and 

in l aboratory an imal s .  I n  general , s tudies of acci dently  exposed peopl e and 

medi cal  pati ents are used to deri ve the primary measures of the absol ute 
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sens i ti v i ti es of human organs , ti s sues or cel l s  for rad i ati on i nduced neop l as ti c 

transformati on . However , the human experi ence i s  very l imi ted and there are 

many phys i ca l  and bi o l og i ca l  factors rel ated to di fferent types of radi ation  

exposures that may mod i fy the abso l ute magni tudes of  the  rel ated cancer ri s ks . 

These factors can not normal l y  be eva l uated i n  s tudies  of exposed h uman popu l a­

ti on s  so that  the potenti a l  dose mod i fy i ng factors must be i nves ti ga ted i n  

s tudies  wi th l aboratory an imal s .  Use of i nformation  from both c l i n i cal s tudi es 

and l aboratory an imal  s tudies  provi des the best means for devel op i ng u sefu l  

radi ation protect ion gu i del i nes . 

An important as sumpti on i n  devel opi ng radi ation  dose-effect re l ati onsh i ps 

i s  that the cancer ri s k  i s  rel ated to the magni tude of the exposure and i s  

l i ke ly  to be expres sed i n  those ti s sues rece i v i ng the h i ghest l evel s of rad ia­

ti on . Perhaps the s i mpl es t rel ations h i ps whi ch can be devel oped are for s i ng l e  

bri ef radi ation exposures i n  whi ch whol e organs are uni formly i rradi ated . 

Tumors whi ch may resu l t are mos t  l i ke ly  to i nvo l ve the mos t  sens i ti ve cel l 

popu l a ti ons i n  the i rrad i a ted ti s sue . The res ponse may be mod i fi ed i f  the 

radiation  dose i s  protracted over l ong peri ods of time and i s  del i vered at 

chang ing  dose rates ; i f  the exposure i s  to h i g h  LET ( l i near energy transfer ) 
radi ati on such as a l p ha parti cl es rather than to gamma or X-ray ; and i f  the 

rad i ati on resu l ts from i n ternal l y-depos i ted rad i onucl i des that produce very 

non-uni form di s tri buti ons of radi ation dose  i n  the ti s sues . 

Absorbed radi ation doses i n  i n ternal body organs from external  X-ray or 

gamma radi ati on can be es timated by readi l y  accepted mathemati cal expres s i ons . 

Rad i at i on doses i n  areas of i nterna l ly  depos i ted radi onucl i des are more di ffi ­

cul t to es t ima te . Often they are cal cu l ated from the tota l amount of energy 

depos i ted i n  the organs per uni t of organ wei ght .  Th i s i s  ca l l ed t he  a verage 
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organ radi ati on dose . However , i f  the rad ioacti v i ty i s  concen trated near par­

ti cul arly sen s i ti ve cel l popul ati ons wi th i n the organs , then i t  i s  a l so app ro­

pri ate to  ca l cu l ate the  mi croscopi c  doses in  these areas when deri v i ng dose­

effect rel ati ons h i ps . Th i s  is frequently done for rad i onuc l i des that depos i t  

predomi nantly on bone surfaces and i rrad i ate cel l s  i n  these areas wh i ch are 

thought to be transformed to y ie l d bone cancers . I t  can a l so be done for i n ­

sol ubl e parti c l es that conta i n a l pha-emi tti ng  rad i onucl i des and are depos i ted i n  

l ung t i ssue .  Doses from i nha l ed a l p ha-emi tti ng  rad i onucl i des can b e  ca l cu l ated 

as average organ doses , as doses to al veol ar or bronGh i a l  epi thel i a l  cel l s  or  

even i n  terms of the number of  times a l pha parti c l es pas s  through s i ngl e cel l s  or  

cel l nuc l ei . These are a l l va l i d  express i ons  of  radi ati on doses . However , the 

express i ons of dose used i n  devel opi ng the dose-effect rel ati ons h i ps mus t  a l so be 

used i n  re-apply i ng  the re l ati ons h i ps back to human ri s k  eval uat i ons . 

Parti c l es conta i n i ng a l pha-emi tti ng rad i onucl i des deposi ted i n  the l ung  

del i ver the h i ghest rad i ati on doses to the nea rby cel l s .  Due  to  the  very s hort 

range of a l pha emi s s i ons i n  ti s sue , i n ha l ation of a sma l l number of parti c l es may 

resu l t  i n  i rrad i at ion of only a smal l fracti on of the total l ung . For th i s  

reason , some i ndi v i dual s have sugges ted that the average organ dose s hou l d  not be 

used to eva l uate the hea l th ri s ks . They have a l so postu l ated that the hea l th 

ri s ks cou l d  be sustant ia l ly  greater than i s  es timated from the average dose to 

l un g .  Tamp l i n  and Cochran ( 1974 ) postu l ated that  s i ng l e part i c l es hav i n g  more 

than 0 . 07 pCi of l ong- l i ved al pha-emi tti ng acti v i ty depos i ted i n  l ung have a ri s k  

of 1/2000 of produci ng a l ung  tumor .  These have been cal l ed II hot parti c l es "  

though the defi n i ti on wa s l ater changed to refer to parti cl es wi th more than 0 . 6  

pCi of a l p ha-emi tti n g  rad i onucl i des . 

The bas i s  for the Tamp l i n-Cochran hypothesi s on II hot parti c l es "  was de­

vel oped from studi es of Al bert et �. ( 1967 ) w i th i rrad i ated rat s ki n .  Al bert et 
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�. s howed that el ectron i rradi ation of rat s k i n  produced atrop h i c  hai r  fol l i cl es 

and ep i thel i al s ki n  tumors . About one tumor was produced for each 2000 to 4000 

atroph i c  fol l i c l es . The tumor response was seen at doses above 230 rad , i n­

creasi ng abruptly at 2000 rad and reach i ng a maxi mum at  about 4000 rad . Th us , 

Tamp l i n  and Cochran reasoned that a l pha radi ati on doses greater than 1000 rad 

wou l d  produce atroph i c  foci i n  l ung ti s sue a l so wi th the potenti a l  of 1/2000 of 

resu l ting i n  a l ung tumor .  Such  doses are produced in  the  ti s sue vol umes adja­

cent to  "hot  parti c l es . "  

Later,  Martel l ( 1977 ) postu l ated that the greatest ri s ks for produci ng l ung 

tumors wou l d  resu l t from parti c l es conta i n i ng a l pha-emi tti ng radi onuc l i des that 

i rradi ate the surround i ng cel l s  at a rate of one h i t  per day . Th i s ,  Martel l 

sa i d ,  wou l d  occur wi th parti c l es conta i n i ng l ess  than 0 . 01 pCi of l ong- l i ved 

a l pha-em i tti ng rad ionucl i des . He a l so postul ated that radi oacti v i ty i n  these 

"warm parti c l es "  wou l d  have an associ ated cancer ri s k  one mi l l i on times greater 

than the s ame amount of radi oacti v i ty d i stri buted uni formly  i n  l ung t i ssue . He 

contended that a l l previ ous stud i es wi th i nha l ed a l pha rad i oact i v i ty used very 

much h i gher acti v i ty parti c l es that steri l i zed the su rroundi ng l u ng cel l s  and 

that the enhanced ri s k  from "warm parti c l es "  was ,  thus , not observed . 

Both the " hot parti c l e "  and "wa rm parti cl e "  hypotheses s uggest that very 

spec i fi c  l evel s of focal sources of radi oact i v i ty i n  l u ng t i s sue have uni quely 

h i gher ri s ks for produci ng tumors than has been observed prev i ous l y . Th i s  

Appendi x rev i ews these hypotheses i n  re l ati on to the dos i metry o f  i nhal ed 

a l pha-emi tti ng radi oacti v i ty and in the l i gh t  of curren t i nvesti gati ons of 

the toxi ci ty of i nhal ed p l uton i um in peop l e  and in l abo ratory an ima l s .  

Depos i ti on and C l earance of I nha l ed Parti c l es 

Toe hazards to peopl e  from exposures to a i rborne rad i oacti ve parti c l es 

depend on 1 )  the amount of radi oacti v i ty i n  the part i c l es , 2 )  the fraction 
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of the parti c l es that can be i nhal ed and deposi ted , 3 )  thei r l ocat ion i n  the 

res pi ratory tract and 4) how rap i d ly  they can be removed by the body · s  natural 

cl earance mechan i sms . I n  nature , aerosol s never cons i s t  of parti cl es hav i ng 

a s i ng l e  s i ze .  The mechani sms of aerosol formati on i n  the envi ronment ,  such  

as combustion and  commi nution , resu l t in  parti cl es wh i ch have  a ran ge of  s i zes . 

Tabl e 1 i l l u strates these s i ze ranges for typ i ca l  parti c l es i n  tobacco smoke ,  

f ly a s h , di fferent types of  so i l  parti c l es and  atmos pheri c  dus t .  

A s chemati c i l l u strati on of a n  atmosp heri c aerosol part ic l e s i ze d i s tri ­

buti on i s  s hown i n  F i gure 1 and i nc l udes the princi pal modes of parti cl e s i zes 

and the mai n  sources of mas s  for each mode . F i ne parti cl es are usua l l y  produced 

from combustion and other proces ses that i nj ect gases and vapors i nto the atmos­

phere . These tend to coagul ate in  time i ncreas i ng the  number of parti cl es w i th 

di ameters between 0 . 1 �m and l�m ( 1  �m = 1 x 10-6 m ) . Larger part ic l es are a l so 

produced di rectl y from combust ion , from mechani cal  gri ndi ng processes a nd from 

wind resuspen s i o n  of soi l . These are usua l l y  i n  the range from 1 �m to 100 �m 

i n  d i ameter . The l arger parti c l es settl e out more rapi dly  than sma l l er parti c l es , 

hence thei r concentrati ons i n  ai r are qui ckl y reduced . Expos ures of peop l e to 

aerosol s  i n  the atmosphere or i n  work  pl aces wi l l  i nvol ve di fferent ranges of par­

t ic l e s i zes dependi ng upon the manner in whi ch the parti c l es were produced . 

P l utoni um rel eased to the env i ronment ,  such  as  that from the Roc ky Fl ats 

fac i l i ty ,  can a l so have a wi de range of parti c l e s i zes . I n  time ,  the rel eased 

radi oa cti v i ty becomes as soci ated w i th soi l parti cl es by surface adsorption or by 

exchange i nto the actual soi l chemi cal matri x .  Tab l e 2 conta i ns measurements 

by the Envi ronmenta l Protection Agency ( EPA ) wh i ch i ndi cate that the s i ze d i s ­

tri bution of soi l parti c l es around Roc ky Fl ats and the amount o f  p l utoni um 

associ ated wi th each so i l  s i ze fraction vari es con s i derably with  l ocati on . 

The character of th i s  s i ze d i stri buti on  i nfl uen ces the potenti a l  for mechan i cal  
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Fi gure 1 .  Schemati c of an atmos pheri c aerosol  surface area di stri bution 

showi ng  pri nci pa l  modes ,  mai n  sources of mass  for each mode , 

and the pri nci pal processes i nvol ved i n  i nsert i ng mass  i n  each 

mode and the pri nci pal removal mechan i sms . 

(Whi tby and Cantrel l ,  1976 ) 
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Tab l e  2 

Pl utoni um Content of Vari ous Soi l Parti cl e S i zes in the Rocky F1 �ts Area 
a 

EPA Soi l Soi l Parti cl e S i ze Fracti on of Soi l Fracti on of Pl utoni um 
Sampl e I ncrement Mas s  i n  S i ze Acti v i ty i n  S i ze 
Number (�ml Increment Increment 

RF 1A 2000-105 0 . 62 0 . 07 

105- 10 0 . 18 0 . 40 

< 10 0 . 20 0 . 53 

RF 18 2000- 105 0 . 63 0 . 39 

105-10 0 . 17 0 . 06 

< 10 0 . 20 0 . 55 

RF 1C 2000- 105 0 . 64 0 . 43 

105- 10 0 . 16 0 . 08 

< 10 0 . 20 0 . 49 

RF 2A 2000- 105 0 . 46 0 . 13 

105- 10 0 . 34 0 . 37 

< 10 0 . 20 0 . 50 

a EPA, 1977 . 
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resuspen s i on of the soi l parti c l es and for i nha l ati on of the p l uton i um by peopl e .  

I t  shou l d  be re-emphas i zed , however , that peopl e wou l d  not be exposed to s i ng l e  

s i zes o f  parti c l es o r  s i ng l e  l evel s of parti cl e radi oact i vi ty such  a s  those 

defi ned as " hot part i c l es "  or "warm parti c l es . 1t The parti cl es conta i n i ng 

pl uton i um wou l d  vary i n  si ze and l evel s of radi oacti vi ty j ust  as  those occu rri ng 

i n  nature conta i n i ng natural radi oacti vi ty or nucl ear weapons fa l l out  rad io­

nucl i des , or  those whi ch have been used i n  l aboratory an ima l  studi es . 

To des cri be the depos i ti on and retention  of part i c l es i nh a l ed by peopl e ,  the 

resp i ratory tract is usual ly  d i v i ded i nto three reg ions . The nasopharyngea l  

reg ion extends from the nose to the l a rynx ; the tracheobronchi a l  reg i on extends 

from the l arynx to the termi na l  bronch io l es ; and the pu l monary reg i on i ncl udes 

the s tructures from the resp i ratory bronchi ol es to the a l veol i .  Depos i ti on of 

i nhal ed parti c l es in the d i fferent reg i ons of the resp i ratory tract varies wi th 

parti c l e s i ze as shown i n  Fi gure 2 .  The parti cl e s i ze i s  g i ven as the mass  

med i an aerodynami c di ameter .  The aerodynami c d i ameter of  a parti cl e of  arb i trary 

shape and dens i ty i s  defi ned as the equ i va l ent rea l  d i ameter of a un i t  dens i ty 

sphere whi ch has the same termi nal  settl i ng vel oci ty under gravi ty as the par-

t i c l e i n  quest ion . Two parti c l es wi th the same aerodynami c  d i ameter may h ave 

di fferent den s i ties  and rea l  s i zes , but they wi l l  exh i b i t  the s ame behavi or i n  

a i r  and i n  thei r  depos i ti on i n  the res pi ratory tract .  Parti cl es s uch as p l u to­

n i um oxi de may have dens i t i es as h i gh as 10 g/cm
3 

and have aerodynami c d i ameters 

about three times thei r rea l  di ameters . Pl u toni um adsorbed onto so i l  parti cl es 

may be res uspended , i nha l ed and depos i ted i n  peopl e dependi ng upon the physi cal 

characteri sti cs of the so i l . Soi l parti cl es have dens i ti es of 2 to 3 g/cm
3

. 

Knowi ng the aerodynami c  s i ze di s tri buti on of aerosol  parti cl es , i t  i s  

pos s i b l e to esti mate the fraction of the parti c l es wh i ch wi l l  b e  depos i ted i n  

the respi ratory tract . I t  can be seen i n  Fi gure 2 that more than 80% of the 
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F i gure 2. Parti c l e  depos i ti on fracti on as  a function of parti c l e 
mas s  medi an d i ameter . Each of the s haded areas i ndi cates the var­
i abi l i ty of depos i ti on for a gi ven mas s  medi an aerodynami c d i ameter 
i n  each compartmen t when the geometri c s tandard devi ati on of the 
aeroso l  parti c l e s i zes vari es from 1 . 2  to 4 . 5  and the ti da l  vol ume 
i s  1450 ml . ( I CRP Tas k  Group on Lung Dynami cs , 1966 ) 
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parti c l es wi th aerodynami c di ameters greater than 5 �m wi l l  depos i t  i n  the 

nasopharyngeal reg i o n .  Parti cl es smal l er than 0 . 1 � m  depos i t  primari ly  i n  the 

pul monary regi on wi th effi c i enci es approach i ng 50% or greater . Referri ng back 

to the parti c l e  s i ze di s tri butions i n  F igure 1 and Tab l e  2 ,  a s i zeabl e fract ion 

of the mas s  or acti v i ty i n  each di stri bution i s  as soci ated wi th parti c l es wh i ch 

are too l arge to be i nhal ed and depos i ted effi ci ently i n  the l ung . 

Once part i c l es have been depos i ted i n  the resp i ratory tract the i r  be­

havior i s  no l onger i nfl uenced by aerodynami c d i ameter .  The' s i gn i fi cant 

properti es are rea l  phys i ca l  s i ze ,  mas s ,  surface area , s hape , so l ub i l i ty ,  

chemica l  composi tion  and l ocati on . Cl earance from the nasopharynx occurs by 

sneezi ng or bl owi ng , absorpti on i nto the systemi c  bl ood or rapi d cl earance to 

the gas troi ntes ti nal  tract by mucoci l i ary trans port and swa l l owi ng . C l earance 

by each of these mechan i sms i s  competing  and the rel ati ve fracti ons  c l eared by 

the s peci fi c pathways depend on the sol ub i l i ty of the materi a l . C l earance 

of parti c l es from the trachea and bronchi  is a l so by absorpti on i nto the b l ood 

and mucoc i l i ary trans port to the gastroi ntesti na l  tract . Cl earance of parti cl es 

depos i ted i n  the nasopharynx and the trachea and bronchi  occur wi th hal f-times of 

l ess  than two days . The ai rways of the pu l monary reg i on are unci l i ated and 

cl earance can only occur by mechani sms such as absorpt i on i n to the b l ood or l ymph 

systems , or s l ow c l earance to the bronchi by phagocyti c  cel l act i v i ty .  Cl earance 

of i nsol u bl e pl u toni um parti cl es from the pu l monary reg ion occurs wi th a ha l f­

time of about 500 days ( r CRP , 1972 ) .  

P l uton i um rel eased i n to the env i ronment i s  l i ke ly  to be found i n  re l ati vely 

i nsol ub l e chemi cal forms . The more sol ubl e forms wh i ch may be re l eas ed can 

oxi d i ze or adsorb onto soi l parti cl es and exh i b i t  l ow sol u bi l i ty i n  aqueous 

fl u i ds . Bennett ( 19 74 )  descri bed the l ow uptake of nucl ear weapons fa l l out  

p l uton i um in  p l ants and  i ts l ong retention time in  l ung ti s s ues after i nha l ation 
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by peopl e .  The chemi cal  sol ubi l i ty of pl utoni um ; n  soi l sampl es obtai ned near 

the Nevada Tes t S; te �  Mound Laboratory and Oak Ri dge Nati onal  Laboratory was 

s tudi ed by Tamura ( 1976 ) .  Les s than hal f of the pl u toni um i n  these sampl es was 

extracted by treatment wi th ci tri c aci d i ndi cati ng a rel ati vely i nsol ubl e form 

for much of the pl utoni um i n  these sampl es . 

Al pha I rradi ation of Lung Ce l l s  

The amount of i nj ury to l ung cel l s  from parti c l es conta i n i ng a l pha-emi tting 

rad i onucl i des depos i ted in the l ower resp i ratory tract depends upon the number of 

a l pha emi s s i ons that  h i t  the cel l s .  Thi s depends upon the range of the a l phas 

emi tted �  the number of parti c l es i n  the l ung and the quanti ty of radi oact i v i ty i n  

each parti c l e .  

The range of al pha radi ati ons i n  l ung ti ssue  i s  determi ned by the dens i ty of 

the ti ssue  through wh i ch they pass . Lung ce l l s �  themsel ves , have a dens i ty of 1 

g/cm
3 

but the average dens i ty of the who l e  l ung i s  about  0 . 2  g/ cm
3 

because of the 

l a rge amount of a i r  fi l l ed space . The range of a l pha radi ati ons i n  so l i d  ti ssue  

is  approximate ly  40 �m but  in  ai r the  range is  about  4 em for a l pha rad iati ons 

near 5 Mev i n  energy . Thus , because of the a i r  spaces i n  l ung t i s s u e ,  the 

average range for al pha radi ati ons from pl utoni um i s  approximate ly  200 �m . 

I nha l ed part ic l es may be depos i ted and reta i ned near l ess  dense s tructures whi l e  

others may be near more sol i d  ti ss ues so that the ranges of the a l pha radi ati ons 

are h i gh ly  vari abl e in l ung ti ss ues . Breath i ng i tsel f a l so changes the average 

l ung dens i ty . 

Ranges of al pha radi ati ons i n  ti ssue  are i l l us trated i n  Fi gure 3 for two 

s impl i fi ed mode l s .  The fi rst  i s  for sol i d  t i s sues wi th a dens i ty of 1 g/cm
3

. 

The second i s for ti ss ue of uni form dens i ty ,  0 . 2  g/cm
3

, but does not cons i der the 

fi ne s tructure as exi sts in actual l ung ti ssue . The number of a l pha emi s s i ons 

pas s i ng through a un i t  vol ume of t i s sue  in a g i ven time decreases with i n creas i ng 

G-2 -12 



F i gure 3 . 

TISSUf DENSITY ' 1.0 9/cm3 
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---- DISTANCE OF CELL FROM PARTICLE IN MICROMETERS 

Examp l e  of the range of a l pha rad i at i on i n  u n i t dens i ty ( 1  g/cm
3

) 

and l ess  dense (0 . 2  g/cm
3

) t i ssue . The a l pha range i s  40 �m i n  

the un i t  dens i ty t i ssue  and 200 �m i n  the l ess  dense  t i ssue . The 

pa rti c l e act i v i t i es of 0 . 7 5 pCi and 0 . 03 p C i  have been chosen to 

yi e l d  one h i t per day to the cel l s  l ocated near the end of the 

correspond i ng a l pha range . 
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d i s tance from the pa rti c l e .  I f  we ass ume a cross secti ona l area for l ung  cel l s ,  

then the number of cel l hi ts can be ca l cu l a ted as  a functi on of d i s tance from a 

parti c l e  wi th a gi ven amount of radi oacti v i ty .  A sampl e ca l cu l at ion i s  a l s o  

shown i n  Fi gure 3 for cel l s  wi th a cross section  of 225 �m2 ( as sumi ng cub i c  cel l s  

15 �m on a s i de ) . Actua l l ung cel l s  are i rregu l ar  i n  s ha pe and can have much 

l arger or sma l l er cross secti ona l areas for some as pects but the a l pha radi at ion 

may be i nc i dent from any di recti on . 

From these s i mp l i fi ed model s ,  i t  can be seen tha t  the number of cel l h i ts 

per un i t  time varies greatly for any group of cel l s  wi th i n  the range of the 

a l pha radi ations . For a parti cl e conta i ni ng 0 . 75 pCi , ce l l s  beyond 100 �m wi l l  

be h i t  on ly  a few ti mes per day . Thi s i l l ustrati on was chosen because  the cel l s  

near the end of the range of the a l pha rad i a ti ons  rece i ve approxi mately 1 h i t  per 

day .  These are the dose ra tes that are postu l a ted to be of mos t concern i n  the 

"warm parti c l e "  hypothes i s .  I t  shou l d  a l so be noted that about  90 percent of  the 

cel l s  wi th i n 200 �m of a parti c l e are a l so more than 100 �m from the parti c l e .  

For part ic l es of l ower acti v i ty ,  the cel l s  tha t  rece i ve a bout 1 h i t  per day are 

just  c l oser to the parti c l e .  

Severa l reports have descri bed the radi ation  dose rates near a l pha -emi tti ng , 

radi oact i ve parti c l es i n  l ung ti ssue ( Sanders and Dionne , 1970 ; An derson et  �. , 
1973 ; Di el , 1978 ) . D ie l  projected the actual ti s s ue s tructures i n  the nei gh bor­

hood of parti c l es depos i ted i n  the l ungs of Syri an hams ters . A typi cal  pro­

j ection i s  shown i n  F i gure 4. Us i ng these proj ecti ons and assum i ng uni t  dens i ty 

for spaces fi l l ed by l ung cel l s ,  D ie l  ca l cu l ated a l pha parti c l e  ranges i n  the 

a l veol ar reg ion . These are a l so shown i n  Fi gure 4 .  Here the ranges extended out 

to 400 �m and the dose rates around the parti c l e vari ed by severa l orders of 

magn i tude . 

The prev i ous exposu res of peopl e and l aboratory an ima l s to p l uton i um have 

genera l l y  i nvol ved po lydi sperse aerosol s ,  i e . , aerosol s  conta i n i ng a w i de range 
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Fi gure 4b . Fracti on of a l pha parti c l es penetrati ng a gi ven di sta nce 
from a 0 . 2  �m real di ameter 238pu02 pa rti cl e in  the a l veo l ar 
regi on of a Syr i an hams ter . Average over s i x  d i fferent 
reg i ons  i n  three di fferent anima l s ( 2 160 a l pha tracks ) .  
Das hed l i ne represents 0 . 2  g/cm3 uni form dens i ty ti ssue . 

( Di el , 1978 )  
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of parti c l e s i zes . Monodi s perse p l u toni um aeroso l s , those wh i c h  conta i n  par­

ti c l es of on ly  one s i ze ,  can only be produced wi th some d i ffi cu l ty i n  the l abora ­

tory but never occur i n  the envi ronmen t .  In  a l l the prev i ous i n ha l at i on expo­

sures wh i ch form a bas i s  for our hea l th ri s k  es t imates , some l u ng cel l s  have been 

i rradi a ted at very h i gh rates , some at l ow rates and some not at a l l , dependi ng 

upon the i r  proxi mi ty to parti c l es conta i n i ng the vari ed amounts of  radi oacti vi ty .  

Typi cal l y ,  1 , 000 to 10 , 000 , 000 parti c l es were depos i ted i n  the l ower res pi ratory 

tract.  As descri bed above , the parti c l es are c l eared by mechani ca l  movement up  

the  res p i ratory tract or to  lymph nodes wi th retent ion ti mes  between 1 and 1000 

days . The parti c l es depos i ted in the l ung a l so fragment and d i s so l ve i n  t ime 

creati ng an ever chang i ng radi ation dose pattern i n  the s urroundi ng cel l popu­

l at i ons . Al l of thi s occu rs in an expandi ng and contracti ng l ung vol ume w i th  

cel l s  havi ng varied l i fespans . N o  exposures have ever occurred where i n  l ung  

cel l s  have recei ved on ly  one  type of radi ati on dose pattern or  dose  rate , nor 

wi l l  s uch exposures ever occur in the future for p l utoni um d i s persed i n  the 

envi ronment .  Conversely , many i nha l ati on  exposures of  peopl e and l aboratory 

animal s to i nso l ub l e  parti c l es conta i n i ng a l pha-em i tti ng radi onucl i des  have 

occurred i n  the past and i nc l uded part i c l es wh i ch fi t the defi n i t ions  of "hot  

part i c l es "  and  "warm parti c l es " .  Thes e  exposures have prov i ded the bas i s  for 

determi n i ng quanti tati ve ri s k  factors for i rradi ati on of l u ng t i s s ues . 

Hazards As soci ated wi th Nonuni form I rradiat ion  

I n  1972 , the  Nati onal Academy of  Sci ences Adv i sory Commi ttee on the  B i o ­

l ogi cal Effects of Ioni z i ng Radi ati on ( BE IR ) compl eted i ts quanti tat ive asses s ­

ment of  the ha zards of radi ati on expos ures t o  peop l e .  Thei r rev i ew o f  radi ation 

i nduced heal th effects i nc l uded stud i es of the Japanes e atomi c bomb s urvi vors , 

German patients treated for ankyl os i ng spondyl i ti s ,  ch i l dren i rrad iated for 

en l arged thymus g l ands , 226Ra exposed " D i a l  Pa i nters " ,  earl y fl uoroscoped pati ents , 

G-2 -16 



U .  S .  urani um mi ners , Newfoundl and fl uorspar mi ners and cancers caused by pre­

natal i rradi ati o n .  The i nci dences of hea l th effects were p l o tted as funct ions  of 

radi ati on dose l evel s and the s l opes of these l i nes were g i ven as the number of  

cases  per  mi l l i o n  peop l e  per  year for each rem to  the popu l at ion . These recom­

mended heal th ri s k  estimators were pri nci pa l l y  for cancers and geneti c defects 

and they are currently the mos t wi dely used ri s k  i nformati on on  radi at ion  expo­

sures . However , the BE I R  Commi ttee a l so cons i dered the i s sue of  I I hot s po ts "  or  

parti cu l ate sources as pos s i bl e enhanced i nducers of  l ung cancer . 

I n  1974 , a report was pub l i s hed by Tamp l i n  and Cochran requesting  a reduc­

ti on in  the  current rad i ati on standards govern ing the  i nternal  exposure of  man to  

i nso l ubl e al pha-emi tti ng radi onucl i des . They conc l uded that these radi at ion  

pro tecti on gu i de l i nes shou l d  be  reduced by a factor of  1 15 , 000 . Tamp l i n  and 

Cochran poi nted out : 

" It wou l d  take 53 , 000 parti cl es . . .  ( l  �m i n  d i ameter , 0 . 28 pCi ) 
. . .  to reach the MPLB (Maximum Permi s s i bl e Lung Burden ) of  
0 . 016  �Ci whi ch resu l ts in  15 rem/yr to  the  enti re ( 1 000 g )  
l ung . However . . .  these parti cl es wou l d  i rradi ate on ly  
3 . 4  g of  th i s  1000 g l ung , but at a dose rate of 4000 rem/yr 
. . .  these  parti c l es  resu l t  i n  an i ntens e  but h i gh ly  l ocal i zed 
i rradi a ti on . A fundamental questi on i s , then : i s  th i s  
i ntense but l oca l i zed i rradi ation  more or l es s  canci nogen i c  
than uni form i rradi at ion? "  

The  II hot  parti c l e "  questi on was rev i ewed by the  Nati onal  Academy of  Sci ­
ences , BE IR  Commi ttee i n  a report publ i shed i n  October 1976 . The summary of  
thei r eval uati on of the  Tamp l i n-Cochran rationa l e  fol l ows : 

l iThe exposure pattern in the deep l ung to i nso l ubl e 
a l pha-emi tti ng parti c l es a l ways i nvo l ves focal  i rrad i at i on . 
Parti c l es depos i ted i n  the a l veol i are trans ported through 
the lympha ti cs and concentrated around the resp i ratory and 
termi nal  bronch i o l es . Hence , the probl em for i nso l ub l e 
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part i cl es does not represent a compari s on of uni form and 
focal expos ures , but a compari son of the rel a ti ve effects 
of greater numbers of sma l l parti c l es compared to smal l er 
n umbers of l a rge parti c l e s  for the same tota l l ung burden . 

Radi obi o l og i c  theory s upports the concept that for 
res pi rabl e- s i zed pa rt i c l es di s tri buted i n  a ti s s u e ,  the 
number of  ce l l s  traversed by a l pha radi ati on , and probably 
a l so the carci nogen i c  ri s k ,  i ncreases wi th i ncrea s i ng 
parti c l e s i ze or  parti c l e  acti v i ty and reaches a maximum at  
a g i ven parti c l e s i ze or pa rti c l e acti v i ty .  At  parti cl e 
s i zes or  parti c l e acti vi t ies  above th i s  maximum the probab i l i ty 
o f  mu l ti p l e  traversa l s of s i ng l e ce l l s  i ncreas es , thus  
i ncreas i ng l etha l i ty .  Th i s  res u l ts in  a reduced carci nogen i c  
ri s k  s i nce dead cel l s  cannot become cancer cel l s .  

On the other hand , radi obi o l ogi c theory a l so s upports the 
concept tha t  if the a l pha acti v i ty is d i s tri buted -throughout 
the ti s sue ,  the number of ce l l s  that recei ve only s i ng l e 
traversa l s or subl ethal events of some nature i ncreases 
wi th the amount of a l pha-emi tters present i n  the l ungs and 
the cancer ri s k  i ncreases s imi l arly . Of course , at  very 
h i gh concentrations  of a l pha-emi tters the number of  cel l s  
recei v i ng mu l ti p l e  traversa l s i ncreases and the ri s k  of rad­
i ation  pneumoni ti s  and fi bro s i s  becomes more s i gn i fi cant ,  
whi l e  the cancer ri s k  decreases . Experimenta l  efforts to 
veri fy these concepts are conti nu i ng , but res u l ts to date 
do not contradi ct th i s  descri ption . 

