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EXECUTIVE SUMMARY

This documenprovides a geologic model of the proposed site for the Frontier Observatory for Research
in Geothermal Energy (FORGEj thenorthern margin of the Easteimake River Plai(ESRP)

FORGE marks the U.S. Department of Eyésg DOESs) largest effort to advance the deployment of
enhanced geothermal systems (EGS). EGS has the potential to tap into tiseheattthrough
engineeredjeothermal reservoirgansforning the energy future for the United States and the wdhe
FORGE initiative aims to develop methodologies and technologies that will bring this resource into the
natiorts energy portfolio. This project is being conducted by the Snake Raath&mal Consortium at

the 116km? (42.6:mi?) Geothermal Resourdesearch Area (GRRA) on the Idaho National Laboratory
(INL) Site.

Thegoalsof our conceptuamodeing effort and this reporareto (1) develop aset ofconceptual model
scenario®f the subsurface beneath B&RA that honor the existing daf®) demongrate that the
subsurface beneath tERRA me¢ the criteriafor FORGE (3) develop a preliminary geomechanical
model to assist in welind reservoir development plannjiid) develop acharacterizatioplanto reduce
uncertaintyin the geologic model arméduce the risks for establishif@QRGE and 6) argue thabur
proposed sités representative of the EGS potential throughouEtBBRE demonstratinghatlessons
learned at FORGE may be applicable to a much larger EGS resource

The INL Site, one of DO& largest laboratories (2,300 k{890 mi?), is locatedwithin the track of the
YellowstoneHotspot Over the past 1¥a, asthe North American platehasmoved southwest ovéie
stationary hotspot, manti#gerivedmagmaswere injected into thappercrust melting the silicic upper

crust and producing numerous rhyolitic eruptions that formed calderas similar to those observed in and
around Yellowstone National Park. Today, these calderd®e ESRRand the associated rhyolitic

deposits are buried undetd 2 km(0.6 to 1.5mi) of interbeddedasalt flowsandsedimentsDeep

boreholes throughout the ESRP document the widespread occurrencepefogabilityhydrothermally
alteredrhyolites and high heat flows110 mW/nf) beneath the basalt laydthesepotential EGS
reservoirrocksare encountered in evedgep well that penetrates through the overlying basalts and
sediment®n the ESRP

Selection criteria fothe FORGEsiteare apermeabilityof less than 13° m? (100€D) and a temperature
between 17%nd 225°Q347 and 437°Fat a depttbetweenl.5and4 km(4,900and13,100ft). Our
target reservoir rocks for EGEthe GRRA include intraor extracaldera rhyolite flows or extrealdera
ignimbrite depositsPermeability measurementsive been compied on samplesom representative
lithologies in deep boreholes near the GRRA. hetaklera facies sammpldrom depths of 1.485 and
3.15km (4,872and D,335 ft) depth have permeabilities 3fx 10 *°to 1.8x 10 *'m? (0.068 to 18.2D),
and arextracaldera sample from 1.34n (4,396ft) depth has a permeability op210 **m? (2 £D).
Conductive temperature gradients measured in deep boreholesttieatGRRA range between 44
and76.6°C/km(2.4and4.2°F/100ft) and predict that the 175%9B47°F)isotherm will beencountered
between 2.4 and 8km (7,874and12,460ft) depth.Based on all available data and under every potential
conceptual scenariour site meets the temperatudepth,and permeability criteria defined by DOE.

We present modeld the subsurface that synthesedsting geologic, deeporehole, and geophysical

data. The GRRA sits on the northern margin of the E®RR risk mitigation measure, we developed

two geologicstructuralmodelsthatdiffer in howthe geometrpf the subarface sinterpreted One
endmemberstructuralmodelis based on published estimates of caldera boundaries and eruptive
volumes It depicts a system of four nested calderas butted up against the mountains to the north of the
GRRA, with rhyolites peristing to a depth of 6.2&m (20,500 f}. The otheendmemberstructural

modelis based on the attitude of Mesozoic fold hinges north of the GRRA, which record subsidence of
the ESRP due to the emplacement of a dengkekml(32,808ft)-thick, mid-crustal sill. Thisstructural
modeldepicts a uniformly dipping flexural surface defining the lower boundary &8RP rhyolites
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and shows extraaldera rhyolite units thickening to the soufiverlaying the thermal gradients discussed
abovewith the stuctural scenarigsn all geologic and thermacenarios, we find an acceptable reservoir
volumefor FORGEat our site

We developda preliminaryonedimensionajeomechanicahodel to assess suitability of the site for
fracture stimulation by fluid injection and present a workflow for extending this modehiete
dimensions. The preliminary model is based on rock strength measurements dogs#eima deep
boreholeknown asINEL-1 located 2.1 km (1.3 mi) east of the GRRA. These data indicate that the
relative stress magnitudes areCSymax> Samin CONSistent wit a transition between a strikép and
normal faulting regime. Fracture analysiscaf 199(orehole teleiewer data indicate that there are
multiple fracture populations thaanprovide a base reservoir volume for stimulation.

Finally, we present outharacterization plans for Phad®f FORGE Theseplars arebroken into three
sulphases. Phag is a4-month periof permitting planning,and design. Pha&B is a 2-month
period during which we will characterize our site using a variety of geophysical methods, drill one
corehole and rexaminean existing deep borehole near proposed FORGSite; tte data cdécted in
Phase2B will be used to refine our conceptual and geomechanical modese®C is a 9month period
of extensive characterization atesting during whichwe will drill a 3- to 4-km (9,842 to
13,123ft)-deep characterization holdéfipilot welld) and a shallow 25 (820-ft) groundwateisupply
well.

Based on the available data, we conclude that the GRRA the®OE requirements foa FORGE &e.

We find evidence for a loygermeability rhyolite reservoir with temperatures gretitan 178C (347°F)

within the target depth range of 1.5 to 4 kfyB@1to 13,123ft). The available data indicate a

well-developed fracture network, providing a base volume for stimulation, and our preliminary
geomechanical modeidicatesfavorable condibns for fracture stimulatiorOur site has additional

favorable characteristics, including an abundance of onsite water from the ESRP aquifer and easy access
in all seasons due tiproximity to U.S. HighwagO0.
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Geol ogic Conceptual Mo d e
1. INTRODUCTION

This documenpresents thgeologic model of the proposed site for the Frontier Observatory for Research
in Geothermal Energy (FORGE) theEasternSnake River PlainrHSRP) FORGEmarks the
U.S.Department of Enerdgy (DOES) largest effort to advance the deployment of enhanced geothermal
systems (EGS). EGS has the potential to tapartonservatively estimated 1@W of baseload
powergenerating capacity by harnessing the éattbat througlengineeredjeothermal reservoirs. The
FORGE initiative aims to develop methodologies and technologies that will bring this resource into the
natioris energy portfolio (Metcalf€015). This project is being conducted by the Snake River

Geothemal Consortium (SRGC) at the 1:kén* (42.6mi?) Geothermal Resource Research Area (GRRA)
on the Idaho National Laboratory (INL) Sitgee Figure 1.

INL, which was originally named the National Reactor Testing Statias,established ih949as a site

of federal energy research and developn(R&iD). The safety requirements of nuclear facilities at INL
have supported decades of natiratard analyses and geotechnical investigations, yielding a body of
work that we cite extensively throughout this documBely publications and documents directly related
to our FORGEgeologic conceptual model are attached as appendixes. These include papers on the
regonal geologic setting (McCurrgtal., 2016, Appendixd), rock physics modeling (Granetal., 2016
AppendixB), thegeochemistry of the ESRP atgri (McLing et al, 2016, AppendixXC; Welhan,2016
AppendixD; andDobson et al., 201#ppendixE); andthe geomechanical characterization of roclecor
and borehole (Bakshétal., 2016, ApgendixF; also sed\ppendixG).

The development of geothermal energy on the ESRIre the INL Site is locates, intimately tied to
an understanding of its magmatic and tectonic histuy.conceptual modelaces strong emphasis on
rhyolitic volcanic processasf the ESRP, becausgheserocksand their deep crustal roots have the
necessarfeatfor a stateof-the-art EGS.

We begin with a regional geologic overview, describing the mgithisextensivegneous province.

Rhyolite calderas and their eruptive products are emphasized, because these are the products of early
volcanism and comprise the target rocks for ousB@e have weighed the available geotechnical
evidence to select a promising site EEBSR&D, and wefocus on this site in our conceptual model,
describing the lithology and physical properties of subsurface volcanic materials and the thermal regime
at depth. We develop a geomechanical model to show that the subsurface temperatyreqedes

and state of stress are ideal for an EGS reservoir, and we point out other favorable characteristics
(Tablel), such as the availabilitgf abundant fresh watand the presence of multiple fracture sets at

depth Finally, we identify geologicisks to the successful completion of a FORGE faailitghe INL

Site

It is important to note that the anticipaledg-termoutcome of this projeds not a single geothermal

R&D facility; this is a gateway demonstration of EGS principles that canfedcross a wide

regiord e.g., the entire ESRPhaving subsurface stratigraphy, reservoir rocks, and geophysical
propertiessimilar to those irthe INL area. Given thieat flowof this large igneous province and the
potential for replication of the FORQGESsults, our project couldave the wayor energy abundance in

the northern Rockies, along the Wasatch Front, and into the Pacific Northwest for a centumy, or mor
accelerating an energy transition natiand worldwide. We seek to build on the legacyaiher federal
energy projects such as the Bonneville Power Administration, which supplied hydropower that helped
win a world war and continues to support the industrial base of several ld@ateszer, ve will do so

with minimal environmental consequerxce
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GRRA Site
Idaho National Laboratory
Grand Teton National Park

Yellowstone National Park

DE-EE0007159

Figurel. Map of INL, the GRRA, and the surrounding area.

EGS
Temperature Reservoir
at Depth In Situ Stress Properties
175<C At 3,500m Reservoir
between 2.4 | (11,500 fi) permeability
and 3.8km S,=82MPa 6.7 x 1O'O|2_°1$0
(1.5 and — 1.79%x 1
2.4-mi) depth S*mafsgjzl tﬂ'\gpa m? (0.068 to
Stmin= a 18.2¢D );
readily
fractured at
reasonable
fluid
pressure

Drilling
Conditions

INL/U.S.
Geologic
Surveydrilled
hundreds of
water wells in
basalt/
sediment
(difficult);
underlying
rhyolites
easily drilled,
with stable
boreholes

Infrastructure

FORGE site is
nearapaved
highway anca
power line; INL
emergency
responders
within 11 km

(7 mi)

Tablel. Summary of favorable characteristics for the proposed EGS reservoir at INL.

Site
Preparation
and Access

Flat, level,
stable terrain
easily
excavated
rock and soil

Water

Abundant
fresh water
with low
total
dissolved
solids for
reservoir
stimulation
and
FORGE
operations
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2. GEOLOGIC SETTING

High heat flow inthe western United States (Figueis broadly associated with crustal extension,
lithospheric thinningBasin andRangeProvince magatism, andthe presence of the Yellowstone
Hotspot The highest heat flow of North America is measured in the PacifitWest, within the
Yellowstond Snake River PlainSRP volcanic province of northwestern Wyoming, southwestern
Montana, southern Idaho, and central Oreddm YellowstoneHotspotis the source ahis immense

trail of volcanisnthatbegan about 1Ma with flood-basalt eruptions of the Columbia Plateau in Oregon
and eastern Washirggt and with synchronous caldeelated dicic volcanism near the Oregddaho
border.

Volcanism progressed nodhstward at a rate of about 2 (0.94in.) per year, gattern attributed to

the southwestward motion of the North Amengdate over a fixed mantle plume. The ESRP and
Yellowstonecaldera system compose the younger part of this large igneatisgarovhich during the

past 1”Ma has produced enough magmdiltahe Great Lakes, mostlgs rhyolite lava flows and

ashflow tuffs. The ESRP encompasses 26,00 (10,000 mi®) of volcanic terrain and is a region of
voluminous rhyolitic volcanism that oarred between about 10 and ¥& (Figure3). The early rhyate
deposits and associated calderas are now largely buried beneath younger basalt lava flows and sediment,
but their presence is inferred from surface geology around the margins of the ESRP, the presence of
rhyolite in deep boreholes, and geophysical nka@®ns. The prodigious volcanic output is dwarfed by

the inferred volume of intrusive igneous redkat must be present at uppard midcrustal depths

beneath the BHSP. The presence of a large raidistalfisillo of dense intrusive rock is requiredarder to
explain the results of regional seismic and gravity surveys, as well as the pronounced subsidence of the
ESRP.

The largescale, lithospheric structure of the ESRP is known from seismic, gravity, and magnetotelluric
(MT) studies. The seismically imged plumdike body beneath Yellowstone is evidence of a deeply
rooted thermal anomaly in the mantle (Schmandt.e2012) Figure4). More important for EGS in the
ESRP is the legacy of that anomaly, which is evident from both seismic and MT stutl®geds more
than 300km (186 mi) southwest of Yellowstone (Schmaethil., 2012; Kelberetal., 2012) Figured).
Reduced seismic velocities and high conductivities indicate elevated temperatures and partial melt
beneath the Moho along the entire l#ngf the ESRP (Kelbestal.,2012). At midcrustal levels, a

~10-km (~20,300 ftithick, high-density, highseismievelocity body spans the length of the ESRP
(Wagneretal.,2012) and extends up to 40 km ({29 south of the plain (DeNosagebal.,20M). The
mid-crustal sill is thought to be formed by intrusion of mawliggived melts, which rose to a depth of
neutral buoyancy and either melted the upper crust or underwent fractionation to produce the extensive
rhyolitic volcanism that characterizestplain Figure5). Crustal subsidence resulting from the
emplacement of the higthensity, midcrustal sill is estimated to be between 4.5 ank&%14,700and
28,000ft) (McQuarrie and Rodgers, 1998).

Volcanic rocks of the ESRP have a distinctly bimdtalksalirhyolite) distribution (Leemartal., 2009).

It is estimated that more than 140 caldfnaning silicic eruptions have occurred within the ESRP over

the past 1Ma (Perkins and Nash, 2002). Volume estimates for individual eruptions range fota ten
thousands of cubic kilometers (Branney et al., 2008) and indicate that calderas similar to, or greater in
size than, the currently active Yellowstone caldera system are distributed throughout the ESRP. Although
structures and volcanic rocks from thesents are largely buried underneath up kon1.2mi) of

tholeiitic basalts and interbedded sediments, remnants are preserved in ignimbrite flows in the Basin and
Range Province to the north and south of the plain. Sjpaegpatterns of both rhyolitiand basaltic

volcanism indicate that rhyolitic eruptions were primarily focused in distinct volcanic fields centered over
the position of the hotspot, while subsequent basaltic activity was more diffuse in both space and time.
For example, basaltic volcam as recent ask& has occurred at Craters of the Moon National

Monument (Kuntztal., 1986), which is ~208m (~124mi) southwest of the current hotspot position
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beneath Yellowstone and ~8m (~22mi) west of the GRRA. Such recent volcanism reflémbgrterm,
persistently high temperatures at depth and is supported by elédaféde isotopicratios, indicating
that mantlederived He is being introduced to the upper crust and hydrosphere of the ESRP
(Dobsongetal., 2015).

