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1.Introduction

1.1 Goals and Objectives
The U.S. Department of Energy (DOE) has contracted with AltaRock Energy Inc. (AltaRock) to develop a

calibrated Engineered Geothermal System (EGS) exploration methodology (Award No. DE- EE0002778)*'~
This activity is jointly funded by AltaRock. To achieve the project goal, the following five technlcal tas
(objectives), with a description of what was done, were completed:

Task 1 -

Task 2 -

Task 3 —

Task 4 —

This task involves qualitatively assessing the geology, geophysics, ge t Y,
hydrology, and well data in project area with particular emphasis ofthe existing
Dixie Valley Geothermal Wellfield (DVGW).

Collect and Assess Existing (baseline) Public Domain Geoscience Da i

Design and Populate a Geographic Information System D tabase
Development of a GIS-database ensures that the projéet.da n be easily stored
and managed for retrieval, visualization, and dat}mtegm

Develop Baseline (existing data) Geothermal:Conce Model, Evaluate
Geostatistical Relationships, and Genera 3& GS Favorability (and Trust)
Maps

This task integrates the geosuenhﬁ’at‘ssessed re-interpret data as required;
conduct geostatistical exploratory data anaIyS|s to discern relationships among key
geoscience parameters; and ge rability/trust maps for the calibration
area to identify EGS drllllng ’xa scale of 5km x 5km at depths from +1km
above sea level (asl) t

Collect New Field Dat In Data Gaps and Improve Model Resolution
(baseline and ne e combined to create an enhanced data set)

This task invo % g new and interpreting the enhanced (1) gravity data to
define th n structure and subsurface faulting; (2) passive ambient seismic noise
data to define he‘S’é|sm|c parameters (Vp, Vs, rho, Qs, and Qp) and potentially
identify arg.a-s_pf seismic anisotropy; (3) Magnetotelluric (MT) data to define
s‘urface resistivity, pathway for fluid flow, potential subsurface structure, MT
structural as well as developing a conductive MT-based subsurface thermal map;

d (4&” CO, gas data for a focused investigation of zones of dilatation and
n’pressmn Additionally, develop 3-D conductive and convective thermal models.

_"Repeat Task 3 for the Enhanced Data Set

This task integrates the new results into the baseline geoscientific data assessment;
re-interprets data as required; conducts geostatistical exploratory data analysis on
the enhanced data set; and revises the calibration area favorability/trust maps for
the enhanced data.

‘ M Report Basis

To date, there is no accepted, invasive or non-invasive exploratory methodology for “greenfield” EGS
sites proven to be both technically feasible and cost effective. Although drilling slimholes provides direct
data on the primary resource favorability criteria (i.e., temperature, rock composition and stress
regime), widespread use is cost prohibitive necessitating selective use. Developing a cost effective and
reliable exploration methodology is, therefore, essential for the economic viability of EGS in regions
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beyond what has already been explored for hydrothermal resources. To determine whether an EGS

exploration methodology can be calibrated using the Dixie Valley Geothermal System (DVGS, see Figures

1 and 2 and Section 1.3) as a laboratory test case, AltaRock has designed a project consisting of the five

technical tasks presented in Section 1.1. l
y

The Project Area consists of a 50km by 50km (31mi by 31mi) area roughly centered on the Dixie Valley

Power Partners lease (DVPP, Figure 1). One of the key data sources for this study has been the extensi@‘
amount of information compiled and interpreted by Blackwell et al. (2005), the public domain in

numerous DOE supported studies as well as non-DOE supported studies that have taken plac v
past 40 to 50 years, and selected data released by Terra-Gen Power, LLC (Terra-Gen). This report does

not attempt to re-interpret the bulk of the public domain data because we do not have g

original data set. However, a re-interpretation of select data sets is presented wherede

appropriate. Original work by the authors is presented in the areas of gravity and mag seismic,

surface and subsurface structure, magneto-tellurics, cross-correlating these varied dat&ts

geostatistics, and in the development of the methodology. \'

.
Geothermal activity is present intermittently throughout Dixie Valley, over a distance of some 100km
(62mi) in length (F |gure 2). The overall study area for geological and g%op al regional setting

purposes is a 50km? (19mi?)square block that includes a sizable p tlon ie VaIIey and the Stillwater
Range. The “calibration” area covers a much smaller area, the % geothermal wellfield (DVGW),
which includes the geothermal production wells, as weII as IIs rilled in and around the
production area (see below). This reduction of the detal dy area has been necessary, as this is

where the greatest concentration of data is available,dutthas also resulted in biases within the
conclusions that need to be appreciated by the cas de'lt is also critical for all readers to
appreciate and accept that the analysis present uXis’not constructed to be used as an exploration
guide to the DVGS. While parts of the analysi er‘j can be used in exploration work in the DVGS,
the reader is cautioned that supplementary__gﬁ/sis and integration is required to use the work herein
as an exploration guide. Rather this project was designed, and this report is presented as a methodology
to evaluate potential EGS areas.

As indicated above, the focus tlis aigation is the DVGW (Figure 2) which includes the Dixie Valley
geothermal production field %ently‘génerating over 60 MWs of electrical power (DVPP in Figure 1),
and the dry and sub-commercialwells primarily located to the southwest and northeast of the
producing field. The vw was chosen because it provides the most extensive public-domain
geothermal database in theBasin and Range Province (B&R) including but not limited to the substantial
body of geological, geochemical and geophysical data available for portions of the valley and 30
geothermal w p?oject had access to lithologic data for 22 of 30 wells, bottomhole temperature
data (BHTSN lls, temperature-depth profiles for 10 wells, and 9 temperature gradient holes
(TGHsakx]v&Iability of downhole data, especially geothermal well data, provides the basis for

callbr xploration methodology.

&

s designed to test the value of a select variety of exploration tools in the identification of
ions favorable for EGS development using the Dixie Valley Geothermal System (DVGS) as an
valuation site . Anomalous high temperatures in the near-surface (upper 3km [9800ft]) within the B&R
produced by long-lived hydrothermal cells. The continuous upwelling flow of hot water, over long
periods of time, conductively heats adjacent lower permeability rock. These areas of conductively
heated lower permeability rock are prime targets for EGS development. The first task in the
identification of these favorable EGS sites is to understand where and why traditional hydrothermal cells
are located. This study has identified and described basic structural conditions that are necessary for a
geothermal cell to develop. This knowledge now provides the basis for identifying favorable EGS targets,
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and for evaluating various exploration technologies for their abilities to assist in finding similar locations
outside the study area.

This report covers the results of Tasks 1 to 3 described above. Sections 2 through 6 of this report provide

a compilation of the geology, structure, geophysics (gravity, magnetics, magneto-tellurics, seismic, and l /

thermal), hydrogeology, geochemistry, and the DVGW setting. New and re-interpreted data are
introduced for the sake of clarity, where appropriate. Section 7 discusses the Baseline EGS Conceptual““
Geothermal Model. Presented therein are the results of qualitative and quantitative cross-correlation.of

the various data sets and their potential significance. Section 8 describes the generation of t v
EGS favorability and associated trust maps. Section 9 provides the references used in this investigation.

N
1.3 Background “

The DVGW is an ideal region for this case study as it represents the largest and hottes deep
circulation) hydrothermal system known and it has an extensive public domain.database. The DVGW is
part of a much larger DVGS which consists of a large number of potentially i d\wnt geothermal
cells in Dixie Valley (Al Waibel, pers. comm., 2010) that lie along an activé fauilt,zone bounding the
Stillwater Range in Dixie Valley, located in Churchill and Pershing Couﬂtlewa (Figures 1 and 2). In
addition to the geothermal systems along the east side of the Stillwater Range, others have been
defined in the region, e.g., New York Canyon and Pirouette M , as well as a significant
geothermal resource currently under development at Jerse ch lies just to the NE of the
Project Area. Given the known and numerous potentialwl‘rmal systems present in this limited
geographical region, the term Dixie Valley GeothermakDistrict is used to reference all the geothermal
systems present in the Dixie Valley region following ppl%ch described by ITSI (2005), Waibel
(1987), and well-established in the mining and t rﬁining industries.

The DVGW is considered for the purposes;&1 p‘as extending from the Dixie Comstock Mine and
well 45-14 area to the southwest, to the$S 0 and Senator Fumarole Areas to well 76-28 to the
northeast, and to well 62-21 to the soith t (Figure 1). It includes the area in and around the Dixie

Valley Producing Field (DVPF) and Power Partners lease (DVPP). The DVPP, lying south-
southwest of the producing fle onsi f at least four deep wells, one of which is the hottest
geothermal well (285°C [545 knowmn the B&R.

The DVGW has a comp structusal setting and temperatures >>200°C [>>392°F] over a large area at
relatively shallow delz(z 3km [6400-9600ft]). Additionally a large amount of subsurface information
such as deep well data, su?ce geophysical surveys, and hydrologic and geochemical investigations from
published Ilter ponsored projects, and other data provided by Terra-Gen Power exceeds the
in ormatlon basis for any other geothermal areas in the B&R. Geothermal electrical

the producing field (62 Mw,) is significantly greater than that of any other geothermal
systen} inthe Great Basin.

e D\&tonadered a classic range-front fault system with production mainly from a complex
tural setting involving brittle, permeable igneous units including a Jurassic mafic complex faulted
ainst impermeable basement rocks. The producing field lies within a complex system of steep
nsional faults which includes the well-known range-bounding fault and related subsurface
structures, referred to in this report as the Dixie Valley Fault Zone (DVFZ), see Section 2.2.2. There is no
young volcanism (<8Ma) within 50km (31mi) of Dixie Valley, thus there is no upper crustal magmatic
source for the elevated heat flow. The majority of existing studies conclude that the heat source for
geothermal fluids results from deep circulation within a highly extended terrain (Benoit, 1999; Blackwell
et al., 2000; 2002; 2005; 2007). Other studies include deep circulation with some degree of magmatic
influence evidenced by geophysical and geochemical data. The supporting evidence for this alternate
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interpretation includes helium enrichment showing a slight mantle component (Kennedy et al., 2005),
magnetotelluric data imaging a potential deep feeder zone for geothermal fluids near the center of Dixie
Valley (Wannamaker et al., 2007), and a small magmatic component for fluid-inclusion gases within

veins from production wells (Lutz et al., 2002). While the majority of studies support the deep
circulation model, these alternate hypothesis will also be discussed within the report.

Figure 1. Dixie Valley In
Map. Areas of drilling 2
shown in black itali
Dixie Valley Produgl
DVPP — Dixie
Partners,
Meadow ns (CC -
Cottonwoo nyon, WRC —

iterock Canyon) are
ideR{ifigd” Geothermal

€al generation is from
in the DVPF area. The

S Exploration Methodology
Project Area is shown as the
black square. The Dixie Valley
Geothermal Wellfield
includes all the geothermal
wells in the red outlined area;
see text for a description. The
figure and caption is after
Blackwell et al. (2005).
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1.3.1 Regional Settin ;

The DVGS lies within the nor

rn part of the B&R and more specifically within the internally drained

northern Great Basin (Fg' ure 3)..The highly extended terrains topography is dominated by north to

northeast trending r

sediments and volcani
elevations are
regional fe

] ies
C

¢

&

»‘:

the DVGS are that it:

ounded by normal faults and separated by basins filled with Cenozoic
its. Despite relatively thin crust typical of continental rift basins, surface
igh, indicating underlying anomalously low mantle densities. Additional salient

he Central Nevada Seismic Belt (CNSB), Figure 4A, which is a zone of focused
orary seismicity with a NNE trend extending from the Walker Lane into central Nevada
as had the largest earthquakes (M,,>6-7) recorded in Nevada over the last century;

“Occurs in the Greater Lahontan Basin (includes the Carson Sink and Dixie Valley) and forms the

lowest topographical valleys in western Nevada (Figure 4B);

Lies in the area of highest heat flow in the Great Basin, the Battle Mountain heat flow high; and

Coincides with a major lithospheric boundary separating thinner crust and lower surface
elevation to the west from thicker crust and higher surface elevation to the east. The #’Sr/%°Sr
0.706 line, an isotopic variation line relating to the composition and age of basement rocks,
divides the Precambrian cratonal rocks to the east from Paleozoic to Mesozoic accreted terrains

to the west and passes directly through Dixie Valley (Figure 3).
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Dixie Valley area shallow temperature gradients (°C/km) Figure 2. Shallow thermal

anomalies and location of shallow
thermal gradient holes and deep
well locations in the Dixie Valley
Geothermal District. Contour
intervals are (20°C/km
[1.5°F/100ft]). From 120 —
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contours are a red fill
500°C/km (37°F/100f
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1.4 AltaRock Project Team

The AltaRock team is comprised of
Geothermal Resource in particula
members and their positions

f individuals with extensive expertise on the Dixie Valley
as other geothermal systems in general. AltaRock Team
are:

e Dr. David Blackwell outhern Methodist University, Thermal Task Leader;
e Dr. Philip Wa ake niversity of Utah, Earth Geosciences Institute, Magneto-tellurics
Task Leader;

e Dr.B.M.K

e Dr. Tre
. r.ll

rt Karlin of University of Nevada Reno, Gravity and Magnetics Task Leader;

Lawrence Berkeley National Laboratory, Geochemistry Task Leader;
ouhos of AltaRock, Geology Task Leader;
uleac of University of Nevada Reno, Seismic Task Leader;

d Isaaks of Isaaks & Co., Geostatistics Task Leader;
r. Hank Ibser of University of California Berkeley, Geostatistical Consultant;
Mr. Matthew Clyne, GIS Task Leader;
e Mr. Owen Callahan, AltaRock geologist;

Ms. Maisie Nichols, AltaRock geologist/geophysicist;
e Mr. Mike Swyer, AltaRock geologist/engineer/GIS analyst
e Mr. Jon Sainsbury, AltaRock geologist;
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e Mr. Al Waibel, Columbia Geoscience who contributed his geologic and geothermal expertise in
the area and served on the Peer Review Committee;

e Ms. Susan Petty, AltaRock Energy who contributed her geothermal expertise in the area and
served on the Peer Review Committee; and V

e Mr. Joe lovenitti of AltaRock, Principal Investigator.

Figure 3. Regional map for Dixie Valley

text: BEO — Beowawe, DP — Desé¢
— Steamboat Springs, SL—S

with black, thrusts wit .
Nevada Seismic Belt — C wn with

pattern. North Nevada Rift (Miocene)
shown as dashe ine (Zoback et al.,
1994). Str, 06 Line shown by

sdal et al., 2000). The
jon are from Blackwell et al.

2. Geology

Physiographica e Project area is comprised of from the northwest Buena Vista Valley, the Stillwater
Range (more‘specifically Table Mountain), the northern portion of greater Dixie Valley, the Clan Alpine
and es and a small portion of Edwards Creek Valley to the southeast, and the Sou Hills and
ey Valley to the north (Figure 1). The general geology of the DVGW in northern Dixie
cribed below.

2.4Stratigraphy

The rocks exposed in the Stillwater Range are intersected at depth by the wells within the geothermal
field. The generalized geologic map (Figure 5) highlights the exposed bedrock within the ranges
surrounding Dixie Valley. A detailed geologic map of the Humboldt Lopolith from Speed (1976), centered
in northern Dixie Valley is presented in Appendix 1. A preliminary geologic map of the Stillwater Range
from the Nevada Bureau of Mines and Geology (NBMG) is also provided in Appendix 1. The Stillwater
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Range consists of allochthonous thrust plates of Triassic and Jurassic oceanic sediments and Jurassic

igneous rocks that were intruded by late Cretaceous to Tertiary granodiorite and overlain by mid-

Cenozoic volcanic rocks. In Dixie Valley, the basement assemblage is overlain by late Cenozoic volcanics

and basin-fill sediments, deposited during extensional events. It is noted that the discussion in this \ ™
section is mostly from Waibel (1987). The generalized stratigraphy is summarized in Table 1. 6"

‘?
Figure 4A. Map of western Nevada, showing epicenters of ‘ >
fa.
d

recorded earthquakes M>4, surface ruptures of historic
earthquakes, and the outline of the Central Nevada S

Red dots are earthquakes from 1850s to 1998 (from B&Poloq,
DePolo, 1999). Surface ruptures of the 1915 Ple t

7 | earthquake (black lines). Surface ruptures o inbow

%2 | Mountain-Stillwater and Dixie Valley-Fairvie arthquake
& | sequences (blue lines). Surface ruptures of the 2 Cedar

Mountain Earthquake (bottom blac es). The figure and caption
are from Blackwell et al. (2005
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g ast —West elevation cross section through the Basin
gnge from the west side of the Sierra Nevada in California to
he east side to the Wasatch Mountains in Utah. Dixie Valley (red
ar) is the lowest point on the cross section. The figure is from
Blackwell et al. (2005) and the caption is after the report authors.

2.1.1 Base gy
Key features of the t geology in the Project Area are presented from oldest to youngest. The
notation fo

A minor un zoic-derived section is present near the Sou Hills in the NE corner of the Project

rth its as referenced in this report is also listed, e.g. (Tr) and described in Section 7.
it;
Area not discussed.

i drine sediments (Tr)
posited in a passive margin on the western continental shelf and slope;

' Interweaved tectonically with Jurassic sedimentary and igneous rocks;
» = Consists of mostly meta-sediments with some interbedded volcanics;

= May be more likely to deform plastically rather than fracture when subjected to high differential
stress;

= Consists of:
0 Winnemucca (Fm): feldspathic metasandstone to arkose; and
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0 Star Peak Group: slates, phyllites, and massive limestones which are the deepest layered
rocks in northern Dixie Valley and have low permeability within faulted and sheared zones.

The majority of the Triassic meta-sediments exposed in the Project Area are derived from the Star Peak

Group. While these meta-sediments are not expected have geothermal potential due to their low l -
permeability and lack of fracturing, this formation possesses some possible localized EGS favorable oV
characteristics within occasional zones of interbedded volcanics and intruding dioritic plutons. Thesge ‘
intrusions are reported to contain open, but isolated faults and fractures and limited potentlal of hos

commercial geothermal hydrothermal production due to low permeability. @

Jurassic shallow marine sedimentary rocks (Jbr) \ ’
* Boyer Ranch Formation (Jbr): mostly quartzite with some basal carbonate and m
conglomerates overlying, overridden and mechanically incorporated into the aIIq@honous
oceanic crust;

= The quartz arenite portion is very well-indurated and fractured. It is aﬁ?d with an injection
zone within the northern producing field and the adjacent fumargles, in ing that it is
capable of hosting open fractures in permeable zones in asso iati’v fault planes. These

characteristics and its connection with the hydrothermal system e the Boyer Ranch
guartzites a suitable EGS target, while exposures are limited; an
= The Jbr is sufficiently exposed along the eastern edg e Stillwater Range, adjacent to the

producing zone including at the mouth of Cottoyo‘ Canyon.