I n  experimenta l  anima l s  the carc i nogen i c  ri s k  i s  reasonably 
i ndependent of the geometri c di s tri bu tion  of the parti c l es i n  
the l u ngs . I n  a compl ex organ l i ke the l ung i t  i s  pos s i b l e 
that parti c l e  s i ze may affect the di s tri buti on , and hence the 
ri s ks ,  among vari ous  ti s s ues . However ,  experi menta l  ev i dence 

s uggests  that  because  of competi ng tendenc i es i n  th i s  d i s ­
tri buti o n ,  the overal l tumori gen i c res ponse  for a vari ety o f  
parti c l e s i zes  i s  a functi on  o f  the total radi oacti ve dose 
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i nvol ved and i s  rel ati vely i nsens i ti ve to di fferences i n  the 
d i s tri buti on in vari ous ti s sues . 

The Geesaman Hypothes i s ,  on whi ch the Tamp l i n-Cochran 
rati onal e i s  based , has meri t on l y  to the extent that ti s sue 
damage wh i ch resu l ts i n  permanent structural d i sorgan i zati on 
can have an enhanci ng effect on the tumori gen i c  response to 
carci nogen exposure . The postu l ate that s tructural d i s ­
organi zati on , per se , produces tumors has been s hown to be 
true only i n  the endoci ri ne system where hormonal feedback­
regul ati ng mechani sms operate from one organ to another 
( e . g . , the ovary and p i tu i tary g l ands ) .  Under these c i rcum­
s tances gross destructi on of organs ( not mi cros copi c  focal  
derangements ) can be a condi ti on for a tumorgen i c  respons e .  

Geesaman ' s  postua l te ,  that the damage produced i n  the 
l ung by a s i ng l e  p l u toni um parti c l e  wou l d  have the s ame 
probabi l i ty of caus i ng l ung cancer as that observed i n  the 
i rradi ated rat sk i n ,  ma kes the fol l owi ng unwarranted assump­
ti ons about the pathogenes i s  of radi ati on- i nduced tumors 
i n  the rat sk i n :  a )  that atroph i c fo l l i cl es ,  per se , 
cause s k i n  tumors ( i . e . , that structural di sorgani zati on of 
thi s type i s  tumori gen i c )  at a rel ati vely l ow probab i l i ty 
of 1 i n  2 , 000 ; and b )  that focal i rradi ati on of hai r  fol l i cl es ,  
a s  wou l d occur from stati onary p l utoni um parti c l es  adjacent 
to hai r fol l i cl es ,  causes atrophi c  fol l i c l es and s ki n  tumors . 
S i nce the Geesaman Hypothes i s  cou l d  hard ly  be taken as the 
bas i s  for pred icti ng the yi el d of tumors , even in the rat 
s k i n ,  from imbedded p l utoni um parti c l es , i t  wou l d  be purely 
fortu i tous if i t  accurate ly  predi cted the response of the 
human l ung to p l utoni um parti cl es . Therefore , the rationa l e 
for the NRDC peti ti on appears i ndefens i bl e . "  

To a l arge extent ,  the conc l u s i ons of the Nati onal  Academy of Sc i ences 

Commi ttee on " Hot Parti c l e s "  are based upon s tudi es of l ung tumor deve lopment i n  

l a boratory anima l s  that  recei ved a l pha-emi tti ng radi onucl i des by i nhal ation or 
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i ntratrachea l i ns ti l l at ion . The Commi ttee s ummari zed and compared the res u l ts of 

these stud i es to determine the re l ati ve tumor ri s ks for the d i ffernt dose d i s -

tributi ons o f  the i n terna l ly depos i ted radi onucl i des . No attempt wi l l  b e  made 

here to revi ew a l l of th i s  evi dence but other studi es that have been comp leted 

s i nce the Nati onal Academy of Sci ences report wi l l  be i nc l uded in th i s  d i s c u s s i on 

to present the most current sc ienti f ic  vi ews on the tox i c i ty of a l pha-emi tt i ng 

radi onuc l i des i n  the l ung . 

Sa nders and Mahaffey ( 1978 ) have recently rev i ewed the i r  p revi ous studi es of 

the re l ati ve tox i c i ti es of i nhal ed 238pu02 , 239pU02 and 244cm02 in  rats and have 

s ummari zed the dose-effect rel at ions h i ps for producing l ung tumors . Pa rt i c l es of 
244 . 239 238 Cm02 were much more so l ubl e than el ther Pu02 or Pu02 . After c l earance 

of some of the 244cm02 by di s so l ut ion and absorpti o n ,  the rema i n i ng rad ioacti vi ty 

was more uni formly di stri buted than after i nha l ati on of ei ther 238pU 02 or 239pu02 . 

Th i s  wa s demons trated by autoradi ography . The l east  uni form dose d i s tri bution 

resu l ted from exposures to 238pu02 . The speci fi c acti v i ty of 238pU02 i s  275 

t imes that  of 239pU02 and hence a parti c l e of 238pU02 conta i n s  275 t imes as  much 

radi oact i v i ty as a 239pU02 parti c l e of the same s i ze .  Hen ce , for the same s i ze  

aerosol s and  the  same tota l amount of  radioact i v i ty depos i ted , rats i nhal i n g  
239pU02 had about 2 7 5  ti mes the number o f  parti c l es as  those i nhal i ng 2 38pU02 
and a l arger fraction of the total l ung i rradi ated . Therefore , for the same 

average dose to l u ng t i s sue , 238pU02 res u l ted i n  the l ea st  uni form i rradi ation  of 
239 . 244 l ung cel l s  wi th P u02 bel ng more un i form and Cm02 produci ng the mos t  uni form 

i rrad iat ion of the l ung ce l l s .  

Sanders and Mahaffey p l otted l u ng tumor frequencies i n  these s tudi es vs . 

average rad i at ion doses i n  the rats exposed to the three aerosol s .  Th i s  i s  

reproduced i n  Fi gure 5 .  The l ung tumor i nci dences a t  rad i at i on dos es l es s  tha n 

100 rads were h i gher for rats that i nha l ed 244cm02 or 239pU02 than for rats that 
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RADIATION DOSE TO LUNG, rads 

Fi gure 5 .  Rel ati ons h i p  between i nc i dence of l ung tumors and 
absorbed radi ati on dose to l ung for Wi star ra ts i n ha l i ng 
fresh ly  prepared , h i gh-fi red transuran i c  oxi des . Reproduced 
from Sanders and Mahaffey ( 1978 ) . 
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i nha l ed 238pu02 . The authors concl uded that  the more uni form radi ati on dose 

di stri buti ons produced the h i ghest tumor frequenc ies per rad of  rad i ati on . 

L i ttl e et . �. ( 1978)  stud ied l ung tumor producti on i n  Syrian  hams ters after 

i ntratracheal i nsti l l ati on of 210po . The dose d i s tri buti on i n  l ung ti s s ue was 

vari ed by i nsti l l i ng e i ther a sal i ne so l uti on of 21 0po to p roduce a uni fo rm dose 

or  2 1 0po absorbed onto Fe203 parti c l es to produce a h i gh ly  nonuni form dos e .  The 

mass of carri er  parti c l es wa s vari ed , ei ther 3 mg or 0 . 3 mg , and the l ung dos es 

were between 50 rad and 2700 rad . The observed tumor i nc i dence i n  the l ow dose 

anima l s ,  55 rad to 75 rad ,  was 4 to 8 ti mes greater per rad than observed i n  the 

h i gh dose anima l s , 1500 to 2700 rad ,  but the uni form d i s tri bution of 2 1 0po was as 

effecti ve or  more effecti ve than the nonuni form di stri buti on in  p roduci ng l ung 

tumors , Tabl e 3 . 

The studi es of both Sanders and Mahaffey ( 1978)  and of Li ttl e et . �. 
( 1 978 )  u sed parti c l es to concentrate the radi onucl i des i nto focal  or poi nt sources 

of a l pha radi ati on . The parti cl es were not a s i ng l e  s i ze but were polydi s pers e  

i n  s i zes so that  the focal sources vari ed wi dely i n  thei r radi oact i v i ty contents . 

The range of parti c l e acti v i t i es extended beyond " hot  parti cl es " on  the h i g h  end 

of the rad i oacti v i ty concentrati ons and be l ow "wa rm parti c l es " on the l ow end . 

More recent studi es by Brooks ( 1979 ) used monodi sperse s i ze parti c l es of 
239pU02 to study the devel opment of l i ver rel ated cancers i n  C h i nese hamsters . 

He i nj ected the 239pU02 parti c l es i ntravenous ly  caus i ng them to depo s i t  i n  the 

hamster l i vers as focal sources of al pha radi ati on . The parti c l es ranged i n  

acti v i ty from 6 to 710  al pha emi s s i ons per parti c l e per day such  that the l ocal 

dose rates vari ed  from 2 . 4  to 220 rads/day , Tabl e 4 .  Brooks a l so  i nj ected 239pu 

c i trate to produce uni form a l pha i rradi ati on of the l i ver . The res ul ti ng tumors 

i ncl uded hemangi os arcomas , bi l e  duct adenomas , hepatoce l l u l ar neopl asms , and 

carc i nomas . Tumor frequenci es and average l i ver  dos es are a l s o  shown i n  Ta bl e 4 .  

Al though the parti c l es covered a range of acti vi ti es i nc l udi ng both "warm parti c l es "  
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Ta bl e 3 

Inci dence of Lung  Tumors i n  Syrian  Hamsters Gi ven 2 10po by 

I n tra trac heal I n sti l l a t i on ( Li ttl e et �. , 1978 ) . 

Treatment Ra d i a t ion  N umber of N umber of Tumo r 

2 10po i n  

2 10po o n  ( 3 mg ) 
( 0 . 3 mg ) 
( 3 mg ) 

Sal i ne 

Fe203 

Do se  ( rads ) 

1500 
55  

Pa rtic l  esa 

2700 
1700 

7 5  

a .  Amo unt  of Fe203 carri er  

An i ma l  s Tumors I nc i dence 

38 2 2  0 . 58 
99 9 0 . 09 

37  24  0 . 65 
34 15  0 . 44 
82 10 0 . 12 

i n st i  1 1  ed . 
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Tumor 
I nc i dence 
per rad 

0 . 00038 

0 . 00160 

0 . 00024 
0 . 00026 
0 . 00160 



0 
I � 
I � 

II:>-

Ta b l e  4 .  I n c i dence of l i ver Cancers i n  C h i nese Hamsters Injec ted wi th 239pu C i trate or 239pu02 Part i c l es ( Brooks , et !l. , 1979 ) . 

Chemical  Pa rti c l e  S i ze Al pha/day I nj ec ted Med i a n  Average Number Number Net Tumor 
Form ( um )  per part i c l e  Ac t i v i ty Surv i va l  Dose of An i ma l s  o f  Tumors I nc i dence 

( u C i /g body w t . ) ( days ) ( ra d s )  

C i tra te 2 x 10- 3 526 1 380 52 19 0 . 33 

6 x 10- 4 789 660 8 5 0 . 59 

2 x 10- 4 933 270 20 8 0 . 37 

2 x 10-
5 

850 26 19 0 . 02 

2 x 10-6 1075 6 19 0 0 . 00  

Ox i de 0 . 211 6 2 x 10-3 675 3540 37 14 0 . 34 

0 . 24 6 2 x 10-4 1020 518 17 5 0 . 26 

2 x 10-5 0 . 24 6 1020 44 18 1 0 . 02 

0 . 17 35 2 x 10-3 7 50 3720 1 3  6 0 . 43 

0 . 60 100 2 x 10-
3 

600 3720 19 0 . 02 

0 . 84 7 10 2 x 10-
3 860 3720 27 13  0 . 45 

Control o 1020 30 

Net Tumor 
I n c i  dence 

per rad 

. 00024 

. 00074 

. 00 140 

.0007 7  

. 00000 

. 00010 

. 00050 

. 0004 5 

. 000 1 2  

. 00001 

. 000 1 2  



and " hot  parti c l es "  the greatest numbers of tumors per rad of dose were produced 

by l ow dose , un i form i rradi ati on of hamster l i ver cel l s .  

Many other stud ies of the carci nogen i ci ty of p l utoni um i n  the l ungs of rats , 

rabb i ts ,  mice  and dogs were summari zed by Bai r et.  �. ( 1974) . These wi l l  not be 

di scus sed in detai l here except to emphas i ze that i nhal ation  of p l u to n i um ci trate , 

carbonate , n i trate , acetate and oxi de parti c l es a l l resu l ted i n  s i mi l ar tumor 

i nc i dences per rad of dose . Thus , i n  the hundreds of exposures of l aboratory 

animal s to di fferent forms and doses of a l p ha-emi tti ng rad ionu cl i des , no  dose 

di stri bu ti ons  have been i denti fi ed wi th greatl y di fferent ri s ks for produci ng 

l ung tumors . 

Currently , studies  are i n  progres s at the Batte l l e  Paci f ic  No rthwest  Labora ­

tori es i n  Ri chl and , Was h i ngton and at the Inha l ati on Tox i col ogy Research In sti ­

tute ( ITRI ) ,  i n  Al buquerque ,  New Mex i co wi th i nha l ed p l uton i um oxi de aerosol s .  

Beag l e  dogs have been exposed by i nha l ati on res u l ti ng i n  i n i ti a l  l ung burdens 

rang i ng  from 0 . 002  to 5 . 6 �Ci . The studi es at ITRI i nvol ve monod i s perse aeroso l s  

lof 238pU02 and 239pu02 wh i ch range i n  parti c l e  acti v i t i es from 0 . 001  to 5 0  pCi / 

parti c l e .  Thi s range of acti vi t ies i ncl udes parti c l es a factor of 10 l ower i n  

acti v i ty than  0 . 01 pCi "warm parti c l es "  to parti c l es 700  ti mes h i gher i n  acti v i ty 

than 0 . 07 pCi "hot  parti c l es . "  Some of these stud i es have been i n  progres s  for 

more than 3 years to date . Stud i es at the Battel l e  Paci fi c Northwes t Labora ­

tori es  a l so i nvol ve i nhal ati on  exposures of Beag l e  dogs t o  2 39pU02 aerosol s but 

these aeroso l s  are po lydi sperse in parti c l e  s i zes . A compari son  of the s tud ies 

bei ng conducted at  these two l aboratorie s  wi l l  u l timate ly  del i neate the rel ati ve 

ha zards of di fferent s i zes of Pu02 parti c l es but these l i fespan s tudi es wi l l  

requ i re approximate ly  ten years to compl ete . Pre l imi nary compari sons between 

these studi es  have not i ndi cated a greatly enhanced ri s k  for deve l opi ng l ung  

cancer from i n ha l i ng spec i fi c  s i zes of pl uto n i um oxi de parti c l es . 
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At the present time , there i s  no sci enti fi c ba s i s  i n  l aboratory an ima l  

i nhal ation  s tudies  for pos tu l ati ng very hi gh  l ung cancer ri s ks from i nha l i ng 

d i screte s i zes of pl utoni um oxi de parti c l es . As noted above , the " hot parti c l e "  

hypothes i s  was formul ated from studi es of tumors produced i n  i rradi ated rat s ki n .  

The tumors devel oped from cel l s  at the base of ha i r  fo l l i cl es .  These are rap id ly 

d i v i di ng cel l s  and the opti mum doses for produc i ng tumors were j us t  above 1 000  

rad . I t  i s  i n teres ti ng to note that the i rradi at ion  of epi thel i a l  cel l s  s ur­

round i ng the ha i r  fo l l i c l es di d not res u l t  i n  the formati on of  a s i gni fi cant  

number of tumors , even at the h i gh doses . Thus , i n  these  s tudi es and  i n  many 

others , di fferent ce l l  types have shown di fferent sens i ti v i t i es for neopl asti c 

changes . Di fferent cel l sens i ti v i ti es have been noted even for l ung cel l s  i n  two 

di fferent animal  speci es . I nhal ation  of p l u ton i um aeroso l s by Syrian  hamsters 

res u l ts i n  fewer l ung tumors for equa l  rad i a ti on doses than i s  observed i n  rats 

( Sanders , 1977 ) .  Thus , knowi ng the rel a ti on s h i p  between radi a t i on doses and 

tumor devel opment i n  rat s k i n  ha i r  fo l l i cl es i s  not a s trong bas i s  for proj ecti ng 

the re l ati ons h i p s  between rad iat ion  doses to l ung cel l s  and l ung tumor devel op­

men t .  Th i s  is  especi a l ly true i n  l i ght of the many s tudies  of l ung tumor for­

mati on caused by i nterna l ly depos i ted al pha-emi tti ng radi onuc l i des . 

The excepti onal  hazard attri buted to "warm parti cl es " by Martel l ( 1 977 ) i s  

based upon mathema ti ca l model i ng of l ung tumor i nci dences i n  ci garette smo ki ng 

peopl e .  Hi s model depends upon  the assumpti on that l ung cancers i n  ci garette 

smo kers are primari ly  caused by 210po . However , i t  i s  known that ci garette smo ke 

a l so conta i ns chemi cal compounds that are ca rci nogen i c when i n  contact wi th l ung 

cel l s  ( Stanton , et . �. 1974 ) .  The mathemati cal re l at ions h i ps u sed by Ma rtel l i n  

pred i cti ng the occurrence of l ung cancers i n  ci garette smokers wou l d  app ly 

1 1  1 1  t th h . l '  t 210p d . t . . t equa Y we 0 e c eml ca carcl nogens as 0 0 ra l oac l Vl y .  

Thu s , the h i g h  radi at ion  ri s ks al l eged i n  the "wa rm part i cl e"  hypothes i s  for 

foca l sources of a l pha-emi tt i ng radi onucl i des i n  l ung ti s s ue have never been 
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observed i n  any of the prev i ous studi es wi th l aboratory an ima l s .  Because  mos t of 

these studi es i n cl uded expos ures to parti c l es descri bed by Marte l l a s  I Iwarm 

parti c l e s , 1I i t  i s  not l i ke ly  that the postul ated h i gh ri s ks actua l l y  occur for 

parti c l es hav i ng speci fi c l evel s of radi oacti v i ty .  

Stud ies o f  Al pha-Emi tt i ng Radi oacti v i ty i n  Peop l e 

Studi es of heal th ri s ks for peop l e who acci dent ly  i nhal ed parti c l e s  con ­

ta i n i ng a l pha-emi tti ng radi onucl i des are conti nui ng at  the presen t t ime . Cur­

rent l y ,  no i nformati on i s  avai l abl e to sugges t that parti c l es havi ng di s crete 

l evel s of radi oacti v i ty are more hazardous than  more uni form i rradi a ti on of l ung 

ti ssue . None of the expos ures of peop l e have been to aerosol s of s i ng l e s i zes , 

but many of the expos ures  contai ned parti c l es that f it  the defi n i t i ons of I Iwarm 

parti c l e s ll and II hot pa rti c l es . "  

The BE I R  Report ( 1972 ) summari zed data on l ung cancer i nci dences i n  uran i um 

mi ners , fl uors par  mi ners , spondyl i ti s  pati ents and atomi c bomb s urvi vors . The 

two groups of mi ners were exposed to a l pha i rradi ati on i n  l ung t i s s ues wh i l e  the 

other groups were exposed to externa l  i rradi ati on . The BE I R  Commi ttee deri ved 

one ri s k  facto r ,  1 . 3  l ung tumor deaths/ 106 peopl e/year/ rem of  exposure or  a 

l i fetime ri s k  of about 1 x 10-4/ rem . Thi s  ri s k  factor i s  cons i s tent w i th l ung 

tumor i nci dences observed in the studi es wi th l aboratory an ima l s exposed to 

pl uton i um by i nha l ati on . 

The expos ures of uran i um and fl uors par mi ners were to radon and radon 

daughter nucl i des ei ther as gases or attached to the s u rfaces of  dust  parti cl es . 

Th i s  res u l ted i n  i rradi a ti on  of al l l u ng cel l types a l though mos t  of the tumors 

devel oped from cel l s  i n  the upper bronch i a l ai rways . These observati ons s timu ­

l ated the sugges ti on that the bronch i a l  epi thel i um conta i ned the mos t sensi t ive 

cel l s  for l ung tumor devel opment . However , other s tudi es by Ci h a k  et .  �. 
( 1974 )  on  Japanese atomi c bomb survi vors showed that l ung cancers devel op from 
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many d i fferent l ung ce l l  types after uni form radi ati on exposures . Lung cancer 

devel opment i n  urani um mi ners was al so  shown to be re l ated to c i garette smok i ng 

by Archer et . �. ( 1976 ) . Thus , l ung cancer devel opment i n  these human popu­

l ati ons probably res u l ted from a mi xture of chemical  and phys i ca l  agents and can 

not be used to del i neate the re l ati ve hazards of parti cl es or uni formly di s­

tri buted radi ati ons . 

Severa l other groups of peopl e were exposed to aerosol s of p l u toni um ,  one 

dati ng back to the early days of the Manhattan Projec t .  A s umma ry of  a l l of the 

studies wh i ch are be i ng done wi th workers tha t  i n ha l ed p l utoni um was g i ven by 

Ri chmond ( 1974 ) . These studies  i ncl ude severa l hundred i nd i v i dual s w i th body 

burdens rang i ng up to 0 . 4  �Ci  of pl uton i um .  The Manha ttan Proj ect expos ures 

occurred over 30 years ago and to date , no l u ng cancers have devel oped i n  these 

peop l e  rel ated to the pl utoni um exposures . Even l arger groups of workers are 

bei ng studied  at  the Los Al amos Sci enti fi c Laboratory i n  l ong-term epi demi o l ogy 

s tud ies ( Voel z et . �. , 1978 ) . Thes e studies  may eventua l ly i nc l ude over 20 , 000 

i nd i v i dua l s wi th more than 140 hav i ng body burdens greater than 20 nCi and 885 

wi th body bu rdens between 4 and ·20 nCi of pl utoni um .  Lung  cancer i nc i dences wi l l  

be fo l l owed i n  these pl utoni um workers to determine the l evel s of  ri s k  over thei r 

l i fetimes . 

Perha ps the l argest group of peop l e wi th el evated exposures to a l pha-emi tti ng 

rad i onucl i des and wel l  documented i nc i dences of l ung cancers is c i garette smokers . 

Expos ures to a l pha radi ati ons occur i n  smokers because of the presence of 2 10po 

in c igarettes . Each ci garette conta i ns about 0 . 4  pCi of 2 10po , of wh i ch 25  

percent is  i nhal ed i n  the  ma ins tream smoke ( Radford and Hu n t ,  1 964 ) . Depos i ti on 

of smo ke parti cl es conta i n i ng 210po i n  the res p i ratory tracts resul ts i n  non-

un i form radi ation  exposures 
2 10po bei ng measured i n  the 

of l ung ti s s ues  wi th s i gni fi cant 

bronch i a l epi thel i um near a i rway 

average concentration  of 2 10po at these bi furca ti ons meas ured 
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( 1965 ) was 4 . 5  pCi / g . The average concentrati on of 2 1 0po i n  the who l e  l ung due 

to ci garette smoki ng was 0 . 01 pCi / g . Us i ng the dos imetry methods of Haque ( 1 96 6 )  

for a l pha-emi tti ng radi onucl i des depos i ted o n  bronc h i a l  ep i the l i um ,  the ca l cu­

l ated dose to the ba sa l  cel l s  of the bronch i a l  ep i thel i um from 2 1 0po i n  c i ga rette 

smoke i s  between 5 and 15 rem per year .  Thi s dose was estimated to be about 10  

rem per  year by L i tt l e  �. �. ( 1965 ) . 

Annual death rates from l ung cancers i n  ma l es are s hown i n  Fi gure 6 for 

ci garette smokers and non-smokers . I n  c i garette smo kers , the annua l  death ra te 

i ncrea ses wi th age to about  1200 deaths per year i n  a cohort of 100 ,000 men . 

Th i s  rate then seems to decl i ne after 80 years of age . I n  non -smo kers , the 

annual  death rate al so i ncreases wi th age to about 250 dea ths per year for 

100 , 000 men at the age of 80 years . The th i rd l i ne i n  Fi gure 6 a s s umes the 

norma l death rates for l ung cancer in non-smo kers and a dds the r i s k  of addi ti onal 

bronch i a l  carc i nomas wh i ch cou l d  be attri bu ted to the l evel s of 2 1 0po present on 

the bronch i a l  epi the l i um of smokers . Th i s  add i t i onal  ri s k  was estimated us i ng an  

annua l  al pha radi ation  dose ra te of  10 rem/yr to  the  ba sa l  cel l s  of the  bronch i a l  

epi thel i um ,  a ri s k  factor o f  1 . 3  x 10-6 l ung cancers per year per rem a nd a 

l a tent peri od of 20 years . Thus , at the age of 80 years , ma l e  c i garette smo kers 

have a potenti a l  ri s k  of 950 more l ung cancer dea ths per 1 00 ,000 men than non ­

smo kers . Abou t 50 of these deaths per 100 , 000 men cou l d  be caused by 2 10po i n  

ci ga rettes . Ass umi ng that  there were no other carci nogens i n  c igarette smo ke ,  

the a l pha radi ation  cancer ri s k  es timator cou l d  not be more than 9 50/50 or 19 

t imes  h i g her than estimated by the BE I R  commi ttee to account for a l l the addi -

ti ona l l ung cancers i n  ci garette smo k i ng men . 

I t  i s  genera l ly  accepted tha t there are many ca rc i nogen i c  chemi cal compounds 

i n  ci garette smo ke ( Lee et . �JL. ,  1977 ) .  These  i nc l ude pol ycycl i c  aromat ic  

hydroca rbons and the i r  heterocycl i c  ana l ogs . They were usual ly extracted from 
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F i gure 6 .  Annua l  l ung cancer death rates rel a ted to age i n  ci garette 
smo kers and non -smokers deri ved from a s tudy of Bri ti s h  
doctors ( Do l l . 1978 ) . Proj ected l ung cancer i nc idences from 
2 1 0po i n  c i garette smoke was added to the non-smoker i nc i dence 
rates and i s  a l so  s hown . The proj ected i nc i dence due to 2 1 0po 
was cal cu l ated by u s i ng the B E I R  es t imator for l ung cancer 
( 1 . 3 x 1 0-6 cancers/yr/rem ) . a l atent peri od of 20 yr and 
an annual dose rate of 10  rem/yr to the bas a l  cel l s  of the 
bronch i a l  epi thel i um ( L i ttl e et �. 196 5 )  
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c i garette smoke condensates  and were tes ted i n  s tudies  w i th l abo ratory a nimal s ,  

often by pai nti ng them on the s k i n  of mi ce . Al though i t  i s  not pos s i bl e  to 

extrapol ate abso l ute ri s k  factors from mouse s k i n to other ti s s ues , i t  i s  pos s i ­

bl e to i denti fy wh i ch agents are potenti al  carci nogen i c  agents by us i ng th i s  

model . Chemi cal i n i ti ati on  and promoti on  of cancers i n  l ung t i s s ue a re l i ke ly  to 

be a very important  part of the tota l carci nogen i c  poten ti a l  of ci garette smoke 

and i t  wou l d  not be appropri ate to rel ate a l l of thes e cancers to radi ati on 

a l one . 

Summary 

Ri s k  estimators appl i cabl e to a l pha radi ati on  i n  l ung ti s s ue have been 

devel oped by the Nati onal  Academy of Sci ences BE I R  Commi ttee . The data used i n  

these  eval uati ons  were ta ken from uran i um mi ners , fl uorspar  mi ners , atomi c bomb 

survi vors and i rradi a ted spondyl i ti s  pati ents . The absol ute va l ues of the ri s k  

estimators are i n  genera l agreement wi th l ung tumor i nc i dences s een i n  stud i es 

wi th l aboratory animal s that i nha l ed or were i nj ected wi th  a l pha -emi tti ng radi o ­

nucl i des . The s tudi es i n  l aboratory anima l s  a l so  s howed no d i fference i n  the 

number of tumors produced per rad of radi ati on dose  to the who l e  organ that 

depended upon whether the radi oacti vi ty was concentrated i n  part i c l es or di s ­

tri buted uni formly throughout the ti s sue . 

A l l of the previ ous expos ures of peop l e  and l aboratory a n i mal s to i nso l ubl e 

parti c l es of 239pu , 238pu , or 210po i nc l uded parti c l es wh i c h  fi t the defi n i ti ons 

of  " hot  parti c l es "  and "wa rm parti c l es . "  The BE I R  radi ati on ri s k  est imators a re 

cons i s tent wi th the observati ons made of l ung tumor i nci dences i n  a l l of these 

s tudi es . Al though these s tudi es i ncl uded many hundreds of expos ures to di fferent 

forms of a l pha-emi tti ng radi onuc l i des , none res u l ted i n  markedly d i fferent tumor 

frequenc i es per uni t of rad i ation  dose  i n  the l ow dose ranges of greatest  i n terest .  

Thus , there i s  no ba si s i n  studi es of l u ng tumor devel opment  i n  peop l e  or  

G-2 -31 



l aboratory anima l s  that wou l d sugges t uni q uely h i gh ri s ks a ttri butabl e to d i s ­

crete l evel s of focal radi ation sources such as  i nsol ubl e "hot parti c l e s "  o r  

"warm parti c l es " o f  pl utoni um . 
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APPENDIX  G-3  

NONTECHN I CAL D I SCUSSION OF  PLUTON I UM AND 
THE BAS I S  OF ITS HEALTH STANDARDS 

R. E. Yoder 

I NTRODUCTION 
/ 

The el ement p l uton i um has a fasci nat i ng attracti o n  for the pub l i c  
for several reasons wh i c h  i nc l ude : 

a )  It  i s  the f i rs t  man-made el ement produced in  any s i gn i fi ­
cant quant i ty. 

b) It extends the ava i l ab i l i ty of  natural f i s s i l e  mater i a l s 
( urani um) , when used as a reactor fuel . 

c )  I t  i s  used as  a n  energy source i n  heart pacemakers . 
d )  I t  i s  very radi otoxi c  and a potent cancer p roducer. 
e) It remai ns rad i oacti ve for a very l ong t i me ,  a property 

whi c h  requ i res extraord i nary care i n  i ts di sposal . 
f) It can be used for nuc l ear exp l os i ve s .  

I n  th i s  d i scus s i on an attempt i s  made t o  d i scuss  i n  l ayman ' s  terms 
some of the i nformat i o n  known about  p l uton i um wQ i ch may as s i st the 
reader of th i s Envi ronmental Impact Statement . Spec i fi c  references are 
not supp l i ed but the i nteres ted reader can use the general references 
noted at the end of  the sect i on as  a gu i de to the more tech n i ca l  l i tera­
ture .  

PRODUCTION OF  PLUTON IUM 

I n  nuc l ear reactors , the el eme nt uran i um (wh i ch i s  the fue l ) under­
goes numerous nuc l ear reacti ons , some of wh i ch l ead to el ements not 
found i n  nature i n  detectab l e  quanti ti es . One of these el ements i s  
p l uton i um .  

