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Abstract

This study examines the geological and geophysical controls on geothermal fluid migration
in two discrete geothermal systems in the higelktended region of the central Great Basin.
Active rightlateral oblique slip of the Fairview Pehkuderback Mountai fault zone is
transferred to similarly active normal dglip movement in the Dixie Valldya PlateSand
Springs fault zone across a buried accommodation structure in southern Dixie Valley and
northern Fairviewalley, central Nevad&his accommodatiomone coincides witkhe
potentially expbitable geothermabkystemsknown as Piroue# Mountain and Elevenmile
Canyon Similar to many other Great Basin geothermal systems the translation of geothermal
fluidsnear to the surfae isrelated toa structural configuratiorthat promotes fluid flow
through fracture permeabilityAn interpretation ofthis relationship as it applies to these
geothermal systemwas completed througla combination of dtailedgeologic mappingir-
geochronologyinterpretation of geophysical data (aeromagnetigsavity, and 2D-seismig,
andstructural analysisThe geophysical data was critical in understanding the geometry of
structures not expressed at the surfadéne structural analysis included an examination of
avaibblefault kinematicdatathat was resolved into paleostress orientaticaygplied to an
analysis of slip and dilation tendency for all mapped structures in the study area, including 3D
planes generated from the 2Besimic interpretation. The results indicate that the Pirouette
Mountain geothermal system is associated with a @aled oblique anticlinadccommodation
zone that is bound by structures that are poorly oriented for slip andidiieand act as fluid

barrierto southwardfluid migrationin basement stratigraphyrault intersections witthe



steeply dippingdilation prone,northern continuationof the Louderback Mountains fault
appear to be critical tgeothermal fluid migration in the systenT.he results alsoharacterize

the ElevenmileCanyon geothermal system as a discrete upwelling of geothermal fluids along
faultswell oriented for slip and dilation that terminate into the Elevenmile Canyon caldera
marginwithin a broader structural setting that can be characterized as a major steparar

the Sand Springs Range frontal fault system to the Stillwater Range ffaualiabystem.The
results of this study armeantto inspirerenewed interest irfurther exploration and

delineation of geothermal systems in Southern Dixie Vatieglditionto generating new
discussion on the application of these meth@i®l othersin the best practicef identifying,

exploring, and exploitingdditional geothermal systems in the Great Basin and beyond
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1. Introduction

1.1 Background

The physical and thermal evolution of plate tectonic boundaries is largely controlled by
mantle convection and dynamic instabilities between the asthenosphere and lithosphere.
These boundaries define the common setting of majate formation and motion (i.e. active
volcanism and tectonism) and regulation of solid earth heat loss that generates localized
storage of extractable thermal energy, referred to herein as geothermal systems. Tectonic
settings commonly associated witk@hermal systems include magmatic arcs above
subduction zones, divergeand transformmargins in an intracontinental or oceanic setting
and intraplate hot spots. Commonly associated with major fault systems and active/young
volcanismthese settings mvide the elevated heat flow and fluid pathways needed for typical
convective heat transfer by percolation of meteoric waters to depths of elevated geothermal
gradient.

Since the inception of the Mendocino Triple Junction (MTJ) at ~3(Akater and Stock,
1998)tectonic conditions at the western North America Plate margin have generated favorable
conditions for an abundance of geothermal systems in thete&vesJS. The US geothermal
L1266 SN AYRdzZAGUGNR QA LR GSNI LINPRAzOGAZ2Y A& GKS KAIK
(MW) (e.g. Geysers, Salton Sea, Coso) in 2013 and had a 50% growth outlook for the following

year(Matek, 2013) However, growth is anticipated to be largely restricted to expansion and



retrofit of existing fields. Not included in those numbers #re current direct use projects that
rely on the high efficiency of direct heat transfer that include district heating, aquaculture, and
greenhouse food productio(Center, 2005) These projects represent a lakgeinrecognized
and profitable growth market in the renewable energy sector. The negligible emission of
greenhouseayas, reliability as an uninterrupted source of renewable base load energy, potential
role in C@sequestration, and wide spread direct useplication make geothermal resources a
critical component in nurturing U.S. economic prosperity while reducing carbon emissions.

With over 400 inventoried geothermal systems in the Great Basin of the western USA and
with only 27 producing electricitydgure 1.), there isa vast resource of untappeshergy
potential in the region. That potential doest include undiscovered geothermal systems
lacknglG @ LIA OF £ & dzNF I OS YIyAFSAGr A2y &aBasBEASNNBER
1971) Blind systemsepresent ~35% of known Great Basin geothermal sys{€uslbaugh et
al., 2007) Undeveloped geothermal systems in the Great Baawe the potential for
RAAGNAOdzISR 3ISYSNI GA2Yy 2y I hightapati. SMallet OF £ S o mn
systems are inherentligarder to develognd have longer pay back periodBor this reason, it
is important to havdow cost exploration, lowisk drilling, and accurate estimation of energy

production to reach full production more rapidly.



120°0'W 115°0'W

40°0'N

35°0'N

[ 522-1031
|Geothermal Systems |+
® 151-283°C
0-150 °C
Power Plants r
Y Extensional Sys.

@ Magmatic Sys.
Cascades
Colorado Plat.
| Humboldt Str. B.
B4 Walker Lane
[IGreat Basin

Figurel.l. Rate of deformation mapped from the second invariansiéinrate
tensor (1069/yr), from (Kreemer, 2014; Kreemer et al., 201@)h geothermal
systems, characterized by temperature, overlain (modified f(Baulds et al.,
2012b) The study area, in Southern Dixie Valley, lies in a region of locally mode
strain rates that coinciel with an abundance of extensional domain geothermal
activity. The study area is outlined in reldroducing geothermal systems of note
include Geysers (GS), Salton Trough (SA), Coso (CS), Casa Diablo (CD), Dess

(DP), Stillwater (SW), Dixie Val({®yV), Beowawe (BW), Roosevelt (RS), and Cove
Fort (CF).




When compared to other natural resource industries (e.g. oil & gas, minerals) limitations in
geothermal resource identification and assessment strategies exist in terms of categorization,
advancedexploration, and financial modelinghe acceleration of the prospect to production
field timeline is critical fodecreasing periods of negative cash flow and forekpansion of the
geothermal industry intaevelopment ofsmaller, distributed systemsFirst orderproblems in
realizing this visiomclude the lack of a global standard of descriptions of geothermal resources
and a prescription for advanced exploration techniques during early resewalaation
Moecke and Beardsmore (2014) propoageothermal play type terminology to improve
reporting outcomes and help streamérihe decision making proceskhis study uses the
proposed terminology and employs recent exploration strategy advances to develop initial
models for two adjacent Great Basinraligeothermal plays in west central Nevada.

Geothermal plays begin as a modieht isa three-dimensional rationalization of available
geological and geophysical data that dictates the initial boundaries and physical descriptions of
the geothermal systemontrols.Moeckeand Beardsmore (2014) adapt the following controls
from general hydrocarbon play concepts described by Allan and Allan (2006 reservoir
unit(s) providing adequate permeability and storage capacity for commercial thermal fluids. b)
Heat charge system defined by source and mode of transport. ¢) The regional topseal or
caprock, typically trap forming unit or surfacel) Temporal association of the previous three
aspectse) The play fairway, a geographic area of high probabilitpuese access as defined by

initial conceptual models (Figure 1.2).



The initial categorization of playslies on the nature of théeat charge systemEnd
members areconvectionandconduction dominated transporgystems Gonvection dominated
systemsaredividedA y (i 2 dal 3YI A O ¢ -ORtytiddR yf ASARE éA yI YWFE 166G/ 14d)
play types conduction dominated systenae dividedA y 12 G LY G NI ONI 42y A O . | a
GhNRBISYAO .Stda oA0GK ! R2FI OSyid C2NBf ItypeR. . | aAy a
Each play type is characterized by a combination of geologic controls and in some cases as a
combination of two types (e.g. magmatic and facdintrolled in extension domain).

1.1.1 The Basin and Range Province

Meteoric Waters

Fumarole

¢

High Heat Flow

Figurel.2. Annotated model of a basic, conceptual geothermal sygiaghlighting a
permeable reservoir unit, heat charge system, surface expression, and meteoric rech
similar to Dixie Valley.




Recent volcanisnsrestricted tothe outer marginf the region, sdhe majority of
Great Basin geothermal systemse convectiordominated extensional domain plays.
Although a minority of the overall systems, convection dominated magmatic plays in
extensional domains (e.g. Coso, Stéaat, Roosevelt) are also present and are typically high
enthalpy systems, in excess of 26QFaulds eal., 2012b) generating considerable amounts of
electricity.

Research has shown strong correlations between Great Basin geothermal activity, high rates
of geodetically measured transtensional crustal sti@&aulds et al., 2012b; Hammond and
Thatcher, 2004; Kreemer et al., 2009; Kreemer et al., 2@t@jninent heat flow (7680
mW/m?) (Blackwell, 1983; Blackwell and Richards, 2004; Sass et al., 8@@actve faulting
(Bell and Ramelli, 2007; Faulds and Henry, 2008; Walker et al., 20@5¢ specifically and of a
more regionalmportanceisthe well documented relationship between active geothermal
systems andkte orientation of active faults, principally those orthogonal to the least principal
stress(Barton et al, 1997; Faulds et al., 200d0d zones of intermeshing and overlapping
discontinuous faults segmen(Baulds et al., 2011)Studies on geothermal systems worldwide
have also found thatelated surface outflow (i.e. hot springs, mud pots, fumaroles) focus in
areas of fault termination and interactiorf€urewitz and Karson, 199Mlicklethwaite and Cox
(2004)found that paleerupture arrest sites that correspond with aftershock locations generate
enhanced permeability by c@entration of small displacement structures and minimal
development of low permeabilitiault gouge.