Jurassic mafic oceanic igneous rocks (Jz)
= Known as the Humboldt igneous comp o;ks were originally interpreted as a locally
intrusive “lopolith” by Speed (1967) bugalb 987) and others consider the unit to be an
allochthonous fragment of oceanic rge blocks of ocean floor that have undergone
low grade metamorphism contal ite, keratophyre, trondhjemite-type rocks.

= Contains highly altered and rocks within major fault zones;

= Tend to be very brittle an‘cza

= Consists of a lower onic-derived section of mostly mafic crust overlain by a complex of
mostly extrusive igneous.rocks;

of maintaining good fracture permeability;

N
=  Upper compk‘f igneous rocks (basalts, diorites, and gabbros) commonly occurs in thrust fault
contact with the quartz arenite of the Boyer Ranch Fm (Lutz et al., 1997); and

plgt ic rocks in the igneous complex (Lutz et al., 1997), and yielding an indicated
0'+3Ma (Page, 1965) are sericitized and veined hornblende diorite or anorthosite,
to basaltic extrusives.

nd
sfanodiorite (Kgr)

Cr a
‘ nd in some of the deep wells in the geothermal field;

= OQverlyi

\ Likely correlates with plutonic rocks outcropping on the western and eastern sides of the
Stillwater Range in New York Canyon and Job Canyon, respectively;

Observed in the wellfield within the footwall block of a major piedmont fault (see Section 2.2.2)
in fault contact with Jurassic rocks; and

=  Shows some evidence of fracturing under high differential stress as seen in bottom of well 36-14
(see Section 6.3.2); however lack of permeability and significant production in this unit in the
DVGW indicates that fractures in this rock type may be prone to sealing or the existing wells
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have not crossed a fault/fault zone where these rocks are fractured and these fractures are
open. Thus, this unit is regarded as a strong EGS candidate.

Table 1. Generalized Dixie Valley and Stillwater Range Stratigraphy (compiled information from Waibel, 1987,
1999; Lutz et al., 1997; Denton et al., 1980).
Age Lithology Thickness
Pliocene to Basin-filling sediments composed of colluvial gravels, alluvial gravels, Up to 2,450m
sands, and silts, eolian sands and silts, and lacustrine and playa silts (8038ft) ' \

Recent

and clays.
Basalt lava flows, agglutinates, scoria, and palagonite tuffs. Lava caps 90m (295ft) to >
the range at elevations of up to 2500 meters and occurs in wells 580m (1902ft) in
. beneath 1830 to 2134 meters of basin-fill sediments. wells, up to 1000m
Miocene i
815 M (3280ft) in outcrops
) a in Stillwater Range
L tri Icaniclastic sedi ts int lated with carb
'acus rine volcaniclas |c.se iments intercalated with carbonaceous <152m (~500ft)
siltstone; tuffaceous sediments
Py 1220m (~4000ft) in
. Silicic welded tuffs that crop out in the Clan Alpine and‘Stillwat Clan Alpine Rar.mge,
Oligocene L . . <300m (984ft) in
Ranges, and are found below basin-fill sediments i Ils. .
Stillwater Range,
A <55m (180ft) in wells.
Granodiorite, observed in deep wells in the geothermal field, and
Cretaceous |correlated with a pluton that outcrops on the west and east sides of N/A
the Stillwater Range.
Mafic complex — oceanic rocks: bas‘ kev?phyres, trondhjemites,

Jurassic albitites, plagiogranites, and ga~ Up to 760m (2493ft)
Boyer Ranch Formation. Marine shelf and slope sediments - mostly in Stillwater Range
quartzite, carbonates‘a xnglomerate.

Winnemucca Formation: feldspathic metasandstone to arkose.

Triassic Star Peak Group: marine sediments, carbonaceous shale, siltstone, silty | <3050 (10,004ft)
carbonate rocks and massive, clean limestones.

Phyllite sequence, extensive black slates and shales. >1000m? (3280ft?)
Cenozoic sili Wic units, associated intrusives, (Tv) and Miocene basalts (Tmb)

.
el
®

oded silicic volcanic rocks overlie the Mesozoic basement rocks in the Stillwater and
ne Range (Figure 5) and are also found lying below valley-fill sediments in Dixie Valley;

Tilt
qan
ntemporaneous magmatism and extension with a close spatial and temporal

tionship of eruption and tilting as evidenced by paleomagnetic data and K-Ar age dates
(John, 1995);

Contains Oligocene aged silicic volcanics (ash-flow tuffs and breccias) as well as interbedded
volcaniclastics and occasional flows;

Silicic volcanics exposed in the southern part of the Stillwater Range, south of the Dixie
Meadows Hot Springs area and in White Rock Canyon (Figure 1), contains a tilted and eroded
sequence of middle Cenozoic silicic ash flow tuffs, the associated caldera, and a subvolcanic
granitic pluton (John, 1995). These silicic rocks comprise a large area of Tertiary volcanics (Tvl
and Tvu in Figure 5) in the southern part of the range. This caldera may be the source of some or
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all of the silicic volcanic rocks present in the Clan Alpine Range and Pirouette Mountain area, at
depth in Dixie Valley, and above the Mesozoic rocks in the Northern Stillwater Range

=  Within Dixie Valley, the silicic sequence present in the wellfield below the basin-fill is overlain ‘
by Miocene lake deposits, which is in turn overlain by Miocene-aged basalt; and l o
= Capping the Stillwater Range, the Miocene Table Mountain basalt (Lutz et al., 1997) is a nearly &

flat-lying (dips up to 5°N) resistant series of basaltic to andesitic flows overlying intermittent “
volcaniclastics, lacustrine sediments and basement. The Miocene basalt represents the youngest
volcanic unit in the area and is also found at depth within the Dixie Valley wellfield. ’ \

The Dixie Valley basin-fill is composed of moderately-to-poorly lithified sediments deriv

surrounding mountain ranges. The basin-fill is at least 2500m (8200ft) thick based on at reach
the underlying volcanic rocks. These underlying volcanic rocks include Oligocene rhyoli yroclastic
deposits (ash flow tuffs and air-fall deposits) which correlate to welded silicic &tlhat crop-out in the
Clan Alpine and Stillwater Ranges. Miocene (8-15Ma) basalt flows and lacustrin aniclastic deposits
overlie the Oligocene section. The overlying poorly lithified sediments inc?ar'se colluvium and

2.1.2 Basin Lithology (Q-Tbf) N‘
e the

alluvial fan deposits, sandy and silty eolian deposits, and lacustrine a‘ﬂd pl deposits. Lacustrine and

playa sediments include fine-grained clays and silts in the deep rts (It e basin, and sands to
gravels in shoreline beaches and bars developed at and nearg ns. A summary of the basin-fill
within the producing area of the DVGW is as follows:

~2000m (6560ft) thick in the non-productive DX area (Figure 1) area; ~2500m (8200ft) thick to
the northeast in the productive DVPF;

= Unsorted conglomerate, alluvial gravels/san silts, and coarse colluvial deposits;
0 Increase in tuffaceous better.s d *iments toward the lower section;
0 Clay matrix: contains abund pandable smectite with some geothermal alteration

to non-expandable illite;

= Miocene Basalt (8-15Ma) un ‘ basin-filling sediments and is bounded by major NE-
trending valley-bounding lults:

0 Thickness in range from ~90m (300ft) to more than 580m (1900ft);
0 Overlies Miocene lacustrine sediments; and
» Oligocene silici€welded tuffs as thick as 300m (980ft) in the Stillwater Range and overlying

lacustrine, carbohaceous sediments underlie the basalt and the intermittent lacustrine

sediments. ,
4

2.2 Struc‘
.}Mnic History

The s'undergone a dynamic tectonic history beginning with a passive continental margin setting
@g the early Paleozoic that followed late Precambrian rifting. Accretionary events expressed by a
ies of orogenies, due in part to changing configurations of offshore plate boundaries included the
*\mnian-Mississippian Antler orogeny, the Triassic Sonoma orogeny and the Jurassic to Cretaceous
p evada Orogenies (Dickinson, 2006). In the Stillwater Range, the Boyer fault and Fencemaker thrust, are
evidence of the last in this series of crustal shortening events. The B&R underwent an additional
\ ’ prolonged period of compressional thickening expressed by the Sevier and Laramide orogenies during
the Mesozoic and early Cenozoic as the province was located in a retro-arc position. Waibel (1987) has
described the structural history as exposed in Dixie Valley and identified three main phases of
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deformation namely thrust faulting, early normal faulting, and current high angle normal faulting. The
salient highlights of this work is outlined below.

Late Jurassic thrust faulting
= Triassic shelf-related marine sediments are overridden by Jurassic oceanic crustal rocks and l,

quartzite
* Horizontal cataclasite zones and small scale mélange-like features within localized shear zofies ‘

are associated with the thrust faulting;

= Quartzite (Boyer Ranch Fm) associated with the Boyer Ranch Thrust lies over Upper ﬁssalate
and Lower Jurassic rocks. The structure, exposed in the Stillwater Range, is trun eo‘tl’
range-front fault adjacent to the northern producing area and is possibly interse y an
injection well (38-32);

“‘W
= Triassic to Jurassic marine siltstones, shales and volcaniclastic rocks are associe& with the
western originating Fencemaker Thrust overlying older rocks (Lutz et 997). The low angle

structure pinches out just north of the geothermal field and is Iikeﬁp&nc ered within the
producing field (Lutz et al., 1997), see Figure 16A.

The Dixie Valley region appears to be structurally quiet from the etace hrough the Oligocene. In
other words, no deformation is evident in the Project Area d& e periods.

Basin & Range crustal extension
= Series of early (pre-8 Ma) north-trending norma faults
0 Exposed in the Stillwater and Clan a&e as major north-trending structures;
O Expressed as “early” narrow gr Wlﬁes with north-striking trends continuing into
Dixie Valley and buried ben sediments based on geophysical data;
0 Show likely re-activation of aI faults with a dextral strike-slip component
under current stress regime:i
O Have been active be ‘fter Oligocene silicic volcanism;
Shows evidence rcav and listric faulting;

0 Contains N-t W:trending segments of the main range-bounding fault relating to
early extensi segea’nder the current stress regime while NE-trending segments
remain open (Lutz et al., 1997); and

0 Contain Miocene alteration, sericite (iilite) and wairakite veins, events associated with
N-NNW farng and the intrusion of andesitic dikes during the initial stages of BR

i<}n n northern Dixie Valley (Lutz et al., 1998).

ending, late Cenozoic high angle normal faults:
efine the Stillwater Range and Dixie Valley physiographic features;
’»Truncate the older north-trending structures preserved in the ranges;
‘ (‘o Uplift of the Stillwater Range occurred after eruption of the Miocene basalts;
6 .o Contain younger carbonate alteration along NE striking segments of the Stillwater Fault
normal to the present day extension direction (Lutz et al., 1997);

‘ h‘. 0 Show WNW-ESE direction of extension superimposed on earlier E-W extension with the

y o

o

onset following late Miocene to early Pliocene basalt volcanism since about 8 Ma;
0 Exhibits a likely strike-slip component along older N-striking faults; and
\ ’ 0 Show localized zones of tension/compression due to combination of dip-slip (NNE
faults) and strike-slip (N faults) movement.
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g of the Dixie Valley Fault Zone

r Dixie Valley (Okaya and Thompson, 1985; Benoit, 1999) identified a single,
moderatel ing (~54°) normal fault bounding the Stillwater Range on its eastern side, referred
to as the Dixi ley Fault (DVF). The single fault model was based on surface fault measurements,

initi t ion of the seismic data (e.g. profile SRC-3 in Section 3.5.1, Figure 17B), and the

ass at the producing wells located a few kilometers basinward were connected to the surface
e range-front fault. Blackwell et al. (2005) proposed a steeply dipping, more complex

ral setting consisting of a range-front fault and a piedmont fault based on wellfield data (see

ns 6.3.2 and 7) and gravity and magnetic data (see Section 3.1 through 3.5). This complex fault

ne is referred to as the DVFZ; see discussion below. In the DVGW, the evidence favors two or more
steeply dipping faults for the DVFZ; however, >20km (12mi) to the south, at Dixie Meadows, seismic-
profiles have been interpreted by Abbott et al. (2001) to support the hypothesis that the range-front
fault segment of the Dixie Valley Fault Zone (DVFZ) is a seismically active, low angle normal fault (Figure
6a). Because Dixie Meadows is in the southernmost portion of the project area, this apparent
controversy is significant to this study.

Page 12 of 189



The Dixie Meadows area is at the northern end of a NNE-striking DVFZ segment that produced the 1954

Fairview Peak-Dixie Valley seismic event (see Section 2.2.2). Based on two seismic lines in the area,

Abbott et al. (2001) interpreted a 25-30°SE dip ~10km (6mi) south of Dixie Meadows. Based on this

interpretation, Kennedy-Bowdoin et al. (2004) also showed the range front fault with a ~35°SE dip at ‘ N
Dixie Meadows. Geophysical data suggests a more complex multi-fault setting at this location. Well 45- l/ >
14, 10km to the north and the southernmost well in the DVGW, lies adjacent to a major north-striking“
structure within DVFZ that didn't rupture during the latest seismic event and encountered lithologiés

that require steeply dipping faults, as it lies within a structural block between a north-trendin

of the range front fault and the piedmont fault; see Section 5.3, 6.1.1 and 6.3.2 for a more dzeeﬁ

discussion. \ ’

There are two possible explanations for the interpreted change in dip from near vertical 14 to low
angle at Dixie Meadows and to the south: .
have s&)

1. The dip change over the 10km gap is accurate. The change in dip cou ed the 1954
event rupture and may also be related to the change in fault strike fr o N. This would
also suggest that an accommodation zone between the intervenikg‘structures is present at
Dixie Meadows as evidenced by numerous surface springs. .« r

2. The seismically-inferred low angle fault could have been is-interpreted basalt reflector, a
shallow dipping bedrock contract between the range edmont fault, a buried
landslide plane or a step-down zone of faulting tha es with the general trend recognized
along the DVFZ. Because our Project Area mosyc cides’with the seismic gap (see Figure 6a)

and not the 1954 earthquake segment, we dénot need to decide between the two
explanations here. However, a planned sei‘ur\’y in the area (under Task 4) may provide

additional insight. The baseline conce I model (Section 7) postulates a steeply dipping
multi-fault model along the entire f‘a DVFZ through the DVGW as required by the
geologic, drilling, and geophysical ce available within the Project Area.

eVl

The DVFZ is considered to be a series@ﬂ‘;ﬂown faults (complex system of subparallel steep dipping
pi

faults) including faults within the Stil nge, at the topographic break between the range and the
valley (the range-front fault) a e ont faults east of the range front within Dixie Valley (Wallace
and Whitney, 1984; Blackweléal. 2005). Empirical evidence strongly suggests, and Blackwell et al.
(2005) show that the DVFZ is cc‘)mérex fault zone, dominated, though not completely composed of,
strands of steep nor aults. To the south of Hare Canyon (see Figure 1 and 6a, adjacent to Dixie Hot
Springs [HS]) the 1954 fault.scarps suggest much longer strands of normal faults than are observed to
the north, from between I-ﬂfa Canyon and the northern end of Dixie Valley. A generalized cross section
within the DV e Bb) shows a set of steeply dipping structures representing the DVFZ bounds the
western edN ie Valley. Within the range young, brittle, steeply east dipping normal faults cut the
bedrocm tof the DVPF. Blackwell and others (Waibel, pers. comm., 2010) suggest these intra-
range t& sess thermal significance due to the exposed hydrothermal alteration and zones of

ar tivity as the structures are considered to play an important role in the range structure. A
@Iex'system of steeply dipping normal faults has been mapped (see Figure 14) adjacent to the DVPF

thatsshow evidence of recent alteration (Plank, 1998). Mapping efforts and cross-sections from Gabe

‘ ~‘hk (GBC Workshop, 2002) show only one possible active intra-range fault in this area, and considers

the other faults in the range to be inactive splays of the main fault, which is common in extensional
areas.

N

Besides the main, well exposed range-front fault bounding the western edge of Dixie Valley, a major
steep piedmont fault and other discontinuous strands of normal faults occur a few kilometers
basinward. The term piedmont fault, used by Blackwell and others to define the zone of faulting
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occurring parallel to the range-front within the pediment surface (alluvial slope derived from the range),

applies to a blind fault/fault system that doesn’t break the surface like the well-exposed range-front

fault. Geophysical and drilling data (described in Sections 3.1, 3.2 and 6, respectively) provide evidence

that this piedmont fault takes up the majority of the normal displacement along the structure and plays N
a crucial role in the producing field. The piedmont fault is buried by a thin cover of sediments and show & 7
no surface expression. Within this report, the DVFZ refers to the 2-4km (1.2-2.5mi) wide zone of

deformation bounding the northwest edge of Dixie Valley including the active intra-range faulting,{£he
range-bounding fault, a major piedmont fault, and other associated faults and fracture zones.’ \q

Dixie Valley Fault
The Dixie Valley Fault (DVF), also referred to as the Stillwater Fault (SF), occurs along thﬁ\ !e of

Dixie Valley and represents the main surface-bearing and range-bounding componentof VFZ. The
fault separates the bedrock of the Stillwater Range from the late Cenozoic sediments t‘f]ﬂl the basin.
Where exposed at the surface, the fault is steeply dipping to the east. The fault is one of the most active

faults in the B&R with the most recent activity occurring as the Dixie Valley-Fa eak earthquake in
1954. The long-lived structure (intermittent for several million years) is marked by historic, Holocene,
and/or Pleistocene fault scarps that cut and mostly vertically offset late PI ne and early Holocene

alluvial fans and pediment surfaces. The trace of the fault extends.from th uthwest side of the Sou
Hills at the north end of Dixie Valley (Figure 1) to the south va y about 10km (6mi) north of

highway US 50, a distance of about 80km (50mi). Other i |mp ns ofthe DVF are listed below.
= The DVF is the primary range-bounding, normal I‘)etween the Stillwater Range and Dixie
Valley;

Dixie Valley sediments in this target stu pproximately 3000m (9800ft), since Late
Miocene, based on the top of the e ate Miocene basalt flows observed in the
Stillwater Range, and the depth thesa alts were intersected in some of the deep wells in the
producing field; and

= Deep pull-apart zones oc a/ western edge of Dixie Valley and are associated with the
most recent extensio gime/{(WNW-ESE). These pull-apart structures show the greatest
vertical off-set, mcIu% € 3000m off-set in the Miocene basalts mentioned above. This
amount of normal faulte set is not a continuous characteristic of the DVFZ.