Several types of nuc l ear reactors have been devel oped . Nucl ear 
reactors operate by p l ac i ng f i s s i l e  mater ia l , s uch  as urani um ,  in a 
s u i tab l e  p hys i ca l  arrangement to perm i t  a se l f- s us tai n i ng react i on by 
eff ic i ently us i ng neutrons  produced by the fi s s i on reacti ons . Bas i ca l ly 
they a l l operate s i mi l arly but are des i gned di fferently because of the 
purpose they are i ntended to meet . Ori g i nal l y ,  reactors were fuel ed 
wi th  h i gh-puri ty natural urani um ,  wh i ch i s  made up most ly  of urani um- 235 
and urani um- 238 , embedded in grap h i te ( carbon ) .  Enri ched u rani um conta i ns 
more uran i um-235 than is  p resent in  the natura l el ement .  The avai l abi l i ty 
of the rarer urani um i sotope , uran i um- 235 , has permi tted the constructi on 
of  (1 )  power reactors , us i ng l ow-enri ched urani um ,  (2)  fast reactors , 
us i ng nearly pure urani um-235 , and ( 3 )  experimental reactors , u s i ng many 
enric hed l evel s of uran i um .  P l utoni um i s  p roduced i n  a l l of these 
reacto rs ; however ,  the quant i ty produced vari es . 
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P l uto n i um p roduct i on i s  i n i ti ated i n  a nuc l ear  reactor when an atom 
of  uran i um- 238 absorbs a neutron  to become an unstab l e  atom of  uran i um- 239 , 
wh i c h  decays by beta emi s s i on to become neptuni um- 239 . Neptun i um decays 
by beta emi s s i on to p l utoni um- 239 . F i gure 1 dep i cts the p roduction  of 
p l uton i um from uran i um .  These radi oacti ve decays occur wh i l e  the fuel  
is  in  the nucl ear reactor ,  and the parent atoms are s ubject to further 
i nte ract ions  wi th neutrons . Thus , neptun i um- 239 can absorb a neutron  to 
become neptun i um- 240 , and p l uton i um- 239 can absorb a neutron to become 
p l uton i um- 240 . I n  th i s  comp l ex manner severa l p l uton i um i sotopes are 
p roduced . F i gure 2 i denti fies  the i sotop i c  mi xture of  p l uton i um p roduced 
i n  a reactor operati ng at a spec i fi c  powe r l eve l for severa l peri ods of 
t ime .  For mi l i ta ry purposes one des i res to max im i ze the fraction  of 
p l uto n i um-239 i n  the mi xture , so that a lOa-day i rradi ati on wou l d  p roduce 
an  i sotop i c  m ixture s u i tab l e  fo r use at Roc ky F l ats . Longer peri ods of 
i rrad i at i on wou l d  produce p l uton i um with a smal l er fract i on o f  p l uton i um- 239 . 

After the appropr iate t ime i n  the reactor , the u ran i um fue l , the 
f i s s i on products , the neptun i um ,  and the p l utoni um are removed from the 
reactor and set as i de to a l l ow any ex i st i ng neptun i um-239 to decay to 
p l uton i um-239 ( about 30 days ) .  To a l l ow t ime for fi s s i on p roducts to 
decay , thus s i mp l i fyi ng  reprocess i ng operat i ons , the fue l e l ements may 
be he l d  l onger.  Reprocess i ng i nc l udes d i sso l v i ng the u rani um fue l 
e l ement i n  a strong ac i d ,  s uch  as n i tr ic  ac i d ,  and c hemi cal ly  separat i ng 
the uran i um ,  p l utoni um , and other fi s s i on p roducts . The u ran i um can be 
reused i n  other fue l e l ements but the f i s s i on p roducts are waste wh i c h  
requ i re d i sposa l . 

HANDLI NG TECHNIQUES 

At Roc ky F l ats , p l utoni um meta l produced by the descr i bed nuc l ear  
cyc l e  i s  an  essenti a l  i ngredi ent i n  many manufacturi ng p rocesses . 
P l uton i um i s  wor ked by the norma l operati ons encountered i n  any metal 
work i ng  i ndustry .  However , as  descri bed i n  C hapter 2 of  th i s  E I S , there 
a re extens i ve meas u res  taken to p revent the metal from comi ng i nto 
contact with  peop l e .  At Roc ky F l ats , p l utoni um i ngots are rece i ved i n  
seal ed conta i ners . When needed , the conta i ners are p l aced i ns i de g l ove­
boxes i n  wh i ch the p l uto n i um i s  removed from the sea l ed conta i ner.  From 
th i s  po i nt on , the metal remai ns i n  g l oveboxes unt i l  i ts fi nal as semb ly 
perm i ts i ts removal i n  a sea l ed conta i ner .  

Because p l utoni um i s  expens i ve and  cannot be wasted , a l l c h i p s , 
furnace res i dues , powders , and other scrap p roduced i n  the p roduct i on 
operati ons are carefu l ly  co l l ected for re use .  I f  the mater ia l  i s  s uffi ­
c i ently pure , i t  i s  re i ntroduced i nto the me l t i ng furnace with  add it i onal  
new i ngots or , if i mpure , it i s  sent to c hemica l  recovery where the 
meta l is  d i s so l ved , puri f ied , and reduced to metal aga i n .  

Reacti ve forms o f  p l uton i um ,  a s  wi th many other meta l s , i nc l ud ing  
s tee l , are eas i ly i g n i ted under certai n  cond i t i ons ( i . e . , mac h i ne turn i ngs , 
f i ne ly  d i v i ded powder ,  etc . ) .  Therefore , many ope rati ons a re conducted 
i n  an i nert atmosphere u s i ng dry n i trogen , argon , or he l i um ,  rather than 
a i r .  Thi s reduces the r i s k  of fi re .  
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FIGURE 1 

THE "PILE REACTIONS" 
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When a uranium -235 atom captures a neutron in its nucleus , it 
fissions to produce two radioactive nuclei of fission -product I!le ­
ments. an aflerage of 2. 5 neutrons . and 200 Mev of energy. Although 
the energy produced is important. the production of more than one 
neutron for the one captured is even more important because .that 
is what makes possible the rapid buildup of a chain reaction. The 
radioactive uranium -239 nucleus . formed when a uranium -238 
nucleus captures a neutron. decays with a half-life of. 23. 5 minutes 
by emitting a beta particle (essentially an electron) to form 
neptuni�m -239 having a half-life of 2. 35 days. In turn. the 
neptunium -239 nucleus also emits a beta particle. and is thus 
converted to long-lived plutonium -239. 

G- 3-3 



P l u t o n i u m  
I sot ope 

Pu-238 

Pu-239 

Pu-240 

Pu-24 1 

Pu-242 

P l u t o n i u m  
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Pu-238 

Pu-239 

Pu-240 
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F I G U R E  2 

F R A C T I O NAL D I S T R I B U T I O N OF P L U T O N I U M 
I SO T O P E S  I N  A N U C L E A R  R E A C T O R  

O P E R A T I N G A T  33 , 000 MWD/ T 

F ra c t i on of M i x tu re by W e i g h t  
f o r  D a y s  i n  R ea c t o r  

1 1 0 Days 330 Days 660 Days 1 1 00 Days 

0 . 0002 0 . 00 1 7 0 . 0063 0 . 0 1 83 

0 . 944 0 . 8393 0 . 7057 0 . 584 1 

0 . 05 1 7  0 . 1 3 1 8  0 . 1 863 0 . 2428 

0 . 0037 0 . 0252 0 . 0698 0 . 1 1 5 5 

0 . 000 1 0 . 002 0 . 0 1 26 0 . 0393 

Decay 
Ha l f  L i fe

( l )  Daughter 

� I sotope 

0. 87 . 79 y r s . U-234 

0. 24 , 082 y r s . U-235 

0. 6 , 537 y r s . U-236 

a 1 4 . 35 y r s . Am-24 1 

( 1 ) " Am e r i c a n  Na t i ona l Sta nda rd Ca l i b ra t i on T ec h n i qu e s  for the Ca l o r imetr i c  
A ssay o f  P l u t on i u m-Bea r i ng S o l i d s  App l i ed t o  Nuc l ea r  Mate r i a l  s Cont r o l , "  
A N S I N 1 5 . 2 2- 1 975 , Am e r i c a n  Na t i ona l S tandards I n s t i tu t e , I nc . , June , 1 975 . 
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H EALTH IMPL ICATION  

P l utoni um decays by a l pha part i c l e  emi s s i on except fo r the i sotope 
p l uto ni um-241 , wh i c h  decays by beta part i c l e emi s s i on .  Al pha parti c l es 
are nucl ei of  hel i um atoms . P l utoni um i s  not the on ly  a l pha  parti c l e­
emi tti ng radi oacti ve el ement .  There are many el ements wh i c h  s i mi l arl y 
decay ; for examp l e ,  uran i um ,  thor i um ,  radi um , po l o n i um ,  bi smuth , and 
l ead .  Al l of  these are natural ly occurri ng ,  whi ch means they are found 
in nature , and a l l are in man , because they are p resent in the food we 
eat , the wate r we dri n k ,  and the a i r we breathe . At the t ime of emi s s i on 
from p l uton i um nuc l e i the a l pha  parti c l es are el ectr ica l ly  charged and 
mov i ng very fast .  These charged parti c l es l eave a dense tra i l  of  i on i zed 
atoms i n  the med i um even though they travel o n ly a very short di stance . 
Th i s secondary i o n i zati on i n  l i v i ng t i s s ue may resu l t i n  hea l th effects . 

After the di scovery of  radi oact i v i ty i n  1896 by Becquerel , Madame 
Curi e i n  1898 separated radi um from uran i um ores m i ned i n  Czecho s l ovaki a .  
Radi um ,  a n  a l pha- and a gamma-emi tte r ,  was d i scovered to exi st  i n  natural 
hot spri ngs wh i ch frequent ly  were deve l oped i nto spas in the early 
1900 ' s  for use in the hea l i ng arts . Radi um a l so was shown to be a 
f l uorescent acti vator of z i nc s u l fi de wh i ch ,  when the two were mi xed 
together i n  a b i nder of  g l ue and app l i ed to a i rcraft i nstruments or 
wri stwatches , enabl ed peop l e  to read the d i a l s i n  the dark .  Duri ng and 
after Worl d War I ,  the U n i ted States was a pr ime man ufacturer of  radi um 
d i a l s for mi l i tary and commerc i a l  p urposes . 

The wor kers who pa i nted the numbers or l etters on these i nstrument 
d i a l s kept thei r pai ntb rush  t i p s  po i nted by touch i ng them to thei r 
tongue . I t  was soon noti ced that l i p ,  buccal ( cheek ) , l ung , and bone 
cancer was deve l op i ng i n  some of  the wor kers . I n  t i me ,  these observed 
c hanges were traced to the radi oacti ve mater ia l  used i n  the p a i nt .  
Severa l types o f  radi oact i ve mater i a l s were used i n  the U n i ted States i n  
compoundi ng the l umi nescent pai nts , and the f ina l  determi nat i o n  o f  the 
dose rece i ved by each emp l oyee i n  the pai nti ng p rocess i s  sti l l  i ncomp l ete .  
Based on the observati ons  of the radi um dial  pai nters , i ndi v i dual s 
treated wi th X- rays , the hea l th p rofi l es of radi o l og i sts , a n imal  expe ri ­
ments , peop l e who used radi um for therapy , and others , s uffi ci ent i nfo r­
mat ion  has been accrued to perm it  the establ i s hment of  rad i at ion  expos u re 
l i mi ts  wh i c h  are s afe for i ndustr i a l  wo r kers .  

Thus , i t  has been documented that no s i gn i f i cant heal th effects 
s uch  as cancer , have been observed i n  any i nd i v i dual  who a s s imi l ated 
l es s  than 1 m icrogram of radi um or i ts equi val ent radi oact i v i ty .  Th i s  
quant i ty i s  pres umed to be the l i m i t  be l ow wh i c h s i gn i f i cant effects are 
not observed .  Because a l l peop l e have not been traced i n  the radi um 
s tudy and because an i n i t i a l ly heal thy pop u l at i on i s  a s s umed , an absol ute 
s tatement cannot be made regard i ng a l ower ( thresho l d )  l i m i t  wh i c h  
p roduces hea l th effects . 

Th i s  bac kground di scus s i on regard i ng radi um i s  i mportant because 
p l uton i um hea l th l i mi ts are i n  part based upon the above menti oned 
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studi es , h uman observat ion , a n imal  studi es , and b i o l ogical  analys i s .  
The rad i oact i ve el ements heav i e r  than l ead tend to move i n  the body as  
descri beq bel ow .  Each  el ement behaves d i fferently in  the  body and may 
concentrate to di fferent degrees i n  the severa l body organs . The facts 
known regardi ng the effects of bone depo s i t i ng al pha-emi tti ng radi oacti ve 
mate ri a l s  have poi nted to a conc l u s i on that i n  a worki ng l i fetime of  
50  years if  one  does not accumu l ate a radi oacti ve mater ia l  in  the  body 
wh i c h  p roduces a dose exceed i ng that p roduced by 0 . 1 mi crogram of  rad i um ,  
then del eter ious  effects s hou l d not be observed . (Th i s  i s  one-tenth of  
the  val ue at wh i ch hea l th effects have been observed . ) The  l i m i ts of  
a l l bone  depos i ti ng rad i oacti ve e l ements are based  upon  an  equ i va l ence 
wi th radi um .  These l i m i ts are the pr imary dose standard and embody the 
concepts of  rad i at ion  damage , energy depos i ted in a body organ , and 
t ime .  P l uto n i um ,  wh i c h  i s  i nc l uded among bone depos i t i ng el ements , i s  
l i mi ted to 0 . 040 mi crocur ie  depos i ted i n  the bone . Th i s  quanti ty wi l l  
produce no add i t i onal  effects than wou l d  be p roduced by 0 . 1 m icrogram of  
rad i um .  The d i fference between the  numer ica l  val ue of the  quant i ti es of  
the two mater ia l s l i es  p ri nc i pal ly  in  thei r di fferent radi oacti ve decay 
rates , and the i r  d i fferent fi nal  depo s i ti o n  patterns . 

Operat i ona l l y ,  to a s s ure the pr imary s tandards a re not exceeded , 
secondary or  deri ved s tandards are devel oped . These deri ved standards 
can  be used on  a day to day bas i s  to l i m i t  the i ntake of  radi oact i ve 
mater ia l s v i a  i nhal at ion  or  i ngest ion  so  that the pr i mary standard i s  
not exceeded . Regardi ng  p l uton i um ,  i t  i s  he l pfu l to descri be some 
b i o l ogi cal transport concepts to re l ate more c l early the rel ati ons h i p  
between the pr i mary standard and the secondary standard . 

A. I ngest ion  

I n gest i on descr ibes a l l  modes of  body i nta ke wh i c h  i nvo l ve materi a l  
bei n g  trans ported to the stomach ,  the smal l i ntes t i nes , and the  l arge 
i ntest i ne s .  I nso l ub l e  materi a l s a re those wh i c h  me re ly  pass  through the 
d i gesti ve tract with  no upta ke . They are not transported from the 
di gesti ve tract to the b l ood and are chemi ca l l y unaffected by the body 
ac i ds o r  enzymes . So l ub l e  materi a l s ,  howeve r ,  are those wh i c h  can be 
c hemi cal ly  transported from the d i gest i ve tract to the b l ood . So l ub l e  
mater ia l s  i nc l ude those that a re i nges ted a s  sol ub l e  mater ia l s o r  those 
that can be rendered so l ub l e  by the act i on of body aci ds , enzymes , etc . 
P l uton i um may be i n  forms wh i c h  may be e i ther so l ub l e  or  i nso l ub l e .  For 
conservat i sm ,  it i s  u s ua l ly  ass umed to be so l ub l e .  Th i s  a s s umpti on 
maximi zes the quant ity wh i ch cou l d  enter the b l ood and be transported to 
other organs . 

So l ub l e  p l uton i um ,  l i ke other materi a l s ,  i s  acti vely transported 
from the di gesti ve tract to the b l ood , wh i ch d i stri b utes the materi a l s 
to the vari ous  body organs , where i t  i s  depos i ted .  The  b l ood c i rcul ates 
to every body o rgan to p rov i de oxygen ( trans ferred i n  the l ungs to the 
b l ood) , n utri ents ( tran s ferred from the di gest ive tract to the b l ood) ,  
and remove waste ( transferred from the b l ood to the k i dneys or  l ungs  i n  
the case o f  carbon d i oxi de) . Body cel l s  remove from the b l ood those 
materi a l s it needs or  can a s s i mi l ate . P l uto n i um i s  removed from the 
b l ood by the bone (�45%) , by the l i ver  (�45%) , and other organs (�10%) . 
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Some i s  removed by the k i dneys and appears i n  the uri ne . Therefore , to 
determi ne how much p l uto n i um can get to a po i nt of depos i ti o n ,  one must 
determ i ne how much can get from the d i gest i ve tract to the b l ood .  EPA 
sugge sts 10-4 ( 1/10 , 000) of the sol ubl e mater ia l  i n  the d igest ive tract 
may get to the b l ood ( the I CRP recommends a transfer val ue of 3 x 10-5 ) .  
Animal experiments conducted under varyi ng cond i t i ons have yie l ded 
va l ues rangi ng from 1/100 to 1/1 , 000 , 000 .  Consi deri ng the var i ab i l i ty 
of human b i o l ogy ,  the var i ab i l i ty of p l uton i um sol ubi l i t i e s  and other 
experimental vari ab l es , a val ue of 1/10 , 000 has been sel ected by the 
radi ob i o l ogi sts  most aware of the enti re set of data now avai l ab l e .  

A demonstrat i on cal cu l at i on i nvo l ves determ i n i ng what quant i ty of 
water or food a person i ngests  each day . For th i s  d i scus s i on , water 
i ntake on ly  i s  analyzed .  The  average person  dri nks about 1000 cc  
(�1 quart) of water eac h day . I n  seventy years ( 25 , 568 days ) 25 , 568 , 000  cc 
of water ( 25 , 568 l i ters ) i s  i ngested .  If there were no el i mi nation  of 
p l utoni um from the body and the l i m it i ng quanti ty of p l uto n i um i n  the 
bone is taken as 0 . 04 �Ci ( 0 . 0025 �g)  then the quanti ty ,  Q ,  wh i c h  must 
not be exceeded in water i s  

Q = . 04(�C i ) x _1 ___ ( fraction  to x� ( fracti on to 
25 , 568(1)  10-4 b l ood) . 45 bone) 

x 106 (�) = 34 765 pCi 
jJC1 , 1 

For the general p ub l i c  th i s  val ue i s  reduced by a factor of 30 so 
that Q = 1 , 158 pC i/ l . 

NOTE :  Thi s cal cul ati on i gnores rad i oact i ve deca� and some 
body e l imination and is introduced to be l l l u strati ve 
of methodol ogy only .  

The  quant i ty of radi oacti v i ty in  water can  be  measured and used as 
an  i nd i cator to project a total  uptake of materia l . The standards 
general ly  referred to i n  the pop u l ar press and mos t  sc i ent i f i c  j ournal 
arti c l es refer to the spec i f i c  val ues of the deri ved standards and do 
not d i rect ly re fer to the pr imary s tandard. For p l uton i um ,  the p resent 
val ue of the max imum quant i ty i n  water for the general pub l i c  i s  1666 pC i/ l - ­
a val ue near that de ri ved above wh i c h  i s  based upon the several s i mp l i -
fyi ng assumpt ion s .  I n  1977 the EPA promu l gated a dri nki ng water rad i o­
acti v i ty standard of 15 pC i/£ of al p ha radi oact i v i ty (except uran i um and 
radon) as the l i mi t for pub l i c  water s upp l i e s  and thus has set as i de the 
l i m i t  cal cu l ated above . 

B .  I nha l at i on 

The accumu l at i on  of materia l s i n  the body v i a  t h i s  route of  i ntake 
i s  more comp l ex because the l ung i s  a far more comp l i cated structure 
than the d i gesti ve tract .  The quant i ty of p l utoni um trans ferred from 
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the a i r we breathe to the b l ood i s  comp l i cated by the d i ffe rence of 
behav i o r ,  and l ung depo s i t i on l ocati ons , of  di fferent s i zed a i rborne 
parti c l es .  Part ic l es greater than �15 m icron di ameter ( 0 . 0059 i nches ) 
do not pas s the nose .  Part i c l es 100 t imes  smal l er than th i s  may penetrate 
to the deepest part of the l ung and part ic l es of  i n-between s i zes depos i ­
t i o n  i n  the several compartments o f  the resp i ratory tract ; i . e . , the 
nose , t he trachea , the bronch i a ,  and the a l veol i .  I n  each of  the depo s i t  
l ocati ons , the l ung removes parti c l es by di fferent mechan i sms . 

So l ub l e  materi a l s are transferred from the a l veol i to the b l ood . 
Materi a l s depos i ted i n  the upper resp i ratory tract are fl u shed to the 
esophagus where it i s  swal l owed and cons i dered i n  d i gesti ve uptake . 
I nso l ub l e  materi a l s are transferred to the tracheobronch i a l and p u l monary 
lymph nodes where over t ime some may be trans ferred to the b l ood . The 
max i mum quanti ty of p l uton i um permi s s i b l e  i n  the l ung , i nc l udi ng the 
lymph nodes of  workers has been set at � 0 . 016 mi crocuri es , because of 
the re l at i ve ly  l ong res i dent t ime i n  the l ungs of  i ns o l u b l e  p l utoni um 
compounds . 

Even though the p roces s  i s  much more comp l ex i n  the l ung than i n  
the d i gesti ve tract , mode l s  ex i s t  wh i c h  perm i t  the ca l cu l ati o n  o f  the 
l i m it i ng or maximum quant i ty of  p l uton i um i n  the a i r wh i ch wi l l  not 
permi t exceedi ng  the body l i m i t  of  0 . 04 mi crocuri e .  Th i s  cal cu l ated 
val ue of  radi oact i v i ty per u n i t  vol ume of  ai r i s  then a deri ved standard . 
I ts val ue i s  2 p i cocur ies  per cub i c  meter for workers and 0 . 001 p i cocuri es  
per  cub ic  meter for the  general popu l at i o n .  Note that the l ower ai r 
concentrati o n  val ue for the genera l p ub l i c  i s  one two- thousandth of  the 
l i m i t  app l ied to occupati onal  workers . 

I n  s ummary ,  i t  i s  important to note that the l i mi ti ng quanti ty of  
p l uton i um in  the  body is  reached on ly  after a l i fet ime , and that  i f  
i ntake i s  reduced to zero a t  any t i me ,  no further accumu l at i on o r  depos i ­
t i on occurs . I f  one cons umes or breathes p l utoni um at the l i m i ti ng 
val ue , no overexpos ure wi l l  occur  and for most  peop l e  the l i m i t i ng val ue 
wi l l  not be reached because food and water are deri ved from many di fferent 
sources , none of  wh i c h  ever app roach a l i m i ti ng val ue .  Actual ly measured 
val ues i n  a i r  and water around Roc ky F l ats are on ly  a few percent of  the 
deri ved standard at most .  
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A .  Introduc t ion 

The purpose of this report is to present an analysis of the 

po tential hazards to individuals in the general populat ion as a resul t  

o f  present levels of  the trans uranium elements existing in the environs 

of the USERDA Rocky Flats Plant . The various pathways by which 

exposures might occur under pres ent and proj ec ted land usages are 

examined and interpreted in light of EPA ' s proposed guidelines for 

exposures to the transuranium elements .  

B .  Inhalat ion Pathway 

1 .  Ambient Air Concentrations 

Under normal operating conditions , minut e  quantities of plutonium 

and other radionuclides are released per year to the atmosphere from the 

Rocky Flats Plant . These releases are of  small magnitude and 

originate from the plant ' s  vent ilation and f iltration sys tem .  Measure­

ments of airborne radioac t ivity in the vicinity of Rocky Flats and the 

neighboring communit ies are made on a continuous basis . In addition to 

monitoring the ef fluent air from produc t ion and research facilities , the 

Rocky Flats facility maintains a sys tem of high-vo lume amb ient air 

samplers within the plant boundary , at o f f-site locations in the 

immediate vicinity of the plant , and in several communit ies nearby . 

Altogether the sys tem comprises 21 air samplers operating cont inuously 

within and on the perimeter of  the Rocky Flats security area , and another 

25 samplers located at various distances and direct ions from the plant . 

The data from this network are reported on a monthly basis to the Rocky 

Flats Area Of fice of ERDA , the Division of Occupational and Rad iological 
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Health of the Colorado Department of Health , the Denver Regional Office 

of the EPA, the Health Departments of Boulder and Jefferson Counties , 

and city officials in several communities near the plant . 

In addition to the surveillance network maintained by the Rocky 

Flats Plant , the Health and Safety Laboratory (HASL) of ERDA has con-

duc ted a program of continuous air sampling for plutonium at the Plant 

s ince June 1970 in response to the discovery of elevated levels o f  

plutonium found in soils a t  location which were then off-site.  The HASL 

network cons ists of four sampling locations (Figure 1) , three of which 

are downwind (eas t )  from the original location of the oil drum storage 

s ite and the fourth air sampler is located o ff-site and upwind from the 

Rocky Flats Plant (1) . Air concentration data in attocuries o f  Pu-239 

per cub ic meter o f  air (aCi/m
3

) * ,  as reported by this network on a 

monthly basis from June 1970 to March 1976 , are given in Table I .  A 

s ignificant downward trend with time in the level o f  plutonium in air at 

the s tations downwind from the plant can be seen .  It has been suggested 

by HASL that this downward trend is attributable to the weathering of 

the contaminated soil in the on-site vicinity of the original oil drum 

s torage s it e .  This weathering may be due t o  the movement of  the plu-

tonium from the surface down into the soil , as well as changes in the 

characteris tics of the plutonium remaining on the surface . In addition 

to showing a decrease with time the data indicate a decrease in con-

centration with increas ing distance downwind from the s ite of the 

original spill area . Based upon air and soil sampling , as well as the 

direction of  the prevailing winds around Rocky Flats , HASL concluded in 

1972 ( 2 ) . 

-18 
*1 attocurie z 10 curie 

2 
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that the original spill area was the primary source o f  plutonium in the 

Rocky Flats environment .  

The current levels o f  airborne plutonium at the downwind edge of 

the Facility ' s  buffer zone (Indiana S treet)  are approximately the same 

level as reported at the monitoring s tation upwind from the plant . 

Although these levels are about twice that expected from background 

radioac tivity in the Rocky Flats area , the effect of the spill area upon 

the o ff-site environment has been much reduced from earlier levels . 

Comparison o f  the mos t  recent HASt data (19 i 6 )  for the Indiana 

S treet location (site 2 )  with the 1975 data reported by the Rocky Flats 

Plant (Table II) for the same general area shows the two networks to 

agree within a factor of about 2 .  The values reported by HASL range 

between 12 to 2 3  aCi/m
3

, while Rocky Flats reported an average o f  37 

aCi/m
3

• 

2 .  Calculation o f  Inhalation Doses Due to On-Site Contamination 

An assessment can be made of the doses received through inhalation 

by individuals residing off-site based upon the cons iderable amount o f  

air monitoring data that i s  available for the Rocky Flats Plant . In 

carrying out this assessment , a deliberate effort has been made to 

choose assumptions which are mos t  likely to result in an overes timate 

of dose . These are : 

1) �nha1ed plutonium is considered to be in an insoluble form. 

(Chemical solubility of an aerosol determines its residence time in the 

lung with insoluble compounds being retained the longes t . )  

4 
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2 )  The plutonium aerosol i s  assumed t o  have a lognormal dis tribut ion 

with an activity median aerodynamic diame ter (AMAD) of 1 micrometer . 

(According to the ICRP ( 3 )  this implies that approximately 25% of the 

aerosol will be deposited in the pulmonary compartment of the lung . 

HASL ( 4 )  has reported 25% of the airborne act ivity being in the respirable 

range around Rocky Flats , while Sehmel ( 5 )  has reported a 20% resp irab le 

fraction) . 

3)  The individual is cons idered to be exposed continuously for 70 

years at the currently observed air concentrat ion . (No further reduct ion 

in airborne activi ty as a result of  weathering or remedial act ions is 

assumed . )  

4 )  All plutonium measured was assumed to contribute to the do se , 

with no correct ion being made for ambient background levels of  pluton ium . 

The PAID code developed by EPA ( 6 )  was used to calculate the anrtual 

dos e  rat e .  Tab les I I I  and IV have been generated by the PAID code and 

relate years o f  exposure to the resultant dose rat e for various organs . 

Values in the tables are normalized to an aerosol concentration of  1 . 0  

femt ocurie per cub ic meter of air ( fCi/m3) *  with a 1 m AMAD .  

Indiana S treet Locat ion 

Indiana S treet is the neares t  location to the Rocky Flats Plant 

where an individual in the general population could presently live and 

be exposed as a result of  trans uranium contaminat ion originating from 

the Plant . This locat ion is in the downwind direction of the prevailing 

winds that blow across the Rocky Flats Plant ( 7 )  and , therefore , it 

represents a worst case for o f fsite exposure . 

-15 * 1 femtocurie =10 curie . 

5 
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From Figure 2 it can be seen that s tat ions S-35 , S-36 , S-3 7 , S-38 , and 

S-39 are located along Indiana Street . The s tat ion report ing the highes t 

annual average for 1975  0 . 056 fCi/m
3 was S-37 (Table I I ) . As suming this 

level to cont inue for the next 70 years , the 70th year dose rates to 

lung and bone can be calculated . 

As shown in Tab le III , an air concentration of  1 . 0  fCi/m
3 

for 1 �m 

AMAD aerosols o f  Pu-239 would produce a 7 0th year dose rate to the 

pulmonary compartment of 0 . 38 mrad/yr ; therefore , propor tionally , a 

concentration o f  0 . 056 fCi/m
3 

( S-3 7 )  will produce a 7 0th yr dose rate o f  

0 . 02 mrad /yr . The bone dose rate as sociated with this level o f  Pu-239 

according to Table IV will be 0 . 009 mrad /yr in the 7 0th year . 

Data on the air concentration of  Am-24l have been reported by HASL 

( 7 )  for the years 1970  through 19 7 4 .  These data show the americium 

levels , measured at the perime ter fence o f  the Plant , to be approximately 

11% o f  the Pu-239 levels . HASL has also proj ected that the Am-24l 

activity level will reach its maximum value arising from the decay of  

Pu-24l in the year 2033 at which time it will amount to 18% o f  the Pu-

239  ac t ivity . For the calculat ion o f  the dose rate from Am-24l , it is 

assumed that Am- 24l is at the maximum o f  18% o f  the Pu-239 . The 70th 

year dose rate corresponding to a concentrat ion o f  1 fCi/m3 of  Am-24l is 

0 . 4  mrad /yr ; proportionally , an air concentration of (0 . 18)  ( 0 . 056 

0
/ 

3 
fCi m ) would produce 0 . 004 mrad /yr to the p�lmonary compartment . 

as sociated bone dose would be approximately 0 . 002 mrad/yr . 

The 

Based upon these calculat ions , the to tal pulmonary dose rate after 

70 years of  exposure for an individual living along Indiana S treet 

6 
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would be 0 . 024 mrad /yr, while the assoc iated bone dose would be 0 . 01 

mrad/ yr .  These dose rates are approximately 2 . 5 % and 0 . 35 %  respect ively 

of the lung and bone dose rates recommended as guides by EPA (10) . 

Individuals living further away from the Rocky Flats Plant should 

receive even lower doses than these due to the lower air concentrations 

reported for the nearby communities . Based upon the preceding analysis , 

the direc t impac t o f  the onsite contaminat ion upon the o ff-site environ­

ment can be j udged to be small and well within the EPA guidance limit s . 

3 . Calculation o f  Inhalat ion Do ses Due to Off-site Contaminat ion 

A complete assessment o f  the inhalation pathway for the Rocky Flats 

vicinity mus t  also cons ider the potential hazard from the low levels o f  

contaminated soil which already exi s t  o ff-sit e .  Ques tions have been 

raised as to the effect of  this mat er ial in producing localized exposures 

which are not necessarily reflected in the data ob tained through the air 

monitoring network around Rocky Flats . These inhalation exposures can 

arise through various mechanisms including : wind resuspens ion o f  con­

taminated soil , vehicular and mechanical dis turbances of soil , accumu­

lation and resuspension o f  dus t within the home , as well as the resuspension 

o f  contaminated soil a ttached to clothing . The following analysis will 

attempt to inves tigate these exposure mechanisms and ass es s  their potential 

impac t . 

3 . 1  Wind Resuspens ion 

Figure 3 shows the o ff-site soil contaminat ion contours reported by 

HASL in 1 9 7 0  ( 2 ) . More recent soil sampling programs in 1975  (8)  have 

not shown these contours to have changed s igni ficantly from the 1 9 70 

8 
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report . The highes t off-site contour shown by the HASL data is 0 . 05 

2 �Ci/m . These contours were developed b as ed upon an inventory sample to 

a depth of 20 centime ters . What is important in assessing the resuspension 

of soil , however , is only the material exis ting near the surface . In the 

derivation of EPA ' s  guidance ,  the layer sub j ect to erosion was cons idered 

to be the top one centimeter . Based upon the HASL soil depth profiles , 

Ans paugh ( 9 )  has s tated that approximately 20% of the �ot al activity is  

contained within this f irst  centime ter . Therefore , the highest contour 

value o f  0 . 05 � Ci/m
2 

would correspond to 0 . 01 �Ci/m2 when correct ed for 

a 1 cm. depth . 2 On a mass bas is , 0 . 01 �Ci/m is equivalent to approximately 

2 disintegrations per minute per gram of soil , i . e . , 2 DPM/ gm .  The off-

site area bounded by this contour is approxima�ely two square kilometers 

and soil within that area would b e  proj ected to be at or above 2 DPM/ gm .  

