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ABSTRACT

The Milford FORGE deep wellsiteis located 5 knwest of the Roosevelt Hot Springs) alluvial fan deposits(200-600 m thick)that
overliea large volume of hot crystalline basemesttk The siteoccurswithin a regionthat is geologically complex antharacterized
by extensional faulting, sporadic magmatism, and zones of anomalously high heatsidathe southeast margin of the Gr&aisin

The basementocksat the FORGE deep well site amade up of Precambrian gneiss and Tertiary plut®dhesecrystallineunits are
exposed across the eastern part of the Milford Valley bisim the Mineral Mountainén the east to the Acordl wel in thewest and
they are separated by intrusive and fault contd&i®iss contains biotite, hornblendefeéfdspar, plagioclase, quartz, and sillimanite,
and isotopic dating indicateProterozoic metamorphism ~10F2Ma. Plutonic rocks comprise dioritgranodiorite, quartz monzanite,
syenite, and granifecontainingvariable amounts obiotite, clinopyroxenehornblende K-feldspar, magnetitémentite, plagioclase,
andquartz.The oldest intrusion was emplaced ~25 Ma followed by younger intrusion eterit8 Ma and 11 to 8 Ma.

Hydrothermal alteration is widespread, betak and it is made up afuartz, illite, chlorite, mixedayered clays, epidote, leuxcoene,
hematite, calcite, anhydrite, and-f&ldspar which partly replace precursor minerals deposited intoopen spaces Temperature
sensitive phases lack welkfined depth zonation, which suggest that most of the alteration formed during earlier periods of
hydrothermal activity associated with Tertiary magmatism. Modern hydrothermal activity is responsible fdresiedracid alteration

in the vicinity of fumaroles and steaming ground north of the Negro Mag fault, and silica sinter depdsitiptiheOpal Moundfault.

High angle normal faults formed froeastwest Basin and Range extensitmut listric sliding and bick rotation also produced low
angle structures characterized by narrow zones of catairlasigstalline rocksThe Opal Mound faulis aprominent higkangle fault
that dips east and offsets surficial deposits of alluvium and silica,dioteting a hydological barrier to lateral fluid flowAdditional
north-south trending normal faultsvhich are blind to the surfacarelikely to occurin basement rocks to the west beneath the alluvial
cover The Negro Mag faults high-angletoo, but it trends easwest, cuttingacrossthe Mineral MountainsLineament analysis and
field mapping show that the crystalline rocks exposed in the Mineral Mountains host-faafetulte mesh, characterized by relatively
dense joint spacingvith fractures oriented in manyfigérent directions Such fracturesould play an important role in stimulating new
permeability beneath the FORGE deep well. site

The groundwater regime across the FORGE deep well site is controlled by thelopesy potentiometric surfacand an uncofied
aquifer hosted in alluviagravels.Geochemical data trace shallow hydrothdroatflow to the northwest and west, consistent with
temperature profiles in gradient well§he groundwater ichemically benign nonpotable, andsuitable for EGS heat tnafer
experiments.

1. INTRODUCTION

The Milford FORGEdeep wellsite (Fig. 1)is located350 km south of Salt Lake City adé km north northeast of Milford, Utam an
unpopulated area that is predominantly used for renewable energy (wind, solar, geathiesrstyated ora west slopingalluvial fan
in the North Milford valley, aboutalfway between the crest of the Mineral Mountains to the east and the Bbaseto the wesiThe
deep well site covers about 1.5 kand lies5 km westnorthwest of theBlundell geothermalpower plant which produces 3%We
from flash andcbinary unis.

This paper represents a review of geoscientific data pertaining to tteggegéochemistry, and hydrology of tRORGE site, which

has been acquired over a period spanning 40 yirsh of this is the product of exploration and development of the Roosevelt Hot
Springs KGRA However, Roosevelt Hot Springspresentenly a smdlpart ofalarge area associated withamalous heat flow, and

the area to the west of the Opal Mound féals long attracted interest in terms of BE@Search andevelopment (e.g. East, 1981; Goff
and Decker, 1983)As a result, data are available framamerous field surveys artfie drilling of many shallow and deep wells,
including Acordl, a 3.8 km deep well Theseform the foundation for a 3D understanding the rock types,-faadture patterns,
thermal structure, hydrology, and fluid types thakenap the reservoir of the proposed FORGBtatory Companion papers by Allis

et al (2016) and Hardwick et al (2016) summarize ghgsical attributes, including temperature and pressure regime and the basin
structure based on gravity data.
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Figure 1. Location of the FORGE deep well site near Milford, Utah, showing infrastructure and physiography (Allis et al
2016).