1.1.2 Structural Configurations



Other recent studies focused on developing advanced exploration techniques for initial site
characterization have catalogued Great Basin geothermal systems and differentiated them by
examination of the common structural elements. Faulds et24l11)state that structural
settingsthat have enhanced potential of hosting geothermal resourcefa®@F A Y SR o6& dal 0
discrete steps in normal fault zones, b) intersections between normal faultsransmversely
oriented obliqueslip faults, c) overlapping oppositely dipping normal fault zones, d)
terminations of major normal faults, or e) transtensional gulLJr NIi T 2y Saé¢ o CA 3 dzNB
recently, recognizinghat geothermal hybrid systems or syste characterized by a
combination of two or more previously stated structural settings represent a majority of

operating geothermal fields in the regiofihe previously statedorrelationsuggests that

enhanced structural complexity favors the presenceeafdily exploitable geothermal systems.



Step-Over or Relay Ramp Horse-Tailing Fault &
Hard Linkage Termination >,

~1 km
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Figurel.3. From Faulds et a]2011) Fourillustrations of favorable structural
settingsfor geothermal systemsStrongestupwelling geothermal fluids are
shaded in red. A. Stepver orrelay ramp between two overlapping normal
fault segments with multipleninor faults providing hard linkage between tw
major faults. B. Termination®f majornormal faults, whereby faults break up
into multiple splay®r horsetail. C. Overlapping, oppositely dipping normal
fault systemgaccommodation zones) that generate riplle fault
intersections in thesubsurface.Strike and dip symbols indicate tilt dations

of fault blocks.D. Fault intersection between obligtstip normal faults.

1.1.3 Other Characteristics
Further advances in exploration include geochemical research on isotopic relationships in

country rock, water samples, and soil gas flux anceH@en shown to help focus regiorsdale



exploration, especially for blind geothermal systems. These studies can also provide reservoir
temperature estimations, evidence for migration patterns, and help identify structural barriers
within geothermal sysgms(Bergfeld et al., 2001; Edmiston, 1985; Fournier, 1977; Gorynski et
al., 2014; Shevenell and Coolbaugh, 201Ggophysical exploration tools have the ability to
express the contrast of physical properties (e.g. temperature, density, magusieptibility,
resistivity, vebcity) for the interpretation of structures, composition of buried rocks, ksfgand
hydrothermal mineral deposition, and electrical properties associated with mass transport of
fluid in the subsurface.

Any prescribed exploration approach for a given yge will need to be proven as the
most effective combination of exploratiotools capable of revealirgubsurface conditions for
the selection of drilling targets. For the Great Basin in particalaemphasis should be placed
on the relationship between the occurrence of geothermal systems, neotectonics, critically
stressed structures, dilation and slip tendency, and faults that step, overlap, terminate, or
intersect Thereby, collectindatathat relates tostructural architecture, fluid temperature and
migration of the geothermal systei important These data are used to develop iaitial 3D
model that constraingriticalgeologic controls and effectively reduces the spatial target
volume withwhat is deemed to be characteristic temperature and permeability of an

exploitable geothermal system.
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1954 Rainbow Mountain
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I 1954 Dixie Valley
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Figurel.4. Distribution of Quaternary faults and focal mechanisms for historic earthqug
in the Central Nevada Seismic Belt (CNSB), modified from Bel(2@@4) The
Hypocenter for the Fairview Peak event was just east of Fairview Peak and the derive)
focal mechanism defines dextrablique motion along a nodal plane oriented 84 The
Dixie Valley event hypocestis located in central Dixie Valley and the focal mechanism
defines almost pure normal slip along a nodal plane oriented&c358dar Mountain events
(CM1, CM2), Dixie Valley event (DV), Fairview Peak event (FP), Pleasant Valley ever
Rainbow Mount@ events (RM1, RM2, RM3)
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1.1.4 Pirouette Mountainand Elevemile Canyon Geothermal Systems

ThePirouette Mountain(PM)and Elevenmile CanyofEMC)geothermal systems arglind,
fault-controlled extensional plays located in discreet sub regioteemajor accommodation
zone between Fairview Valley and Dixie Vall€lgisregion represents the locust of ~300 km of
intermeshing and overlapping historicatd Quaternarysurface faulting known as the central
Nevada seismic belt (CNEBell et al., 2004(Figure 1.4 These geothenal systemsvere
initially discovered through a wildcat drilling campaign by the Hunt Energy Corporation in the
f I GS .\t En€@gdrilled three deep wells before bankruptcy forced them to abandon
the project. In 1999 the U.S. Navy acquired podiofhthese lands as part of a land withdrawal
for the Naval Air Station Fallon (NASF) electronic warfare training range and exploration was
subsequently resumed by the Navy Geothermal ProgrameXi@®O) in 2005 (Figure 1.5).

Located 60 km north of thetwdy area is the 62 MW Dixie Valley dfiash geothermal field
(DVGF), which is one of the largest and hottest (8€8§eothermal systems in the state of
Nevada. Since 1988 the 5.5 km long field has been extracting thermal energy from 2500 to
3500 m bebw the surfacgBlackwell et al., 200ear Stillwater Gap. The Stillwater Gamid0
km section of the major range bounding fault that separates Dixie Valley fiemdrthern
StillwaterRange TheStillwater Gap is also interpreted as a major steer or relay ramp in the
Stillwater frontal fault system and as a zone of fault intersection where the northeast trending
frontal fault crosscuts older, northerly oriented structures to form a compoumdhybrid

structural setting, considered to be most favorable. Other geothermal systems located along
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this major normal fault and potentially sourced from the same deepvection system
includes; South Hills and Hyder Hot Springs to the North, and RixistGck Mine, Dixie

Meadows, EMC and PM to the south (Figure 1.5).

Figurel.5. USGS 30m digital elevation model (DEM) derived hillshade map of prom
physiographic featureshat include transverseanges of the NW trending Walker Lang
and characteristic NE striking ranges of the Basin and Range. Notable basins/vallg
¢ Dixie Valley; FY Fairview Valley; G¥Gabbs Valley; S¥/Smith Valley; M¥ Mason
Valley; Cg§ Carson Sink; Rl Pyramid Lag; Notable ranges; PRFPah Rah Range; ¥R
Virginia Range; PNKIPine Nut Mountains; SRSingaste Range; WRNassuk Range;
SSR;, Sand Springs Range; &Pairview Peak; LM Louderback Mountains; DI
Desatoya Mountains; CAKIClan Alpine Mountains; SW¢ Stillwater Range; HSKIHot
Spring Mountains; TRTrinity Range; Notable Geothermal Systemsg Sidu Hills; H§
Hyder Hot Springs; D@Dixie Comstock Mine; Dixie Settlement (DS); Stillwater Seisi
Gap (SG); PKIPirouette Mountain; EG ElevenmileCanyon; Producing Geothermal
Fields; B;. NJ R & €eSert Petk; PPatua; Sk Soda Lake; SPStillwater; SW Salt
Wells; W¢ Wabuska; DIé Dixie Valley; Naval Air Station Fallon (NASF) and outlying
training ranges outlined in dashed blue lineudt area outlined in black line.
Geothermal systems of interest (EMC, PM) red hachured areas
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The PM geothermal system is located in an accommodadisplacement transfer zone
where dextral oblique slip from the northern termination of the Louderbackiitains fault is
transferred to normal slip along the southern termination of the Dixie Valley &adtother
structures. As normal faults terminate they commonly splay into multiple strands and form
what is known as a horsetail pattern. Terminations also characterized by greateult
density and less accumulated slip (i.e. less fault gouwg@rhcan result in areas of enhanced
permeability. Fault tip tensional stress in extensional environments can also enhance fault
dilation by causing minor ptirbations of the horizontal stress field, thus generating a larger
aperture fracture and facilitating enhanced fluid fl¢@urewitz and Karson, 1997purface
ruptures of the historic 1954 Fairview Peak etvalso terminate several kilometers to the south
of the PM geothermal systems. These weigtping fault traces are in close proximity to the
eastdipping Dixie Valley faulandthe concealed continuations of these traces likely intersect
and terminate atdepth and further enhance permeability. These structural characteristics are
all coincident with a prominent thermal signature that is likely related to the combination of
multiple structural settings common to geothermal systems of the Great BRainds et al.,

2013)
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Figurel.6. LANDSATS data overlain on a digital elevation model of the study ar
, as outlined in Figure 1.5, including Job Peak (JP), Fairview Valley (FV), Loudd
Mountains (LM), Dixie Valley (DV), Sand Springs Range frontg[SR#H), Stillwater
Range frontal fault (SWF), and the Fairview Peak fault (FF). Pirouette Mountain
and Elevenmile Canyon (EMC) Geothermal systems as defined by associated |
flow measurements, contoured where background temperatures are generally
exceeded, as modeled by Williams et(@012) Stillwater Caldera complex
boundaries in blue with hachures indigag caldera interior(Henry and John, 2013
Shallow (~187 m) temperature aradient wells are trianales shaded bv temperatl
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Thermal modeling based on 39 wells drilled by the Hunt Corporatene used to
characterizes the geothermal system as a dissipating thermal aquifer primarily sourced by
geothermal fluids upwelling along a horst structure that regatteoric fluids at thecontact
betweenOligocene volcanic basemeauhdvalley fill in the central reach of the accommodation
zone(Williams, 2Q2). Mixing appears to produces strong lateral basinward flow, evidenced by
the complex asymmetric heat flow pattern (Figure 1.6). Strong mixing also appears to be
complicating the estimation of reservoir temperatures through geochemical analysisysasal
by both Hunt and the GPO suggest that reservoir temperattaege 90120 C.