Beyond this area , o ff-site soil will generally be below this value . 

In developing its guidance (10)  to o ther Federal agencies on 

environmental levels o f  the transuranium elements , EPA utilized the mas s  

loading approach a s  an indicator o f  the general resuspens ion b y  wind 

over large land areas . Because of  technical shortcomings identified 

with the mass loading approach (10) , the Agency modified the concep t  to 

assess small areas of  contamination (area correction factor) and to 

reflect a nonuniform distribution of radioact ivity with soil particle 

s ize (enrichment factor) . This latt er modification is particularly 

important b ecause tranauranium activi ty associated with soil particles 

within the respirable range is a greater hazard than it would be if 

associated with the larger particle s izes . 

10 
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The mas s  loading approach as sumes the loading of  the air with 

particulates to be an index of resuspens ion and derives the airborne 

concentration o f  a specific radionuclide by a comparison with its 

concentration on the adj acent surface (11 ) . Specif ically , 

A ·  C . ( fCil 3)  S · l C . ().ICi," 2 )  
� r  oncentrat�on = o� oncentrat�on m x m 

Mas s  Loading ( ).Ig/m
3

) x U . C . *  Eq . 1 .  

Airborne part iculate mas s loading is one o f  the criteria for clean 

air s tandards and measurements are widely available for urban and 

nonurban locations through the National Air Surveillance Network (NASN) . 

The data recorded at nonurban s tations are a better indicator of  the 

levels of resuspended material than are urban measurements . In general , 

annual mean mas s  concentrat ions of  airborne part iculate material at the 

nonurban stations range from 5-50 micrograms per cub ic meter (Figure 4 ) ; 

the mean arithmet ic average for 1966 of  all 30 nonurban NASN stations 

3 
was 38).1 g/m (11) . From Figure 4 an estimate can be made of  the average 

mas s  loading for the general area in which Rocky Flats is located . I t  

would appear that 1 5  ).Ig/m3 
i s  reasonably representative of  this area on 

an annual basis . 

S imple application of  the mass loading approach without consid-

derat ion of the activity distribution as a function of particle s ize is 

no t appropriate ,  however , since that would imp ly a uniform distribution 

of activity with par ticle s ize as well as a uniform 

*Wbere U . C .  is the units conversion fac tor based upon the dep th o f  
samp ling and the soil dens ity . 

11 
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resuspens ion o f  all par ticle sizes . This has no t been found to be the case 

at Rocky Flats (12)  or at other plutonium contaminated sites (13) . In 

addition , an important consideration in assessing the potential exposure 

due to contaminated soil is the amount of ac t ivity associated with 

particles within the respirable s ize range . Johnson (14)  has suggested 

tha t  sampling o f  only tho se particles in a soil sample which are within 

the inhalab le size range ( generally < 10 �m) would give the bes t measure 

of risk to the public health around Rocky Flats . However , the weight 

frac t ion of part icles in the less than 10 �m range is small in mos t  

soils , and sampling , separat ion , and analysis techniques are corre­

spondingly more difficult and inaccurate . There is also cons iderable 

evidence that some of the larger part icles re.ally cons ist  of aggregates 

and are relatively eas ily broken down into smaller ones , so that an 

ins tantaneous measurement of  a single size range may no t give a good 

pic ture of long-term trends . Also a subs tant ial contribution to other 

pos sible pathways ( e . g .  inges tion) may be via larger particle s izes and 

measurement o f  the contribution of  only the inhalable fract ion would no t 

provide all the information that is required . 

In order to adequately assess the potential hazard o f  the inhalable 

fraction of soils , while retaining the advantages and convenience of 

analyzing the entire soil sample , the Agency modified the mass loading 

approach by use of an "enr ichment factor" . While such a concep t does 

not have universal accep tance , and the scope of its applicability has 

no t yet been det ermined , the Agency believes that it represents a use ful 

method for the purpose intended and it has therefore been used in this 

evaluat ion . 

13 
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3 . 1 . 1  Enrichment Factor 

The "Enrichment Factor" is intended to 1)  give a mathematical view 

o f  the dif ferent fractions of the total rad ioac tivity associated with 

particles of different s ize ranges , and 2 )  address the problem of the 

nonuniform resuspens ion of particle s izes . 

The inhalable fraction of  the soil is weighted by cons ider ing the 

relat ive distribution of ac tivity and soil oas s  as a funct ion o f  

par ticle s i z e  for repres entative samples of  soil . To accomplish this , 

the sample of  contaminated soil is segregated into "n" size increments 

and the activity and mas s  contained within each size increment is 

determined . The factor g .  is then de fined as the ratio of  the frac tion � 

o f  the to tal ac tivity contained within an increment "il l  to the frac tion 

o f  the total mas s  contained within that increment . A value greater than 

1 for gi imp lies an enrichment o f  activity in relation to mas s , while 

a value les s than 1 indicates a dilution of  the act ivity with respect to 

mas s .  For gi equal to 1 ,  the fractions of the activity and of  the total 

mas s  contained within increment "i" are the same . 

The nonuniform resuspens ion o f  particle sizes is also cons idered 

by measuring the mass loading as a function of particle size . The 

fract ion of  the airborne mas s contained within each size increment "i" 

is then calculated and designated as fi ' The factors o f  fi and gi are 

then incorporated into the mass loading formulation as follows : 

Air Concentrationi = Air Mas s  Loading xf ix Soil Concentration xgi 

Eq . 2 

14 
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Summat ion over all the size increments results in the total air 

concentration : 

Air Concentration = Air Mass Loading x Soil Concentration 
n 

x L figi Eq . 3 
i=l 

n 
The term L f igi weights the contribution o f  the 

i=1 

plutonium from each soil size frac tion to the total resuspended material , 

thereby , taking into account both the nonuniform resuspension of  

particles sizes as well as the nonhomogeneous dis tribut ion of  act ivity 
n 

with particle s ize . L L gi is the "enrichment factor . "  
i=l 

� 

Data on the dis tribution of  plutonium with soil part icle s ize 

has been obtained by the EPA (l� ) for the vicinity around Rocky Flats 

(Table V) . The rat io , g . , has been calculated for each size increment � 

and indicates an enrichment of  ac t ivity to mas s  associated wi th soil 

part icles within the resp irable size range . To obtain , f . ,  the data � 

obtained by Chepil (15)  for fields undergoing wind erosion in Colorado 

and Kansas were used . The results of his f indings have been conveniently 

plotted by Slinn ( 1 6 )  and reproduced as Figure 5 .  Comparison of  Chep il ' s  

data with ano ther s tudy sub stantiates the applicab ility to the Rocky 

Flats situat ion . Chepil found 30% of the airborne mas s  to be below 

10 �m versus a s tudy by Willeke ( 1 7 )  in an area outside Denver where 

approximately 33% o f  the measured airborne mass was below 10 �m . 

Values for f i used in this analysis are included in Table V .  

15 
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3 . 1 . 2  Correction for Area Size 

Use of the mas s  loading approach implies that the air concentration 

is at equilibrium with the ground surfac e ,  i . e . , a s t eady state s itua-

t ion exis ts in which the amount o f  material coming up from the surface 

is balanced by the rate at which material is  depositing back onto the 

surface . In the str ictest sense this limit can only be achieved for 

source areas approaching infinit e  dimens ions . For sources o f  f inite 

dimensions , a correct ion must be applied for area size . 

Although many techniques are presently under development to 

calculate the air concentration aris ing f rom an area source , no 

generally accep ted method has yet been identified . Usually , these 

approaches make use o f  a s tandard diffus ion equat ion , modified to 

handle area sources . One such equation is the Sutton-Chamb erlain 

diffusion equatio n :  

4 Vd D n/2  

[ exp (-
1 

lIT (;2 n � 
) -

4 Vd D n/2 

exp (_ 

2 ) ]  
lIT C n 0 z 

where X is the air concentration , Ci/m3 

Q
A 

is the amount o f  ac tivity resuspending per unit area , 
2 per unit t ime , Ci/m sec 

Vd is the part icle deposition velocity , m/sec 

Eq . 4  

Dl and D2 are the dis tances from the receptor to the nearest 

and furthermo s t  edges respect ively of the source area , meters 

� is average wind speed , m/sec 
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C and n are Sutton parameters representing the z 

meteorological conditions . 

If the recep tor is placed at the downwind edge or within the source 

area , D1 - 0 and Eq . 4 reduces to : 

4 V D n/2 
_ exp ( - d 2 

;; C n lJ z 

) ] 

For source areas approaching infinite dep th , D2 ,
� � and 

Eq . 5 becomes : 

Eq . 5 .  

Eq . 6 . 

Comparing Equation 5 with Equation 6 shows that 

4V D n/2 
[ 1- exp ( - d 2 ) ]  is the correction term to be app lied for areas 

;; C n lJ z 

of  finite s iz e .  

Th e  area under consideration in this analysis has been describ ed 

earlier . It  is bounded by Indiana Street and the 0 . 05 lJCi/m
2 

isopleth 

(Figure 3) with a width in the downwind direction of approximately 1 

kilometer . This is the mos t  highly contaminated off-site area and 

includes s ites of proj ected residential development . The meteorology 

for the Rocky Flats area has been des cribed (8) to have neutral 

s tability at least 50% of the time with a mean wind speed of 4 . 2  m/sec 

in 1 9 75 . Healy ( 18 )  has sugges ted values for the parameters required in 

Equation 4 :  for the s ituation of neutral s tability , Healy sugges t s  

Cz • . 1  and n • . 25 ,  while the ratio Vd/
lJ

' which depends upon the 

18 

G-4-20 



surface roughness , ranges between 0 . 003 and 0 . 008 for grassland , 0 . 005 

will be assumed . Therefore , from Equation 5 the correct ion factor for 

the area under cons ideration is 0 . 66 .  

3 . 1 . 3  Calcula tion of the Average Air Concentration Due to Wind 
Resuspension 

The average so il conc entrat ion for the area is no t known , but it 

would be somewhere between 0 . 05 � Ci/m
2 

and the next higher isopleth of 

0 . 5  �Ci/m2 . For cal culat ional purposes , 0 . 25 �Ci/m2 will be assumed or 

approximately 10 DPM/g (based upon 20% of  the rad ioac tivity wi thin the 

first cent ime ter ) .  By us ing the parameters developed in the previous 

sections for the Rocky Flat s area , one can es timate the average air 

concentrat ion due to wind resuspens ion : 

Mass Loading x Soil Concentrat ion x Enrichment Fac tor x Area Correct ion = 

Air Concentration 

15 � 
3 x 

m 

10 DPM 
-- x 

g 
10

-6 Ci 1 . 49x. 66 x g x 12 �g 
2 . 2 2�10 DPM 

Air Concentrat ion 

0 . 06 6  fCi 
---3 = Air Concentrat ion 

m 

This calculated value of  0 . 06 6  fCi/m
3 

agrees within a factor of  2 

with the data ob tained for the sampling stat ions along Indiana Street 

and , as demons trated earl ier , this level of  airborne plutonium would 

produce exposures well below EPA ' s  guidance limits . 

Inherent in the above calculat ion were some conserva tive assumpt ions . 

First o f  all , the wind was assumed to be blowing 100% of  the time across 
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the contaminated area in the direction of  the receptor . In reality , the 

reported ( 8 )  wind rose for Rocky Flats indicates that the wind blows 

from the wes terly direction only about 50% of the time ; the remaining 

time it will be blowing from the direction of less contaminated land 

and , therefore , less radioac tivity would be availab le for resuspens ion . 

Secondly , in deriving the area correc tion factor the effect o f  breathing 

height was ignored with the ground level concentrat ion being calculated . 

This is a conservative assumption since the airborne concentration will 

decrease as a function of the height above the ground . Although such 

refinements could have been incorporated in the calculat ion , it was not 

felt to be neces sary because even these conservat ive assumptions 

resulted in air concentrations well below the Agency ' s  proposed guidance . 

3 . 2  Resuspension of Soil by Mechanical Disturbances 

The use of land contaminated with transuranium elements in the 

vicinity of Rocky Flats for agricultural or building purposes can 

resul t  in localized resuspens ion and presents a potential inhalat ion 

hazard to individuals in the immediate vic inity of the operation . In 

the vicinity of  Rocky Flats , there is some farming of  wheat and the 

raising of corn for livestock feed . Future development of  the land 

for res idential purposes is also being advocated . Although only a 

limited amount of  experimental data are currently available to base an 

asses sment of  the inhalation hazard from such act ivities , some con­

clus ions and recommendations can be made .  

In asses s ing the agricul tural s ituat ion , data ob tained by 

Milham (19 )  have been utilized . In that s tudy , a f ield contaminated 
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with plutonium near the S avannah River Fac ility was subj ected to various 

plowing and seeding activities associated with planting wheat . The 

increase in the airborne activity above that from normal wind resuspen-

s ion was monitored at the location of  the trac tor operator and at 

the downwind edge of the f ield during the various ac tivit ies . An 

average increase o f  a factor of 30 was ob served in the level of 

resuspended p lutonium at the locat ion of  the tractor operator and an 

increase o f  a factor of  5 at the edge of  the f ield . Based upon these 

ob servat ions , the average air concentration for the year can be cal-

culated f or these two locations , assuming that the f ield is cultivated 

30 days of the year 8 hrs /day . Again the area under cons iderat ion will 

be that area of highest off-site contaminat ion described earlier with an 

average soil contamination level of 10 DPM/ g .  In the previous dis cussion 

o f  wind resuspens ion , this level o f  soil activity produced an air con-

3 
centration o f  . 06 6  fCi/m . From Milham ' s data,  this activity level 

3 
would increase to 2 . 0  fCi/m at the location of  the tractor operator and 

to 0 . 33 fCi/m3 at the edge of  the f ield during the agricultural 

operat ions . The annual average concentrat ion at each location is 

therefore : 

1 .  Tract or Location , Average Annual Air Concentration 

. 3 8 30 3 16 30 3 2 . 0  fC�/m x 24 x 360 + . 06 6  fCi/m x 24 x 360 
+ . 06 6  fCi/m x 

330 3 
360 = 0 . 07 fCi/m 

When these annual Pu-239 concentrations are compared to the value 

3 
. 

o f  2 . 6  fCi/m which was calculated by the PAID code to correspond with 
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EPA ' s dose limits , one can conclude that agricultural operations in the 

area o f  Rocky Flats would produce activity levels well within EPA ' s  

guidelines .  In addition, after the first plowing cycle , the surface 

concentration should be diluted by mixing with soil from below the 

surface and subsequent plowings would produce air concentration lower 

than that of the first year . 

Regarding building activities , one can make proj ections based upon 

the agricultural s ituation examined above . There does not appear to be 

any reason why building activities , such as excavation and grading , 

should produce higher instantaneous air concentrations than those 

observed during agricultural plowing and , therefore , should not present 

a more restric tive situation . In addition although the building 

activity might take place for greater than the 30 days assumed in the 

plowing situation , it must be kept in mind that the EPA guidelines are 

based upon a chronic exposure for 70 years . Certainly , the bulldozer 

operator would not be engaged in a building operation in an area of 

transuranium contamination for that number o f  years . 

3 . 3  Resuspension of Dus t Within the Home 

The total amount o f  soil continuously in the home is not known but 
2 an assumption of 10 g/m has been made (20) . This amounts to about 

3 lbs of soil in a modest 1500 ft 2 hous e .  Because the floors are harder 

and smoother than outside surfaces , the resuspension from these surfaces 

will be higher . Resuspension factors of 10-6 m-l have been used in the 

pas t to predict exposures in the work place and studies o f  Pu02 deposited 

on indoor surfaces have been consistent with a resuspension factor of 

10-6 m-1 (21) . 
22 
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The following exposure situat ion is postulated : the individual 

is exposed to contaminated dus t in the home for 24 hrs /day , 7 days/wk , 

for 7 0  years . The dus t in the home has the same activity /gram as 

outside soil and has an areal dis tribut ion within the home of  10 g/m2 . 

The air concentration resulting from resuspended dus t at 10 DPM/g 

would be : 

10 DPM Ci lOu x 10-6 
__ -- x x �

2 m airborne dus t concentration g 
2 . 2 2xl012 DPM m 

0 . 045 f Ci/m
3 

= airborne dus t concentration 

Again the level of airborne activity would result in dose rates 

well within EPA ' s guidance limits . 

3 . 4  Resuspens ion of Dus t from Contaminated Clo thing 

Healy (18)  has assumed that in a desert environment there will be 

2 2 
1 mg/cm (10  /m ) of  dus t on clo thing . While it  would certainly be 

g 

less for nondesert environments , this value will also be assumed for 

Rocky Flat s .  Because o f  the proximity o f  the contamination to the 

nose and the mouth , a resuspens ion factor higher than the normal outdoor 

resuspens ion factor will be assumed . For this calculation , a value o f  

10- 6  - 1  
ill b d b f f " 1 . (10-6 -1 . m w e assume to e su �c�ent y conservat�ve m �s 

3-4 orders of  magni tude higher than values of wind resuspension fac tors 

observed at Rocky Flats ) . Therefore , the resultant air concentration is : 

10 10 DPM � x -- x 
m 2 g 

Ci 

2 . 22xl012 DPM 

10-6 
x -- = air concentration -1 m 

0 . 045 fCi/m
3 

= air concentration 
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In add ition to this air concentrat ion being much lower than EPA ' s  

guidelines , the period of  exposure would no t be .continuous since the 

clothing would be removed at least during sleeping . There fore this 

pathway would present no apparent hazard . 

4 .  Conclus ion 

Of any o f  the inhalation pathways cons idered app licable in the 

environs surrounding the Rocky Flats Facility none has resulted in doses 

close to the limits recommended by this Agency for the transuranium 

element s .  In fac t , even i f  the conservat ive assumpt ion were made that 

these exposures were occurring simul taneous ly , the comb inat ion of  

pathways would amount to only a few percent of  the EPA guide limits . 

Even though every conceivable inhalat ion pathway could not be covered , 

it does not seem likely that one exis ts  which would have a comb ination 

of resultant air concentrat ion and period of exposure to produce s ig­

nif icant inhalat ion expo sures at the levels o f  transuranium act ivity 

currently exis t ing in the environs around Rocky Flats . 

C .  Ingestion Pathway 

1 .  Plutonium and Americium in Drinking Water 

Was t ewater discharged from the Rocky Flats Plant as well as 

surface runo f f  f rom the Plant site is collected in a number of holding 

ponds where it is monitored for its radioac t ivity content before being 

discharged into either Walnut or Woman Creek . Walnut Creek emp t ies 

into the Great Wes tern Reservoir which provides part of  the drinking 

water supply for the City o f  Broomfield , while Woman Creek eventually 

emp ties into Standley Lake which is a drinking water supply for the 

City of Wes tmins ter . 
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The Rocky Flat s water monitoring program consists of 1)  effluent 

monitoring of the water being discharged from the holding ponds into 

Walnut and Woman Creeks , 2 )  the monitoring of groundwater and 3 )  the 

monitoring o f  the regional water supplies . In monitoring public water 

supplies , samples are collected and analyzed from the drinking water 

reservo irs (Great Wes tern and Standley Lake) as well as the f inished 

water in several nearby communities . As with the air monitoring , the 

results of this sampling program are repor ted regularly to the 

respons ible Federal , S tate , and local government agencies and published 

on a yearly bas is . According to the 19 7 5  pub lished data ( 8 )  the average 

concentrations o f  p lutonium and americium in finished water for the 

-9 -9 region were < . 02 7xlO �Ci/ml and < . 032xlO �Ci/ml . respectively . 

The concentration levels of  plutonium and americium in the drinking 

water of the various communities surrounding Rocky Flats are given in 

Table VI . Included in this Table are results ob tained by Poet and 

Martell ( 2 2 )  in 19 7 0 .  Limited comparison o f  the two sets of  data shows 

lit tle change in the act ivity levels in the drinking water during this 

five year period . As with the airborne concentrat ions , these environ-

mental levels need to be put into the perspective o f  EPA ' s  guidance 

limi ts . 

2 .  Bone Dose Resulting Due to Inges tion of Water 

As suming that the concentrat ions of Pu-239 and Am-24l in drinking 

water are those reported for the city of Broomf ield ( the highes t con-

centrations reported for the more immediat e surrounding communities ) and 

that the consump tion rate of water is 1 . 2  liters/day ( ICRP Committee 
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I I )  the annual water ingest ion rates are : 

Pu-239 , Annual Ingestion Rate 

-9 
0 . 04xlO �Ci x 1200 � x 365d z 18 pCi /yr 

ml day yr 

Am-24l , Annual Ingestion Rate 

-9 
0 . 029xlO �Ci x 1200 ml x 365d = 13 pCi /yr 

ml day yr 

Convers ion of the above inges t ion rates into dose rates can be 

achieved through the us e of  Table VII and VII I . The development of  

these tables has been described in Annex I I I  o f  EPA ' s  guidance document 

( 10 ) . Table VIII has been normalized to an inges tion rate o f  1000 pCi/yr 

o f  various transuranium oxides and relat es the years of  ingestion to 

the resulting dose rate . S ince plutonium and americium found in tap 

water would probably be in a chemical form other than the oxide , e . g .  

the hydroxide or some collo idal form , the solub ility and , therefore , the 

t rans fer from the GI tract to the blood would be greater than for the 

oxide form . For non-oxide forms , as shown in Table VII , the values 

lis ted in Tab le VIII should be increased by a factor o f  10 for plu-

tonium, while the americium values remain the same . Based upon these 

convers ion factors , the bone dose rate after 70 years o f  inges t ion of 

drinking water would be 8 . 8xlO-3 mrad /yr for Pu-239 and 6 . 2xlO-3 mrad /yr 

from Am-24l . These values are cons iderably below EPA ' s  guidance recom-

mendat ion o f  3 mrad/yr to bone from the transuranium elements .  

3 .  Bone Dose Due to Inges tion o f  Foods tuf fs 

At present limited agricultural production is carried out in the 

environs of Rocky Flats . Mos t  of the food consumed locally is produced 
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at cons iderable dis tances from the Rocky Flats Plant . O ther than a 

few family garden plots , the only crops grown locally are wheat and 

alfalfa.  A few cattle also are raised in the Plant vic inity . Since 

future res ident ial development is proj ected for the Rocky Flats area , 

it would be reasonable to proj ect a concurrent increase in family 

gardening . Therefore , an assessment has been carried out of  the 

pos sib le dose rates associated with the consump t ion of foodstuffs which 

might be produced locally . Because no food sampling data are presently 

available for the Rocky Flats area , estimat ion of the potential doses 

are based upon data developed in other areas contaminat ed with 

transuranium elements and from lab oratory experiments of transuranium 

uptake by foods tuf fs . I t  is not expected that conditions at Rocky Flats 

would be such that they would invalidate the use of  data developed in 

these other environments nor produce higher dose rate es t imates . 

For purposes of  this assessment , the inges tion rate of  the 

transuranium elements by man is cons idered to be the product of the 

rates at which different contaminated materials are inges ted and the 

concentration of the transuranium elements in each material . 

To place these calculations into perspective , we have adop ted the 

formulation of Martin and Bloom ( 2 3 )  which relat es the inges tion rate H 

for a part icular nuclide to the average concentrat ion of  that nuclide in 

soil C through the following formulation : s 

2 7  
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where I . is the ingestion rate of  a part icular item 1 and D .  is the � � 

discrimination ratio be tween that substance and soil . This formula-

tion makes for easy trans lat ion of environmental levels into do se rates 

and , thereb y ,  direct compar ison with EPA ' s  guidance limits . 

The soil concentrat ion used in this asses sment is the same as that 

developed for the inhalat ion pathway calculat ions , i . e . , 0 . 25 �Ci/m
2 

for Pu-239 and 0 . 045 �Ci/m
2 

for Am-24l (18% o f  Pu-239 levels at the time 

o f  maximum ingrowth ) .  I f  as a result of  plowing , this ac tivity is 

evenly distributed throughout the top 20 cm, the average concentrat ion , 

C , in units o f  pCi/g would be : s 

0 . 25 �Ci 
---2 x 

m 

and 0 . 2 2 pCi/g Am-24l . 

3 � 1 x -rg x 20 cm 

2 
x __ �m�� 

10
4 

cm
2 = 1 . 25 pCi/g Pu-239 

The materials cons idered to be produced on this land and consumed 

by individuals living in the area are : leafy vegetables , o ther food 

plants ,  cow milk , and beef . Also the casual and deliberate inges tion o f  

contaminated soil will b e  considered . 

3 . 1  Lea fy Vegetables and Other Food Plants 

Plants grown in soil containing the trans uranium elements can 

become contaminated through up take by the roots and systemic incorpora-

tion ; in addition , the outer sur faces of  the plant can have contaminated 

soil depos ited upon them as a result of resuspens ion . Numerous s tudies 

have been conduc ted and several reviews (24 , 25 , 2 6 )  have been published 

covering the range of discrimination fac tors that have been observed in 

laboratory and f ield s tudies . Generally , the discrimination ratio for 
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incorporat ion of  Pu-239 into the plant is between 10
-4 

to 10
-6 

on a 

fresh weight bas is and 10
-1 to 10

-2 
for deposition on the plant surface . 

In the case of  americium-24 1 ,  the internal incorporat ion may be as much 

as 50 times higher than plutonium due to its greater solubility . 

Generally , up take factors for garden vegetables are at the upper end 

o f  the range ,  therefore , for calculat ional purposes a dis crimination 

ratio of 10
-4 

will be assumed for internal depo sit ion and 10-1 for 

external depo sition when comput ing the intake of Pu- 239 , and a ratio of  

5x10-3 for internal deposition and 10-1 for external deposition in the 

cas e of Am- 241 . Since the calculations are for food in a table-ready 

condition , decontaminat ion of the food during processing mus t  also be 

recognized . In doing so , the assump tion of  Bloom and ��rt in ( 2 3 )  will 

be employed ; namely , 90% of the contamina tion is washed off  leafy 

vegetables and 99%  of the contamination is removed from other food 

plants during washing , peeling , etc . Likewise , the consump tion rates 

of foods tuffs obtained by Mar tin and Bloom from the USDA have been 

utilized af ter convers ion to a fresh weight basis (on the basis that 

vegetat ion is 70%  water) . Table IX contains the resultant ingestion 

rates and discriminat ion ratios used in this assessment . 

Equation 7 was used to convert the inges tion rates and discrimination 

factors of Table IX into annual intakes of plutonium and americium . In 

carrying out the food pathway calculations , the assump t ion was made that 

25% of the ent ire intake for an individual arises from foods tuf fs  pro-

duced locally on land contaminated with transuranium elements . 
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The resul tant ingestion do ses are given in Tab le X .  In convert ing 

the annual radionuc lide intake to dose rates , Table VII and VIII  were 

used wi th the following assump t ions : 

1 .  the duration o f  ingest ion is 7 0  years 

2 .  externally deposited material is in the oxide form 

and 3 .  material b iologically incorporated in plant s  and animals is 
assumed to have a greater frac t ion trans ferred from the G . I .  
trac t to the blood . For plutonium, according to Table VII , 
this results in an increase of  a factor of  50 in the result ing 
bone dose and a factor o f  5 for americium . 

3 . 2 Ingestion of Cow Milk 

Martin and B loom have developed a discriminat ion fac tor for 

-8 
dairy cows of 3 . 2xlO based upon assump tions of soil and vegeta-

t ion consump t ion by cat tle . Us ing this value and again assuming that 

25% o f  one ' s  diet is locally produced , one can calculate the ingestion 

rates of Pu-239  and Am-24l as a result of milk consumpt ion : 

H (Pu- 2 3 9 )  .. C ID s 

= 1 . 25 Ci 436 
� x ---.£ x 

g day 

H (Pu- 23 9 )  = 1 . 6xlO
-3 

pCi/yr 

H (Am-24l)  = . 18 H (Pu-239)  

H (Am-24l)  .. .  28xlO-3 pCi/yr 

. 25 x 365 days x 3 . 2xlO
-8 

yr 

S ince these trans uranium elements would be b iologically 

incorporated , the dose rates of Tab le VIII would be increased by a 
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fac tor of  50 for Pu-239 and a factor of  5 for Am- 24 1 .  The resultant 

bone doses at tributable to the consump t ion of milk are given in 

Tab le IX . 

3 . 3 Ingestion of Bee f 

Similarly , }�r tin and Bloom developed discrimination factors 

for beef muscle and beef liver and these have been util ized in our 

calculat ions of inges tion rat es : 

Beef Muscle 

H (Pu-239 ) = C ID s 

H (Pu-239 ) = 1 . 2 5 pC i  x � x . 25 x 365d x 3 . 3x10
-5 

g day yr 

Beef 

H (Pu-239 ) = 

H (Am-241)  = 

H (Am-241)  = 

Liver 

H (Pu- 2 3 9 )  = 

1 .  02 pCi/yr 

. 18 H (Pu-239 ) 

-1 
1 . 85x10 pCi/yr 

1 .  25 .E£!. 11& x x 
g day 

H (Pu-239 ) = 2 . 96 pCi/yr 

H (Am-241)  = . 18 H (Pu- 23 9 )  

H (Am- 241)  = 5 . 3 3x10
-1 pC i/yr 

. 25 365 day 
-3 2 . x10 x x yr 

As suming that transuranium material is biologically incorporated , the 

resultant bone dose rates after 70 years of inges tion have been 

calculated and are included in Table X .  
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4 .  Bone Dose Due to Soil Inges tion 

4 . 1  Casual Ingestion 

Bloom and Martin ( 2 3 )  have assumed a casual ingestion rate for a 

desert environment to be approximately 3-4 g/year . Likewise , Rogers 

( 2 0 )  has estimated the ac cidental ingest ion rate of  soil as a result 

of  hand to mouth trans fer to be 3-4 g/yr . Based upon these es timates , 

one can calculate the plutonium and americ ium ingestion and resulting 

dose rates . The ingestion period is assumed to be 70  years and the 

surface so il concentrat ion of Pu-239 is that developed previously for 

unplowed , undiluted soil in the vicinity of Indiana S tree t ;  i . e . , 

10 DPM/ g ( 4 . 5 pCi/g) . The americium concentrat ion , also as before . is 

assumed to be at its maximum contribut ion of  18% or 0 . 8  pCi / g .  The 

result ing bone dose have been calculated assuming the transuranic 

material is in the oxide form and these have been included in Tab le X .  

4 . 2  Deliberate Ingestion 

Healy ( 2 7 )  has addressed the problem of  deliberate soil ingestion 

by children below the age of f ive . After reviewing the limited 

available data on the topic , he concluded that a deliberate soil 

inges tion rate o f  20 g/day would be a reasonably severe cas e .  Applying 

this est imate to the Ro cky Flats situat ion would produce the following 

ingest ion rates for deliberate soil inges tion : 

H (Pu-239 ) 

H (Pu-239)  

* D is  equal to  1 . 0  

C ID* s 

4 . 5  pCi/g x d
20g x 

ay 

= 3 . 24xl0
4 

pCi/yr 
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R (Am-24l) • O . lS (Pu-239) 

R (�24l) • 5 . S4xl0
3 

pCi/yr 

Since this condition of excessive soil inges tion would occur 

over a relatively few years , the resultant dose rates were calculated 

as suming the period o f  ingestion to be 5 years and are included in 

Table X. 

5 .  Conclusions 

From the results presented in Table X ,  one can conclude that , 

even for the unlikely case where the calculated doses for all pathways 

are additive , the doses received by inges tion would be well below the 

EPA guideline of 3 mrad/yr to bone . In reality , an individual in the 

vicinity of Rocky Flats would receive much lower doses than tho se 

calculated . It is deemed very unlikely that one could identify other 

poss ible ingestion pathways of such magnitude that they would resul� in 

bone dos es ��ceeding 3 mrads in any year . 
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Table 1* 

SURFACE AIR PU-2 39 CONCENTRATION AT ROCKY FLATS 

ATTOCURIES /CUBIC METER 

JAN . FEB . MAR . APR . MAY JUNE JULY AUG . SEP . OCT . NOV . DEC . 

