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Executive Summary

A permeable reactive barrier (PRB) is a zone of chemically reactive material placed in the flow
path of contaminated ground water that can stabilize or degrade contaminants as ground water
moves through the zone. The most common reactive material employed in PRBs is zero-valent
iron (ZVI). PRBs are rapidly becoming awidely used means of remediating ground water.

Unfortunately, reactions of ZVI with contaminants, dissolved oxygen, and water molecul es result
in anincrease in pH values. Carbonate minerals precipitate within the ZV1 because of the
increase in pH values. Alkalinity decreases of as many as several hundred milligrams per liter (as
calcium carbonate) from influent to effluent indicate that large volumes of carbonate minerals
have precipitated in the PRBs. In addition to carbonate precipitation, oxidation causes the
precipitation of iron oxide minerals. The buildup of carbonate and oxide minerals within the
reactive zone could disrupt the performance of the PRB by causing (1) preferential pathways
within the reactive zone, (2) ground water mounding and bypassing the PRB, and (3) areduction
in the reactivity of the media because of mineral deposition on the surface of the ZV1.

The U.S. Environmental Protection Agency (EPA) isfunding this project to evaluate
performance of PRBs and to investigate chemical methods of rejuvenating ZV I-based PRBs. The
work is being conducted by Environmental Sciences Laboratory (ESL) personnel at the

U.S. Department of Energy (DOE) office in Grand Junction, Colorado, in two phases. The goal
of Phase | wasto characterize ZV1 core samples collected in February 2002 from the Monticello,
Utah, PRB site. The purpose of Phase |1 was to characterize the time-dependent chemical
changes using core samples collected August 2003 and to conduct bench-scale research to
develop means of rejuvenating ZV 1. This report discusses the results of Phase 1.

Fresh samples of the reactive media were collected in August 2003 from the Monticello and Fry
Canyon, Utah, sites by coring with a Geoprobe. Three PRBs were installed at the Fry Canyon
sitein 1997 asajoint project with the U.S. Geological Survey, EPA, DOE, the State of Utah, and
Bureau of Land Management. Ninety-one samples (about four from each core) from various
depths were collected in approximately 6-inch increments. The distributions of calcium (Ca),
iron (Fe), and uranium (U) in these samples were measured to help determine if significant
changes have occurred in the Monticello samples for the study period of February 2002 through
August 2003.

Twenty-two vertical cores and four angle cores were obtained at the Monticello site. Most of the
cores were collected near the two well transects that are currently used to monitor ground water.
Because of the limited access at Fry Canyon, only the following borings were possible: two
vertical and two angle borings in the amorphous ferric oxyhydroxide (AFO) PRB, three vertical
boringsin the ZVI PRB, and two vertical borings in the bone charcoal PRB. The most favorable
coring method was to push an open core barrel to bedrock and collect a continuous core. A plug
of bedrock at the bottom prevented the core from falling out of the pipe when the pipe was
withdrawn from the subsurface.

Cacium inventoriesin the gravel/ZV1 zone at Monticello increased in 60 percent of the cores
during the study period. At some locations, Ca was apparently removed from the gravel/ZV|1
during the study period. The mean Ca deposition rate (110.4 milligrams per kilogram per month
[mg - kg™ - mo™]) during the study period is lower than the mean rate (931.2) for theinitial
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period (June 1999 through February 2002), suggesting that the rate of calcium carbonate
precipitation is decreasing in the gravel/ZV1 zone. The Cainventory increased in 73 percent of
the cores collected from the ZV1 zone with a mean increase of 8,400 milligrams per kilogram
(mg/kg). The mean Ca deposition rates are similar for the initial and study periods (459 and
467 mg - kg™ - mo™, respectively), suggesting that precipitation of calcium carbonate is
relatively constant in the ZV1 zone. Ground water flux, based on mass balance, ranges from 2.1
to 10.4 gallons per minute (gal/min) through the Monticello PRB for the study period, which is
similar to the range (3.0 to 6.3 gal/min) calculated for the initial period in February 2002. The
similarity suggests that ground water flow through the PRB has not been significantly impeded
by ZV1 corrosion products during the study period.

In all but one core from the gravel/ZV1 zone at Monticello, the U inventory increased during the
study period. The mean rate of U deposition in the gravel/ZV1 zone increased by

18.2mg - kg™ - mo™ from theinitial period to the study period. The mean U inventory in the
ZV1 zone increased by 8.63 mg/kg during the study period. The U deposition rate

(0.48 mg - kg™ - mo ™) in the ZV1 zone during the study period is higher than the rate

(0.03mg - kg™ - mo™) for theinitial period but is significantly less than the rate

(25.9mg - kg™ - mo ™) in the gravel/ZV1 zone. Although U deposition rates appear to increase
substantialy for the study period, the means of the ratesin both the gravel/ZV1 and ZV1 zones
are biased by one high value.

The concentrations of U in the August 2003 ZV1 PRB core samples from the Fry Canyon site are
relatively low with amean of 8 mg/kg. The U concentrations are similar to the concentration
(9.8 mg/kg) measured in asingle sample collected in September 1999. On the basis of the U
gradient across the ZV1 PRB and the ground water flow rates that were measured in tracer
studies, much higher concentrations of U were expected. The low U concentrations may be a
result of inadequate sampling of a highly concentrated U zone. Another possibility is that ground
water flow through the PRB is less than indicated by the ground water monitoring program. The
bone charcoal PRB had the highest U concentrations (mean 996 mg/kg) of the three Fry Canyon
PRBs. One sample from the bone charcoal PRB had the highest U concentration (3,130 mg/kg)
ever encountered in a PRB. The mean uranium concentration (197 mg/kg) in the AFO PRB is
intermediate to the other two Fry Canyon PRBs. On the basis of Feto U ratios, it appears that
AFO has continued to sorb U since 1999, but the number of samplesistoo few to be conclusive.

The mean Ca concentration in the August 2003 Fry Canyon samples from the ZVI PRB is
35,046 mg/kg, and the Ca concentration in the September 1999 sampleis 10,900 mg/kg. These
values are much higher than the Ca concentration (1,710 mg/kg) in afresh sample of Cercona
ZV | pellets used in the PRB, indicating that Ca (probably as calcium carbonate) is accumulating
inthe ZVI PRB. No significant amount of Ca appears to be accumulating in the bone charcoal or
AFO PRBs.

A ssimple method to determine the amount of reactive ZV1 remaining in a sample from a PRB
was developed during this project. The method is useful to determine reactivity loss of PRB
material over time. Thetest is based on the principle that ZV1 generates hydrogen gas (H2) when
in contact with aweak acid and is the only material in these samples to do so. The method uses
anincreasein gas pressure in a closed vessel to determine the relative reactivity of samples
containing ZV . Calcium carbonate also reacts with HCI to produce carbon dioxide (CO,), which
adds to the pressure, but CO, generation occurs much faster than H, generation from Z V1.

Final Report: Performance Evaluation of ZV1-Based PRBs DOE/Grand Junction Site
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Mean reactivity values of samples collected from the Monticello gravel/ZV1 zone appear to have
declined during the study period. The relatively small difference in reactivities, however, could
be statistically insignificant. ZV1 in the gravel/ZV 1 zone is less reactive than that of the ZVI zone
for both sampling periods. The lower reactivity of ZVI in the gravel/ZV1 zone compared to the
ZV1 zoneis consistent with other data, such as the predominance of U in the gravel/ZV1 zone.
Mean reactivity values of samples collected from the ZVI zone were slightly lower in

February 2002 than in August 2003, but the differences may be statistically insignificant.

When bombarded with neutrons, U atoms fission and, when properly etched, the fission products
produce visible tracks in a sheet of mica. This effect was used to map the U distributionsin PRB
samples to determine the association between U and minera grainsin the samples. Samples from
the ZV1 zones at Monticello and Fry Canyon have few fission tracks, consistent with their low U
concentrations. Fission track densities were highest in the samples from the gravel/ZV1 zone a
Monticello, where U is associated with the rims of many of the ZV| grains. Fission-tracked rims
do not occur on grains of any other minerals, indicating a close association between U and ZV |
surfaces. It appears that much more U is directly associated with ZV1 than with the fine-grained
corrosion products in the matrix. The distribution of U suggests that U uptake by ZV | surface-
mediated processes dominates over uptake by corrosion products dispersed in the matrix.

In contrast to the ZV1 grains, fission tracks are distributed relatively evenly throughout bone
charcoal grainsin samples from Fry Canyon. This distribution suggests that U-bearing solutions
are able to penetrate the Cercona bone charcoal pellets and contact the internal surfacesthat are
available for U uptake. Etched samples from the AFO PRB contain fission tracks throughout
most of the AFO, but the tracks are often concentrated in small hot spots. The hot spots may
result from grains or floccules of AFO or they may be crystallization centers. The U distribution
suggests that most of the AFO surface adsorption sites were accessible to the ground water.

On the basis of August 2003 slug test results, geometric means of hydraulic conductivity for the
aluvium, gravel/ZV1 zone, and ZV1 zone at the Monticello PRB are 0.011, 0.012, and

0.011 centimeter per second (cm/s), respectively. Slug test results for the three wells and data
from two time periods suggest that hydraulic conductivity decreased by about 80 to 90 percent in
the ZV1 zone from June 2000 to August 2003. Tracer dilution data from August 2003 suggest a
ground water flux through the Monticello PRB of between 1.0 and 1.6 gal/min, which is lower
than previous estimates.

Bench-scal e tests were conducted to evaluate the potential for rejuvenation of ZVI PRBs using
chemical solvent flushing. We tested five solvents: tetrasodium ethylenediaminetetraacetic
(EDTA), ammonium oxalate, sodium dithionite, sodium citrate, and hydroxlyamine
hydrochloride. Some tests were conducted with combinations of these solvents and sometimes
included bicarbonate or carbonate as a pH buffer. Suitable rejuvenation agents were defined by
high dissolution of calcite (aZV1 corrosion product that occludes porosity), low dissolution of
ZV1, and low toxicity. The ability to dissolve AFO, magnetite, and hematite was al so considered
favorable. Most of the solvents and combinations were able to dissolve some calcite, but most
also dissolved some ZV 1. Of the solvents tested in batch mode, EDTA was considered to be the
most suitable and was selected for a preliminary column test. The column test results indicate
that EDTA was able to remove all the calcite deposited during ZV 1 corrosion and some of the
calciteinitialy present in the column fill material. While some Fe was also dissolved by EDTA,
the change in the Fe inventory was insignificant.

DOE/Grand Junction Site Final Report: Performance Evaluation of ZV1-Based PRBs
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1.0 Introduction

A permeable reactive barrier (PRB) is a zone of chemically reactive material placed in the flow
path of contaminated ground water to stabilize or degrade contaminants as ground water moves
through the zone. The most common reactive material employed in PRBsis zero-valent iron
(2V1). PRBs are rapidly becoming awidely used means of remediating ground water.

Unfortunately, reactions of ZVI with contaminants, dissolved oxygen, and water molecul es result
in anincrease in pH values. Carbonate minerals precipitate within the ZV1 because of the
increase in pH values. Alkalinity decreases of as many as several hundred milligrams per liter (as
calcium carbonate) from influent to effluent indicate that large volumes of carbonate minerals
have precipitated in the PRBs. In addition to carbonate precipitation, oxidation causes the
precipitation of iron oxide minerals. The buildup of carbonate and oxide minerals within the
reactive zone could disrupt the performance of the PRB by causing (1) preferential pathways
within the reactive zone, (2) ground water mounding and bypassing the PRB, and (3) areduction
in the reactivity of the media because of mineral deposition on the surface of the ZV1.

The U.S. Environmental Protection Agency (EPA) isfunding this project to evaluate
performance of PRBs and to investigate chemical methods of rejuvenating ZV I-based PRBs. The
work is being conducted by Environmental Sciences Laboratory (ESL) personnel at the

U.S. Department of Energy’s (DOE) office in Grand Junction, Colorado, in two phases. The goal
of Phase | wasto characterize ZV1 core samples collected in February 2002 from the Monticello,
Utah, PRB site. The purpose of Phase |1 was to characterize the time-dependent chemical
changes using core samples collected August 2003 and to conduct research to devel op means of
rguvenating ZV1.

Phase | of this project was completed in December 2002, and the results were presented in a
report (DOE 2002b). Three tasks were completed in Phase I: (1) published literature was
reviewed for information related to ZVI PRBs and in particular to rguvenation; (2) an
investigation was conducted to determine the nature of ZV1 corrosion products, particularly
carbonate minerals and iron oxides, from core samples collected from the Monticello PRB in
February 2002; and (3) a determination was made of the amount of uncorroded ZVI remaining in
the Monticello core samples. A test was devel oped that determines the reactivity of aZV1 sample
by measuring pressure buildup, which is due to H, generated by reaction of ZV1 with weak HCI,
in aclosed system.

Objectives of this Phase || study are

1. Determine how PRBs at Monticello and Fry Canyon, Utah, are changing over time.

2. Determine the hydraulic conductivity of the Monticello reactive mediaand if ground water
continues to flow through it freely.

3. Determine the micro-scale distribution of uranium contained by the reactive media.
4. Bench test several chemical agents that might be capable of rguvenating ZV1.
This report describes the results of the Phase Il activities and the five different tasks that were

conducted: (1) bulk chemical analysis of cores, (2) reactivity testing, (3) fission track analysis,
(4) hydrologic testing, and (5) bench-scale rejuvenation testing.

DOE/Grand Junction Site Final Report: Performance Evaluation of ZV1-Based PRBs
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1.1 Background on Permeable Reactive BarriersUsed To Treat Ground
Water for Uranium

More than 150 million tons of uranium mill tailings have been removed from 22 former uranium
ore-processing sites in the United States. Remediation of ground water at these sites is mandated
by Congress and was formerly conducted by the DOE Uranium Mill Tailings Remedial Action
(UMTRA) Ground Water Project (NRC 1980) and now is being performed by the DOE Office of
Legacy Management. EPA promulgated a ground water concentration limit of 30 picocuries per
liter (pCi/L) (approximately 44 micrograms per liter [ug/L]) for U to ensure protection of human
health and the environment near these sites (EPA 1995); this U concentration is also being used
asaground water cleanup goal at aformer uranium-ore processing site near Monticello, Utah. At
many of these former ore processing sites, U has entered the ground water system and has
contaminated more than 10 billion gallons of ground water (DOE 1996). Uranium ore processing
outside the United States, particularly in Australia, Canada, South Africa, and Europe, has also
resulted in significant ground water with U contamination. In addition to tailings sites, U has
been reported in ground water at 12 of 18 major DOE facilities because of contamination from
the weapons production cycle (Riley et al. 1992).

Cost-effective means of cleaning up ground water contaminated by U are needed. Ground water
at some of the tailings sitesis being extracted and treated ex situ, but costs are high and no site
has yet been remediated to EPA’s prescribed standards. PRBs to treat ground water contaminated
by U are currently being tested at four sites (Monticello, Utah; Fry Canyon, Utah; Durango,
Colorado; and Oak Ridge National Laboratory Y-12 Plant, Tennessee) as alow-cost aternative
to pumping and treating ground water.

ZV1, ascrap-metal product that is available from the automotive industry, is being used as a
reactive materia in the PRBs at these four sites. Contact with ZV1 causes U concentrationsin
ground water to decrease to afew micrograms per liter. Results of numerous laboratory
experiments have confirmed the ability of ZVI to remove U from ground water. Because of the
promising results of laboratory and field studies, project managers are expressing increasing
interest in using ZV|1 to treat U. Research is still needed, however, to understand the mechanisms
of U uptake to support optimal designs for remediation systems and to make accurate predictions
of the length of time that PRBs will remain effective. Research has also been conducted to
evaluate the efficiency of using amorphous ferric oxyhydroxide (AFO) or phosphate mineralsin
PRBs (Morrison et al. 1996; Fuller et al. 2002).

Researchers have proposed two fundamentally different reaction mechanisms to explain the
uptake of U by ZV1 (Cantrell et al. 1995; Morrison et a. 2002b). In one mechanism, ZV1 causes
the oxidation state to decrease, resulting in reduction of solubilized U(VI) to immobile U(1V) via
Reaction 1:

Fe(0)[solid] + UO,(COs5),* + 2H" = UO,[solid] + 2HCOs + Fe?*.  (Reaction 1)

Final Report: Performance Evaluation of ZV1-Based PRBs DOE/Grand Junction Site
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Uranium(1V) is transferred from the aqueous phase to low-solubility minerals, such as uraninite
(UOy). In the other mechanism, ferric oxyhydroxides are formed as ZV 1 is oxidized by ground
water. The ferric oxyhydroxides subsequently adsorb the dissolved U(VI). Cantrell et a. (1995)
suggested that reductive precipitation is more dominant than adsorption and demonstrated its
feasibility with thermodynamic calculations.