The EMC geothermal system is located in a major 5.5 kmastepbetween the rangéront
fault systems of the Sand Springs Range, to the west, and the Stillwater Rangeststh
(Figure 1.6) The area is commonly referred to as La Plata Canyon or Elevenmile Canyon and
contains numerous faults ranging in age from Neogen@uaternaryand includes surface
ruptures from the 1954 events. The steper seems to accommodastrain transfer around
the southern Stillwater Range as fault orientations deflect to the northeast or terminate into
the westnorthwest trending Oligocene caldera margin in Elevenmile Canyon (Figure 1.6). The
step-over and the nortlnortheast trending fauk that intersect the caldera margin ring
fractures are also considered a hybrid of favorable structural settings ara pogential source
for increased fracture density, dilation, and permeability

Williams(2012)also examinedhe 34 wells drilled by the Hunt Corporation in the
ElevenmileLa Plata Canyon area and established thate is marginal heat loss assated

with the EMC geothermal systeamdthat it is notwell constrained by drilling data.
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deeper drilling was attempted the wells failed to intercept higher temperatatedepth and
thermal gradients became isothermal below 530 m.

In terms of heat losgstimations can be made into the size of the system usiegsum of
the surface heat flow above background conditions. An empirical relationship between the
prospectiveenergy production supported by the geothermal system and the total natural state
surface heat losstatesthat production is equal to 1 to 10 times the natural heat I088lliams,
2012; Wisian et al., 2001An analysis of numerous temperature gradient wells most accurately
characterizeshe EMC and PM thermal anomali@sdgive production estimates & MW and
25 MW, respectivelywhich implies an optimistic generation capacity potential up to 80 and
250 MW. For comparison the Dixie Valley power plant operates at 6 times the natural state
heat loss

The goal of th&SPQexploration program was to apply seveeaplorationmethods and
identify which tools or combinations of tools were most effective at delineating successful
drilling targets. Exploration included shallow thermal characterization studies, acquisition of
remote sensing data, detailed geologic mapping, fluid/rock geochemistry, and multiple
geophysical exploration datasets. A significant amount of this work was completed through a
partnership with the University of NevadReno Great Basin Center for Geothetraaergy.
Through this partnership-theter temperature probe surveys were conducted as a rapid and
economical approach to identify and characteribe tiorizontal extent of shalloknown and

potentially unknown thermal anomaligSkord, 2011) A LIDAR data set and lsunangle
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photography were acquired and interpretations provided new mappin@Qudternaryunits and
neotectonic structues in southern Dixie Valléifelton, 2011)A hyperspectral remote sensing
survey for hydrothermal alteration mineral surface mapping revealed previously unknown
deposits of kaolinite, alunite, opal, chlorite, and gypsiifigure 17) (Lamb, 2011)The GPO

also drilled sixteen ¥50-meter thermal gradient wells and analyzed fluids from two of the wells

for isotope geothermometry.
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Figurel.7. Digital elevation model of area outlining significant surficjalrothermal
alteration coincident with the Elevenmile Canyon (EMC) and Pirouette Mountain (P
geothermal systems of interest, also includes Fairview Valley (FV), Louderback
Mountains (LM), Dixie Valley (DV), Fairview Peak Fault (FF), and the Stillwater Ra
frontal fault (SWF)

1.2 Purpose
The purpose of this study is to develop initial structural moftmishe EMC and PMreas
(Figurel.5) in order to identify drilling targets To best direct future drilling effortthe

development of models will rely on the integration of ltiple datasetsand includes six major
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activities and/or datasetsl) New detailed geologic mapping of mainly Neog€nh&aternary
structures and map units in a major accommodation zone between range front.faults
Analyses of kinematic data from faultpsineasurements for palestress inversion in Stereonet
9 (Allmendinger et al., 201 1andthe comparison of modern analogsingslip and dilation
tendency analysis3) ArAr dating onb samples oMiocene basalt and andesite flows that
overliea section of Miocene lacustrine sedimeimsninor angular uoonformityto constrain

the onset of the most recent period of deformatiof) The interpretation of ~50 km of 2D
seismic data, including velocity panels, acquired and processed to produce high resolution
images of structures that offset blocks of anisgti®volcanic strata to ~4 km depts) A
reprocessed gravity dataset that includes ~100 mkata points specifically in areas of
structural complexity and along select 2D seismic lif§#\ new highresolution reducedto-
pole aeromagnetic survey to ledelineate major structures.

This study will evaluate the stratigraphic and structural controls for geothermal activity as
the initial modelconditionsthat dictate fluid flow with a focus on the geometry, kinematics,
and mechanics of extensional faalgi as it specifically relates to the EMC and PM geothermal
systemsNew detailed geologic mapping and fault kinematic dath be integratedwith
existing geologic map data in ArcGIS to establish the modern geologic framework in a digital
format. Newgeochronology datavill be used taconstrain the onset of majdBasin andRange
extension for the region. Palesiress data derived from fault slip data will be compared to
modern stress field data from borehole breakout studies and moment tensor da¢@physical

data frominterpretation ofaeromagnetic, gravity, and 28eismic datawill establish the
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orientation of major basin bounding structures and how potentially older buried structures
might be interacting with active faults. All the data willjfresentedin a series of geologic
cross sections that demonstrate tlwenflationof multiple datasets into @est fitting modelof

the subsurface conditions artd identify primary targets for exploration drilling.

2. Geologic Setting

2.1 Physiographic and Tectoc Setting

The southern Dixie Valley study area is located in westral Nevada, about 200 km east
of Reno, NV in the northern Great Basin of the western USA. The Great Basin is bound on the
east by the Colorado Plateaan the west byhe Sierra Nevaal\Walker Laneon the south by
the Mojave block, and to the north lifie Snake River Plain (Figure 1.1). At 360,0000km
internaldrainageand rugged topographyhe study area is ahe Basin and Ran@sgreatest
width.

The northeast Great Basin magnebegunextending as early as ~40 Ntdenry et al.,
2011) This igrior to development of the moder PacifieNorth America boundarthat is
characterized by the inception and northward migration of the Mendocino Triple Junction (MTJ)
at ~30 Ma(Atwater and ®ck, 1998) However, this period overlaps with intense volcanic
activity related to the ignimbritdélare-up, which may have initiated extensional strain in the
Basin and Rangé is well documented thatrbm 1617 Ma(Dickinson, 2006, 2013; Fosdick and
Colgan, 2008; McQuarrie and Oskin, 2010; McQuarrie and Wernicke, rB@fi)extension

was activahroughoutthe regionwith an arrayof orientationsfor the extensional axes that
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rangedfrom 280°-300° , with an average orientation of ~282Colgan, 2013; McQuarrie and
Wernicke, 2005)

Modern GPS measurements suggest #atund 25% of thé&acifieNorth American
relative plate motion is partitionednto strikeslip fault system# the Walker Lane and eastern
California shear zongHammond and Thatcher, 2004; Kreemer et al., 20@@me of this
motion is then transferred into the Great Basin in the form of extension. The Walker Lane is
dominantly transtensionadeformationalong northwest striking faults with minor, yet
pronounced, eastvest oriented transpressive accommodation zones that separate the western
Great Basirfirom the Sierra Nevada block.extends from the southeast in the region of Lake
Mead and the Garlock Bk to northeast California and the southern Cascade Arc with
diminishing cumulative offset from south to north.

As a physiographic boundaitye Walker Lane can be described as diversely oriented ranges
that separate northnortheast trending ranges of the central Great Basin from the nedtith
Sierra Nevada Mountain Ran(feaulds and Henry, 2008; Faulds et al., 20@#)servations by
Faulds et al(2004)describe Walker Lane motion decouplingof the Cascade ArSierra
Nevada block micrplate from theCordillera along the western Great Basin margjirai
northwest direction with respect to a stable Colorado Plateau. The characteristic-north
northeast striking normal faults of the Great Basin are a likeliétat response of progressive
dextral shear plate motion transfer beyond the Walker Lane.

DixieValley is part of a broad region of high heat flow known as the Battle Mountain heat

flow high(Lachenbruch and Sass, 19#¥@t overlaps a zone of pronounced Cenozoic tectonic
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activity that extends from Reno, NV tt&k& NV known as the Humboldt Structural Zone (HSZ)
(Figure 1.1JRowan and Wetlaufer, 1981)The HSZ forms the structural link between active
displacement of the nortitentral Walker Lan® active displacement in the Wasatch belt of
western Utah and southern Ida®owan and Wetlaufer, 1981)T'he HSZ is most notably
characterized by an abundance of anomalous easttheaststriking (late Paleogene?) sinistral
faults that likely formed as part of an early Mendocino Triplectlan (<30 Ma) related period
of broadly distributed constrictional straifipewey, 2002; Faulds et al., 2003)

Zones where eagtortheaststriking sinistral faults and major nortortheaststriking
normal faults interactvithin a westnorthwest directed extensional strain regime may enhance
localized permeability through increased fault and fractdesmsity. This idea is supported by
the spatially coincident northeast trending belt of high temperature (*Cj@xtensional
domain geothermal systems (e.g. Desert Peak, Dixie Valley, Beowawe, Tuscarora) known as the
Humboldt Geothermal Be(fFaulds et al., 2003; Faulds et al., 201ZE)e presence of several
notable geothermal systems of central and northern Nevada occurring along or near major
faults and zones of preferential fault interaction in the HSZ indicates strong potential for

additional discoveries in the region througmsttural analysigFaulds et al., 2003)