2. GEOLOGIC SETTING

The Milford FORGE sitgFig. 1)is located within a geologically complex zotiat lies irside the southeast margin of the Great Basin
and abuts the western edge of the Colorado Plateay, (Wannamaker et al., 20R1Regional éatures includéolded andimbricated
PaleozoieMesozoic strata of thiate Jurassic through EoceBevier orogenyyolcanic and intrusive centers resulting frdwertiaryarc
magmatismdetachment faultingssociated withegional extensiortjlting andexhumation of core complexes,camorth-southtrending
normal faults resulting fronBasin and Range extensige.g., Dickinson, 2006Anders et al., 2012)The zonealso includes three
producing geothermal fields, Cove F&ulphurdale RoosevelHot Springsand Thermddot Springs which areassociated witlyoung
extensionafaults centers ofQuaternary basathyolite magmatism, andarge areas ofinomalous heat flowovering >100 ki (e.g.,
Mabey and Budding, 1987; Blackett, 20®irby, 2012; Simmons et al., 2018Vannamaker et al., 20L5The FORGE deep well site
lies withinanarea ofanomalougsonductive heat flowhat extends west frothe Opal Mound fault outsidethe westernboundaryof the
Roosevelt hydrothermal systellis et al., 2016).

3. LITHOLOGY AND MINERA LOGY

The main rock types associateith the FORGE deep well site are crystalline basement noekte upof Precambrian gneiss and
Tertiary plutors, Tertiary basirfill composedof volcanic strataand Quaternary basin fill made dfuvial-lacustrine sedimentary
deposits The occurrence and distribution of these unitkniswn fromfield mapping and petrographstudies of cuttings and cores
mainly from four wells, 142, 522, 91, and Acordl (Figs. 2, 3 and 4;Glen and Hulen1978; Glenn et al., 1980; Sweeny, 1980; Welsh,
1980;Nielson et al., 1986; Coleman and Walker, 1,99@8lema et al., 1997Hintze and Davis, 2003Gravity data constrain theest
sloping contact that separates underlying crystalline rocks, gneiss and granite, from overlying volcanic depositsldadufitrine
basin fill (Fig. 3 Hardwick et al., 2016)There is no evidencef any PaleozoidMesozoic strata in the vicinity of the deep well site
despite being a major component of the regional stratigraptyexposed in the southern and northern parts of the Mineral Mountains
(Nielson et al., 1986)

Precambian gneissis the oldest rock type, amlitcrops occusporadically at lowst elevations in the westekfineral Mountairs, and
it was penetrated in wel(§igs. 2 and 4. Both bandedand masive varieties of gneiss exist. Segregations of qukateldsparform the
light bands, whereas bioti@agioclasequartzhornblendeK-feldsparform the dark bands(Glenn et al., 1980 Sillimanite occurs in
outcrops. fieseminerals form an interlocking textyrandplanes or zones of weaknesppear to be absett-Pbdating of accessory
zircons gives an age of 1720 Maconsistent with anodel Rb/Sr wholerock isochron of 1750 Maindicating earlyProterozoic
metamorphisnfAleinikoff et al., 1987).
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Figure 2: Geologic map of the FORGE deep wlksite, Milford, Utah (Hintze et al., 2003;Rowley et al., 2005; Kirby, 2012). For
clarity, only a few of the many wells are shown. Blue lines represent the elevation (feet above sea level) of the
groundwater potentiometric surface. Abbreviations for map units: Qa=Quaternary alluvium and claystone;
Qrv=Quaternary rhyolite volcanic rock; Tgd=Tertiary granodiorite; Tg=Tertiary granite dike; Ts=Tertiary syenite;
PCg=Precambrian gneisslnset outline in upper right corner shows the area represented in Figure.6
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Figure 3: Geologic cross section A6 from Figure 2, showing the stratigraphy, st
zero datum for the depth axes is at 1524 m asl (5000 ft asl). Precambrian gneiss and Tertiary plutonic rocks are
undifferentiated. The RooseveltHot Springs hydrothermal system lies east of the Opal Mound fault. Isotherms are
interpreted from well measurements, and the contact betweegranite-gneiss and overlying basin fill is interpreted from
gravity measurements (Allis et al., 2016; Hardwick et al., 2016).