SITE #1 
1970 1990 . 00 1250 . 00 7 90 . 00 850 . 00 693 . 00 2 2 60 . 00 962 . 00 

1 9 71 1960 . 00 7140 . 00 9 7 30 . 00 4920 . 00 3800 . 00 2980 . 00 .  3530 . 00 4040 . 00 5 7 7 0 . 00 5 7 70 . 00 3160 . 00 

1972 5430 . 00 1 6 7 0 . 00 4610 . 00 1460 . 00 2080 . 00 6610 . 00 4 7 20 . 00 1 380 . 00 1620 . 00 498 . 00 1860 . 00 

1 9 7 3  1160 . 00 3640 . 00 2 5 20 . 00 612 . 00 1 780 . 00 3040 . 00 2920 . 00 332 0 . 00 1050 . 00 2010 . 00 1810 . 00 1690 . 00 

1 9 74 402 . 00 802 . 00 891 . 00 1810 . 00 3060 . 00 54 7 0 . 00 2 6 70 . 00 3330 . 00 1120 . 00 4 0 7 . 00 580 . 00 643 . 00 

1975 1260 . 00 1360 . 00 1 780 . 00 2180 . 00 2 1 90 . 00 1160 . 00 5 6 7 . 00 4 2 6 . 00 1 79 . 00 1220 . 00 6 5 5 . 00 

1 9 7 6  680 . 00 1240 . 00 864 . 00 

SITE 112 

1 9 7 2  98 . 90 5 5 . 50 119 . 00 609 . 00 48 . 50 4 5 . 20 
C) 

71 6 . 00
c I 1 9 7 3  37 . 80 5 7 . 7 0 55 . 80 51 . 80 5 7 . 70 92 . 10 65 . 00 152 . 00 31 . 50 2 5 . 2 0 7 6 . 30 � I w 

462 . 00
c w � 1974 1 6 . 80 2 3

·
. 20 1 35 . 00 '" 1 7 6 . 00 140 . 00 78 . 7 0 5 8 . 10 34 . 2 0 24 . 00 2 9 . 2 0 4 3 . 70 

1975 141 . 00 34 . 70 56 . 80 39 . 70 2 7 . 4 0 14 . 00 9 � 98 1 0 . 60 1 6 . 4 0 

1976 12 . 20 2 3 . 10 14 . 4 0 

SITE 11 3 

1 9 7 2  21 . 90 18 . 5 0 2 5 . 6 0  

1 9 7 3  18 . 4 0 41 . 7 0
a 

24 . 2 0 24 . 00 40 . 4 0 4 2 . 00 2 5 . 80 2 5 . 70 38 . 20 21 . 50 11 . 00 1 6 . 9 0 

1974 21 . 7 0  39 . 10 163 . 00
c 

283 . 00
c 

SITE 114 

1974 1460 . 00 7 58 . 00 1430 . 00 2 2 2 . 00 199 . 00 395 . 00 1240 . 00 710 . 00 

1 9 7 5  288 . 00 399 . 00 1850 . 00 254 . 00 1 39 . 00 684 . 00 118 . 00 146 . 00 72 . 2 0 189 . 00 188 . 00 1 2 8 . 00 

1976 1 84 . 00 303 . 00 72 . 60 2 36 . 00 109 . 00 319 . 00 98 . 2 0 6 3 . 10 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - �  

-- NO DATA 
Errors are less than 20% except : 

a -error be tween 20% and 100% 
b -error grea ter than 100% 
c -suspec t ,  omi t ted from average 

* Tab] e from r c f c rcn(:c 1 .  
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Tab le II* 

·P1utonium i n  Three- to S ix-Ki1ometer- ( 2-to 4-Mi1es- ) Dis t an t  Amb ient Air 

Number o f  Less Than 
S ta t ion Samples Taken Detectable 

S-31 12 1 

S-32 1 2  1 

S-33 1 2  1 

S-34 3 1 

S-35 3 0 

S-36 2 0 

S-37 1 2  0 

S-38 10 0 

S-39 1 2  1 

S-40 12 0 

S-41 1 2 1 

S-42 1 2  1 

S-43 11 1 

S-44 12 1 

Summary 1 3 7  9 

Volume-We ighted Average 

a .  Volume-we ighted average . 

* Table from reference 8 .  

Volume C 
(cub ic meters ) 

461 , 54 7 . 0  

54 3 , 346 . 0  

531 , 886 . 0  

118 , 24 3 . 0  

119 , 32 2 . 0  

5 7 , 2 86 . 0  

525 , 18 1 . 0  

4 60 , 089 . 0  

502 , 12 9 . 0  

486 , 8 7 6 . 0  

4 7 2 , 698 . 0  

416 , 24 4 . 0  

360 , 8 18 . 0  

4 29 , 7 09 . 0  

5 , 4 85 , 3 7 4 . 0  

-15 Concentration (x10 �Ci/m1 ) 

C maximum 
a average 

0 . 144 <0 . 032 ± 96% 

0 . 1 34 < 0 . 035 ± 96% 

0 . 09 7  <0 . 034 ± 95% 

0 . 1 7 6  <0 . 03 7  ± 550% 

0 . 116 0 . 02 7  ± 5 38% 

0 . 012 0 . 012 ± 1 7 34 %  

0 . 198 0 . 056 ± 9 3% 

0 . 09 7  0 . 02 7  ± 108% 

0 . 102 <0 . 026 ± 9 7 %  

0 . 19 8  0 . 054 ± 92% 

0 . 136 <0 . 033 ± 99% 

0 . 1 3 7  <0 . 0 3 7  ± 96% 

0 . 185 <0 . 056 ± 105% 

0 . 094 <0 . 029 ± 103% 

0 . 198 

<0 . 037 ± 29% 



Table III 

Annual Dose Rate to Various Lung Compartments from 
Chronic Exposure to Plutonium and Americ ium Aeros ols 

( Concentration � 1 fC i/m
3 

and Part icle AMAD = 0 . 05 ,  1 . 0 ,  and 5 . 0  micrometers )  

Durat ion o f  
Exposure 
years 

1 

5 

10 

70 

Durat ion of 
Expo sure 
years 

7 0  

Plut onium-239 

Pulmonary -1 mrad /yr x 10 
Tracheo bronch!2l 

mrad /yr . x 10 
0 . 05� 1 . 0� 5 . 0� 0 . 05� 1 . 0� 

3 . 9  1 . 5  . 7  2 . 7 1 . 1  

9 . 1  3 . 5  1 . 7  3 . 7  1 . 5  

9 . 8  3 . 8  1 . 8  3 . 8  1 . 6  

9 . 9  3 . 8  1 . 8  3 . 8  1 . 6  

Amer ic ium-24l 

Pul�onary -1 mrad /yr x 10 
0 . 5� 1 . 0� 5 . 0� 

10 . 4 . 2  1 . 9  

36 
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5 . 0� 

6 . 1  

7 . 9  

8 . 1  

8 . 1 

Nasopharynge�� 
mrad /yr x 10 

0 . 05� 1 . 0� 5 . 0� 

• 04 11 . 30 • 

. 04 11 . 30 . 

. 04 11 . 30 . 

. 04 11 . 30 . 



Table IV 

Annual Do se Rates to  Various Organs from Chronic 
Exposure to P1utonium-239 and Americium-241 

Aerosols AMAD=l� ; Concentrat ion 1 fCi/m3 

Durac t ion o f  Pu-239 Am-241 
Exposure (mrad /year) (mi11irad /year) 
(years)  Liver Bone T-B Lymph Liver Bone T-B Lymph 

Nodes Nodes 

1 . 001 . 0005 . 40 . 0015 . 0005 . 39 

5 . 018 . 0065 4 . 0  . 019 . 00 7  4 . 2  

10 . 05 2  . 019 7 . 0  . 05 5  . 021  7 . 4  

15 . 089 . 034 8 . 7  . 09 5  . 036 9 . 1  

20  . 13 . 04 9  9 . 8  . 13 . 05 2  10 

30 . 19 . 0 7 8  1 2  . 20 . 08 2  1 2  

4 0  . 24 . 11 14 . 26 . 11 14 

50  . 29 . 13 15 . 30 . 14 16 

70 . 36 . 17 19 . 37 . 18 20  

37  
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Table V 

Sample S ize Increment ( �m) Wgt . Frac t .  Ac t . Frac t .  gi 
f

i 
L f igi 
i 

RF 1A 2000- 105 . 6 2 . 0 7 . 12 
105-10 . 18 . 40 2 . 2 1 . 7 

< 10 . 20 . 5 3 2 . 65 . 3 2 . 34 

RF 1B 2000- 105 . 6 3 . 3 9 . 6 3 
105-10 . 1 7 . 06 . 34 . 7  

< 10 . 2 0  . 55 2 . 7 4 . 3  1 . 06 

RF Ie 2000-105 . 64 . 4 3 . 68 
105-10 . 16 . 0 7 . 4 6 . 7  

<10 . 20 . 4 9 2 . 4 7 . 3 1 . 06 
G') I w � (Xl RF 2A 2000-105 . 46 . 1 3 . 2 8 I 
� 105-10 . 34 . 3 7 1 . 10 . 7  0 

< 10 . 2 0 . 50 2 . 48 . 3 1 . 5 1 
av o 1 . 49 

*Samp1ing and analysis by USEPA , Office of Radiat ion Programs , Las Vegas Fac i l i t y . 



Tab le VI* 

Plutonium and Americ ium in Public Water Supplies 

Number of 
Plutonium Concentrat ion ( x  10

-9 � Ci/ml� 
C C C b 

Reservoirs S amples Taken minimum maximum average 

Great Western 36 <0 . 013 0 . 952 <0 . 099 ± 58% 

Great Wes tern 
a . 046 . 2 14 

S tandley Lake 36 < 0 . 013 0 . 142 <0 . 036  ± 23% 

Summary 7 2  < 0 . 013 0 . 952  

Finished Water 

Arvada 11 <0 . 005 0 . 019 <0 . 006 ± 50% 

Boulder 12 <0 . 005 0 . 014 <0 . 007 ± 17% 

Broomf ield 39 <0 . 013 0 . 13 3  <0 . 041 ± 26% 

Broomfielda . 038 

Denver 11 <0 . 005 0 . 016 <0 . 008 ± 29% 

Golden 11 <0 . 005 0 . 048 <0 . 009 ± 107% 

Lafayette 12  <0 . 005 0 . 030 <0 . 00 7  ± 6 7 %  

Louisville 11 <0 . 005 0 . 012 <0 . 006 ± 21% 

Thornton 12  < 0 . 005 0 . 018 <0 . 009 ± 32% 

Wes tmins ter 36 <0 . 013 0 . 210 <0 . 041 ± 31% 

S ummary 155 <0 . 005 0 . 210 

Average < 0 . 027 ± 49% 

-9  Americium Concentrat ion ( x  10 �Ci/ml� 
Number of  C i . C C b 

Reservoirs Samples Taken m n�mum maximum average 

Great Wes tern 38 0 . 014 <0 . 090 <0 . 033  ± 20% 

Standley Lake 3 7  <0 . 013 <0 . 090 <0 . 02 7  ± 19% 

Summary 7 5  <0 . 013 <0 . 090 

Finished Water 

Arvada 11 <0 . 001 0 . 239  <0 . 02 6  ± l80% 

Boulder 11 <0 . 001 0 . 015 <0 . 006 ± 180% 

Broomfield 3 7  <0 . 023  0 . l50  <0 . 029 ± 31% 

Denver 11 <0 . 001 0 . 420 <0 . 04 3  ± 196% 

Golden 11 <0 . 001 0 . 044 <0 . 009 ± 80% 

Lafayet te 12  <0 . 001 0 . 030 <0 . 007  ± 67.% 

Louisville 12  <0 . 001 0 . 400 <0 . 039 ± 185% 

Thornton 12 < 0 . 001 0 . 00 7  <0 . 005 ± 3 %  

Wes tminster 39 <0 . 013  0 . 07 9  <0 . 02 9  ± 18% 

S ummary 156 <0 . 001 0 . 420 
Average <0 . 032 ... 25% -

* Table from reference 8 .  
a .  Data o f  Poet and Mar tell (1970)  
b .  Sample-weight ed average 
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Radionuclide 

P1utonium-238 

P1utonium-239 

P1utonium-240 

P1utonium-241 

Americium-241 

Curium-244 

Tab le VII  

Fract ion of Inges tion Ma terial Transferred to  
Blood from the Gas trointest inal Tract 

Trans fer Frac tion Biologically 
non-oxide oxide Inc0r:E�orated 

10
-3 

10
-3 

5x10
-3 

10
-3 10-4 

5x10-3 

10
-3 10-4 

5x10-3 

10
-3 10-3 5x10-3 

10-3 
10-3 

5x10
-3 

10
-3 10-3 5x10-3 

40 
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Tab le VIII 

Annual Dose Rate Due to Chronic Inges tion of  
P 1utonium-239 Oxide , Americiu� 241 , P 1utonium-241 and Curium-224 

Annual Intake 1000 pCi /Year 

Durat ion of  P1utonium-239 Oxide Americ ium-24l 
Inges tion (llrad /year) (llrad /year ) 
Years Bone Liver Who le Bone L iver Whole 

Body Body 

1 0 . 9  2 . 4  4 . 6xlO 
-3 9 . 2  2 . 5x10 1 4 . 9x10 -2 

5 4 . 3  1 . 2x10 1 2 . 7xlO -2 4 . 5x10 1 1 . 2x10 2 2 . 4x10 -1 

10 8 . 4  2 . 2x10 1 
4 . 5x10 -2 8 . 8xlO 1 2 . 3x10 2 4 . 7x1 0  - 1  

1 5  1 . 2x10 1 3 . 2x10 1 6 . 6x10 -2 
1 . 3xlO 2 3 . 4x10 2 6 . 9x10 -1 

20 1 .  6x10 1 4 . 1x10 1 
8 . 6x10 -2 

1 . 7x10 2 4 . 3x10 2 
9 . 0x10 1 

30 2 . 4x10 1 
5 . 6x10 1 

1 .  3x10 -1 2 . 4x10 2 5 . 9x10 2 1 . 3  

40 3 . 0x10 
1 

6 . 9x10 
1 

1 .  6x10 
-1 

3 . 1xlO 
2 

7 . 2xlO 
2 

1 . 7  

50 3 . 7x10 1 
8 . 1x10 

1 
1 . 9x10 -1 

3 . 8x10 2 8 . 3x10 2 2 . 0  

7 0  4 . 8xlO 1 
9 . 8x10 1 

2 . 6xlO -1 
4 . 9x10 2 9 . 9x10 2 

2 . 6  

41 
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Tab l e  IX 

Food Inges t ion Rates and Radionuc 1ide 

S ub s tance Inges t ion Rat e (�/day) 

Leafy Vegetables 2 7 0
b 

O ther Vegetab l e s  7 4 0
b 

Cow Milk 4 3 6  

B e e f  Muscle 2 7 3  

B e e f  Liver 1 3  

S o i l  (casua l )  . 01 

Soil (delib era t e )  2 0  

a .  from ref . 2 3  
b .  as sumes vegetat ion is 70% wat er 

Discriminat ion Rat io s  

Discriminat ion Ra t io 

Pu ( ext . ) [ lO
-l

xlO % ]  

Pu ( int . )  1 0
-4 

Am ( ext . )  [ lO
- l

xlO % ]  

Am ( int . ) 5xlO
-3 

Pu ( ext . )  [ lO
-l

xl% ] 

Pu ( int . )  10
-4 

Am ( ext . ) [ lO
-l

xl% ] 

Am ( int . ) 5xlO
- 3  

Pu
a 

3 . l 7xlO -
8 

Am
c 

3 . l 7 xlO -
8 

Pu
a 

3 . 2 9xlO -5 

Am
c 

3 . 2 9xlO 
-5 

Pu
a 

2 . 0xlO 
-3 

Am
c 

2 . 0xlO 
-3 

Pu 1 . 0  

Am 1 . 0  

Pu 1 . 0  

Am 1 . 0  

c .  assumes r e t ent ion and transport within cow is the same f o r  Pu and Am 

4 2  
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Table X 

Ingest ion and Resultant Bone Dose Rates 

70th Year Bone 
Dose Rate 

Sub s tance Radionuclide Ingestion Rates ( p Ci/z:rl (mrad/z:r ) 

Dri'nking water Pu 18 8 . 8xlO 
-3 

Am 13 6 . 2xlO 
-3  

Leafy Vegetables Pu (ext . )  2 9 7  . 014 

Pu ( int . )  3 . 0 71  

Am (ext . )  5 3  . 02 6  

Am ( int . )  2 7  . 06 7 

Other Vegetables Pu (ext . )  8 2  . 004 

Pu (int . ) 9 . 020  

Am (ext . ) 15 . 00 7 

Am (int . ) 74  . 018 

Cow Milk Pu 1 .  6xlO -
3 . 40xlO 

-5 

Am . 28xlO 
- 3  . 6 7xlO 

-6 

Beef Muscle Pu 1 . 0 2 2 . 5xlO 
-3 

Am 1 . 85xlO -1 2 . 8xlO -4 

Bee f Liver Pu 2 . 9 6 7 . lxlO -3 

Am 5 . 3 3xlO 
-1 1 . 28xlO 

-3 

Soil (casual) Pu 18 . 0  8 . 6xlO -4 

Am 3 . 2  1 .  6xlO -3 

(deliberate) Pu 3 . 24xlO 4 .. 14 

Am 5 . 84xlO 3 . 2 6 

To tal 0 . 65 3  
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APPENDIX H 

PROPERTY LOSSES , LOST TIME INJURIES , 
AND REPORTABLE RADIATION EXPOSURES 

Thi s  appendix iden t i fies a l l  property losses  in exc e s s  of $ 5 0 0 0  that have 
occurred at Roc ky Flats  s ince the P lant became operat ional in 1 9 5 2  ( see Tab l e  H- l ) . 
Table H- 2 l i s ts lost - t ime injuries to employees . Inj ury s t a t i s t i c s  are presented in 
Tables  H- 3 through H- 5 .  Subsequent tab l e s  l i s t  external rad iat ion exposures to 
emp loyees ( Table H- 6 ) , sys t emic burden estimates of p l utonium ( Tabl e  H- 7 ) , and pos i ­
t ive body - counter cases ( Tab l e  H- 8 ) . 

The personnel safety record comp i led by emp loyees at Roc ky F l a t s  i s  among the 
b e s t  of a l l  DOE p roduction fac i l i t i es . For example , during 1 9 7 7  on ly one organ iza­
t ion within the DOE Albuquerque Ope rations Comp l ex estab l i shed a better safety record 
than Roc ky Flats . Desp i te an impre s s ively good safety record , l o s t - t ime or d i sabl ing 
inj uries have oc curred at Rocky Flats . These  are noted in Tab le H- 2 .  Occ a s i onal ly , 
cons i derab l e  t ime passes b e fo re an injury i s  defined as a lost - t ime inj ury . For this 
reason , some entries in Tab l e  H- 2 appear to be out of sequence . The dates shown are 
those on whi ch the incidents occurred ; however , the overal l l i s t ing fol lows the 
sequence in  whi ch the mishap s  were designated l o s t - t ime injuries . 

Prior to January 1 9 7 5 , a lost - t ime inj ury ( LTI ) was defined as any work inj ury 
resul ting in death , permanent total disab i l i ty , or  permanent partial d i sab i l i ty- - even 
i f  the inj ured employee returned to work the same day the inj ury occu rred . A work 
inj ury resu l t ing in temporary total disab i l i ty was also cons idered an LTI , as was any 
inj ury , regard l e s s  o f  how minor , that resul ted in an emp loyee l o s ing a ful l  day o f  
work after the day o f  the inj ury . The severity o f  an inj ury was recorded i n  accor­
danc e with a s t andard t ime charged in number of days ass igned to each part of the 
body . I f ,  for examp l e , an employee lost  the tip o f  h i s  l i t t l e  finger but returned to 
work the same day that the inj ury oc curred , the inc ident was cons idered an LTI , and 
50 days of " lost  t ime " was charged for the inj ury . 

On January 1 ,  1 9 7 5 , the Occupat ional S afety and Hea l th Admini s t ration ( OSHA) 
recordkeeping and report ing system was adop ted as the s t andard for oc cupat ional 
inj ury experienc e . The t e rm LTI was replaced with " Lo s t  Workday Cases Invo lving Days 
Away from Work . " Under thi s  sys tem the number of actual workdays on which an em­
p l oyee would have worked but could not because of an occupational inj ury or i l lness 
i s  repo rted as " T ime Charged . "  

In Tab les H- 3 through H- 5 and F igure s H- l and H- 2 ,  c omparat ive inj ury s t a t i s t i c s  
w i thin Colorado and nat ional ly are presented . Gros s  numbers o f  inj uries or lost  work 

H- 1 



days c anno t be dire c t ly compared from one un i t  to ano ther . Two cons iderat ions are 
es sen t i a l  for a mean ingful comparison . F i rs t ,  the s ize o f  the work force should be 
cons idered because a l arger emp loyer i s  expec ted to have more accidents than a sma l l  
emp loyer . Secondly , t h e  d i f fe rent type o f  work p e r fo rmed b y  each emp loyer should b e  
considered because a h igh- risk opera t i on ( e . g . , s teel  erect ion ) i s  expec ted t o  have 
more ac c idents than a low- risk operation ( e . g . , retai l s tore operation ) .  

Work- force s i z e  c an be equal ized by c alculating inj ury rates b ased on the number 
of  hours wo rked by each un i t  during the  same comparab l e  pe riod . Unt i l  OSHA was 
e s tab l i shed , the nat iona l ly recognized me thod for evaluating inj ury experience was 
the calculat ion o f  Frequency Rates and Seve rity Rates as de fined by the Amer i c an 
National S tandards Ins t i tute (AN S I ) ,  ANS I  Z - 87 . 1 .  The Frequency Rate was based on 
the number o f  l o s t - time inj urie s ; the S ever i ty Rate was based on the t ime charged ( in 
days ) .  They were c alculated as  fo l lows : 

Frequency Rate = Number o f  Lost Time Inj uries X 1 , 000 , 000 

Hours Worked 

Severity Rate = Time Charged X 1 , 000 , 000 

Hours Worked 

The OSHA recordkeeping system o f fers Inc idence Rates as fo l lows : 

Los t  Time Inj uries ( LTI ) = 
Inc idenc e Rate 

Los t  Work Days ( LWO ) 
Incidence Rate 

= 

Number o f  Los t  Time Inj uries X 200 , 0 00 

Hours Worked 

Number o f  Los t Work Days X 200 , 000 

Hours Worked 

The c al culat ion o f  inj ury rates c an be used for two purpo s e s : ( 1 )  compari son 
with prior experience and ( 2 )  c ompari son with s imi l ar indus tries  or  companies . 
Compari son with prior experience i s  the mo s t  mean ingful appl i ca t i on o f  inj ury rates 
b ec ause an average indus try rate does not accurate ly reflect the hazards and r i s ks 
a s so c iated with one particular company . However ,  an indus t ry compari son c an b e  used 
as an approximation to consider the d i f ferent types o f  indus trial  ri sks . 

Tab l e  H - 3  compares Roc ky Flats  P l ant S everity and Frequency Rates o f  inj uries 
from 1952 through 1974 wi th the Nat ional S a fety Counc i l ' s  " al l  industry" average 
rates . Thi s  in format ion is shown graph i c a l ly in Figures H - l  and H - 2 . Figure H - l  
shows that wh i l e  the " al l  indus try" Frequency Rates are re l a t ively higher and have 
inc reased , the Rocky F l ats Frequency Rates have remained s t ab le over the years . The 
S ever i ty Rates in Figure H - 2  show that wi th the exc ep t ion o f  1 9 67 , the Roc ky Flats  
S ever i ty Rates have been relatively s tab l e  and low . 
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Because o f  the change to the OSHA record keeping sys tem after 1974 , Frequency 
and S ever i ty Rates are no l onger u sed . The OSHA inc idence rates for LTI s  and LWOs 
are given in Tabl e  H- 4 .  Inc idence rates for manufac turing , chemical , and me tal 
fabric ation industries are also given for compari son , because these three indus tries 
mo s t  c losely represent operat ions performed at Rocky Flats . Inj ury inc idenc e rates 
for these three industries  are given for nat ional and Colorado indus tries . As w i th 
Frequency and S ever i ty Rates , inc idenc e rates for LTI s  and LWOs for the Roc ky Flats  
P l ant  are lower than the indus try rates . 

The data in Tab l e  H- 5 show 1 9 7 6  and 1 9 7 7  gross number s ta t i s t i c s  by industry 
w i thin Colorado for fat a l i t i e s  and for LTI s  involving four or more l o s t  work days . 
-The Roc ky Flats Plant operation i s  covered within the manu fac turing c l a s s i fication . 
I t  i s  emphas ized that industry s ize  i s  not cons idered in thi s in formation . 

In summary , inj ury rate data show that the Roc ky Flats P l ant  S a fe ty program i s  
e f fec tive in minimi z ing occupational ly re lated inj uries  and i l lnesses . 

Date Dol la r  Loss 

1 1 - 2 1 -5 2  7 , 000 

6 - 14 - 5 7  30 , 9 36 

9 - 1 1 - 5 7  8 1 8 , 600 

10-25-61 5 , 000 
to 10 , 000 

3 - 16-63 8 , 200 

3 - 19 -63 20 , 000 

4-23-63 5 , 662 

6-20-63 8 , 364 

6 - 12-64 5 6 , 400 

4-08-65 8 , 810 

5 - 06-65 7 , 5 5 7  

10- 15 -65 17 , 034 

1 1 -09 -65 2 3 , 25 3  

1 1-27 -65 5 9 , 800 

9 - 28-67 10 , 246 

1 - 0 7 - 6 9  2 3 , 285 

TABLE H-l 

PLANT PROPERTY LOSSES EXCEEDING $5 , 000 

Incident 

Boiler exp l o s ion 

Exp los ion from chemic a l  reaction 

Fire in a manufacturing building 

Bo iler explos ion 

Sub-sta tion fai lure and fire 

Fai lure of engine in building ' s  compressor house 

Contamination from nitric a cid sp i l l  

Contamination leak and s p i l l  

Chemical exp los ion in glove box 

Inspe cted pa rts kno cked off storage shelving 

Product feed sp rayed out of loose flange 

Glove box drain fire 

Glove box fire 

Wind damage to building roof 

Contamination sp i l l  resulting from b low-out of 
temporary p ipe p lug 

High winds caused damage to windows , doors , and 
roofs of bui ldings ; a trailer was des troyed , 
and cons iderable cleanup and rep a i r  work we re 
required 
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Date Do llar Loss 

5 - 1 1 - 69 26 , 5 3 9 , 000 

6-20-69 8 , 000 

7 - 30-69 20 , 000 
(e s t ima ted ) 

4-20-70 15 , 000 

8 - 15 - 70 5 , 870 

9 - 1 1 - 70 12 , 040 

4 - 1 2 - 7 1  5 , 7 7 7  

4 - 1 9 - 7 1  1 3 , 5 00 

8 - 2 2 - 7 1  6 0 , 000 

9 -0 2 - 7 1  15 , 600 

1 - 5 , 6- 7 2  20 , 000 

1 - 1 1 - 7 2  5 , 660 

4 - 1 0 - 72 20 , 000 

2-08 - 7 2  6 , 000 

4- - 7 3  9 , 9 7 3  

1 1 - 3 0 - 75 5 , 9 1 2  

5 - 1 9 - 7 6  13 , 85 7  

8 - 18 - 76 7 , 500 

1 1 - 1 8 - 7 6  14 , 334 

TABLE H- 1 ( continued ) 
PLANT PROPERTY LOSSES EXCEEDING $5 , 000 

Incident 

Glove box fire in plutonium p ro c e s s ing a rea 

Mol ten metal released into furnace interior 

Fire in tunnel between buildings 

Contamination release by comp re s sed air used 
in an a ttempt to c l ea r  a p lugged drain l ine 

Power lead sho r t - c i r cuited to bus bar 

Acid leaked from s to rage tank 

Corros ion caused s team condensate l ine to leak 
contaminat ion 

Contamination spread from reduct ion-furna ce 
ga sket'  fa ilure 

Sma l l  conta ine r expl oded . Contamina tion was spread 
by ignited plutonium in the conta ine r 

Ho l e  in a barrel l ine r a l lowed p lutonium oxide to 
e s cape into room 

Electrical faulting of three main substations 
because of heavy winds and snow 

Cell shrouding of cool ing tower blew away 

Inc inerator glove box fire 

Incinerator fire and contamination caused by an 
aerosol can being punctured in an uns a fe manner 
near a burning inc ine rator 

Tritium released to atmosphere and Plant waste 
s treams during the process ing of metal s c rap 
contaminated with tritium 

Tra i l e r  blown ove r by high winds 

R&D experiments caused contamination to equipment 
and instruments 

Ove rheating caused coils in induction heat trea ting 
furna ce to melt 

Source dropped in office a re a , caus ing rep l a cement 
of desks , cha irs , vending machine s , floor t i l e , 
e tc . , in surrounding area 
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Date 

8-22-53 

2-23-54 

6-23-54 

1 1 - 12-54 

7 - 16-56 

6- 14-5 7 

9 - 1 6 - 5 7  

7 - 1 0- 6 3  

12-22-63 

3-25 - 64 

6 - 12-64 

1-05-62 

9 - 1 7 - 5 9  

TABLE H-2 

LOST-TIME INJURIES TO EMPLOYEES 

Incident 

A fireman was hammering on some metal when another fi reman wa lked 
up . A p iece of metal hit the s econd fi reman in the eye . 

A monitor was in a j eep that turned ove r on Highway 9 3 .  
H e  suffered bruis es . 

A carpenter caught his left hand in the b lade of a tab l e  saw.  
Portions of his first and s econd finge rs we re amputated , and the 
fourth finger wa s lacera ted . 

A chemist s l ipped and fe ll , s t ri king he r right e lbow against a 
doo r .  Fracture of the elbow requi red surgery . 

A too lmaker was us ing p l iers in an attempt to remove chip s from a 
revolving cylinde r .  Severe lacerations of the index finger 
resulte d . 

A chemical operator wa s struck by particles of glass or metal 
when a chemical-reaction explosion occurred . He received lacera­
tions on the face and tip of the fi fth finger of the right hand , 
in addition to contamination . The tip of the fifth finger on 
his right hand was amputated . 

A ma chini s t  caught his finger in a piece of tubula r metal b eing 
turned on a lathe and cut off the tip of the s econd finger of his 
left hand . 

An e lectri cian punctured his left index finger with a s c rewdrive r ,  
s evering the flexor tendon at the s econd j oint . Surge ry wa s 
required for partial rep a i r .  

A handyman ' s  feet s l ipped out from under him whi le h e  was wal king 
down a snow-covered s i dewa l k .  He suffered pulled and sprained 
back mus c l e s . 

A toolmaker had his left uppe r  arm inj ured when the shank of a 
grinding tool b roke and the tool became imbedded in his a rm .  
Surgery was required to remove the too l , and hosp ital iza tion was 
required when an infection deve loped . 

A chemical explos ion in a glove box resulted in severe damage to 
a p rocess operator ' s  l eft hand , necessitating amputation of the 
left index finger and thumb . 

A sheetmeta l worker wa s hooking a portab l e  welder on a p i ckup ,  
alone , and inj ured his back . The inj ury wa s evaluated at 
7 . 5% pe rmanent partia l disabil ity to the who l e  body uni t .  

A 1 . 5 - inch piece of metal became embedded i n  the tip of a 
p roduction ma chinist ' s  left middle finger .  The metal was 
removed by surgery . A nodule ,  which subs equently formed ,  wa s 
surg i c a l ly removed on 2 - 16 - 65 . Plastic repa i r  required removal 
of 3/ 16 inch of bone . 