=  The maximum total vertical dlsplacemei‘ n;?e Stillwater Range and bedrock beneath
are

Seismicity
The DVF is part of
surface ruptu
The hlstorl
mcIude
easant Valley earthquake to the north, which ruptured on a westward dipping fault
é‘é’m that extends into the northernmost Project Area;

6 . July 6 and August 23, 1954 Rainbow Mountain earthquakes to the southwest;

154 mi) long system of faults in Nevada that have experienced historic
hcklakes and that help to define the Central Nevada Seismic Belt - CNSB (Figure 3).
icity of Dixie Valley has been well-studied (see Section 3.5). Nearby earthquakes

December 16, 1954 Dixie Valley-Fairview Peak earthquakes to the south of Dixie Valley; and

The Fairview Peak earthquake (Mw=7.0) was followed a few minutes later by the Dixie Valley
earthquake (Mw =6.8) as the event propagated (south to north) into southern Dixie Valley. The
northernmost ruptures terminated near Dixie Meadows.
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Surface ruptures produced from these seismic events bound the western edge of Dixie Valley and
include the 1954 break, 1915 ruptures within northern Dixie Valley and surface traces relating to a pre-
historic “Bend Event” occurring during Holocene time (2.2 — 2.5 ka), Figure 6a.

¥,
v

Stillwater Seismic Gap (SSG) P
The Dixie Valley geothermal system lies adjacent to a 45-km (28-mi) segment of the DVF, along which no
evidence for recent surface-rupturing faulting has been found. This segment referred to as the StiIIwa'&"‘
Seismic Gap, is between the 1915 Pleasant Valley and 1954 Dixie Valley earthquake rupture zones
(Caskey and Wesnousky 2000). It was informally reported at the GBC Geothermal Workshop‘eo

that a vigorously spouting geyser briefly formed above the geothermal system during the 19§teis ic
event. While this is based on unverified reports as the area was largely uninhabited at the time, h?
supports the opening of permeable pathways at depth within the Stillwater Gap durings icevents,
regardless of if the rupturing produced a surface trace. Characteristics of the SSG include:

= No evidence of Holocene/historic surface ruptures has been found;

= Seismic creep may relieve stress and maintain fracture permeability or cement is

accommodated by a buried structure; o
= Alternatively, faulting could have been confined to the rangé’bIOCVe.re it would be more
difficult to find and assign a date to; and
= The “Bend Event” (2.2-2.5 ka) likely propagated thm‘his ea, but is now eroded (Figure 6a).

2.2.3 Intra-basinal Faulting Al \
Additionally, a number of intrabasin faults not direc assoc"ed with the DVFZ have also been
recognized and assumed to play a role in accommod éxtension within the valley. This includes the
Buckbrush Springs fault system, a major surfac*bari stem of intrabasinal faults, located basinward
to Dixie Meadows on the eastern edge of % oldt Salt Marsh and south of the producing area
(Figure 6a). The majority of the intrabasifi are northeast striking, show mostly eroded surface
expressions, are often associated wi w cut alluvial sediments, and are interpreted as both east
dipping and antithetic (west dippif a down to the west displacement direction. Major west
dipping intrabasin faults bound:the southeastern edge of the valley-fill sediments and underlying
volcanics in Dixie Valley. Add naw geophysical evidence and surface scarps show that the major
north-trending structures presg.n-t_m the Stillwater Range also continue into Dixie Valley. A more detailed
discussion on these i basin faults within Dixie Valley is in the following Geophysics section, as they
are mostly recognized by g?physical methods.

This structura i h;s focused on pre-existing work and interpretations that represent the general
consensus uctural setting in Dixie Valley. Models have been introduced that are no longer
relevant.in or t complete the discussion of the public domain data. While most work has previously
refern hexmajor structure as the DVF or SF, herein the authors have introduced and described a
cor‘plﬁof steeply dipping structures consisting of two of more faults and referred to as the DVFZ. A
“inter ation of the structural data will be presented within Section 7 of this document that
sents recent analysis from the AltaRock Team. Additionally, major observations are noted that
escribe the interaction and significance of the presently-active northeast trending structures with the
) ‘ rlier set of north-trending structures. These interpretations are the first attempt to characterize the
relationship between the intersection of major fault trends that produce zones of compression and
\ ’ dilation in the DVFZ, and the relation to the occurrence of geothermal cells in Dixie Valley.
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2.2.4 Stress Modeling
Caskey et al. 2000 and Wesnousky et al. 2003 performed a detailed study on fault slip and the required
stress conditions that would result from the 1915 Pleasant Valley ruptures and the 1954 ruptures and
seismic activity on the Dixie Valley Fault (range-front fault segment), assuming that no slip occurred ‘ .
along the Stillwater Seismic Gap. The study assumes a single fault model with a 50° dip, although the 6\'
majority of evidence presented herein agrees that extension is accommodated along several steeper“t
dipping structures within the DVFZ. It is likely that slip occurred on piedmont faults within the Stillwater
Gap segment of the DVFZ during the latest 1954 seismic event, which would significantly lowe V
expected accumulated stress in this area. The geothermal field is located within the central ;ﬁc&f
the Stillwater Seismic Gap, where no surface rupturing has occurred from the last two m 'or‘r’
events. Some main points from this analysis are described below and shown in Figure 7.

* The analysis determined an increased failure stress on faults and fractures as d with the
geothermal reservoirs with contributions from both increased shear stress an creased fault-
normal stress;

* largeincreases in failure stress are concentrated between the Holéeene ure endpoints of
the DVF, i.e. range-bounding fault segment of the DVFZ; & Y

=  Fault-parallel fractures within the DVFZ are critically stressed f\l'a re and hydraulically
conductive within the geothermal field;

= The larger stress changes occur at the north and so &che seismic gap near the rupture

) 4

endpoints (>5 bars); and ‘

= The DVFZ and parallel fractures in the vicini t?k?VGF have experienced large positive stress
changes (>10 bars) and are most strongl b tensile stress changes.

A re-interpreted Stress Modeling analysis that ds’ is model and assumes slip did occur within the
SSG can be found in Section 7.2.2. s

g b dislocation represents the Stillwater Gap
§ 5 portion of the Dixie Valley fault.
§ Coulomb failure Calculations are shown on a horizontal
‘ stress (bars) grid at 8km (5mi) depth, for a friction
<z foagéﬂsﬂf\?;}lg;e coefficient of 0.75 and resolved on 038°
Eﬂﬁ:ﬂ’gﬁlgﬂ;ey 50SE oriented normal fault planes (same
v __ \ as Dixie Valley fault in the Stillwater Gap)
@' [gf":lm?y Geothermal along a -90° rake (dip slip direction of
At Field slip). The Dixie Valley geothermal field is
- i shown. The figure and caption are from
0 : 4 i Caskey et al. 2000.

Horizontal grid, 8 T ' Figure 7. Coulomb failure stress changes
W*f in the Stillwater Gap associated with slip
PLE:”S:"' | 5 on the 1925 Pleasant Valley and 1954
. Dixie Valley earthquakes ruptures (shown
as white dislocations). Slip on the
dislocations is constrained from detailed
. field studies of fault slip (Caskey et al.,

Ruptures /.I

1997; Wallace, 1984). Transparent

Distance (km)
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3. Geophysics

A variety of geophysical data collected in the Dixie Valley area and specifically within the wellfield were
detailed in the Blackwell et al. 2005 comprehensive report. These surveys included Gravity, Magnetics,

Magnetotellurics and Seismic, Thermal Modeling, and a variety of remote sensing techniques. The %V

important aspects and results are presented in this section.

3.1 Gravity

Complete Bouguer gravity anomaly data was obtained from three public domain sources: (1
Gravity Data of Nevada (Ponce, 1997); (2) UTEP PACES GEONET Gravity and magnetic data s

omplete Bouguer anomaly
the region around Dixie Valley,

¥>"Highs (warm colors) correspond to
he bedrock in the ranges, while lows
(cool colors) represent loosely
consolidated basin fill sediments. The
color scale ranges from -129 to 0233
mgal. The Project Boundary is shown in
black. The location of gravity stations
are shown as red dots.

horizontal gradient of the gravity field is particularly useful in locating contacts of greatest density
contrast, with a high peak shown over sharp, vertical edges, which are presumably buried faults. A map
detailing the maximum horizontal gradient shows the regions of gradient maximas (warm colors) occur
along intrabasin faults as well as along the main range front fault (Figure 9A). The maximum horizontal
gradient map is compared to the total magnetic anomaly map in Figure 9B.
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A continuous gravity gradient occurs on the west side of the valley parallel and basinward to the range

front fault and defines the main structural offset between the basement and valley fill. The

location

coincides with segments of the fault imaged by the aero-magnetic data (see section 3.2 and Figure 11)

and strongly implies that the major piedmont faults within the valley accommodate most of the
displacement between the range front and the valley bottom. The east side of the basin does not have

clearly defined gravity gradient maxima due to a number of potential factors including higher rates o
subsidence, widely spaced displacement faults described as a zone of step-faulting (Wallace and

Whitney, 1985; Blackwell et al. (2002; 2005), and the occurrence of large bodies of mafic rock ben
shallow basin-fill sediments that control much of the gravity signature. Salient features of the

data are:
=  Emphasizes the asymmetry of the basin and confirms that the western side of Di
fault controlled along a steeply dipping structure;

=  Location of the maximum gravity slope is generally offset (1-3km [0.6-1.9mi]) i
from the range-valley contact and main range front fault;

=  Major piedmont faults parallel to the trace of the range-front fa
displacement along the structure. These faults are where m
wells are found; and

= While the principal fault trend is NE-SW, a gradient hi
more northerly trend, perhaps representing an earli
were oriented N-S (Figure 9A).

ley is

the valley

dates most of the
thermal producing

th-central valley shows a
ing episode when maximum stresses

\ R’

Py 3

(black outline) superimposed. Warm colors (Jgb) in the Stillwater and Clan Alpine ranges.
represent areas of dense horizontal gradients.

ure 9A. CBA Total Horizontal Gradient of Dixie Figure 9B. Outline of geologic formations overlain on a total
Valley. Well locations are shown by black dots, magnetic anomaly map of PACES data. Magnetic highs are
within the EGS ExplorMetodology Project Area area | primarily associated with exposed Jurassic igneous rocks
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3.2 Aero Magnetics

Aeromagnetic data were obtained from four sources: (1) The USGS magnetic database of North America

(here referred to as the PACES) which was continued to a 300m (980ft) elevation (UTEP PACES GEONET ‘
http://irpsrvgis00.utep.edu/repositorywebsite/, 2011); (2) a USGS-sponsored helicopter survey of Dixiel, /
Valley (here referred to as HELIMAG) flown at 120m (390ft) (Graugh; 2002;
http://pubs.usgs.gov/of/2002/0fr-02-0374/); and older aeromagnetic surveys flown by fixed wing *“‘
aircraft at 1680 and 2290m (5500 and 7500ft) (Blackwell, pers. comm., 2010).

The total field anomaly map of the region shows discrete sub-circular magnetic highs (Figured. k
mafic Jurassic volcanics appear to be the only strongly magnetized units in the Dixie Vall al‘l e
Stillwater and Clan Alpine Ranges, the magnetic highs are almost exclusively associated e Jurassic
volcanic units, especially gabbros. The shape and intensity of the highs suggests that thewvolcanic units
are positively magnetized which is consistent with their emplacement during the norﬁagnetized
Jurassic Quiet Zone period. A number of magnetic highs are observed in DixieMalley which presumably
are associated with buried Jurassic igheous rocks. The distribution of Terw&s shows only a
weak spatial correlation to the anomalies except in one case, while the wid istributed Tertiary
rhyolites and limited Cretaceous granite exposures show no spatial a§soci

Graugh (2002 a,b), Smith et al. (2002), and Blackwell et al. (200 Iyz? the high resolution HELIMAG
data within Dixie Valley to delineate intra-basin faults which r permeable conduits for
geothermal fluids (Figure 10). The horizontal gradient me when applied to the data reveals steep

magnetic gradients over near-vertical contacts (faults)‘ own on the horizontal gradient map as long

narrow ridges (Figure 11A). Some of the shallow fa 'mag‘l in aero-magnetic data directly correlate
sition and distribution of faults indicated by
nsi

to the surface traces of mapped faults (Figure 1‘.
the magnetic data and mapped surface faults are co nt with a dominant northeast trending fault
pattern (Figure 11C). The set of faults defi% agtic anomalies at shallow depths must be very
young, late Pleistocene or Holocene, and t ust be part of the presently active B&R system of
extensional faulting. While the aero- ic data does locate a number of intra-basin faults, it does

E@t

).

.

not extensively image a large pie?‘n n the west side of the valley as expected by the gravity

and well data (Blackwell et al. 5

3.2.1 Intrabasin fault§ %
Conclusions of the HIWIAG aeromagnetic data in relation to intra-basin faulting are:

= Northeasttrending steeply dipping and sub-parallel to the range-front fault;
= Show ng ranching shapes;
=  Tur re easterly strike in northern Dixie Valley (including range-front) indicating a change
i f&ep etry at the northern end;
’Mte south of the survey area as motion and displacement is transferred to nearby faults

: ‘. &the west or east); and
h»

. ‘A'north-trending structure occurs on the eastern bounding edge of Dixie Valley and projects
near well 62-21 (Figure 9A). It likely intersects the main Dixie Valley western-bounding structure

within the northern producing zone and coincides with known surface faults. The total field
7 magnetic data indicates that the magnetic highs correspond to the Jurassic igneous suite.
\ ’ = The Humboldt Salt Marsh is the deepest part of the valley (surface) down-dropped by faulting
within the basin;

= Faults broaden and branch into a classic “horsetail” shape at the southern strands of the
Humboldt Salt Marsh; and
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= The Marsh lies at the southern end of a deep structural block bounded by fault systems that are
projected to merge near the geothermal field at its most northern end.

Figure 10. Reduced-to-Pole
(RTP) low-level high-

L resolution aeromagnetic
- map and mapped fault
/ B superimposed on shad
relief topograph
strong NW-tren¢
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3.2.2 Magneti
he ability to image magnetic anomalies within the subsurface. Negative
the alteration of magnetic minerals along the walls of geothermal fluid
at transect mafic dominated sediments. Alternatively, they can also be linked to a
content in the mafic minerals making the mineral weakly magnetic and/or reversely
. Negative anomalies are present near Hyder HS in the northern valley and near Dixie
igure 10). The smaller anomaly near Hyder HS suggests limited interaction of hot waters
tic wall rocks. The second area near Dixie Meadows lies within a higher geothermal gradient
thwest of the DVPF and suggests a higher degree and longer-lived geothermal system that has
ved a large volume of magnetic minerals. The high-resolution aero-magnetic map (Figure 12) is
cused within the DVPF and DVPP and salient features identified are:

anomalies ma
channel pa
high titanium

= Alarge positive anomaly near the southern part of the geothermal field likely reflects strongly
magnetic mafic rocks beneath the valley fill (occurring in the range directly to the west);

= Alarge negative anomaly (northern part of geothermal field) due to:
0 weakly magnetic sediments, reversely magnetized rocks; and/or
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0 destruction of magnetism by high temperature alteration of magnetic mineral.

A) High-resolution aeromagnetic survey and
-gradient magnitude of pseudogravity map

t magnitude map with mapped faults
erimposed; note that intrabasin faults with surface
expression (black lines) correspond to several of the
prominent linear aeromagnetic anomalies; (C)
horizontal gradient magnitude of the high-resolution
aeromagnetic survey showing the positions and
distribution of faults indicated by the magnetic data,
and faults mapped at the surface; black lines are faults
mapped based on surface evidence (scarps,
lineaments); red and orange colored lines are faults
indicated by high-resolution aeromagnetic data. The
figure and caption are after Blackwell et al. (2005) and
modified after Grauch (2002).
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Figure 12. Detail of high
resolution aeromagnetic map in
the DVPP and DVPF areas (Figure
1) enlarged from Figure 10 and
overlain with color-coded
structures. Non-labeled features
include: black lines are
geophysical-inferred struct
purple lines are surface
diamonds are tempe
gradient holes (TL&Hs

stars are wells. igure and
caption ar ell et al.
(2005).

\%
[

nd magnetic data provide a detailed picture
al gravity gradient maximums show both north
ulting and the position of the horizontal gradients for
ve constructed a structure compilation map of Dixie
Valley that shows the interpreted r ructures indicated by the areas of dense gravity and magnetic
horizontal gradients, seismic prof he surface geology (Figure 14). The faulting has been broken
up into two dominant trends past striking steep normal faulting reflecting the current stress
regime superimposed over a ier episode of north-south faulting. The importance of these two
dominant fault trends the significance of their associated intersections will be discussed in more
detail in Section 7.

4430000 . . .
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Dixie Valley Faulting
The combined horizontal gradients from both t
of the structure of Dixie Valley (Figure 13).
and north-east trends and coincide with
the HELIMAG data. Smith and Blackwell

gravi

with lines C-C’ through F-F’ lying perpendicular to the strike of the Stillwater Range and the
alley range-bounding fault and lines A-A” and B-B’ parallel to the range. It was not possible to

del the magnetics of the range-parallel line B-B’ because of 3-D effects due to the extensive Jurassic
section exposed in the southeastern part of the range.