2.2 Stratigraphic Framework
The study area is underlain Mesozoic metasedimentary and metavolcanic basement
rocks Eocene to Miocene volcanic and sedimentary rocks, late NeogeQadternary
alluvium, and hydrothermal degsits related to Neogene ar@uaternaryalteration (Figure
2.1). The description below focuses on the Cenozoic rocks in the area.
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Figure 2.1. Basic geologic map of the study aras defined in figurel.5 showing
significant groups of stratigraphic units and structural features.
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The studyareacoincideswith the 2925 Ma Stillwater Caldera Complex (SCC), which
consists of three overlapping calderas and extends from the southern Stillwater Range east
across Dixie Valley to the southwestern Clan Alpine Mountains. The SCC is a rangyaoseit
example ofa multi-cyclecaldera system with underlying plutoegtended into tilted fault
blocks in a 10 km cross section of outcrop. The south half of tBee$@bsed in the southern
Stillwater Range is tilted 855° degrees to the east and is structurally distinct from the north
half that is steeply tilted to the west P®C°. Tiltingoccurred duringextension ca. 246 Ma
(Henry and John, 2013; Hudson et al., 2000; John, 1995)

The oldest of the three eruptive centers is the 29 Ma Job Canyon Caldera that initially
effused 1500 m of intermediateomposition lava flows beforeollapsng anderupting ~2000 m
of crystal poor rhyolitic intracaldera ash flauff and a minor amount of resurgent lava flows
Volcanic rocks armtruded by the quartz monzodiorite IXL pluton. Following a ~3 Ma hiatus
volcanicactivity, units related to tle Poco Canyon (PCC) and Elevenmile Canyon (ECC) calderas
and the adjacent Freeman Creek granite pluton wemgplacedn a period of overlapping
caldera volcanism. The P& ECG@redefined by twodistinct, but locally adjacent
intracaldera tuffs, caldercollapse breccias, a trachydacite dkbw tuff of ECC, and locally
derived tuffaceous sediments. The stratigraphic thickness of units associated with the PCC is in
excess of 4500 m. Thieickness ofhyolite to trachydacite asffiow tuff and associate
sedimentary units of the ECC exceeds 4000 m. The north and central areas of the PCC and ECC

are intruded by the composite Freeman Creek plutdenry and John, 2013; John, 1995)
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Postcalderaearly Miocendgneous rockencludesilicic intrusives, flow domes, and
volcaniclastic sedimentary rocks. FromAiKages, paleomagnetic data, afield relations these
rocks range in age from 2Z& Ma and formed during or after a brief period of earliest Miocene
extensionfollowing cessation of major ignimbrite activity in the SEfddson and Geissman,

1991; Hudson et al., 2000; John, 1992; John and Silberling,. 198é)early Miocene also
produced a 15&m wide silicic dike swarm that extends from the southern ECC across Dixie
Valley, the Louderback Mountains, and into the western face of the Clan Alpine Mountains.
The dikes intrud and crosscut faultelated toearliest Miocene extension, Mesozoic rocks,
rocks of the ECC and PCC, and-paktera rhyolites. The easbutheast orientation of the
dikes may support a period of noHfortheast directed extension.

Abasinformed durng this periodnay be represented by the Miocene nomarine
sedimentary rocks that unconformably overlie Mesozoic and Tertiary rocks south of Elevenmile
Canyon. The stratigraphic package consists ofindlirated siltstone, sandstone, pebble to
boulder nglomerate, and asfall tuff deposited in lacustrine and fluvial environmeidshn,

1992; John and Silberling, 19943onglomerate clasts are stunded to rounded and sourced
primarilyfrom tuffs of the ECC, Miocene silicic intrusive rocks, and sparse Mesozoic rocks. The
basal contact is not exposed and the unit is highigceptibleo weathering, which makes for
generally poor exposure and complicates estimations of thickng&se unit is estimated to be

in excess of 250 m. Paleocurrent measurements taken in congéweneutcrops near La Plata
Canyon support the soutbouthwest transport direction suggested by Jq&892) Initial age

estimations for depositiofJohn, 1992are based on an overlying hornblende andesite flow
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unit with a KAr age of 15.3+0.5, suggesting an equivalent age for the uppermost part of the
unit and a good deal of uncertainty ftme age othe lowermost section.

A thick sequace (>500 m) of Miocene adgva flows that include flow breccias and minor
pyroclastics conformablydr in veryminor angular discordance) ovierthe Miocene
sedimentaryrocks(John, 1992) John(1992)also provides ages rangifrgm 15.3 Ma for the
hornblende andesite lava flows to 1418.0 Ma for four samples of the basaltic andesite
(Figure 2.3). The volcanic stratigraphy is further refined herein Sumw KAr ages of
associated flows, described in a later section.

Surfigal deposits of Pleistocene and Holocene age drape large pediment surfaces that slope
southeastward at multiple levels away from Elevenmile and La Plata Canyons into Fairview and
Dixie Valley. The oldest units of Pleistocene age are two similar alluvidéposits
characterized by the slight variation in development of calcic sodsesult of being subjected
to periodic episodes of weathering. These fan deposits interfinger with a similar age fine
grained basin fill deposit and all unconformably deeMiocene sedimentary rocks. The oldest
Holocene age fans ov@lbeach bar deposits related to the 1614..7 ka Lake Dixie tngtand
and contain the 6.85 ka &zama ash. Late Holocefamsinclude 1.5 ka Mono Craters tephra.
Neogene and Quaternagedimentscombineto fill the modern basins of Dixie aréhirview

Valley to depths beyond 2 k(Bell et al., 2004)
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Figure2.2. Digital elevation model, same scale as Figure 1.6, Dixie/Fairview Valley
mapwith heat flow ananalies depictedWilliams, 2012)including Job Peak (JP),
Fairview Valley (FV), Louderback Mountains (LM), Dixie \(BN8y Pirouette
Mountain (PM), Elevenmile Canyon (EC), Bunejug Mountains (BM), Cocoon Moui
(CM), Sand Springs Range (SSR), Fairview Peak (FP), Stillwater Range (SWR), (
Sink (CS), and Clan Alpine Mountains (CAM). Accommodation zone fold axes are
displayed in dashed orange lines and faults as solid black lines with balls on
downthrown side. Strike and dip direction is approximated from this and previous
studies(Bell, Caskey, & House, 2009; N. Hinz, 2011; N. H. Hinz, Faulds, & coolba
2014; Page, 1965Taldera Boundaries from Henry et(@013) Abbreviations from
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2.3 StructuralFramework(Oligocene to present)

Relative to the surrounding region of westntral Nevadathe geology othe southern
Stillwater Rangareais exceptionally complex. The oldest structures are associated with the
emplacement of the Luninrgencemakeallochthonand juxtapose lower Mesozoic phyllite
above younger Late Triassic limestone at La Plata Canyorsufi$equent and highly
prominent structures of the southern Stillwater Range are associated with the emplacement
and collapse of the Job Canyon, Poco Canyon, and Elevenmile Canyon calderas of the late
Oligocene. Large ring fractures define the marginhethree major calderas and can be
traced across the valley into the Louderbackuvitains

Thecurrentstructural framework is dominated by generally eastvest dipping, north
northeast striking normal faults. This faulting is characteristic of thetwwerthwest directed
extension in the northern Basin and Range province driven by transform motion at the plate
boundary and dextral slip in the Walker Langhe west.This deformation is responsible for
development of prominent basins forming as a esrof primarily moderately tilted horst and
graben structures. Fairview Valldgr instance, is a largeasin less than 10 kilometers wide
that structurally forms a dominantly wesilted half-graben with a basement depth beyond 2
kilometers. It is Faubounded on the west by the moderately west tilted Sand Springs Range
and on the east by the moderately west tilted Fairview Peak.

Northern Dixie Valley is similar to Fairview Valley because it is also a large, broad, deep
basin of similar width and bawl on the west and east by the frontal fault systems of the

Stillwater Range and Clan Alpine Mountairespectively Southern Dixie Valley dramatically
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narrows and shallows at the latitude of the northern Louderbisicuntains The Clan Alpine
and Loudeback Mountains are nortsouth oriented, eastilted, fault blocks bound by
moderate to steeply west dipping diglip faults. The majority of the northern Stillwater Range
isanortheasttrending horst block bound on the west by the Rainbow Mountain fantt on
the east by the Dixie Valley fault. The southernmost Stillwater Range is characterized by
extensional accommodation zones that crisscross the range and define opposing zones of east
and west tilted fault block domains.

The surrounding region ctrasts in magnitude and style of extensional faulting with the
study arean thatitisOK I NI OGSNAT SR o0& hftA3I20Sy-&nd YR arz20S
O2YLI NBRNné2Aygn& KS {shalloty graberkofsuthéin RiN&Viallegnlso
contrasts thebroader, ceeper basins that surrounithe area such as Fairview Valley, central and
northern Dixie Valley, Carson Sink, Salt Wells Basin, Gabbs Valley, and Jerséyijakey.5)

Within the areas of steeply tilted stratenotion appears to have beesmccommodated by low
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Figure2.3. Rose diagram of all
fault plane strike measurements
collected in geologic mapping
study area. Largest petals (>10¢
represent over 50% of the datas:
and demonstrate that the majorit
15 10 5 z 10 15 Of faults measured strike
northerly.

angle normal faults that hav&@ncebeen rotated out of kinematic favorability to ae or past
horizontal. Thesub-horizontal faultsare cut by younger moderate to high angle normal faults

more closely related to the modern stress regime.