Temperature at 3.5 km Temperature at 4.5 km

Figure2. Heat flow maps of the western United States from Blackwell e2@L1). Heat flow of the
ESRP in southeastern Idaho exceeds 100mi¥éver a region of about 26,06&n* (10,000 mi?). Lower
panels showpredictedemperatures at3 and 4.5km (11500- and14,800-ft) depths for the regioihe
outlined area in the center of the lower panels shows the location of tt&it@yithe bold outline shows

the location of the GRRA.
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Figure3. Geologic map of thESRP and its surroundingsSRP caldera related ignimbrite deposits are
shown in red. Inferred calderas of the Twin Falls, Picabo, HanskY ellowstone volcanic filds are
indicated. For a more detailed explanation see Appendix A.
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Figure4. (A) Shear wave velocity structure beneath the ESRP (Schmaald2étl2) showing reduced
mantle velocities beneath the entire ESRP and indicating elevated temperatures andi&ephodg
beneath Yellowstonealepth scale is ikilometers.(B) Regional resistivity structure from inversion of MT
data (from Kelberetal., 2012) showing a conductive body at Moho depths beneath the ESRP.
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Figureb. A cross section of the crust and upper mantle (modifad cCurry and Welhar2012
Pengand Humphreys, 1998) alongA6 ( F2).gur e
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Up to 2km (1.2mi) of mantlederived, tholeiitic basalts interbedded with sediméatsee accumulated
over the st ~6Ma (Shervais etl., 2013; Potter, 2014) araVerliethe ERP rhyolites. While these units
shield the underlying rhyolites and associated calderas from view, they also host the prolific ESRP
aquifer. The ESRP aquifer is composed of two sys{éfeting et al., 2016)The shallow system is fed
by snowmelt from thewsrounding mountains and is charaized by high flow rates (~1.5® 10.51m

[5 to 34.5ft] per day) and relatively cold water (9 to 1548 to 59°F). The deepesystem is
characterized by slovmoving (0.6 to 9.m [0.24 to 3.6n.] perday) and warnt>30°C[86°F]) water
(Mann,1986). The shallow system will provide large volumes of fresh water for EGS development.

The ESRP is bound to the north and south by Basin and Range extensional provinces. As indicated by the
1983 Borah Peak earthquak&3~to 110km (~55 to 68mi) north of the GRRA, extensional faulting in the

Basin and RangPBrovince continues to the preseAtthough the region around the ESRP is seismically

active no earthquakes larger than Bhave been detected in the period sib@él beneath the plain.

However, a number of linear \aanic rift zones oriented norforthwest suggest that the plain is

extending in the same direction as the surrounding province. A numbeplahations have been put

forth regardinghe lack of seisi activity beneath the plain. These inclutiectile deformatioeneath

the plain, a consequence of elevated subset@mperatures (e.g., Furlod®79), a dike intrusion

mechanism oéxtension on the plain (Parsagtsl., 1998), and anomalously higtrength of mafic

intrusive rocks beneath the plain resulting in conditions that resist tensile {aihdersetal., 1989).

2.1 Calderas in the Eastern Snake River Plain

Calderarelated silicic volcanism is a defining characteristic of the Yellow$tBR&igneous province
during the past 1Kla. The Yellowstone output of the past 2 Ma issmrvatively estimated as 6,000°
(1,449mi% (Christiansen, 2001). Assuming the volume of rhyolitic magma erupiedthe ESRP

during the past 1Ma is equal to thatforellowstone (also @nservative), and adding 10,0k

(2,399mi°) of rhyolite erupted between Hhd13 Ma from the central SRP (Leematal., 2008) gives a
total volume of rhyolite erupted from the=sNowstoné& SRP votanic system during the past W& of

about 22,00&m? (5,300mi%). This output would fill all of the Great Lakes. The olite was erupted
mostly as asfflow tuffs and rhyolite lava flows, and the largest eruptionsainly askflow tuffsd are
among the largest known from the geologic rdcamdividual eruptive volumes of several rhyolite ash
flows from Yellowstone, the ESRRndcentralSRP are estimated to exceed 1,50 (360mi°), not
including the associated veohinous and widely dispersed afstl deposits that blanketed the surroimud
region during the past 18a (Perkins and Nash, 2002). The petrologic and isotopic features of

Y ellowstoné& SRP rhyolite indicate melting of crustal rocks at alibatl5-km (9-mi) depth magma
storage athe5- to 10-km (3- to 6-mi) depth, interactiomvith uppercrustal meteoric fluids, and
large-volume plinian eruptions. The magma origin, storage, volame dispersal all suggest eruption
from calderashathave been mapped in southern Idaho as Miocene surface f¢atinees not coveregd

in the olde part of the llowstoné& SRP in eastern Oregon and southwest Idaho, and on the Quaternary
Yellowstone Plateau volcanic field. The latter region includes several largd nakteras formed in the
past 2Ma, the site of contemporary seismicity and vigaroydrothermal activity in Yellowstone
National Park (Christiansen, 2001; Smith et al., 2009). On the ESRP, rhyolite calderas of similar origin
and size are inferred have formed about 10 to A but are covered by younger basahd sediment.
The presence of calderas at depth is confidently inferred from the dkasdics of voluminous
calderarelated rhyolite lava flows and a#low tuffs exposed around the margins of the ESRP (Morgan
and Mcintosh, 2005; Pierce ahtbrgan, 1992, 2009; Andeetal., 2014). Based on the scaling
relationships observed worldwide for caldera akegisuseruypted volume (deSilva and Gredf)14), the
largest ESRP asffow tuffs were likelyerupted from calderas about k@ (31 mi) in diameter

(Figure3).
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A variety of @ldera geometries and subsidence sigteknown from continental settings

(Lipman, 1997) typical caldera features are showrFigure6. Buried calderas beneath the ESRP are
likely to exhibit these features and rock types, as shown by mapped valepngits around the margins
of the ESRP (outflow ignimbrite sheets and lava flows) and by the thick rhyolite lava flows and welded
ash flows intersected in several deep boreholes of the INL Bigrads? through9). Several deep
boreholes bottom in rhyité after penetrating silicic lava flows, afilbw tuffs, airfall tuffs, and minor
volcaniclastic sedimenfAhders et al., 2014; Dohergtal., 1979). Theegiorts deepest borehade

INEL-1, which is3.15km (10,35 ft) total depthd is interpreted to have bomed in subcaldera intrusive
rhyodacite after penetrating Zin (6,890 fi) of rhyolite caldera fill (Doherty et al., 1979). Within the
GRRA, Borehole USG342 bottomed imhyolite after penetrating 158 (492ft) of rhyolite, interpreted
as a single asfiow tuff that either filled its source caldera or erupted from another caldera nearby
(McCurryetal.,2016; Appendid).

Unlike areas with exposed caldera structures and associated mappable volcanic deposits, the locations,
sizes, and shapes of ESRPiédrcalderas are not precisely known. However, their presence is
demonstrated by the evidence cited abowty one or more rhyolite calderas thought to underlie the

GRRA based on borehole lithologies, the characteristics of associated eruptive produitiows along

the northwestern margin of the ESRP, and seisafraction data suggesting the northwest margin of the
ESRP is an abrupt structural boundary (Pankratz and Ackermann,Sg88netal., 1982) This

boundary can be interpreted as haviegtbformed partly by caldera subsiderfeigiyre9).

Large calderas are commonly filled with lalensity volcanic rocks, artiese calderasommonly

produce large, circulaanomaliesn both gravityand magnetidields. Interpretations of gravity and

magneic data from the ESRP are confounded by dominant remanent magnetization of the overlying
basalt lava flows and feeder dikeghich have botmormal and reversed polarity, and by the apparent
lack of density contrast between caldera fill and surroundirgreehich may also be of volcanic origin.
An early gravity and magnetic investigation of the ESRP (Mabey, 1978) discovered that ESRP gravity
anomalies did not have the same character as anomalies in the adjacent Basin and Range. Large gravity
highs and low within the ESRP are approximately twice as broad as those of the surrddasiimgnd
Range, reflecting the volcanic versus nonvolcanic origins of the adjacent regions and their contrasting
tectonic evolutionmaking identification bspecific, rhyolitevolcanic featureslifficult using gravity and
magnetic signatures alone

During Phase ,Jour team examined the possibility of imaging caldera boundaries using the existing
gravity and MT data sets. A regional gravity data set is available from the Paic&m@enter for
Environmental Earth and Environmental Studasl magnetotelluric dataeavailable from

EarthScope Sparse data coverage near the GRRBoth datasetsand noruniqueness associated with
gravity hampered these efforts. After reinvegta regbnal MT data set from the Ear8tope array with

a refined mesh near the GRRA, we found that the data were not able to resolve features in the shallow
crust with lateral dimensions relevant to FORGE.
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( A) Extra-Caldera Rhyolite Flows
Buried arcuate faults, 4 Caldera rim
tilts, and crcva:us Reagms e \ (topographic boundary)
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Figure6. (A) Summary figure illustrating major features of a resurgent cal@dter Branney and
Acocella,2015). B) Detailed features of daera border zones (after CoR05).
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Figure7. Regional map showing the INL, GRR£aldera bound#&s,anddeep boreholednferred
caldera boundaries are shown as dashed lines (UGKle Choke Cherry; KG Kyle Canyon; LRS
Little Lost River; BLTi Big Lost Trough). Locations of the LCC, KC, and LRS caldera boundaries are
from Andersetal. (2014, and the BLT boundary is from McCurefal. (2016; Appendix?). Locations
of crosssectionsA-A 6 -B 6B, #«dd ( E9) apditheproposed FORGE site are also indicated.
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Figure8. Summary lithologic logs fodeepBorehole INEL-1, WO-2, 2-2A, and C1A. Wdllocations are
shown in Figures.
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Figure9. (A) Geologic map of the GRRA and surroundings, emphasizing the locations of key
geophysical surveys in the regioB) Resistivity survey cressection interpretation of Zohdy and
Stanley(1973). C) Seismic refraction survey crasection interpretation of Pankratz and

Ackermann(1982).
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2.2 Geology of the Geothermal Resource Research Area

The GRRA is an approximatet0-km? (42.6-mi®) area locate on the northern margin of the ESRP

within the 10.28 Ma Picabo volcanic fieldHigures 3 and7). The GRRA was established as part of

| NL6Ost dromgl and use and mission planning, whetei ch f o«
various renewabland lowcarbon energy generation processes can be studied and integrated for both

research and commercial purposes. This INL planning processes cointiidteS RGC 6 s

screeningevel analysis for EGS feasibility on tHESRP (Podgorney et al2016), andhe results

informed selection ahe GRRA boundaries. Interestinggompletely independent of our analysis, the

Snake River Plain Play Fairway analysis team (Shervais et al., 2016) also idémtifi@BRRAregion as a

strong candidate for EGS developrbacause df h e r bighiheatflénsand low permeability
characteristigsgiving us confidence in our site selection.

The GRRA is bound to the nowmestby the ArcoHills, which arecomposed of Mesozoic and Paleozoic
sedimentary rocks that were extimady folded during lateMesozoic to earh ertiary compressional
orogenesis and then underwent several periods of Tertiary to Quaternary extension. Northwest of the
Arco Hills, the Lost RiveRange is bound to the west by the Lost River fékiljure7), a Basin and

Range structurthatproduced the 1983 M6.9 Borah Peak earthquake. The Lost River fauihinates

in the ESRP about 1m (6 mi) west of the GRRA, although the distance that the fault extends
southward into the ESRP is uncertain.

A number of @ep boreholearein the vicinity of the GRRATable 3. The three deeporeholesvith
reliable data andearest the location selected for FORGE aredllMlEWO-2, and C1A Figure?).

Table2. Summary okelecteddeepboreholeswithin or near the GRRA and SRGC FORGE site that
either penetrate into rhyolite or have geothermal gradient information available.
Distance from GRRA

Borehole (distance fromFORGE location) Geothermal Gradient

Name i °F/100ft
INEL-1 2.1 (12) 1.3(7.5) 3.15 10,365 44.4 2.4
WO-2 9.1 (16.2) 5.7 (10) 1.52 4,986 76.6 4.2
C1A 7.2 (8) 4.5 (5) 0.55 1,805 49 2.6
2-2A 23.5(34.4) 14.6 (21.3) 0.91 2,985 60 3.2
USGS 142 0(9.8) 0(6.1) 0.573 1,880 67.7 3.7
Corehole 1 28.4 (33.1) 17.6 (20.6) 0.609 2000 41 2.3

a. Gradient measure in upper ~50 m (~#®f conductive zone. Flow in borehole prevented reliable measurement in deeper sections

Summaries of the salient aspects of borehole stratigraphy near the G&RRéAstrated irFigure8.
Rhyolites intersected indeholes WE2 (Anders et al., 2014; 8Curry and Rodgers, 2009) and &
(Doherty,1979) are dominated by two rhyolite lava flows and thin outflow ignimbrites (i.e., deposited
outside of their source calderas) of the eislcanic field, which lies to the northeahe WG2

borehole terminates theBlack Creek tuffthe most voluminousf theHeise ignimbrite units.

The INEL-1 borehole penetratepproximately2.4 km (7,900ft) of rhyolite belowabout750m (2,500 ft)
of basaltava flows and sedimenter its total depth d3.15km (10365ft). Three cored intervals from
INEL-1, extending over a géh range of 1.1 to 35 km (3,600to 10,365ft), yielded rhyolites wh
overlapping UPb ages of ~8.Rla (McCurry andRodgers, 2009; Drewtal., 2013).These deep rhyolites
are extensively hydrothermally alteredhscuing some of their textural featureifferences in the
phenocryst assemblages and bulk compositions (major and trace elaswetsadNd-isotopic ratos) of
core samples suggdbiese rocksepresent separate eruptive or intrusive evérew etal. (2013) note
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that the rhyolite at 1.bkm (4,900ft) depth bears striking geochemisahilarities to a possible lavike
ignimbrite near Pocatellddaho(rhyolite ofwest Pocatello)f correlative, these deposits display the
great volume and digpsal (85km [53-mi] distance) of some ESRP ignimbrites that were apparently
deposited across the entire width of the ESR&st of the 8.2Ma rhyolites of INEL:1 are extrusive and
strong evidene for the existence of a Picabge caldera in tharea near th&RRA (referred to here as
the Big Lost Trough caldera).