Fiedor et al. (1998) conducted experiments with asmall disk (1.4 centimeters[cm] in diameter
by 1.6 millimeters [mm)] thick) of mild steel immersed in 300 milliliters (mL) of agueous
solution and concluded that the dominant mechanism for U removal by ZV1 is adsorption on
ferric oxyhydroxide corrosion products. When their experiments were conducted under aerobic
conditions, U sorbed rapidly to the ferric oxyhydroxides, but U was slowly and incompletely
reduced under anaerobic conditions. The surfaces of the solid phases in the aerobic experiments
contained only U(V1); whereas the surfaces of the solid phases under anaerobic conditions
contained about 75 percent U(1V) as determined by x-ray photoel ectron spectroscopy.

Fiedor et al. (1998) deduced that some reductive precipitation occurred, but the reaction was too
slow to account for the observed rate of U removal in the experiments. They also concluded that
reductive precipitation would not contribute significantly to U uptake in aPRB containing ZV1.

In contrast, Gu et al. (1998) provided experimental data confirming that reductive precipitation
caused by ZV 1 isthe dominant U uptake mechanism. Their experiments consisted of agitating
2 grams (g) of granular ZV1 with 10 mL of a solution containing 42 millimols

(10,000 milligrams per liter [mg/L]) U for 3 weeks. The reaction products were separated from
ZV 1 by decanting and filtering. Less than 4 percent of the U was associated with the suspended
reaction products. A 0.1 mol (M) NaCOs solution readily removed U from suspended reaction
products but not from ZV1, signifying that U was adsorbed to reaction products but not to ZVI.
Fluorescence spectroscopy confirmed that the U on the surfaces of the ZVI was in the U(1V)
oxidation state, whereas U associated with suspended corrosion products wasin the U(V1)
oxidation state. Gu et al. (1998) demonstrated that the rate of U uptake in the presence of ZVI
was slower than adsorption rates and that the shape of sorption isotherms indicated precipitation
rather than adsorption, further evidence supporting a mechanism of reductive precipitation.

1.2 Background on the Monticello and Fry Canyon
Permeable Reactive Barriers

This project is directly applicable to the Monticello, Utah, Mill Tailings National Priorities List
site and the Fry Canyon, Utah, site. An in situ PRB was installed downgradient of the Monticello
sitein 1999; it is a funnel-and-gate system with a three-zone PRB (Morrison et al. 2002a). The
furthest upgradient zone (the pretreatment zone) has 13-percent ZV1 by volume mixed with pea
gravel. Downgradient from the pretreatment zone is a zone of 100-percent ZVI, followed by the
third zone that contains 100-percent gravel and an air sparging unit. At Fry Canyon, three PRBs
were emplaced (Naftz et al. 2002). Each Fry Canyon PRB has a different reactive media:

(1) Cercona ZzV1 pellets, (2) Cercona bone charcoal (phosphate) pellets, and (3) AFO mixed with
peagravel.
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1.3 Project Operations

Fieldwork at both PRB installation sites was conducted from August 17 through August 29,
2003. Participants in the fieldwork included personnel from S.M. Stoller Corporation (Stoller),
Grand Junction, Colorado, Office (Joe Trevino, Stan Morrison, Sarah Morris, and Tim Bartlett);
Monticello, Utah, Office (Joe Slade and Todd Moon); EPA, Region VII1 (Paul Mushovic and
Rich Musa); Utah Department of Environmental Quality (David Bird); Kayenta Consulting
(Bob Schlosser); and the U.S. Geological Survey (USGS) (Dave Naftz).

DOE Task Order ST03-304 directs Stoller to conduct the Phase Il work scope. The Task Order is
based on a Statement of Work prepared by Stoller, DOE, and EPA (EPA IAG — DW-89-
95376701-7). A fieldwork plan, based on the Statement of Work, was used to manage the
fieldwork (DOE 2003a). A kick-off meeting was held on August 15 to discuss the fieldwork
scope with the participants. The Stoller Health and Safety organization was responsible for
radiological control and project health and safety. Because of possible radiological emission
from the cores, radiological controls were implemented. Radiological controls were also used to
conduct laboratory investigations of the core material. A permit for bromide injections was
received from the Utah Department of Environmental Quality.

Bench-scale investigations were conducted in the ESL at Grand Junction. Copies of the ESL
notes are provided as Appendix A.
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2.0 Bulk Chemistry Analyses

To address Objective 1 and part of Objective 2 (Section 1.0), fresh samples of the reactive media
were collected in August 2003 from the Monticello and Fry Canyon sites with a Geoprobe. The
distributions of Ca, Fe, and U in these samples were measured to help determine if significant
changes have occurred in the Monticello samples since the February 2002 coring of this PRB.
Locations of cores are provided in Figures 1 and 2.

Twenty-two vertical cores and four angle cores were obtained at the Monticello PRB site. Most
of the cores were collected near the two well transects that are currently used to monitor ground
water. The upper 6 feet (ft) or so of each core, consisting mostly of fill, was discarded at the field
site. Because of limited access at Fry Canyon, only the following borings were possible: two
vertical and two angle borings in the AFO PRB, three vertical borings in the ZVI PRB, and two
vertical borings in the bone charcoal PRB. Five samples were recovered from the AFO PRB, ten
from the ZV1 PRB, and two from the bone charcoal PRB. All cores are 1.75 inches in diameter
and were collected in plastic sleeves (except in the case of problems discussed in the following
section).

2.1 Field Methods

Some problems were encountered during the coring. Only the upper 3 ft or so (fill material) was
rigid enough to remain open as the core barrel was withdrawn. To core below this depth, a closed
barrel with a pointed tip was used to penetrate to the desired coring depth; the tip was then
released by unthreading a holding pin to initiate the coring. In some borings, the closed core
barrel could not penetrate the ZVI, probably because of increased compaction of the ZV1 with
depth. If penetration was not possible, the boring location was moved slightly and attempted
again.

In some borings, the release pin came unthreaded as the pipe was vibrated into the subsurface;
causing the core barrel to fill prior to the target depths. To overcome this problem, an open barrel
was pushed to bedrock and a continuous core was collected. A plug of bedrock at the bottom
prevented the core from falling out of the pipe as the pipe was withdrawn from the subsurface.
Removing the core from the barrel required extensive pounding with a steel mallet.

Ninety-one samples (about 4 from each core) from various depths were collected in
approximately 6-inch increments. Samples were placed in plastic zip-lock bags and were
surveyed for radioactivity before being transported to the ESL. Samples with above-background
radioactivity were appropriately labeled and manifested for transportation. Descriptions of
alluvium samples from the Monticello site are provided in Appendix B. Some samples obtained
near the front edge of the PRB had sticky clay. While not conclusive, the clay suggests a possible
smear zone that may have formed while driving sheet piling.

2.2 Laboratory Methods

Samples were dried at 90 °C, and were weighed before and after drying to calculate moisture
content. Density was not calculated because the coring methods prevented an accurate volume
determination. Radioactivity was measured before and after drying the samples; radiologic
controls, including a limited access controlled area, were implemented in the ESL. One sample
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split from each Monticello core was stored in acetone to help preserve the chemically reducing
conditions in the PRB. Additional splits of these samples were archived in glass jars without
drying. Oven-dried samples were submitted to the on-site Analytical Chemistry Laboratory
where they were digested in nitric acid using microwave energy. The digestates were analyzed
for Caand Fe by inductively coupled plasma— emission and for U by inductively coupled
plasma — mass spectrometry. The coring locations were determined by measuring from wells
located within afew feet of the borings.

The same analysis methods for Ca, Fe, and U were used for the Fry Canyon samples. Fewer
samples were available from each Fry Canyon core than at Monticello because of athinner zone
of reactive material and because the angle borings only penetrated a portion of the reactive zone.
Each 6-inch core of reactive material was sampled, and all samples were processed for chemical
anaysisin the same manner as the samples from Monticello.

2.3 Resultsof Bulk Chemical Analyses

Results of bulk chemical analyses were used to estimate the change in chemical conditionsin the
PRBs over time as addressed in Objective 1 (Section 1.0).

2.3.1 Monticdlo

Raw data from the chemical analyses are provided in Appendix C; core locations are shown on
Figure 1. Tables 1 through 4 present the solid-phase chemistry for cores collected August 2003
and for cores collected at the same locations in February 2002. Each value listed in the tablesis
the mean of the individual sample results (usually four) from that core. Valuesin columns 5 and
6 are the rates of constituent deposition based on an initia period of 32 months (June 1999
through February 2002) and a study period (February 2002 through August 2003) of 18 months,
respectively.

The U inventory increased during the study period in all but one core (PE 10) from the
gravel/ZV1 zone (Table 1). The mean rate of U deposition in the gravel/ZV1 zone increased by
18.2mg - kg™ - mo* from the initial period to the study period. The mean U inventory in the
Z\V/ | zone increased by 8.63 mg/kg during the study period (Table 2). The U deposition rate
(0.48 mg - kg™ - mo™) in the ZV1 zone during the study period is higher than the rate

(0.03mg - kg™ - mo™?) for theinitial period but is significantly less than the rate

(25.9mg - kg™ - mo™) in the gravel/ZV1 zone. Although the U deposition rates appear to
increase substantially for the study period, the meansin both the gravel/ZV1 and ZVI zones are
biased by one high value (PE 9 and PE 3; Table 1 and Table 2).

Cacium inventories in the gravel/ZV1 zone increased in 60 percent of the cores during the study
period (Table 3). At some locations, Ca was apparently removed from the gravel/ZVI. The mean
deposition rate (110.4 mg - kg™ - mo™) during the study period is lower than the mean rate
(931.2) for theinitial period, suggesting that calcium carbonate precipitation is decreasing in the
gravel/ZV1 zone. The Cainventory increased in 73 percent of the cores collected from the ZV|1
zone with amean increase of 8,400 mg/kg (Table 4). The mean Ca deposition rates are similar
for theinitial and study periods (459 and 466.7 mg - kg™ - mo™, respectively) suggesting that
precipitation of calcium carbonate isrelatively constant in the ZV1 zone.
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Dissolved-phase and solid-phase concentration data were obtained along two transects across the
PRB (R1-M3 and R1-M4; see Figure 1 for locations). Table 5 presents dissolved-phase
concentration gradients for the study period and for the initial period. The U gradient

(368 micrograms per liter [ug/L]) across the gravel/ZV1 zone in transect R1-M 3 during the study
period is similar to the mean U gradient (334 ug/L) during the initial period. The U concentration
gradient at transect R1-M4 isonly 163 pg/L, indicating variability in the reactivity along the
length of the gravel/ZV1 zone. The Ca concentration gradient in the gravel/ZV 1 zone has
decreased from 47.0 mg/L during the initial period to values of 2.8 and 14 mg/L for the two
study-period transects. The similar Ca concentration gradients across the ZV1 zone during the
study period (99 and 141 mg/L) and the concentration gradient (118.4 mg/L) during the initial
period (Table 5), suggest that reaction removal rates have remained relatively constant across the
zone.

Ground water flux for the study period was cal culated along each transect using dissolved phase
concentration gradients and the increases in solid-phase inventories. Details of the calculation
method are available in Morrison (2003). Calculated ground water flux ranges from 2.1 to

10.4 gallons per minute (gal/min) for the study period, which is similar to the range (3.0 to

6.3 gal/min) calculated for theinitial period (Table 6). The similarity in flux rates suggests that
ground water flow through the PRB has not been significantly impeded by ZV1 corrosion
products.

2.3.2 Fry Canyon

Fry Canyon was not cored in February 2002. Table 7 presents analytical results for one core
sample from the ZV1 PRB, one from the bone charcoal PRB, and two from the AFO PRB that
were collected and analyzed in September 1999 as part of a previous project. Bulk chemical
concentrations were also determined for samples of the same material that had not been used in a
PRB (“fresh” samples). The bulk chemical results for the current study are listed in Table 8, and
core locations are shown on Figure 2.

The concentrations of U in the August 2003 ZV1 PRB core samples are relatively low with a
mean of 8 mg/kg (Table 8). The U concentrations are similar to the concentration (9.8 mg/kg)
measured in asingle sample collected in September 1999. On the basis of the U gradient in
samples collected across the ZV1 PRB and the ground water flow rates measured in tracer
studies, much higher concentrations of U were expected (Naftz et al. 2002). The low U
concentrations may be because a highly concentrated U zone was not adequately sampled.
Another possibility isthat ground water flow through the PRB is less than indicated by the
monitoring program, but this scenario seems less likely because the ground water deposited a
significant mass of U in the other two PRBs.

The bone charcoal PRB had the highest U concentrations (mean 996 mg/kg in the August 2003
samples) of the three PRBs (Table 8). The bone charcoal PRB also had the highest U value
(216 mg/kg) among all samples collected in September 1999 (Table 7). One sample from
August 2003 had the highest U concentration (3,130.0 mg/kg) ever encountered in core samples
from aPRB. One explanation for the high concentrationsis the ability of the bone charcoal to
sorb U throughout the pellets, not just on the outside surface (Section 4.0). The mean U
concentration in the August 2003 sample (996 mg/kg) is considerably higher than the
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concentration of the single sample (216 mg/kg) collected in September 1999, but there are too
few samples to accurately determine the rate of accumulation.

Uranium concentrations (mean 197 mg/kg) in the AFO PRB samples are intermediate to U
concentrations in the other two PRBs (Table 8). One U value (19.0 mg/kg) is much lower than U
concentrations in other samples, and this sample also has a much lower Fe concentration,
reflective of less AFO. The samples have different proportions of AFO and gravel; ratios of U to
Fe can be used to establish the amount of U uptake that is due solely to the AFO. Ratios of U to
Fe in the samples collected August 2003 range from 1.51 to 2.30 milligrams per gram (mg/Q);
whereas the two samples collected September 1999 have U to Feratios of only 0.85 and

0.77 mg/g (Table 9). From these results, it appears that the AFO has continued to sorb U since
1999, but the number of samplesistoo few to be conclusive. The bulk U concentrations remain
well below the concentration (19 mg U/g Fe) encountered in alaboratory test using Fry Canyon
site ground water with adissolved U concentration of 2 mg/L.

The mean Ca concentration in the August 2003 samples from the ZV1 PRB is 35,046 mg/kg
(Table 8), and the Ca concentration in the September 1999 sample is 10,900 mg/kg (Table 7).
These values are much higher than the Ca concentration (1,710 mg/kg) in a fresh sample of
Cercona ZV | péllets, indicating that Ca (probably as calcium carbonate) is accumulating in the
ZV| PRB. Significant Ca does not appear to be accumulating in the bone charcoa or AFO PRBs.
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3.0 Reactivity Tests

To further evaluate the changes taking place in the ZVI PRBs (Objective 1), an investigation was
conducted to determine the reactivity of the ZV1 at the two project sites. As ZV1 reacts with
ground water, some of the ZV1 islost by dissolution and formation of corrosion products. In
addition, ZV|I grains can lose reactivity as mineral precipitants coat their surfaces. In an effort to
determine the proportion of ZVI remaining in the PRB, a hand magnet was used to separate ZV |
in some samples. It was readily apparent, however, that magnetic separation was inadequate for
determining ZV| composition because the magnetic separates contained a large proportion of
corrosion products that could not be separated by physical means. Electron microprobe
examination revealed relatively thick mineral coatings on many ZV|I grains (DOE 2002b),
confirming the strong association of corrosion products with the ZV1 grains.

Because ZV1 generates H, gas when in contact with aweak acid (HCI) and ZV1 isthe only
materia in these samples to do so, atest was devised that measures the ZV1 concentration based
on gas pressure (DOE 2003b). Gas pressure increase that was due to H, generation in a closed
vessel was used to determine the relative reactivity of samples containing ZV1. Other
components of the sample also react with HCI. For example, calcium carbonate reacts with HCI
to produce CO,, which adds to the pressure. CO, generation from calcium carbonate usually
occurs much faster than H, generation from ZV 1, and the two processes can be differentiated on
time and pressure plots. The term “reactivity” as used in this report refers to 10,000 times the
rate constant (min*) for generation of H. (Section.3.1).

The reactivity method was devel oped during this project and has not been used previously. The
gas generation curves yield agreat deal of information regarding the mineralogy of the samples
and is simple to implement. The curves were useful in making a preliminary evaluation of the
PRB reactivity. With additional method development, particularly in the evaluation of complex
gas-generation curves, more detailed information about the reactivity and mineralogy of the PRB
could be interpreted. Appendix D presents reactivity values for all samples.

3.1 Analysisand Calculation Methods

A glass OMNI glass chromatography column (Omnifit cat no. 006412) (15 mm diameter by
150 mm length) was used as the reaction vessel. A sample (0.2 g within 2 mg) was placed in the
column. A 5-mL aliquot of 5 percent HCl was injected into the bottom of the column to make
contact with the sample. A valve was used to close the column, and pressure data were collected
every second for 1 hour.