Thispattern of two-staged extensional basin development is well documented across
western and cemal Nevada, Wassuk Range/Walker Lake &Bzssel et al., 2014; Fosdick and
Colgan, 2008; Lee et al., 2009; Oldow et al., 2008; Stockli et al;, @00aski et al. 2033
Sierra Nevad®asin and Range transitighosdick and Colgan, 2008; Henry and Perkins, 2001)
and central NevadéColgan et al., 2008; Fosdick and Colgan, 20B88wever, the timing of
onset and widespread vs. localized extension is not well constraiHadson et al.(2000)
apply paleomagnetic data to support initiation of the first phase of extension atM&4nd
Colgan et al(2013; 2008kite specific regional geologic relations to indicate Basin and Range

extension starting around 16 Ma. Parry et a(1991)and Waibel2011)provide field
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evidence for a rotation in the eartp mid-Mioceneeastwest extension direction along north
striking faults to weshorthwest extension developedn an array of NNstriking normal faults
kinematically linked to the older northouth structures. Regardless of the exact timing of the
initiation of extension in the region and the viability of extension axis rotation, astage
deformation history com@ments the structural Framework of the SCC where gently tilted 16
13 Ma volcanic rocks rest on an angular unconforrartynoderatelysteeply tilied Late

Oligocer-age volcanistrataassociated with the SCC
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Figure2.4. Neotectonic fault zones in the Dixie/Fairview Valley afée zones are
defined by the rupture pattern, orientation and distribution. Including the Fairview Fay
(FF), Louderback Mountains Fault (LMFQId King Fault (GK), Westgate Fault, and Dixi

Valley Fault(DVF).
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2.4 A Reviewof Historic Seismicity

The studyarea is divided into 6 neotectonic structurines primarily based on
interpretations of orientation and historic rupture history as evidenced by previous researchers
(Bell et al., 2004; Bell and Tingley, 1984; Caskey et al., 1996; Slemmongrib8&)ailed fault
mapping with high resolution LIiDAR and {sun angle photographfCalvin et al., 2012; Helton,
2011) field reconnaissance, and new mappintheeare shown on Figure £.1) Fairview
Peak, 2) Louderback Mountajr) Dixie Valley, 4) Midalley,5) West Fairviewand6) Rainbow
Mountain. The following descriptions of each neotectonic zone from the study area are based
largely on interpretations from Calvin, et €012)and Caskey et §2004)

2.4.1 Fairview Peak:

This zone is charaaieed by right oblique, primarily dowto-the-east motion along north
northeastsouth-southwest oriented structures, similar to the 1954 Fairview Peak earthquake
(M7.1)(Figure 1.4along the FairviewPeakfault a northrnortheasttrending, eastdipping faut
on the east flank of Fairview Pe@kigure 24). The surface ruptures associated with the event
began in this southern zone with the Fairviewakfault in the vicinity of Slate Mountain. It
continued 32 km north to Chalk Mountain where it beginsdmf a leftstepping en echelon
pattern before splaying into multiple, weslipping fault strands. The surface rupturing event
has as much as8m of offset, diminishing to ~h orless. This event triggered a second
earthquake minutes later on the DexValley fault.

2.4.2 Louderback Mountains:
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This zonericludes faults of the Clan Alpine Mountains and Louderback Mountains and the
northern continuation of surface ruptures related to the 1954 Fairview Peak event. The eastern
most rupture associated with thevent occurs along th&/est Gateault, which bounds the
western edge of the Clan Alpine Mountains. Starting just south of highway 50, an 8 km rupture
formed as a result of the event along the radgent salient and a 2 km rupture also formed
along the angefront salient further to the north. The northern reach of this fault forms the
eastern margin of the southern Louderback Mountains and suggests that the nature of the
range is more akin to a tilted structural block being faulted away from the ClameAlp
Mountains than to darge structural blockindergoing exhumation. A distinctive left stepping
en echelon pattern that offsetileogene volcanic was also observed from where the ruptures
initiate

The Louderback Mountains fault is characterized by a series of discontinuous north
northwest oriented, rightoblique, downto-the-west ruptures that formed during the 1954
event. They extend 14 km from just north of Chalk Mountain and along the westemaédige
Louderback Mountains before terminating near therthern extentof the Louderback
Mountains(Figure 24). The Gold King fault splays from the Louderback Mountains fault along a
north-northeast strike and offsets Oligocene SCC rocks of the LoacleNMountains and
bifurcates the Louderback Mountains structural block. \Afastng ruptures generated by the
1954 event form an 8.5 km chain of discontinuous motion parallel to the West Gate f4ult 3
km to the easi{Bell et al., 2004; Caskey et al., 1996)

2.4.3 Dixie Valley
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This zone comprisanainlyof the Stillwater Range frontal fault system. Surface ruptures
associated with the 1954 Dixie N&y earthquake (M6.9) start at Elevenmile Canyon and extend
over 30 km nortlvard. Maximum surface displacement occurred north of the project aire
just south of theDixie Settlement{Figure 1.5) Associated surface ruptures near Elevenmile
Canyon oaar at the Stillwater rang&ont and splay into multiple strands that cut and
terminate into the large alluvial fan at the mouth of the canyon. This termination of 1954
ruptures is spatially coincident with the known Elevenmile Canyon geothermal sy3tas.
zone is also coincident with a sevekdbmeter-wide structural right step from the mouth of
Elevenmile Canyon to active faults of the La Plata Canyon area and Sand Springs Range frontal
fault system. This accommodation zone of numerous overlapgigmfaults of similar
orientation and opposing dip direction ressiih a nested graben structures with some of the
largest known Holocenfault offsets in Dixie and Fairview Valley (Bell et al., 2004)

2.4.4 Mid-valley.

This zone consistd northeast trending ruptures of limited length and displacement
between the La Plata Canyon area on the west and the Louderback-framyjeone on the
east. An dblique orientation with respect to the I8 trending primary displacement zones of
Dixie Valleyand Louderback Mountairend a lack of cross cutting relationships with these
adjacent zones strongly suggetiss is a zone ddtructural linkage. The zone is characterized
by NESW trending ruptures (including ruptures of 1954 event), originating b&50 in the
SW and teminating in the Louderback Mountaipsedmont to the NE, that crossut older

northerly striking faults that offset Neogene basin fill terraces. This zone appears to be a NE

35



projection of the Sand Springs Rarfgant fault system. e crosscutting relationships and
alignment with the Sand Springsucture suggests this zone formed under the modern stress
regime and is kinematically linked to a recent history of large magnitude extension in the CNSB.
Displacement within the zone gpars to be purely normalprming 25-30 cm scarps with no
evidenceof strikeslip offset. Some 1954 ruptures in this zone occur atddgr scarps
suggesting events with similar rupture patterns
2.4.5 West Fairview

This is a@ne of NS trending rupturesocated on the western flank of Fairview Peak that
appears linked to the olderorth-southruptures of the Midvalley fault zone. It also Includes a
zone ofnortheaststriking, west dipping, 280 cm tall ruptures formed in a left stepping
pattern at thesouthern end of Fairview Valley. The scarps appear fresh in intag§Bsand
the left stepping rupture pattern is consistent witlght lateral strain releasélhis suggests that
the ruptures are associated with the 1954 eveback of access due to thesence of a highly
active bombing range precludes field verification abihterpretation.

2.4.6 Rainbow Mountain:

Thiszone is characterized by eadipping normal to rightoblique faults that bound
prominent westtilted half-grabens on their western mairgs. The basins are structurally linked
by a 6 krawide stepover zone made up of a prominent weasbrthwest striking dextral fault.
The Rainbow Mountain zone also includes surface ruptures from the 6 July and 23 August 1954

Rainbow MountairStillwater eathquake sequence, which is defined by three moderate to
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large earthquakes. The associated surface ruptures and numerous others arenodtitvest
to north-northeast oriented, normal and righablique faults(Caskey et al., 2004)
2.4.7 Neotectonic Summary:

In summary each zone can be characterized by late Pleistocene to Holoceneaweiit
surface ruptures that include ruptures from the well documented 1954 eveht®Fairview
Peak and Louderback Mountain zones experience 4agbtal obliqueslip and theDixie Valley
zone is digslip motion. The Mid/alley and West Fairview Peak zones appear to link Dixie
ValleyLa Plata Canye8and Springs faults on the west with the Louderback Mountains zone on
the east, a zone of mixed normal and rigilique motion.

These zones also represent the central reach of the CNSB, a pronounced concentration of
historical western basin and range seis@iivity that stretches over 300 kilometers (Figure
1.4). This northrending zone of moderate to large magnitude histoearthquakes includes
the 1954 Fairview Peak and Dixie Valley events.

Prominent powesproducing geothermal areas, Stillwater, Dixie Valley, Salt Wells, and
Gabbs Valleygre all locatedin the CNSBndare associated with known faults, but none with
historic rupture activity. They appear to manifest most strongly, commonly as fumaroles, near
rupture terminations. This inspired axaminationby Caskey and Wesnoudi&000) where
they modeled increased stresses after earthquake ruptures at the rupture terminations. Their
results suggest that hydrauloonductivity ismproved by increasing brittle fracture dilatancy
stemming from fracture development unaccompanied by decreased normal stresses that

generate a higher ratio of shear stresses near the rupture terminations.
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3. Methods

3.1 Detailed Geologic Mappig
New detailed geologic mapping thfe areasouth of Elevenmile Canyon was completed in
an examination of a major accommodation zdhat structurally links the northern
continuation of the Sand Springs frontal fault with the Stillwater Range frontal(faigitire 3.1)
Previous mapping of the La Plata Canyon quadra@dglen and Silberling, 199dentified the
tilted Tertiary rocks but lacked the structural detail to explain the deformation history related
to staged basin evolution and formation of local contractional structures formed in an

extensional environment.
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Obtaining new data on strain indicators and/or previously unmapped faults was disalcr

in developing a hypothesis for the structural controls of the Elevenmile Canyon geothermal
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system. The geothermal system occurs at the southern margin of the Stillwater Caldera
Compex in Elevenmile Canyon, where a network of nartiitheastsouthsouthwest trending
faults cut a tiltedNeogene sedimentary basin ai@uaternaryunits before terminatingnto
Mesozoic basemerdand Oligocene volcanic rockhe interaction between this major rigktep

in rangefront faults,the numerous ring fracturessaociated with the Oligocene caldera margin
and the potential for reactivation of the margin asault during earlier periods of deformation
present strong evidenckr increased fracture density, dilation, and circulation of geothermal
fluids.