H-5 

Time 
Charged 

16 days 

5 days 

375 days 

1 1  days 

6 days 

50 days 

100 days 

22 days 

8 days 

17 days 

2 , 100 days 

450 days 

7 5  days 



TABLE H-2 ( continued) 

LOST-TIME INJURIES TO EMPLOYEES 

Date Incident 

2-20-65 A production machini st struck his left middle finger against a 
rotating part in an X-cello tape machine . To p roperly repair 
the resulting la ceration , p l a s t i c  surge ry ( skin graft) was 
required . 

1 2 - 30-66 An ins trument rep a i rman fe l l  while wa lking down a bank , and he 
b roke his right ankle . Ho spita l ization wa s required to have the 
ankle p inned and set .  

2- 16-67 A maintenance sheetmeta l worker was ra1s 1ng a teles cop ing s caf­
folding when a se cond s ection , ra is ing imprope rly , dropped and 
ma shed three finge rs of his left hand . The first j oint of his 
ring finger had to be amputated . 

1 1 -23-66 A horizontal p r e s s  was being used to press a gear on a motor 
shaft . A maintenance machinist fo reman ,  in a squatting pos ition , 
p laced his hand on one of the a rms . The a rms , which were under 
pres sure , relea sed in a snapping a ction and caught his right 
middle and ring fingers . The middle finge r ,  at the s econd j oint , 
had to be amputated on 3 - 7 -6 7 .  

4-05 - 6 7  A service attendant/vehicle driver fractured his hip when he 
fe l l  from the track of a Caterp i ller tractor atop a low-boy 
trailer . He died Ap ril 10 , 1 9 6 7  from post-operative comp l ications . 

5 - 12-67 A laborer was loading large wooden boxes into an open-top tra i le r . 
As he was attempting to remove the cab le s ling , he stepped back­
ward and fe ll 5 2  inches to the bed of the truc k ,  then fel l  another 
5 2  inches to the ground . He suffered fractures of the third and 
fourth vertebra l p rocessus , requiring hosp ita l ization. 

4-08-67 A pa inter bump ed the p a lm of his right hand while s c raping a 
shower room floo r .  The s o rene s s  i n  his hand failed t o  respond to 
medical treatment and on June 6 ,  1967 , an e xp loratory operation 
d i s c l o s ed a b locked artery in the hand . This wa s cla s s i fied as an 
occupationa l diseas e , being a "pe riphe ra l neurovascular disorder 
re sulting from p ro longed manual use of too ls . "  Approximately 
3 inches of a rtery had to be removed . 

9 - 1 1-67 An experimental operator was pouring molten l i thium into a mold . 
He had partia l ly fil led the mold when the molten metal was 
explosively ej ected , splatte ring his face , shoulde r ,  torso , and 
thighs . He suffered second- and third-degree burns to his body 
and re ceived one sma l l  burn on the cornea of his right eye . 
Hospita lization was required . 

1 - 15-68 A labo rer was fas tening the s a fety cha in on a dock when the 
hydraul ic tai lgate latch failed on a t ruck ba cked up to the doc k .  
The fal ling tai lgate s t ruck his right foot and b roke two bone s . 
Treatment resulted in s even lost days . 

1 1 -06-65 A p roces s  operator suffered a puncture wound to his right long 
finger .  Subsequent nodule growth required surgical removal 
re sulting in 6% disabil ity of the distal phalanx of the finge r 
(March 26 , 1968 ) . 

H-6 

Time 
_Charged 

27 days 

30 days 

1 , 1 60 days 

150 days 

6 , 000 days 

23 days 

16 days 

20 days 

7 days 

4 days 



TABLE H-2 ( continued)  

LOST-TIME INJURIES TO EMPLOYEES 

Date Inc ident 

9 -05-68 A clerk pa cker s quatted down to c lean a shipp ing container and 
struck the edge of a wa ste conta ine r behind him . He s uffered 
a ruptured urethra and was hosp ita l ized . 

8-20 - 7 1 A painter wa s applying s trippab le latex pa int to wood s tuds and 
sheeting . The work was in a contaminated a rea and wa s be ing done 
in ful l face masks . The pa inter was wo rking f rom a 12- foot ladder 
and wa s s tanding on the step next to the top when he fel l  to the 
floo r .  Five ribs were fra ctured when he hit an a i rlock as he fell . 

9 - 02- 7 1  A machini st caught his finger between a chuck and tool b it while 
he was attempting to adj ust a coolant l ine . The tip of his index 
finger was cut off . He had not shut the ma chine o f f  dur ing this 
operation . 

9 - 1 3 - 7 1  A process operator was standing on a barrel when the lid tipped . 
He fel l and broke his right e lbow , resulting in 5% pe rmanent partial 
disab i l ity . 

5 - 13-69  A process operator lacerated his forefinger , r ight hand , on a 
beryl l ium burr . The inj ury failed to hea l . Surgery wa s needed to 
excise the wound , and plastic  surgery wa s necessary to close i t .  

4-03-72 A ma chini st was performing a cutting opera tion o n  a lathe . 
Some chips whipped around , cutting his third finge r ,  left hand . 

4-28-72 A machini st was leaning agains t  a box that wa s on rollers . The 
box moved and he fel l , stri king his knee on the floor and b reaking 
his kneecap . 

6 -2 1 - 7 2 A vehicle d rive r ,  whi le backing up a fork lift , fai led to stop in 
time , and the rear of the fork lift coll ided with a c inder block 
wa l l .  The operato r ' s  left foot was caught between the fork l i ft 
p latform and the wa l l .  He suffered a severe break in his left 
ankle and foot . 

12-9-69  A machinist wa s moving a heavy p iece o f  machinery on two , two­
wheel dol l ies . The load shi fted , and his thumb wa s caught between 
the do l ly handle and the f rame of the load . His r ight thumb wa s 
fra ctured . 

2-�2 - 7 3  A carpenter wa s working in the plenum of a manufa cturing building . 
As he was exiting the plenum , he sme lled some toxic subs tance in 
the b reathing a i r .  He passed out from this substance and fell 
backwa rds on the s tairs , hitting his head and s uffering a l inear 
s kull fra cture . 

8-22- 7 1  An emp loyee received a lung burden of p lutonium when a container 
of metal  plutonium exp loded and the p lutonium caught fire . He later 
volunteered to have a lung lavage on an experimental basis . He 
wa s ho spital ized 14 days . 

4-2 1 - 7 0  A decontamination worke r ,  c rawl ing through overhead pipes whi le 
performing his j ob ,  twisted and spra ined his left knee . His knee 
was re inj ured on 7 - 14-72 , requiring surgery and hosp ita lization . 

1 -0 9 - 75 While wa l king between buildings , an emp loyee s lipped on ice , fel l ,  
and received a hairl ine fracture o f  his 8 th rib . 

H-7 

Time 
Charged 

24 days 

58 days 

100 days 

180 days 

7 days 

150 days 

90 days 

360 days 

240 days 

1 35 days 

, lays 

45 days 

7 days 



TABLE H-2 ( cont inued) 

LOST-TIME INJURIES TO EMPLOYEES 

Date Incident 

2-25-75 An emp loyee s l ipped on ice . He did not fa l l , but did pull some 
mus cles . A docto r advised him to s tay home seve ral days . 

5 - 24-75 A security gua rd fe l l  against a doo r .  His hand went through the 
g l a s s  in the doo r ,  resulting in tendons being cut . 

4 - 1 8 - 7 5  A n  emp loyee w a s  working on a machine when the l e a d  hammer being 
used s l ipped and hit his finger . Surgery was required later to 
rep a i r  tendon damage . 

7 -22-75 An electric techni cian , whi l e  working on a current l imite r ,  struck 
his left e lbow on the open door of a tool cart . The elbow later 
required surgery . 

1 1 -8-75 A uti l i ties emp loyee s l ipped on a wet surface outdoors and fel l , 
f ra cturing his left hip . Surgery was ne cessary to pin the 
fra cture . 

1 -23-76 A sheetmetal wo rke r t r ipped over his shoe covering and fe l l . He 
fra ctured his lower right leg . 

3-08 - 7 6  A process operator s t ra ined his back whi le lifting a filter 
hous ing . 

5 -20-76 An emp loyee was caught between his pa rked vehi cle and a moving 
p lant p rotect ion car driven by a security

· 
guard . The employee 

suffered compound fractures of both ankles and other inj uries 
resulting in a p e rmanent disabl ing inj ury . 

5 - 2 8 - 7 6  A chemist s t ra ined h i s  back while l i fting 50-pound drums . Bed­
rest wa s advi sed by a docto r .  

2 - 3 - 7 6  Sheetmetal wo rke r h a d  surgery on shoulder which wa s inj ured 
while using a wrench ( surgery 1 1 - 7 6 ) . 

1 0 - 1 4 - 7 7  Air filter technician s l ipped on wet/ damp floor whi le moving 
a ladder .  C ra cked knee cap . 

H-8 

Time 
Charged 

5 days 

5 days 

100 days 

9 days 

158 days 

108 days 

24 days 

154 days 

3 days 

92 days 

52 days 



TABLE H- 3 
FREQUENCY AND SEVER ITY RATE COMPARI SON1 

YEAR FREQUENCY RATE S EVERITY RATE 

Rocky Flats Nat iona l S a fety Roc ky Flats Nat ional Safety 
Plant Counc i l  S ta t i s t i c s* Pl ant Counc il S tat i s t i c s* 

1 9 5 2  0 8 . 40 0 880 
1 9 53 0 . 52 7 . 44 8 . 4  830 
1 9 54 1 .  3 9  7 . 22 181  80 0 
1 9 5 5  0 6 . 9 6 0 815  
1956  0 . 38 6 . 38 2 . 3  7 3 3  
1 9 57 0 . 64 6 . 27 48 . 2  740 
1 958 0 6 . 1 7 0 744 
1 9 5 9  0 . 2 7 6 . 47 20 . 0  7 5 4  
1 9 6 0  0 6 . 04 0 7 2 9  
1 9 6 1  0 5 . 9 9 0 666  
1 9 6 2  0 . 20 6 . 1 9 90 . 3  694 
1963  0 . 34 6 . 12 5 . 1  682 
1964  0 . 3 0 6 . 45 3 1 9 . 4  6 9 3  
1 9 6 5  0 . 32 6 . 5 3 4 . 9  695  
1966  0 . 31 6 . 9 1 28 . 1  689 
1 9 67 0 . 7 8 7 . 22 1 , 1 27 672 
1 9 68 0 . 29 7 . 35 4 . 5  665  
1 9 6 9  0 . 27 8 . 0 8 3 3 . 7  640 
1 9 7 0  0 . 14 8 . 87 6 . 2  667  
1 9 7 1  0 . 50 9 . 3 7 43 . 9  6 1 1  
1 9 7 2  0 . 39 10 . 1 7 77 . 2  655  
1 9 7 3  0 . 14 10 . 5 5 19 . 3  654 
1974  0 10 . 20 0 614 

*Nat ional S a fety Counc i l  s ta t i s t i c s  are tho se for the " al l  indus tries " average , as 
reported by member companies . The Nat ional Sa fety Counc i l  asserts . that from 1965  
to 1 9 7 0  manu fac turing membei compan ies had Frequency Ra tes 7 0  percent lower and 
S everity Rates 40 percent lowe r than nonmember companies . 
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YEAR 

Roc ky 
F l at s  

1 9 7 5  0 . 2 0 
1 9 7 6  0 . 1 9 
1 9 7 7  0 . 04 

YEAR 

Rocky 
F l a t s  

1 9 7 5  9 . 4  
1 9 7 6  14 . 3  
1 9 7 7  1 . 9  

TABLE H- 4 
INJURY INC IDENCE RATE COMPARI SON2 , 3  

INCIDENCE RATE*OF LOST-TIME INJURIES 

Manu fac turing 
Colorado Nat ional 

5 . 5  
6 . 2  
NA** 

4 . 3  
4 . 6  
4 . 9  

Chem i c a l  
Colorado Nat ional 

2 . 6  
1 . 8  
NA 

2 . 6  
2 . 9  
2 . 9  

INCIDENCE RATE*OF LOST WORK DAYS 

Manu fac turing 
Colorado Nat ional 

7 6 . 1  
83 . 8  

NA 

7 2 . 9  
7 6 . 7  
7 9 . 3  

Chemical  
Colorado National 

24 . 8  
3 0 . 9  

NA 

4 6 . 1  
48 . 0  
48 . 0  

Me tal  Fabrication 
Colorado National 

6 . 1  
7 . 1  
NA 

6 . 4  
6 . 6  
7 . 0  

Met a l  Fabrication 
Colorado Nat ional 

7 5 . 4  
9 6 . 4  

NA 

1 0 1 . 4  
1 0 6 . 5  
1 0 6 . 3  

*Co lorado and National Inc idence Rates inc lude restri c ted ac t iv i ty cases  and days 
at wo rk . The Ro cky Flats  s t a t i s t i c s  do no t r e f l e c t  thi s  informa t ion ; however ,  
accord ing to the Department o f  Labo r ,  nearly 9 5  percent o f  a l l  l o s t - t ime cases  
invo lve t ime away from the  j ob .  For  thi s  reason , the s e  i s  no  s i gni f i c an t  d i s ­
c repancy be tween Nat ional , Colorado , and Rocky F l a t s  dat a .  

**NA - not ava i l ab l e  a t  print ing t ime . 

TABLE H- 5 
LOST TIME INJURIES AND FATALITIES BY INDUSTRY IN  COLORAD04 

COLORADO 1t CASES  INVOLVING 4 OR 
INDUSTRY MORE LOST WORK DAYS 1t FATALITIES 

1976 1977 1976 1977 
Agr icul ture , Fores try , 646 914  5 4 

F i sheries  
Mining 1 , 1 7 6  1 , 43 2  9 1 0  
Cons truc t ion 3 , 8 94 5 , 1 2 6  14 1 9  
Manu fac turing 6 , 41 5  7 , 3 3 7  1 1  2 
( Rocky F l ats  P l an t )  ( 4 )  ( 1 )  ( 0 )  ( 0 )  
Transportat ion and 1 , 9 05  2 , 38 9  6 1 0  

Pub l i c  Ut i l i  t i e s  
Who l e s a l e  and Re tai l Trade 5 , 649 7 , 004  8 7 
F inance , Insurance and 3 9 4  5 60 2 1 

Re al  E s tate 
Serv i c e s  4 , 67 0  5 , 800 15 5 

Government 2 , 5 89 3 , 145 7 6 
Unc l as s i f i ed 4 7 9  524  0 0 
Colorado To tal  2 7 , 81 7 34 , 2 3 1  7 7 *  64 

*Addi t ional fata l i t i e s have been subsequently con fi rmed as  work related . 
The 1 9 7 6  total as o f  7 - 1 - 7 8  was 86 . 
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Emp loyee rad i a t ion expo sure c an o c cur from external and internal sourc e s . 
P rograms are maintained at Roc ky Flats  that detec t ,  measure , and record such occur­
renc e s . External radiat ion i s  detected and measured by a radi ation- sens i t ive badge 
worn on the upper fron t  port ion of the body . A radiation - sen s i t ive badge i s  worn by 
every emp loyee . These badges are c a l ibrated for various types of rad i at ion , and 
resul ts  are repo rted in uni ts cal led rem . As def ined in NCRP Report  No . 3 9 , " Ba s i c  
Radiat i on Protect ion Criteria , "  National Counc i l  o n  Radiat ion Pro te c t i on and Measure ­
men ts , Washington , DC , 1 9 7 1 , the maximum permi s s i b l e  l evel  o f  S ( N - I S )  rem , where N 
equal s  the emp loyee ' s  age , has never been exceeded by an external exposure exp e r i ­
enced at Rocky Flat s . In 1 9 67 , P l ant personne l  initiated a more s t r ingent , s e l f ­
imposed l imit o f  five rem p e r  year . That l imi t was later adop ted b y  what i s  now 
known as the DOE and has not been exc eeded by any sub sequent , ex ternal expo sure . 
Tab l e  H- 6 shows external radiation exposures at  Rocky Fl ats s ince 1 9 S 3 . 

TABLE H-6 

EXTERNAL RADIAT ION EXPOSURE TO EMPLOYEES 

Dose Range ( rem) 
Employees 

CY Badged 0 - 1  1 - 2  2-3 3-4  4-5 5 - 6  6 - 7  7 - 8  8 - 9  9 - 10 1 0 - 1 1  1 1 - 1 2  > 1 2  

1953  

1 954 

1955 

1956  

1957  

1958  

1959  

1 9 60 

1 9 6 1  

1 9 6 2  

1 9 6 3  

1964 

1 9 65 

1966 

1967 

1 9 68 

1969 

1 9 7 0  

1 9 7 1  

1 9 7 2  

1 9 7 3  

1 9 74 

1 9 7 5  

1 9 7 6  

1 9 7 7  

262 2 1 3  29 1 0  

3 4 1  283 3 1  1 2  

5 1 2  422 45 1 7  

7 1 9  692 16 8 

868 7 8 1  5 1  30 

1046 8 7 4  6 6  4 6  

1090 877  6 7  5 4  

1362 1 1 7 1  9 3  66 

1602 1256 162  9 9  

2147  1 7 3 8  222 73 

1 7 9 8  1 3 1 5  224 126 

3005 2629 240 1 0 8  

3 0 1 8  2479 3 3 1  1 3 1  

3 1 7 5  2287 425 190 

3221 25 9 3  2 5 1  15 1 

3 1 15 2657 248 127 

385 0 3554 163 7 3  

38 1 1  3 4 6 7  2 1 3  1 0 1  

3 9 5 9  3633 154 60 

3 7 7 7  3442 213 

35 1 4  3233 215 

3 1 5 1  2827 221 

2956 2 7 7 0  161  

2908  2848 5 9  

3 1 14 3 0 7 3  3 9  

9 7  

5 8  

7 2  

2 2  

1 

2 

4 3 

4 2 

9 6 

3 0 

4 1 

33 1 7  

5 1  2 7  

3 0  2 

7 4  1 1  

42 38 

58 36 

25 3 

6 7  6 

104 82 

92 46 

70 13  

5 4  6 

27 3 

69  43 

23 

7 

29 
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In ternal exposure i s  determined by a ur ine bioassay program and by a body ­
coun t ing p rogram . Urine bioassay determines an employee ' s  sys temic burden by 
measuring the amoun t of plutonium rema ining in the emp loyee ' s  system . Measuremen ts 
of plutonium have been made possible by a t ime - dependent formula based on work by 
Dr.  W .  Langham at the Los Alamo s S c ient i fic Laboratory in New Mex i c o . Each urine 
samp le from an ind ividual is used in conj unc t ion with all of the pe rson ' s  previous 
samples . A systemic burden is then c a l culated in terms of percent of the max imum 
permi s s ible  sys temic burden (MPSB ) .  For plutonium ,  the MPSB i s  0 . 04 � Ci wi th bone 
being cons idered as the c r i tical  organ . 5 The sys temic burden represents the total , 
ac cumulated , internal exposure si nce an almo s t  negl igible quan t i ty i s  exc reted . 

The number o f  ac tive and forme r employees in each maj o r  ca tegory o f  expo sure , 
accord ing to sys temic burdens , i s  shown in Tab le H- 7 .  Au topsy data to date indicate 
that the resul ts o f  sys temic burden c al culat ions are cons e rvat ive . 6 

TABLE H - 7  

SYSTEMI C  BURDEN ESTIMATES O F  PLUTONIUM 

Employees 

Act ive 

Terminated 

(as o f  January 1 9 7 8 )  

Maximum Permi s s ible Systemic Burden 

10 -25% 

223 

125 

25 -50% 

3 7  

2 0  

5 0 - 100% > 1 00% 

9 6 

2 8 

The body - c ount ing program began in 1 9 64 and i s  c omp lemen tary to urine b i o ­
assay .  The equipment used measures gamma rays coming from wi thin the che s t  region . 
Gamma rays from plutonium are insuffic ient fo r measuremen ts wi thin the sens i t ivi ty 
d e s i red ; consequently , measuremen ts are made o f  ame ric ium that may be present . 
Ame ricium i s  associ ated with plu tonium at Rocky Flats , and emi t s  gamma rays o f  
higher energy and abundanc e than plutonium .  Upon determining the ratio o f  ame r i c ium 
to plutonium in the material to whi ch an emp loyee was exposed , ari thme t i c  c alcula­
tions can be used to determine the amount o f  plutonium that i s  present . Wi th thi s 
te chni que , body coun ting can measure , d i rec tly or  indirec tly , p lutonium or  other 
rad ioact ive mate rial in the che s t  region ( as sumed to be lungs ) .  The autops i e s  
p e r fo rmed for c as e s  in which there was suffic ient lung depo s i tion to measure w i th 
the body counter showed l e s s  than 10% di ffe renc e be tween the body counter measurement 
and the rad iochemi cal analysis  o f  the lUllg t i s sue . The amoun t o f  material in the 
lungs , whi ch i s  c a l l ed the lung burden , wi l l  decrease w i th t ime . 
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Tab le H-8 shows year - end , body - count ing re sul t s  at Rocky F l ats  s ince 1 9 6 4 . 
Inc luded in the Tab le are the numbers o f  emp loye es who have pos i t ive (measurab le ) 
amoun ts o f  americ ium- 241 but for whom no e s t imate o f  the amount o f  p lutonium was 
made . 

CY 
1 964 

1 965 

1 966 

1 9 6 7  

1 968 

1 9 69 

1 9 70 

1 9 7 1  

1 9 72 

1 9 7 3  

1 9 7 4  

1 9 74e 

1 9 75 

1 9 7 6  

1 9 7 7  

TABLE H-8 

POSITIVE BODY COUNTER CASES 

> 100% MPLB
a 5 0 - 1 00% MPLB <50% MPLB Po s i tive Count

b Total 

EmElo¥:ed Term 
e EmElo¥:ed Term EmEloyed Term Emrlo¥:ed Term Emrloyed Term 

1 1 

1 8  4 NT
d NT 22 NT 

1 3  1 4 NT 7 NT NT 24 NT 

8 2 2 NT 6 NT NT 16 NT 

8 3 4 NT 5 NT NT 1 7  NT 

1 1  3 9 NT 16 NT 3 2  N T  6 8  NT 

9 4 1 2  NT 1 4  N T  3 4  NT 69 NT 

12 6 1 3  5 1 1  8 48 1 1  84 30 

1 3  5 1 4  5 30 8 62 1 1  1 1 9  29 

9 6 1 6  5 28 1 3  6 4  1 8  1 1 7  42 

9 6 1 7  5 2 9  14 74 20 129 45 

1 3
f 6 3 1

f 5 85
f 14 O

f 20
g 

129 45 

1 1  8 33 5 1 12 1 5  1 5 6  48 

1 0  8 27 6 1 8 3  1 8  220 52 

10 8 1 6  6 295 29 320 63 

a .  MPLB - Maximum Permi s s ib l e  Lung Burden . ( ICRP Pub l i cation 2 ,  0 . 0 1 6  � C i  o r  a lpha-emitting 
p lutonium , averaged annually) 

b .  Positive body count , but exposure conditions of p lutonium burden 
not e s timated prior to 1 9 7 4 .  

c .  Term - cumulative number o f  emp loyees that have terminated the i r  emp loyment a t  
Rocky Flats and h a d  that lung burden during the te rmination yea r .  

d .  NT - Not tabulated . Summaries kept only on individua ls who had exceeded the MPLB 
until 1 9 7 1  when totals s ince 1964 were determined for each category . 

e .  Prior to 1 9 7 4 ,  p l utonium burden was not e s t imated . Beginning in 1 9 7 4 ,  ana lys is 
o f  counting data has been done to e s t imate content o f  plutonium for active emp loyees . 

f .  A s  noted in the above numbers for 1 9 7 4 ,  there were 7 4  emp loyees with posi tive 
body counts but with unknown exposure condition or p lutonium burden . Estimates 
of the i r  burdens were made and the number o f  individua ls was added in each 
co lumn , as appropriate , to the numbe r  of emp loyees known to be long in these 
columns . 

g .  Best estimate of the p lutonium burden was not made for terminated employees .  
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An inc reased inc idenc e o f  chromosome aberrat ions in lymphocyte cul ture i s  a very 
sens i t ive ind i cator o f  rad i a t ion exposure . A cytogene t i c  s tudy was unde rtaken in 
1 9 72  of the chromo somes of cul tured pe ripheral b lood lymphocytes from worke rs at 
Rocky F l a t s . 7 - 13 To date over 1 , 40 0  samp l e s  from more than 1 , 05 0  pe rsons have been 
s tudied . These partic ipants inc lude all cooperat ing workers having more than 0 . 00 2  
� Ci systemic burden ( 5% MPSB ) and/or 0 . 0 0 1 6  � Ci lung burden ( 10% MPLB ) o f  plu tonium 
as determined by urine analys i s  and body counter data , respe c t ively . Some o f  the se 
individuals had burdens obtained in inc idents dat ing back app roximate ly 20 years . 

Con trol populations we re ( 1 )  49 emp loyees having no known work h i s tory around 
plu ton ium , ( 2 )  19 Denve r area res iden ts , and ( 3 )  over 50 employees having work h i s ­
tories i n  plutonium produc t ion areas wi th varying measured doses o f  pene trat ing 
radiation exposures but no measured internal depo s i t ion o f  plutonium . A medi c al and 
work h i s tory que s t i onnaire was completed for each individual regarding the i r  his tory 
o f  smoking , expo sure to po tentially cytotoxic  mater ials , exposure to medical X rays , 
he redi tary gene t i c  h i s tori e s , health and medic ation records , and work areas whi l e  
emp loyed at  Rocky Flats . F o r  the p a s t  two years , bas el ine samp l e s  from new employees 
have been obtained . 

The purpo se o f  the s tudy was to exp lore chromo some aberrat ions in pe ripheral 
lymphocytes as an in vivo biological dos ime ter for e f fec t s  from internal ly depo s i ted 
plutonium . An inc reased inc idence of chromosome aberra t i ons has been obs erved in 
plu tonium - expo sed Roc ky Flats  emp loyees , 7 - 13 with the data showing a l inear do s e ­
response re lat ionship be twe en the burdens o f  plu tonium and the aberra t i on rate in 
periphe ral lymphocyte chromo some s . 13  The occurrence o f  the se chromosome abe rra t i ons 
is no t known to relate to biological e f fects  influenc ing survival ( see Appendix G ) . 
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Abstract 

Recent ly comp l et ed t e s t s  of the c o l l ect ion effect ivene s s  of the 

Roc ky F l at s Hi-Vo l ume Samp l er are compared to previous ly comp l eted tests  

of the Standard Hi -Vo l ume Samp l er for a vari ety of fie ld rea l i s t i c  

cond itions . Col l ect ion e ffect ivenes s  i s  defined as the rat io of the 

aerosol  co l l ected on the co l l ect ion substrat·e s of the s amp l er to that 

co l l ected by an i sok inet ic samp l ing system . 

The c o l l ect ion e ffect iven e s s  of  t he Rocky F l at s  Hi-Vo l ume Samp l er 

was determined as a function o f  part ic l e  s i z e  ( 1  �m- 34 �m) , wind 

speed ( 1 . 5 2 - 1 2 . 1 9 m/ sec)  and s amp l er ori ent at ion to  the me an f low (0° , 

45 ° , 1 80 ° ) .  The resul t s  show the s amp l er , with an inlet flow rate o f  

8 8 0  Z/min , has an inlet effect ivene s s  that was a s l ight funct i on o f  

orientation ang l e  for part i c l es 1 - 1 0  � m  with a l arger effect seen for 

2 0 - 34 �m ;  a s trong e ffect o f  ve locity was seen up to 5 m/ sec where a 

further increase showed only a s l ight decreas e in e ffect ivenes s . At 

the 0° orientation and 6- 1 2  m/ sec approach flow speeds , the e ffective­

ness ranges from 75 percent at 10 �m to  15 percent at 34 �m . The 

resu l t s  compare quit e  favorably with t he Standard EPA Hi -Vo l ume Samp l er .  

The Mi crosorban - 9 8  fi l t er that was used in the samp l er was a l s o  

te sted for efficiency over the s iz e  range of part i c l es from 0 . 0 1 - 1  �m 

and with three di fferent face ve locit i e s  us ing the samp l er fl ow rat e s  

o f  600 , 8 0 0 , and 1 000 £/min corresponding to pressure drops o f  2 0 - 2 4  

inches o f  wat er ( 3 . 74 - 4 . 49 e m  Hg) . The fi l ter paper , whi ch was o f  the 

fiber type , was found to be great er than 99 . 9  percent effi c i ent over 

the ran ge o f  part ic l e  s i z es and pre s s ure drops t e s t ed . 
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ANB IENT AEROSOL SAMP LERS 

Introduct ion 

Inlet Effect iveness 

The capab i l ity of commerc ial ly ava i l ab l e  ambient aero s o l  s amp l ers 

to succes s ful ly inges t  parti c l es great er than 5 �m has become of 

increas ing interest in the l ast few years . The purpos e  o f  this paper i s  

to evaluate the Rocky F lats Hi -Vo l ume Samp l er for effective co l l ection of 

part i c l es in the s i ze range 1 to 34 �m . As attempt s  cont inue to further 

exp loit natural resources in search of alternate sources of energy , an 

increase in poten t i a l  deleterious environmental impact is pos s ib l e  due 

to aeroso l i zed part i c l es ari s ing from such operat ions as mining o i l  

sha l e , coal gas i ficat ion and fuel transpor't at ion and ut i l i z at ion . The 

burning o f  high sul fur content fuel s necess it ating the use of scrubbers 

may increase the presence of l arger sul fat e carrying drop l et s  which 

cou ld cau s e  property damage . Wind aeroso l i z ed dust s  exist from such 

anthr.opogen i c  act i v i t i e s  as accidental or purposefu l  weapons exp l o s ions , 

radioact ive wastes , agri cu ltural operat ions , construct ion , s trip mining , 

demo l it ions , and aerial pe s t icide dis s eminat ions to mention s ome . 

Characteri z at ion o f  the concentrat i on o f  suspended part i cl e s  in 

the amb ient atmosphere i s  primari ly accomp l i shed through the use o f  

several thous and St andard Hi -Vo l  Samp l ers ( 1971 )  spread acro s s  the 

Uni t ed Stat es . The se s amp l ers have an efficiency approaching 100 p ercent 

for part i c l e s  for whi ch the grav i t at ional and inert ial forces are sma l l  

( l e s s  than approximate l y  5 �m) ; however , for l arger- s i zed parti c l e s  the 

effic iency is quite var i ab l e  and depends upon part i c l e  s i z e , wind speed , 

samp l er or ientat ion t o  the mean wind direct ion ( Wedding ,  1977) , and t o  

a les ser degree upon a i r  s amp l ing rat e . To enabl e evaluat ion o f  
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Hi-Vol dat a ,  i t  i s  des irab le t o  acquire addit ional knowl edge o f  inl et 

part i c l e  co l l ec t i on e ffect ivene s s  o f  the system. The resul t ing data 

may be j udic ious l y  used for future j lldgments in aero s o l  samp ler 

s e l e c t ion . For examp l e ,  Hi-Vo l ume s amp l ers have been used extens ive ly 

for s amp l ing in s ituat ions in which l arge wind - h lown dus t part i c l e s  are 

pre sent . The e fficiency with which these l arger part ic l es are drawn 

into the s amp lers has on ly recent l y  been pub l i shed (Wedding , 1 9 7 7 ) . 

To provide the b as i s  for under s t anding o f  the e ffect ivene s s  o f  

various amb ient a i r  samp l ers so as t o  suggest areas for whi ch fru i t ful 

de s i gn improvement s may be made , i t  i s  o f  neces s ity that the performance 

of the se s amp l ers be examined under contro l l ed ,  s imul ated fie l d  

condit ions . Thi s goal can best be accomp l ished through use o f  wind 

tunne l fac i l i t i e s  whi ch are appropriate l y  equipped to obtain uni form 

profi les of monodisperse aero s o l  in a rea l i s t i c  fluid flow s ituat ion . 