An Excel spreadsheet model was used to evaluate the pressure curves. Several different
approaches were tested to mode the reactivity curves, including both first order (dependent on
ZV1 concentration only) and second order (dependent on ZV1 and hydrogen ion [H']
concentrations). Similarly, the carbonate dissolution was modeled with various rate laws. The
modeling is still being refined; however, amodel using first-order dissolution of both ZVI and
carbonate fit the data reasonably well and was used to evaluate reactivities for this project. It was
assumed that the gas pressure is due only to CO, from calcite dissolution and H, from ZV|1
corrosion. Factors considered in the model include (1) mol-for-mol dissolution of calcite and
generation of COy; (2) calcite dissolution is first-order rate controlled; (3) 1 M of ZV| dissolution
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generates 2 M of Hy, the reaction isfirst-order rate controlled; (4) ideal gases are assumed; and
(5) gas solubilities are controlled by Henry’s law.

3.2 Reactivity Testson Standards

Reactivity tests were conducted on a number of ZVI standards and on standard specimens of
potential corrosion products (aragonite, calcite, hematite, magnetite, and siderite). Duplicate tests
on standards were conducted to determine the reproducibility of the reactivity tests. Figure 3
presents the results of duplicate runs on three different ZV1 samples and one calcite sample;
these results indicate that the pressure curves are reasonably reproducible. The small variations
observed are probably due to sample heterogeneity or inconsistent pressure readings at pressures
above about 25 pounds per square inch (psi) (the upper limit of the pressure gauge is about

35 psi).

Figure 4 shows examples of reactivities of arange of standard ZV1 samples. Reactivity curves
for magnetite powder (with virtually zero reactivity) and calcite powder (with rapid CO,
evolution) are shown for comparison. Fisher —100 mesh ZV | has the highest rate of H, evolution,
followed by Peerless —60 +100 mesh ZV 1, then Fisher —40 mesh. Coarse-grained Peerless 4 +20
ZV | hasthe lowest reactivity.

Figure 5 presents reactivity curvesfor avariety of carbonate minerals. Calcite powder generates
CO, at the highest rate; coarser crystalline sparry calcite and aragonite evolve CO, at slightly
lower rates. Siderite generates little CO, gasin contact with the 5 percent HCIl. Magnetite and
hematite generate little or no gas (Figure 6).

Three reactivity curves using various masses (0.1, 0.2, and 0.3 g) of Fisher —40 mesh ZV1I were
used to test the model (Figure 7). As expected, the tests that used more ZV| generated pressure at
a higher rate. The first-order rate model, although not perfect, is able to reproduce the results
reasonably accurately. The rate constant for carbonate dissolution was fit so that the model curve
was between the measured curves for sparry and powdered calcite (Figure 8).

3.3 Reactivity Testson PRB Samples

The gas generation curves for many of the PRB ZVI samples did not fit the model-generated
curves. In some cases, a poor fit appeared to result from generation of CO, gas for longer time
periods than for standard samples. Anomalously long periods of CO, generation could result if
carbonate minerals are intergrown with other corrosion products. For the purpose of assigning
reactivities, it was assumed that the rate of H, generation was best quantified by the slope of the
curve after most of the carbonate had dissolved and before pressure increased to near the limit of
the gauge. Therefore, the fit of the first-order model at 60 minutes was used to determine
reactivity values. With this method, the reactivity values are interpreted to be a function of the
rate of H, generation that is directly related to ZV1 corrosion rates. The amount of carbonatein
the samples could be qualitatively assessed by observing the early pressure increase but the
amount was not quantified (Figure 9).

The reactivity of asampleis affected by the size fraction. Therefore, the results could be biased
by the sample splitting method used to yield the 0.2-g samplesin the test. Figure 10 demonstrates
the effects of sample grain-size fraction. It is clear that nearly all the carbonate in the sampleisin
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the —200 mesh fraction; the coarser fractions contain a higher proportion of ZV1. The slope at 60
minutes on the bulk sample is nearly the same as the slope on both coarse-grained fractions; thus,
the reactivity determined from the bulk sample should reasonably approximate the ZVI content
of the sample. A small laboratory spatulawas used to collect a 0.2-g sample for analysis; efforts
were made to collect the sample without grain size bias. In samples containing gravel

(gravel/ZV1 zone at Monticello and AFO from Fry Canyon), the sample consisted of matrix only,
the gravel was purposely avoided.

Table 10 presents a summary of the reactivity values of the PRB samples. A fresh (unusedin a
PRB) sample of Peerless ZV1 -8 +20 mesh (the ZV1 used in the ZV1 zone at Monticello) has a
mean reactivity value of 4.4. The reactivity of ZV-zone samples collected from above the water
table should also represent original ZV1 reactivity; the mean reactivity of ZVI zone samples
collected from above the water tableis 3.5 (Appendix D). The difference between the mean
reactivities of fresh ZV1 (4.4) and ZV1 collected from the unsaturated zone (3.5) suggests a small
amount of corrosion of the ZV1 while residing in the unsaturated zone, but the difference could
result from sample heterogeneity.

Mean reactivity values of samples collected from the gravel/ZV1 zone appear to have declined
from February 2002 to August 2003 (1.7 versus 1.3) (Table 10). Although reactivity likely
reduces over timein the gravel/ZV1 zone, the relatively small difference in reactivity values
between February 2002 and August 2003 could be statistically insignificant, as suggested by the
high standard deviations presented in Table 10. If we assume that the fine-grained matrix of the
gravel/ZV1 zone material is composed of only ZVI and its corrosion products, then the ZV1 in
the gravel/ZV1 zoneis less reactive than that of the ZV1 zone for both sampling periods. This
observation is also supported by the relatively high abundance (determined qualitatively from
reactivity curves) of carbonate mineralsin the gravel/ZV1 samples. The lower reactivity of ZVI
in the gravel/ZV1 zone compared to the ZVI zone is consistent with other data, such as the
predominance of U in the gravel/ZV1 zone.

Mean reactivity values of samples collected from the ZVI zone were slightly lower in
February 2002 than in August 2003 (3.0 versus 3.7) (Table 10). The difference between these
mean reactivity valuesis likely due to the high variance of the populations as suggested by the
relatively high standard deviations.

The reactivity value of afresh sample of the CerconaZV1 pellets used at Fry Canyon was 2.9;
whereas, the mean reactivity value of samples collected from the PRB was 1.3 (Table 10). These
results suggest that the samples have lost some reactivity even though little U precipitated in the
PRB samples (Section 2.3.2).
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End of current text
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4.0 Fission Track Analysis

Uranium atoms fission when bombarded with neutrons, and the fission products produce visible
tracks in a sheet of mica when properly etched. This effect was used to map the U distributions
in PRB samples to determine the association between U and mineral grainsin the samples. This
activity supports Objective 3 (Section 1.0)

4.1 Methods

PRB samples preserved in acetone were used for the fission track investigation. The samples
were air dried and additional acetone was added during the drying process to displace any
residual water. Uncovered polished thin sections were made of six samples from the Monticello
PRB and six samples from the Fry Canyon PRB (Table 11). A thin sheet of muscovite micawas
taped over each thin section directly in contact with the sample. A carbide stylus was used to
make |ocation marks through the mica and into the underlying slide. The thin sections, with the
mica sheets, wereirradiated for 1 hour in areactor at the Denver Federa Center to achieve a
neutron dose of about 0.8 x 10'® neutrons per square centimeter. The neutron bombardment
causes U in the sample to fission, and the energized fission products produce atom dislocations
in the mica sheet.

Some elements, such as sodium in the glass slide, become radioactive during irradiation. The
samples were retained at the reactor site for about 2 weeks to allow some of the induced
radiation to decay, then the samples were returned to the ESL. Because the samples were still
radioactive, they were placed in a radioactive materias area; however, the samples were il
radioactive after another 2 weeks, with counts up to 3 millirems per hour. A few flakes of mica
were removable, so the analysis at the ESL was conducted under radiological controls.

The micawas etched for 1 minute in hydrofluoric acid. The etching causes the dislocations to
become tracks that are visible at high magnification. Thus, the final product is a detailed map, on
the mica sheet, of the U distribution in the sample. The samples were viewed with a petrographic
microscope. Using the location marks, the fission-track maps (mica sheets) were oriented the
same as the thin section so that the fission tracks could be associated with individual grains.

4.2 Resaults

Samples from the ZV1 zones at Monticello and Fry Canyon have few fission tracks, consistent
with their low U concentrations (Table 11). Fission track densities were highest in the samples
from the gravel/ZV1 zone at Monticello, where U is associated with the rims of many of the ZVI
grains. Alsointhe gravel/ZV1 zone, U isdispersed at low levels throughout some of the fine-
grained matrix but is also concentrated into “hot spots’” within the matrix. The hot spots may be
remnant ZV1 grains that are too small to be recognized petrographically or are due to larger
grains mostly buried below the surface of the thin section. Fission-tracked rims do not occur on
grains of any other mineralsin the samples, indicating a close association between U and ZV |
surfaces. It appears that much more U is directly associated with ZV1 than with the fine-grained
corrosion products in the matrix. The distribution of U suggests that U uptake by ZV | surface-
mediated processes dominates over uptake by corrosion products.
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In contrast to the ZV1 grains, fission tracks are distributed relatively evenly throughout bone
charcoal grainsin samples from Fry Canyon. This distribution suggests that U-bearing solutions
are able to penetrate the Cercona bone charcoa pellets so that internal surfaces are available for
U uptake. Samples from the AFO PRB contain fission tracks throughout most of the AFO, but
tracks are often concentrated in small hot spots. The hot spots may result from grains or floccules
of AFO or may be crystallization centers. The U distribution suggests that most of the AFO
surface adsorption sites were accessible to the ground water.
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5.0 Hydrology Testsat Monticello

Hydrologic investigations at the Monticello site included hydraulic conductivity determinations
at 42 locations and tracer dilution tests at 20 locations. These activities support Objective 2
(Section 1.0).

5.1 Hydraulic Conductivity Deter minations

Forty-two rising-head slug tests were conducted August 26 to 28, 2003, to determine hydraulic
conductivity of the gravel/ZV1 and ZV | treatment zones of the PRB. Three wells completed in
the alluvial channel were also tested. Slug test locations are shown on Figure 11. Field
methodology consisted of using pressurized nitrogen gas to displace the water table within atest
well. After the water level had stabilized, which typically occurred at the top of the well intake,
the gas pressure was relieved and the ground water recovered to its static level. A pressure
transducer coupled to a datalogging system and a portable computer were used to measure and
record the water level data. Real-time viewing of test progress was possible using
hydrogeological software designed for aquifer test analysis (AquiferWin32 Version 3.5). Test
conditions were similar for each well: in general, the depth to ground water was about 5 ft below
ground surface and well intakes spanned the lower half of the aquifer, which isabout 10 to 15 ft
below ground surface. Four wells that were tested (T2-S, T3-S, T4-S, T5-S[Figure 11]) are
completed about 5 ft higher than other wells.

Three tests were completed at each well. Slug test data were analyzed to estimate hydraulic
conductivity using the solution of Bouwer and Rice (1976) embedded in AquiferWin32. Results
showed a high level of reproducibility among the triplicate tests; Table 12 presents a summary of
the results. Conductivity among all tests ranged from 1.4E-03 to 9.0E-02 cm/s, as determined
from results of the three-test average per well. The corresponding arithmetic and geometric
means are 1.8E-02 and 1.1E-02, respectively. Bulk conductivity of the gravel/ZV1 zoneis
indicated to be equal to that of the ZV1 zone, and the alluvium at the test locations is equally or
dlightly less conductive than the treatment zones (Table 12).

Spatial distribution of hydraulic conductivity as determined from the August 2003 slug testsis
illustrated on Figure 12 and on Figure 13 with proportionally scaled symbolsto indicate relative
magnitude. Maximum conductivity values appear to correspond to the central region of the PRB
(relative to itslong axis), although some low values also resulted in that area. The distribution
may indicate that flow rates within the central region are more variable than in either end of the
PRB, particularly to the south. The limited data set for shallow wells completed in the upper half
of the aquifer indicates that there is probably no difference in hydraulic conductivity between the
northern and southern portions of the PRB.

Table 13 presents the results of slug tests conducted at five wellsin June 2000 and August 2003.
Conductivity estimates were similar for both test events at the aluvia wells (wells R1-M2 and
R1-M3). However, the conductivity values estimated for the ZV1 from the recent tests were
amost an order of magnitude less than the June 2000 results, possibly because of precipitation in
the ZVI.
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5.2 Trace Dilution Studies
5.2.1 Field Methods

Twenty-four single-well tracer dilution tests were conducted from August 18 to 29, 2003, to
determine ground water flow rates within the Monticello PRB. Test locations consisted of 20
wells; 10 wells completed in the gravel/ZV1 zone and 10 wells completed in the ZV 1 treatment
zone (Figure 14). Four wells were tested in duplicate.

The tests used a 120-mL slug of 10,000 mg/L sodium bromide solution tagged with red food
coloring asthe tracer. A peristaltic pump was used to circulate ground water at approximately
250 mL/min from an inlet placed at the top of the well screen to abromide sensor and then to the
pump outlet placed at the bottom of the well screen (upward flow). Dilution data were collected
for at least 3 hours per well (data were collected for about 8 hoursin two of the tests) after
injection of the bromide. Down-hole tubing used to circulate ground water and tracer solution
was 0.25-inch (outside diameter) polyethylene. Each well screen measured 5-ft in length and
extended upward from near the base of the reactive zones.

Bromide concentrations were measured with Cole-Palmer (Model A-27504-02) ion-selective
electrodes, and data were recorded using aVernier Logger Pro system connected to a laptop
computer. The raw measurements are in millivolts (mV) of signal. Calibrations were performed
at least daily on samples with O, 1, 10, 100, 1,000, and 10,000 mg/L concentrations of bromide.
A log-linear equation was fit to the calibrations. R-squared values for the curve fits exceeded
0.99 indicating an excellent fit of the calibration data to the calibration equation. The calibrations
were conducted on ice-chilled standards made with de-ionized water. Because both temperature
and solution matrix can dightly affect the reading, the measurements may have errors to about
10 percent. A 1,000-mg/L bromide standard made from site ground water had nearly the same
reading as the standard made from de-ionized water, indicating reasonable accurate calibration
using the de-ionized water standards.

In addition to the dilution tests, vertical bromide concentrations in the ground water were
measured in 10 wells at various times following tracer injection by the same circulation method.
These profiles were measured by lowering a bromide ion-selective electrode into a monitoring
well and recording data at every foot of depth. Calibrations were conducted at |least daily.
Vertical profile tests were conducted from August 18 through August 27, 2003.

5.2.2 Test Results

Test results were developed as a plot of bromide concentration in relation to time for each well.
Figure 15 presents example test plots. Under the test conditions, approximately 25 minutes of
continuous circulation el apsed after bromide injection and prior to probe detection.
Concentrations then peaked within the next several minutes, typically followed by a period of
about 25 minutes during which the concentration oscillated significantly through one or more
cycles during a net declining trend. A relatively stabletail of decreasing concentration typified
the remainder of the test period. Peak concentrations for many of the tests approached the
assumed initial value of about 1,100 mg/L for the test interval (tubing, tracer slug, and well
screen volumes). Among the remaining tests, peak values generally ranged between about 500
and 2,000 mg/L. The oscillating behavior and the non-ideal peak concentrations may be the
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result of preferentia flow and incomplete mixing of the tracer solution in the well casing early in
the tests.

5.2.3 DataAnalysis

For the type of dilution test conducted within the PRB, the rate that the concentration of tracer C
decreasesin the test interval is

dC/dt = -Av.C/W (Freeze and Cherry 1979; egn. 9.25), (Eqg. 1)

where A is the cross-sectional areathrough the center of the test interval normal to ground water
flow, vsistheground water velocity across the well screen, t is elapsed time, and W is the volume
of the test interval. Integration and rearrangement yields

Vs = -W/AL In (C/Cp) (Freeze and Cherry 1979; egn. 9.27), (Eq. 2

where C and Cp are the final and initial and concentrations, respectively, during the time interval
t. Each dilution curve was analyzed using this second relationship to estimate the ground water
velocity across the well screen. Effects of diffusion were excluded.

Two sets of velocity determinations are reported in Table 14. Curves were first analyzed to
exclude data from the early period of oscillation. In the second analysis, the initial time was
assumed to coincide with either a measured concentration approximating the theoretical initial
value of 1,100 mg/L or the peak if the maximum concentration was significantly lower. Inclusion
of the oscillation period in the analysis generally resulted in greater apparent velocity. Mean
velocity for the two sets of analyses were 0.47 (oscillation period excluded) and 0.82 feet per day
(ft/day) (oscillation period included). The overall rangein velocity for both sets of analysesis
about 0.1 to 1.5 ft/day.

Figure 16 presents the results in map view with proportionally scaled symbols to illustrate the
relative magnitude of velocity. Spatial variation appears random and the computed values do not
display awide variation. Localized stagnation may be indicated among the lowest values.
Figure 17 illustrates the relationship between hydraulic conductivity of the treatment zones, as
determined by slug testing (Section 5.1), and estimated ground water velocity (post-oscillation
dataset). In generd, the plot indicates that the measured tracer velocity is not a function of the
measured hydraulic conductivity under the conditions of this study.