Based on the distribution, agesd petrographic characterigtiof ignimbrites found in the southern
Pioneer, White Knob, Lost River, and Lemhi rangeswell as those found in the mountaivest of
Pocatello, Anderstal. (2014) identified the general locations of five calderas of the Picabo volcanic field
(Figure3). Of these, three are located lre vicinity of the GRRA (Figure); these are thkittle Choke

Cherry (LCC;9.46Ma), the Kyle Canyon (KC; 9.28la), and the Lost River Sinks calderas (LRS;

8.87Ma) (ages from Adersetal., 2014). Based on the borehole stratigraphy described above, we also
include the By LostTroughcaldera (8.2Va).

Seismic refraction and electrical resistivity surveys traversing the GRRA identify a steeply dipping
structure separating the SRP from the sedimentary rocks to th€Figrhes9B and9C; Pankratzand
Ackerman, 1982; Zohdy and Stanley, 1973)e nature of this structuedlows for two enemember
geologic structural interpretations:

1. A system of four nested calderas butted up against the mountains to the north of theMaRRA
rhyolites peristingto a depth of 6.25m (20,500 ft). This model is consistent with published
estimates of caldera boundaries and eruptive volumes discussed above and the seismic refraction of
Pankratz and Ackerman (1982).

2. Subsidence of the ESRP due to the emplacementearised~1&km (32,8M-ft)-thick, mid-crustal
sill, based on the attitude of Mesozoic fold hinges north of the GRRW&lepicta uniformly dipping
flexural surfacéMcQuarrie and Rodgers, 199@fining the lower boundary of tHeSRP rhyolites
and shoung extra-caldera rhyolite units thickening to the soufhis model is consistent with the
resistivity data oZohdy and Stanle{1973).

The refraction datéFigure9C) indicate a neavertical boundary between ~70énd 1700-m

(~2,300- and5,600t) depthseparatind®aleozoic basement rockem ESRP rhyolites (Layésin
Pankratz and Ackerman, 1987 his feature likely represents the northern boundary of ih& &st
TroughcalderaThe nature of theontactis not well constrained by the refraction dagiher in regard to
the spatial position of the caldera boundary or the structure at greater depths.

The resistivity resultéFigure9B) image a moderately dipping (~8@greekstructure sepatiag the
highly resistive (>50@hmm) basement from a lesssistive (2040 Ohmm) unit representative of
rhyolite tuffs. Thisboundary is imaged at about &ih (12,000ft) depth beneath the GRRand was
originally interpreted as the depth to Paleozoic baselmeAbhdy and Stanley (1973Hlowever their
survey vas completed prior to drilling INELL, wherethe meamesistivityobserved in the lower 500
(1,640ft) of the boreholevas1,025 Ohmm, suggesting that the geoelectric baseriretite more
southern area of the GRRNsiss of rhyodacites similar tthoe observed in INELL.

Under both structural modekhe datasuggesthat there is a high probability ehcounteringhyolite to a
depth ofat leas¥ km (13,000ft), andlikely much deepeeneath the proposed FORGE didata from

all of the nearby deep wekishcountered rhyolitic rocks asdggesthat within the GRRA intraaldera
rhyolite lava flows and welded tuffs are likely to be encountered between ~1.Z&«an@-3,900 and
13,000ft) depth. Thusour target litholgies for EGS are likely to be present within the reggudepth
interval of 1.5 to 4m (4,900 to 13,00®). Gaining a better understanding of this northern and potential
basal contacsia main focus of planned Phaseharacterization.

InterpretiveEnd-Memberl cross sectioeibasedn surface geology, borehole data, refraction data, and
inferred caldera locations the GRRAare shown ofrigure 10.
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Figure10. Crosssections AA 6
locations are shown in Figuée

QTbs - basalt of the ESRP (Halocene to Pliocene)
Th - Heise group rhyolite ignimbrites (6.66 to 4.5 Ma)
BC - Blacktail Creek ignimbrite of Heise group (6.66 Ma)
Tp - Picabo group rhyolite ignimbrites (10.2 - 7.7 Ma)
BLT - Big Lost Trough ignimbrite (~8.2 Ma)
LRS - Lost River Sinks ignimbrite (8.87 Ma)
KC - Kyle Canyon ignimbrite (9.28 Ma)
LCC - Little Choke herré ignimbrite (9.46 Ma)
TAV - Arbon Valley ignimbrite (10.2 Ma)
Tgu - upper gravel sediments (Mioceneto Oligocene)
Tgl - lower gravel sediments (Eocene)
Tev - Challis group volcanics (Eocene)

,-B 0B,

Thin red | ine

S

Paleozoic and Proteozoic sedimentary units
PMsc - Calcareous sandstones and limestones

Mbs - Quartzite, limestone and dolostones

MDmct - Siliceous sandstones, quartzite and limestones
DOu - Undifferentiated dolostone

OYu - Quartzite and calcareous sandstones

& dafter MIcCurry et al. (2016; Appendix ATCrosssection
[ t he

in AAO show

model.Blue shaded region indicates extent of GRRA at a defpttb to 4 km (4,900 to 13,00%0).

3. SITE SUITABILITY

In this sectionye present data demonstrating the favorable temperature and permeability conditions of
target lithologies within the GRRA, meeting the DOE requirementh&®FORGEsite We then present

additional support for thEORGEsite, includingthe expected drilling conditiont)e onsite avidability
of water, and the langurface conditions of the GRRA. The subsurface data are primarilydizem
Boreholes INEL-1 (3.15km [10,365 ft]), WO-2 (1.52km [4,986ft]), 2-2A (910m [2,985ft]), and

USGS142 (573m[1,880ft]).

3.1 Thermal Regime at Target Depth

A key requirement for the EGS reservoir at the FORGE site is a subsurface temperature range of 175 to
225°C(347to 437°F)at a depth of less thatkm (13,000 f}. Evidence for temperatures at depth beneath

the GRRA is primarily from deep boreholes that penetrate the cold,-hastdtESRP aquifer to
measure the underlying conductiolominated geo#trmal gradients within dry, loywermeability
rhyolites. Severaldreholes are close to the GRRA and provide direct evidence of the probable
temperature at dep{see Table 2), with the thréereholeslosest to th selected FORGE location
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(INEL-1, WO-2, C1A) being used to bracket our interpretati@dher deep borehed in theESRP
provide supporting data and demonstrate the high regional heat flux of the ESRP.

INEL-1, located 2.1 km (~1.3mi) to the east of the GRRA boundayd 12 km (7.5ni) away from the
proposed sit¢Figure7), was drilled in 1979 to investigalydro-geothermal resource potential near the
INL Site (Prestwich and Bowman, 1980) is the deepest borehole near site chosen foFORGE
operationsand is the reference for the lowest observed geothermal graglieeckwell etal. (2011)

obtained thenost precise temperature data for that Iheteveen 1982 and 1990. Blackwell (1990) reports
that thermal conditions in the borehole are generally undisturbed and conductive below the aquifer, with a
few local perturbations of the temperature profile duastcending or descending water flow in the
wellbore. The gradient in zones with linear temperatigeth relationships is 40-+43°C/km (2.2 +/-
0.27F/100ft) in the upper interval and 44+44- 0.1°C/km(2.4 +/- 0.005° F/100ft) in the deeper interval.
Based on thermal oaluctivity measurements of INEL core samples and the measured borehole
temperature gradiertieat flow in this well is 10TW/m?. Extrapolation of the deep INEL temperature
trend indicates that a temperatofel 75°C(347°F)would be reached at 3k8n (12,500 depthatits

location.

Other deep boreholes on the ISlte also have deep, conductidominated temperature profiléBhese
boreholesncludeWO-2, INEL-C1A, and Coreholes 1 and2A (Figures 7 and11). The hottest of these
boreholesand our reference for highest observed temperature gradi€r®, has an average gradient of
76.6°C(4.2F/100ft) between a depth of 550 an@00 m(1,800 and 3,900)f{Blackwell, 1990) WO-2
i$9.1m (5.7 mi) from the GRRA and6.2m (10 mi) from the selected FORGE locatidextrapolating

this temperature gradient indicates a 178347°F) target emperature at approximately Z#h (7,800t)
depth.BoreholeC1A, which isthe othelboreholenearest the sedted FORGE site, hastemperture
gradientbetween the INELL and WQ2 gradientsTable2 andFigurel1l). The lowest geothermal
gradient measure in the regid@oreholel, is more thar25 km (15.5mi) to theeastof the GRRA and
likely represents aooling trend to the soutMcLing etal., 2016)

Extrapolation of thesthermaldata suggest temperature of 175°@47°F)between 2.4and 3.8km

(7,800 and 12,506mi) depth. Together, these borehole data demonstrate a high probability that an EGS
reervoir temperature of at least £75(347°F)will be achieved whin the depth range of 1.5 td#h
(4,900and13,000ft) specified by DOE.

3.2 Permeability at Target Depth

Permeability requirements ftime FORGEsiteareless than 16° m? (100&D) at EGS resrvoir depths.
Target lithologies for EGS are best represented by the rhyodamitesin INEL-1 and rhyolites cored in
the WG2 borehole. Permeability data frahrese rocks are shown in TaBBle

Bakshi etal. (2016; Appendi¥) performed permeabilittneasurements on rock cores 8bm
(4,872ft) and 3159-m (10,364ft) deptts from INEL-1. Permeability ranged from 6:810 ?°to
1.82x 10" m?(0.068 to 18.2D). As shown, nfractured permeability was observed tcbetowthe
specified range at ddpt from 1485 to 3159m (4,872 to 10,364t) in the INEL-1 borehole.

In addition to the laboratory measuremenede on core samples from INHL several hydraulic tests
wereconductedn the uncased INEL borehole (Mann, 1986)ith the deepest testing the interval

from 1,300 to 3,200n (4,000 and 10,500 ftyelow ground surface. The open hole was pumped for

7 days. The average reservoir permeability forifg®0m (6,500ft) openinterval was calculated as

7.2x 10 * i (730&D). This pumping test clearly demonstrates that the low permeability specified by
DOE extend over a large depth range (1,9906,500 ft])in the rocks penetrated by INEL

Specifically, the data show a high level of homogeneity without the intercepticachfre permeability

that is common in volcanic provinces. This is a very favorable factor for well drilling and EGS reservoir
creation.
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Figurell Temperature depth profiles measured in boreholes near the GRRA (solid limeh)cti@

gradients are used to extrapolate temperatures at greater depths (dashed lines). ProfilesZrandWO

INEL-1 bracket the estimated depth to the 17847 °F)isotherm between
2.4 and 3.&m (1.5 and 2.4ni).

Table3. Pameability measurements BoreholedNEL-1 and WQ2.

Depthin km
Borehole (ft)
INEL-12 1.485(4,872
INEL-12 1.485(4,872
INEL-12 1.485(4,872
INEL-12 3.15(10,365
INEL-1° 1.3/ 3.15(4,265 10,365
WO-2° 1.340(4,399

Permeability in m2

(e D
1.80x 107 17 (18.2)
6.7 x 107 20(0.068)
1.94 x 107 19(0.197)
8.5 x 107 20 (0.086)
7.2x 107 16 (730)

2 x 107 18 (2.0)

a. Bashki et al., 2016 (Appendix F)
b. Mann, 1986
c. University of Oklahoma (PhadeSRGC FORGE proposal)
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In 2014, our project team analyzed core samples fre@2Wr mechanical and reservoir properties. Core
samples from approximately 1,340(4,396ft) depth were measured to have an air permeability less
than2 x 10 * * (2.02eD) at 27.6 MPa (000 psi) confining stress. Porosity ranged from 3 to 15%. The
low permeability values from the laboratory core tests as compared to thesteldsults (approximately
100times less permeable) suggest thate is some minor heterogégen the permeability in the field,

as measured at scales of tens to hundreds of meters.

Lithologies simiar to those encountered in INALand WQ2 are expected at GRRA reservoir depth, and
we anticipate a similar range of permeabilitia$ of which a@e lower than the FORGE permeability
limits, even at large scales of observation.

3.3 Expected Drilling Conditions

The best reference for estimating conditions for drilimthin the GRRA isBoreholeINEL-1. It was
drilled in search of a hydrothermal resource forudeltL 6s | daho Nucl ear Technol c
Center, formdy known as thédahoChemical Processing Plant. Drillitiggganon Februarni5,1979

and the drilling rig was released on M2, 198, yielding an overall drilling rate &1 m (103ft) per
day.Becausdhe overalfrate includes considerable dawne for coring, testingand breakdowns, thate
is higher for mosof the active drilling periodThe most difficult andlswest portion ofirilling INEL-1
was the uppeB00 m (1,000ft). The overall drilling rate fo® to 296 m(0 to 973 fj was23 m/day
(78ft/day). In contrastthe drilling rate for the interval frorh,490 to 2990 m(4,900 to 9810ft) was

68 m/day @23ft/day). The contrast in the drilling rate for the upper basalt and the deeper rhyalite is
attributed to the high permeability of the upper basdtich caused loss of circulatiprthe broken

nature of the basalind sedimentary interbeds that created unstaioéhole conditions and the
largediameter 66 cm[26-in.]) of the surface hole drilled #65m (1,524ft). Advances in drilling
techniques, drilling additivesind drilling equipment over thaast 40years will undoubtedly increase the
daily drilling rate.

3.4 Additional Favorable Characteristics of the GRRA

Subsidence of the ESRP due to the isostatic effect afethge miecrustalintrusive complex created a
basin structur¢hat wadater filled by many smalvolume basalt flows and interbedded sedimentary
deposits. As a result, thehblogies of the upper 1.5 token (4,920to 6,560ft) have several
characteristicghat arebeneficial to EGS development at the ISlte First, the highly fractured basalt
lava flows hosting the prolific ESRP aquifer wiliqwide an onsite source of fresh water with low total
dissolved solidshat isavailable for drilling operations, reservoir stimulation, and energy production.
Second, the interbedded sediments and basalt flows efficiently damp seismic waves, thus minimizing the
ground motion due to induced and natural seismicity at the FORGHEyfaadidescribed in tHEORGE
Preliminary Induced Seismicity Plgempletonetal.,2016. Finally, the flat topography of tHeSRP
provides level, stable terraiorfdrilling operations and weflad constructiorand this topography
simplifiestransportéion logistics during all phases of construction and production.

4. THREE-DIMENSIONAL GEOLOGIC MODEL

To better visualize the plausible range of geologic structures beneath the GRRA, we @mhstruct
threedimensional 8D) models of the intraand extracalderafaciesusing the JewelSuite software

(Figures 12 and14). To bracket theincertaintyof the boundary that separates ESRP volcanic units from

the potentiallyunderlying Paleozoic basement rocks, we present two plaesidimemberscenariosWe

have a high level of confidence that the actual site lithology will fall within these end meitibefgst
scenario, described in Secti@r®, is based on the inferred distribution of Beeaged calderas, all of

which have caldera boundaries neardtige of the plailAnders et al., 2014; McCurry at., 2016
[AppendixAl]). The second scenario is based on the flexural model describing subsidence of the ESRP in
responséo the midcrustal sill(McQuarrie and Rodgers, 1998; Rodgers et al., 2002his model, the
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caldera boundaries are moved to the south, and the top of the Paleozoic basement is assumed to dip
uniformly beneath the volcanic sectibafore merging with the nested caldera system, south of the
GRRA. We note that although both models aoasistent with the available data, ftease?
characterization plan calls for seismic reflection and refraction surveys that will improve our
understanding of the vertical and lateral extent of the rhyolitic system.