The modeling was performed by Dr. Bob Karlin, the Gravity and Magnetics Task Leader using a
compilation of pre-existing data. Gravity modeling was done using the GM-Sys module of the Oasis
Montaj program from Geosoft Inc. Measured gravity models of unknown shape were forward modeled
by trial and error adjustment of density and polygon vertices. Once the fit was considered close, XZ
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positions were optimized using inverse methods. The objective was to minimize the RMS error between
observed and computed values. A fit was considered acceptable if the misfit F was less than 1%
(F=100*RMS error/profile gravity data range). As described in the GM-Sys manual, 2-D models may be
visualized as a number of tabular prisms with their axes perpendicular to the profile; blocks and surfaces
are presumed to extend to infinity in the strike direction. 2%-D modeling, as implemented in GM-SYS,
allows the prisms to be truncated at some distance in the plus and minus strike directions (x Y). It als
allows the strike direction to be skewed relative to the profile azimuth.

118°15' 118°00" 117°45" 117°30°

39°a5' - 39°45'

T — e - 39°
11815 118%0° 117°45' 117930

Figure 13. Horizontal gravity gradient maxima (wide gray lines) and faults from the surface geology (black lines)
and from the horizontal gradient of the HELIMAG data (red lines) on a topographic background. Surface
evidence of rampart faults & intrabasin faults occurs on or near gravity gradient maxima. The figure and caption
are from Blackwell et al. (2005).
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ure 14. Structure
f Dixie Valley (Smith
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Figure 15A. Location of
modeled lines A-A’ through
F-F’ superimposed on the
HELIMAG total magnetic field
anomaly, the state geologic
map and a satellite terrain
map. Black dot are location
of geothermal wells. Purp

to magenta colored hgz

nanoTeslas

HELIMAG Scale
(Hluminated from the NW)

The methods used to calculate the magnetic model response are based on the
methods of Talwani et al., 1959 ni and Heirtzler, 1964, and make use of the

algorithms described in Won : s, 1987. Two-and-a-half dimensional calculations are
based on Rasmussen an 979. The GM-SYS inversion routine utilizes a Margardt
inversion algorithm to li ize and invert the calculations (Marqardt, 1963). Gravity and
magnetics models non- ue, i.e., several model families can be created to match the data.

Itis up to the int to assess whether the model(s) are geologically reasonable.

sful modeling are to create the simplest models with the fewest number
nd vertices. In the Dixie Valley area, a few constraints were available from
hich defined basin depth. It is important to note that density contrasts, not
s are what control the gravity signature. Complete Bouguer gravity values were
ith a background reduction density of 2.67 gm/cc. Models with basin fill densities
rom 1.4 to 2.6 gm/cc were tested and only those with densities of 2.2 gm/cc or greater
ed the requisite minimum basin thickness. The final basin fill density of 2.445 gm/cc was
ected based on fitting the model to the observed basin fill depth in well 62-21 on line E-E’.
Independent fits of lines D-D’ and F'F’ show basin fill depths are consistent with other wells in
the area. In some of the lines, it was necessary to introduce a surficial (<100m [330ft]) low
density layer of D ~1.5-1.8 gm/cc to account for very short wavelength gravity variations. This
might represent the vadose zone or alternatively, lake and playa sediments.

Bedrock density values were determined by modeling the outcropping bedrock on the eastern
flanks of the Stillwater Range. Geologic units in the Stillwater Range are varied and complex,
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ranging from gabbros to basalts to rhyolites to quartz arenites. The most dominant geologic

units in the range in the study area are the Jurassic gabbros and Tertiary basalts. Line F-F’ is the

only profile where the gabbros unambiguously are the only outcropping bedrock unit. The

gravity signature of the Stillwater bedrock along line F-F’ was modeled using density values ‘ N
ranging from 2.6 to 3.0 gm/cc. A density of D=2.876 gm/cc. was found to provide the optimal fit l/ v
to the slope of the CBA, and this value, which is typical of mafic volcanic rock was adopted for

the rest of the lines. A slightly reduced density of 2.4 top 2.5 gm/cc proven necessary to model

some near surface rocks in the Stillwater Range that are classified as rhyolites or mlxed q
clay/limestone/arenites.

The effects of removing a slight NW/SE regional trend was tested on the gravity mom
15B). The net effect was to slightly deepen the basins, but no significant changes erved
to the locations of the basin walls or the positions of postulated faulting.

ied fror& 0.001 to

Magnetization values were v
Effects of Regional Gravity Trend Removal M=0.008 em U/CC Values and M>0.005
L, LineFF emu/cc did not yield accepta le fits. Values < 0.003
7 emu/cc required mag'\en olumes in excess of

B \ . 700m (2300ft) th ems unrealistic.
é v y Models W|th ns of M=0.003 to M=
! d

- N 0.005 emu e acceptable fits. Increasing the
2 & h . magnet} above M=0.004 emu/cc somewhat
e “ | decreases the volume of the magnetized bodies and
s 0 om0 to r extent changes their relative positions. A
g I Line E-E' o ai&mﬁdeling experiments were done to
+ \_"“r“-:::‘:"“““"'“j:‘/-/"";,r" e‘ne whether the Jurassic rocks were
) ! &ositively or negatively magnetized. Although some
§ |V fits in the eastern part of the Dixie Valley basin
' wr e T allowed negatively magnetized units, the signature

of the rocks in the Stillwater range required

T e positively magnetized bodies. The prominent

T L gt |t O® subsurface magnetic anomalies are positive highs
- implying buried normally magnetized bodies. Finally,
Figure 15B. Effects@Bragnoval of regional the dominant magnetic field during most of the
g,ra"ity trend (gefan-dgshest lines) onlines F- |y, aqsic was normal (i.e., positive), had very few
F' (top) and &5 reversals, and is known as the Jurassic Quiet Zone

1 !
i J

e .
‘A*&‘\d directions of inclination = 64° and declination = 0 were used in the modeling. Field
ob&hﬁons suggest that the units are extensively deformed and structurally complex and at
imes are steeply dipping to near vertical at the surface. The subsurface magnetizations are, of
course, impossible to know. Changing the magnetic field directions could significantly alter the
‘ h‘model fits, but for lack of knowledge we are left with little choice but to make the simplistic

y

N

assumption that the Jurassic volcanics reflect modern values, implying that susceptibility rather
than remanence controls the magnetization.

After a number of trials, a value of M=0.004 emu/cc was found to be optimal in modeling the
magnetic signature of the Jurassic volcanics in all of the profiles. This is equivalent to using a
susceptibility of .S=00079 cgs units using the ambient magnetic field of B='51290.46 gammas
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found in the HELIMAG survey (Graugh et al., 2002) with an inclination of 64° and a declination of
0°. The final joint gravity/magnetics models with their data fits are shown for perpendicular lines
C-C’ through F-F’ and A-A’ to B-B’ are shown in Figures 15C and 15D, respectively. The following
observations can be made:

QU .
= The basinis 1.0 to 1.3km (0.6-0.8mi) thick and is wider in the vicinity of Line C-C’. Line A- l/ >
A’ suggests that the basin may be divided into two subbasins going from south to north; m‘
=  The magnetic anomaly data can be successfully modeled with a single magnetic Jurassic
mafic rock unit. The magnetic modeling and thus the fault locations and dip are W \v
sensitive to the shape and location of the individual blocks as well as the interac

between blocks; ‘

= The basin walls appear to be fault controlled and indicate a complex, steeplhng to
near vertical, multi-fault structural geometry for the DVFZ. The step-dow one
indicates the majority of the normal-sensed displacement occurs in multiple piedmont

faults. This interpretation replaces the original range-bounding, rately dipping,
single fault model; and - - é
= All the wells (producing zone) occur within the block faulting d more specifically
on the major piedmont structures. ’
3.4 Magnetotelluric (MT) Surveys ‘\

Electromagnetic (EM) and MT surveys within Dixie \dehave been used to image the structural
resistivity as bedrock and unconsolidated sediments show sharp resistivity contrasts. In addition,
increased fluid content due to fracturing as wel e elopment of conductive alteration
minerals (clays) can show electrical resistivi cms. Thus, EM can also be used for finding
blind geothermal systems, defining the exte f&othermal reservoirs and controlling
structures, and Iocating/characterizing,,;;_tgm\eable fracture zones.

While these methods can be subj wited resolution and other variables, a new generation
MT-array system has been appli hree profiles over the Dixie Valley thermal area (Figure
16A). This study described.in Wannamaker et al. (2007) is defined as state-of-the-art MT array
measurements in contiguous bipole deployments across the Dixie Valley thermal area that have
been integrated with regioggly T transect data and other evidence. The purpose was to (1)
resolve the compléx structural setting; (2) delineate fault zones which have experience fluid flux
as indicated bydow:resistivity; (3) infer ultimate heat and fluid sources for the thermal area; and
(4) investi the capability of well-sampled electrical data for resolving subsurface structure.

The no ofile (Figures 16A and 16B) and central profile (Figure 16D) show that shallow

basementirocks extend for a considerable distance (1-2km [3280-6560ft]) SE from the

topo ic scarp of the Stillwater Range before plunging steeply down the main strand (major

‘ji ement along piedmont fault) of the DVFZ. The southern profile (Figure 16C) images a

ore eady dip likely suggesting a localized step-down zone. The findings reported in

annamaker et al. (2003) supports a multi fault-step model, infers that an unknown amount of
‘ h»slide-block material may exist over the main DV range-front fault which complicates the

structural framework, and images a low resistivity zone flanking the interpreted main offsetting
fault that could be due to alteration from geothermal fluid outflow/upflow. A highly altered

\ ’ section of silicified alluvium near the surface encountered in well 38-32 likely supports this
interpretation.
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Wannamaker et al. (2007).

Figure 16A. Simplified geologic map of the Dixie Valley (DV)-Stillwater Range (SR) area surrounding the
Dixie Valley thermal field. Orange-brown lines are the MT profiles lines (see text) Lines are labeled N
(north), C (central), and S (southern). Blue diamonds are five-channel MT stations added to extend
profiles across the valley. Original figure courtesy of Jeff Hulen. The figure and captions are after
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A

In a more recent analysis (Wannamaker et al., 2007) resolved the structural setting and

supported a multi-fault steeply dipping structural model. The transition from low to high

resistivity ( ~100 ohm-m) represents the basement interface within the resistivity models which

is supported by drilling results. A large scale, very high resistivity domain is present below the ‘ .
approximate central portion of the Stillwater Range which could likely be attributed to the & A ’
presence of Cretaceous aged intrusive bodies. In addition, all three inverted profiles show a Iow

resistivity deep feeder zone for high temperatures fluids rising into central Dixie Valley (Fi Figures{

16B-D). This broad, subvertical conductor connecting from depth (greater than 10km [6 2 q

see Figure 16E) along the eastern base of DV has been interpreted as a presently |nact|v

scale faulting damage zone with fluidization and alteration (Wannamaker, pers. com
and alternatively as a less significant alteration structure due to localized change in

(Waibel, pers. comm., 2010). It provides the possibility that the N-trending structu
Flgus

by the geophysical data within the intrabasin are thermal-bearing structures (Fi
merge with the NE trending active system of faults within the DVFZ in thedicinity of the
geothermal field. This potential feeder zone is also imaged in the regi Msect inversion
(Wannamaker et al., 2006) that appears to connect to a pronounced | stivity zone in the
deep crust below the Humboldt Range (Figure 16E). This low resﬁvﬂ%has been
interpreted as a region of magmatic underplating wh|ch wo ea source for the active
thermal fluids upwelling in Dixie Valley. If the resistivity rrect, then it would imply
some sort of magmatic input to the Dixie Valley geoth rma stem However, one of the
deepest wells in the DVGW, well 66-21, lies just to of this low resistivity zone and is
relatively cold with respect to the producing weIIAn Is in the DVPP. A more detailed MT
study will take place under Task 4 of the EGS ethodology Project. One objective
will be to further resolve this low resistivity |th|n central Dixie Valley.

Figure 16B. Electrical
NW resistivity section for the
SF 3832 825 P {Q I"I'I) northern (N) profile across
1 Senator fumaroles derived
from 60 array MT sites taken

0

10 with contiguous E-field
2 100 bipoles, plus three stand-
alone MT sites at the SE end.
1000 Tick marks are located at
4 5600 bipole centers. Bedrock-
km alluvium interface is

Dixie Valley , .
; 0 2 A i interpreted to lie near the
Array Line N 70-100 ohm-m “contour”.
2

‘J&ismic
6 ie Valley is a structurally asymmetric basin bounded by a complex zone of faulting on the

‘horthwest and by step faulting to the southeast (Okaya and Thompson, 1985; Blackwell et al,
2005). The Dixie Valley Study Area (DVSA) extends from 39.7°N to 40.2°N and from 117.5°W to
118.2°W (Figure 1) and encompasses ~787mi’ (2025km?). To avoid boundary effects, we plan to
estimate tomographic models over a much larger region than the project area in future planned
work. As such, we have collected seismicity and ambient noise information within 200km
(124mi) of DVSA. This extended study area, from 38.7°N to 41°N, and from 117°W to 119°W, is
referred to as the Dixie Valley Extended Study Area (DVESA).
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Dixie Valley
Array Line S

Figure 16C. Resistivity
inversion section for the
southern profile (S) across
the Section 10-15 area for
the dense MT array line S
plus three stand-alone MT
sites to the SE. The figure
and caption are from
Wannamaker et al. (

igure 16 esistivity
rsign section (C)

e Dixie Valley
er producing field
from 120 dense MT
array measurements
and 13 appended
wideband MT
soundings. The figure
and caption are from
Wannamaker et al.,
(2007).

0 40 km
Buena Vista-Dixie Valley MT Subsection

N

km

1] 100 km
NW Great Basin MT Transect

Figure 16E. MT structures
of the central Great Basin
show multi-scale magmatic-
hydrothermal residence
zones and pathways to the
upper crust and geothermal
systems. The figure and
caption are after
Wannamaker et al. (2006).
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We expect our study will also address, directly or indirectly, several of the unresolved seismic
issues in Dixie Valley. In this area, geophysical data interpretations in terms of fault parameters
are controversial. For example, it is still debated whether the Dixie Valley earthquake in 1954
(M=6.8) was the first large, low-angle normal earthquake on land recorded historically. Seismic
studies conducted by Abbott et al., 2001 at Dixie Hot Springs, inferred that the range front fault
dips 25-30° to the southeast at this location (see Section 2.2.2 for additional discussion). Also,
while most of the authors agree that the fault system penetrates deep into the crust, it is still ¢
debated whether there is a second order magmatic connection of the deep circulation sys
Dixie Valley (McKenna and Blackwell, 2004; Wisian and Blackwell, 2004; Wannamaker et

2006). In addition, the nature of the seismic gap located on the Stillwater Range in n th‘ ’
t!e 1

Dixie Valley is yet to be resolved. The seismic gap (see Section 2.2.2 and 6.1.1 for ad
discussion) lies between the 1954 Dixie Valley earthquake ruptures to the south and
Pleasant Valley ruptures to the north. The geothermal field is located between the‘
the 1954 and 1915 surface ruptures (Slemmons, 1956) within the seismic .The S

seismic gap (Wallace and Whitney, 1984) falls within a major tilt doma'&b&y

915
oints of

Iwater

or transverse

zone between the east-tilted Tobin range to the north and the west—ti%llwater Range. Fault
f

slip rates in this area suggest that the gap may be simply a maniféstati he fact that major

slip has not occurred in recent times. \ ’

3.5.1. Faults
Dixie Valley is the location of a complex fault systen‘a‘y etal., 1996). The Dixie Valley
rupture zone does not fit a simple segmentation moedel. It is instead a complex interaction of

separate fault zones (Bell, 1990). Due to the lac st’ atic seismic studies, the depth and
cru still under debate. Several main faults

angle to which these fault zones penetrate
have been distinguished, such as the Stillwa F’( (SF), a normal fault which bounds the Dixie
Valley basin to the northwest and dips_i;xo, while the dip of this segment is debatable (see
Section 2.2.2). This fault is estimatedto.be planar from the surface to a depth of at least 3km
(9850ft). The SF is the producing for a 62 MW geothermal electric power plant
originally built and operated by Oxbow Geothermal Corporation and currently owned and
operated by Terra-Gen Pfr, LLC. There are well-documented lateral variations in productivity
along the fault that are not.fulljpunderstood. Work by Blackwell et al. (2005) and the current
authors has shown.that in the' DVSA the Stillwater Range is bounded by a complex multi-fault
system referred s'the DVFZ consisting of at a minimum a range-front fault and a piedmont
fault; see Sectiom2.2.2{ Based on the baseline data presented herein, the current Dixie Valley
producing iris located in the piedmont fault section of the DVFZ.

iS&e ous Dixie Valley seismic experiments

ta Collection Experiments
udies of microearthquakes were carried out in the Fairview Peak Region, southwest of
he DVSA, the earliest of which involved a network of five portable seismographs distributed in

gan area of about 2500km? (965mi?) to the east of Fallon, Nevada (Oliver et al., 1966).

" o

1965. A similar study of microearthquakes near Fairview Peak was carried out in 1965, using a
small local network of four portable seismographs (Westphal and Lange, 1967). Three recording
periods were covered in this study, totaling 129 days. The first was a period of low seismic
activity during January and February, and the others followed the occurrence of magnitude 4.6
earthquakes in April and June. Results of the study deal primarily with the determination of
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focal coordinates for 244 events, based on a standard four-station location procedure, with the
assumption of a uniform 5.0 km/sec P-wave velocity for the Fairview Peak area.

1965. The Lamont Geological Observatory and the University of Nevada undertook a ‘
cooperative microearthquake survey of selected areas in Nevada, using seismographs of high l .
sensitivity (Oliver et al., 1966). The main purpose of this study was to compare short-term (i.e., ’ N
daily) rates of occurrence of microearthquakes in seismically active areas with regional *‘

seismicity determined from the occurrence of large earthquakes over periods as long as several
decades. Ten sites in western Nevada were monitored for periods from a few hours to s?al q
days, and the results of the study indicated that microearthquake activity was generally lgher

in areas of recent faulting, and lower in areas where large earthquakes had not occn“ 5

years or more

1966. A small tripartite array (Stauder and Ryall, 1967) was established at the sou

extremity of the surface faulting of the Fairview Peak earthquake of 1954£0ver a pe od of six
weeks an average 31 earthquakes per day were detected. Foci were foun centrate
between 10 and 15km (6.2 and 9.3mi) and to cluster toward the end %ﬁe surface faulting of
the 1954 earthquake. The foci were also found to lie along two pi%mar s. The first was

parallel to the fault plane solution (strike N 11° W, dip 62° E) of the 1 aer|ew Peak

earthquake and terminated at the southern extremity of x acture. The second began
ted about a plane striking N 50° E

Iy marked the southern terminus of

at this point and extended to the southwest, with Ioci dl
and dipping 50° to the southeast. The latter zone ap
the 1954 faulting.