The preceding analysis estimated the ground water flow velocity in the well screens. Average
linear velocity within the surrounding PRB mediais calculated by dividing the well-screen
velocity by the corresponding porosity, assuming the local flow field is not significantly distorted
by the well completions. Installation of PRB wells used direct-push technology and no artificial
filter pack, thus supporting this assumption. Therefore, an assumed PRB porosity of 50 percent
resultsin average linear velocities that are twice the well-screen velocities reported in Table 14
and on Figure 16 and Figure 17.
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5.2.4 Ground Water Flux Through PRB

The calculated rates of ground water flow through the PRB, using both average well screen
velocities presented in Table 14, are 1.8 and 3.1 gal/min, respectively. This estimate assumes a
cross-sectional area perpendicular to flow of 105 ft by 7 ft (approximate saturated thickness).
Ground water flow through the PRB was previously estimated to be about 9 gal/min from results
of apumping test conducted in December 2001 (DOE 2002) and between about 3 and 6 gal/min
averaged for the first 2.7 years of operation as determined from chemical mass balance analysis
of PRB core samples obtained in February 2002 (DOE 2002a).

5.25 Vertical Dilution Profiles

Tracer injection for the eight dilution tests started on August 18 and 19, 2003, was by the method
described in Section 5.2.1. However, circulation was typically maintained only until soon after
the peak bromide concentration was attained. Injection at four wells per day was accomplished in
relatively rapid succession. Following the concentration peak interval, automated data logging
was replaced by manua measurement with a down-hole probe, at 1-ft depth intervals, beginning
3 to 30 hours after the injection and repeated every severa hours or more (no overnight readings)
through August 27, 2003. Example vertical profiles are shown on Figure 18 for well R5-M9 for
times of 27 and 49 hours after bromide injection (Appendix E contains all the profiles). Red
shading on Figure 18 from 9.5 to 14.5 ft below ground surface represents the screen interval of
well R5-M9.

For this test, ground water and tracer solution were circulated via pump inlet and outlet tubing at
about 9.5 and 14.5 ft, respectively (upward flow), for about 1 hour after injection. Asin all tests
measuring vertical concentration, bromide was detected above the circulation interval. Typical of
these tests, relative stagnation above the screen isindicated over time while tracer solution in the
screen section becomes diluted (Figure 18). Dilution within the test interval was essentially
completed well within 24 hoursin all tests, but significant concentrations of bromide commonly
persisted in the stagnant zone for 48 hours or more after tracer injection.

Manual measurements were too infrequent or the test was too far advanced to allow calculation
of apparent velocity, either by appending the data to the early time results obtained with the data
logger or by analyzing only the late-time manually measured values. In general, these first eight
tests provided a basis to measure gross test response and to refine the field method for the later
tests.
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6.0 Rgjuvenation Tests (Monticello)

Ground water chemistry data for samples from the PRB at Monticello indicate that reactivity has
decreased. Datain this study also indicate that carbonate minerals and iron oxide corrosion
products have precipitated in the ZVI matrix. Other PRB sites have experienced similar
decreases in reactivity and precipitation of corrosion products (e.g., Wilkin and Puls 2003). Also,
data presented in this report indicate that ZV 1 is still present in zones that have lost reactivity. If
the corrosion products could be removed while leaving ZV1 intact, the reactivity of the PRB may
be improved. This section reports on preliminary laboratory tests conducted to evaluate the
efficiency of severa solventsfor reuvenating ZVI-based PRBs. Batch tests using standard
specimens of ZV 1 and corrosion products were performed to determine the amount of mineral
dissolution after a specific time period. Subsequently, one solvent was used in a column test to
determine regjuvenation efficiency under flow conditions. These activities support Objective 4
(Section 1.0).

6.1 Batch Tests

Batch tests were conducted by combining a solid material (Table 15) with a solvent, agitating for
aperiod of time, filtering, and then analyzing the filtrate for Ca and Fe. The amount of Caor Fe
removed was used as an indication of the degree of solution of the solid material.

6.1.1 Reuvenation Tests With Sodium Acetate Buffer

Sodium acetate (NaOAcC) adjusted to a pH value of 5 using glacial acetic acid (NaOAc buffer) is
often used to remove calcite from clay samples in preparation for hydrometer tests

(Jackson 1979). The NaOAc buffer is used because it can remove calcite without affecting the
clay mineral composition.

NaOAc buffer (50 mL) was combined with 50 mg of powdered calcite in a 50-mL plastic
centrifuge tube. Three additional tubes contained 2 g of the fresh gravel/ZVI mixture used in the
gravel/ZV1 zone in the Monticello PRB and 50 mL of NaOAc buffer. The tubes were agitated
end-over-end for various periods of time at room temperature. After agitation, they were
centrifuged, decanted, and preserved with nitric acid. Calcium and Fe concentrations were
determined by flame atomic absorption.

Gas was generated, and consequently, an increase in pressure occurred during agitation in the
tests with gravel/ZV1, and asmall amount of liquid was lost by leakage. The pressure was
probably due to generation of H, gasfrom ZVI corrosion. About 88 percent of the calcite was
dissolved, indicating that NaOA c was effective at dissolving calcite (Table 16). Calcium was
also removed from the three gravel/ZV1 samplesin approximately equivalent amounts,
suggesting that all the calcite in the samples was dissolved. Unfortunately, much of the ZV1 also
was dissolved. For the sample that agitated for 39 hours, about 86 percent of the ZVI was
dissolved (based on 13 percent by volume ZV1 in the gravel/ZV1; the density of the ZV1 was
2.4 g/mL, and the density of the gravel was 1.7 g/mL). Because of the capacity to dissolve the
ZV1, NaOAc is not suitable as a chemical rejuvenation agent.
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6.1.2 Reuvenation TestsWith EDTA

Ethylenediaminetetraacetic acid (EDTA) isan industrial organic chelating agent used in
cleansers, vegetable oils, and pharmaceuticals and to decontaminate radioactive surfaces and
remove insoluble deposits of Ca. The tetrasodium salt of EDTA with aformula of
(NaOCOCH2),NCH,CH,N(CH>COONa), « H,0 (Baker 1693-7) was tested in this study as a
potential ZVI PRB rejuvenation agent. Its use in many consumable itemsindicatesit isrelatively
nontoxic.

In one set of tests, 50 mL of 0.1 M EDTA was combined with 2 g of fresh gravel/ZV1 samples
and various amounts of concentrated HCI to adjust the pH value (Table 17; tests 1 through 3).
The mixtures were agitated end-over-end for 9 hours, centrifuged, and decanted. VVa ues of final
pH ranged from 8.25 to 11.02. The amount of Caremoved from the sample was similar at all
three pH values and was more than the amounts removed by NaOOAc (Table 16). The amount
of Fe removed from the gravel/ZV1 mixtures increased significantly as pH decreased (Table 17;
test 1 through 3). Additional tests evaluated the ability of 0.1 M EDTA to dissolve powdered
calcite, ZV I, hematite, and magnetite from standard specimens. The EDTA was moderately
effective at dissolving calcite; it did not dissolve much of the Fe minerals (Table 17; tests 4
through 7). In another set of tests, the effect of the EDTA concentration on dissolution of a
mixture of calcite and ZVI was examined. Lowering the EDTA concentration from 0.1 M to
0.025 M caused a decrease in the dissolution of both calcite and ZVI (Table 17; tests 7 through
10). The combined results indicate that EDTA in a solution with a high pH value may be
beneficia for ZV1 PRB rejuvenation because it can remove large amounts of calcite while
leaving most of the ZV1 intact.

6.1.3 Reuvenation Tests With Ammonium Oxalate

Ammonium oxalate [ (NH4)2C204 « H,0] solution buffered with oxalic acid to apH value of 3is
used to selectively remove amorphous, or poorly crystalline, ferric oxides from soil samples
(Smith and Mitchell 1987). The extractant is prepared by mixing 0.2 M ammonium oxalate
solution with 0.2 M oxalic acid in the proportion 4:3 by volume. The dissolution effects of this
extractant were evaluated for calcite, ZV1, and avariety of ferric oxides. A 40-mL volume of
extractant was agitated with 0.5 g samples of powdered calcite, ZV1, and avariety of iron oxide
standard materials to determine the extent of dissolution. Agitation was conducted in 50-mL
glass Erlenmeyer flasks using an orbital motion in atemperature-controlled bath (Precision
Model 25) at 25 °C.

The buffered ammonium oxalate extractant was ineffective at removing calcite (Table 18). In the
rejuvenation tests with iron-based materias, it was most effective in removing Fe from AFO and
magnetite. In addition to its ineffectiveness at removing calcite, ammonium oxalate is one of the
most toxic of the compounds tested. Ammonium oxalate is not suitable for ZV1 PRB
rejuvenation.

6.1.4 Reguvenation Tests With Buffered Sodium Dithionite and Sodium Citrate

Sodium dithionite (Na&xS,04, also called sodium hydrosulfite) is commonly used together with
sodium citrate and sodium bicarbonate to selectively remove crystalline ferric iron from soil
samples (Jackson 1979). This extractant is often referred to as citrate bicarbonate dithionite
(CBD). Each constituent of the CBD extractant has a purpose in helping to dissolve ferric
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minerals, the citrate chelates Fe, dithionite chemically reduces ferric to ferrousiron, and
bicarbonate buffers the pH. Citrate, by itself, is often used to chelate metals and is also used in
many consumable products. Citrate and bicarbonate are nontoxic.

Sodium dithionite, by itself, has also been used for remediating chromium contamination by
injection of its dissolved form into ground water (Vermeul et al. 2002). Aswith CBD, dithionite
causes reduction of ferric to ferrousiron. In the subsurface, dithionite decomposes rapidly to
compounds with low toxicity.

Extraction of Fe and Ca was tested with mixtures containing sodium dithionite, sodium citrate,
and/or sodium bicarbonate. A 40-mL volume of solution was agitated with 0.5-g samples of
powdered calcite, ZV 1, and a variety of iron oxide standard materials to determine the extent of
dissolution. Agitation was conducted in 50-mL glass Erlenmeyer flasks using an orbital motion
in atemperature controlled bath (Precision Model 25) at 25 °C.

Sodium dithionite, by itself, removed 6.8 mg Cafrom the calcite sample (about 3 percent of the
calcite) and 5.6 mg of Fe from the ZVI sample (Table 19; items 4 and 5). It removed up to

17.4 mg of Fefrom AFO, 8.2 mg of Fe from magnetite, and 10.4 mg of Fe from hematite.
Although the sodium dithionite was able to preserve the ZV1 reasonably well, it was unable to
dissolve a significant portion of calcite. Sodium dithionite may be useful in removing ferric
oxides or reducing them to ferrous minerals. Aswith ZV1, ferrous minerals have the capacity to
reduce some metals to an insoluble form.

Sodium citrate, combined with sodium bicarbonate, extracted 10.0 mg of Cafrom the calcite
sample (about 5 percent of the calcite) and little Fe (Table 19; items 6 through 10). However, the
dissolution of iron-based materials was highest for ZV 1. These results suggest that sodium citrate
may be useful in removing calcite from a PRB but may dissolve some ZV1 while leaving Fe
corrosion products intact.

A solution of CBD (0.27 M sodium citrate, 0.11 M sodium bicarbonate, and 0.1 M sodium
dithionite), mixed in the same proportions as in Jackson (1979), was tested for extraction of
calcite, ZVI, and Fe oxides (Table 19, items 11 through 15). CBD removed 8.4 mg of Cafrom
the calcite sample (about 4 percent of the calcite). It also removed some of the ferric oxides, but
the ZV1 was |least affected. The results with CBD are similar to those with dithionite alone, but
more AFO was removed with CBD.

Results of some of the previous tests suggest that an increase in pH valuesin a CBD extractant
may have a positive effect on calcite dissolution. Therefore, an extractant using citrate carbonate
dithionite (CCD) was designed that used carbonate (as potassium carbonate [K.CO3]) instead of
bicarbonate to buffer pH. The pH value of CCD is9.70 compared to 6.98 for CBD. Testswere
conducted in the same manner as previous tests, and the results are presented in Table 19 (items
16 through 20). Less calcite was dissolved using CCD than with CBD; no other significant
changes were apparent.
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6.1.5 Reuvenation TestsWith Sodium Dithioniteand EDTA

The CBD extractant previoudly discussed combines a chelating agent (citrate) with a chemical
reductant (dithionite). The effects of using EDTA instead of citrate as the chelating agent were
investigated. A 40-mL volume of extractant solution was agitated with 0.5-g samples of
powdered calcite, ZV1, and a variety of iron oxide standard materials to determine the extent of
dissolution. Agitation was conducted in 50-mL glass Erlenmeyer flasks using an orbital motion
in atemperature-controlled bath (Precision Model 25) at 25 °C.

Extraction of Fe and Cawas tested with amixture of EDTA and sodium dithionite; for control,
the same tests were conducted with only EDTA (Table 20). By comparing the Caand Fe
removal with EDTA aone (Table 20, items 1 through 5) to testswith EDTA and dithionite
(Table 20, items 6 through 10), it was determined that the presence of dithionite had little effect
on mineral dissolution.

Some of the previous results suggested that the pH values of extractants using EDTA and
dithionite may have an effect on the mineral dissolution capability. A titration of EDTA with
sodium dithionite solution was conducted to determine a solution composition that has a pH
value greater than 9.17 used in the previous tests. The selected solution contains 0.16 M EDTA
and 0.057 M sodium dithionite and has a pH value of 9.69 (Table 21; items 6 through 10). Tests
were conducted with this high-strength mixture in the same manner as described for the low-
strength EDTA/dithionite solution.

Table 21 presents the results of the high-strength EDTA/dithionite solution tests and the tests
with 0.1 M EDTA. The tests containing dithionite (Table 21; items 6 through 10) dissolved
essentially the same amounts of calciteas0.1 M EDTA aone (Table 21; items 1 through 5).
Slightly more iron oxide minerals were dissolved by the higher strength solution than by the
lower strength solution (compare datain Table 20 to datain Table 21). However, the results of
the higher strength mixture do not represent a significant improvement over the lower strength
mixture.

6.1.6 Reuvenation Tests With Hydroxylamine Hydrochloride

Hydroxylamine hydrochloride (NH,OH . HCI) mixed with acetic acid (CH3;COOH) has been
used as an extractant to selectively remove iron and manganese oxides from soil samples
(Landa 1982). The solution used for the tests was made by combining 1 M hydroxylamine
hydrochloride solution with 25 percent (by volume) concentrated glacial acetic acid, the same as
used by Landa (1982). Agitation was conducted in 50-mL glass Erlenmeyer flasks using an
orbital motion in atemperature-controlled bath (Precision Model 25) at 25 °C.

The pH value of the hydroxylamine hydrochloride solution is 1.48. The solution removed

224.8 mg of Cafrom the calcite sample, which is essentially total dissolution (Table 22).
Unfortunately, this extractant also dissolved 86.4 mg of Fe from the ZV1 sample (about

17 percent of the sample). The ferric oxides were relatively unaffected, bringing into question the
use of this extractant to selectively remove ferric oxides. Hydroxylamine hydrochloride is more
toxic than most of the other extractants tested.
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6.1.7 Summary of Batch Reguvenation Tests

Batch tests described in Sections 6.1.3 through 6.1.6 were conducted with the same methods;
orbital agitation of a40-mL sample in a 50-mL glass volumetric Erlenmeyer flask in temperature
controlled bath at 25 °C for 2 hours. Figure 19 presents a summary of the results of these tests.
Extractants that remove large amounts of calcite with small amounts of ZV1 are considered most
favorable for usein rejuvenating aZVI1 PRB. Removal of large amounts of AFO, hematite, and
magnetite is aso considered beneficial.

Sodium citrate/potassium carbonate/sodium dithionite and ammonium oxalate/oxalic acid
removed the least calcite. Hydroxylamine hydrochloride removed the most calcite, but also
removed the most ZV1. All other extractants were nearly equally effective in removing calcite
and ZV1. Of these, 0.05 and 0.1 M EDTA were the most effective. Therefore, EDTA was
selected for preliminary column testing. Unfortunately, EDTA was relatively ineffectivein
removing ferric oxides.

6.2 Column Tests

A preliminary column test was conducted to better evaluate the effectiveness of EDTA as an
extractant to rejuvenate ZVI1 PRBs. EDTA was selected for its ability to remove calcite while
leaving most of the ZV1 intact.

6.2.1 Methods

The test was conducted in a 2-inch-diameter clear acrylic column packed with afresh gravel/ZVI
mixture (the same material that was used in the gravel/ZV1 zone of the Monticello PRB). The
gravel/ZV1 isamixture of 2,500 Ib of -4 +20 Peerless ZV 1 to 9 cubic yards of 3/8-inch pea
gravel. Dry weight of the gravel/ZV1 in the column was 1602.5 g. Influent solution flowed from
the bottom to the top of the column using a peristaltic pump.

Influent to the column was synthesized to be similar in major ion composition to ground water
from well R1-M3, located immediately hydraulically upgradient of the Monticello PRB.