4.1 Model 1

Our first model (Figure12 and 13) is based on boundaries of Picamedcalderas inferred by
Andersetal. (2014) and the boundary of tBeg Lost Troughcalderaas described in Sectidh2. This
modelis a 3D extension of the cresections shown in Figu) and depicts four neddecalderas beneath
the GRRA. Each caldera is assumed tatam approximately 1 km (3,20€) of caldera fill that extends
to the top of the ringracture normal faults. Deeper, older caldet@dd CanyonandLittle Lost River

are inferred to tilt moretsongly into the plain than the yousigBig Lost Troughcaldera (following the
subsidence constraints of Rodgers et al. [2002]).

Modell predictghat our EGS reservowill be hosted within the 9.2Bla Kyle Canyon caldera and is
supported in part by the seismic refraction model of Pankratz and Ackermann (1982), eytiité al

nearly vertical, faultike structure separating ESRP volcanics from the Paleozoic basement rocks to the
north. To the southalong U.S. Highway 20, the resistivity model of Zohdy and Stanley (19%8ys the
contact between a P80 Ohmm layer and the >500 Ohm geoelectric basesnt dipping at 30 degrees

to the south and leveling bat a depth of ~3.7 km (~12,1@). Along this same profile, our model

depicts the structure dipping at ~38 degrees before leveling edtGakm (~13,10ft) below land

surface, well within the uncertainties in modeling 1D resistivity soundings across a dipping structure.
Zohdy and Stanley (1978)terpreted the geoelectric basement to represent the Paleozoic rocks beneath
the ESRP volcanic system, which is what our model shows. However, the resistivity observations made in
the bottom of INEL1 are >500 Ohram, suggesting that this boundary couldresent the transition from
welded rhyolitic tuffs to dense, hydrothermally altered rhyodacites.

4.2 Model 2

Our second model (Figuréd and15) is based primarily on the flexural surface model of McQuarrie and
Rodgers (1998) and the Zohdy and Stanley (18983tivity model. In this model, the top of the

Paleozoic basement dips at ~30 degrees to the south, and the system of nested calderas is shifted to the
south. The depth to the Paleozoic basement is ~4RA00 ft) below the surface, and we note that

although the geoelectric basement presented in the resistivity model was originally interpreted as the
Paleozoic section, this boundary is equally likely to represent a transition from rhyolitic tuffs to
rhyodacite, as indicated by the resistivitiesasuredear the bottom of INELL. The northern boundary

of the Big Lost Trough caldera, which was inferred from the lithologies found in HiFkxtend just to

the north of the INELL borehole location; there are no calderas beneath the GRRA.

18 ‘“’@@

snakerivergeothermal.org



Snake River Geothermal DE-EE0007159

CONSORTIUM

-

Lower LCC =3 Lower KC Base Base BLT

Base LRS = Base Heise o Base Basalt

Figure1l2. Model 1 as described in the text showing nested calderas against the Basin and Range mountains.
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Figurel13. Crosssection of Model 1 along Highway 20 through the GRRA

21 SO

snakerivergeothermal.org



Snake River Geothermal DE-EE0007159

CONSORTIUM

LCC Qutflow KC Outflow Base BLT

Base LRS Base Heise Base Basalt

Figurel4. Model 2 as described in the text. Beneath the GRRA, the contact between Paleozoic basement and the rhyolite sectidoyia define
uniformly dipping flexural surface. Nested calderas are shifted to the south witht teshieciel 1.
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Figurel5. Crosssectian of Model 2 along U.S. Highwa30 through the GRRA.
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Model 2differs from Model 1 primarily in the location of the calderas. Because there are no calderas
beneath the GRRA in this model, it predicts that our FORGE&rveir will be hosted by extrgaldera
rhyolites.

The implications for EGS development witlrtracaldera rhyolites can be evaluated by comparing the
extracaldera rhyolites observed in Boreholes \@@nd USGS42 to the intracaldera rhyolites

observed in INELL. WO-2 bottomed in rhyolite at a depth of 1.5 km (4,900 ft) after penetratingm350
(~1,148ft) of rhyolites, including several thin (metetsgck) ignimbrite sheets and two thick (£a0

200-m [328 to 656ft]) rhyolite lava flows. USGS.42 penetrated 150 m (482 of rhyolite, a single
ignimbrite outflow sheet. Of primary concern 6GS is that the reservoir rock be of low intrinsic
permeability (less than 1 m*[100<D]). In 2014, our project team measured permeability values less
than 2x 10 *®* m* (2 £D) at 27.6MPa (4,00(si), confining stress in samples from 1,340(4,396ft)

depth in WQ2. Extra-caldera rhyolite depositsesuitable EGS targets.

For both of these structural modelenarios, we superimposed the bounding thermal gradients from
INEL-1 (the colder thermal scenario) and VE@he hotter thermal scenario) to use 8D model to
calculate the volume of rhyolite in the studgathaimeets the FORGFiteria, that being between
1.5and 4 km(4,900 and 13,00f) and 175 and 22& (347 and437°F). Table 4 summarizes the volume
calculations, which indicate there is extremely large target for FORGE operatidfigure16 shows
these volumes graphically.

Table4. Modeled volumes of rhyoliteeeting FORGE suitability criterizndera combination ofwo
structure and two thermatodels of the SRBtudy area

Volume of Rhyolite in

Structural Model Temperature Gradient Temperature Range in kn? (mi®)
a) Model 1 WO-2 1,200 (289)
b) Model 2 (flexural surface) WO-2 1,800 (434)
c) Model 1 INEL-1 220 (53)
d) Model 2 (flexural surface) INEL-1 330 (78)

4.3 Site Selection

As discussed above, there is a huge volume of target rock for FORGE within the SRP study area. In fact,
every deep well in the vicinity of the GRRA encountered rhyolitic rocks and exhibited a geothermal
gradient that extrapolates to megtihe required conditions for FORGE. The final selection of a site for
FORGE in the GRRA comes down to choosing a location with the least possible risk of unforeseen
conditions, highest potential geothermal gradient (to minimize drilling c@stximity to support

services and existing infrastructure, ajidatestase of acces$he greatest risks posed by the

uncertainties in our knowledge of subsurface geology beneath the GRRA the gbpsibility of

encountering Paleozoic sedimentary rocks bertbatkolcanics and (2he possibility of encountering a
localized region of high permeability due to either caldera ring fractures or a regional structure, such as a
Basin and Range fault.

Because the locations of calderas are uncertain, so are therisapotentialring fractures. Therefore,
avoidance criteria cannot be established based on the available data. The GRRA is located southeast of
Lost River faulf which dips to the west (away from the GRRA). The next nearest surface trace of a Basin
andRange normal fault is the Lemhi fa@figure7), about 2&km (12mi) north of the central GRRA.

Major tectonic features are therefore unlikely to influence subsurface conditions at the BRRA.

addition, the GRRA was identified as an EGS target by thkeSRever PlainPlay Fairway team, because
potential permeable structures are not expected to &kistaisetal., 2016).
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Figurel6. Reservoir volumes from the structural and temperature scenasiosed by reservoir temperatutestters &d correspond to scenarios
identified on Table 4.
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Conductive temperature gradients measured in deep boreholésen€RRA suggest that the 175°
(347°F)isotherm lies betwee4- and 3.8km (7,900 and 12500+t) depth. Given the available data, we
can only provide upper and lower bounds on the temperature structure beneath therGiRRaegree to
whichthe temperatures within this area vary. We do know that the thickh#ss riiyolite section
increasegastvardwith distance from the mountafront. Thus the risk of encountering sedimentary
rocks prior to reaching 175°@47°F)can be reduced by choosing a FORGE location tHat sway

from the mountain franor choosing a location where the temperature gradient is ste&pe chose a site
that is 8.5%m (5.3 mi) from the mountain front along.B. Highway 20 (Figure’), where our models
depict rhyolitic lithologies to a depth af leas¥4 km (13,100 ft).

We canuse our 3D conceptual models to make preliminary estimates of the volume of rock that is
accessible from the wedite and meets the FORGE criteria. To estimate the minimum volume of rock
available for FORGEwve use the INELL temperature gradient, whicheglicts that the 175°(347°F)
isotherm lies 3.&m (12500ft) below the surface, and the structural model depicting the depth to
Paleozoic rocks as a uniformly dipping flexural surf&®causd~ORGE requirethe reservoir to be less
than 4km (13,100ft) from the surface, we usekdn depth as the lower boundary of the potential
reservoir. This scenario provides a 20(656-ft)-thick reservoir Within a radius of Xm (0.6 mi) from

the proposed well site, thered$62km? (0.24mi°) of availablereservoir rock.

An upper bound on the reservoir volume can be found by assuming that t(34B°F)isotherm lies
2.4 km (7,900ft) beneath the surface (as predictedbyeholeWO-2) and using the structural scenario
depicted infModel 1, which has theested caldera system beneath the GRRA. In this sceoario
reservoir is bound on the bottom by the 225487°F)isotherm, which is predicted to BeOkm

(10,0 ft) beneath the surface. This scenario yields an upper bound on the potential reskem@rofo
2.1 km® (0.49 mp).

5. GEOMECHANICAL MODEL

In low-matrix-permeability reservoirs such as the rhyolitick®of the INL region, reservestimulation
response is controlled largely by the properties of natural and induced fracture ndmwsitkstresses,
in turn, control the distribution, connectivjignd hydraulic behavior of the fraces. Knowledge of the
preseniday stress field at the reservoir scale is therefore required for effective and efficient stimulation.

The methodology teharacterize the subsurface at theRIEE site integrates three fietttale models

derived from a multidisciplinary data set. A geologic model provides the structural framework, lithology
and reservoir properties; a 3D geomechanical model describes th#udag and orientations of

reservoir stresses, pore pressure evolytiod rock mechanical properties; and a discrete fracture
network (DFN) model describes thactureproperties and distribution.

Interpreting rock types and distributions within a aolic setting is complicated by the heterogeneity and
discontinuity of the rockddlowever, the common difficulty of heterogeneity is tempered at our FORGE
site by the relative homogeneity of permeabiigmeasured in INELL. To develop the 3D geologic
framework, we will apply geostatistical methods within a structmiialcell model built using the
JewelSuite software. For the bassese modelthe identified formation boundaries from drilled wells are
matched to interpreted boundaries as a set oftigadross sections. This information is used to generate a
3D structural volume with a coherent set of rock types within a region of interest.

A complete geomechanical model consists of estimates of the contempas@mstresses (both

orientation and magtude), the rock strength and rock properties, and the pore pressure or formation
pressure. In keeping with current paradigms of rock mechanics, tectonopagsissructural geology,

we use the convention that compressive stress is positive. We usenesition because situ stresges

at depths greater than a few tens of meters in thedeadhfining pressure in apparatus, and fluid

pressure in porésare always compressive. Positive compressive stress is also the convention used in the
field of soil mechanics. This ithe oppositeof the convention adopted in work on the theory of elasticity
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and continuum mechanics where stresses are assumed paebkgivéensile (Jaeger and Co&R,79;
Zoback,2007).

In geologically simple reservoirs, a 3D static gesimanical model can be developed based on sufficient
well control, with attributes derived from geophysical data and structural information. 3D dynamic
geomechanical models are necessary where we need to calculate pressures in more complex reservoirs
suchas areas with large topographic relief, e.g., beneath mountain ranges or with large lateral density
contrastsuch as thosadjacent to salt bodies. Dynamic models are also required to calculate stress
continuity across faults, stress perturbations dweetive fault slip, and changes in stress magnitudes with
depletion.

5.1 One-Dimensional Geomechanical Modeling Workflow

The initial phase of 3D geomechanical modeling inveltree development of calibraté®
geomechanicahodels based on well data. The 1D models are an essential step toward creation of a 3D
geomechanical modddecausehey are used to develop and verify static stochastic 3D geomechanical
models and 3D dynamic geomechanical fidtement simulatins of the more complex or

time-dependent aspects i@servoir evolutione.g., reservoir pressure and temperature evolution with

time.

For the FORGE study, offset well data will be utilized to derive 1D profiles of vertical styess, S
maximum horizontal stressys, minimum horizontal stresS,min, Pore pressure Pand rock
mechanical propertiesiiconfined compressive strengiia, Yo un g 6 s , atcg.dFarlDu s
geomechanical models, we assume that one of the principal stresses acts vertically anctiieattthe o
principal stresses act horizontally.

To constrain the stresses within the proposed FORGE site, we will utilize a suite of historical and newly
acquired welldatato map in detail the magnitudes and orientations of in situ stress across the field. The
methodology requires characterization of drillinguced wellbore failures through analysis and
interpretation of available wellbore image data. We will use leastipal stresyalues (S3) inferred

from leakoff tests or minfractures information about vertical siss from density logs, and

porepressure information obtained by direct measurement or inferred from drilling data, along with the
observed wellbore flres to constrain the full stress tensor in the reservoir.

We use a suite of data recorded in3tEskm (10365ft)-deep INEL-1 boreholeto demonstrate our
proposed approach (Moos and Barton, 1990). Standard well logs include a density log, neosityn por
sonic slowness, electrical resistivity, formation temperatureralaiamma ray, and caliper hadeze
measurements. In addition, analog acoustic televiewer data were recorded over the2ibgsial
3.12km (6,778to 10,236 ft)and digitizedafter logging.

We will compare values of compressive rock strength obtained in triaxial laboratory measurements

against effectivén siturock strength determined through the deate logging analysis. Legased rock

mechanical properties are derived thgb application of empirical relationships to the wireline data to
calculate depth profiles of unconfined compressio
and internal friction. The fundamental INELlog data and the computed geomecharpeaameter

profilesare shown irFigure 17.