(1967) reported that Southland Royalty Co 8km (17mi) of high-resolution seismic
reflection data. The four seismic lines, r etroleum Geophysical Co. and processed by
Western Geophysical Co., represente iled cross section of the northwestern side of
northern Dixie Valley. Two of the smic lines were parallel to the Stillwater Range. The
remaining two lines were obli vy perpendicular to the range-front. Of these lines, SRC-
3 was discussed by Okaya on in 1985. This seismic data is described by Blackwell et
al. (2007) as difficult to interpret be’éause 'reflection data are only two dimensional and are thus
of limited use in |nterpret|n 2uctures in Dixie Valley because of the three-dimensional velocity
setting. There ar ny off-the-line reflection features in the data that complicate the
interpretation,and ev mif the data were of modern vintage, the two dimensionality would still
be a problem." es have been reinterpreted by Optim LLC (Optim) in 1997 and reported
in Anon 9 A total of 34km (21mi) of 2-D seismic reflection data from the Dixie Valley
geothe were re-processed. The results revealed a completely different model for the

|eId This study used data recorded along nine seismic lines (Figure 17A, Appendix
@-g ,

, covering an area of approximately 160km? (62mi?). A detailed discussion on seismic
re n line interpretation is provided below.
GQSJ Hague et al. (1987) reported on deep crustal profiles across the western B&R acquired by

‘ ~ the Consortium for Crustal Reflection Profiling (COCORP). Uncorrelated field data were collected

1967. During the course of geothermal explz‘ noerthern Dixie Valley, Thompson et al.
tai

using a 96-channel off-end spread at 100m (328ft) group intervals, an 8-32Hz (2.0 octave
bandwidth), 30s upsweep with an additional 20s listen time (50s record time).

\ ’ 1985. A reflection-spread "piggyback" data set was collected in Dixie Valley during the PASSCAL
(Program for Array Seismic Studies of the Continental Lithosphere) northwestern Nevada
seismic experiment. Catchings et al. (1986) reported that this experiment used explosive sources
of up to 2700kg (54011bs) recorded into receivers offset to 300km (186mi). The piggyback
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receiver array used five multichannel recording units to record 384 channels in two adjacent
deployments. Middle crustal and very strong Moho (10s) reflections were identified.

2002. A crustal refraction profile was collected by Louie et al. (2004) from Battle Mountain,

Nevada across western Nevada, the Reno area, Lake Tahoe, and the northern Sierra Nevada l
Mountains to Auburn, CA (Appendix 2-Table 3). Mine blasts and earthquakes were recorded by &
199 Texan instruments extending across this 450km (280mi) long transect. Reftek RT-125

recorders were linked to 4.5Hz single geophones with an average inter-station distance of 4.5km q
(2.8mi).

3.5.3 Seismic Reflection Profiles t‘ ’

A closer look at seismic reflection profile interpretation in Dixie Valley in terms of

structure: We are presenting herein more detailed results of an extensive suite of s

reflection profiles in the Dixie Valley area, as interpreted by Blackwell et al. 2005. Iems with
interpretations of these profiles are due to steeply dipping structures, vawhologies, and
degrees of lithification of the valley-fill sediments. As mentioned above, sei ata was
collected in the late 1970s to early 1980s, with reprocessing performeVeTlQQOs The

profiles were concentrated within the DVPF and the DVPP (Figure 2) c iding with the area of

‘h Ii’ne [SRC-3]) emphasized a

The seismic reflection interpretation most commonly cit
54° dip of the Stillwater Range bounding fault, with? nupreflection pattern SE of the fault
presumed to be due to scattering within a coarsejl uvial fan along the down thrown edge of the
hanging wall block (Figure 17b). Recent mterpr m.udlng analysis from thermal and
drilling data revealed that, near the range f@ fea is composed of massive bedrock on

i

highest geothermal gradient (Figure 17a).

the footwall of a steeply dipping buried efined by the gravity gradient maximum (see
Section 2.2.2 and Figure 11). In add|t|on c proflles reveal several intra-basin faults that
show correlation to faults mapped on thesurface. The seismic reflection profiles are generally in
two predominant orientations, p the dip "dip lines" or to the strike "strike lines" of the
ap*
il

fault. The dip lines trend NE-SW ( ximately perpendicular to the range-front and to the
strike of major normal fa wh"e; e strike lines trend NW-SE (parallel to the range front).

w
Strike Lines: The strike linesiare supportive for imaging the depth to the basement (Figure 18),
position and depth tosdasalt reflectors, and any cross-valley (NW-SE) structures including

transfer zone twee ormal faults. Line 101 images a “flower” structure in correlation with
the cross-v. zones and shows the valley fill thickening to the north. SRC-1S images a

basem u derlylng the DVPP with accompanied “flower” structure. SRC-1N runs through
the no;tr%w ducing field and contains a lack of reflectors within the center due to the
ty of the piedmont fault. Line 5 running at an angle between the strike and dip lines (E-
QA@E several step faults towards the western line and shows the basalt thickens towards
th vy depression. Interpreted line drawings of the majority of the seismic lines discussed
Gre given in the seismic appendices in Blackwell et al. (2005).

‘ ~‘ Dip Lines: The majority of the seismic profiles cut roughly perpendicular to the DVFZ and the
associated NNE to NE trending major structures. Specifically, 102, 9, 104, and 6 (Figure 17a) are
\ shown with interpreted line drawings (Figure 19). Seismic lines SRC-3 & 102 run through the
’ DVPF near the section 33 production wells and is regarded as the most well known and cited
seismic reflection line in the B&R. It images the major range bounding fault as a more complex
structure between wells 38-32 and 82-5. Within the eastern side of the valley, steeply NW
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dipping (antithetic) faults offset the basement and the overlying Miocene basalt reflector.

Seismic lines 104 and 9 run just south of Cottonwood canyon between the producing field and

the DVPP lease, and cuts through the Lamb Ranch injectors (section 18). The most important

feature of this line is that it shows the structure of the deep, early, N-S oriented graben ‘ .
underlying the deepest part of the valley. The termination of valley reflectors coincides with the l/ v
location of the maximum gravity gradient and images the main strand of the DVFZ just west of “‘

well SWL-3 (Figure 19). A steeply west dipping fault that bounds the eastern graben is ;

supported by the seismic data and the structure is likely encountered by well 62-21, whi(ye v

near the center of Dixie Valley. This line also correlates with the geophysical data that th \

largest fault displacement along the seismic profile lies about 3km (2mi) basinward o th‘ny

front fault. Seismic line 6 is the longest profile available extending from 1km (3280ft 0

Stillwater to 2km (6560ft) west of Clan Alpine and lying just north of lines 104 and 9nThe line

positions the main valley-bounding fault at the peak of gravity gradient (Figure 13 m also

locates several faults within the eastern valley (Figure 11). \’

In summary, the interpretation of seismic reflection lines from Blackwelllet al.(2005) are:

= Piedmont faults are the main valley-bounding faults, aredocat y both the gravity and
seismic data in the same location and often correlat ith ? ogic mapping from air
photos (e.g., fault scarps, small grabens);

® The deepest part of the valley underneath ';hipgc)j cing field is an early N-S oriented
graben that formed prior to the still active extensional phase expressed by NE-trending

normal faults; ’ 4 ‘

rmr?of the reflector points and the axis of

= |nthe central cross-section (Figu the deep graben’s shape appears to synclinal.
The axis of this syncline within the basin-fill sediments is shown in Figure 14 and either

supports sedimentatio '~aben dominated structure, or could be a velocity
i(‘) lo
.

= A correlation exists between of the
the maximum gravity gradient; and

pulldown feature due velocity lacustrine dominated sediments in the lower

section. (
Limitations to the seismic fle‘etion line data are:

e
= A simple‘del for basement and valley fill (density/velocity) was used, that doesn’t
includetthe Miocene and Oligocene volcanics (discussed in Section 2.1.1);

al.logs (sonic, gamma ray, etc.) often used in conjunction with seismic data
ilable for some of the wells, but the intervals and types vary; and

e

Inability to clearly image (seismic) in the vicinity of the fault zone due to steeply dipping
}\’ complicated structures and shallow valley-fill above the basement wedge between
< (‘the range-front and piedmont fault.

) 3.5.4 Seismic Events
UA catalog of seismic events (earthquakes and quarry blasts) that occurred in DVESA from 2000 to
P ‘ h 2010 and were located by the Nevada Seismological Laboratory was extracted from the UNR
database (Appendix 3 and Figure 20). These events were recorded by seismic stations in and
\ ’ around Dixie Valley (Appendix 2-Table 1). Some of these seismic events were relocated and
reinterpreted catalog of seismic events. Due to poor station coverage, however, location errors
are on the order of 5 to 10km ( 3.1-6.2mi). The seismicity and the proposed array configuration
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proposed to be conducted in Task 4 indicate that there might be enough information for a Dixie
Valley earthquake-based tomographic model.
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Figure 17A. Index map of Dixie Valley Power Panifiers (
areas. Seismic profiles are labeled and sho

Blackwell et al. (2005).

Historical seismicity in Dixie Vz ) ell et al., 2007) available from the United States
Geological Survey (USGS)
23,1954 (M, 6.8) Rainbo
16, 1954 Dixie Valley (M,
Valley.

ain earthquakes to the west of Dixie Valley, and the December
rview Peak (M, 7.2) earthquakes in and to the south of Dixie

2003 Seismi
A sequen Appendix 2-Table 2; Figure 21) occurred in Dixie Valley in January 2003,
about i) northeast of station DIX (Appendix 2-Table 1). The largest event and majority
of the act curred from 6-13km (3.7-8.1mi). Using HYPODD (Waldhauser and Elsworth,
vents were relocated (Figure 22a) in a cluster centered at 39.948°N, 117.863°W and
.4km (5.2mi). The mechanism of the largest earthquake in this sequence is shown in

2b. It shows normal faulting on dipping plane of approximately 45°SE assuming that all
events lie along a single structure. It is also possible that the swarms occurs along several
aults as suggested in Figure 23. It is estimated that the other, smaller events, with similar

waveforms (Figure 21), also had similar mechanism. Solving for the mechanism of these events
is important to resolve the controversy on fault geometry in the DVSA.
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Figure 17B. Okaya and Thompson
(1985) interpretation of reflection
profile SRC-3. See Figure 17 for
location of seismic profile.
Interpretive Labels are as follows:
A=Valley Fill

B=Alluvial Fan - piedmont block

A

D=Basement ’ \
Dm=Supposed fault refleiior\ ’
¥

C=Basalt/volcanic

\sanplied

3.5.5 Data
We have a

experi d above:

compiled the following databases, including waveforms from the seismic

A rhelope (Datascope) database of earthquake and explosion waveforms available at

4
N
<

was acquired from IRIS; and

from 1984 to August 2010. These events occurred in an area from 38.7°N to 41°N
and 117°W to 119°W. Four days of continuous waveforms from the 2003 earthquake
sequence which occurred in Dixie Valley have been added to this database.

Data from the 2002 Walker Lane experiment through the northern part of Dixie Valley

A new database of ambient-noise extracted Green's functions, a key component of the initial

velocity model estimation in DVESA 3.5.5.
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Figure 18. Dixie Valley basement confi
using fault lines to limit contours. Sei
in black, while surface scarps are,

tteéd in red. The figure is from Blackwell et al. (2005).

Seismic Velocity Models
We have acquired the fo ing crustal seismic velocity models (Appendix 4-Tables 3 and 4) in

and around Dixie

Q ”SDT1.0, a shear wave velocity model obtained from diffraction tomography over

orth America (Ritzwoller et al., 2002) which has 200km (124mi) resolution; and
% A shear wave velocity model for the Basin and Range by Priestley and Brune (1978).
ocation-specific models

=  The COCORP -derived model (Catchings, 1992) in a region shown in Figure 24;

= The UNR-estimated P and S-velocity model (Preston, 2010) from earthquakes (Figure
25);

= The re-processed seismic lines in Dixie Valley (Anonymous, 1998); and
= The Louie et al. (2004) Walker-Lane model.
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Figure 19. Interpreted
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1 egrated Seismic Model in Dixie Valley
els in Appendix 4-Tables 3 and 4 were used to create an integrated model for the

ct Area using algorithms written in Matlab. A set of depths of interest were chosen for all
dels. Each model is stored into a Matlab structure. The structure includes the model
reference, the model area (which is a square oriented North-South, East-West), and the

i ‘ parameter model. The parameter model matrix consists of seven columns: depth, P-wave
‘ velocity in km/s, S-wave velocity in km/s, density (g/cm3), P and S attenuation factors Qp and Qs
and a "trust" factor, described below. "No information" is marked by the parameter value set to

-99. The "trust" factor ranges from 0 to 1 and is, for example, set by the analyst up to 0.9 for
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reflection/refraction lines and is set to 0.01 for general (non-local) models. Using the "trust"
parameter, seismic lines and local data are given higher weights than the general model
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Figure 20. Natural and induced seismicity from 1900 to 2010 located by University of Nevada Reno
(UNR) within 100km (62mi) of the Dixie Valley project area. The depth range is zero to 19km (~12mi).
Earthquakes in the Dixie Valley area are listed by USGS (PDE- current catalog- 562 earthquakes, USHIS-
historical catalog - 123 earthquakes) and UNR catalogs and explosions identified at UNR (298 events).
Event locations are only approximate, see text for explanation. Faults are represented as yellow lines.
The Project Area is shown as a red box.
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Figure 21. Waveforms recorded at statiA selected events in Appendix 2-Table 1.2.
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Figure 22A. Relocated
events (red) and catalog
events (blue) of the January
2003 sequence in Dixie
Valley (Appendix 2-Table 2).
All the events are
represented by circles,
proportional to magnitude.
The largest earthquake was
ML 4.2 and the smallest was
ML< 2 (or less). The
smallest earthquake
magnitudes were not
estimated because they
were not recorded by
enough stations.
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Figure 22B. Focal
mechanism of the largest
Sirike: 20 earthquake occurred at
Dip: 45 39.95 N, 117.85W on
Rake: —110 January 23, 2003, 21:49:47,
Sirika: 237 :\;IL94H.12i; depth 6.2km
Dip: 45 ' '
Faks: —71
“ar: 0.000"
fWar: 0,000
stdr: D45
M- Mak
weights. A "slack" factor for each model represents a chosen extensi ft del area.
When, for example, the P-velocity model at a point characterized by nd longitude is
requested by the user, the program finds all the models includin ective point and

esulting P-velocity at
the respective point is a "trust" - parameter weighted m "-99" estimates are
discarded. Sixty-four models are currently used for thei

information in the study area collected so far.

The P-velocity integrated model at 3km (9600ft® the planned seismic deployment

stations is shown in Figure 26. (

Magnitude

Relocated Seismic Events
Depth

e =35km

e 0-35km

o 35-75km

e 7A-115km

s >11.5km
Faulting

Figure 23. Plan view map of relocated events shown in Figure 22A.
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3.5.7 New Seismic Noise Derived Velocity Model
We have extracted more than 2000 new Green's Functions (GF's), Figures 27 and 28 from cross-
correlations of ambient noise at 61 stations within 200km (124mi) of Dixie Valley, with the
objective to obtain higher resolution shear-wave velocity model than the current UNR model. To
avoid model edge effects and due to the station distribution (Figure 20), Rayleigh group velocity
maps need to be estimated in a larger area than the DVSA and this will be done in Task 4. Good
correspondence of the GF extracted from ambient noise between Dixie Valley stations DIX
("SH"- analog short period sensor) and WHR ("BH" digital broadband sensor) with wavefor v
recorded at WHR (Appendix 2-Table 1) from an earthquake that occurred at 6km (3. 7m|)

26km (16mi) northeast of the seismic station DIX is shown in Figure 28. !
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g ey |y -

ismic profile (Appendix 2-Table 1.3) location from Catchings (1992).

Rt-mantle Boundary (Moho) Discontinuity Constraints
of the crust-mantle boundary discontinuity (Mohorovicic or Moho) in DVESA is an
nt constraint on the tomographic model inversion.

mvelocity and depth in Dixie Valley has been estimated by Catchings and Mooney (1991) as

“a 7.8km/s discontinuity at 30km (18.6mi) depth. In their studies in the northern part of Dixie
Valley Louie et al. (2004), did not find a clear Moho signature. Northeast of Dixie Valley, at Battle
Mountain, Nevada, the same authors observed anomalously thin crust over a limited region
perhaps only 150km (93mi) wide, interpreted as a Moho depth of 19 to 23km (11.8-14.3mi). This
area of thin crust is the part of a feature known as the "Humboldt Lineament" (or "Battle
Mountain Heat Flow High") just west of Battle Mountain, which shows a high rate of extension
normal to the trends of mapped faults in GPS analyses (Blewitt et al., 2002). The area of high
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extension rate is roughly 100km (62mi) in diameter. In Dixie Valley, Hauge et al. (1986) observed
Moho reflections at 9-10s. Receiver functions (Appendix 2-Table 4) within 200km (124mi) from
Dixie Valley are continuously estimated by the EarthScope Automated Receiver Survey (EARS),
Crotwell and Owens (2005), however, the results in Dixie Valley have large errors.