Table 23 presents the compositions of the R1-M 3 ground water and the synthesized column
influent water. Influent solution was stored in a 20-L plastic carboy feed tank that was constantly
stirred with a magnetic stir bar. Gaseous CO, flowing into the feed tank through a gas diffuser
stone was used to control influent pH and alkalinity values. Flow rates for CO, ranged from 0 to
20 milliliters per minute (mL/min).

A programmable fraction collector was used to collect samples for analysis. Calcium and Fe
concentrations were determined by atomic absorption on samples preserved with nitric acid.
Alkalinity was measured by titration with sulfuric acid. Vaues of pH and oxidation-reduction
potential (ORP) were made with inline probes with data fed to an automated data collection
system.
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6.2.2 Resaults

Synthetic ground water flowed through the column at 0.7 mL/min for about 12 days. During that
time, the mean influent and effluent pH values were about 6.8 and 7.5, respectively (Figure 20).
The mean ORP values were about +180 and less than —400 mV, respectively. The Cainventory
in the column solids increased by about 1 g because of Ca-mineral precipitation as determined
from the difference in Ca concentrations between influent and effluent (Figure 21). There was no
significant change in the Fe inventory (Figure 21).

After about 12 days (25.8 pore volumes), the influent was changed to 0.1 M EDTA (asthe
tetrasodium salt; Baker 1693-7) and the flow rate increased to 10 mL/min for about 5 pore
volumes before switching back to synthetic ground water. The pH value in the column effluent
increased to about 11.5, similar to the EDTA influent value of about 11 (Figure 20). Calcium and
Fein the effluent EDTA solution increased to maximum concentrations of 2,520 and

2,000 mg/L, respectively (Figure 20).

Although the concentration of Fein the effluent increased substantially during EDTA injection,
the inventory of Fe decreased only dlightly (Figure 21). In contrast, all the Ca precipitated from
the influent water and an additional 755 mg was removed by the EDTA solution (Figure 21). The
additional Cawas probably present in calcium carbonate mineralsin the gravel. These positive
results may encourage additional investigations with EDTA as aregjuvenation agent.
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7.0 Summary and Conclusions

This report presents data from detailed investigations of the Monticello and Fry Canyon PRBs.
Samples for the investigation were collected in August 2003 and represent conditions
approximately 4 years after installation of the Monticello PRB and 6 years after installation of
Fry Canyon PRB. Theinvestigationsincluded (1) bulk chemical analysis, (2) determination of
relative reactivity in ZV1 samples, (3) determination of uranium distributions in small samples of
reactive material using fission track anaysis, (4) hydraulic conductivity measurements by gas
slug injection, (5) ground water velocity analysis by tracer dilution analysis, and (6) evaluation
of ZV1 rgjuvenation using various chemicals.

Bulk chemical analysis indicated that the Monticello PRB treated ground water at about the same
flux rate (approximately 5 gal/min) from February 2002 through August 2003 as it did from
installation (June 1999) through February 2002. Calcium and U continue to be deposited in the
PRB. Of the three PRBs at Fry Canyon, U is most concentrated in the bone charcoal PRB and
moderately concentrated in the AFO PRB. Samples from the Fry Canyon ZVI PRB have low U
concentrations. The unexpectedly low concentrations in the ZV1 PRB may be due to sampling
bias or may result from low ground water flow through that PRB.

Reactivity of ZV1 samples can be easily evaluated by the addition of dilute HCI to the samplein
aclosed vessel and measuring the pressure increase (because of formation of Hy). Calcium
carbonate al so causes pressure to increase because of evolution of gaseous CO,. The rate of gas
evolution can be used to differentiate ZV1 from carbonate minerals. A smple model was
developed during this study to analyze the pressure curves. While this model isinsufficient to
guantify the amounts of ZV1 and calcium carbonate, it was useful in defining relative reactivities
(i.e., amounts of ZV1) of the samples. Mean reactivity of samples from the Monticello PRB
suggeststhat ZV 1 in the gravel/ZV1 zone is less reactive than in the ZV1 zone. The mean
reactivity valuesin the Monticello gravel/ZV1 zone decrease over time, consistent with agradual
decrease in reactivity noted in ground water chemistry data. Mean reactivity values of samples
collected from the ZV 1| zone a Fry Canyon PRB is less than fresh samples, suggesting some loss
of reactivity over time.

Fission track mapsindicate that U is concentrated on the rims of ZVI grains. In contrast, U is
disseminated throughout bone charcoal and AFO grains. This distribution suggests that more
surface areais available for U uptake in bone charcoal and AFO PRBsthan in ZVI PRBs.

On the basis of the August 2003 slug test results, geometric means of hydraulic conductivity for
the aluvium, gravel/ZV1 zone, and ZV1 zone at the Monticello PRB are 0.011, 0.012, and
0.011 cm/s, respectively. Slug test results for the three wells with data from two time periods
show that hydraulic conductivity decreased by about 80 to 90 percent in the ZV1 zone from
June 2000 to August 2003. Tracer dilution data from August 2003 report a ground water flux
through the Monticello PRB of between 1.8 and 3.1 gal/min, which is lower than previous
estimates.
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Bench-scal e tests were conducted to evaluate the potential for rejuvenation of ZVI1 PRBs using
chemical solvent flushing. Solvents tested include (1) tetrasodium EDTA, (2) ammonium
oxalate, (3) sodium dithionite, (4) sodium citrate, and (5) hydroxlyamine hydrochloride. Some
tests were conducted with combinations of these solvents, sometimes with bicarbonate or
carbonate as a pH buffer. Suitable rejuvenation agents were defined by the high ability to
dissolve calcite (a ZVI corrosion product that occludes porosity), low dissolution of ZVI, and
low toxicity; the ability to dissolve AFO, magnetite, and hematite was also considered favorable.
Most of the solvents and combinations were able to dissolve some calcite; however, most also
dissolved some ZV1. Of the solvents tested in batch mode, EDTA was considered to be the most
suitable and was selected for a preliminary column test. The column test indicated that EDTA
was ableto remove all the calcite deposited during ZV | corrosion and some of the calcite
initially present in the column fill material. While some ZV 1 was also dissolved by the EDTA,
the change in the Fe inventory was insignificant.
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8.0 Recommendations

Some recommendations for additional work are

e Mass baance of bulk chemical analysis of reactive material is perhaps the most reliable
means to determine the amount of ground water being treated by a PRB. It would be useful to
apply this method to other PRBs.

e Better methods for sampling solidsin PRBs are needed.

e Additional samples of Fry Canyon reactive media are needed to calculate areliable mass
balance. Because of current access restrictions at the site, these samples will need to be
collected during PRB decommissioning.

¢ Onthe basis of these high concentrations of U in the Fry Canyon bone charcoal and AFO
PRBs, these materials should be reconsidered for use in future PRBs.

e Additiona calibration and modeling efforts are needed to perfect the reactivity test. This test
isasimple means of evaluating reactive media and could be developed as afield test.

e Slugtestsusing gasinjection are arapid means of evaluating hydraulic conductivity of PRBs
and could be applied at other sites. It would be worthwhile to conduct these tests again at
Monticello after another 1 to 5 years of operation.

e Additional laboratory tests of chemical flushing agents are needed prior to implementation in
afield test.
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End of current text
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Tables

Table 1. Comparison of February 2002 to August 2003 Uranium Data for Monticello Gravel/ZVI Zone

Core Feb 02 Aug 03 Feb 02 to Aug 03| Jun 99to Feb 02 | Feb 02 to Aug 03

2003 Raw Data U Raw Data U Delta U Dep03|tL(1)n Ra[? Deposmgn RaEtla

(mg/kg) (mg/kg) (mg/kg) (mg -kg~-mo ) | (mg -kg— -mo™)
PE 2 157 274 117 4.9 6.5
||PE 7 92.65 804 711.35 2.9 39.5
||PE 8 156.65 821.93 665.28 4.9 37.0
||PE 9 156.65 2,741.33 2,584.68 4.9 143.6
||PE 10 437 405 -32 13.7 -1.8
||PE 14 371 533.75 162.75 11.6 9.0
||PE 15 269 362.75 93.75 8.4 5.2
||PE 16 251.75 290.75 39 7.9 2.2
||PE 17 190.28 444.48 254.2 5.9 14.1
PE 19 384.43 448.13 63.7 12.0 3.5
Mean 246.6 712.6 466.0 7.7 25.9

Table 2. Comparison of February 2002 to August 2003 Uranium Data for Monticello ZVI Zone

Core Feb 02 Aug 03 Feb 02 to Aug 03| Jun 99 to Feb 02 | Feb 02 to Aug 03
2003 Raw Data U Raw Data U Delta U Deposm_?n RaEtla Deposm_(l)n Ra'Etl—:t
(mg/kg) (mg/kg) (mg/kg) (mg -kg™-mo™) | (mg-kg™ -mo™)
PE 3 0.04 86.84 86.8 0.001 4.822
lPE 4 0.02 0.61 0.59 0.001 0.033
lPE 5 0.01 1.45 1.44 0.000 0.080
lPE 6 0.01 0.02 0.01 0.000 0.001
lPE 11 0.98 6.08 5.1 0.031 0.283
lPE 12 0.09 0.05 -0.04 0.003 -0.002
lPE 13 0.16 0.07 10.09 0.005 -0.005
lPE 18 1.75 4.83 3.08 0.055 0.171
lPE 21 1.01 0.47 054 0.032 -0.030
lPE 23 0.98 3.22 2.24 0.031 0.124
PE 24 6.29 2.61 3.68 0.197 -0.204
Mean 1.03 9.66 8.63 0.03 0.48
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Table 3. Comparison of February 2002 to August 2003 Calcium Data for Monticello Gravel/ZVI Zone

Core Feb 02 Aug 03 Feb 02 to Aug 03| Jun 99to Feb 02 | Feb 02to Aug 03

2003 Raw Data Ca| Raw Data Ca Delta Ca Deposm_?n RaEtla Deposm_?n RaEtla

(ma/kg) (mg/kg) (mg/kg) (mg-kg™ -mo™) | (mg-kg -mo™)
PE 2 35,600 18,963 -16,637 1,112.5 -924.3
||PE 7 37,575 25,650 -11,925 1,174.2 -662.5
||PE 8 35,600 25,550 -10,050 1,112.5 -558.3
||PE 9 35,600 40,467 4,867 1,112.5 270.4
||PE 10 23,150 42,400 19,250 723.4 1,069.4
||PE 14 26,900 40,800 13,900 840.6 772.2
||PE 15 27,125 32,848 5,723 847.7 317.9
||PE 16 32,300 39,875 7,575 1,009.4 420.8
lPE 17 29,050 23,350 5,700 907.8 316.7
PE 19 15,075 27,950 12,875 471.1 715.3
Mean 29,797.5 31,785.3 1,987.8 931.2 110.4

Table 4. Comparison of February-2002 to August-2003 Calcium Data for Monticello ZVI Zone

Core Feb 02 Aug 03 Feb 02 to Aug 03| Jun 99to Feb 02 | Feb 02to Aug 03
2003 Raw Data Ca| Raw Data Ca Delta Ca Dep05|t1(1)n Raf? Dep03|t1(1)n Raf?
(mg/kg) (mg/kg) (mg/kg) (mg-kg™-mo™) | (mg-kg™-mo™)
PE 3 8,680 25,380 16,700 271.3 927.778
lpE 4 28,283 27,600 -683 883.8 -37.944
"PE 5 11,465 25,750 14,285 358.3 793.611
"PE 6 11,465 23,100 11,635 358.3 646.389
"PE 11 11,510 41,200 29,690 359.7 1,649.444
lPE 12 5,295 13,905 8,610 165.5 478.333
lPE 13 11,485 9,778 1,707 358.9 -04.833
"PE 18 15,185 19,488 4,303 474.5 239.056
"PE 21 24,785 14,678 -10,107 774.5 -561.500
lPE 23 11,510 22,125 10,615 359.7 589.722
PE 24 21,850 30,910 9,060 682.8 503.333
Mean| 14,683 23,083 8,400 459 466.7
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Table 5. Chemical Gradients in Ground Water Samples Collected Across the Monticello PRB

Period Zone Transect Constituent Gradient
Feb 02 — Aug 03 gravel/zZVI N/A® Calcium 47.0 mg/L
Feb 02 — Aug 03 gravel/zVi N/A® Uranium 334 ug/L
Feb 02 — Aug 03 ZVI N/A Calcium 118.4 mg/L
June 02 — Feb 02 gravel/zVI R1-M3 Calcium 2.8 mg/L
June 02 — Feb 02 ZVI R1-M3 Calcium 99 mg/L
June 02 — Feb 02 gravel/ZVI R1-M3 Uranium 368 ug/L
June 02 — Feb 02 gravel/zVI R1-M4 Calcium 14 mg/L
June 02 — Feb 02 ZVI R1-M4 Calcium 141 mg/L
June 02 — Feb 02 gravel/ZVI R1-M4 Uranium 163 pg/L

% N/A = not applicable; the values presented are means for the entire length of the PRB as provided in Morrison 2003.
Data from See_Pro database.

Table 6. Summary of Monticello Ground Water Flux Calculations; Flux Is Normalized to Total
Length of PRB (see text)

Period Transect Parameter Zone Calculateq Flux
(gal/min)
June 02 — Feb 02 N/A? Calcium gravel/zVI 6.3
June 02 — Feb 02 N/A® Calcium ZVI 3.0
June 02 — Feb 02 N/A? Uranium gravel/zVI 6.3
June 02 — Feb 02 N/A? Vanadium gravel/zVI 4.2
Feb 02 — Aug 03 R1-M3 Calcium gravel/zVI Not Possible”
Feb 02 — Aug 03 R1-M3 Calcium ZVI 3.7
Feb 02 — Aug 03 R1-M3 Uranium gravel/zVI 104
Feb 02 — Aug 03 R1-M4 Calcium gravel/zVI 2.4
Feb 02 — Aug 03 R1-M4 Calcium ZVI 4.1
Feb 02 — Aug 03 R1-M4 Uranium gravel/ZVI 2.1

#N/A = not applicable; the values presented are means for the entire length of the PRB as provided in Morrison 2003.
® Calcium was lost from along this transect.

Table 7. Results of Chemical Analysis of Fry Canyon Cores Collected September 1999 and

Fresh Material

PRB, depth Aluminum Calcium Iron Manganese | Sodium
(ft) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
BC? 15-15.2 17,500 286,000 1,620 1331 5,270
BC, fresh 17,400 267,000 854 12.4 5,600
ZVI, 12-13 157 10,900 704,000 6,180 6,690
ZVI, fresh 130 1,710 824,000 6,930 6,420
AFO, 13 2,600 30,000 157,000 884 4,020
AFO, 14-14.2 25,600 21,300 22,100 461 6,580
AFO, fresh 40,900 14,900 33,800 494 14,000
PRB, depth Total Inorganic | Total Organic Uranium | Vanadium
(1) Compounds Compounds (ma/kg) (ma/kg)
(mg/kg) (mg/kg)
BC, 15-15.2 897 3,660 216 <0.68
BC, fresh 617 19,600 1.9 <0.68
ZVl, 12-13 7,780 1,180 9.8 79.6
ZV|, fresh 718 <30 2.3 98.4
AFO, 13 11,700 1,890 134 31
AFO, 14-14.2 8,030 3,550 17.1 25.6
AFO, fresh 1,760 38 2.9 41.9

*BC = bone charcoal.
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Table 8. Results of Chemical Analysis of Fry Canyon Cores Collected August 2003
(see Figure 2 for locations)

Core Core |Bottom | Radio- :
- . |Moisture
a Sample |Interval|lnterval |Sample|activity Ca Fe U
Sample Zone Content
Date start end Depth (dry)b (wat %)° (mg/kg) | (mg/kg) [(mg/kg)
(ft) (ft) (ft) | (dpm)

PEZVI 1-3 ZV| | 8/22/2003 4.5 10 10.0 0.00 [ 13.51 11,800 693,000 4.6
"PEZVI 1-4 ZVI| | 8/22/2003 10 11.4 10.4 0.00 | 13.38 9,760 674,000 4.1
"PEZVI 1-5 ZV| | 8/22/2003 10 11.4 10.7 0.00 | 13.61 4,700 771,000 0.5
lPEZVI 1-6 zvi | 8222003 | 10 114 | 111 000 1390 | 46,200 | 653,000 1.7
||PEZVI 2-4 ZVI| | 8/22/2003 6 11 8.9 3,000 9.45 34,900 643,000 59.0
"PEZVI 2-5 ZV| | 8/22/2003 6 11 9.6 0.00 [ 10.27 82,200 558,000 7.3
"PEZVI 2-6 ZVI| | 8/22/2003 6 11 10.3 0.00 | 11.17 27,200 699,000 1.1
"PEZVI 3-3 ZV| | 8/22/2003 6 9.7 8.2 0.00 8.84 15,400 691,000 1.3
"PEZVI 3-4 ZV| | 8/22/2003 6 9.7 9.0 0.00 [ 11.60 66,600 563,000 0.9

PEZVI 3-5 ZVI| | 8/22/2003 6 9.7 9.7 0.00 | 12.93 51,700 558,000 0.6

Mean 300 12 35,046 650,300 8

PEBC 1-4 BC | 8/22/2003 6 11 9.3 (9,000 37.62 266,000 1,010| 503.0
"PEBC 1-5 BC | 8/22/2003 6 11 10.2 28,500 31.77 246,000 3,780 (3,130.0
||PEBC 2-4 Fill/BC | 8/22/2003 6 11 10.0 3,000 26.53 246,000 1,200| 206.0

PEBC 2-5 BC | 8/22/2003 6 11 11.0 |1,500 38.00 271,000 1,740| 144.0

Mean 10,500 33 257,250 1,933 | 996

PEAFO 1-4 AFO | 8/22/2003 4.5 11.5 10.1 [3,000 12.13 13,000 170,000 | 257.0
||PEAFO 2-3 AFO [ 8/22/2003 4 11 8.2 (1,000 13.84 24,300 103,000 | 237.0
||PEAFO 2-4 AFO | 8/22/2003 4 11 9.6 (2,000 12.89 11,100 171,000 275.0

PEAFOA 2-6 AFO | 8/22/2003 9 13 11.0 [1,000 8.52 35,300 10,400 19.0

Mean 1,750 12 20,925 113,600 | 197
4PEZVI = ZVI PRB, PEBC = bone charcoal PRB, and PEAFO = AFO PRB.

b dpm = disintegrations per minute.