Log-derived rock strength must be calibrated against laboratory triaxiabtoakgth measurements.
Newly acquired rocistrength measurements (Bakshi, et al, 2@pendix F are plottedrigure17 and
show excdent correlation with the legerived values. A histogram of computed UCS values over the
interval 15t0 3.0 km (4,900 to 9,8001t) yield a Ry of 121 MPa and § of 183 MPa(Figure18). These
valueswill help to constrain the possible magnitudes of tirezhbntal stresses based on the presence or
absence of wellbore breakouts in the well.
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We provide an example of this approach, again based on preliminary modeling of datorectnd

INEL-1 borehole Figurel9 plots Simax VErsus min for a fixed value of g(at a depth of 3 km

[11,480ft]) to graphically illustrate all possible stress states astained by Coulomb frictiondhulting
theory (Moos and Zoback, 1990). The perimeter of the figure polygon indicates the limitingofalues

Simin @Nd $imax for which the state of stress is in equilibrium with the frictional strength of preexisting
faults, a condition often observed in the earth (e.g., Zoback and Healy, 1992). For any point around the
perimeter of the polygon, constructioha Mohr diagram would show that the circle would be exactly
touching the Coulomb frictional failure line for an optimally oriented fault. We utilize a coefficient of
friction of 0.6, consistent with the results from laboratory tests (Byerlee, 1978)ateddar many rock
types in the earthoés crust, including geother mal
are either along the perimeter of the polygon or within its interior. This ensures thrasitivestresses

never exceed a ratiof shear to effective normal stress that lddnitiate earthquakes on wadtiented

faults.

To apply more rigorous constraints on stress magnitudes using observations of wellbore failure, the plot
also displays lines on the frictiorabnstraint polygorhat indicate the combination of values gf;Sand

Symax (for the given vertical stress,)onsistent with wellbore failures observed in image logs. Red lines
represent the stresses consistent with observed breakouts (contoured for differentrrgitissaad the

blue line represents the minimum values gf.$for the given &, that would be required to generate
drilling-induced tensile wall fractures.

For the INEL-1 examplethe vertical stress,,sat 3,500 m(11,483ft) is 82 MPabased on intgrated

density logs recordeir the INEL-1 borehole The water table measured in INELs at 91Im (298ft),
indicating pore pressure in shlydrostatic at a value of 34 MPa at this dejttireline data and drilling
experience from the INEIL borehole provide an estimate for the least horizontal principal strgasot
58 MPa + 2 MPa at this deptfhe lack ofleakoff or mini-fractests in any of the site boreholgrently
limits our ability to accuratelyalidatethe least pringial stress gradienferom the data currently

available for this site, theaximumhorizontal stress magnitude camly be constrained as transitional
between normal faulting and strike slip faulting®® 1%« > Simin (red shaded area in Figure) 1gith

Simax Of 89 MPa + 11 MPa at,8300m (11,483ft). Once we have acquired contemporary wellbore image
datg we will use this workflow to analyze data recorded in the newly drilled and existing wells to more
preciely constrain stress magnitudes.

In situ stress orientation indicators suchvaadlbore breakouts and drillirigduced tensile wall fractas

were not observeith INEL-1 (Moos and Barton, 1990), precluding measuremeint situ stress

orientation from these data. Althoudhilling-inducedthermalfractures(DITFs)would be expected to
occur at depth in the deeper INELborehole it is likely that therelatively lowresolution circal990
acoustic televiewer t could not resolve tse finescale features. Our proposethracterizatiomplan
requires that moreomtemporary, higheresolution wellbore image logging be undertaken at the FORGE
site as part of the future logging program to help consimasitu stress orientation and magude. A
preliminary geomechanical model itNEL-1 is shown in Figur&O.
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Figurel7. Well log data and geomechaniparameteprofiles for INEL-1.
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Basalt

INEL-1, Unconfined Compressive Strength, Mean MPa
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9 Vedian WP
800.00
600.00
= sd.Dev. [ 26 wPa
:: P10 121 MPa
400.00
200.00
0.00
100 %
.-'/
o 80%
E)
5 0% '
7 . /
§ 40% _x.
g _.-'
0%
’_/-" I Basalt
0% —
69 138 207 276

Unconfined Compressive Strength [MPa]

Figure18. Histogram of logderived unconfined compressive strimmeasurements on the interdas to
3.0km (4,920t0 9,840 ft) in INEL-1 (upper panel) and cumulative distribution (lower panel).
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Figurel9. INEL-1 stress state at590 m(11500ft) constrained by f Py range of rock strength values

(MPa).
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Figure20. Preliminary geomechanical model #8oreholeINEL-1

32

SO

snakerivergeothermal.org




Snake River Geothermal DE-EE0007159

CONSORTIUM

5.2 Constructing the 3D Geomechanical Model

The FORGE 3yeomechanicahodelwill use the 1D models and the geologic structural mode] (i.e.
subsurface lithologies, stratigrapland structure) to create a reseraiiale geomechanical modas

described in Holland et g010). With moderate structural comgity and relatively homogenous stress
fields within the reservoir, reservoir compartmeartd overburden, the full workflow can be carried out

within the 3D static model. For this method, a 3D grid is used and populated with the properties of the 1D
geomebanical model using geostatistical methddmnaet al.(2016 AppendixB) have developed

preliminary correlations for reservoir properties basethetNEL-1 boreholeand will populate the

model as part of our characterization activities.

The porepressure and horizontal stresses are calculated using similar techniques used in the 1D models,
with calculations done at the vertical, orthogonal pillars of the grid. The population of the grid with the
primary properties is analogous to building a resieryrid butusing a much higher resolution over the

entire vertical columrkigure2l shows density mapped to the preliminary structural grid generated for

the proposed FORGE site. The contoured horizon is reservoir temperati@tan311 500-t) deph

(from Blackwelletal.,2011)

Jewel Crid Base
Density [gicm3]
2,60

IZSO

Figure21. Density distribution(walls) mapped into structural model. Contoured horizon is the
temperature distributio(fC) at 3.5 km (11500ft) below the stface as predicted by
Blackwelletal. (2011).

Under the welfounded assumption that one of the principal stress directions is vertical, the minimum and
maximum horizontal stresses are calculated based on effective stress ratios derived from the 1D
modeling. These ratios relate the effectiagizontal stresses to the effective overburden and are related

to the rock property and the strdsdd conditions. Populating these ratios allows estimating the

horizontal stresses in respect to the local pore pressure, local overlaundiéocal rockype. As with the
stresses, the pore pressure cannot simply be extrapolated along the material layers. Different methods are
used, depending on the pore pressure makkthe available data (Wardatt, 1991, Bowers,19%).

With the stress model and thamary rock properties in place, other secondary properties such as the
fracture gradient can then be calculated from the grid properties at every cell location.
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5.3 Application of the Geomechanical Model Wellbore Stability and
Hydraulic Fracture Design

Knowledge of tlein situ stresses allows the optimization of drilling mud weights, the design of stable
wellbore trajectories, the assessment of the stability of uncased wells, and the evaluation of casing
schemes. For example, based on the geomechanical, maldalaing the safe mud window for drilling
wellsis straightforwardor any well trajectory. We will usquantitativerisk assessment to examine the
effects of uncertainties in the geomedkcahmodel on the predicted munkight window at specific

dephs in wellboresQuantitativerisk assessmengrovides the probability distribution for drilling success
where achievement of success is defined by engineering design. This information is extremely useful
when prioritizing data collection or when determigpithe new data required to irese confidence in the
wellborestability analysis results.

In geothermal environmentis is critical thatthe implications othermoplasticstress changes while

drilling be assesse€ooling increases the tensile stregsesl decreases the compressive stresses) at the
wellbore wall. This affects the development of wellbore breakouts by decreasing the collapse pressure
required for compressional failure at the wellbore wall. As the hole warms up after drilling, the
compres®mnal stresses increase along with the collapse pressure. Ovahgrhele achieves thermal
equilibrium and the increase in collapse pressure requires higher mud weight to control excessive
wellbore breakout.

Application of the geomechanical model isalmportant to well completion design. It establishes the
requirements to hydraulically fracture the rock at reservoir depth and identifies the optimal trajectory,
linkage and growth of induced fracturéSigure22).

Effect of Drilling Direction - Fracture Initiation (SG)
MD = 3000.00 m (TVD-RT = 3000.00 m)

|

Effect of Drilling Direction - Fracture Link-Up (SG)
MD =3000.00 m (TVD-RT = 3000.00 m)

Figure22. Optimal trajectoies to initiate (left) and linkup (right) hydraulic fractures as a function of
wellbore trajectorypased on analysis frorEL-1.
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5.4 Natural Fracture Characterization and Discrete Fracture Network
Development

3D natural fracture charagtization uses a variety of data to spatially map fracture occurrence,

orientation, spacin@nd intensity. The primary deterministic data for 3D fracture characterization are
wellbore image datamicroseismicdata, weltest or injectivity data, advancegoustic logging datand

3D seismic data. Wellbore imaging tools have dramatically improved in resolution and accuracy over the
past 25 years, and our proposed investigation will benefit from these improvements. Wireline tools such
as thedeep sheawvaveimagng (DSWI) tool can image fractures and faults up to 3(9@&ft) away from

the wellbore, significantly enhancing spatial knowledge of fracture distribution. Fudher

high-resolution mineralogical logging can be used to distinguish seafedspermeable fractures in
geothermal reservoirs. Contemporary $flsmic data analysis methods include determination of fracture
attributes based on seismic coheremtygmening wellbore data with spatidtacture distribution.

Moos and Barton1(990 analyzed the depth distributiondorientation of fractures in threballow
wells and INEL:1 using acoustic televiewer imag8$e data providersassessmerf flow stratigraphy
within the basaltgevealing a characteristic lithostratigraphy withictedow unit. A sampling of the
depth, orientations, apparent apertuegsl host lithologies of macroscopic fractungthin the interval
2.067 to 3121km (6778 to 10,236 from theINEL-1 wellboreis available from the 1990
wellbore-image analysis (Gure23).

Well Name:  INEL-1  Log Date: 2000
Well Location: Idaho Depth Range: 2,066.8-31206m

30880 10

3,0800)  °

3,0940

3,096.0

30950

B a
31000 E§ - o
"BA X

Figure23. Typical circa 1990 wellboremage data recorded BoreholelNEL-1.
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In the rhyolitic welded tuffsthere are two main fracture populations:

1. Striking northeassouthwest and dipping steeply to the northwest

3. Oriented roughly nortisouth and dipping steeply to the wésgure24).

In the deeper rhyodacites, there are three dominant fracture populations:
1. Northeastsouthwest set, steeply dipping both northwest and southeast
2. Eastnortheast set, dipping to the sout

3. Southsoutheast set, dipping to the noffeiigure25).

The variability of fracture trends revealed by the image dalysin indicate there is a walbveloped
network of existing fractures that can provide a base reservoir volume for stimulation.

Steeply dipping fractures may be relict structures related to caldera collagbesndt formed in the
preseniday stress field. Shallogipping fractures were also found. Fracture frequency does not
systematically decrease with depth in the studywateiThere appears tme a cyclic repetition of
high-density fracturing followed by moderate to low fracture density throughout the loggeaimiry
INEL-1 (Figure26). The repetition is probably due to cyclical deposition and cooling of rhyolitic tuffs
and lava flows, reflecting theitompositionabnd lithologic variations. Detailed analysis of the fracture
distribution will inform the stochastidiscrete fracture networloEN) model.

5.5 3D Fracture Characterization i Discrete Fracture Network
Modeling

3D fracture characterization is focused on developing a conceptual model for naicttaks by

interpreting a hydratructural model for the site and developing a 3D static DFN model. The static DFN
describes where fractures are expected to occur in 8D ,titensity (measured as fracture area per unit
volume), their statistical distributions of size (igxtent) and orientations. The DFN is built using the 3D
geomechanics study, geologic model, various other well loigspseismicand operational data, drilling
logs, and interpretations. The model is then calibrated on dynamic information gathered during injection
experimentsn specific wells. These loiflow-rate injection tests are used to characterize the hydraulic
properties ofhe fracturesndtheir width, stiffnessand strengt@ properties that are often difficult to
quantifyd as shown by the typically large uncertainties in predicted response to stimulation of fractured
reservoirs. Model iterations include adjusting DFN patansesuch as intensity, sjznd aperture.
Poststimulation tracer tests of dipole injection between two wells can also be used to validate the
resulting DFN model parameterization and to select stochastic realizations of solute transport that are
most similar to those observed.

An example of our DFN workflow applied to the Wayang Windu Geothermal Fi¢tdiamesia is shown

in Figure27 (data courtesy of STAR EnergyBased on wellbore data, image logs, production logs,

lithology, and microseismic datac@rded under stimulation, the model provides fracture inteanity

distribution as well ashydraulic aperture. Stochastic DFN models are generated to find the optimal fit to

the observed dat8y integrating the results from our 3D geomechanical grid thie DFN fracture

distribution we can determiré& using Coulomb failure analysisthe proximity to frictional failure of

fractures in the DFN. Mapping these fracture intersections to the reservoir volume provides a means to
identify figeomsghaones!| wistwle et h & pserisitivb feasturestbe nsi t y o
stimulation design (Bartoetal., 2013).
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Figure24. Fracture distribution derived from rhyolitBpreholeINEL-1.
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Figure25. Fracture distribution derived from rhyodaciBgreholelNEL-1.
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Well Mame:  INEL-1  Log Date: 2000
¥Well Location: [daho Depth Range: B, 780.8-10,238.31
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Figure26. Fracture distribution (tadpole plot), fracture frequency per foot and associated well logs over
the interval2.06 to 3.1 km@&,780 to 10,200t) in BoreholeINEL-1.
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Figure27. DFN modeling workflow applied to the Wayang Win@eothermal Field in Indonesfdata
courtesy of STAR energy

Another important application of the DFN is its use for more sophisticated dynamic modeling of
hydraulic fracture design. A priority objective for EGS development is creating the resentoidraalic
fracturing to extract heat. Fully 3D fracture modeling software is required to accurately model fracture
growth in complex, unconventional fractured formations. Under stimuldtierhydrofrac provides the

initial connection to the wellborblatural fractures conneatthen slip occurs, initiating microseismic
activity. For these studiewe wi | | depl oy the new Baker Hughes
introduction of fraturefluids into the formation through pegisting fractures duringisnulation.

5.6 Implications of the In Situ Stress State and Fracture Network for
Stimulation of the SRP Geothermal Reservoir

Effective production from EGS reservoirs reqgaisémulation of prexisting natural fractures, but it is
also accompanied by hydraufracturingthatcreates higiconductivity pathways back to the producing
well. These are often held open after stimulation using proppants injected with the stimulation fluid.
Because injection pressures exceed the least stress, the stimulated voddime isrikely here to be
through a combination of shear stimulation and growth of new hydraulic fractueggsing more
efficient connections within the preexisting natural fracture system.

For the 1D geomechanical data for the INHLboreholewe evalated thenud pressure at which a

tensile fracture starts to form on the wellbore wall for a given tensile strdmgtine 28 shows that wells
highly deviated in the direction of,, require higher stimulation pressures than those drilled in the
direction of $max The results indicate that well stability will not be an issue on the ESRP, and high mud
weights will not be required.
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Effect of Drilling Direction - Fracture Initiation (SG)
MD =2500.00 m (TVD-RT = 3500.00 m)

N

165G 235G 315G

Figure28. Pressure as affiation of wellbore trajectory;artical wells are plotted in the center, and
horizontal wells plot along the outside edge. The grid in the plot is aligned with the stress symmetry.
Geographical north is #letop of the plotand the two arrows pointingto the plot indicate the azimuth
of the maximum horizontal stress.