Mapping vas also used to clarify the structural relationship between the Neogene
sedimentary basin and the overlying ~18 Ma Miocene volcanigequenceThis required an
emphasis on determining the presence of an angular unconformity between the two units that
would define their temporal relationship in terms of simultaneous or distinct periods of
deformation for the two tilted unitsThe distinction would be supported by sevefalAr dates
to refine the relationship

Mapping also supported a more complete intatjon and interpretation of geophysical
datasets, specifically 2i2flection seismic data that could potentially image similarly deformed
units. It also supportsntegration of geological data with available geophysical data by
providing an exposed analaj potential subsurface conditions. In additidintegrated large
amounts of previously recorded data into a single ArcGIS geodatabase for ease of

interpretation and generation of basin scale cross sections.
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3.2 Fault Kinematic data

Structural data from thenap area were compiled and analyzed using Stereonet 9 and
FaultKin TAllmendingey 2014; Allmendinger et al., 2011; Marrett and Allmendinger, 1990)
These programs were used to compute bedding andtfslip data in examination ofariations
in the Neogeneto present stress orientation and stress ratios for thei®@bairview Valley
study areaAttitudes of exposed faults in and around the Neogene basin were measured along
with orientations of kinematic indicatonshere present, such as slickenlines, for analysis of the
slip sense and characterization of prominent fault populations (Angeliak.,et985; Gauthier
and Angelier, 1985)

Data were further interpreted using a moment tensor summation and tieBPdihedral
stress inversioifAngelier, 1989; Marrett and Allmendinger,a®, by which fault plane
orientations and kinematic indicators are combihi® generate a fault slip datuthat can be
converted to kinematic axeshorteningextensionintermediate kinematic axesr (P)ressure
(Mensior(B)Intermediateare generatedrom each datum and the dataset is analyzed for mean
vectors as a determinatioof principal paleestress axesA linked Bingham distribution is also
generated, which effectively determines a bdistorientation for the entire faulislip dataset
(Allmendinger et al., 2011)

An examination of various stresensors and their relationship with the orientation of
young faults in the study area was conducted in an effort to identify critically stressed faults
with the highest tendency for slip and/or dilation as primaoyces for enhanced fluid flow.

For ths analysis we used 3D Stress, a program developed by Alan Morri§l®9&l)at the
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Southwest Research Institute that rapidly computes slip and dilation tendency for all
orientations of lines and planes lggnerating a shear stressater for a given stress tensor.

Stress tensors for the study were derived from a variety of sources including steéss

analysis, borehole breakout studies, geodetics, and historic rupture analysis. This method also
allows br the evaluation of focal mechanism solutions as a proxy for regional stress

orientations by qualitatively comparing slip tendency mapsasfous stress tensor origins.

3.3 Ar/Ar Geochronology

It is generally accepted thaiffter 8-10 Ma approximately 30% of Pacilorth American
dextral plate motion was accommodatéy transtensiorin the Walker Lan€astern California
Shear Zonandextension in theBasinand Range The histories of extension and sheae less
certain for the geriod from25 Mato 13 Maand are placed in two model®nemodel
interpretsthe ancestral Walker Lane as the locust for platargin dextral shear
accommodation beginning around 22 Ma with mild, localized extension initiating closer to 25
Ma as a result bomagmatismthen shifting to more widespread and intense extension from 15
13 Ma(Oldow, 1992; Oldow et al., 200T)he othermodelsuggests extension was either
moderate or nonexistent from 25 to 15 Ma and became extreime highly localizedrom 15
to 13 Mabefore giving way to widespread extension at ~10 Ma that continues tOdlagerson
etal., 2012)

To addressiow these interpretationsnight apply tothe studyarea, lutilized “°Ar/3°Ar
geochronology on fiveamples of the postaldera Neogenandesiteand basalti@ndesitethat
overlie the tilted Neogene basin sediments with a minoigdee of angular unconformitythe
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Neogene sediments unconformably overly the 25.1 Ma tuff of Elevenmile CdHgomy and
John, 2013; John, 199aidlack evidence osh/tuff deposits related to th&d9.48 Ma
eruptions of the nearby Fairview Peak calddrat forms Fairview PealFigure 2.3JHenry,
19964, 1996b; Henry and John, 2QIR)issuggests thathe age of basin formation and
deposition of the Neogene sediments bracketed by the agd the Fairview Peak Caldera
(19.48 Ma) and thstratigraphically lowest portion of theverlying volcanic sequence
Furthermore based on their deposBonal relationshipthe majority offaulting, tilting and

folding of the basin would have occurred aftéeposition of the stratigraphically highest
portion of the volcanic sequencéJnderstanding these relationships allows us to test the two

models and eher lend support to one or suggest a possible alternative.
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Figure3.2. “°Ar/3°Ar age spectra for sample 2. Ground mass stepeated age spectra in
purple and plagioclase stdpeated age spectra in blue overlain to review concordance

Fivesamples were selected for their stratigraphic relationshiphi® Neogene basin.

Mineral separates of plagioclase and whotek samples were analyzed using fA&r/3°Ar
step-heating method at the Oregon State Argon Gemnology Laboratory (OSAGEamples

were cleaned, crushed, sieveahd washedn deionized water and dilute HClam ultrasonic

bath. Mineral separates were prepared with a Frantz isodynamic sepaand binocular

microscopeAll samples and the Fish Canyon Tuff biotite standard were irradiated for 6 hours

G h{! D[ Q& ¢wLD! ASsamjfesievedngniehtdlly stepheat@d & NJp

44




resistance furnacand then relevant masses were measuredad®cientific Model ARGUS VI
multi-collector mass spectrometdgFigure 3.2)

Of the5 samples analyze® produced robust plateau agesid 2 were likely affected by
excess Ar related to hydrothermal alteration (Table Ahalysis of plagioclase samples yielded
distinct plateaus andoncordant ages for samplé$24, LR10, andLR12.Plagioclase analysis
for sample LP® produced discordant data with a minor plateau and7Lftoduced no useful
data and was removed from the studdmalysis of groundmass from each sample yielded
slightly discordant datat best typical of ground mass aitysis Plateaus were placed where
the total fusion and inversage were concordant with the plateages Plagiclase and ground
mass age spectm@ata were overlain from eaaemainingsampleto review concordance
between the methods (Figur@?2). SampleLR12 (Figure ) was perfectlyconcordant and
samples LR O and LR} are moderately concordanTheLR9 groundmass age spectra aret
well matched with the plagioclase agad therefore the plagioclase age alone was used for this

sample.
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Tablel. Summary of?Ar/*°Ar age data for Miocene Volcanic Rocks

Sample Unit Rock type and stratigraphic Material 39 Ar *N Weighted .Inverse
mean isochron
Number position (%) platequ age age (Ma)
(Ma)
Plag,
LP-10 Mb Basaltic Andesite flow in GM 25.74 14 15.02 £ 0.06 14.99 + 0.04
direct contact with LP-9
Plag,
LP-4 Tya Basaltic andesite flow near contact GM 31.19 18 14.92 +0.04 14.89 + 0.05
with Neogene basin sequence
Plag,
LP-9 Mb Basalt flow directly above LP-10 GM 3348 12 14.86 £ 0.35 14.64 £ 0.73
of Miocene basalt sequence
Plag,
LP-12 Tya Andesite flow in the middle of the GM 86.84 30 14.34 £ 0.05 14.39 + 0.05

Miocene andesite sequence
LP-7 Tya Andesite flow from the lowest portion GM 2285 5 16.14 £ 0.17 16.06 £ 0.55
of Miocene andesite sequence <No Plateau>
Note: All errors are reported at 20 (95% confidence). Plag - plagioclase; GM - groundmass
*Number of heating steps

3.4 2D-seismicacquisition andinterpretation

Integral to this study was the acquisition of ~50 km of active source seismic data acquired
by Optim Inc. foithe GPO in southern Dixie Valléyveprofiles ranging in length from 6.5 to 16
km were acquired witlgeophoneand sha point spacingdf 33.5 m(110ft) (Figure 33). In all,
1,456 receiver stations were occupieturing the survey and each station utiliz8component
digital sensors. Shots were produced by twdine 28.4 MT (62,500 Ibs) vibroseis trucks that
completed 10sweeps each 12 seconds longanging from 8100 Hzat 1,402 source locations.
Data were recorded for 5 secondsa2 millisecongample rateThe survey design was based
on previous successful surveys for geothermal exploration performed in the basin and range by
Optim Inc.(Pullammanappallil and Louie, 1993; Rhodes, 20htuh et al., 2006)L.ong offses

achieved thragh extended line lengths allowddr imaging of deeper and steeply dipping
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structures.Initial velocity models were deriveddm first arrival times pickeffom the raw shot
gathers and then depth extended using coherency optimization and interactive selection. The
velocity model was then incorporated into a Kirchoff ystack dgth migration algorithm for
accuracy in travel time calculation and correct placement of reflectors at depth. Images are
produced by summation of seismogram values based on ttawel calculations by way of the
velocity model.