° wgt % = weight percent.

Table 9. U to Fe Ratios for AFO PRB Samples
Sample Collection Date U:Fe
(ma/g)
PEAFO1-4 August 2003 1.51
PEAFO2-3 August 2003 2.30
PEAFO2-4 August 2003 1.61
PEAFO2-6 August 2003 1.83
AFO13 September 1999 0.85
AFQ014-14.2 September 1999 0.77
Batch Test” Not Applicable 19
®Laboratory batch test conducted with Fry Canyon site water containing 2 mg/L uranium.
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Table 10. Summary of Reactivity Values (compiled from data in Appendix D)

Category Mean Standard Deviation Count
Standard: Peerless ZVI -8 +20 mesh 4.4 0.9 7
Standard: Fisher ZVI 40 mesh 7.9 1.6 3
Standard: Cercona ZVI Pellets 29 - 1
Monticello: Feb. 2002, ZVI zone 3.0 1.1 25
Monticello: Aug. 2003, ZVI zone 3.7 1.1 49
Monticello: Feb. 2002, gravel/ZVI zone 1.7 0.8 11
Monticello: Aug. 2003, gravel/ZVI zone 1.3 1.0 47
Fry Canyon: ZVI pellets 13 0.7 10

Table 11. Summary of Fission Track Analysis

Site Sample Number Media U Description of Fission Tracks
(mg/kg)

Monticello PE 3-7 gravel/zVI 95.5 Lightly tracked ZVI rims

Monticello PE 7-8 gravel/zVI 1,210 Diffuse tracks with hot centers. Some
ZVI grains with heavily tracked rims

Monticello PE 8-9 gravel/ZVI 1,640 Moderately tracked ZVI rims. Only ZVI
grains have tracked rims. Some diffuse
tracks in matrix.

Monticello PE 11-8 ZVI 2.1 No tracks

Monticello PE 17-11 gravel/zVI 345 Many diffuse tracks, some grain
boundaries are hot

Monticello PE 18-17 ZVI 5.6 Few tracks, a few diffuse bands

Fry Canyon PEAFO 1-4 AFO 257 Diffuse tracks and hot grains in AFO

Fry Canyon PEAFOA 2-6 AFO 19 Few tracks

Fry Canyon PEZVI 1-2 ZVI na No tracks

Fry Canyon PEZVI 2-6 ZVI 1.1 No tracks

Fry Canyon PEBC 1-4 BC 503 Moderate track density completely
penetrates bone charcoal grains

Fry Canyon PEBC 2-5 BC 144 Light to moderate tracks completely
penetrates bone charcoal grains
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Table 12. August 2003 Slug Test Results
. Test 1 Test 2 Test 3 Test Avg.
Well ID Completion Zone (cmls) (cmis) (cmis) (cm/s)
R1-M2 alluvium 6.3E-03 5.4E-03 5.0E-03 5.6E-03
[R1-M3 alluvium 1.5E-02 2.3E-02 2.0E-02 1.9E-02
[R1-M5 alluvium 1.3E-02 1.3E-02 1.3E-02 1.3E-02
[R2-M1 gravel/zVI 1.9E-02 2.1E-02 2.0E-02 2.0E-02
[R2-M2 gravel/zVI 1.0E-02 1.0E-02 1.1E-02 1.0E-02
[R2-M3 gravel/zVI 1.0E-02 1.1E-02 1.1E-02 1.1E-02
[R2-M4 gravel/zVI 6.0E-03 6.8E-03 7.1E-03 6.6E-03
[R2-M5 gravel/zVI 2.1E-02 2.2E-01 2.4E-02 9.0E-02
[R2-M6 gravel/zVI 3.3E-02 3.4E-02 3.4E-02 3.4E-02
[R2-M7 gravel/zVI 1.2E-02 1.2E-02 1.3E-02 1.2E-02
[R2-M8 gravel/zVI 2.7E-03 2.8E-03 2.8E-03 2.7E-03
[R2-M9 gravel/zVI 3.5E-02 3.7E-02 3.7E-02 3.7E-02
[R2-M10 gravel/zVI 4.0E-03 4.4E-03 5.0E-03 4.5E-03
[R3-M1 gravel/zVI 4.0E-03 4.2E-03 4.7E-03 4.3E-03
[R3-M2 gravel/zVI 6.4E-03 7.0E-03 7.5E-03 7.0E-03
[R3-M3 gravel/zVI 8.7E-03 9.6E-03 9.6E-03 9.3E-03
[R3-M4 gravel/zVI 2.5E-02 2.7E-02 2.5E-02 2.5E-02
[R4-M1 ZVI 3.1E-03 3.0E-03 2.9E-03 3.0E-03
[R4-M2 ZVI 1.3E-02 1.3E-02 1.3E-02 1.3E-02
[R4-M3 ZVI 1.4E-03 1.4E-03 1.4E-03 1.4E-03
[R4-M4 ZVI 1.4E-03 1.3E-03 1.4E-03 1.4E-03
[R4-M5 ZVI 1.2E-02 1.0E-02 1.0E-02 1.1E-02
[R4-M6 ZVI 4.7E-03 4.8E-03 4.7E-03 4.8E-03
[R4-M7 ZVI 8.2E-03 8.6E-03 8.7E-03 8.5E-03
[R4-M8 ZVI 2.8E-03 2.8E-03 2.7E-03 2.8E-03
[R5-M1 ZVI 1.9E-02 1.8E-02 1.8E-02 1.9E-02
[R5-M2 ZVI 5.6E-03 5.5E-03 5.5E-03 5.5E-03
[R5-M3 ZVI 1.2E-02 1.2E-02 1.2E-02 1.2E-02
[R5-M4 ZVI 2.9E-02 2.8E-02 2.7E-02 2.8E-02
[R5-M5 ZVI 1.8E-02 1.9E-02 1.9E-02 1.9E-02
[R5-M6 ZVI 8.4E-02 8.6E-02 8.6E-02 8.5E-02
[R5-M7 ZVI 6.3E-02 6.3E-02 6.3E-02 6.3E-02
[R5-M8 ZVI 3.2E-02 3.1E-02 3.2E-02 3.2E-02
[R5-M9 ZVI 3.0E-03 2.8E-03 2.8E-03 2.9E-03
R5-M10 ZVI 4.4E-03 4.6E-03 3.8E-03 4.3E-03
T2-D ZVI 1.6E-02 1.6E-02 1.7E-02 1.6E-02
T2-S ZVI 2.7E-02 2.9E-02 3.0E-02 2.9E-02
T3-D ZVI 3.5E-02 3.1E-02 3.1E-02 3.2E-02
T3-S ZVI 7.1E-03 9.2E-03 9.1E-03 8.5E-03
T4-D ZVI 6.2E-03 6.0E-03 5.3E-03 5.8E-03
T4-S ZVI 6.4E-02 5.5E-02 6.4E-02 6.1E-02
T5-D ZVI 4.0E-03 3.7E-03 3.5E-03 3.8E-03
T5-S ZVI 8.7E-03 8.3E-03 8.9E-03 8.7E-03
TW-12 ZVi 3.6E-02 4.3E-02 4.5E-02 4.1E-02
TW-13 ZVi 5.1E-02 5.1E-02 6.0E-02 5.4E-02
Geometric Mean of Conductivity alluvium gravel/zZVI ZVI
per Completion Zone [cm/s] 1.1E-02 1.2E-02 1.1E-02
Arithmetic Mean per Completion Zone 1.3E-02 2.0E-02 2.1E-02
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Table 13. Hydraulic Conductivity: June 2000 and August 2003

Well Calculated Hydraulic Conductivity [cm/s]
Jun-00 Aug-03 Percent Difference
R1-M2 4.5E-03 5.6E-03 24
"Rl-MS 2.3E-02 1.9E-02 -15
||R4-M2 7.3E-02 1.3E-02 -82
R4-M8 6.0E-02 2.8E-03 -95
T4-D 7.4E-02 5.8E-03 -92
Table 14. Ground Water Velocity in Well Screens (Va)
Well Start Date Va ft/de}y (gxclude Va ft/d:_ay (i_nclude Treatment
oscillation) oscillation) Zone
R2-M1 8/21/03 0.27 0.33 gravel/zVI
R2-M2 8/29/03 0.34 0.82 gravel/zVI
R2-M3 8/29/03 0.21 0.31 gravel/zVI
R2—-M4 8/29/03 0.60 0.90 gravel/zVI
R2—-M5 8/29/03 0.07 0.31 gravel/zVI
R2—-M6 8/28/03 0.58 0.87 gravel/zVI
R2-M7 8/28/03 0.43 0.77 gravel/zVI
R2—-M7 8/19/03 0.62 1.28 gravel/zVI
R2-M8 8/28/03 0.43 0.74 gravel/zVI
R2-M8 8/19/03 0.41 1.03 gravel/zVI
R2—-M9 8/28/03 1.05 1.33 gravel/zVI
R2-M10 8/18/03 0.68 1.19 gravel/zVIi
R5—-M1 8/20/03 0.41 0.34 ZV1
R5-M2 8/29/03 0.60 0.92 ZVI
R5-M3 8/29/03 0.36 0.49 ZVI
R5—M4 8/29/03 0.19 0.50 ZVI
R5—-M5 8/29/03 0.21 0.57 ZVI
R5—-M6 8/28/03 1.36 1.49 ZVI
R5-M7 8/28/03 0.32 0.37 ZVI
R5-M7 8/18/03 0.59 1.41 ZVI
R5-M8 8/28/03 0.24 0.47 ZVi
R5—-M8 8/19/03 0.13 0.20 ZVI
R5—-M9 8/28/03 0.22 0.21 ZV1
R5-M10 8/18/03 0.16 0.59 ZVI
Mean gravel/ZVI 0.47 0.82
Mean ZVI 0.40 0.63
Mean all 0.44 0.73
Minimum all 0.07 0.15
Maximum all 1.36 1.49
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Table 15. Standard Materials Used in Rejuvenation Batch Tests

Name Vendor Description
Calcite Powder Aldrich Reagent grade. Calcite only (identified by XRD).
AFO Noah Industries AFO slurry dried at room temperature
Hematite Fisher Scientific I-116-3 Reagent grade. Hematite only (identified by XRD).
Magnetite American Chemical Enterprises A-310 | Reagent grade. Magnetite only (identified by XRD).
ZVI Fisher 40 Mesh Reagent grade ZVI. Sieved to about 40 mesh.
Gravel/ZVI ZVI = Peerless -8 +20 Mixture used in Monticello gravel/ZVI zone.

Table 16. Rejuvenation Tests Using Sodium Acetate Buffer

G/Z% Calcite Shake Ca Fe Final
@) Powder Time Removed Removed oH
(mg) (hours) (mg) (mg)
0 50 14 17.6 0.1 5.01
2 0 14 5.1 132.5 5.10
2 0 20 4.6 163.5 5.14
2 0 39 3.8 301.0 5.36
*Fresh gravel/ZVI material used at Monticello.
Table 17. Rejuvenation Tests Using EDTA. (50 mL of 0.1 M EDTA)
_ EDTA Concentration Shake Start | Einal Ca Fe
Test Solids : HCI Time Removed | Removed
Concentration pH pH
(L) (hours) (mg) (mg)
1 2 g gravel/ 0.1 M 0 9 10.85 | 11.02 7.3 4.2
ZVI#
2 29 agravell 0.1 M 270 9 9.05 9.70 12.1 49.5
ZVI
3 2 g gravel/ 0.1 M 550 9 6.88 8.25 7.1 58.3
ZVPiR
4 1 g Calcite 0.1 M 0 7.5 10.85 | 11.11 191 0.0
5 1g ZVIP 0.1 M 0 7.5 10.85 | 11.13 0.1 4.0
6 1 g Hematite 0.1 M 0 7.5 10.85 | 10.76 0.1 0.1
7 1g 0.1 M 0 7.5 10.85 | 10.85 0.8 0.2
Magnetite
8 1 g Calcite + 0.1M 0 28 10.85 | 11.11 172.5 0.3
1gzvl°
9 1 g Calcite + 0.05 M 0 28 nm® | 11.06 98.5 0.2
1gzVvl°
10 1 g Calcite + 0.025 M 0 28 nm 10.90 46 0.1
1gzVvl°
®Fresh gravel/ZVI material used at Monticello.
® _6 + 10 mesh Peerless ZVI.
° nm = not measured.
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Table 18. Rejuvenation Tests Using 0.2 M Ammonium Oxalate®

Start Electrical Final Electrical Start | Einal Ca Fe
Solids® Conductivity Conductivity a & | Removed | Removed
c pH pH
(uS/cm) (uS/cm) (mg) (mg)
1 AFO 20,300 20,100 3.00 3.18 0.0 15.8
2 Hematite 20,300 20,100 3.00 3.05 0.0 0.8
3 Magnetite 20,300 20,100 3.00 3.13 0.0 13.8
4 Fisher 40 Mesh ZVI 20,300 20,200 3.00 3.12 0.0 3.9
5 Calcite 20,300 20,200 3.00 3.14 0.0 0.0

Tests conducted with 40 mL of 0.2 M ammonium oxalate buffered to a pH 3 value with 0.2 M oxalic acid and 0.5 g of
solids; 2-h agitation at 25 °C.

b Descriptions are provided in Table 15.

¢ uS/cm = microsiemens per centimeter.

Table 19. Rejuvenation Tests Using CBD Type Solutions®

ltem Solids® Solvent® Start Final Ca Removed Fe Removed
pH pH (mg) (mg)
1 AFO D 4.53 5.85 0.8 17.4
2 Hematite D 4.53 4.83 0.0 10.4
3 Magnetite D 4.53 4.11 0.1 8.2
4 Fisher 40 Mesh ZVI D 4.53 3.75 0.0 5.6
5 Calcite D 453 4.22 6.8 0.0
6 AFO CB 8.16 8.49 2.5 0.1
7 Hematite CB 8.16 8.41 0.1 0.0
8 Magnetite CB 8.16 8.44 0.7 0.1
9 Fisher 40 Mesh ZVI CB 8.16 8.57 0.1 2.7
10 Calcite CB 8.16 8.68 10.0 0.0
11 AFO CBD 6.98 7.44 2.5 42.0
12 Hematite CBD 6.98 7.19 0.1 16.2
13 Magnetite CBD 6.98 7.08 0.5 9.4
14 Fisher 40 Mesh ZVI CBD 6.98 7.08 0.1 6.0
15 Calcite CBD 6.98 7.13 8.4 0.0
16 AFO CCD 9.70 8.58 1.5 15.1
17 Hematite CCD 9.70 8.56 0.1 2.8
18 Magnetite CCD 9.70 8.63 0.2 3.0
19 Fisher 40 Mesh ZVI CCD 9.70 8.83 0.0 4.0
20 Calcite CCD 9.70 8.44 1.0 0.0

®Tests conducted with 40 mL of solution, 0.5 g of solids, and 2-h agitation at 25 °C.

bDescriptions are provided in Table 15.

°D = 0.1 M sodium dithionite; CB = 0.27 M sodium citrate with 0.11 M sodium bicarbonate; CBD = same as CB but
with 0.1 M sodium dithionite; and CCD = 0.27 M sodium citrate with 0.11 M potassium carbonate and 0.1 M sodium
dithionite.
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Table 20. Rejuvenation Tests Using Low Strength Sodium Dithionite and EDTA?

ltem Solids® Solvent Start Final Ca Removed Fe Removed
pH pH (mg) (mg)
1 AFO E 10.93 10.61 2.1 0.4
2 Hematite E 10.93 10.79 0.1 0.0
3 Magnetite E 10.93 10.82 0.3 0.0
4 Fisher 40 Mesh ZVI E 10.93 10.88 0.1 1.0
5 Calcite E 10.93 10.92 11.5 0.0
6 AFO ED 9.17 9.30 1.7 0.5
7 Hematite ED 9.17 9.25 0.1 0.0
8 Magnetite ED 9.17 9.28 0.2 0.1
9 Fisher 40 Mesh ZVI ED 9.17 9.37 0.0 4.3
10 Calcite ED 9.17 9.36 9.0 0.0

Tests conducted with 40 mL of solution, 0.5 g of solids, and 2-h agitation at 25 °C.
b Descriptions are provided in Table 15.