Similarly we can use the INEL 1-D geomechanical model to estimate the optimal trajectory to stimulate
the preexisting natural fracture syst@rgure 2). The approach we use for modgjithe connected
stimulated network is the observation, validblbey numerous studies (e.Barton, 2007), that fracture
conductivity is enhanced when fractures have slipped under a critical state in which the shear stress is
sufficient to cause the fragtuto fail in shear. Explicitly, we define this condition using a Coulomb

failure criterion in which slip occurs whér> ns, T S (t is the shear stress acting on the fractonis,

the coefficient of sliding friction$ , is the effective normal stresand $ is the cohesion).

Under natural conditiond-igure 29, left), most fractures are nearly completely closed g always
greater than zero in situ. Raising fhed pressuren preexisting natural fracturekecreases effective
stressormalto the plane of the fracturésereby causing an increase in the number of fractures that are
critically stressed and thus can dlifigure29, right). Because fracture walls are rough, #igoupled

with anincrease in th&acture aperturayhich enhances conductivity. As stimulation pressure continues
to increase to values ate the fracture gradient, Modléextensile)fractureswill open and, with

continued pressure increases, thegtimulated shear fractures will also open. When tbBegqure drops
after stimulation is complete, shesaadtures remain open (they spiop), but Mode fractureswill

re-close unless proppant or other means are used to maintain their newly created aperture.
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Effect of Fracture Orientation (poles on lower hemisphere) Effect of Fracture Orientation (poles on lower hemisphere)
and Mohr Diagram at TVD = 2604 +- 552 m (MD = 2604 m) and Mohr Diagram at TvD = 2604 +~ 552 m (MD = 2604 m]
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Figure29. Measured fractures in Borehole INELbefore and after the fluid pressines been increased
by 1 SG (~hydrostatic pressure) to almost 2 SG, where white indicates natural fractures that could be
opened by shear displacement if the fluid pressure in thaohed this level during hydraulic fracturing.

In practice, hydraulic fracturing with a pressure of 2 SG where the fluid is injected into the rock would
not open all of the fractures indicated in white. The lower Mohr circles show thangrpost

stimulation effective stresses (total stress minus pore pressure).

We will use Baker Hughesd6s new ARGOSE frnplaingd 3D fr
development of a fully calibrated 3D reservoir geomechanical model and coupled DFNwsidel

design criteriaincluding optimal trajectoriedanding pointsfrac stagingspacing sequencingand

proppant scheduldg&igure30). ARGOS is anultiphysics platform for hydraulic fracture modeling in

complex, unconventional formatiosach as EGSmportantly, the interoperability between JewelSuite

and ARGOS enables a powerful workflow for fracture modeling in complex unconventional formations.
ARGOS can read directfyom JewelSuite FORGE geomechanical models, various mesitsellbore

designs required for simulation. ARGOS simulation results can then read by JewelSuite for visualization
and analysis.
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Fracture width

& mam

Figure30. 3D modeling reveals that the effects of varying cluster spacing on fracture growvié can
highly asymmetric in laterally variable media

6. PHASE 2 CHARACTERIZATION PLAN

Characterization efforts will focus on addressing the greatest risks posed by the uncertainties in the
subsurface geologyhese uncertainties acensidered to be (Ihe deph required to reach75°C

(347°F) (2) the possibility of encounterifgcalizedsedimentary rock and @) the possibility of
encountering a localized region of higarmeability (e.g faults and fracturesY.he characterization
activities described ithis section willresult in the collection afata that will eliminate or greatly reduce
the risks to the projegqtrior to advancing t®hase 3.

Our characterization approach is to analyze direct and indirect indicators of the geologic regime and the
drilling environment to ascertain the suitabilitytiké GRRAfor EGS. We will use statef-the-art

methods for gophysical imaging during Pha®B coupled withinnovativedata integration and
modeling.The Phas@B results will be used to optimize well desigm PhaseC, which will include the
drilling of two wells: (1) a deep-3o0 4-km (9,800- to 13,10-ft) characterizatioro r  fi pyelllamdta

shallow 256m (820-ft) watersupply well.The pilot well will be usedn Phas&€Cto refinethe

conceptual moel of the sités geologic structure, thermal profiend rock physics characteristics

EGS During Phas@B, we will also renter the existing.15km (10,365 ft)deep INEL-1 boreholeto

obtain information on the geological stress regimetamallectwater samples necessary for
understanding the geochemistry of native fluids and the interactions of circulated fluids in the proposed
EGS withn the stimulated fracture network.

6.1 Phase 2B Characterization Activities
We will conduct the following Phas2B characterization activities.
6.1.1  High-Resolution Gravity

One ofourfirst Phase2B activities will beto collect of a series dix high-resolution gravity (100n
[328t] station spacing) profile§.hese will help to identify the maximum gravity gradient ceddty the
density contrast between rhyolite deposits and ancient marine sedifentéghresolution gravity lines
will reduce the uncertainties in depth and location of the voltRaalieozoic contacSeveral gravity lines
will originate at the base tfie Lost River Range and extend southeastward out into thev$tRRne
extending to INELL. One or morggravity lineswill extend northeast to southwest to tie the lines
together.
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6.1.2  Light Detection and Ranging

We will uselight-detection and rangindg-[DAR) instruments fromiNL andthe Center for Advanced

Energy Studieto generataprecise3Di mage of the earthods surface for
surrounding ared his information will be used as a baseline for the topography prior to field

disturbances

6.1.3 Interferometric Synthetic Aperture Radar

We will perform abasic interferometric synthetic aperture radar survey using available commercial data
(e.g, freely awailable Sentinel C band or ALGEL band) to examine possible ground deformation in the
areafrom field activitiesand to establish a baseline for future work. The egmnce package GMTSAR
(Sandwelletal.,2011) will becombined with a timeeries analysiandan available higliesolution

digital elevation model (and perhaps the LIDAR map dbsdrabove).

6.1.4 Passive Seismic

We will analyze data from our planned eigition temporargeismicarray, as described in the FORGE
Preliminary Induced Seismic Mitigation Pl@ghempleton et al., 2016 several ways teearcHor
microseismicityand characterize the subsurface structBasic detection/association routines (shand
long-term averaging) will be appligd detect microseismic eventsocations and associated error
estimates will be generated for any observed events, as watirasnt tensors as possible. We will

analyze signals from regional or teleseismic events using receiver functions to refine basement depth and
crustal velocity structure. An advanced detection routine (matched field) will be applied to search for
exceptionly small events. In parallel, a seismic interferometry study using correlation of ambient
seismic noise will be conducted using continuous noise recorded by the plannedagightdeployment
combined with data from the existing INL permanent seisntiwori. The result will be a basikD
seismievelocity (including shear wave structure) model to a depth of a few kilom#tersnodelwill be

useful for improved event location and for comparison with the active sessmiey resultsPrevious
applicatons of this method atothe ge ot her mal s gebtheemal figldianddNewberrBr ady 6
Geothermal Energy) have med successful (e.g., Matzeladt, 2014).

6.1.5 Magnetotellurics

An MT survey will characterize the electrical resistivity structure of thgeptarea. It will be a remote
referenced tensor survélyatincludesthe vertical magnetic field. One gaalthe surveys to delineate
properties of major aquifer units to be confirmed by independent informatioh as drilling or seismic
surveys A second goal is to test for a local heat souncicated bya low-resistivity upwelling from the
deeper crust, as is associated with extensional geothgretains elsewhere (Wannamakeal., 2011).

A third goal is to derive background resistivity struetasa constraint for subsequent possible MT
monitoring measurements that cobkel used taest for temporal changes in resistivity structure following
well stimulation.

Inversion of the monitoring data will yield volumes and locations of rock subjgetrtoeability changes
including anisotropic property changesie tothe state of fluid interconnectio®®ne hundredensor
stations will be acquired with station spacing on the order gl800ft) toward the domain peripheries
and 1km (0.6 mi) towardthe FORGE Operations Ared@his is appropriate sampling for a well with
experimental activity in the 1-%0 2-km (4,900- to 6,600-ft) depth rang@nd toachievea depthof
investigation of at least 1 (32,800 ft). The MT responses will be inverted witbw, uniquely
powerful 3D inversion software described by Koadwl. (2016; 2016). This software idased on the
deformable finite element method amsksall direct solvers. This algorithm can incorporate an arbitrary
a-priori inversion structure, nkéng the algorithmsuitable not only for establishing existing background
structure but also for conservative estimation of subsurface structural changes during hydraulic
stimulation by constraining minimal gartures from that background.
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6.1.6  Active Seismic Survey

An active seismicugvey will be used to define the depth and attitude of the geothermal reservoir targets
beneath the FORGE sit®ur seismic characterization plan is based on previous INL seismic surveys and
the Stanford Surprise Valley seismic\ay (Eggeretal., 2010).Theseismicsurveywil | use the

University of Texas TRex vibroseiseismic source, which can image to more th&am31.9-mi) depth.

We will alsoconduct two refraction profiles using explosive sources by contracting with tlealat

Seismic Source Facilitgt the University of Texas, El Pas@he explosive source data will provide
constraint geologic structubelow 3km (9,800-ft) depth (sinilar to Pankratz and Ackermant982).

Lines will consist of twd®0-km (12.4mi) oblique seismic profiles that extend from the range front and
across the site of the proposed FOR@SHBt welld onenorthwestsoutheasprofile along, or parallel to,
U.S. Highway 20 and anothemorth-southoriented profile that crosses®J Highway 20 neaitthe drill

site. These&ibroseisseismic lineswill image soutkdipping Paleozoic strata to determine whether they
are faulted or folded beneath the SRRese lines should also allow tasimage the rhyolite system as it
thickens to thesouth and any otheontinuousvelocity boundaries at greater depthssts in the field

will be needed to assess tiedlectionimaging capabilities at the IN&ite Our plan willprovide a
detailed deeelocity model for the construction of synthetic sesgimams and dataterpretation.

In summarypur seismic plan will
1. Produce aetailedrefraction tomogram for the uppekin (0.6 mi) using a vibroseis seismic source
2. Produce a reflection image for the upper 3+ #{n®+mi) using a vibroseis seismic source

3. Image the seimic velocity structure greatéhan 5km (3.1-mi) depth using large exploss to tie
with existing crustakcale refraction data

6.1.7  Slim Hole Coring

We will drill a new intermediatelepthslim hole (~700m [2,300ft]) in the GRRAnear our selected site
to test the geologic conceptual model, evaluate the local geothermal gradiExdamine the
geochemical and isotopic characteristics of basaltsrhyolites. We will also perforinydraulic testand
collect core for detailed laboratory characterizatiad thinsection analysisThe laboratory tests of core
will include those for:

1 Density i Static and dynamic measurements
I Mineral characterization 9 Fluid inclusion analysis
91 Natural fracturgroperties and failure 91 Bulk rock strength
envelop f  Thermal expansion coefficient
1 Stressdependent permeadity and injection 1 Thermal conductivity
experiments : .
_ 1 Stoneleywave reflections and attenuation
1 Porosity . .
N 1 Crossed dipole acstics
1 Permeability :
_ _ , 1 Nuclear magnetic resonance spactr
1 Deformation and failure properties
_ 1 Spectral natural gamma.
9 Brittleness

Also, a number of other tests will be conducted on the core to help solidify the interpretation of the
geologicmodel These tests include magnetic declination; magnetaegtibility; density; radiometric

dating; Ar/Ar dating; major element, trace element, and phase chemistry; electron microprobe and laser
ablation inductively coupled plasma mass spectronfetrghase chemistry;-ray fluorescence for major
elements; anchductively coupled plasma mass spectrometry for trace elements.
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Using the core data, we will update our existing poroelastic model and ground truth for both the seismic
and gravity data sets. Groundwater hydraulic testing will be used to update theddehbfraquifer

flow and transport. Upon completion of the corehole, it will be instrumented as a deep monitoring
well/piezometer and potentially a seismic monitoring station

6.1.8 Reenter INEL-1

The 3.15km (10,365)deep INEL-1 geothermal tedioreholeremainsopen other than a bridge plaga
depth of approximately 460 (1,509ft). Collecting representative water samples and a suite of modern
borehole geophysical logs from the deep geothermal reservoir is critical for successfully desgning
wells for EGS Pressuréantegrity tests will be perforntein selected intervals in INEL to estimate the
formation fracture gradient and to measure the sstads of the system. It is important to know the
pressure integrity of dowhole formations when planning addlling the pilot well. Water chemistry
analyss, gas analysis, fracture density, and other rock properties will be collected from thi\&tfort.
INEL-1is reentered and the bridge plisyemoved afull suite of geophysical well logs will be colled.
During water sample collection, the hydraulic propemiethe formatiorwill also be measured

6.2 Phase 2C Characterization Activities

PhaseC characterization activities are designed to collect the last data required to finalize the FORGE
design. The focus of Pha®€ will be drilling a deep geothermailot well andawatersupply well Also,
passive seismic monitoring will continuagdlighout Phas2C. During PhasgC, it may be necessary to
collect additional gravity data. For instance, some additionattgigblution gravitydata may be

collected on an aseeded basis. Also, the rock core collected from the geothermal well wilalyzaah
usingthe laboratory core techniques described in the previous section.

6.2.1  Water-Supply Well

A watersupply well is needed onsite for drilling the deep geothermal test wétly onsite water needs,
andfor long-term EGS operations. Additionally, tvater supplywill be sufficient for firesuppression
requirements. We anticipate that this weill be approximatel200 m (650 ft) deep and drilled using an
air-rotary drilling method. The well will be sited such that stim hole drilledin Phase&B can be used as
an observation wefbr a pumping test of the watsupply well. Aquifer parameters, including
transmissivity and storativity, will be collected during the test and used in the local groundwater flow
model.

6.2.2 Pilot Well

In Phase 2C, wplan to initially drill a verticapilot well to a depth between 2,500 and 4,00(8,200
and13,100ft) depending on the final measured geothermal grattiemt the slimhole drilled in

Phase?B. This pilot well will serve two purposed he first is toallow for detailed characterization of the
entire vertical section at the FORGE siilling a pilot wellwill allow for deep characterization of

in situ fracture sets and determtion ofthe insitu stress conditionssavell ascollection of rock coreln
Phase2C, we plan to initially drill a vertical pilot well to a depth between 2,500 and 4,000 n® @h20
13,100 ft) depending on the final measured geothermal gradient from théslérilled in Phas2B.