Depth migrated seismic feection profiles and velocity modelgere used for interpretation
of faults and stratigrapic horizons ifHS Kingdom Suite seismic interpretation software
(Kingdom Suite). Assumptions pertaining to the of structures and bedding wereot made in
the pre-stack migration, thus images generated are more likely to revealdepth and
geometry of laterally complex structure. However, caution was exercised when assessing single
reflectors assignificant structures or beddingo@fidence in reflectors ohterest relied on
characteristics relating to higamplitude dipping features, appearance as a series or package of
isolated or offset reflections, strong variations in velocity, or confluence of additive

interpretations from surface geology, well log titbgy, or other geophysical interpretation.

3.5 Gravity and Magnetic Data
Gravity surveys have proven an effective tool for understanding and interpreting the nature
and extent of extensional basin geometries and associated fault systems in areas where
subsurfice constraints are scarce, such as Dixie Valley. Multiple efforts conducting gravity
surveys and processing and reprocessing data toadtarize basement structuras Dixie
Valley and the surrounding area have been condu¢fdabott et al., 2001; Blackwell et al.,
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2000; Mankhemthong, 2008; Schaefer, 1983; Williams, 2@&gotd data from these

previous surveys were combined with over 100 new gravity stations by using standard
reduction processes and applied terrain correction algorithm to generate the completauBoug
map, assumed density of 2.67 gf¢dgure 33). New stations were acquired along leafiset 2

D reflection seismic survey lines for direct data comparisonj@ind modeling and focused in

areas where critical structural elements were not clearly defined.
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Figure3.3. Complete Bouguer Anomaly 2.67 gfoap. Red lines represent 2Beismic
acquisition profilesBlue outline is the Dixie Valley Training Complex coincident with the
study area.

In April of 2012 EDCGORR Jawell-respectedaeromagnetic data acquisition and processing

service companygcquired and processed aeromagnetic data over the study area, under
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contract to the GPO, and tied it into a previously acquired dataset flown over the Clan Alpine
Wilderness Study Area by the USGBe new survey covered 593 square kilometers of
mountainaus terrain and gently sloping pedimentngingin elevation from 1200 m to 2300 m.
A total of 3,342 line kilometers were acquired along 159 primary survey liree20ft m line
spacing. The survey was a fix@thg-borne, cesiuravapor magnetometer flownvith an

average of 217 rof terrainclearance EDCOMNPRJ correctededuced, and then leveled the

data at tie line intersections before the data were redudeepole. Reduction to the pole
diminishes polarity effects that are the result of geometric obliquity of magnetized bodies in
NEFSNBEYyOS G2 i KSpriayy@bghefid figl@Rkgly, 2086) Theé NJi K Q
transformation relocates magnetic anomalies to a position that more accurately Issthea
source bodie® ¢KS FTAYLFf NBRdAzOSR G2 L}R2tS 3INAR OF f Odz

I RSOt AYylIGA2Y342F mModcys OCAITdzNB
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Figure3.4. Color contour map of the aeromagnetic redudedpole (RTP) anomaly map
. Data has been corrected for magnetic inclination based on the surveys proximity to th
North Pole.
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The complete Buguer gravity and reducetb-pole magnetic data were gridded and ialty
interpreted using GeosatOasis Montagoftware and were then imported to ArcGIS so that
the data could bentegrated with the larger body of workStructural maps were developég
overlayingthese images witlQuaternaryfault locationsand examining relationshigpbetween
the presence oheotectonic structuresnd distinct lateral variations imagnetic susceptibility
anddensity(Figure 3). This step was critical for understanding tipeometry of faultingvhere
it has otherwise been masked by high rates of deposition, partiguilathe area southern Dixie
Valley where the PMeothermal system is locatedalso applied the data teeinterpret the
position of the caldera boundary by examining the magnetic response of areas known to
represent the boundary from geologic mappinghe ranges and extrapolating that

relationship into the subsurface.
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Figure3.5. Structural interpretation of gravity and magnetic data
in poorly characterized areas significant to PM and EMC geothermal systems. Griddg
color map is reduced to pole magnetic anomaly data, scale. Sarfiplete Bouguer
anomaly overlain as 2 mgal contours. Quaternary fale displayed as black lines and
new fault interpretations are displayed as dashed white lines. Reinterpreted caldera m
displayed in dark red, half circles denote interior side. Navy training range outlined in
dashed blue line for reference.
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3.6  Strudural Model
The development of the 3D structural modehscompleted through progressive iterations

of geophysical and geological interpretations, such as detailed geologic mgagilt rupture
surface trace analysistress tensor data derived from kimatics, earthquakes, and borehole
breakout studiesThe faults werghen characterized and prioritized based on theatential for
impact on fluid behaviorThe final 3D planes were modeled in Kingdom Suite and then
exported to 3D stress for analysifdip and dilation tendencyThe apparent intensity of slip
and dilation can then be compared to thermal models and interpretations made for future

exploration targets.

4. Resuls

4.1 Seismic interpretation

Seismic lines 1, 2, 8and 5 were acquired along access roads that coincide with the
Pirouette Mountainand Elevenmile Canyageothermal system(Figure 4.). Lines 1, 23, and 4
were oriented eastsoutheast to achieve image sections that were near perpendicular to the
strike of known faults. Line 5 was shot in a nestiuth direction that intersects Lines 1, 2, and 3
so that horizon and fault interpretations could be made with greater confidence between lines
that did not intersect. Seismic line 1 starts in the western piedhof Dixie Valley near the
mouth of Coyote Canyoandruns 8.2 km eassoutheast, crossing the valley bottom and
terminating at Line ZFigure 4.1) Line 2 starts in the drainage of East Lee Canyon within the

Stillwater Range andest of the frontal fait. From East Lee Canyon Line 2 extends 15 km (9.4
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miles) across Dixie Valley and up the eastern piedmont to the upper section of the Hercules
Canyon alluvial fafFigure 4.1)Line 3 starts 2 km south of Line 2 and runs roughly parallel to

the eastsoutheast for 6 km (3.7 miles) to the Louderback Mountains range feigiure 4.1)

Line 5 starts 2 km south of Line 3 and continues 6.4 km (4 miles) north and ties Lines 1, 2, and 3

together before terminating ~3 km north aine 1
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Figure4.1. Geologic map from Figure 2.2 with-8Bismic line locationas black and white
checkerboard lines and integrated structural interpretation from gravity and magnetic
data, faults are black lines. Labet$er to following locations Coyote Canton (CC), East
Canyon (ELC), Hercules Canyon (HC), and Louderback Mountains (LM).

The westerrsectionof Lines 1 and 2 crossmajor relay ramgn the southernmost
Stillwater Rangérontal fault (Figure 4.2 The relay ramp interior is characterized byultiple
Pleistocene and younger faults of opposing dip direction that includes 1954 rupttinegable

structural complexity in terms of terminationandintersections Theeastern edge of Line 2 is
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the only other intersection with Quaternarystructure, a north trending, west dipping normal
fault (Figure 4.2) The central part of the survey overlies the PM geothermal system.

The seismic stratigraphy expressed in Lines 1, 2, 3, armkefinedby an uppermost
Quaternaryunit of unconsolidatedasinfill that appears in the seismic sections as an upper
section of thinljlayeredsediments and a lower section of more thicklyeredsediments
(Figure 4.1 an®lates 1-6). The variation in thickness lafyeringmaysuggest periodof
differential uplift, where high sedimentation rates resulting in thick layering are driven by high
tectonic uplift rates and vice versa for thin layering of sediments. This concept also resolves the
slight variation in degree of dip beeen the thickly layered section that is more tilted to the
west than the thinly layered upper section (Figure 4li8)kged fault offsetin Lines 1 and 2
imagegentle tilting ofQuaternarysediments to the wesand support halfgraben morphology
in these gctions(Plates 111) as a result of dominant down to the East displacement along the
Stillwater Rage Frontal Fault (Figure 413)e greatest offsets in th@uaternaryunit appear to
coincide with the northward terminating portion of the relay ramp in fhental fault of the
Stillwater RangéFigure 4.2and 4.3. The base of th@Quaternaryunit is definedn Figure 4.3

and Rates 110.
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Figure4.2. Detailed structure map of the northern seismic suraegathat includes Lines
1, 2, 3, and 5 as black and white lines with labels. Red shading on seismic line 2 repr
section from Figure 4.3, blue shading represents sections in Figure 4.4, and yellow s}
represents the section in Figure 4.5. Re@di are faults with historic ruptures, orange ar
Pleistocene age, green are Holocene age, black are Quaternary or older, and purple
are interpreted as potential caldera boundaries. Faults with balls on the downthrown ¢
are color coded and genehglrepresent the near surface projection of faults from the
seismic interpretation in the following figures. The blue fault represents Fault 3, the pi
fault represents Fault 4, and the dark green fault represents Fault 9. The relay ramp i
StillwaterRange frontal fault is shaded in green, the axial portion of the accommodati
zone is shaded in pink, and the oblique anticlinal accommodation zone is shaded in t
and the corresponding fold axis is a dashed black line with arrows indicating direttion
tilted strata. Red star denotes location of the-66 Hunt Energy well. Colored squares
correlate fault surface traces with near surface projections of fault interpretations fron
the seismic sections.
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The stratigraphy below th@uaternaryfill includes tuff, latite porphyry, and rhyolite
associated wittSCC volcanism. There is a clear angular unconformity visible in the seismic data
at the base othe Quaternaryunit where broad packages of reflections in the volcanic section
appear to have a higheregree of tilting(Figure 4.3 These more steeply tilted reflectors also
appear to terminate abruptly against a group of reflections, similar in amplitude, but more
steeplytilted in the opposite directiomear shotpoint 480Thisis shownin Figure 4.3and is
denoted by thegreen shaded area that appears to terminate against the purple shaded area
This relationship is interprete be a faulted contact between similar volcanic units of the SCC
along a fault that has been rotateabout a horizontal axis the modern hanging wall of the
frontal fault to an orientation no longer compatible for slip within thidernstress regime
i.e. the dip of the fault is too shallow his boundary may also represent a caldera margin within
the SCC, possibly between tReco Canyon and Elevenmile Canyon caldesasuggested by

the caldera boundary approximation in Figyr&.