°E =0.05 M EDTA; ED = 0.038 M EDTA with 0.025 M sodium dithionite.

Table 21. Rejuvenation Tests Using High Strength Sodium Dithionite and EDTA?

ltem Solids® Solvent® Start Final Ca Removed Fe Removed
pH pH (mg) (mg)
1 AFO E 10.95 10.66 24 04
2 Hematite E 10.95 10.80 0.1 0.0
3 Magnetite E 10.95 10.85 0.4 0.1
4 Fisher 40 Mesh zVI E 10.95 10.97 0.1 1.1
5 Calcite E 10.95 10.88 10.1 0.0
6 AFO ED 9.69 9.21 1.5 6.7
7 Hematite ED 9.69 9.19 0.1 4.8
8 Magnetite ED 9.69 9.16 0.3 4.7
9 Fisher 40 Mesh zVI ED 9.69 9.16 0.1 4.2
10 Calcite ED 9.69 9.20 7.3 0.0
Tests conducted with 40 mL of solution, 0.5 g of solids, and 2-h agitation at 25 °C.
b Descriptions are provided in Table 15.
°E =0.1 M EDTA; ED = 0.16 M EDTA with 0.057 M sodium dithionite.
Table 22. Rejuvenation Tests Using Hydroxylamine Hydrochloride®
ltem Solids® Start Final Ca Removed Fe Removed
pH pH (mg) (mg)
1 AFO 1.48 1.52 1.9 7.4
2 Hematite 1.48 1.32 0.0 0.1
3 Magnetite 1.48 1.33 0.1 0.5
4 Fisher 40 Mesh zVI 1.48 2.20 0.0 86.4
5 Calcite 1.48 2.67 224.8 0.1
*Tests conducted with 40 mL of solution, 0.5 g of solids, and 2-h agitation at 25 °C.
bDescriptions are provided in Table 15.
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Table 23. Composition of Well R1-M3 (sampled January 14, 2003) and Synthesized Ground Water Used
in Preliminary Column Test

Constituent Units Actual . Synthesm_ed
Concentration Concentration

Na mg/L 111.00 150.60
K mg/L 213.00 222.88
Ca mg/L 52.80 53.28
MG mg/L 52.80 53.28
SOy mg/L 677.00 655.21
Cl mg/L 76.60 76.09
TIC? mg/L 76.00° 78.57
pH S.u. 6.65 6.65°
Alkalinity mg/L as CaCOs 317.00 279°

#Total inorganic carbon.

® Estimated from alkalinity.

“Varies with CO- flow.
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End of current text
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Figures

Diameter of circle is proportional to hydraulic \
conductivity, August 2003 slug testing. Example
scaling is indicated for 3 values of hydraulic conductivity.
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Figure 13. Graphical Representation of Hydraulic Conductivities Determined From August 2003 Slug

Tests at Monticello PRB (circle size proportional to hydraulic conductivity)
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Figure 14. Location of Tracer Tests
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Ground water velocity in well screen (ft/day). Symbol
size scaled proportionally to velocity. Post-oscillation
data set. Duplicate results in italics.
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Figure 16. Ground Water Velocity in Well Screen
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Sarah Morris

From: Stan Morrison
nt: Wednesday, September 24, 2003 9:48 AM
: Sarah Morris

Subject: FW: Release of samples

--—-0riginal Message-—--

From: Michael Hurshman

Sent: Wednesday, September 24, 2003 9:06 AM

To: Stan Momrison

Subject Releasa of samples

Stan, based on our surveys of the individual samples, they can be released without radiolegical controls. The surveys
indicated values lower than our release limits.
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@, orference Corrected Activity Report 11/21/03 10:41:54 AM Page 3

k***********i*****k*****iii*iﬁ*****iiti**t***ki*wi*ﬁi****i*i********iﬁ***

kgt ok INTERFERENCE CORRECTED REPORT S WHAH

*3 **ii*k***i****ii*********i*!ﬁ****i*********i*ki*k******w************
Nuclide Wt mean Wt mean
Nuclide 1d Activity Activity
Name Confidence {uCi/gram} Uncertainty
= NA-24 15+ 0.431 2.081531E+003  6.078844E+001
?‘,*CR—SlJ?dL- 0.992 4,208311E-002. 4.664678E-0C.
",FE~5BHjsdh 0.825 3.113260E-002 1.503375E-003
L AS-T762bw 0.704 5.399611E+001 7.290B50E-001
7 —R=iE5 0.543 7.799364E-001  8.573441E-002
SB-12231Me 0.870 3.9297373E-002 9.793491E-003
0.527 _ '
SB-124foas 0.319 7,157738E-004 1.085697E-003
BE-+32- 0.877 2.349579E-002 2.500721E-003
STt 0.758 1.158076E-002 8.032226E-004

nuclide is part of an undetermined solution
nuclide rejected by the interference analysis

nuclide contains energy lines not used in Weighted Mean Activity

'

X
@

nun

Errors quoted at 1.000 sigma
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Appendix B

Descriptions of Alluvium Samples from Monticello PRB



Core PEA1
Continuous push to 12 ft.

A sample of sticky gray clay was found in this core at alocation that should be about 3 ft below
grade and within 3 ft of the gravel/ZV1 zone. (Tim has this sample that Paul collected)

Sample PEA1-1 (uppermost sample; the upper 3.5 ft or so of core was discarded): This sample
was labeled soil/G in the field. It isavery small sample (about 50 mL) composed mostly of dark
brown to almost black gravel with thick coatings of sticky, gray, mud (about 2 percent mud).
Probably mostly alluvium.

Samples below thisare gravel/ZVI and ZV1.

Core PEA2

The upper 7 ft of soil were discarded.

Samples PEA2 5-7: Loose silty sand, red brown. “ Soil.”

Samples PEA2 8-10: Sticky gray clay (thiswas labeled “duff” in field notes).
Samples below this are gravel/ZV

Core PEA3
No alluvium was recovered.

Core PEA4

Continuous push from 0 to 11.5 ft.

Sample PEA4 —1: Loose soil

Sample PEA 4-2: Gravel. Dark brown. Contains piece of fabric (indicates boring penetrated the
top, not the side, of the gravel/ZV1 zone). No obvious clay.

Samples below this are gravel/ZV1 (samples 3-6) and ZV1 (samples 7 and 8).

Summary

Sticky gray clay was encountered in 2 of the 4 borings near or at the contact of aluvium with
gravel/ZV1 zone. It was not encountered in the other 2 borings but sample collection may have
been inadequate. This evidence suggests there could be an impermeable clay zone at the contact,
but the evidence isinconclusive.
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Appendix C

Results of Chemical Analysis of Monticello Cores
(see Figure 1 for locations)



Core Core Bottom Radioactivity | Moisture

Sample | Zone S%mple Interval | Interval | Sample dry) Content Ca Fe U

ate start end Depth dpm (Wgtos) mg/kg | mg/kg | mg/kg

ft ft ft

PE 2-7 G |8i192003| 65 | 95 7.5 540 7.55 | 8250 |141000| 46.50
lPE2-10 | ¢ [smno003| 95 | 115 10.2 1620 6.61 | 15200 | 115000 255.00
lPE2-13 | & |enomoos| 115 | 125 12.0 3240 6.32 | 21700 | 116000 | 435.00
lPE2-14 | ¢ [snomo03]| 115 | 125 12,5 3780 8.04 | 30700 | 196000 359.00
lPE 3-1 z |enooos| 7 9.5 7.8 1080 16.01 | 10800 |668000| 78.50
lPE 3-3 z |8mn9/2003| 7 9.5 9.5 nd 21.85 | 28300 |686000| 11.50
lPE 3-4 z |8nomoo3| o9 125 10.8 nd 18.33 | 38500 | 663000 62.70
lPE 3-5 z |819/2003| 9 12,5 12,5 4860 19.26 | 32800 | 652000 | 186.00
lPE 3-7 z |enomoos| 125 | 14 135 2160 7.74 | 16500 |659000| 95.50
lPE 4-1 z |8no2003| 6 10 10.0 nd 10.29 | 19300 |708000| 2.00
lPE 4-2 z | 81192003 | 10 14 10.7 nd 18.71 | 16400 |705000| 0.10
lPE 4-4 z | 8maz003| 10 14 12.0 nd 21.44 | 24600 [700000| 0.19
lPE 4-7 z | 8mnazo03| 10 14 14.0 nd 20.29 | 50100 |614000| 0.15
lPE 5-2 z |sn82003| 65 | 95 7.7 nd 19.32 | 19800 |724000| 2.00
lPE 5-3 z |enseoo3| 65 | 95 8.3 nd 16.37 | 21600 |751000| 3.20
lPE 5-5 z |sn82003| 65 | 95 9.5 nd 17.45 | 26300 |731000| 0.58
lPEs-10 | z |enomoos| 121 | 155 14.7 nd 21.80 | 35300 [723000| 0.02
lPE 6-1 z |enseoo3| 65 | 95 7.5 nd 17.31 | 18700 |723000| 0.02
lPE 6-2 z |sn82003| 65 | 95 8.5 nd 18.66 | 24100 |759000| 0.02
lPE 6-3 z |enseoo3| 65 | 95 9.5 nd 18.07 | 16000 |778000| 0.02
lPE 6-9 z |sns2003| 95 13 13.0 nd 10.77 | 33600 |708000| 0.02
lPE 7-5 G |8p12003| 35 | 132 9.6 3000 9.42 | 19800 | 236000 822.00
lPE 7-6 G |s8pir003| 35 | 132 10.8 3000 9.05 | 19200 | 184000 392.00
lpE 7-7 G |spipo03| 35 | 132 12.0 10500 9.60 | 28800 | 227000 792.00
lPE 7-8 G |spip003| 35 | 132 13.2 11000 57.28 | 34800 |252000(1210.00
lPE 8-4 G |spi2003| 35 13 7.3 500 6.08 | 9100 |181000| 94.70
lPE 8-7 G |8r12003| 35 13 10.2 3500 9.04 | 29200 | 117000 563.00
lPE 8-8 G |8p12003| 35 13 11.1 7500 9.86 | 40000 | 132000 990.00
lPE 8-9 G |sp12003| 35 13 12.1 7000 11.49 | 23900 | 162000 |1640.00
lPE 9-3 G |sio2003| 65 | 95 8.8 38500 20.52 | 27700 |6810001400.00
lPE 9-4 G |sinorooz| 65 | o5 9.5 18500 11.66 | 38700 | 636000 | 968.00
lPE 9-6 G |8i192003| 95 | 135 11.1 7500 13.48 | 26600 |220000[2020.00
lPE 9-7 G |s8i192003| 95 | 135 11.9 6000 10.75 | 41500 | 208000 |3330.00]
lPE 9-8 G |sioro03| 95 | 135 12.7 13500 10.21 | 49600 | 1610004630.00]
lPE 9-9 G |s8i192003| 95 | 135 135 18500 9.95 | 58700 |3650004100.00
lPE10s |  |epu2003| 35 14 8.3 1500 8.28 | 21700 | 192000 184.00
lPE106 | c |eru2003]| 35 14 9.2 2500 9.85 | 41800 | 295000 354.00
lPE107 | & |smu2003| 35 14 10.2 2500 9.56 | 37300 | 261000 567.00
lPE10-0 | c |eru2003]| 35 14 12.1 3500 12.37 | 68800 | 272000 515.00
lPE11-5 | z |8ro2003| 65 10 7.9 nd 21.88 | 42500 |661000| 11.60
lPE116 | z |8202003| 65 10 8.6 nd 21.61 | 46200 [653000| 2.70
lPE11-7 | z |eror003| 65 10 9.3 nd 23.18 | 43200 |672000] 7.90




Core

Core

Bottom

Sample [zone| Synwle. |t merval| sample | PG conent | Co | Fe | U
ft ft ft pm (wgt%)

PE11-8 | z |8r20i2003| 65 10 10.0 nd 21.26 | 32900 |711000] 2.10
lPE125s | z [smor003| 3 7 7.0 nd 16.30 | 13600 |746000| 0.05
lPE126 | z [smor003| 7 11 11.0 nd 20.30 | 9320 |754000] 0.03
lPE 127 | z |erom003| 11 13 11.7 nd 16.95 | 9000 |763000| 0.04
lPE120 | z |eromo03| 11 13 13.0 nd 20.55 | 23700 |664000| 0.06
lPE135 | z |8/2012003| 65 11 8.3 nd 93.60 | 10000 |702000| 0.05
lPE138 | z |820/2003| 65 11 11.0 nd 18.30 | 7310 |747000| 0.20
lPE139 | z |eromoo3| 11 14 12.0 nd 15.57 | 17000 | 759000| 0.05
lPE 13-10 | z |er0m2003| 11 14 13.0 nd 13.69 | 3080 |766000| 0.03
lPE13-11 | z [eom003| 11 14 14.0 nd 13.50 | 11500 [770000] 0.04
lPE14-4 | o |epu2003]| 35 14 8.2 1000 9.07 | 13100 | 205000] 274.00
lPE146 | o |8r212003| 35 14 105 4000 9.00 | 48000 | 212000/ 751.00
lPE147 | o |eru2003]| 35 14 117 4000 10.34 | 58700 |212000] 931.00
lPE148 | G |e212003| 35 14 12.8 1500 10.59 | 43400 | 222000 179.00
lPE153 | G |e212003| 35 14 7.4 8500 11.50 | 7090 |659000 ] 289.00
lPE1ss | c |eru2003]| 35 14 10.1 2500 10.12 | 39800 | 280000 545.00
lPE1s6 | o |e212003| 35 14 11.4 3500 9.23 | 42000 | 223000| 483.00
lPE1s-7 | o |eu2003| 35 14 12.7 2500 9.94 | 42500 [ 209000] 134.00
lPE16-8 | ¢ |spu2003| 35 | 135 8.8 2000 9.46 | 24200 | 213000/ 117.00
lPE16-12 | 6 |sp2w2003| 35 | 135 | 115 3500 9.38 | 46800 | 236000 484.00
lPE16-13 | ¢ |spw2003| 35 | 135 | 1202 2500 9.16 | 43400 | 214000] 135.00
lPE16-14 | 6 [sp2u2003| 35 | 135 | 128 6000 11.67 | 45100 | 261000 427.00
lPE175 | c [smor2003| 35 | 135 8.0 1000 8.41 | 15600 |201000] 151.00
lPE176 | c |smo003| 35 | 135 9.0 500 8.01 | 19700 |289000] 91.90
lPE178 | & [sr2o003| 35 | 135 | 108 6000 9.00 | 30200 |215000(1190.00
lPE17-12 | ¢ [8ror003| 35 | 135 | 135 3000 10.43 | 27900 | 104000 345.00
lPE18-4a | z |epu2003]| 35 14 5.8 500 1401 | 6440 |735000] 10.00
lPE1s7 | z |smpu2003| 35 14 7.6 nd 13.95 | 19100 |723000| 0.47
lE 18-10 | z |e8/212003] 35 14 9.3 nd 17.06 | 17400 |741000] 3.00
lPE18-12 | z |8212003| 35 14 10.5 nd 16.50 | 24100 |715000| 5.10
lPE 18-17 | z |8r12003| 35 14 13.4 nd 16.36 | 30400 |719000| 5.60
lPE19-4 | o |eor003| 35 13 8.9 4500 9.78 | 23700 | 244000] 745.00
lPE195 | o |s8202003| 35 13 10.3 5500 13.19 | 28100 | 258000 | 747.00
lPE19-6 | o |eom003| 35 13 116 2000 10.31 | 29000 | 187000 266.00
lPE19-7 | o |eor003| 35 13 13.0 nd 10.46 | 31000 | 256000 34.50
lPE21-6 | z |8r02003| 95 14 10.6 nd 12.04 | 5710 |800000| 0.09
lPE21-7 | z |e20r003]| 95 14 11.8 nd 13.99 | 26800 |711000] 0.23
lPE218 | z |8ro2003| 95 14 12.9 nd 13.46 | 9400 |740000| 0.25
lPE21-0 | z |8ro2003| 95 14 14.0 nd 16.89 | 16800 |772000| 1.30
lPE236 | z |smor003| 8 12 9.0 nd 18.95 | 18400 |768000| 0.20
lPE237 | z |smor2003| s 12 10.0 nd 20.42 | 14300 763000 0.43
lPE238 | z |smor003| 8 12 11.0 nd 21.55 | 16900 |689000| 0.44
lPE 2313 | z |emoo03| 12 | 135 | 135 nd 20.49 | 38900 | 679000 11.80