The second purposeascostsaving mease; we plan to sidetrack out of the pileell at the initiation of
Phase3 using the Baker Hughes AutoTrak eXpress sysiém AutoTrak eXpress system has
continuousstring rotation while eliminating sliding and orienting for extended lateggl
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Thewell is designed to allow repeated reentry and testing at high presBoeedesign alsmcludesas
many aswo laterallegsthatcan potentially be sidetracked out of the well. The preliminary design is as
follows:

1 Drill a66-cm (26-in.) vertical hole ® more than 244n (800ft), andrun 51-cm (20-in.) casingthat is
cemented tohesurfaceand equippeavith a shgle gate and annular preventgetthe casing through
fluid loss zones

1 Drill a44.45cm (17%in.) vertical hole to 1,60 m (5,000 ft) +/ log theopen holeand run 34.&m
(135/8-in.), 12.2kg/m (88.2 pounds per foot),-80, premiuraconnection casinthat iscemented to
thesurface Install a34.6.cm (135/8-in.) 5M casing head and3.6.cm (135/8-in.) full
blowoutpreventionequipmenstack witha rotating headPeform multiple minifrac testsbelow this
shoe in th81.1-cm (12/in.) hole or with packers

91 Drill a 31.2cm (12/in.) vertical hole to total deptltore intervals as necessary depending on
loggingwhile-drilling (LWD)/ measuementwhile-drilling datg runacomplete suite of logs
includinganimaging log andrun 24.4cm (95/8-in.), premiumconnection liner hungl m (200ft)
inside ofa34.6cm (133/8-in.) shoe with liner top packer set as a backup seal after cemtrging
liner.

6.2.3 Well Logging Suite

A suite of wireline petrophysical and wellbore image logdasnel. Appendix H lists the well logs to be
collected in the ot well during Phas@C. The purpose of acquiring and analyzing an extensaielog
suitefor the FORGE site is thre®ld. First, the data will be used to improve structural models based on
interpretation of surface geophysical surveys by obtaining an accurate profile of physical prapetties
as density, velocity, and electrical conductivity dsraction of depth. Second, the log data will be used to
refine thegeomechanical modelhichincludesthe stress field, natural fracturing, and mechanical
properties as a function of deptlising this modelthe orientations and conductivities of thes

conductive fractures care determined for selection of the optimal landing point and well plan for EGS
development. Thirdhe value of each logill be assessefibr delivery of the results to enable selection of
the optimal log suite for future wells.

6.2.4 Rock Physics Analysis

We will perform rock physics analyses on well logs from the pilot well for the purpose of lithology
identification and correlation with seismic and electromagnetic @agrock physics analysis wilkse

the rock and fluid propertiaaeasured at the well (such as porosity, mineral voluaressaturations)

and elastic properties (density, elastic wave velocities or impedances) and extrapolate this information to
a larger volume based on seismic d&eanaet al, 2016; AppendixB). Our goal is to build a 3D model

of rock and fluid properties adjacenttte well bore of the pilot welHowever, farther away from the

well, we can only measure elastic properties (and potentially resistivity and gravity). In order to build this
model, giren the seismic datave will (1) perform a seismic inversion to estimate elastic properties;

(2) estimate a rock physics relation at the well to link elastic to rock propertie€3)aaugbly the

calibratedrock physics model and estimaket3D model orock properties.

Key logs will include wellbore imagehbat will be needetb detect structurally important natural
fractures and stressduced wellbore breakouts and tensile wall fractures, as well as stratigraphic
featuresWe plan to useraadvanced weline and LWD imaging program. The newly developed
GeoThermal Imager, an ultrasonic phaaegy imaging tool rated to 3007627F), can be deployed
under equilibrium temperaturésigure31). While drilling, the LWD StarTrak todqlFigure32) will
provide realtime, high-resolution electrical images to extract critical informatiegardingn situ stress
orientation and stress magnitude andharacterize natural fractures.
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Fractured Granite Section at BETA Test Site
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Figure31. Comparison of electrical imag@#nell), ultrasonic amplitude imag®é&nel2) with
ultrasonic and travel time images recorded with the negdyeloped GeoThermal Imager in granite
(Panels3 and4).

Figure32. Example of the image data recorded witaLWD StarTraktool capable ofgattime
recording of very highresolution images with full azimuthal coverage during drill\gllbore breakouts
and natural fractures are seen in the left set of imagesnduced tensile fractures and wellbore damage

(petatcenterlne fractures) are discriminated in the set of imagethe right

48 SO

snakerivergeothermal.org



Snake River Geothermal DE-EE0007159

CONSORTIUM

/7. SUMMARY AND CONCLUSION

The data we have presented show that the GRRA is a prime candidate for EGS in the ESRP. Using a
combination of geophysical results, geologic investigations, arehainsfrom deep boreholes, we
definedtwo bounding endnembergeologic models. The primary difference between the models is the
geometry of the contact separating B®RP rhyolites from thpossibleunderlying Paleozog: One

model is constructed frothe inferred boundaries of four nested calderas within-the B>:Ma Picabo
volcanic field and assumes that these calderas are similar to the currently active Yellowstone volcanic
system. In this model, the rhyolite/Paleozoic contact is formed by ring faults associated with caldera
subsidence and the potential FORGE reservaioisposed of intrgaldera rhyolite flows and/or
rhyodacites similar to those observedigep BoreholdNEL-1. The second model is derived from the
crustal flexure model of McQuarrie and Rodgers (1998) and depicts the rhyolite/Paleozoic basement
contact baeath the GRRA as a surface that dips d&grees toward the ESRP. The nested calderas are
shifted several kilometers to the south, while the rocks benea®RR& primarily consist of

extracaldera rhyolite flows and ignimbrite sheets. Permeability mmeawnts of all the potential

reservoir lithologies range froé7x 10%°to 1.8x 10" m*(0.068to 2 D) , whi ch is |l ess t
maximum permeability allowed for FORGE.

Oneuncertainty in our geologic model is the dippthe rhyolite/Paleozoic basemdrtundary beneath the
GRRA. To minimize the risks of penetrating this boundary prior to encountering temperatures in excess
of 175°C(347°F) we chose a FORGE site that is far enough away from the range froakitmize the
likelihood that rhyolite litholgies are present to more than 4 km (08 ) below the surface.

We bracketed the likely depth to the 175337°F)isotherm wittin the range of conductive temperature
gradients observed in five deep boreholes near the GRRAdata indicate that the IIbisotherm lies
between 2.4nd 3.8km (7,800 and12 500ft) beneath the surface, yielding potential reservoir volumes of
0.6 to 21 km® (0.14 t00.49 mf).

Our preliminary geomechanicadodel, based primarily on rock strength measurements and well logs
from deepBoreholelNEL-1, suggests isitu stress conditions are amenable to hydraulic fracturing of the
reservoir. Additionally, we presented a workflow for extending this modéréedimensions when more
data become available during Phése

Finally, we presented a Phaaeharacterization plan. This plan calls for geophysical, hydrological, and
geochemical site characterization. Additionally, a deep pigdtwill be drilled and cheacterizedusing
stateof-the-art downrthole logging tools.

We have shown thatur site meetthe requirementior FORGE We bounded the uncertainties in
reservoir depth, volumend tenperature by developing two emtember geologic structural scenarios
utilizing 3D geologic modelingoftware Overlaying two thermal gradients on the geologic models
generatedour reservoir/thermal scenarios. All scenarios exceed FORGE site selection requirements.
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ABSTRACT

The Idaho National Laboratory (INL) has designated ~100 km® of the Eastern Snake River Plain (ESRP), along the track of the
Yellowstone Hot Spot, as a Geothermal Resource Research Area (GRRA). The GRRA is a designated area of the INL Site to support
research and development for all aspects of geothermal energy. The GRRA is the focus of studies under the Phase [ award to the Snake
River Geothermal Consortium (SRGC) from the DOE Frontier Observatory Research in Geothermal Energy (FORGE) program. The
GRRA provides a robust field site for development of innovative and advanced geothermal technologies, approaches and methods.

The GRRA is located in a geological region that i1s dominated by the Yellowstone volcanic track, the Earth's largest and most active
continental hot spot system. It is well known for high regional heat flow (110 mW/m®) and voluminous late Miocene to Holocene
magmatism and tectonism.  The GRRA is generally underlain by several hundred meters of interbedded Pleistocene basalt lavas erupted
from widely scattered vents on the ESRP and sediment denived from mountain ranges northwest of the plain. The basalts and sediments
host part of the prolific ESRP aquifer. In the adjacent 3.2 km deep INEL-1 well, these rocks overlie thousands of meters of rhyvolites
erupted during the climax of hot spot related volcanic activity between ~10 and 4.5 Ma. The rhvolites are dominantly voluminous
densely welded ignimbrites, lava flows and shallow intrusions that ponded within and intruded beneath and into coeval caldera
systems.  Permeability of the thack intracaldera deposits is extremely low due to a combination of very dense wekding and rock
alteration and mineralization dnven by now-extinet intracaldera hydrothermal systems. The extremely low permeability and large mass
of the hot deep rocks is ideally suited for EGS studies as heat recovery from this region will require advanced drilling, reservoir
stimulation, and uid injection to achieve necessary heat extraction.

1. INTRODUCTION

The Eastemn Snake River Plain (ESRP) is one of the largest regions in North America of high heat flow (up to 110 mW/m’) and robust
volcanic and tectonic activity (e.g., Blackwell, 1989, Anders et al.. 2014). Recent activity is dominated by Yellowstone-Snake River
Plain hot spot system (e.g., Smith et al., 2009). Enormous overlapping and nested calderas were produced by voluminous rhyolitic
volcanic eruptions between 10 and 4.6 Ma, producing potentially ideal host-rock matenials for development of EGS technologies.
However, post-caldera basaltic volcanism, and the development of @ robust active aquifer system have muted obvious surficial evidence
of the underlving caldera systems and high heat flow (e.g., Smith, 2004), Locations and charactenistics of buried (cryptic) calderas are
therefore inferred from robust regional geologic and geophysical surveys, and from deep borehole data.

This paper is a preliminary summary of the geologic setting and evolution of the Geothennal Resources Research Area (GRRA),
cmphasizing matenals, structures and cryptic caldera context of the proposed EGS reservoir system. It summarizes and integrates
previous work with the focus being to develop a geologically and geophysically constrained range of conceptual models of GRRA
subsurface geologic architecture at geothermal-reservoir-relevant depths of 1.5 to 4 km.

2. REGIONAL GEOLOGIC SETTING
The GRRA site 1s located on the northem margin of the Yellowstone-Snake River Plain ( YSRP) volcanic track. the worlds largest active
continental hot spot system (e.g., Smith et al. 2009) (Fig. 1).

The crust in this region consists mainly of carly Precambrian crvstalline rocks (Foster et al., 2006) that are overlain by late Precambrian
to Mesozoic age sedimentary rocks of the Cordilleran fold and thrust belt (Dickinson, 2004: DeCelles and Coogan, 2006: Yonkee et al.,
2014). Regional magmatic activity produced the late Cretaceous [daho Batholith and Eocene Challis volcanic province (e.g., Gaschnig
et al., 2011) and Oligocene intrusions of the Albion Mountains region (Konstantinou et al., 2012, 2013a). But with the exception of
distal sedimentary facies of the Challis system, none of these appear to have extended to the GRRA area (Fig, 2A). Strong extension
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occurred in Eocene to early Oligocene exposing mid-crustal rocks in isolated metamorphic core complexes of the Pioneer and Albion-
Raft River Mountains areas, northwest and southwest of GRRA (Strickland etal., 2011ab). Coeval, less intense extension produced half’
graben basins over a wider region, including formation of the Arco Pass Basin located just north of the GRRA in the Arco Hills (e.g.,
Link and Janecke, 1999). Another, later phase of late Miocene extension and uplifi occurred dunng proximal volcanism along the
YSRP (Vogel et al., 2014; Konstantinou et al.. 2011, 2013b).

45°N

Basalt dike (age in Ma)
Nevada rift zone

~ - v T T
120°W 115°W 110°W

Figure 1: The location and regional geologic and tectonic setting of the proposed GRRA and FORGE Phase | study area (after Smith et
al., 2009, their figure 2). The GRRA is located on the northwest margin of the INL (shown in dark blue). The map emphasizes major
Neogene to Recent volcanic and tectonic features related to development and evolution of the Nevada-Columbia magmatic belt (Camp
et al, 2015) and the Yellowstone-Snake River Plain hotspot system. Most lines and symbols are explained on the inset explanation.
Ages of initiation of major silicic volcanism are indicated for rhyolite volcanic fields (vellow lines). The green line encompasses
Quatemnary to Pliocene basalt lavas that postdate local rhyolite volcanism.

Regional Basin-and-Range extension began ~17-15 Ma and is continuing to present, most actively in eastern and westem regions of’
Basin and Range (e.g., Parsons, 19935), and around the margins of the ESRP - the YSRP "tectonic parabola” (e.g., Anders et al., 1989)
(Fig. 1). Inception of Basin and Range extension coincided with massive 17-15 Ma outpouring of basalt Javas of the Columbia River
Basalt (CRB) Large Igneous Province (LIP) (e.g., Camp et al, 2015) (Fig. 1). Numerous studies suggest that initiation of extension,
coeval CRB volcanism, volcanism in southeastern Oregon, and southward across central Nevada are genetically linked to upward
impingement of a mantle plume on the base of the North Amernican lithosphere (e.g., Pierce et al., 2009).

Basaltic CRB volcanism 1s followed by two time-transgressive tracks of thyohite-dominated volcanism. A weaker northwest trending
track, the Oregon High Lava Plams track (Fig. |, Newberry volcanic trend), and a much more robust track that extends to the northeast
across southemn [daho and currently located beneath the Yellowstone, Wyoming region (referred to here as the YSRP track, for
Yellowstone-Snake River Plain) (Fig. 1, 2A).