The fac i l ity must be l arge enough such that f l ow b l ockage i s  prec l uded - ­

meaning fluid and part i c l e  streaml ines around the s amp l er are not alt ered 

by the pre s ence of the s amp l er .  Such faci l it ies are avai l ab l e  at 

Co lorado Stat e Un ivers i ty through the Aeros o l  Sci ence Laboratory in the 

F l uid Mechan ics and Wind Engineering Program , C iv i l  Engineering Department . 

Key resul t s  o f  prior t e s t s  conducted by Wedding ( 1 9 7 7 )  wi l l  be 

presented for compari son purposes a l ong with the s tudy j us t  comp l et ed on 

the Rocky F l ats H i - Vo l ume Samp l e r .  

Effic i ency o f  the r.licrosorban - 98 �Iembrane Fi I ter 

Whi le numerous papers appear in the l i t erature on the subj ect o f  

fi l trat ion effi c i ency , most o f  t hem were concerned with mathemat i ca l l y  

mode l ing the capture mechani sm and few have detai led exp eriment a l  tes ts 

on the fi ltrat ion e fficiency of fiber or membrane f i l ters over a \.,. i de 
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range o f  part ic l e  s i zes and pre ssure drop s * . An experiment a l  

eva l uat ion of the efficiency of t h i s  fi l t er was performed . The 

mi cro sorban fi l t er had been tested previous ly (USNRL , 1 964)  but it is  

doubtful that the  1 964 vers ion was the s ame fi l t er .  As  some of the 

part i c l es pres ent in the atmo sphere may be of  submicron s i z e � the 

quest ion of fil tration efficiency must be addres sed . Mi crosorban - 9 8  

is  used a s  the fi l t er medium i n  the Rocky F l at s  H i - Vo l ume a i r  samp l er .  

Exper iment a l  Procedure 

Wind Tunnel Tes t s  

The t es t  resu l t s  o n  t h e  Rocky F l at s  samp l er were based upon studies 

conducted in the Environmental Wind Tunnel fac i l ity at Co l orado Stat e  

Univers ity shown s chemat ical ly i n  F igure 1 .  The tunnel has a 3 . 65 m 

wide test s ect ion with a roof that can be adj us t ed up to 2 . 44 m in 

height - - a  feature whi ch a l lows the tests  to  be conducted with a z ero 

pres sure gradi ent in the direct i on of flow . The present series o f  tests  

was performed with a 1 . 8 3 m cei l ing height s ufficient to prec lude 

b l ockage e ffects whi ch require l e s s  than 5 percent obstruction in t he 

tunnel  cros s  sect iona l area (Maske l l ,  1 96 5 ) . Previ ous tests  invo l v ing 

the Standard H i - Vo l ume Samp l er (Wedd ing , 1 9 7 7 )  and the recent study of 

the Rocky F l at s Hi-Vo l ume Samp l er were compared for a variety of fie l d  

real i s t i c  cond it ions us ing monod isperse aeroso l ( 5 - 5 0 � m  for the previous 

tests  and 1 - 34 �m for the Ro cky F l ats  tes ts ) , variable flow ve l oc it i es 

and at di fferent inlet orientations to the mean flow , Referring' to 

Figure 1 ,  the aerosol  was generated us ing the vibrat ing orifice typ e  

atomi z er (Wedding , 1 9 7 5 , 1 9 7 8 )  op erat ing i n  an invert ed manner .  The 

*There is at pres ent a study underway at the Un ivers ity of Minnesota 
under the d i rect i on of Dr . B .  Y .  H .  Liu aimed at deve loping a hanJ !loo k 
on fi l trat ion effi ciency . 
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part i c l e s  were inj ected into the tunne l through two 15  cm diameter tubc�s 

posit ioned in the roo f of the tunne l .  

the con s i stency of the aerosol concentrat i on was determined prior 

to and subsequent to each test us ing two i sokine t i c  samp l in g  man i folds 

pos it ioned in two paral l e l  hor i z ont al p l ane s , s i x  inches apart vert i c a l l y 

and spanning the s amp l er inl et . Each man i fo l d  was approximat e l y  90 cm 

in width with the s i x  i sokinet i c  samp l ing no z z l e s  and fi lt ers spaced at 

equal interva l s  (�15  cm) on the same p l ane . The s amp l ing effect iven e s s  

of the two instruments was then determined by comparing the quantity o f  

aero s o l  depo s i t ed o n  the co l l ect ion sub strat e s  o f  a part i cu l ar sampl er 

to that detected by the i s okinet i c  samp l ing system with appropriate 

correct ion s  for d ifferences in samp l ing volumes . 

F igure 2 reveal s  the Rocky F l at s  samp l er tested and the Standard 

H i - Vo lume samp l er with inl et flow rates , dimension s , and ang le ori entat i on 

convent ions noted . The Rocky F l at s  samp l ers are attached to power po l e s  

i n  the fie l d ,  so the s amp l ing e ffect iveness o f  thi s samp l er was det ermined 

with the po l e  in p lace in the wind tunnel . 

Samp l e  Analys i s  

The part i c l es used i n  the studies were formed from the atomi z at i on 

of an o l e i c  ac id s o l ut ion tagged with uranine dye , the latter used for 

increas ing mas s s ensit ivity through fluoroscop i c  analys i s . Analysis was 

performed by washing the col l ect ion substrates ( fi lters) from the 

part i cular s amp l er b e in g  tested in pure ethano l .  The re sulting s o l ut ion 

was di luted 1 : 1  with d i s t i l l ed wat e r .  One drop of 1 N NaOH was added to 

a 4 ml al iquot o f  each samp l e  s o l ut ion to stabi l i z e  and maximi ze 

fluorescence .  The se a l i quot s were quanti fied in terms o f  fluorescent 

content \"i th the aid of a ca l ibrated Turner Model 1 1 1  fluoromet er . 
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F i l tration Effi c i ency Tests 

In the absence o f  e l ectro s tat ic e ffect s ,  fi ltrat ion efficiency of 

f i l t ers varies with part i c l es s i z e  and flow rate . For a given part i c l e  

s i z e  and f l o" rat e ,  effic i ency i s  de fined a s  the rat io o f  the number of 

part i c l es retained by the fi lter after passage o f  a known volume of gas 

to the original number of part i c l es in the s ame vo l ume of gas before 

pas sage through the f i l t er .  E fficiency i s  defined as one minus the rat io 

o f  the downs tream to upstream number concentrat ion o f  the part i c l e  s i z e  

o f  interes t . 

The fi ltrat ion e ff i c i ency o f  the Microsorban - 9 8  fi l ter was determined 

by means of the experimental s etup shown in F i gure 3 .  Measuremen t s  were 

made at flow rate s  of 1 5 . 6 ,  2 0 . 7 , and 2 5 . 9  i/min through a fi l ter sect ion 

held in a commercial 47 mm fi lter ho l der . Thes e  flow rates res ul t ed in 

f i l ter face ve locit ies o f  2 7 , 36 and 45 cm/ s ec , equival ent to those 

occurring at flow rates of 600 , 800 , and 1 000 i/min respe ctive ly ,  in the 

Rocky F l at s  Hi-Volume s amp l er .  The experimental apparatus cons i s ted o f  

a submicron atomi z er ( L i u ,  1 9 7 5 ) , a charge neutral i z at i on and drying 

chamber , a f i l ter ho l der in para l l e l  with a bypas s  l ine , a vacuum pump 

and f l ow metering equipment , and an E l ectrical Aeros o l  Ana l yzer (Thermo ­

Systems Inc . , Model 3030) . The E l ectrical Aero s o l  Analyzer (EAA) 

ut i l i zed has the ab i l ity to accurate l y  resolve a s i z e  di stribut ion 

con s i s t ing of part i c l e s  between Q O l and 1 mi crons into 8 logarithmica l l y  

equa l increment s . Thi s reso lut ion was suffi cient for the scope o f  thi s 

s t udy . 

The f i l trat ion effi c i en cy of the Mi crosorban - 9 8  fi l ter was determined 

as fo l l ows : a po lydi sperse aero s o l  was formed by atomi zation o f  a NaC l 

s o l ution in the syringe pump atomi z er .  The atomi zer was operated at a 
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pressure of 5 0 . 8  N/cm
2 

( 35 psig) , result ing in an aero s o l  f l ow rate o f  

4 . 6 1 �/min . Excess el ectrical charge o n  t h e  aeros o l , a cons equence o f  

the atomi z at ion proces s ,  was neut ral i z ed w i t h  the a i d  o f  t h e  1 0  mi l l i ­

curi e  KR- 85 source , and the aero s o l  was dried in a 1 2 . 7  cm ( 5  in ) , 

6 1  cm ( 2 4  in) long d i amet er tube conta ining s i l i ca gel . The upstream 

number concent rat i on (part i c l e s / cm3
) was measured by c l o s ing valve 2 ,  

opening valve 1 ,  and with t he EAA fl ow rate set , adj ust ing valve 3 unt i l  

the fl owmeter indicated the d i fference between the des ired fl ow rat e  

and the aero s o l  flow r ate . Aft er a t ime sufficient for t he drying-and­

charge -neutral i z at ion chamb er t o  reach a st eady state concentrat i on , the 

EAA output was recorded at t he interna l ly programmed n ine h i gh vo l tage 

sett ings . The overal l operation and t heory o f  the instrument is given 

by Liu ( 1 9 7 5 ) . The in strument ' s  reproduc ib i l ity and rel i ab i l i ty have 

been wel l documented.  The s i ze d i stribution down s t ream o f  the fi l t er 

was determined in l ike manner w ith valve 2 opened and valve 1 c l o s ed . 

The pres sure drop acr o s s  the f i l ter was moni tored during measurement o f  

the downstream number concentrat i on .  For the pres sure drops encountered 

in this experiment , d irect use was made of the data without a need t o  

correct for vo lume expan s i on across the fi lter a s  t h e  correct ion was 

l e s s  than 6% . The fi l ter e ffi c i ency o f  each s i z e  range increment was 

determined by rat ioing the co rre sponding values o f  the downs tream to 

the up stream number concentrat i on measurement s and s ubtracting this 

number from 1 .  

Resu l t s  and D i s cu s s i on 

Samp l er Effect ivene s s  

The reduced dat a for the S t andard Hi-Vo lume samp ler and the 

o cky F l at s  samp l e r  are presented in Tab l e  1 for compar ison purpo s 0 3 . 
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The samp l er effectiveness was det ermined at four di fferent part i c l e  s i z es 

( 1 ,  1 0 ,  2 0 , and 34 ].lm) , three d i fferent approach fl O\� o rientati ons and 

velocities from 1 . 5 2 - 1 2 . 2  m/ sec . Presented in Tab l e  1 i s  data at 

'\,5 m/ s e c  a l ong liith the Standard Hi -Vo lume Samp l er wh i ch \�as te sted 

previous l y  (Weddin g ,  1 9 7 7 )  at part i c l e  s i z e s  ranging from 5 - 5 0 �m , and 

orientation ang l es of 0 °  and 4 5 ° . Note that the inl et , fl ow rates o f  

the two samp l ers di ffer appreciab l y  ( 1 4 1 5  and 8 8 0  �/min for the Standard 

Hi-Vo l ume and the Rocky F l at s  Samp l e r ,  respective ly) . 

Cons idering the Rocky F l at s  samp l e r ,  orientat ion ang l e  is not 

import ant for part i c l es � 1 0  ].lm and the 4 5 °  orientat ion is more efficient 

than 0° fo r the l arger p art ic l es . The 1 8 0° orient at i on p l aces the 

power- support po l e  d i rect l y  upstream so initial l y  one may presuppo s e  

that the 1 8 0 °  posit ion wou l d  have a l ower e ffect ivene s s  than the 0 ° . 

This doesn ' t  prove t o  be the case as the 1 80 °  direction i s  mo re effective 

than the 0 °  di rect ion , the l atter orientat ion acting more as a pure 

impact ion surface .  The effect o f  the p o l e  i s  seen to increase the i n l et 

vel o city somewhat ( 1 5 - 2 0 percent determin ed by hot wi re anemometer 

ve loc i ty measurements o f  the ent i re in l et )  as we l l  as create a negat ive 

pres sure region that serves to cause the 20 ].lm part i c l es to ent er the 

inl et more effectively than at 0 ° . At the 34 ].lm part i c l e  s i z e , the 

effec t i venes s is about the s ame at 2 0 - 2 3  percent . The 4 5 °  direct ion 

proves to be the most effect ive overal l in l et orientation . 

The Standard H i - Vo l ume is even more effic ient at 4 5 °  than the 

Roc ky F l at s  but proves to be more sen s i t ive to orientation . The fl O\� 

around the Standard Hi - Vo l ume i n l et i s  extreme ly unsound aerodynamica l l y 

with the sharp corners c ausing the s eparated f l ow pattern to dev iate 

great l y  with an g l e .  Note a l s o  that the i n l et flow rat e i s  sub s t ant i a l l y  
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greater so that the flow area effect ive ly altered by the in let ve locity 

is greater than the Rocky F l ats samp l er and thus one may exp ect a 

greater capab i l ity to alter the traj ectories o f  large part ic l es . 

Thes e  Hi-Volume samp l ers tested have a s eparat ion flow region whose 

effect on part i c l e  t raj ectories is comp l icated more so by the pres ence 

o f  the power po l e  in the case of the Rocky F l ats samp ler . The part i c l e  

traj ectori es are a l t ered b y  the presence o f  t h e  free shear l ayer that 

accompanies s eparated regions . In the lower part i c l e  s i z e  ranges 

( �  10 �nj more di ffus ion contro l l ed behavior t ends to cause the c l oud 

concent ration to become more homogeneous throughout the s epar.ated region 

around the samp l er enab l ing r e l atively efficient part i c l e  entrance into 

the s amp l er (with more p art i c les probably ent er ing the inl et from the 

downstream s ide) . As the p art i c l e  behavior become s more inert i al ly 

governed , the part i c l es are defl ected l es s  around the s ampler and begin 

to penetrate c loser to the s amp l er body i t s e l f .  There wi l l  tend t o  b e  

more los s es b y  impact ion on the s amp l er exterior and fewer part i c l es 

wi l l  succes s ful ly nego t i ate the two sharp turns required to enter the 

inl et . Thus . as p art i c l e  s i z e  increa.ses , a tradeo ff on the inlet 

effect ivenes s  i s  seen to exist between increased inert i a l  l o s s es versus 

the increas ed penetrat ion of the part i c les to that area near the in let 

where there i s  suffi c i ent aerodynamic force created by the in l et 

vel ocity t o  al ter the part i c l e  traj ectory to a l l ow ini t i a l  entry into 

the inlet . To conc l ude , only the upstream port ion at a 0° ori entat ion 

o f  a prismat ic- l ike bl uff body w i l l  s erve more nearly l ike an impact ion 

surface so that one cannot expect the inlet effect ivenes s curves to be 

directly pred i ctab l e  by inert ial mechanism alone ( i . e . , proportional to 

the square of the part i c l e  s ize) . One may even see a tendency for the 
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effect iveness to increase for a t ime for cert ain flow geometr i e s  as the 

part i c l e  s i z e  increases due to the great er abi l ity of the part i c l e  to 

cro s s  the fluid streaml ine s .  Thi s  trend is not i ceab l e  in F i gures 5 

and 7 where the e ffect ivene s s  curves tend to have an upward l i ft ing o r  

fl attening out t a i l  on :hem at t h e  l arger part i c l e  s i z e s . 

F i gure 4 is a reproduct i on of p art of a figure that appeared in 

Wedding ( 1 9 7 7 )  with the p re s ent dat a from the Rocky F l at s  Hi -Vo l ume 

added in for comparison p urpo s e s . 

F i gure s  5 ,  6 ,  and 7 reveal the effect o f  part i c l e  s iz e  on the 

samp l ing e ffect ivenes s o f  the Rockwel l Int ernational Samp l e r  at the 

three orient at ion ang les of 0 ° , 4 5 °  and 1 8 0 ° , respect ive l y ,  and at three 

repre s entat i ve test v e l o c it i es of 1 . 5 2 , 6 . 09 and 1 2 . 1 9 m/sec . The 

aforement ioned tradeo ff in inerti a l  e ffec t s  i s  s een as the p lo t s  do not , 

in general , decay proport ional to the square of the part i c l e  s i z e .  Not e  

at the 0 °  and 4 5 °  orientat ions the l arger part ic l es ( 34 �m) penetrate 

through the free shear l ayer c lo s e r  to the s amp l e r  than the 2 0  �m 

part i c le s  thus real i z in g  nearly the s ame s amp l ing e ffe ct ivenes s .  Th i s  

e ffect i s  not seen a t  t h e  1 8 0  ang l e  a s  the f l ow around the samp l er behaves 

l ess l ike a b luff body due to the presence of the power po l e .  As suredly 

the e ffect iven e s s  would decrease with further increas e i n  part i c l e  s i ze 

but the argument for the 2 0  and 3 4  �m part ic l es being s amp l ed with near 

e4uiva l ent e ffect iven e s s  is as exp l ained ear l i e r .  

F igures 8 ,  9 ,  1 0  are p lo t s  o f  s amp l ing e ffe ct ivenes s versus ve l oc ity 

at t hree di fferent o r ient at ions o f  0 ° , 45 ° ,  and 180° , respect ive l y  fo r 

the four d ifferent part i c l e  s i z e s  o f  1 ,  1 0 , 2 0 , and 34 �m .  Two intere s t ­

i n g  effects are evident from t h e s e  p l ot s . F irst , at the lower ve l o c i t i e s , 

near impaction effi c i ency form o f  the p l ot resul t s  at the 0 °  orientations 
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for the 1 0  and 2 0  �m s i zes and at 1 80 0  for the 20 and 34 �m dat a .  The 

f l uid f l ow effect s discus sed ear l ier are l e s s ened and one s ees a decay 

rate approaching the square o f  the part i c l e  s i z e  rat i o . Second l y , one 

s ees that increasing v e l o c i t y  past �5 m/ sec has r e l a t i ve l y  l i tt le effect 

on samp l ing effect iven e s s  except at 1 80 0  where the ups t ream posit ion o f  

the po l e  tends t o  cause some impact ion l o s s e s  at the h i gher ve l o c i ty of 

1 2 . 1 9  m/ sec . 

I n  previous tests o f  this type (Wedding , 1 97 7 )  a turbul ence 

generat ing b i p l ane grid was p l aced in the w ind tunnel upstream o f  the 

samp l er t est locat ion to note the effect of approach flow turbul ence on 

s amp l ing e ffect ivenes s .  NonE; was found . Thus , the present tests on the 

Rocky F l at s  Samp l er were conducted without the grid at a tunne l  back-

ground condi t i on of � 1% re lat ive turbul ence int ens ity (rat io o f  the 

root mean square o f  the fluctuating component o f  ve l o c ity to the local 

mean ve locity,  l ongitudinal direction) as no e ffect o f  turbulence on 

samp l ifig effect iveness was ant i c ipat ed .  

Note that in experimental studies invo l v in g  the behavior o f  part i c l es 

in turbul ent flow region s , there wi l l  exist scatter in the dat a .  For 

examp l e ,  F i gure 5 has values for samp l ing effect ivenes s of 1 7 ,  2 1  and 

32 percent for a 34 �m part i c l e  at the 12 . 1 9 m/ sec velocity for an average 

va l ue of percent and a s t andard dev i at ion of 7 . 8  p ercent . I t  i s  

common for a res earcher t o  encount er such var i ab i l ity in even the s e  t e s t s  

Hhere a l l  test parameters o f  ve loc ity , part i c l e  s i z e , samp l er orientat ion 

and s amp l er flO\� rate* were s trict ly contro l l ed .  The se have been 

discus s ed in great deta i l  with co l l e agues at other institut ions to inc l ud� 

* [he H i - Vo l wle Samp l er flow was not recal ibrated during wind tunnel 
test ing but op erat ed at the cal ibrat ion cond i t ion as provided by 
Rocky F l ats personne l .  
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BNWL , Univers ity o f  Minnesota , University o f  I l l inoi s ,  Batt e l l e Columbus , 

Texas A & M Univers ity and Un ivers ity o f  Cal ifornia at Davis . Al l have 

rea l i z ed s imi l ar prob lems in exact ly reproducing t e st data point s . In 

ear l i er wo rk (Wedding , 1977)  spec i fic points were rerun as many as 

8 t imes to prove a value . Rel ying on personal pas t exper ience as we l l  

as opinions o f  fe l l ow res earchers , we have the utmost faith in the 

accuracy of pub l ished data and recommend the curve averages as pres ented 

in the figures are adequate representat ions o f  data values and trends . 

Fi lter Efficiency 

Tab le 2 contains data for a represent at ive t e s t  of the fil tration 

efficiency resu l t s  o f  the Mi cro sorban-98 F iber fi l ter . Part i c l e  s i zes 

from 0 . 0 1 - 1 �m were t e st ed at a pres sure drop o f  �4 . 5  cm Hg . Upstream 

concentrat ions (part i c l e s / cm
3

) are given for the ind i cat ed s i ze incre­

ments and a cumu l at ive percent by number cal culat ion is sho\m . Not e  

that whi l e  the cumu l ative percentages i n  co l umn 3 reach value s  near 1 00 

for the l arger s i z e  increments used , there are sti l l  suffic ient p art i c l es 

pres ent to conduct meaningful t e s t s . There were no part i c l es detected 

downstream o f  the Microsorban-98 F i l t er for any of the three face 

velocity condit ions noted ear l i er .  The l imit o f  det ectab i l i t y  for 

part i c l e  s i z e  of the inst rument ultimat e l y  i s  0 . 0032 �m and 0 . 0 1 �m was 

used in these t e st s . The minimum detectab l e  concentrat ion is a l s o  

given i n  Tab l e  2 .  The minimum penetrat ion is det ermined by rat ioing 

co lumn 5 to column 2 and the max imum filtration e ffi c i encY - i s  presented 

in co lumn 6 .  Column 4 indicates that no p art i cles were detected pas s i ng 

through the fi lter for any s i z e  ranges . The min imum detectab l e  concen­

t rat ion presented in co lumn 5 is based upon the background noise o f  the 

instrument . Thus , the co l l ecti on efficiencies as shown in co lumn 6 are 
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conservat ive est imates and wi l l  be higher in most cases . Note that the 

figure of 99 . 8% in co l umn  6 for the 0 . 562 - 1 . 00 �m part i c l e  s i z �  does 

not indicate that the effi c i ency is ant icipated to be lower for th� se 

larger part i c l e s  but merely refl ect s  the lower upstream concentrat ion 

of 1 . 236 x 103 
part i c l e s / c�

3 
approaching the fi l ter . 
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Tab l e  
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Hi - Vo l ume Samp l er and the Standard Iii -Vo l ume Samp l er at 
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Tab l e  1 .  Compari son o f  the Sampl ing Effect ivenes s  (%)  o f  the, 
Rocky F l at s  Hi-Vo lume Samp ler and the Standard Hi -Vo lume 
Samp ler at �5 m/ sec for various particle s i zes . 
1 :  Standard Hi-Volume 
2 :  Rocky F l at s  Hi-Vo lume 

Part i c l e  Diameter �lJm) 

1 2 _51 102 15 1 _202 301 _342 
SOl 

-

SamEler Orientat ion 

SamEler 0 45 1 80 0 4 5  1 80 0 4 5  1 80 0 45 180  0 45 
1 97 100 35 55 18  41  7 34 
2 100 100 100 75 72 72 27 42 47 20 30 2 3  

Samp l ing rates c :  880 g,/min 

14 15  R./min 

I - 27 

1 80 
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Tab l e  2 .  Typ i ca l  Set o f  Data Showing Part i c l e  S i z es Emp l oyed and Conc ent rat ions Measured Dur ing 
the E ffi c i ency Tes t s  o f  the Mi crosorban -98 F i ber F i l ter Tes t ed at 4 . 5  cm Hg Pressure 
Drop . 

1 

Part i c l e 
S i z e s  (j.Jm) 

0 . 0 1 00 1 
0 . 0 1 78 , 
0 . 0 3 1 6 ,1 
0 . 0562 11 
0 . 1 00 , 
0 . 1 780 1, 
0 . 3 1 60, 1  
0 . 562 I , 
1 . 000 

I 

2 

Number Concen -
t rat ion Up stream 
of the F i l t er 
(par t i c l e s / cm3 ) 

9 . 74 0  x 1 0  
5 

1 . 5 9 7  x 1 0  
6 

4 . 5 38 x 1 0  
5 

4 . 275 x 1 0  
5 

2 . 262 x 1 0  
5 

6 . 2 38 x 1 0  
4 

8 . 965 x 1 0  
3 

1 . 2 3 x 1 0  
3 

3 

Cumu l at ive 
Perc ent 
Les s  Than 
Stated S i z e  

25 . 97 

68 . 54 

80 . 64 

92 . 04 

98 . 06 

99 . 7 3 

99 . 9 7 

1 00 . 00 

4 5 6 

Number Concen- �1 inimum 
t rat ion Downstream Det ectab l e  Maximum Det ectab l e  
o f  the F i lter Concent rat i on F i l trat ion E ff i c i ency 
(part ic l e s /  cm3 ) part i c l es / cm3 * (%)  

4 1 7  99 . 9  

164 99 . 9  

8 7  99 . 9  

4 5  99 . 9  

2 4  99 . 9  

1 2  99 . 9  

6 99 . 9  

3 99 . 8  

*Th i s  numb er i s  derived from t he b ackground noi s e  o f  the devi c e .  A l so this instrument detect s an 
average concentrat ion and does not count s ing l e  part i c les . 
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AP P E ND I X  J 
L T ST OF PR EPARERS 

The pr i nc i pa l  prepa rers of the RFP E I S  ( V o l . 1 )  a re l i sted al phabet i c a l l y ,  wi th a bri ef d es c r i pt i o n  

o f  t he i r  qual i fi ca t i on s , i n  t h e  l i st that fol l ows : 

E a rl W .  Bea n ,  B . S . , Reg i s t e red P rofes s i o nal Nuc l ear E n g i neer,  1 7  years experi ence i n  nu c l ear technol ogy 

R o be rt W .  B i stl i ne ,  Ph . D . , 1 3 years experi ence i n  heal t h  phy s i c s  a nd rad i at i on b i ol ogy 

Meryl n R. Bos s ,  B . A . , 1 7  y e a rs expe r i ence i n  heal t h  phys i c s , nu c l ear s a fety , a i r  pol l u t i o n  c o nt r ol , 

rad i at i o n  d os imetry and sta nda rd s  engi neeri ng 

B e rt L. Cr i st ,  M . S . , 10 ye ars expe ri ence i n  heal t h  phy s i c s  

L o ren M .  Crow , Ph . D . , 37 years experi ence i n  meteorol ogy 

D u a n e  A .  Du n n ,  M . S . , 26 years expe ri ence i n  nu c l ear materi al s c ontrol 

Roger B .  Fa l k ,  M . S . , 1 3  years exp e r i ence i n  i nternal  a nd ext e rna l dos i metry 

J o h n  A .  Geer , M . S . , 30 years experi e nce i n  chem i c a l  engi neeri ng and u t i l i t i es adm i n i strat i o n 

J o h n  A .  Hayd e n , B . S . , 23 ye a rs expe ri e nce i n  c h � i c a l  research , so i l  sc i e nce , a nd p a rt i c l e  resu s p e ns i o n 

J o h n  C .  Hayd e n , A. B . , 1 5 years experi e nce i n  secur i ty ma nagement , nuc l ear s afegu a rd s  a n d  emerge ncy 

p repa red ness 

Marg a ret F .  H i ckey , M . S . , 1 1  ye a rs exp e ri ence in  nu c l ear phy s i c s ,  c h em i stry , e nv i ronme nt al research 

a nd l a nd  ma nageme nt 

Da ryl D .  H o rnbac h e r ,  M . S . , 1 1  years exp e ri ence i n  chem i s t ry , p hys i c s , e ng i neeri ng , a nd env i ronme ntal 

mo n i t o ri ng 

Robert D .  Howe rto n ,  A . B . , 21 ye a rs experi ence i n  commu n i cat i o ns ,  pu b l i c  affa i rs , a nd  t ech n i c al ed i t i ng 

D ou g l a s  C .  Hu nt , Ph . D . , Reg i stered Profess i o na l  E n v i ronme ntal E n g i nee r ,  1 6 ye a rs experi e nce i n  nu c l ea r  

s a fe ty a nd e nv i ronmental  sc i ence research 

R .  Theod ore Hu r r ,  M . E . ,  1 6 ye ar s experi e nce in geol ogy a nd g rou ndwa ter hyd rol ogy 
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Charl es T .  I l l s l ey ,  M . S . , 24 ye a rs exp e r i e nce i n  geol ogy ,  geoch em i s t ry ,  rad i ochem i s t ry ,  a nd s o i l  s c i enc e  

C h a rl es W .  J a c oby , M . B . A . , 2 1  years expe ri e nc e  i n  chemi c al researc h , e ng i neeri ng , aud i t i ng ,  a nd 

i ndu s t r i a l  safety 

Del ores M .  K r i eg ,  2 7  y e a rs exp e r i ence i n  t r a n s p o rtat i o n  m a n ag eme nt 

J ames M .  L a ng s ted ,  M . S . , 3 ye a rs exp e r i ence i n  i nternal d o s i metry 

Mau r i c e  E .  Ma as , 27 y e a rs exp e r i ence i n  rad i o act i ve wa ste proce s s i ng 

Raymond L .  Mi l l er ,  B . S . , 26 years experi ence i n  heal t h  p hys i c s  a nd e nv i ro nmental p rotect i o n  

D e a n n e  P e c o ra , Ph . D . , 1 1  years exp e ri ence i n  c ri t i cal i ty s a fety 

Ed\�a rd A .  P u t z i e r ,  B . A . , Cert i f i ed Heal t h  Phys i c i st ,  28 years ex peri e nc e  i n  heal t h  p hys i c s  

J ames E .  Ra nd a l l ,  D .  J . , 1 6  years experi e nc e  i n  nu c l ear we apo ns e ng i neer i ng and government l aw 

Wi l l i am B .  Saye r ,  M . S . , Ce rt i fi ed Heal t h  Phys i c i st ,  1 8  ye a rs expe r i e nc e  i n  heal t h  p hys i c s , e n g i nee r i ng , 

and meteo rol ogy 

Jud i t h Sel v i d ge , D . B . A . , 1 0  years exp e r i ence i n  deci s i o n  a nd ri sk a n al ys i s  a nd s t at i s t i c s 

J e rome D .  S h ay k i n ,  B . S . , Cert i fi ed Pu b l i c  Heal t h  S a n i t a r i a n ,  40 years ex p e r i e nce i n  pu b l i c  heal t h  

s a n i t at i o n  a nd e nv i ronm e nt al he al t h  

K e n neth E .  Sh i rk ,  B . S . , 1 3  ye ars exp e r i e nce i n  engi neer i ng des i g n  a nd u t i l i t i e s  operat i o n  

TERA Corpo rat i o n ,  a d i v e rs i fi ed c o ns u l t i ng fi rm i n  e nv i ro nme ntal sc i e nce a nd nu c l ear e ng i neer i ng ,  

wa s res p o ns i b l e  fo r prep a ri ng t he prel i m i  nary d raft e n v i  ronme ntal impact st ateme nt 

Mi l to n  A .  Thompso n ,  P h . D . , 22 years expe ri e nce i n  chemi stry researc h  and dev e l opme nt , nuc l ea r  wa ste 

ma n ageme nt , e nv i ronme nt al re searc h ,  a nd appl i ed e n v i ronme ntal sc i e nce 

Ma ri l y n V.  Werkema , Ph . D . , 1 4  years ex peri e nc e  i n  chem i s t ry ,  c rystal l og raphy , metal l u rgy , a nd 

e nv i ro nme ntal sc i e nc e  

T e rrol F .  Wi nso r ,  P h . D ,  7 ye ars ex peri ence i n  t e rres t r i al  ecol ogy a nd rad i oec ol ogy 
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Wo odwa rd- Cl yde Co nsul t a nt s , a consul t i ng f i rm i n  eart h  sc i ences , geotec h n i c al engi neer i ng and 

e nv i ronmental sc i ences , wa s re s po ns i b l e  fo r prepari ng s ect i o ns o n  geol ogy , hydro l ogy , a nd 

s e i smol ogy 

Robert E .  Yoder , Sc . D . ,  Ce rt i fi ed H e al t h  Phys i c i st ,  25 y e a rs expe ri enc e i n  heal t h  phys i c s , sa fety 

e ng i nee ri ng , a nd envi ronme nt al s c i ences 

Edward R.  Y ou ng , B . S . , 20 ye a rs experi ence i n  produc t  engi neeri ng , produc t i o n  c o nt rol , warehou s i ng ,  a nd 

secu r i ty a nd s afegu a rd s  

V o l ume I I  prepare rs a re i d e nt i f i ed wi t h  t he i r  res pect i ve c o nt r i bu t i o ns . 
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COLORADO 

� T a p ah o e  c ounty 

S t rasburg v i c in i ty , COMANCHE CROS S I NG OF THE KANSAS PAC I F I C  RA I LROAD , On Un i on 

Pac i fi c  Ra i l ro ad t r a cks E o f  the S t r a s h ur g  depo t , ( 8 - 1 0 - 7 0 )  PH0 0 6 6 1 0 9  

b o u l d e r  c ounty 

Bou l d e r , CHAUTAUQUA AUD I TO R I UM , Chaut auqua Park , ( 1 - 2 1 - 7 4 )  PH 0 0 6 6 1 2 s  

B o u l d e r , COLORADO CHAUTAUQUA , Chautauqua Park , ( 3 - 2 1 - 7 8 )  

Boul d e r , H I GHLAND S CHOOL , 8 8 5  Arap aho e Avenue , ( 1 2 - 1 8 - 7 8 )  

B o u l d e r , SQU I RES - TOU RTELLOT , qu i re s - To u rt e 1 1 o t , c o  O c f  O i 0 9  1 0 1 9  Spruce S t r e e t , 

( 8 - 1 0 - 7 8 )  

Longmon t .  ST . STEPHEN ' S  E P I S COPAL CHURCH , 1 8 8 1 , 4 7 0  M a i n  S t r e e t , ( 2 - 2 4 - 7 5 )  

Lyon s . F I RST CONGRE GAT I ONAL CHURCH O F  LYONS , H i g h  and 4 t h  S t r e e t s , ( 1 2 - 1 2 - 7 6 )  

Lyons . LYONS RA I LROAD DEPOT , 4 0 0  b l o c k  o f  Bro a dway , ( 1 2 - 2 - 7 4 )  PH0 0 6 6 1 3 3  

Ward v i c in i ty . MODOC M I L L , N o f  Ward , ( 1 2 - 2 7 - 7 8 )  

c l e ar c r e e k  county 

G e o r g e t own . ALP I NE HOSE C OMPANY NO . 2 ,  5 0 7  5 th S t re e t , ( 1 - 2 5 - 7 3 )  PH0 0 6 6 1 7 6  

G e o r g e t own . GRACE EP I S COPAL CHURCH , Tao s S t r e e t , b e tween 4 t h  and 5 th S t ree t s , 

( 8 - 1 4 - 7 3 )  PH0 0 6 6 2 0 6  

G e o r g e t own . HAM I LL HOUS E ,  Argen t in e  and 3 rd S t re e t s , ( 5 - 3 1 - 7 2 )  PH 0 0 6 6 2 1 4 G . 