_ _ Figure 25. University
Vp, de_pth =5Km Vs, depth = 6 km of Nevada Reno (UNR
41 41 3.2 | P-wave seismic
=) =] velocity model i
ﬁ 40.5 6 ﬁ 40.5 3.4 | valley from
3 40 3 40 3.6
2 6.5 = 205 5
L 39.5 L . 3.8 1,63
39 7 39 4 R S-wave seismic
119 118 117 119 118 117 iy model in DV
depth slices) is
Vp, depth = 10 km Vs, depth =10 km own in the right
- - plots. Note that the
—_ 41 - 41 3.2 velocity is represented
o . 2
$ 405 J 6 & 405 B M 3.4 | in10x10km
~— r 1 (10x3.9mi") bins,
ﬁ 40 |1 g 40 3 3.6 | however, the
6.5 i
= = resolution of the
5 39.5 5 395 3.8 | | estern half of this
39 7 39 4 model is~50km by
— = 50km (19mi by 19mi)
-119 -118 -117 -119 -118 -117 horizontally down to
_ _ about 25km (9.7mi)
Vp, depth = 20 km Vs, depth = 20 km depth for Vp and about
M 41 SN 3.2 | 100km by 100km
= =) (62mi by 62mi) for Vs.
ﬁ 40.5 6 g_ 40.5 34 | The eastern half of the
L 40 2 40 3.6 | model has a worse
2 65 = resolution by about a
:'51' 395 E 39.5 3.8 | factor of 2 compared
to the western half
39
39 7 4 (Leiph Preston, pers.
-119 -118 -117 -119 -118 -117 comm.). The Project
Longitude (deg) Longitude (deg) Areais shown as a
v black box.

Seismic Attenuation in Dixie Valley

ysicists can measure the ‘quality factor’ of materials, i.e., the efficiency of the material to pass

ergy at a particular frequency. The quality factor, Q, is defined as the ratio of stored to
dissipated energy in material as seismic waves propagate through. Attenuation is defined as the
reciprocal of Q and represents a measure of the absorption or loss of energy in the seismic
waves as they pass through intervening material. Q-values range typically from 10 to 100 in
laboratory measurements on sandstones and 100-1000 in igneous and metamorphic rocks
(Johnston et al., 1979). These measurements are performed on small, simple samples and do
not take into account large scale structures, fractures, and mixtures. Attenuation usually comes
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in two forms: intrinsic and scattering. Intrinsic attenuation relates to losses associated with heat
and friction. Scattering attenuation is due to losses from waves reflected and refracted
throughout the medium as they propagate from source to receiver. This implies that 3D Q-

variations can be interpreted as being related to intrinsic physical properties of the rocks such as !‘

lithology, temperature, and porosity P

Lees (2007) argues that attenuation is a relatively sensitive indicator of rock temperature in the “
upped 5km (3.1mi) of the crust. Seismic attenuation structure interpreted jointly with seismic *

velocity structure has the potential to strengthen the interpretation made on velocity str q
alone. The attenuation image can also add independent information to the interpretation. For

example, if a low velocity body beneath a caldera (such as at Medicine Lake voIcanosW‘e

California) is interpreted as a magma chamber, the interpretation is strengtheneghif

velocity zone is also a high attenuation zone (Evans and Zucca, 1988). However, usi ave

attenuation tomography Zucca and Evans, (1990), found that, beneath th Newberﬁolcano,

low velocity and high attenuation were correlated in shallower layers, ho er, not correlated

in deeper layers. According to Nakajima and Hasegawa (2003), considératio ttenuation,

together with the Vp, Vs and Vp/Vs values may resolve fluid-related | city zones
consistent with highly conductive zones detected in MT surveys.

As a result of the Lg coda being composed of waves sca% pper crust, coda Q is a
at

suitable expression of attenuation. The variations in Lg z attenuation for the
western US are shown in Figure 29 (Phillips and Stead, 2008) and are valid to a depth of around
3km (1.9mi). Low Q is correlated to volcanic areasACascades Yellowstone, San Francisco field,

and others surrounding the Colorado Plateau). Iues at 1Hz in the DVESA grid in
Figure 29 are shown in Appendix 2-Table 5.

3.5.10 Seismic Velocity Varlatlon d Functlon of Rock Composition and
Temperature

We have collected physical prop nships based on literature and relevant exploration
analogs (Appendices 4, 5 and awvesUgatlons are summarized below.

Estimation of elastic rock€ eters using seismic methods is inherently a remote method.
Measurements are made'o a iving wave travel time at the surface (P or S waves with velocity
VporVs)andons ce waves (Rayleigh) and used to infer properties deep within the earth.
Variations of rock litholegy or other physical parameters are estimated from the P- and S-wave
velocity variationsyThis process leads to non-unique solutions because many rocks with differing
physical s e similar seismic velocities and because inverting for subsurface properties
from su ervations is poorly-constrained.

e}%“ci:cy depends on:

Phase state (i.e., the presence or absence of partial melt);

S

6 g Composition (lithology, mineralogy and chemistry);

= Density;

= Temperature;

=  Rock porosity; and
=  Pressure.
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Vp, depth = 3 km

Vp - 5.8 km/s

Latitude(deg)

:I1B.1 118 1179 117.8 117.7 1176
Longitude (deg)

Figure 26. The P-wave velocity model at 3km depth wgéd extractéd usinga 0.1 x 0.1 deg2 grid and interpolated using the "Matlab 4 grid data" method. The
model shows where the velocity differs from the aver (5.8km/s). The model on the left is superposed on a relief map, while the model on the right
is superposed on a generalized structure map ection 7.2.1).
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Figure 27. Newly extracted ambient
noise results in Dixie Valley and vicinity
using ambient noise crosscorrelations.
Data was filtered with a 3 pole, zero
phase ButteE in marworth filter from
0.15Hz to 0.3Hz (3 to 6 sec period). A
3km/s arrival time is represented by a
black line in the plot. The Rayleigh
component of the Green's Functi
clearly visible.

Waveforms filtered from 2.5 to 5 sec period
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F|.
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|

L 3 km/s arrival
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e"28. Shows a comparison of
F extracted from ambient
noise between stations DIX (SH -
analog short period ) and WHR
(BH broadband ) and waveforms
recorded at WHR from an
earthquake that occurred ata 6
km depth, 26km (16mi) northeast
of DIX. Station DIX (Appendix 2-
Table 1) is located in Dixie Valley.
The plots show velocity in counts.
The waveforms were filtered
from 0.2 to 0.4Hz using a zero
phase, six pole Butterworth filter.

mography studies, the seismic parameters under investigation include only
erties: velocity and attenuation of P- and S-waves, (Vp, Vs, Qp, Qs), and their
ios. These are the only properties that can be directly inverted for with seismic

ing a myriad of geological and physical processes to four simple seismic observations
i ique. Converting seismic field results to three-dimensional variations of rock states is
us, because a comprehensive data base of field based seismic properties related to rock
ysics laboratory studies is currently not available. Furthermore, most laboratory studies are
performed in conditions significantly different from real earth situations and at frequencies
substantially higher than typical seismic recordings (Kern, 1982).

Given these uncertainties, interpretation of tomographic images will be done using more
geophysical information (i.e., geology, M, geochemistry, heat flow and gravity/magnetic
investigations) than a simple velocity—density—temperature correlation. When coupled with
experimental data on seismic properties of continental rocks at pertinent temperatures and
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pressures, the geological and geophysical data can be used to correlate measurements of
seismic velocities with mineralogic composition at depth.

The utility of the seismic information as a thermal and rock property indicator is discussed in
Appendix 4.

Figure 29. Lg coda Q @ 1 Hz for the
western US as in Phillips and Stead$
2008 (Scott Phillips, pers. co
2010). The gridded area rep
the DVESA. The Q values in
gridded area have been
extracted and are
Appendix 2-Table 1. t Area

is shown in ‘hite.
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239 240 241 242 243 244 245 246
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Conductive Heat Flow

gradient map, shown initially as Figure 2 and also included as Figure 30,
straints to assess the background heat flow in Dixie Valley. To analyze the

usesan
conducM low only, wells that were influenced by geothermal water circulation were not
used. This des most of the wells within the Senator fumaroles and the DVPP area.
onstraints are:

The total temperature dataset includes 25 TGHs within bedrock and 157 TGHs in the
valley;

3.6 Thermal

3.6.1 Ba
A shallow t

= Gradient values at depths less than ~500m (1640ft) were used for contouring; and

=  While the temperature data used in this model includes only 13 holes within the ranges
and 78 holes in the valley;
9 = Higher thermal conductivity of the bedrock in ranges compared to the valley fill;

= Temperature inputs from the range and valley were calculated separately due to
topography and elevation.
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3.6.2 Thermal Anomalies within Dixie Valley
There are around ten areas that have relatively dense thermal gradients within the Dixie Valley
area (Figure 30). Four of these are located along the DVFZ and around six occur within the DVSA.
The dense thermal gradient areas along the DVFZ include from north to south: (1) the Senator ‘ N
Fumaroles just northwest of DVPF; (2) the section 10 fumaroles within the DVPP; (3) the Dixie l/ 4
Comstock Mine; and (4) the Dixie Meadow anomalies. The anomalies occurring away from the “
DVFZ are located near Hyder HS (northeast of producing field) and near New York Canyon within
Buena Vista Valley. Temperature-depth profiles of the Dixie Comstock Mine, Dixie Meado q
and Hyder Hot Springs are shown in Figure 31. These anomalies are described below. Twy \

additional prominent anomalies in the Dixie Valley area include the McCoy and Clan i\ ’
Ranch anomalies, which lie primarily outside the Project Area, and are not directly\d in

this report.
\ )y
Dixie Comstock Mine
= Stable isotope analyses of mineralized quartz breccia show that th id was 180°C

(356°F), near-boiling meteoric water, possibly related to the p@gent- y hydrothermal
activity in Dixie Valley (Vikre, 1994).

&
=  One deep well (45-14) has a maximum temperature 96°C (385°F) at 2750m (9022ft)
with an upper gradient of (52°C/km [3.9°F/100ft hi pper 1200m (3900ft) of
the hole and lower gradient of (12°C/km [0.92F/100ftwith the section below 1200m;

= Curves in intermediate depth TGHs (SR-2,.SR-2A) shows evidence of lateral flow at
shallow depth; and

4
=  “Hot” rock faces are observed withie\% and the area shows significant surface

alteration. A

Dixie Meadows
=  Most TGHs have “norma &und gradients indicative of the area (58°C/km
[4.3°F/100ft]); 7

* TGHs (8G1 and 8G2) have high initial gradients (600+°C/km [44.5°F/100ft]) that become
isothermal by abo m (50ft);

=  Three an‘alous temperature curves (8g1, 8g2, 8g3) indicate lateral flow of warm
water -12’ [167-257°F]) at very shallow depth;

L] X I&d flow at the hot springs and a weak fumarole at the range front ~1km
est of the hot spring area imply lateral flow from the range front; and

>
’ springs are coincident with the sharp horizontal gravity gradient in this area
‘ (‘suggesting possible vertical up-flow along the piedmont fault.

b der Hot Springs
= Located ENE of the producing field near the center of the valley (Figure 14);

e
‘ ‘ : = Qccurs near a strong positive aeromagnetic anomaly related to a body of gabbroic rocks

/

in the basement beneath the valley fill and at the intersection of two faults (Figure 10)

= Lies within an suggested accommodation zone between the east-dipping Dixie Valley
Fault and the west-dipping Pleasant Valley structures (Drakos et al. 2011); and
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= |ntermediate depth TGHs (EDV-1, EDV-2, EDV-3) have gradients that change only at
conductivity breaks from valley fill to basement indicating the background conditions for
the valley in that area.

\

New York Canyon l/ 5
= Thermal anomaly located west of the Stillwater Range in the Buena Vista Valley;

possibly connect to the thermal anomalies in Dixie Valley based on the suggested

= May infer a large area of elevated heat flow beneath the Stillwater Range that could < ’
elevated thermal conditions under the Stillwater Range; and \

=  QOccurs adjacent to a major north-trending structure and the range-boundinma’
bounds the western edge of the Stillwater Range, referred to as the Stillwate

3.6.3 Numerical Modeling
The general consensus of geothermal systems in the B&R assumes no ma tic.component and
that meteoric water enters the system via the ranges or valley-fill, heats.up g deep
circulation, and ascends along the permeable pathway, usually aBact’ t;bounding fault.
In the case of Dixie Valley, the geothermal system is unusually hot as tgperatures in excess of
280°C (536°F) have been encountered at ~3km (9840 ft) de ’

Wisian and Blackwell (2004) and McKenna and Bla 2004) have numerically examined the
conditions necessary for a reservoir temperature n 2 C (536°F) to be generated and
sustained in the Dixie Valley geothermal syste aram rs used were the measured
temperature along the producing fault and urface heat flow. Drilling indicates
temperatures >190°C (374°F) at a 2.5 to 3. O 9800ft) depth along a strike length of at
least 14km (8.6mi) along the west side (from the DVPF to Dixie Comstock Mine.
Their analysis generated a steady stat rlcal model with upflow along a permeable range-
bounding fault that dips 65°. T ure and heat loss are dependent on the permeability
of the basement. For lower p ﬁ% the modeling shows little convective heat transfer
while high permeabilities i that'the system cools to a Iow reglonal temperature over time.
The range of basement p$ bility considered is 10> m?to 10™*® m?. It is noted that the model
uses a single 65° dipping ra oundlng fault to characterize the permeable upflow zone, while
evidence present’n Sectlon 2.2.2 show the structural setting is more complicated. For the
purposes and scale of the model, this discrepancy should not greatly affect the modeling results.

deling Conclusions
tures in B&R geothermal systems are time dependent;

Temper

Temperature is not a function of the fault permeability or fault depth as the modeling
wed that a fault about 2km (6560ft) deeper than the standard model has similar

p

6 behavior/temperature
v
| = Regional permeability deeper than 6km (3.7mi) was not required to generate the
‘ hu observed temperature distribution in the geothermal reservoir;
y o n

A high temperature reservoir within an extensional geothermal system (>280°C [536°F])
\ is a function of oscillating high/low fault permeability maintained by seismicity along the
range-bounding fault;

=  Application of the model results to Dixie Valley indicate that the age of present thermal
flow is within the range of 50,000 to 500,000 years. This indicates that the geothermal
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system is younger than the Dixie Valley fault zone (implied periodicity) and this finding is
also supported by spring deposit age-dates (see section 5.2.1); and

= Temperatures are high enough for sustained geothermal development (>150°C [302°F])
as long as the permeability channels remain open and the fault conducting the
geothermal fluids doesn’t seal.

Dixie Valley area shallow temperature gradients (°C/km)
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igure 30. Thermal gradient and well locations in the Dixie Valley area. Contour intervals are (20°C/km
[1.5°F/100ft]). From (120-250°C/km [8.75-18.5°F/100ft]) the contours are a red fill and from
(500°C/km [37°F/100ft]) the contours are a dark red fill. Contours in the ranges are diagrammatic due
to the lack of data. Well gradient locations are shown as black triangles for shallow wells (<~500meters
[1640ft]) and as black circles for wells deeper than 500m (1640ft). Black bounded box is the
approximate boundary of the EGS Exploration Methodology Study Area. The figure and caption are
after Blackwell et al. (2005).
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4. Hydrolog‘y"

4.1 Regigna Mg

Dixie V rt of a larger drainage basin that includes Pleasant Valley and Jersey Valley to

the north irview Valley to the south, both of which flow (groundwater and surface water)
i V ey. The Humboldt Salt Marsh is the lowest elevation in the basin and has no
tlet. Evapotranspiration is the principal mechanism for shallow aquifer water and

rmal water to escape from this closed system, occurring at the Humboldt Salt Marsh and

q.wer playa settings within adjacent valleys.

| 4
» During the Pleistocene, Lake Lahontan occupied the topographically enclosed valleys of the

Western Great Basin including the Carson Desert and Carson Sink, immediately to the west of
Dixie Valley (Figure 32A). Even during the highest stands of the lake, it was separated from the
lower elevation Lake Dixie by a series of high passes. Lake Dixie was formed from local
precipitation and glacial melt water and occupied the area within Dixie Valley (Figure 32B). The
high stand of Lake Dixie was about 1097m (3566ft) above sea level, evident from preserved
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shorelines features on alluvial fans within the basin and bedrock on the range front. It covered
an area of about 715km? (276mi?) with a maximum water depth of about 70m (230ft) above the
Humboldt Salt Marsh, and inundated a large portion of the length of the DVFZ. The high stand
occurred at ~12-13 ka, coeval with the high stand of Lake Lahontan.

4.2 Groundwater

Shallow groundwater within Dixie Valley is recharged from precipitation in the drainage basi

of the Humboldt Salt Marsh are described as sandy to gravelly alluvial layers be
grained sediments (silts, clays). They occur at depths less than 70m (230ft) and ar

from infiltration in and near the Clan Alpine Range. Where these artesia uifers intersect
intrabasin faults, e.g., just east of the Humboldt Salt Marsh along the Buck ult system,
freshwater springs occur (Figure 33).

118715 18°00° 11745 1730
y TR e

40°00"

39°45

. e = 39730
118715 [RERTY 117945° 1730

nds of pluvial lakes Lahontan and
ie. The figure is after Reheis (1999)
and caption from Blackwell et al. (2005).

Figure 32B. Extent of the Lake Dixie high stand map~13 ka
shorelines and intrabasin faults, and the contemporary extent
of the remnant Humboldt Salt Marsh. Black lines = Dixie
Valley Fault and faults in Stillwater Range; Brown lines = 1954
surface ruptures; Green lines = Bend Event (~2.5 ka) mapped
intra-basin faults; Blue lines = preserved shoreline features;
Yellow lines = preserved Pleistocene alluvial fans. Lake Dixie
high stand from Caskey’s DOE Workshop on Dixie Valley
(2002). The figure and caption are from Blackwell et al.
(2005).
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Another significant influence affecting groundwater in Dixie Valley is the outflow of geothermal
fluids from the DVFZ into the basin-fill sediments. Salient features of the groundwater setting in
Dixie Valley are:

= Depth to water table ranges from the surface at the Humboldt Salt March to over 60m ‘ o
(197ft) in the southern valley; ‘/ >

= Contemporary precipitation is not sufficient for recharging valley aquifers and deeper “

geothermal systems; A q
= Recharge of shallow aquifers due to (1) precipitation on the mountains surroundj l‘
basin, and (2) outflow of geothermal fluids from fault zones into basin-fill sedim
= Considerable input of deep geothermal waters into the shallow aquifers (N| ‘ ’
1999; Bruton et al., 2002); and

= |sotopic and geochemical data (Janik et al., 2002) suggest that a 10 to 25"/*d|tion of
deep geothermal waters to the shallow aquifer waters is necessanal their
isotopic and chemical composition. oo

v

4.2.1 Buckbrush Fault System &
Intrabasin springs occur along the Buckbrush fault system near.the'H oldt Salt Marsh and
along a northerly trend between the north end of the faultsys ‘1 the southern part of the
producing geothermal field (Figure 33). All the springs t elly artesian layers containing
shallow groundwater that are described in well logs within thearea. Springs along the fault
system are active presently while springs along thénorthern trend just to the north are
considered recently active, but not active prese t is'suggested that the 1954 earthquake
could have opened channels along the Buc Mem and closed those just south of the
geothermal system. Several of these sh eI‘TGHs) near the fault have warm water, as
geochemical and isotopic data show t@artesian water in these wells and springs
represents a mixture of cold meteoric&ter and warm water from geothermal activity derived

from the Buckbrush fault zone‘ 1

4.3Geothermal Wa
_

The geothermal system is rixked from recharge water that entered the fault zones and
permeable sedlm s on the m margins of the valley floor during the last glacial cycle. This
requires long-term (thousands of years), and continuous flow-through of these deep seated
waters. The majority h|s flow enters the basin-fill sediments, with a small amount actually
escaping rface in a few, scattered hot springs and fumaroles.