58 SO

snakerivergeothermal.org



Snake River Geothermal DE-EE0007159

CONSORTIUM

McCurry et al,

Figure 2. Geologic map of the Eastern Snake River Plain (ESRP) and its surroundings emphasizing salient volcanic and tectonic
features. The INL is outlined in blue with a black mset showing the location of the GRRA. Double lines indicate the location of a
blow-up geologic map (Figure 11), The geologic base map is from Lewis et al. (2012). Shades of green, blue and purple tllustrate late
Precambrian to Paleozoic sedimentary rocks exposed in Basin and Range horst blocks north and south of the plain. Faults having late
Neogene to Recent activity are shown in bold lines (after Anders et al., 2014). Pale shades of grey on the Snake River Plain indicate
Quatemary basalt lavas (Holocene in darker shade). pale yellow indicates Quatemary sediment. Yellow = Quaternary cryptodomes,
lava domes and volcanic fiekds consisting of geochemically evolved matic to rhyolitic composition (¢.g., McCurry and Welhan, 2012),
Bold red colors indicate exposures of  rhyolites (mostly ignimbntes) exposed along the margins of the plain. Major rhyolite volcanic
fields are illustrated with bold dashed lines; HVF = Heise volcanic field, Twin Falls and Picabo lields overlap in age and are therefore
combined. Deep boreholes are shown as red dots (Km=Kimberly: Ki+Kimama: SC=Sugar City; after Shervais et al,, 2013). Borcholes
located within the boundaries of INL are distinguished in Figures 5 and 11A. Inferred caldera locations and ages are illustrated with
solid (better defined location) and dashed (less well defined location) black lines. TF=Twin Falls, atter Shervais et al., 2013; MR=Magic
Reservoir, after Leeman, 1982b; AF=Amenican Falls, LCC=Little Chokecherry Canyon, KC=Kyle Canvon, LRS=Lost River Sinks, are
after Anders et al., 2014; AV=Arbon Valley (or Taber), after Kellogg ¢t al., 1994; Kuntz et al, 1992, McCurry, 2009, WT=Walcott,
BCT=Blackuail Creek, Kilgore, and CC=Conant Creek, are after Morgan and Mclntosh, 2005, modified by Anders et al, 2014
WC=Wolvenne Creek. Ek=Elkhorn Spring, are after Anders et al., 2014). 2B. A cross-section of the crust and upper mantle (from
McCurry and Welhan, 2012; modified from Peng and Humphreys, 1998). The cross-section extends southeast from the southem end of
the Lost River Range to China Hat. ESRP = Eastern Snake River Plan, BVF = Blackfoot Voleanic Field; PMs = late Precambnan to

Paleozoic miogeoclhinal sedimentary rocks,

The YSRP is defined on the basis of a northeast trending, time-transgressive pattem in the inception of voluminous rhyolite volcanism

(c.g.. Anmstrong et al., 1975 Pierce and Morgan, 1992). It ‘migrates’ at an average rate and in a direction closely mirroning ‘absolute’
3
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motion of the North American lithosphere (e.g. Smith et al. 2009) (Fig. 1). Volcanic fiekls evolved in waxing-waning cycles lasting
several m.y., and overlapped in time and space with strong subsidence (sagging) along the volcanic track, and robust extension via
Basin and Range extension in regions peripheral to the track. Detailed study of structures along the northern margin of the plain (Fig. 3)
indicate 5 to 6 km of ESRP directed subsidence, almost all of which is accommodated by flexure (¢.g., McQuarrie and Rodgers, 1998;
Rodgers et al,, 2002). Geophysical studies indicate that the subsidence occurred in response to intrusions on mafic magmas from the
mantle into the lower- and middle-crust (e.g.. Brott et al.. 1981: Braile et al., 1982),

Figure 3. An intermediate scale geologic map of the GRRA and surroundings. Three base geologic maps are tiled together in the figure
(Skipp et al., 2009, Kuntz et al., 2007, Kuntz et al., 1994), Neogene and Quaternary faults are highlighted in black: Quaternary rhyolite
lava domes and cryptodomes in red shade. Picabo age and Heise age ignimbrites are also highlighted (in green and red colors,
respectively),  The geology base map is overlailn by inferred calderas (bokd dashed lines), outlines of the Big Lost Trough basin and
Mud Lake sub-basin are shown in thin dashed lines: red lines (red dots are measurement locations) that contour the tilt of Laramide fold
axes into the plain (after Rodgers et al., 2002; McQuarrie and Rodgers, 1998). shaded regions illustrate volcanic rift zones: locations of
deep boreholw (USGS142, INEL-1, WO-2 and 2-2A). The map also shows the locations of three project cross-section AA™.

Rhyolite fields may have cumulative volumes of 10,000-20,000 km® (e.g., Bonnichsen et al., 2008; Ellis et al., 2013), Volcanism is
dominatex! by eruption of distinctively hot, relatively dry *high grade” ignimbrites summanzed by Branney et al. (2008) as SR-type, and
voluminous lava flows. Similarities among the ignimbrites has made comrelation, and therefore estimates of sources and volumes
difficult, however recent work suggests that eruptions of >100 km* were not unusual. Many, but possibly not all (¢t Fkren et al., 1984),
are sourced from caldera complexes. Assuming the cryptic voleanic fields (now largely buried by younger basalts) have evolved in a
manner similar to Yellowstone caldera system, and to other large volcanic field world-wide, it seems likely that the fields host numerous
overlapping and nested calderas. A prominent role for nesting of calderas is also strongly suggested by remarkably light pattems of
oxygen stable isotope chemistry of the rhyolites (Bindeman et al., 2007, Watts et al., 2011: Drew et al., 2013).
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Cessation of rhyolite volcanism was followed soon after by eruption of basalt lavas, beginning at ~6 Ma in the CSRP and ~4.2 Ma in
ESRP (Shervais et al., 2013: Potter, 2014: Champion et al., 2002). The basalt eruptions produced a widely distributed basalt-dominated
field consisting of hundreds of coalescing shield volcanoes (e.g., Greeley and King 1977, Kuntz et al., 1992; Hughes et al., 2002),
having a cumulative volume of over 10,000 km® (¢.g.. McCurry et al., 2008). Accumulation of the basalts and concomitant subsidence
of ESRP produced a basalt-dominated basin up to ~2 km deep (Shervais et al., 2013; Potter, 2014).

A number of spatially systematic patterns occur within ESRP basalt field (e.g., Kuntz et al,, 2002, 1992; Hackett and Smith, 1992,
Hughes et al., 2002; Wetmore et al., 2009) (Fig. 3). Many linear vents, alignments of vents and fracture svstems trend to the northwest
across parts of the ESRP, and west-northwest in the Spencer-Kilgore region south of the Centennial Range (e.g., Kuntz et al., 1992).
Some of these features cluster into diffuse linear, northwest trending zones, and are identified as volcanic rifts zones (e.g., Kuntz et al.,
1992, 2002; Rodgers et al,, 2002). Some of these appear to merge into range bounding normal faults (e.g., Arco-Big Southern Butte
Rift Zone, Figure 3), and may be dominantly tectonic m origin,  Others may oot into robust dike swarms (e.g., Parsons et al, 1998;
Kuntz et al., 2002; Rodgers et al., 2002, 1990), The 'Great Rift’ is the voungest and most prominent of these (¢.g., Holmes et al,, 2008).
Interestingly, the Great Rift exhibits a systematic change i trend from northwest to northerly (Fig. 2), likely reflecting a northward
change in the direction of regional strain (e.g., Payne et al., 2012). Other pattems in the distribution of volcanic vents have produced
diffuse linear and curvilinear constructional topographic highs (e.g., "Axial Volcanic Zone'; Fig. 3).

Basalt lavas are commonly interlayered with clastic sediment derived from drainage off ranges bounding the plain (e.g., Bestlin et al.,
2002: Geslin et al., 2002). Importantly. accumulations of basalt and sediment in the central and eastern Snake River Plain have largely
bunied the underlying rhyolitic rocks and caldera systems.  Virtually no unambiguous rhyolite sources are exposed, aside from those in
the Yellowstone area (including Island Park), Volumes and sources of rhyolites in those regions are therefore inferred almost entirely
from spatial distributions and depositional features of ignimbrite and fall deposits marginal to the plan, a small number of deep
boreholes, and geophysical surveys.

In the ESRP eruptions of pnmitive basalts overlap in time and space with eruptions of’ comagmatic, highly geochemically evolved
rocks, varying from Fe-enhanced and alkaline basalt to rhyolite (McCurry et al., 2008; Shervais et al., 2006; Leeman, 1982). These
have produced a number of domes and cryptodomes across the ESRP such as Big Southem Butte and Middle Butte (Fig. 3), and
evolved lava fields (e.g., Craters of the Moon, Cedar Butte, Unnamed Butte: Fig. 2, 3). Unlike the pnmitive basalt, parental magmas to
these rocks underwent strong intracrustal fractional crystallization (e.g., Putirka et al,, 2009, Whitaker et al., 2008) and remelting (e.g.,
Shervais et al., 2006; Bindemun et al,, 2014), Hot cumulates associated with the long-lived active COM system (e.g., Kuntz et al.,
1986), and voluminous voung BSB system (e.g,, McCurry et al., 2008), or possibly other cryptic (blind) systems across the ESRP, may
be associated with localized thermal anomalies that are masked by the shallow active ESRP aquifer (¢.g., McCuny and Welhan, 2012),

3. GEOPHYSICAL FRAMEWORK

Geophysical surveys have defined major features of the heat flow, crustal architecture, dynamics, seismicity, relative temperatures and
distribution of Muids m the crust, lithosphere and deep mantle the YSRP region (e.g., Brott et al., 1981; Braile et al., 1982; Smith et al.,
2009), Some aspects of these features are rapidly evolving as new EarthScope and GPS data continue to be gathered and interpreted
(e.g., Payne et al., 2013). Some salient features are summarized here.

Numerous geophysical studies document prominent geophysical anomalies occur within the upper mantle and Jower crust along the
YSRP (e.g.. Smith et al., 2009). Schmandt et al. (2012) identify low V, and V, seismic velocities extending from beneath Yellowstone
to a depth of at least 1000 km. A prominent corndor of low velocity mantle also extends from the base of the crust to a depth of ~200
km along the entire ESRPA, lessening in magnitude from northeast to southwest beneath CSRP.

Kelbert et al, (2012) document a prominent region of low resistivity in the upper mantle beneath the ESRP, between 40 and 80 km
depth. They mterpret this as being produced by mantle containing 1-3% partial melt, comparable to melt fractions inferred from shear
wave velocity (e.g., Wagner,2010; Schmandt et al. 2012). They also mfer that mantle derived fluid may be preferentially rising into the
lower crust preferentially along the margins of the ESRP.  Interestingly, they also infer decoupling in the resistivity and seismic
tomography data beneath Yellowstone indicating that the mantle under Yellowstone is depleted in fluid (magma), relative to regions off
mantle under ESRP. Zhdanov et al. (2012; 2011) also infer low resistivity of upper mantle and lower crust beneath the SRP, However,
in contrast to Kelbert et al.. they also infer a plume-like region of low resistivity beneath Yellowstone. These and other regional
geophysical surveys are compelling evidence for existence of melt, likely basaltic in composition, in the upper mantle and lower crustal
regions of ESRP. It is plausible that the mantle underlying ESRP has been at or near its solidus (~1300°C) for the last 10 m.y.

Figure 4 illustrates a large-scale conceptual cross-section of the ESRP and surrounding regions that is based mainly upon the seismic
and gravity model of Peng and Humphreys (1998). These authors build upon seismic and gravity work done in the 1970's and 1980's
(e.g.. Braile et al., 1982: Sparlin et al., 1982; Greensfelder et al., 1982; Smith and Braile, 1994). The model illustrates a crustal structure
that is dominated by mafic lower crust, felsic crystalline upper crust and several Kilometers of supracrustal rocks (the Cordilleran
Miogeocline). Rocks directly beneath the ESRP are distinguished by presence of a mid-crustal region of unusually high density and a
thin laver at or near the Moho that contains a significant fraction of melt.
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Figure 4. A cross-section of the crust and upper mantle (from McCurry and Welhan, 2012 meditied from Peng and Humphreys, 1998).
The cross-section extends southeast from the southemn end of the Lost River Range to China Hat. ESRP = Eastern Snake River Plain;
BVF = Blackfoot Volcanic Field; PMs = late Precambrian to Paleozoic miogeoclinal sedimentary rocks.

Importantly, the prominent mid-crustal density anomaly underlving the ESRP is inferred to be a product of intrusion of dense, hot
(~1300°C) mantle derived melts (basalt) into pre-existing mid-crustal rocks (e.g., Brott et al, 1981; Smith and Braile, 1994). These
mitiated petrologic processes that culminated with eruption of thyolite and mtrusion of granitic rocks (e.g., Christiansen and McCurry,
2008; Szymanowski et al., 2015). McCurry and Rodgers (2009) applied a Nd- 1sotopic tracer method to extruded rhyolites as a method
of infernng the original amount of mantle derived mass added to the crust, equating to a laver of gabbro ~14 km thick. Leeman et al.
(2008) independently armved at a similar estimate based on an energy balance analysis. Absence of a significant deviation of crustal
thickness beneath ESRP, led Rodgers and McCurry (2009) to infer that the excess mass was transferred via lower crustal flow into
regions marginal to the plain. This idea is supported in more recent geophysical work by Yuan et al. (2010}, it is also consistent with
geophysical work by DeNosquio et al. (2009) indicating that the mid-crustal *sill' extends up to ~40 km southeast of the ESRP.

Geophysical constraints for the ESRP upper crust architecture include long baseline active seismic refraction {e.g., Sparlin et al., 1982:
Braile et al., 1982) and resistivity (Zohdy and Stanley, 1973 ) surveys, and a seismic refraction survey focused on the northern margin of
the ESRP (Pankratz and Ackermann, 1982). The seismic refraction and resistivity surveys indicate a steeply dipping northem, fault-like
boundary to the ESRP, south of the Arco Hills and beneath GRRA, and consistent with a caldera margin in that region.

Interpretations of upper crustal structures from seismic, gravity and magnetic surveys data are complicated in the ESRP and CSRP
regions by occurrence of interlayered basalts and sediment (e.g., Liberty et al, 2015), Josten and Smith (1997) analyzed Bouguer
gravity data in the ESRP and inferred regions of hikely bunied calderas in the ESRP where Jow density, rhyolitic caldera fill plausibly
abuts against higher density Palcozoie carbonate rocks.

4. GEOLOGY OF THE GRRA AREA

The surficial geology of the GRRA and vicimity are illustrated i Figures 3. Rocks exposed in the Pioneer, Lost River and Lemiun
Ranges north of the plain are dominantly Paleozoic carbonate and siliciclastic rocks (purple and blue colors) that are deformed and cut
by Sevier and Laramide folds and faults. The Paleozoic rocks are unconformably overlain by Eocene volcanic and volcaniclastic rocks
of the Challis Formation (brown and tan colors). The closest of these, the Alder Creek complex, is located about 30 km northeast of
GRRA. Distal sedimentary facies of that system are exposed in the Arco Pass basin, 5 km north of GRRA (Fig. 5). Eocene and older
rocks underwent diachronous periods of late Focene to early Oligocene and Miocene to Recent extension and related normal faulting.
Oligocene extension is evident in a half graben in the Arco Hills (Arco Pass basin). The graben contains tilted Eocene Challis formation
and an older gravel formation. These are overlain by less strongly tilted to nontilted gravels and thin discontinuous valley fill erosional
remnants of ignimbrites of the Heise voleanic field in the Arco Hills and Picabo and Heise groups in the Pioneer and Lemhi Mountains,
The graben bounding Arco Pass fault trends to the south-southwest, and apparently intersects with the active Lost River Fault near the
town of Arco. A branch of the Arco Pass fault extends to the south, bisecting the Arco Hills, projecting to the south beneath the GRRA.
However, there is no evidence for Miocene or younger ofIset on that fault.

Miocene to Recent normal faulting has produced the current fault block physiography of the region. Prominent range bounding active
normal faults include the Lost River and Lemhi Fault systems (e.g., Janecke et al., 1993, Bruhn et al, 1992; Wu and Bruhn, 1994). The
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