59



SHOTPOINT - 600 580 560 540 520 500 480 460 440 440 440 440

DEPTH 20000 25000
] ]

0.00 I 1 I I I I I

-1000 -

-2000-

-5000 o
‘. "’“ , ) \
B' %‘g&:&t.‘ )

\ \l--rﬁ%ﬁ%w@gaxvaai..
RNl i

\ | %

oy
RS S

-60004

-70004
-80004
9000

2100004

-110004™
Figure4.3. Line 2 seismic section as defined in FigureFaRlts are colored and
numberad. Base of Quaternary is the uppermost horizon, colored light blue. The pinK
horizon represents the base of SCC stratigraphy contact with underlying basement.
belka K LJSR YI NR2y K2NAT 2y RSFTFAYySa GKS dad
areas deihe variable dip domains in the SCC section bound by rotated faults, calderd
margins or possibly both. There is no vertical exaggeration. Full section in Plate 2.
Shotpoint station numbers are labeled at the top of the figure. Depth and distance al
labeled in feet and there is no vertical exaggeration.

A second low angle structure dividing zones of apparent dip variation is also denoted in
Figure 4.3 by juxtaposition of the purple and orange shaded zohesddwndip projection of
this structure intersets Fault Z/andappears to be associated with a zone of anomalously low

amplitudes and poor reflectiongsindicated by thepink hachured zon@=igure 4.3commonly
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NEFSNNBER {2 2NadR ihanige! with theurface location for thénown
thermal anomaly at Pirouette Mountain. The low amplitudes and poor reflecigspciated
gAlGK (KS aré @nbndalous diies the central location in seismicsection,which
makesit the highest fold, and the relatively well imaged surroundanga.Foldrefers to the
redundancy of common depth point (CDP) daia, the number of seismic traces that imaged
the same point in the subsurfacandallows for the assumption thatreas of high fold are
commonly wellimagedt KS a6 aK2dzi¢ |faz2 FLIWSFNR {2 o0S I &
northeast dipping structurevhere the Louderback Mountains Fastepsover at Pirouette
Mountainto the Stillwater Range Frontal Fault (Figure 4T2)is phenomenon could be
explained as aarea of intersecting faults that generate a zone of high fracture density and
increased permeabilityThis could causkydrothermal alteration that can affect the
strength/rigidity of the host rock. The combination of thesffectson rock strengthhave a
directimpact on the seismic response seen in Line 1 and is further supported by a similar
Gol aK2dzié¢ NB#igeesRS Ay [AYS H

Belowthe SCC stratigraplof tilted, folded, and faulted reflectors is a third package of
broader amplitude reflectionghe pink horizonFigure 4.3 andPlates 110) that | interpret as
volcanic basementpossiblyflinked to the Freeman Creek pluton exposed in the northern SCC
(Figure 2.1)Thisseismicsection may also include pt@enozoic metamorphic rocks of the Clan
Alpine Sequence that may be associated with discrete packages of strong reflections in the
deeperpart of allsections where coherency and reflection amplitude give way to affects

associated with attenuatiofFigure 4.3and Plates 410).
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The Dixie Valley faulDVRF) is identified in Linea& thetermination of irregular and
sparsely continuous reflectors primarily associated with the Upper and LQwaternary
section and the uppermost ECC section. A discrete package of steeply dipping reflections
juxtaposedagainsta less steeply dipping packagereflectorsis also interpreted as a faulted
contact near shotpoint 460 at-3800 m {6000 ft) depth.The DVRFesides in a low fold section
onthe western edge of Line 1 and results in a poor reflection imageeo$teeply dipping
structure.The DVREF is identified in Lid@as displacement acrossntinuous reflectors of the
Upper and LoweQuaternary(Figure 4.4 andPlates 14). Yoarse reflectionsn the shallow
seismic sectiorcoincide with a prominent digliscordance, where eastippingreflections
interpreted as SC&olcanic units and the underlying wedipping reflectors of the basement
terminate against the DVRFigure 4.4)The dip of the DVR# the seismic secti®in Fgure
44aredcne YSFENI GKS adz2NFI OS |y Rarefloré or fess flénhifoy
depths beyond 3,000 meters in Lines 1 an@i@ure 4.4 The DVRF appesslightly less steep
in Line 2 due to the slight obliquity of the line orientatito the DVRRs it exits Coyote Canyon

and descends the alluvial f§Rigure 4.1)
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Figure4.4. Sections of Lines 1 (left) and 2 (right) from Figure 4.2 that image the Stillwat
Range frontal faul{(DVRFand faults associated with the relay ramp (Figure 4.2). Full
seismic sections can be viewed in Plates 1 and 2. Shotpoint station numbers are label
the top of the figure. Depth and distance are labeled in feet and there is no vertical
exaggerabn.

The relay ramp geometrFigure 4.2)s also visible in the seismic sections of Lines 1 and 2
(Figure 4.4 The near surface projection addlts 1 and Zorrelate spatially witlthe horse
tailing patternobserved at the surface wiihthe relayrampof the Stillwater Range front fault
at East Lee CanydRigue 4.1 and4.2). Fault 2 is a weddipping fault that forms a minor
hanging wall graben with the DVRF angraben in graben structure witkaultl, whichis

interpreted as the steeply eastipping termination of the southernmostillwater Ringe
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frontal fault (Figure 4.2 Offset of prominent reflectors in thQuaternarysection appear to be
as much as 900 meters along the DVRF and 180 meters along Haglir2 4.3 for a
cumulative offséthat exceeds 1 km

Faults 3 and 4 areriented slightlyantithetic tothe dominant structuratrend in Dixie Valley
and define theanticlinal accommodation zon&igure 4.2that coincides witlthe northwest
trending intrabasin higldescribed in thenterpretation of surface geophysi¢gigure 3.%
Faults 3 and 4 can be viewed in Lines 1 affeidure 4.3 andPlates 14) and the northeast
dipping Fault 4 is also visible in Lines 3 aif@igure 4.5 antlates 5 and @ Lines 1 and 2 offer
the best coss sectional profile of the complexly faultedrabasin highand Line 5 displathe
north directedbasinward transitiorand Fault 4, butlue to the low fold on thesouthernedge
of Line 5the intrabasin highs not imaged wel{fFigure 4.5)Fault 4 #éso offsets a nott-
northeast dipping panel of basemesitrata (Figure 4.5) that forms the northeast limb of the
obligue anticlinal accommodation zone (Figdt8). Fault 4 is critical to the study due to its
proximity to the near surface heat flow high and its apparent nature to block geothermal fluid

flow across the intrabasin higfigure 4.2.
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Figure4.5. Seismic section of Line 5 as defined in FigureFaalts 4 and 5 define
major structures on the northeast limb of the oblique anticlinal accommodation
zone (Figure 4.2). The base of SCC strata, represented by the pink horizon was
measured to have ~100eters of offset across fault 4. Red vertical line represent
intersection with Line 2 (Figure 4.3hotpoint station numbers are labeled at the
top of the figure. Depth and distance are labeled in feet and there is no vertical
exaggeration.

Faults 58 (Figure 4.5 andPlates 13, and 5yarenorth to northwest oriented steeply dipping
structures thatreside inthe axial portion of the accommodation zo{iéigure 4.2)They appear

to be curviplanarstructuresthat rotate about anearvertical axisrom an orientation more
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synthetic to the intrabasin high clockwise to being more synthetic with the major range
bounding structures on the westeforeterminating(Figure 4.2)

Line 4 is an ~14 km long line that images Elevenmile Casgothernmost Dix@ Valleyand
the southern Louderback Mountain piedmofitigure 4.6and Plate . Line 4 crosses or nearly
crosses a large number of Pleistocene, Holocene, and historic ruptures that terminate into or
are incised by the drainage fed by Elevenmile Carfligunre 4.6) It also crosses the northern
termination of thehistoricFairview Peak rupture right before it splitsrthwardinto the Gold

King and Louderback mountains Fa(Rigure 4.6)
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Figure4.6. Detailed structure map of the southern seismic survey dnaa
includes Lines 4 as a black and white line with labels. Red lines are faults with
historic ruptures, orange are Pleistocene age, green are Holocene age, pink 3
Holocene/Quaternary age, ble@are Quaternary or older, and purple lines are
interpreted as potential caldera boundaries. Elevenmile Canyon (EMC), Fairv
Valley (FV), Louderback Mountains (LM), Dixie Valley (DV), Fairview Peak F3g
(FPF), Gold King Fault (GKF), and the Louderbagikt®ns Fault (LMF). Colored
squares correlate fault surface traces with near surface projections of fault
interpretations from the seismic sections.

The seismic stratigraphy expressed in Lineodnpared to the northern survey area,
suggestsa thinning of SGQelated volcanic unitso the southand an increasing presence of
Mesozoic metamorphic rocks similar to those found south of Elevenmile Canyon in the study
map area (Plat&?2). Quaternarystrata appear to benore thickly layered near th mouth of

Elevenmile Canyon and more thinly layered in the central reach before becoming somewhat
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