Simmons et al.

elevation
meters

2000 —

1000 —

-1000 —

-2000 —

Figure 4: Stratigraphic logs for four deep wells in the study area surrounding the FORGE deep wedite, Milford, Utah. Vertical
intervals of hydrothermal anhydrite, calcite, epidote and illite (sericite) are based on petrography and XRD analyses.
Sources of data: Acordl (Sweeney, 1980; Welch, 1980; Hintze and Davis, 2003)1 §Glenn et al., 1980 Capuano and
Cole 1982); 5221 and 142 (Glenn and Hulen, 1979; Capuano and Cole 198ZFrecambrian gneiss and Tertiary plutons
are separated by contacts resulting from magmatic intrusion and faulting. All of the other major breaks in rock types are
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Plutonic rocks of Oligocen®liocene age form the core of the Mineral Mountaamsl the reservoir host rock in the Roosevelt Hot
Springs system (Nielson et al., 198&)hd these rocks extend to the west beneath the basintfikk thcord1 well (Figs. 2 and % The
intrusionsrange from intermediate to felsic composition, butahteropseast of thdRoosevelt Hot Springs areaainly exposenedium

to coarsegrained hornblendgranodiorite Nielson et al., 1986Coleman and Walker, 1992rill cuttingsfrom well 9-1 confirm a
spectrum of intrusivéypes includingdiorite, granodiorite, quartz anzanite, syenite, and granite; these phasemade up of variable
amounts ofplagioclase, hornblende, biotite, clinopyroxene, quartZeldspar, magnetiteilmentite, andaccessorytitanite rutile,
apatite and zircon (Glenn et al., 1980Fhe oldest intrusion is associated with crystallization and emplacemehe dfornblaede
diorite, and ithas a UPb zircon datef 25°4 Ma (Aleinikoff et al., D87);younger intrusion eventsllowed at~18 Ma and 110 8 Ma
(Nielson et al., 1986; Coleman and Walker, 1992; Walker et al., 1997).

Tertiary wlcanic rockscrop outsporadically through the Mineral Mountaimsidcoverlarge areain theadjacent rangg including the
Tushar Mountain$o the easaindthe Star Rangéo the westé€.g.,Nielson et al., 1986; Coleman et al., 198iintze and Davis, 2003
The thick sequence of volcanic strata (~1500 m) pateztrby the Acord well (Fig. 9 is divided intoa thick upper group made of
felsic tuffs and flowsanda lower group made @hdesitelavas(Sweeney, 1980; Welch, 198@uaternary volcanic rocksccurin the
central part of the Mineral Mountaingsepresentingreall volume eruptions,obsidianflows and pyroclasticdeposits 9.8-0.5 Mg,
including the prominent Bailey Ridge flow (~6 Rnrmear Roosevelt Haprings (Lipman et al., 1978).

Young unconsolidated basin fill covers the floor of Milford Valley. These deposits consist of alluvial andracdsposits that
contain interbedded sand, silt, gravel, and clay (Hintze and Davis, 2003). InBaandonsolidated basin fill has a thickness of >1000

m and spans from Recent to late Tertiary in age. Within the vicinity of the FORGE deep welesigleposits are 280 600m thick,

poorly consolidated, and made up of quafiddspathic alluvial fans shed off the Mineral Mountains. Point bar deposits to the west lap
on to the fan deposits and mark the higandof Lake Bonneville 18,000 years ago