Geothe ients measured in wells throughout the valley define several places along the
lleyfault where geothermal waters discharge into valley-fill sediments and flow
4) Si n the shallow subsurface. Outflow zones include Sou (Seven Devils) Hot
Sp Hyder Hot Springs in the northern valley, Senator Fumaroles (DVPF), Section 10
°umﬂroles (DVPP), and Dixie Hot Springs (southern end of Humboldt Salt Marsh) which are
shown in Figure 33. The location of these hot springs are controlled by the range bounding fault
h‘within the DVFZ and lie within the areas of high geothermal gradients within Dixie Valley (Figure
¢ 33). Additionally a local thermal gradient high east of Dixie Meadows referred to as the Clan
\ Alpine Ranch anomaly (Figure 30) could also be considered an outflow zone of geothermal fluids
’ derived from a dilatational zone occurring at a fault termination of a significant range-bounding
fault on the eastern edge of Dixie Valley. This occurs within the southernmost boundary of the
Project Area. Salient highlights of the origin of geothermal waters are:
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= |solated from present day meteoric recharge;

= Vertical local recharge from Lake Dixie with model dependent isotopic ages indicating
waters are 12-20 ka;

= Recharged during the Pleistocene as the oldest recharge waters measured are ~14,000
years old based on model dependent *C ages; and

= Exact age of the system cannot be accurately assessed because the reservoir has been
contaminated during nearly 20 years of production, steam separation and injection.

4.4 Hydrogeochemistry

The waters within the Dixie Valley basin compositionally overlap the waters from th“&ter
Range and the Clan Alpine/Augusta Ranges to the east. Stillwater Range derived‘waters typically
have higher Mg and Cl, and lower Ca than waters from the Clan Alpine/Augusta Rﬂost
likely reflecting lithologic differences in the ranges. The overlap is expect s the valley
sediments are derived of bedrock detritus from both of the surroundi e&dditionally the
basin waters tend to have higher Na and K, which is typical of waters'with'the input of
geothermal fluids, which indicate a third distinct source in their histor

While the sources for the Dixie Valley basin waters are larg strgned, the stable isotope
geochemistry of the Dixie Valley related waters can be u rmine the possible recharge
areas for the geothermal reservoir and associated [’gg systems A plot of 3D vs. 820
(Figure 34) of waters from the Stillwater Range, Cﬂf Range, Dixie Valley Basin, and the

production zone is used to determine spatial is |s‘but|ons and relations among
geographic areas (elevation). Waters from t duction reservoir do not isotopically
resemble the waters from the surrounding g icating that the ranges are not recharge
sources for the reservoir. Additionally t aters from the ranges are isotopically

enriched relative to cold waters in Dlx'é“V‘ar ey basin which is unexpected as waters of high
elevations usually show deplete compositions compared to those of lower elevation.
According to Blackwell et al., d&' bservations from Goff, Janik and others (1998; 2002),

a reasonable explanation |s a aly is that the basin waters are older and recharged when
isotopic compositions of mete |c"recharge were more depleted (Pleistocene recharge). Instead
fluids from geothermal resg;yplr have similar 8D values to Dixie Valley basin but are enriched in
5'%0 by about 2. ’ consistent with significant water-rock isotopic exchange. The authors
imply that Dixi€ Valley.was recharged at elevations higher than samples collected in the ranges

arlier time when precipitation was isotopically different.
}emlstry

Yoduction

>

umerous geochemical studies have been undergone in Dixie Valley, with a more recent and
comprehensive report compiled (Goff et al., 2002) that includes an extensive geochemical

- database based on samples collected and analyzed from 1996-1999. This report can be found as

Appendix 7. General characteristics as summarized in Blackwell et al. (2005) can be found in
Appendix 8 with the salient aspects described below. The geochemical studies conclude that
groundwater samples from Dixie Valley are derived from either (1) younger meteoric waters
from the surrounding ranges, (2) High Temperature Geothermal Fluids (HTGF) characteristic of
the Dixie Valley producing reservoir, or (3) more commonly a mixture of the two.
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The preliminary analysis of the geochemical data has further identified at least three primary
fluid types within Dixie Valley that are geochemically distinct from the HTGF encountered in the
geothermal wells. The distribution of these primary fluid types with respect to the regional Dixie
Valley setting is shown in Figure 35A. The fluid types are characterized as (1) High Cl-low HCOs,
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(2) Low Cl-high HCO3, and (3) Low Cl-low HCOs. A further evaluation indicates significant fluid

mixing and the presence of a fourth very dilute fluid component (B.M. Kennedy, pers. comm.,

2010), Figure 35B. This component is classified as geochemically un-evolved near surface ground

water. The evidence of mixing may explain inconsistencies in calculated chemical ‘ R
geothermometer temperatures, help deconvolve the impact of mixing, and enable more l/ 4
accurate calculations of water-rock equilibration temperatures.

Geochemical features of HTGF and mixed fluids are listed below: A q
Characteristics of High Temperature Geothermal Fluids (HTGF) ’ \

= reservoir pH between 6-9; \ ’

= Na-K-Cl waters; \ks

= relatively high SiO,, As, B, Br, and Li;

= dissolved CO, is another major component;

= relatively low concentrations of divalent cations (Ca, Mg, and 2&:\’

= very low concentrations of trivalent cations (Al and Fe).

y
Characteristics of Mixed Fluids
= relatively high concentrations of SiO,, Cl, Na, K;
= relatively high concentrations of four key trac nts, As B Br, and Li; and

= retains constant ratios such as B/Cl and L%

5.2 Springs, fumaroles and shallo ,

Most of the thermal/mineral springs in the ley region (Figure 35A)do not possess the
high-temperature geochemical signatures described above and indicative of the geothermal
reservoir. This implies that these waters elther haven’t equilibrated at high temperatures or are
of mixed fluid composition c 3 h temperature fluids and cooler groundwaters.

nc

While mixed fluid generally r tant ratios of conservative components (B/Cl and Li/Cl),
the shallow well and spr| aters lsplay different ratios among themselves and when
compared to the DVPF p cyon f|UIdS Additionally shallow well and spring waters have very
low arsenic to chloride ratios further suggesting that they are not related to production fluids.
The lack of trends between the different fluids implies that each of somewhat isolated
geothermal s sh different geochemical history. Thus, each thermal system is
geochemi nd has evolved along a distinctive path that is influenced by the sources
of waterpin ctions with local wall rocks, and relationship to crustal heat sources.

Cl relationships of pre-production fluids (referred to as archive brines), production
‘D , th rmal/mineral springs and thermal/mineral wells are shown in Figure 36. While the
pr duction and production fluids define a similar trend, the thermal/mineral well and spring
Gvatgrs of the Dixie Valley region define no such trend. These waters do not lie on the mixing
‘ ytrend of the production fluids and also do not lie on a similar trend among themselves. This
y

further indicates that all fluids originated from separate geothermal cells and that the
geothermal fluids from springs and shallow wells are not part of the same system as the current
‘ electrical generation producing system at the DVPF.

Page 58 of 189



P

5.2.1 Hot Springs and Fumaroles

Hot springs and fumaroles are located along the DVFZ and associated intrabasin faults where
geothermal fluids rise along permeable segments of the fault and either discharge into the
basin-fill sediments or more uncommonly at the surface. The following is an overview of the
major hot springs and fumaroles within and around the Project Area (for locations see Figure
33). Provided below is a summary of the characteristics of the various hot springs in Dixie Valley. “

Dixie Meadows

max T=84°C (183°F) ’ \v

Group of at least 20 springs and seeps near the southern half of Humboldt S l\‘h’
Emerges from a hydrothermal plume rising along the DVFZ (range front OQ

piedmont fault; |
Total discharge of as much as 200 liters/min (52gpm); and \

Relatively high silica and chloride. ‘
Lo

V

Hyder HS

Jersey HS

Lower Ranch H

3
&

T=77°C (171°F) and 40 |/min (11gpm);

Located near the middle of Dixie Valley about 4km x t of the DVPF;
Two or more seeps and springs discharge from a&l tine deposit (hill);
Controlled by the intersection of buried fau 55|ny explained by an
accommodation zone between two adve& str tures (Drakos et al. 2011);

Mixed fluids including a parent fluid 62 21 well waters, but mixed with
shallow aquifer water; and (

Spring system lies at the northe of a positive aeromagnetic anomaly
associated with a buried base ock of the Jurassic mafic complex.

T=59°C (138°F) an 2‘)3(53gpm) and
Issues fromam md}dﬂl’mth no obvious structural control except a localized step-
over.

N g

ﬁef’F)

dkeeps from a major faulted travertine deposit in eastern Dixie Valley; and

max T

es not resemble Dixie production fluids.

(unnamed) fumaroles
max T = 98°C (208°F);

NW of DVPP lease, no associated hot springs, steam vents only;

Fumarole activity occurs directly along the range-front fault within a localized alteration
zone;

Also referred to as the Frying Pan fumaroles (Al Waibel, pers. comm., 2011);
Sinter deposits with intergrown travertine, sulfur and other sublimates; and
Fossil hot springs related to previous seismic activity on the DVFZ.
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Senator fumaroles
=  maxT=298°C (208°F);

=  Only surface thermal manifestation of the subsurface, high temperature thermal
anomaly;

= Present fumarole activity occurs on the northeast edge of an altered "mound" structure
around 500m (1640ft) valleyward from the main range-front contact;

= No fossil hot springs or sinter deposits, forms a cluster of springs extending 600m
(1970ft) along the DVFZ;

= The increased activity observed at the present time is mostly production related
due to draw-down of the geothermal reservoir (B.M. Kennedy, pers. comm.,

= Rocks within the main fumarole cluster are highly fractured and faulted
quartzite (Boyer Ranch) and overlying alluvial fan deposits.

The Dixie Valley region contains many hot spring deposits and alteration vated to

present and past hydrothermal activity and some of these deposits e e-dated (Table
2).
Legend

5T b locurins mnd mumiber

GF = Divie Yalley Geothermal Field

C = Cattonwosd Creek ares

0 = [Hzie Hnt Springs

Il = Hyder Hot Springy

J = Jersey Hot Spring

L = Lower Ranch Het Speisgs

M = MeCoy Hat Spring

5 = San Hat Sprisps f

[ ] i 11 N

km
ANTELOGPE

FALLEY

4
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O

Figure 35A. Distribution of Dixie Valley fluid types with sample locations. The abridged data set is from
Goff et al. (2002) and presented in Appendix 7.
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5.3 Deep Wells

The following section details the salient elements of wells containing thermal waters but no
associated near-surface thermal features .

12000
Hi Bicarbenate - L ow {1 + DV Non-geothermal wells
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000 oo e el d b
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Figure 35B. Variations

in Dixie Valley fluid
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perhaps four
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Figure 36. Plot of arsenic
versus chloride for thermal
and nonthermal waters of
Dixie Valley region, Nevada.
Thermal/Mineral Spring
Labels: DX= Dixie Hot
Spring, MC = McCoy Hot
Spring, DT = Dead
Travertine Spring, BH = Big
Horn Spring, H = Hyder Hot
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are from Blackwell et al.
(2005).

Page 61 of 189



5.3.1 Bolivan Artesian Well
This well is located well within the Stillwater Range at an elevation of around 1500m (4900 ft)
within Cottonwood Canyon just upstream of an abandoned mining community (location shown
on Figure 17a). It was originally drilled as a thermal gradient hole within highly altered Jurassic ‘ a
gabbro and limestone and is indicative of a localized geothermal anomaly in this area of the & /
Stillwater Range (S. Johnson to D. Blackwell, pers. comm., 1997). The flow and geochemical

characteristics of this well has been reported by Goff et al. 2002 as:
= Artesian well (40 I/min [11gpm]of 29°C [84°F] water); ’ \v
= No free gas observed discharging from the well water; and
= Low Si, As, B, Br, Li; but 290ppm Cl indicating the waters don’t resemble DV ! ’

Currently, a small amount of fluid (1-2 I/min, 0.3-0.5 gpm) has been observed dlsc a@g from
a near surface pipe (T. Cladouhos, pers. comm., 2010).

5.3.2 Dixie Federal Well 45-14 \‘

This well is located about 1km (3200ft) SE of the abandoned Dixie Com“k gold mine and is
about 12km (7.4mi) SW of the DVPF (see Figure 40a). The well was dr%wm within a fault
block bounded by a north-trending segment of the range-front.faul he surface expression
of the main piedmont fault within the DVFZ. Temperatur \ W a maximum
temperature of 196°C (385°F) at a total depth of 2750m hemical characteristics of
the produced fluid are:

= High concentrations of SiO,, As, B, Br, anﬁ,

= Low concentrations of Ca and Mg witha tent of 481ppm;

=  Most similar in general compositio d eservoir waters (Figure 26);

= Chloride variation plots indicA uid'is not derived from the 245°C (473°F)
reservoir;

= Very weak (8-15 |/min rtesian flow (Dick Benoit of Magma Power Company
to Joe lovenitti of a‘ock rs. comm., 2011); and

=  Fluid entries at 1 9£S%Sft) and 2510m (8235ft); rate of flow=1.11/s or 14 gpm
(Williams and Sass,

&epoim

ck Mine
is | oée):d within the DVFZ, adjacent to a north-trending segment, just west of
gure 40a);

5.3.3 Dixi

\ ockwork epithermal ore deposit with “hot” rock faces reported in mine; and
’ |ny related to present hydrothermal activity in Dixie Valley.

‘ “IDlee Federal Well 66-21
he well is located in the valley just south of DVPP; and only 2km (6560ft) SW of the section 10
'_fumaroles (see Figure 40a). The well was also drilled in 1979 with a maximum recorded
‘ " temperature of 215°C (419°F) at 2740m (8990ft).

=  Weak artesian flow (Dick Benoit of Magma Power Company to Joe lovenitti of AltaRock,

p
‘ ’ pers. comm., 2011);

= Relatively moderate to high contents of (SiO,, As, B, Br, and Li);

= Not part of the producing reservoir but has the general characteristics of HTGF;
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=  The Cl-concentration is 3x (1460ppm) that in the DVPF and represents the most saline
groundwater in DV; and

=  Water entry near the bottom has equilibrated at about 210°C (410°F).

Table 2. Summary of Ages of Dixie Valley Spring Deposits (from Blackwell et al., 2005).
Site Type Material Method Date (ka) Reference
Vein Calcite U/Th 182 +4 Goff et al. (2002)
Disequilibrium
Dead Vein Calcite Protactinuim- 161 + 15 Goff et al. (2002)
Travertine 231
Travertine Calcite U/Th Isochron 1005 Dixon et al.
(2003)
Travertine + Sinter Quartz U/Th 54 +4 Goff et al. (2002)
Lower Ranch Disequilibrium
Travertine + Sinter Quartz Protactinuim- 39+2 Goff et al. (2002)
231
The Mirrors Fault Gouge Quartz U/Th 287 +16? Unpublished,
Disequilibrium from Lutz et al.
Dixie Sinter Clast Pollen/ “c AMS 10.72 +0.07 | Lutz et al. (2003)
Comstock Organics
Mine
Section 11 "Zebra" Travertine Unknown “c AmMS 5.04 £0.06 | Lutzetal. (2003)
Altered Zone | pjack Travertine Calcite U/Th Isochron 3.75+0.33 | Dixon et al.
Terrace (2003)
Section 10 Four Sinter Layers Quartz, U/Th Isochron 41+0.1 Dixon et al.
Sinters Opal, Calcite (2003)
Section 11 Sinter Organics Y“c AMS 2.18+0.06 | Lutzet al. (2003)
Sinter
Sinter Organics c AMS 2.47 +£0.05 | Lutz et al. (2003)
Section 15 Sinter Organics c AMS 2.52+0.05 | Lutzetal. (2003)
Sinters
Sinter Quartz, U/Th Isochron 3.6+£0.1 Dixon et al.
Opal, Calcite (2003)

{o

" o
¥

5.3.5
This w
DVP
3

eﬁl Well 62-21
near the middle of DV about ~10km (6mi) east of 66-21 and ~4km (2.5mi) SE of
epest well drilled in DV at 3810m (12,500ft) and has a recorded maximum BHT
ﬁ) The intention was to target a major west-dipping intrabasin fault, that appeared
uv to Hyder HS (D. Blackwell, pers. comm., 2012).

n
\ v

= Low concentrations of Ca and Mg with a Cl content of only 80 ppm;

Contains moderate amounts of SiO,, Br, and Li, and high amounts of As and B;

®  Fluid entry occurs at 2900m (9500ft) at the contact of gabbro and underlying Triassic

slate;

= QOpen head: flows 140 |/min (37gpm) of water at about 76°C (169°F);

=  Waters don’t resemble Dixie production fluids (low Cl);

=  Chemically and isotopically similar to Hyder HS; and
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= Characteristics of moderate temperature geothermal fluids.