G e o r g e t own . HOTEL DE PAR I S ,  A l p i n e  S t r e e t , ( 4 - 2 8 - 7 0 )  PH0 0 6 6 2 2 2 G .  

G e o r g e t own . MCCLE LLAN HOUS E , 9 1 9  Taos  S t r e e t , ( 1 2 - 5 - 7 2 )  PH0 0 6 6 2 s 7  

G e o r getown . TOLL HOUSE ( J U L I U S  G .  POHLE HOU S E ) , S s i de o f  G e o r g e t own adj acent 

t o  I 7 0 , ( 1 2 - 1 8 - 7 0 )  PH0 0 6 6 2 8 1 G . 

G e o r g e town - S i lv e r  P lume v i c in i ty . GEORGETOWN - S I LVER P LUME H I S TO R I C  D I STRI CT , 

( 1 1 - 1 3 - 6 6 )  PH 0 0 6 6 1 9 2NHL ; G .  

G e o r g e t own v i c in i ty . ORE PROC E S S I N G  M I LL AND DAM , 1 m i . SW o f  G e o r g e t own o f f 

I 7 0 , ( 5 - 6 - 7 1 )  PH0 0 6 6 2 6 s G .  

I d aho S p r i ng s . ARGO TUNNEL AND M I LL , 2 5 1 7  R i v e r s i de Dr i ve , ( 1 - 3 1 - 7 8 )  

S i l v e r  P lume . S I LVER P LUME DEPOT , o f f  I 7 0 , ( 5 - 6 - 7 1 )  PH0 0 6 6 2 7 3  

S i l v e r  P l ume v i c i n i t y . LEBANON AND EVERETT M I N E  TUNNELS , NE o f  S i l v e r  P l ume 

adj acen t  to I 70 r i gh t - o f - way , ( 1 0 - 7 - 7 1 )  PH0 0 6 6 2 3 1  G .  

denve r c ounty 

Denver . A L L  SAI NTS E P I SCOPAL C HURCH , 2 2 2 2  W .  3 2nd Avenue , ( 6 - 2 3 - 7 8 )  

Denver . AURAR IA 9 TH S TREET H I STORI C D I STRI CT , ( 3 - 2 6 - 7 3 ) , P H 0 0 6 6 3 2 0 G . 

Denve r .  BA I LEY HOU S E , 1 6 0 0  Ogden S t r e e t , ( 9 - 1 8 - 7 8 )  
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Denve r .  BE LCARO ( P H I P P S  HOU S E ) , 3 4 0 0  B e 1 c aro Dr ive , ( 2 - 1 0 - 7 5 )  HAB S . 

Denve r .  BOSTO N  BUI L D I NG , 8 2 8  1 7 th S t r ee t , ( 9 - 1 8 - 7 8 )  H A B S . 

Denve r .  B R I N KE R  COLLE G I ATE I N S T I TUTE , 1 7 2 5 - 1 7 2 7  Tremont P l a c e , ( 1 0 - 2 8 - 7 7 )  

Denve r .  BROWN , MOLLY , HOUS E , 1 3 4 0  Penn s y lvan i a  S t r e e t , ( 2 - 1 - 7 2 )  PH0 0 6 6 3 4 6 G .  

Denve r .  BROWN PALACE HOTE L , 1 7 th S t r e e t  and Tremont P l ace , ( 4 - 2 8 - 7 0 )  PH0 0 6 6 3 5 4  

De nve r .  BYERS - EVANS HOUS E , 1 3 1 0  B anno ck S t r e e t , ( 8 - 2 5 - 7 0 )  PH0 0 6 6 3 6 2  

Denve r .  CATHEDRA L  OF THE I��ACU LATE CONCEPT I ON ,  NE c o rner o f  Co 1 fa z  Av enue 

and L o g an S t re e t , ( 3 - 3 - 7 5 )  

Denve r .  CENTRAL PRESBYTERIAN CHURCH , 1 6 6 0  Sherman S t re e t , ( 1 1 - 2 1 - 7 4 )  PH0 0 6 6 3 8 9 HA B S . 

Denve r .  CHRI ST METHOD I S T  E P I S COPAL CHURCH , 2 2 0 1  Ogden S t r e e t , ( 1 1 - 7 - 7 6 )  

Denve r .  C I V I C  CENTER , Be tween Grant and De l aware S t r e e t s ,  S o f  1 3 th Avenue , 

( 2 - 2 7 - 7 4 )  PH0 0 6 6 3 9 7  HAB S .  

Denve r .  COLORADO GOVERNOR ' S  MANS I ON ,  4 0 0  E .  8 t h  Avenue , ( 1 2 - 3 - 6 9 )  PH0 0 6 6 5 1 6  

De nve r .  CONS T I TUT I ON HALL ( F I RST NAT I ONAL BANK BU I LD I N G ) , 1 5 0 7  B l ake S t r e e t , 

( 8 - 2 5 - 7 0 )  PH0 0 6 6 4 0 1  

Denve r .  CORNWALL APARTMENTS , 1 3 1 7  Ogden S t r e e t , 9 1 2  E .  1 3 th Avenu e , ( 1 0 - 8 - 7 6 )  

Denve r .  CRESWELL MANS I O N , 1 2 4 4  Grant S t r ee t , ( 1 1 - 2 5 - 7 7 )  

Denver . CROKE - PATTE RS O N - CAMPB E L L  MANS I ON ,  4 2 8 - 4 3 0  E .  1 1 th Avenue , ( 9 - 1 9 - 7 3 )  

PH0 0 6 6 4 1 9 HAB S .  

Denve r . CURRY - CHUCOV I CH HOUS E ,  1 4 3 9  Cour t P l a c e , ( 6 - 9 - 7 8 )  

Denver . CURT I S - CHAMPA S TREETS D I STRI CT , Roug h l y  bounde d b y  Arapahoe , 3 0 th , 

C a l i fo r n i a ,  and 2 4 th S t r ee t s , ( 4 - 1 - 7 5 )  

Denve r .  DAN I E L S  AND F I SHER TOWE R ,  1 1 0 1  1 6 th S t r e e t , ( 1 2 - 3 - 6 9 )  PH 0 0 6 6 4 2 7  

De nve r .  DENVER DRY GOODS COMPANY BU I LD I N G , 1 6 th and Cal  i fo r n i a  S t r e e t s , 

( 1 - 9 - 7 8 )  

Denve r .  

Denve r .  

Denve r .  

1 0 th S t r e e t , 

Denve r .  

Denve r .  

Denv e r .  

Denver . 

Denve r .  

D e nve r . 

Denve r .  

Denve r .  

Denve r .  

Denver . 

HAB S . 

DENVER M I N T , W .  C o l fax Avenue and De l aware S t r e e t , ( 2 - 1 - 7 2 )  PH0 0 6 6 4 3 5  

E L I TCH THEATRE , W .  3 8 t h  Avenu e  and Tennys on S t ree t , ( 3 - 3 1 - 7 8 )  

EMMANUAL SHEAR I TH I S RAEL CHAPEL ( E��ANUEL EPS I COPAL CHAP E L )  1 2 0 1  

( 1 2 - 1 - 6 9 )  PH0 0 6 6 4 4 3  

EQU I TABL E  BUI L D I N G , 7 3 0  1 7 t h  S t r e e t , ( 1 - 9 - 7 8 )  

EVANS MEMORIAL CHAPE L ,  U n i ve r s i ty o f  Denv e r  c ampu s , ( 1 2 - 2 7 - 7 4 )  PH0 0 6 6 4 5 1  

F I ELD , E UGENE , HOU S E , 7 1 5  S .  F rank l i n S t r e e t , ( 1 1 - 1 - 7 4 ) , PH0 0 6 6 4 6 0HAB S . 

F I SHER , W I L L I AM G . , HOUS E , 1 6 0 0  Logan S t r ee t , ( 1 1 - 2 0 - 7 4 )  PH0 0 6 6 4 7 8 H A B S  

F I T Z ROY P LACE , 2 1 6 0  S .  C o o k  S t re e t , ( 2 - 2 0 - 7 5 )  

FORD , BARNEY 1 . , BUI L D I N G , 1 5 1 4 BLAKE S t re e t , ( 6 - 2 4 - 7 6 )  

FOSTER , A .  C . , BU IL D I N G , 9 1 2  1 6 th S t re e t , ( 1 - 9 - 7 8 )  

FOUR - M I LE HOUE , 7 1 5  S .  F o r e s t  S t r e e t , ( 1 2 - 3 - 6 9 )  PH0 0 6 6 4 9 4 HAB S . 

GHOST BU I LD I N G , 5 0 0 - 5 1 8  1 5 t h  S t r ee t , ( 1 - 9 - 7 8 )  

G RANT - HUMPHRE Y ' S  MANS I ON ,  7 7 0 Penns y l v an i a  S t re e t , ( 9 - 3 0 - 7 0 )  PH0 0 6 6 5 0 8  

Denve r .  HUMBOLDT S TREET H I STOR I C  D I STRI CT , Humb o l dt S t re e t  b e twe en E .  1 0 th and 

E .  1 2  th S t r e e t s ,  ( 1 2  - 2 9 - 7 8 )  

Denve r . I DEAL BU I LD I N G , 8 2 1  1 7 th S t re e t , ( 6 - 9 - 7 7 )  

Denve r .  K I TTREDGE BUI LD I N G , 5 1 1  1 6 th S t r e e t , ( 1 2 - 2 - 7 7 )  
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D enve r .  LARIMER SQUARE , 1 4 0 0  b l o c k  o f  L a r i m e r  S t r e e t , ( 5 - 7 - 7 3 )  PH0 0 6 6 5 2 4  

Denve r .  LEFEVRE , OWEN E . , HOUSE , 1 3 1 1  York S t re e t , ( 8 - 1 3 - 7 6 )  

Denve r .  LORETTO HE I GHTS ACADEMY , 3 0 0 1  S .  F e d e r a l  Boul evard , ( 9 - 1 8 - 7 5 )  

Denve r .  MARNE , THE , 1 5 7 2  Race S t r e e t , ( 1 1 - 2 1 - 7 4 )  PH0 0 6 6 5 3 2  

Denver . MASON I C  TEMPLE BUI L D I N G , 1 6 1 4  We l t o n  S t re e t , ( 1 1 - 2 2 - 7 7 )  

Denve r .  MOFFAT STAT I ON ,  2 1 0 5  1 5 th S t r e e t , ( 1 0 - 2 2 - 7 6 )  

Denve r . MOO RE , DORA , E LEMENTA RY S CHOOL , E .  9 t h  Avenue and C o r o n a  S t r e e t , 

( 6 - 9 - 7 8 )  

Denve r . PEARCE - MCAL L I STER COTTAGE , 1 8 8 0 G a y l o r d  S t r e e t , ( 6 - 2 0 - 7 2 )  PH0 0 8 8 7 6 5 G . 

Denve r .  PUB L I C  SERV I CE BU I LD I N G , 9 1 0  1 5 th S t re e t , ( 7 - 2 0 - 7 8 )  

Denve r . R I CHTHOFEN CASTLE , 7 0 2 0  E .  1 2 th Ave nue , ( 4 - 2 1 - 7 5 )  

D enve r .  SCHLE I E R , GEORGE , MANS I ON ,  1 6 6 5  G r an t  S t r e e t , ( 1 1 - 1 7 - 7 7 )  

Denver . SCHM I DT , GEORGE , HOU SE , 2 3 4 5  7 th S t r e e t , ( 1 0 - 2 9 - 7 6 )  

Denve r .  S M I TH ' S  I RR I GAT I ON D I TCH , Wa s h in g t on Park , ( 1 0 - 8 - 7 6 )  

Denver . S T . ANDREWS E P I S C O PAL CHU RCH , 2 0 1 5  G l enarm P l ac e , ( 3 - 1 8 - 7 5 )  

Denve r .  ST . E L I ZABETH ' S  CHURCH , 1 0 6 2  1 1 th S t r e e t , ( 1 2 - 1 - 6 9 )  PH0 0 6 6 5 4 1  

Denve r .  ST . E L I ZABETH ' S  RETREAT CHAPEL ( CATHO L I C ) , 2 8 2 5  W .  3 2 nd Avenue , 

( 5 - 2 4 - 7 6 )  

De nve r .  ST . JOHN ' S  CATHEDRA L , 1 4 th and Wa s h i n g t on S t ree t s , ( 8 - 1 - 7 5 )  

Denv e r . ST . MARK ' S  PAR I SH CHURCH , 1 1 6 0  L i nc o ln S t r e e t , ( 9 - 1 8 - 7 5 )  

Denve r .  SUGAR BU I LD I NG , 1 5 3 0 1 6 th S t r e e t , ( 2 - 1 7 - 7 8 )  

Denv e r . TEARS - MCFAR LANE HOUS E ,  1 2 0 0  Wi l l i ams S t r e e t , ( 1 - 1 1 - 7 6 )  

Denve r .  TEMP LE EMANU E L , 2 4  Cur t i s  S t r e e t , ( 1 0 - 1 0 - 7 8 )  

Denve r .  THOMAS H .  H . , HOUS E ,  2 1 0 4  G l enarm P l a c e , ( 5 - 3 0 - 7 5 )  

Denve r .  T I VOL I  BREWE RY COMPANY , 1 3 2 0 - 1 3 4 8  1 0 th S t r e e t , ( 4 - 1 1 - 7 3 )  PH0 0 6 6 5 8 3 H A E R  

Denver . TRAMWAY BU I LD I N G , 1 1 0 0  1 4 th S t re e t , ( 1 - 5 - 7 8 )  

Denve r .  TREAT HALL , E .  1 8 th Avenue and Pont i a c  S t reet , ( 8 - 1 0 - 7 8 )  

Denve r . TRI N I TY UNI TED METHOD I ST CHURCH , E .  1 8 th Avenue and Bro adway , ( 7 - 2 8 - 7 0 )  

PH0 0 6 6 5 5 9  

HAB S . 

Denve r . U . S .  POST OFF I CE AND FEDERA L  BUI L D I N G , 1 8 th and S t ou t  S t r e e t s , ( 3 - 2 0 - 7 3 ) 

Denv e r . UN I ON STAT I ON ,  1 7 th S t re e t  a t  Wynko o p , ( 1 1 - 2 0 - 7 4 )  PH0 0 6 6 5 6 7  

Denve r .  V I NE STREET HOUS E S , 1 4 1 5 , 1 4 2 9 , 1 4 3 5 , 1 4 4 1 ,  1 4 5 2  V i n e  S t re e t , ( 1 2 - 1 6 - 7 4 )  

PH0 0 6 6 5 9 1  

Denve r . WESTS I DE N E I G HBORHOO D , 1 3 1 1 - 1 4 6 6  L ipan S t r e e t , 1 3 0 5 - 1 3 7 0  Ka 1 amath 

S t r e e t , 9 3 1 - 1 1 2 6  W.  1 4 th Ave nu e , 1 3 1 2 - 1 4 3 8  o n  E s i de o f  Marap o s a  S t r e e �  and 1 0 0 8 -

1 1 1 8  on N s i de o f  W .  1 3 th Avenue , ( 4 - 1 7 - 7 5 )  

Denver . WOO D - MORR I S - B ON F I LS HOU S E , 7 0 7  Was h in g t o n  S t r e e t , ( 1 2 - 4 - 7 4 )  PH0 0 6 6 6 0 5  

Denve r .  Z AN G , ADOLPH , MANS I ON ,  7 0 9  C l a rks on S t r e e t , ( 1 1 - 2 3 - 7 7 )  
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Cas t l e  Ro ck . CASTLE ROCK D E P U f ,  4 2 0  F l b e rt S t r e e t , ( 1 0 - 1 1 - 7 4 )  PH0 0 6 6 6 2 1  

C a s t l e  Rock . DOUGLAS COUNTY COURTHOU S E , 3 0 1  W i l co x  S t r e e t , ( 1 2 - 1 2 - 7 6 )  

Denver v i c in i ty . B EAR CANON AGRI CU LTURAL D I ST R I C T , S o f  Denve r on b o t h  s i de s 

o f  CO 1 0 5  from CO 6 7  S t o  J a r r e  C r ee k , ( 1 0 - 2 9 - 7 5 )  

Larkspur v i c in i t y . S P R I NG VALLEY S CHOOL , E o f  Larkspur a t  S p r i n g  Val l ey and 

L o r r a i n e  Roads , ( 1 2 - 1 8 - 7 8 )  

P a l m e r  Lake v i c i n i ty . GLEN GROVE S CHOO L , N o f  P a l m e r  Lake o ff Pe rry Park Road , 

( 1 1 - 5 - 7 4 )  PH0 0 6 6 6 4 8  

Pa lmer Lake v i c in i t y . QU I C K , BEN , RANCH AND FORT , 6 6 9 5  W .  P lum C r e e k  Road , 

( 1 0 - 1 - 7 4 )  PH0 0 6 6 6 6 4  

S e d a l i a  v i c in i ty . CHURCH O F  ST . PH I L I P - I N - THE - F I E LD AND BEAR CANON CEMETERY , 

5 m i . S o f  S e d a l i a  on CO 1 0 5 , ( 4 - 1 1 - 7 3 )  PH0 0 6 6 6 3 0  

S e d a l i a  v i c in i ty . I N D I AN PARK S CHOOL , 1 0  m i . ( 1 6  km) W o f  S e d a l i a  on CO 6 7 ,  

( 2 - 8 - 7 8 )  

S e da l i a  v i c i n i ty .  K I NNER , JOHN , HOUS E , 6 6 9 4  P e rry Park Ro a d , ( 1 0 - 1 1 - 7 4 )  

PH0 0 6 6 6 5 6  

g i 1pin c o unty 

C en t r a l  C i t y . CENTRAL C I TY H I STOR I C  D I S T R I C T , ( 1 0 - 1 5 - 6 6 )  PH0 0 8 6 9 7 5  NHL ; HA B S ; G .  

Cen t r al C i t y . C ENTRAL C I TY OPERA HOUS E , Eureka S t r e e t , ( 1 - 1 8 - 7 3 )  PH 0 0 8 6 9 8 3  

Cen t ra l  C i t y . T E L L ER HOUS E ,  Eureka S t r e e t , ( 1 - 1 8 - 7 3 )  PH 0 0 8 6 9 9 1  

j e f fe r s on county 

Arvada . ARVADA F LOUR M I L L , 5 5 8 0  Wadswo r t h  Bou l evar d , ( 4 - 2 4 - 7 5 ) G .  

Bu ffa l o  C re e k . B LUE JAY I NN , H i ghway 1 2 6 , ( 1 0 - 1 - 7 4 )  PH 0 0 8 7 0 4 1  

Bu ffa l o  C r e e k . LA HAC I ENDA (JOHN L .  JEROME SUMMER E S TATE ) , on S R  o ff U . S .  2 8 5 , 

( 7 - 2 0 - 7 3 )  PH0 0 8 7 0 9 2  

Bu ffa l o  C r e e k  v i c in i ty . GREEN MERCANT I LE STORE , NW o f  Buf fa l o  Cre e k , ( 1 0 - 1 - 7 4 )  

Buffa l o  C r e e k  v i c i n i ty . GREEN MOUNTA I N  RANCH , S o f  Bu ffa l o  C r e e k  on H i ghway 

1 2 6 , ( 1 0 - 1 - 7 4 )  PH0 0 8 7 0 6 8  

Eve r g r e en . H I WAN HOMES TEAD , Meadow D r i ve , ( 4 - 9 - 7 4 )  PH0 0 8 7 0 7 6 

Evergreen . HUMPHREY HOU S E , 6 2 0  S .  S o d a  C r e e k  Ro a d , ( 1 2 - 3 1 - 7 4 )  PH 0 0 8 7 0 8 4  

Go l den . ASTOR HOUS E HOTEL ( LAKE HOU S E , CASTLE ROCK HOUSE ) , 8 2 2  1 2 th S t r e e t , 

( 3 - 1 - 7 3 )  PH0 0 8 7 0 3 3  

G o lden . C OLORADO NAT I ONAL G UARD ARMORY , 1 3 0 1  Arapahoe S t r e e t , ( 1 2 - 1 8 - 7 8 )  

G o l den v i c i n i ty . MOUNT VERNON HOUS E  ( RO BERT W .  S T E E LE HOUS E ) , ab o u t  1 m i l e  S 

o f  Go l den c i t y  l im i t s  at j e t .  o f  I 7 0 , CO 2 6 , and Mount Vernon Canyon Ro a d , ( 1 1 - 2 0 - 7 0 )  

P H0 0 8 7 1 1 4H A B S . 
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G o l den v i c in i t y . ROONEY RAN(J I ,  S o f  G o l den , j c t .  o f  Rooney Road and A l ameda 

Pa rkway , ( 2 - 1 3 - 7 5 )  

Lak e w o o d  v i c i n i ty . STONE HOU S L , S o f  Lakewo o d  o f f  o f  S .  Wads worth Bou l ev a r d , 

( 5 - 1 - 7 5 )  

L i t t l e to n  v i c in i t y .  H I LDEBRANDE RANCH , 7 m i l e s  SW o f  L i t t l e t o n  o f f  D e e r  Creek 

Canyon Road , ( 3 - 1 3 - 7 5 )  

Mo rr i s on . MORR I SON H I STORI C D I STR I CT , CO 8 ,  ( 9 - 2 8 - 7 6 )  

Mo r r i son . MO RR I S ON SCHOOLHOUS E ,  2 2 6  S p r i n g  S t r ee t , ( 9 - 4 - 7 4 )  PH0 0 8 7 1 0 6 

P ine and South P l a t t e .  NORTH FORK H I STORI C D I STR I CT ,  b o t h  s i d e s  o f  S o u t h  P l a t t e  

R i v e r  from P ine t o  South P l a t t e , in  P i ke Nat i on a l  F o r e s t ,  ( 1 0 - 9 - 7 4 )  PH0 0 8 7 1 2 2  

Wh e a t  R i d g e . P I ONEER SOD HOUS E ,  4 6 1 0  Robb S t r e e t , ( 3 - 1 4 - 7 3 )  PH0 0 8 7 1 4 9  

Whe a t  R i dge . R I CHARDS MAN S I ON ,  5 3 4 9  W .  2 7 t h  Avenu e , ( 9 - 1 5 - 7 7 )  

l a r imer c oun t y  

E s t e s  P ark . ELKHORN LODGE , 5 3 0  W .  E l kh o rn Avenue , ( 1 2 - 2 7 - 7 8 )  

E s t e s Park . STANLEY HO T E L , 3 3 3  Wonder V i ew Avenu e , ( 5 - 2 6 - 7 7 )  

E s t e s  Park v i c in i t y . L E I FFER HOU S E , S o f  E s t e s  P a rk o f f CO 7 ,  ( 3 - 2 - 7 8 )  

E s t e s  P ark v i c in i t y .  M I LLS , ENOS , HOME STEAD CAB I N , S o f  E s t e s P ark o ff 

CO 7 ,  ( 5 - 1 1 - 7 3 )  PH0 0 8 7 2 3 8  

E s t e s P ark v i c in i t y . MORA I N E  LODG E , W o f  E s t e s  Park o f f  U . S .  3 6  on B e a r  Lake 

Ro ad , ( 1 0 - 8 - 7 6 )  

E s t e s  Park v l c ln l ty . WH I TE , W I L L I AM ALLEN , CAB I NS , W o f  E s t e s Park a t  Mo r a i ne 

Park V i s i t o r  Cen t e r  in Rocky Mount a i n  Nat i on a l  Park , ( 1 0 - 2 5 - 7 3 )  P H0 0 8 7 2 5 4 

Fo rt Co l l ins . AMMONS HA LL , Co l o r ado S t a t e  Uni ver s i ty campus , ( 6 - 1 5 - 7 8 )  

F o r t  C o l l ins . 

F o rt Co l l i n s . 

F o r t  Co l l i n s . 

F o r t  Co l l i ns . 

c ampus 

F o r t  Co l l in s . 

F o r t  Co l l i n s . 

F o r t  C o l l ins . 

F o r t  c o l l ins . 

ANDREWS HOUS E , 3 2 4  E .  Oak S t r e e t , ( 1 2 - 1 5 - 7 8 )  

AVERY HOU S E , 3 2 8  W .  Mount a in Avenue , ( 6 - 2 4 - 7 2 )  PH 0 0 8 7 2 2 0 G .  

BAKER HOU S E , 3 0 4 - 3 0 4  1 / 2  E .  Mul b e r r y  S t r e e t , ( 7 - Z � - 7 8 )  

BOTAN I CAL AND HORT I CULTURAL LABORATORY , Co l o rado S t a t e  l In i vers i ty 

BOUTON , JAY H . , HOU S E , 1 1 3  N .  Sherwo o d  S t r e e t , ( 1 2 - 1 8 - 7 8 )  

FORT CO L L I NS P O S T  OF F I CE , 2 0 1  S .  Co l l e g e  Avenue , ( 1 - 3 0 - 7 8 )  

FULLE R ,  MONTE Z UMA , HOUSE , 2 2 6  W .  Magno l i a  S t r e e t , ( 1 2 - 1 5 - 7 8 )  

MCHU G H - ANDREWS HOUS E ,  2 0 2  Rem i n g t o n  S t r ee t , ( 1 2 - 2 7 - 7 8 )  

F o r t  Co l l i n s . O L D  TOWN FORT COLL I NS , Roughly bounded by Co l l e g e  Avenue , 

Mount a i n ,  P i ne , W i l l ow , and Walnut S t r e e t s ,  ( 8 - 2 - 7 8 )  

Fo rt Co l l i n s . S P RUCE HA LL , Co l orado S t a t e  Un i ve r s i ty camp us , ( 1 - 9 - 7 7 )  

F o r t  Co l l in s  v i c i n i t y . L I NDENME I ER S I TE , 2 8  m i l e s  N .  o f  F o r t  Co l l in s , 1 . 7 5 

m i l e s  S .  o f  Wyom i ng s t at e  l i ne , ( 1 0 - 1 5 - 6 6 )  PH 0 0 8 7 2 4 6 NHL . 

Love l and v i c in i ty . CHASTEEN ' S  GROVE , W o f  Love l and o f f  U . S .  3 4 , ( 9 - 6 - 7 8 )  
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F a i rp l ay . 

Fa i rp l ay . 

PH0 0 8 7 3 7 8  

Fai rplay . 

park c ounty 

S OUTH PARK COMMUN I TY CHURCH , 6 th an d Hathaway S t r e e t s , ( 1 1 - 2 2 - 7 7 )  

SOUTH PARK LAGER BEER B REWERY , 3 r d  and Front S t r e e t s , ( 6 - 2 5 - 7 4 )  

S UMME R SALOON , 3 rd an d Front S t r e e t s , ( 5 - 8 - 7 4 )  PH0 0 8 7 3 8 6  

we l d  c ounty 

G r e e l e y . MEEKER MEMOR I AL MUSEUM , 1 3 2 4  9 th Avenue , ( 2 - 2 6 - 7 0 )  PH0 0 8 7 4 9 1  

G r e e l ey . WELD COUNTY COUR THOUS E , 9 t h  S t re e t  and 9 th Avenue , ( 1 - 9 - 7 8 )  

P l a t t ev i l l e  v i c i n i ty . FORT VASQUE Z S I TE ,  o n  U . S .  8 5 , ( 1 0 - 3 0 - 7 0 )  PH0 0 8 7 4 8 3 G . 

The fo l l ow i ng p r o p e r t i e s  have b e en de t e rm i n e d  t o  b e  e l i g i b l e  fo r inc lus i o n  i n  

t h e  Nat i on a l  Regis t er .  

b ou l d e r  c ounty 

Longmon t . HOVE R MAN S I ON D I STRI CT , 1 3 0 9  Hover R o a d  

denver c ounty 

Denv e r . 3 1 s t  STREET OVERFLOW S T RUCTU RE , 3 1 s t  S t re e t  and A t k i n s  Court (6 3 . 3 ) 

dou g l a s  c ounty 

. KEYSTONE RA I L ROAD B R I DGE , P i k e  Nat i on a l  F o r e s t  

S o u t h  P l a t t e  Canyon . DEANS B URRY B R I D G E , F o o t h i l l s  Pro j e c t  7 . 7  m i l e s  ( 1 2 . 3  km) 

W from gate at  Kas s l e r  Tre atment P l ant a l ong a c c e s s  ro a d , ( a l s o  i n  J e f f e r s o n  Coun t y )  

gar f i e l d  c ounty 

HAVEMEY E R - W I LCOX CANAL SYSTEM 

j e f f e r s o n  c o un ty 

South P l a t t e  v i c in i t y .  DENVE R AND R I O  G RANDE ROCKWORK AND RAI LROADS , F o o th i l l s  

Proj e c t . 

l ar ime r c ounty 

Buckeye v i c in i ty .  S I TES 5 - LR - 2 5 7  AND 5 - LR - 2 6 3 , Boxe l de r  Wa t e r s h e d  Pro j e c t . 

E s t e s Park . BEAVE R MEADOWS MA I NTENAN CE AREA , Rocky Moun t a i n  Nat i on a l  Park 

Ut i l i t y  Area 

K - 6  