Petrographic and XRD analysis of drill cutting indicate widespread occurrences of mioentarof hydrothermal minera(fig. 4),
comprising @artz, illite, chlorite, mixedayered clays, epidote, leuxcoene, hematite, calcite, anhydrite, dallidpar(Glenn and
Hulen, 1978; Glenn et al., 1980; Sweeney, 1980; Nielson et al.,; 1186 study. Locally, hydrothermal alteration isoncentrated
aroundnarrow zones of cataclasis, characterized by comminuted rock floukystdiation, and micreveining (e.g., well 91; Glenn

et al., 1980). Quartz, chlorite, illite, calcite, epidote and anhydrite, replace gwe@irases and fill open spaces, but they lack- well
defined depth zonatiorF{g. 4 Capuano and Cole, 1982). A numbesofall prospect pitexpase weakly developedydrothermal Cu
Mo-W mineralizationin granitic rocks of the central Mineral Mountaifidielson et al., 1986)These occurrences suggest taist of
the alteration formed duringncient periodsf hydrothermal activitghat dateback b the Mioceneand episodes dfertiarymagmatism

Mineralogical product®f modern hydrothermal activity occur along and east of the Opal Mound lfautie norttern part of the
Roosevelt Hot Springs areguartz, alunite, kaolinite, and hematite @reducts of stearheated acid alteration in the vicinity of
fumaroles and steaming grourfdiafry et al., 1980)n the south, a thick deposit (>3 m) aflloform banded sintemakes up th®©pal
Mound A subverticalnorthsouth trendindissure (~0.5 m widgfilled with banded silicdforms the main vent antharksthe Opal
Mound fault Two radiocarbon dates indicate the sinter deposiegtdieen 1600 and 1900 years BP (Lynne et al., 2@08)oughthe

site isno longer thermally activey significant volume fohot near neutral pkthloride watedischarged heresimilar in composition to
modern producedeservoir watershat feed the BlundelRooseveltgeothermal plantThe hot watefflow to the surfacdikely ceased

due to dlica depositionin combination withHowering of the water tabl@oday the Opal Mound Fault represents the western edge of the
hydrothermal system and mineral sealing may have played a role in creating a barrier to flow.

4. FAULTS & LINEAMEN TS

Three separate types of faults have bidentified in the study area, and they are products of two distinct tectonic events that include
late Mesozoieearly Cenozoic compression during the Sevier orogeny and middle Tertiary to Recent extension. The Sevier orogeny
produced largecale horizontadlisplacements and low angle thrust faults (e.g., Hintze and Davis, 2003). Examples of these are exposed
in the northern and eastern part of the Mineral Mountains. The original dip of these structures may have been steeglemethtimmou
associated withiplift and exhumation of the Miocene plutonic complex (Nielson et al., 1986).

The younger faulting episode related toongoingeastwestBasin and Range extension, which dates back at+4&sMa, producing
predominantly norttsouth trending faultones that bound basins and range fréats., Hintze and Davis, 2003ickinson, 2006)In

the region surrounding the FORGE deep well site and the Mineral Mouriiaths)lder lowangle faults and younger higingle faults
exist(Nielson et al., 1986Hintze and Davis, 2003The Cave Creek fault in the southgrart of the Mineral Mountaindips 20° west,

and it isassociated witla 200 mthick zone of cataclasitevhich is developednainly in the underlyingl8 Ma pluton(Nielson et al.,

1986; Coleman rad Walker, 1994; Coleman et al., 199&nders et al., 2001 Evidence of early ductile deformation and foliation is
crosscut by subvertical fractures and brectiiasrepresent a transition to brittle deformation over time (Nielson €1%86) Another
low-angle fault dipping 15° west andamedthe Wildhorse Canyon fault, is identifieid the western Mineral Mountaindirectly east

of Roosevelt Hot SpringfNielson et al.,1986) This fault may extendo the west below the surface basedcataclasiteintervals
intersected in well 4 (Fig. 4). The presence of a continuous listric detachment surface, however, is difficult to verify since there are
few drill holes with cored interval® make stratigraphic correlatianSoleman et al (1997) suggest thather than beinthe original

dip of displacementthe lowangle structures started out as high angle normal faults, which were tilted as the fault zone evolved (e.g.,
Buck, 1988) consistent withthe dip andhorth-south strikeorientationof the youngest faultsn the foothills of the Mineral Mountains
(Nielson et al., 1986).
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Figure 5: Summary of lineament orientations (n=4452) in granitic basement rock in the Mineral Mautains over a 9x9 kn
area.

Figure 6: lllustration of lineaments in granitic basement rock inthe Mineral Mountains, ~5 km northeag of Roosevelt Hot
Springs. Rose diagramshow how azimuths vary within a 2 kn area. The location of the study area is shown in Figure 2.