Core Core Bottom Radioactivity | Moisture
Sample [Interval|Interval| Sample y Ca Fe U
Sample |Zone (dry) Content
Date start end Depth mg/kg | mg/kg | mg/kg
dpm (wgt%)
ft ft ft
PE 24-8 Z | 8/20/2003 6.5 10 8.6 nd 21.54 5350 |606000| 0.03
"PE 24-11 Z | 8/20/2003 10 13 10.5 nd 19.33 | 22500 [721000| 1.20
"PE 24-12 Z | 8/20/2003 10 13 11.0 nd 21.74 | 20700 |734000| 0.41
lPE 24-13 | z | 82012003 | 10 13 115 nd 19.14 | 26100 |737000| 4.90
"PE 24-15 Z | 8/20/2003 10 13 12.5 nd 17.76 | 79900 [475000| 6.50

Zones: G = gravel/zVI, Z = ZVI. nd = not detected, dpm = disintegrations per minute
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Appendix D

Reactivity Valuesfor All Samples



0.2 g samples except where noted Run No. Zone Mesh Size Reactivity Water
No. Table

Standards
Cercona Pellets, -10/+18 fraction 171 na pellets 2.6 na
Cercona Pellets, -18/+35 fraction 172 na pellets 3.2 na
Connelly 1004 9 na -8 +50 4.5 na
Fisher 12 na ~40 7.0 na
Fisher 117 na ~40 9.8 na
Fisher 209 na ~40 7.0 na
Fisher 13 na -100 38.0 na
Peerless 32 na -6 +10 4.3 na
Peerless 14 na -8 +50 3.2 na
Peerless 7 na -60 +100 9.5 na
Peerless 11 na -8 +18 7.0 na
Peerless 16 na -8 +20 35 na
Peerless 90 na -8 +20 6.1 na
Peerless 91 na -8 +20 4.5 na
Peerless 92 na -8 +20 5.0 na
Peerless 100 na -8 +20 4.0 na
Peerless 101 na -8 +20 3.7 na
Peerless 102 na -8 +20 3.8 na
180 mg Peerless, 20 mg powdered calcite 114 na -8 +20 4.8 na
Peerless New WSR 51 na -8 +50 4.7 na
Peerless Traditional 52 na -8 +50 4.1 na
Peerless, grav/ZVI parent 24 na -4 +20 15 na
160 mg Fisher, 40 mg powdered calcite 123 na ~40 9.1 na
180 mg Peerless, 20 mg powdered calcite 114 na -8 +20 4.8 na
50 mg Fisher 121 na ~40 7.6 na
Hematite 22 na powder 0.0 na
Siderite 23 na -18 0.3 na
a Corrected for 100 percent ZVI (0.2 g)
TREATED ZVI Standards
Peerless, treated with 0.2 N Oxalic Acid 86 na -8 +20 35
Peerless, treated with 0.2 N H2S0O4 87 na -8 +20 5.4
Peerless, treated with10 percent HCI 88 na -8 +20 4.4
Peerless, treated with 0.2 N acetic acid 89 na -8 +20 6.1
MONTICELLO
Feb 2002 Angle Core Samples
RPMA 1-4 49 ZVI -8 +20 4.1 Above
RPMA 1-5 50 ZVI -8 +20 2.1 Above
RPMA 2-1 46 ZVI -8 +20 3.9 Above
RPMA 3-1 43 ZVI -8 +20 3.5 Above
RPMA 4-1 40 ZVI -8 +20 3.8 Above
RPMA 5-1 55 ZVI -8 +20 3.6 Above
RPMA 1-6 53 ZVI -8 +20 2.4 Below
RPMA 1-7 54 ZVI -8 +20 25 Below
RPMA 2-2 47 ZVI -8 +20 25 Below
RPMA 2-3 48 ZVI -8 +20 1.7 Below
RPMA 3-2 44 ZVI -8 +20 2.3 Below
RPMA 3-3 45 ZVI -8 +20 25 Below
RPMA 4-2 41 ZVI -8 +20 1.2 Below
RPMA 4-3 42 ZVI -8 +20 1.8 Below
RPMA 5-2 56 ZVI -8 +20 1.7 Below




Reactivity Water

0.2 g samples except where noted Run No. Zone Mesh Size NO. Table
MONTICELLO
Feb. 2002 Verticle Core Samples
RPM 64-1 66 grav/zVI -4 +20 2.8 Above
RPM 64-1, 2nd HCI 67 grav/zVI -4 +20 2.3 Above
RPM 64-1, 3rd HCI 68 grav/ZVI -4 420 0.4 Above
RPM 11-7, mag/sonic coarse split 25 grav/zZVI -4 +20 2.0 Below
RPM 11-7, mag/sonic coarse split, acid wash 26 grav/zVI -4 +20 2.0 Below
RPM 42-7 28 grav/zVI -4 +20 2.0 Below
RPM 48-4, as run 62 but 2nd HCI 63 grav/ZVI -4 +20 0.7 Below
RPM 48-4, mag split, red powder 31 grav/zVI -4 +20 0.6 Below
RPM 48-4, mag split, red powder, dup 62 grav/ZVi -4 +20 11 Below
RPM 53-4, 2nd HCI 65 grav/zVI -4 +20 2.1 Below
RPM 53-4, strange curve 64 grav/zZVI -4 +20 3.1 Below
RPM 65-5, 2nd HCI 70 grav/ZVI -4 420 1.7 Below
RPM 65-5, 3rd HCI 71 grav/zVI -4 +20 0.9 Below
RPM 65-5, not good fit 69 grav/zVi -4 +20 2.5 Below
RPM 10-11 39 ZVI -8 +20 3.4 Below
RPM 10-2 35 ZVI -18 3.5 Below
RPM 10-2 36 ZVI -8 +20 2.7 Below
RPM 10-2, coarse 33 ZVI +10 14 Below
RPM 10-7 37 ZVI -8 +20 3.0 Below
RPM 10-9 38 ZVI -8 +20 2.0 Below
RPM 13-2 72 ZVI -8 +20 4.5 Below
RPM 13-5 73 ZVI -8 +20 3.3 Below
RPM 13-6 74 ZVI -8 +20 3.1 Below
RPM 13-7 75 ZVI -8 +20 3.5 Below
RPM 16-1 77 ZVI -8 +20 4.2 Below
RPM 16-3 78 ZVI -8 +20 3.7 Below
RPM 16-4 79 ZVI -8 +20 5.4 Below
RPM 16-5 80 ZVI -8 +20 4.8 Below
RPM 61.2 81 ZVI -8 +20 3.7 Below
RPM 61-3 82 ZVI -8 +20 3.7 Below
RPM 61-6 83 ZVI -8 +20 4.8
RPM 61-8 85 ZVI -8 +20 5.0
RPM 61-8, cemented lump 84 ZVI -8 +20 5.0
MONTICELLO

ugust 2003, Samples
PE 2-7, oven dried, rad. Fines. 174 grav/zVI -4 +20 0.0
PE 2-7, oven dried, rad. Fines. 178 grav/zVI -4 +20 0.1
PE 2-10, oven dried, rad. Fines. 179 grav/ZVI -4 +20 0.3
PE 2-13, oven dried, rad. Fines. 180 grav/ZVI -4 +20 0.2
PE 2-14, oven dried, rad. Fines. 181 grav/ZVi -4 +20 0.6
PE 3-1, oven dried, rad. Fines. 182 grav/zVI -4 +20 2.9
PE 3-5, oven dried, rad. Fines. 183 grav/zZVI -4 +20 3.7
PE 3-7, oven dried, rad. Fines. 184 grav/zZVI -4 +20 3.9
PE 7-5, oven dried, rad. Fines. 185 grav/zVI -4 +20 1.0
PE 7-6, oven dried, rad. Fines. 186 grav/zVl -4 +20 1.0
PE 7-7, oven dried, rad. Fines. 187 grav/ZVI -4 +20 0.6
PE 7-8, oven dried, rad. Fines. 188 grav/zZVI -4 +20 1.2
PE 8-4, oven dried, rad. Fines. 189 grav/zVl -4 +20 0.5
PE 8-7, oven dried, rad. Fines. 190 grav/zVI -4 +20 0.5
PE 8-8, oven dried, rad. Fines. 191 grav/zZVI -4 +20 0.6
PE 8-9, oven dried, rad. Fines. 192 grav/zZVI -4 +20 0.9
PE 9-3, oven dried, rad. Fines. 193 grav/zVl -4 +20 3.1
PE 9-4, oven dried, rad. Fines. 194 grav/zVI -4 +20 2.6
PE 9-6, oven dried, rad. Fines. 195 grav/zVI -4 +20 0.1
PE 9-7, oven dried, rad. Fines. 196 grav/zZVI -4 +20 0.5

PE 9-8, oven dried, rad. Fines. 197 grav/zV| -4 +20 0.5




Reactivity Water

0.2 g samples except where noted Run No. Zone Mesh Size NO. Table
PE 9-9, oven dried, rad. Fines. 198 grav/zVi -4 +20 2.4
PE 10-5, oven dried, rad. Fines. 199 grav/zVI -4 +20 0.8
PE 10-6, oven dried, rad. Fines. 200 grav/zVi -4 +20 1.8
PE 10-7, oven dried, rad. Fines. 201 grav/zVi -4 +20 1.0
PE 10-9, oven dried, rad. Fines. 202 grav/zVI -4 +20 2.4
PE 14-4, oven dried, rad. Fines. 203 grav/zVI -4 +20 0.1
PE 14-6, oven dried, rad. Fines. 204 grav/ZVi -4 +20 1.3
PE 14-7, oven dried, rad. Fines. 205 grav/ZVi -4 +20 13
PE 14-8, oven dried, rad. Fines. 206 grav/zVI -4 +20 2.1
PE 15-3, oven dried, rad. Fines. 207 grav/zVI -4 +20 0.6
PE 15-5, oven dried, rad. Fines. 208 grav/zVi -4 +20 1.6
PE 15-6, oven dried, rad. Fines. 210 grav/zVi -4 +20 0.6
PE 15-7, oven dried, rad. Fines. 211 grav/zVI -4 +20 2.0
PE 16-12, oven dried, rad. Fines. 213 grav/zZVI -4 +20 2.0
PE 16-13, oven dried, rad. Fines. 214 grav/zVI -4 +20 2.4
PE 16-14, oven dried, rad. Fines. 215 grav/zVI -4 +20 2.1
PE 16-8, oven dried, rad. Fines. 212 grav/zVI -4 +20 1.0
PE 17-11, oven dried, rad. Fines. 219 grav/zVI -4 +20 0.2
PE 17-5, oven dried, rad. Fines. 216 grav/zVi -4 +20 0.1
PE 17-6, oven dried, rad. Fines. 217 grav/ZVi -4 +20 1.0
PE 17-8, oven dried, rad. Fines. 218 grav/zVI -4 +20 0.3
PE 18-4, oven dried, rad. Fines. 220 grav/zVI -4 +20 2.6
PE 19-4, oven dried, rad. Fines. 221 grav/ZVi -4 +20 0.5
PE 19-5, oven dried, rad. Fines. 222 grav/zVi -4 +20 0.4
PE 19-6, oven dried, rad. Fines. 227 grav/zVI -4 +20 1.3
PE 19-7, oven dried, magnetic fraction 144 grav/zVI -4 +20 2.7
PE 1-odd, oven dried 158 ZVI -8 +20 0.5
PE 3-3, oven dried 105 ZVI -8 +20 4.3
PE 3-4, oven dried 106 ZVI -8 +20 4.2
PE 4-1, oven dried 107 ZVI -8 +20 5.4
PE 4-2, oven dried 108 ZVI -8 +20 5.7
PE 4-4, oven dried 109 ZVI -8 +20 4.7
PE 4-7, acetone dried 98 ZVI -8 +20 4.7
PE 4-7, oven dried 97 ZVI -8 +20 3.6
PE 5-10, acetone dried 104 ZVI -8 +20 3.8
PE 5-10, oven dried 103 ZVI -8 +20 3.5
PE 5-2, oven dried 110 ZVI -8 +20 15
PE 5-3, oven dried 111 ZVI -8 +20 4.9
PE 5-5, oven dried 112 ZVI -8 +20 3.8
PE 6-1, oven dried 113 ZVI -8 +20 3.5
PE 6-2, oven dried 124 ZVI -8 +20 51
PE 6-3, oven dried 125 ZVI -8 +20 3.8
PE 6-9, acetone dried 96 ZVI -8 +20 5.5
PE 6-9, oven dried 94 ZVI -8 +20 4.2
PE 6-9, oven dried 95 ZVI -8 +20 3.6
PE 11-5, oven dried 126 ZVI -8 +20 3.6
PE 11-6, oven dried 127 ZVI -8 +20 3.6
PE 11-7, oven dried 128 ZVI -8 +20 3.6
PE 11-8, oven dried 129 ZVI -8 +20 4.0
PE 12-5, oven dried 131 ZVI -8 +20 2.4
PE 12-6, oven dried 132 ZVI -8 +20 3.5
PE 12-7, oven dried 133 ZVI -8 +20 3.5
PE 12-9, oven dried 134 ZVI -8 +20 2.0
PE 13-10, oven dried 138 ZVI -8 +20 3.0
PE 13-11, oven dried 139 ZVI -8 +20 2.8
PE 13-5, oven dried 135 ZVI -8 +20 21
PE 13-8, oven dried 136 ZVI -8 +20 2.3
PE 13-9, oven dried 137 ZVI -8 +20 11

PE 18-10, oven dried 141 ZVI -8 +20 3.9




Reactivity Water

0.2 g samples except where noted Run No. Zone Mesh Size NO. Table
PE 18-12, oven dried 142 ZVI -8 +20 3.7
PE 18-17, oven dried 143 ZVI -8 +20 3.4
PE 18-7, oven dried 140 ZVI -8 +20 2.9
PE 21-6, oven dried 145 ZVI -8 +20 35
PE 21-7, oven dried 146 ZVI -8 +20 3.0
PE 21-8, oven dried 147 ZVI -8 +20 35
PE 21-9, oven dried 148 ZVI -8 +20 4.4
PE 23-13, oven dried 152 ZVI -8 +20 3.4
PE 23-6, oven dried 149 ZVI -8 +20 4.4
PE 23-7, oven dried 150 ZVI -8 +20 3.8
PE 23-8, oven dried 151 ZVI -8 +20 3.0
PE 24-11, oven dried 154 ZVI -8 +20 4.4
PE 24-12, oven dried 155 ZVI -8 +20 3.9
PE 24-13, oven dried 156 ZVI -8 +20 5.0
PE 24-15, oven dried 157 ZVI -8 +20 6.5
PE 24-8, oven dried 153 ZVI -8 +20 3.7
Fry Canyon

ug. 2003 Samples
PE ZVI 1-3, oven dried 159 ZVI pellets 0.8
PE ZVI 1-4, oven dried 160 ZVI pellets 1.0
PE zVI 1-5, oven dried 161 ZVI pellets 1.0
PE ZVI 1-6, oven dried 162 ZVI pellets 1.7
PE ZVI 2-6, oven dried 163 ZVI pellets 2.3
PE ZVI 2-5, oven dried 164 ZVI pellets 0.8
PE ZVI 3-3, oven dried 166 ZVI pellets 0.2
PE ZVI 3-4, oven dried 167 ZVI pellets 1.2
PE ZVI 3-5, oven dried 168 ZVI pellets 1.9
PE ZVI 2-4, oven dried, rad. 228 ZVI pellets 2.2
PE ZVI 3-4, oven dried, -200 fraction 169 ZVI pellets 0.3
PE ZVI 3-4, oven dried, -10/+18 fraction 170 ZVI pellets 0.5
PE ZVI 3-4, oven dried, -10/+18 fraction 170 ZVI pellets 0.5
Summary Categories Mean Sdev Count
Peerless -8 +20 Standards 4.4 0.9 7.0
Fisher ~40 Standards 7.9 1.6 3.0
Mont. RPMA ZVI, above water table 3.5 0.7 6.0
Mont. RPMA ZVI, below water table 2.1 0.5 9.0
Mont. RPM ZVI, below water table 3.7 1.1 19.0
Mont. PE G/Z, fines 1.3 1.0 47.0
Mont. PE ZVI 3.7 1.1 49.0
Fry Canyon PE ZVI - pellets 1.3 0.7 10.0
Mont. Feb 2002 ZVI, Below water table 3.0 1.1 25.0
Mont. Feb. 2002 G/Z, Below water table 1.7 0.8 11.0
Mont. August 2003. ZVI Zone 3.7 1.1 49.0

Mont. August 2003. G/Z Zone 1.3 1.0 47.0




Appendix E

Bromide Concentration Vertical Profiles
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Well R2M 8 (continued)
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Well R2M9 (continued)
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Well R2M 10 (continued)
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Well R5M 1 (continued)
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Well R5M7 (continued)
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Well R5M7 (continued)
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Well R5M8 (continued)
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Well R5M8 (continued)
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Well R5M9 (continued)
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Well R5M 10 (continued)
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Well R5M 10 (continued)
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