5.4 Geothermal and Production Fluids

The DVPF production fluids show all the same characteristics as HTGF and are assumed to derive l &
&

from deep circulation along the DVFZ. The pre-production fluids define a trend of similar As/Cl

ratios, indicating that all the production fluids are interrelated (Figure 36). Within this figure,

increased As and Cl would indicate steam loss (without loss of arsenic), while a decrease

indicates mixing of reservoir fluids with more dilute groundwaters. ’ \v

The cation and anion chemistry within the geothermal system indicates that a major NE
trend is apparent with an increase in Cl concentration and decrease in downhole flok
enthalpy of the pre-production fluids. This trend takes place in the DVPF and extend

section 33 (northwestern most producers, lowest Cl and highest enthalpy) to section 7 {central
producers) to section 18 (southeastern most injectors, highest Cl and lowest enthal igure
40a shows the location of these sections representing the main productlowjectlon zones
within the producing field . The trend, when coupled with Na and K co‘?ents of the pre-
production fluids, implies the presence of at least three fluids with d|s different thermal
and chemical histories. Non-condensable gas data also suppo‘ the m‘ of multiple fluids.

5.5 Helium Isotopic Data

The helium (*He/*He) isotope ratio provides very str‘g‘|dence for the presence of mantle
derived fluids in geothermal systems, and therefofe ma e an indication of a potential heat
source and the potential role mantle meltin mﬂ ormation of a crustal geothermal
system Helium associated with crustal flumilth antle influence is characterized by low

*He/*He ratio (~0. 02 Ra where Ra is th |o in air). Helium associated with mantle
fluids is enriched in He, e.g., mid- oce basalts, and have *He/*He ratios of ~8-9 Ra.
Extensional geothermal systems in the B&R that have moderately elevated *He/*He ratios (<0.8
Ra), with no known mid to up ‘agmatic activity, indicate a mantle component and
suggest the occurrence of permeable pathways that cut through the upper and lower crust
delivering mantle helium e crustal hydrologic system. Helium sample sites in the B&R
(Figure 37), show that Dix Va#ev has moderately elevated helium ratios when compared to the
surrounding B&R, afid is described as a low level “He spike” not related to current magmatism
(Kennedy and van'Soest, 2007). It has been mentioned by Kennedy and others that the long
history of seismicity alﬂ'g the DVFZ has possibly prevented the fault from permanently sealing,
and thus he pathways open.

ssociated with fluids from the productive geothermal reservoir has an isotopic
of 0.70 - 0.76 Ra and represents the highest ratios measured in the valley. The
omponent in the Dixie Valley geothermal field fluids indicates that ~7.5% of the total
in the system is derived from the mantle. Since there is no recent volcanics or other

h
aoté'htial sources, the mantle derived helium is assumed to originate from upflow along the
yDVFZ. The helium composition from springs and wells that are not in direction communication

with the fault zone are a mixture of this deep fluid with younger less helium enriched
groundwater. The exception to this simple mixing trend are the fumarole sites (Senator and
section 10) and Dixie Meadow HS which are not affected by shallow ground water and are
directly connected to the deep geothermal system (Figure 37).

Spring geochemistry coupled with the local geology also indicates that the helium signature is
not related to magmatic activity, and reflects localized zones characterized by deep permeable
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pathways and high vertical fluid flow rates. Kennedy and van Soest (2006) suggest two
mechanisms for the modest enrichment of mantle Helium in the geothermal system (1) fluid
circulation through an aged and non-active magma chamber (perhaps the source chamber for
local Miocene basalts; and (2) fluid transport along the range-front fault from deep mantle

sources. The data supports the latter mechanism and concludes that the most viable source for

the He is fluid transport up through faults, that are in direct communication with the mantle.

Fluids from springs, wells and fumaroles throughout Dixie Valley including from the DVPF were
analyzed for noble gas abundances and isotopic compositions (Kennedy et al., 1996; 200

and shown in Figure 38. The highest helium ratios occurred in the DVPF and at the Dixie
Meadows, Section 10 fumaroles, and in a fluid sampled from 36-14. The noble gas
support for (1) fluid mixing; (2) gas loss related to boiling and phase separation;
evidence that all of the springs, fumaroles, and non-geothermal wells sampled fo

analyses contain a noble gas component that is indistinguishable from the noble ga
production fluids from the DVGS (Figure 38).

ure 37. Shaded relief sample location map of the B&R and surrounding areas. The different symbols

e an indication of the heat source: circle and squares, magmatic; triangles, extensional; and
diamonds, not sure. The magnitude of the 3He/4He ratio at each locality is coded by color as follows:
blue < 0.3 Ra; 0.3 Ra > green < 0.6 Ra; 0.6 Ra > orange < 1.0 Ra; 1.0 Ra > red < 2.0 Ra; 2.0 > yellow < 3.0
Ra; cyan > 3.0 Ra. Certain features are labeled: SV: Surprise Valley; BRD: Black Rock Desert; AD: Alvord
Desert; DV: Dixie Valley; OW: Owyhee River Canyon; DIV: Diamond Valley; K: Klobe hot spring: so far the
lowest observed 3He/4He ratio in the B&R at 0.014 Ra; MN: Monte Neva hot spring; RV: Roosevelt hot
spring and geothermal energy plant; CF: Cove Fort geothermal energy plant. The figure and caption after
Kennedy and van Soest. (2007).
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Figure 38. Non-atmospheric
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Dé”s'ee;‘gn‘i? e RS . mantle derived helium) in
ost 4 - /A N\ - selected Dixie Valley springs, ‘
: / s f les, non-geothermal &
i Senator's Toe ( 8 o ~ umaroles, g < ,
07t "."‘"""""C)'"""""""""i"""""'}';} .CL A We”S (circles) and geothermal
(5] N - 1 s . .
Senator Fum S-,’_ D DVGE wells (squares, diamonds and “ g
o O°F - ee (230) triangles). The figure and ¢
o - 45-14 27-32 0 .
® ® or 4632 11 caption are from Kenne
05  Jersey -~ Sou Spr
am e - e van Soest (2006).
&
< Hyder Spr
04 _’."(;W ycm;] \
o (165) k
03re gs21 * 7o
MC[%‘?Y HS (202) “
0.2 ) L L 1 1
0 50 100 150 200 250 «
F(‘*He) \0
e, G
&
5.6 Fluid-inclusion Gas Chemistry \\ I!
Lutz et al. (2002) analyzed the composition of quid-incIu&a m (1) hydrothermally
altered samples from outcrops along the eastern Still r Range, and (2) scale and vein

samples from geothermal wells. The following seﬂi summarizes the work performed.

K
i tr‘f the fluids trapped during alteration

The purpose of the study was to establish the
Valuate the origins of the inclusion fluids.
ere involved in the formation of alteration

and mineral deposition and use such relationship
The analysis indicated that fluids of diffe er&ig'
minerals during the evolution of the Dixi ygothermal system, with a mixing between
shallow meteoric, evolved meteoric and magmatic end members. Geothermal vein

samples from the wells are inter %mixtures of shallow meteoric and evolved meteoric
(crustal) fluids. Fluid-inclusio ses epidote-bearing fault gouge appear to have a strong
crustal signature (low CO 4 raties), while hematite-bearing vein assemblages are purely
meteoric in origin. Analy wﬁ igh N,/Ar ratios indicate a magmatic origin for some fluid
inclusion gases which agreesiwith the slight mantle-derived helium signature. There is also a
small magmatic ig)qnent to the gases in quartz-calcite veins from production wells, which
was unexpect sﬁ\_(r

magmatic e
bodies exis

othermal system was thought to be related to deep-circulation non-
source of this magmatic component is unclear as no shallow magmatic
icinity of Dixie Valley. The magmatic gases could originate from:

o! ed, aged magma chamber supplying magmatic gases from U and Th decay
Wnedy et al., 1996);

‘ Miocene basalt which could be the source of the magmatic gas in the geothermal veins

G \ . (Lutzetal, 2002); and/or

= Directly from the mantle through a deep-seated range front fault (Blackwell et al., 2005;
e
» Kennedy et al., 2005).

B
‘ ’ 5.7 Injection Studies

The geothermal field's main production and injection zones are overviewed in Section 6.2.
Geothermal Reservoir and shown previously in Figure 17A and as well as Figure 40A. Presented
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here is a discussion of the geochemistry injection investigations as summarized from Blackwell
et al. 2005.

Since the onset of production in mid-1988,~300 x 109kg (6.6 x 10™1bs) of flashed brine,

condensed steam, and shallow groundwater has been injected into the Dixie Valley reservoir. V
The fluids were injected into three general zones (1) the shallow range-front fault near section 5

(depths near 1800m [5900ft]); (2) the piedmont fault in section 18 (depths of 2700 to 300m

[8860-9840ft]); and (3) the Miocene basalt aquifer overlying the southern part of reservoir in

section 18 (2170 to 2230m [7120-7320ft]).The brine is distinguished from the production

it is enriched in Cl, **0 and D, and depleted in non-condensable gases. Chloride trends a
tracer testing show a high degree of connectivity between the injection and produc

This assumes there is only one indigenous geothermal fluid entering the reservoij ual
wells within the DVPF.

5.7.1 Tracer Test - Reservoir Connectivity

Tracer testing performed within the geothermal system revealed a hi e reservoir
connectivity between all the injection wells (section 18 and 5) and th production
wells (Rose et al. 2002). For the location on injection and production zones, see Section 5, Figure

17a and 40A. In previous studies including Rose et al. 2002, ers from section 5 or 18
injectors has ever been observed in the northern-most se oduction wells. While
section 32 injector wells show a degree of connectivit e northern wells within section
33, a major flow barrier was thought to exist betwe ection 5 wells and southern wells

within section 33 (Figure 39). However findings utz et al. (2003) and an analysis by Reed
(2007) show that all of the section 33 wells (
received the tracer from injection well 25-5
geothermal reservoir. According to this
have re-established fluid pathways
above.

ere is no barrier to fluid flow in the
study, augmentation fluid injection may
d indications of the proposed barrier described

Figure 39. NE/SW
Cross Section
showing tracer
flow patterns of
the producing
field based on
tracer and
connectivity test.
The figure and
caption are from
Rose et al.
(2002).
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6. Dixie Valley Geothermal Wellfield

This section represents the available wellfield assessment acquired from the public literature,
Blackwell et al. 2005, and selected proprietary data provided by Terra-Gen Corporation. ‘

The DVGW encompasses the area (1 ) in and around the producing and injecting portions of the & 7

geothermal field, and (2) dry and sub-commercial wells to the northeast and southwest of the “

producing area, and lies primarily within the DVFZ (Figure 40a). The producing portion of the <

wellfield (DVPF, Figure 1) also lies adjacent to the Stillwater Seismic Gap (see Section 2.2. T‘q

DVGW for the purposes of this report incorporates all the geothermal wells® drilled in th

Project Area and extends from 45-14 to the southwest, to 76-28 to the northwest, a

to the east in central Dixie Valley (Figure 40A). The wellfield is bounded by the rang* ault

to the west, as no geothermal wells have been drilled within the Stillwater Range. T VGW

contains the highest measured geothermal gradients (see Figure 33), surface expr ns of

hydrothermal circulation including Senator and section 10 Fumaroles, an“ou

intrabasinal faults. As reported by Blackwell et al. (2005) the producing.are t a complex

structural intersection of intra-range normal faulting, the main ranges ing fault and two

piedmont faults, a Landsat lineament, an InSAR lineament (Foxah’and% 2003), and the
B

gravity gradient maxima along the western margin of the basq' Fiqu

6.1 Structure

).

The structural model for the DVGW proposed by Okaya@and Thompson (1985) and Benoit (1999)

(discussed in Section 2.2.2) was a single range- mg.ult dipping at ~54° toward the basin.
This model was based on the assumption t Its encountered in the producing wells
could be projected to the topographic br ag the valley and range. A variety of
geophysical data has been collected (B 2005) supporting an alternative hypothesis

that the contact between the range an valley bIocks occurs along 2 or more, steeply dipping
faults — rather than a single mod plng fault. This evidence includes reprocessed
seismic lines (Figure 17a and ﬁn netic and gravity data (Figure 12), geologic mapping,
well data including temp es (see Section 6.3), and interpretations from MT profiles
(Figure 16A-16C). The ba I|ne onceptual model assumes a steeply dipping multi-fault model
along the entire length of thg,DVFZ through the study area as is required by the geologic,
drilling, and geo;iical evidence available (see Section 7.2 for a detailed discussion). Salient
structural setting features within the producing field are that:

= Fr

eeding the geothermal system are steep (70° to 90°) within the upper 3.5km

ft) of the crust;
DVFZ is complex and distributed laterally over several kilometers extending from

vin the range to deep in the basin fill;

‘ The source of heat is the flow of fluids within dilated zones along two steeply dipping
° , © faults, specifically the range-front fault and a major sub-parallel piedmont fault
¢ segment. For example 36-14, a sub-commercial well, records the highest temperature
‘ ~ (~285°C [545°F]) and is inclined almost directly beneath the exposed range-front fault
" ’ and encountered fractures with limited production in the last 30m (100ft) of the

! TGHs are not considered in this report.
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deviated wellbore. The majority of producing wells penetrate the steeply dipping,
hydrothermal-bearing piedmont fault structure;

= The dip separation between the basement rocks exposed in the range and the basement
below the valley is distributed between at least two faults: the range-front fault and the
piedmont fault. The range-front fault creates the surface topographic break; a major
piedmont fault takes up much of the displacement between the range and valley

AT
B

bottom; and “
= Antithetic faults form mini-grabens on the hanging wall block of the major faults’ ‘

important features of the geothermal reservoir.

a8 11, showin‘;“cation of

03“ 33|Prodycers wells witlJf the Dixie
& mGeothermal
ell eld (DVGW). The

ain production and

e

&

£
H8ed

ion 5 knjectgrs !

S:;;S .&\6‘} ;| injections zones are
5 labeled by section
number and outlined
in blue. The Section 18
62-23A .\ '62-2] . . ..
o §6-21 Sectipn 18{LambjRancH Injecfors and Section 5 injectors
are connected with the
: {e main production zone
-/\3{ . \)'\* in Section 7, while
N 36 3 36 Section 32 injectors are
connected with the
1 6 ,45-33 Well Location 1 northernmost Section
33 producers. The

| 6

Figurem%m\ -

ﬂ’o
&

A
h in wells 45-14 and 66-21 (Hickman et al., 1998) indicate greater horizontal maximum stress
values in the vicinity of those wells than for either of the producing wells studied or well 62-21.
They suggest that the higher ratio of maximum horizontal stress to vertical stress decreases the
shear stress which drives fault slip, and thus even optimally oriented fractures are not critically
stressed for frictional failure. In general, the zone of permeability in the subsurface is not limited

to a single fault plane, rather, the geothermal system produces from primary and secondary

o523 + 0  Imi o= .
Dixie C « Mi m figure and caption are
1e Comstoc me
';E'”J . : - after Lutz et al. 1998.
6.1.1 Stresgalysﬂ—
Borehole imagi dhydraulic fracturing experiments have been carried out in a number of

Dixie Valley we incl ng 45-14 and 66-21 to the south, and production wells 37-33, 62-21,
73B-7 an fk DVGW (Barton et al., 1997; 1998, and Hickman et al., 1997; 1998). Based
S al) breakouts and tensile fractures in the boreholes, the orientation of the least
ntal‘principal stress in the productive wells was determined to be 135°+/- 8° (NW-SE). The
rmeable fractures in the productive wells is about 60° to the SE, thus the authors
conclude that the producing wells intersect fractures that are optimally oriented for
rmal slip in the current stress field, and that shear slip maintains the permeability along
primary and secondary fault planes. Sub-commercial to dry (nonproducing) wells such as that
south of the DVPF have permeable fractures of more varied orientations. Well bore breakouts
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features in intermittent areas along the DVFZ which appear to be dilatational due to the local
relationship between the main fault and the stress field (see Section 7.3).

Figure 40B. Map showing NW-

118:‘1 5' X N IIS:’DD' N ) 117:‘45' X ) 1n7ezg
= = 7 - trending lineaments identified c
i ; 7 7 _ - from Landsat images (yellow) ‘

crossing Dixie Valley. Also
shown are mapped faults froa
Smith et al., 2001 (blaot‘
interpreted major faulfZones
v (purple), the salt I\(’
# | ww | belt (dark gre
4 gravity gradien
gray lines), line

identified in INSAR"Images by
Foxall 0, 2003 (bold
bh’mes nd subsidence

fr ntified in INSAR
ii s (colored contours near

v 4
h S

40°00" -

e geothermal field). For the

nge-front fault, blue = 1915
surface ruptures; brown =
1954 surface ruptures; green =
The Bend Event ¢2.5ka) surface
ruptures. Note that portions of
the Bend Event and the 1954
surface ruptures overlap
adjacent to Dixie Meadows.
The figure and caption are
= | from Blackwell et al. (2005).

ogs: )
39°45 o—

39730 48 - 39
118°13" 118700 117745 117730
-

This section summarizes studiesthat used the borehole televiewer (BHTV) to determine stress
and permeability within rvoir (Hickman et al., 1998; 2000). BHTV images analysis in well
82-5 focused on thé fault ;bn-eat a depth of ~2071-2724m (6800-8940ft) to determine the
nature, distribution and hydraulic properties of fractures within the DVGW and their relation to
orientation and magnitude of the horizontal minimum stress (Shmin) is
r}nnmg if fractures are optimally oriented and critically stressed in the
Id. This is calculated using (1) tensile cracks forming perpendicular to the
min, (2) borehole breakouts (compressive rock failures) which form parallel to Shmin ,
aulic fractures which will propagate in a plane perpendicular to the maximum
e'stress (parallel to the strike of the fault zone). A necessary condition for high reservoir
e( rmeability is that the DVFZ be critically stressed for frictional (shear) failure in the current
Tess field. Tensional stresses along optimally oriented fractures result in shear slip along the
»‘fractures planes that force open the fractures due to irregular grooves and asperities along the
y slip surfaces. This develops permeability within the fault zone, which is maintained as tectonic
\ forces re-stress the fractures to critical levels that results in another slip event (extensional
failure) along the fracture planes. This intermittent seismicity is responsible for preventing the
open fractures from becoming sealed by geothermal fluids over time.
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Wells used in these studies are summarized below and reported to encounter the Stillwater
Fault Zone (SFZ) at depths of 2 to 3km (6600-9800ft). The term SFZ is synonymous in this context
with the DVFZ and more specifically refers to the both the range-front and piedmont fault

portion of the DVFZ within its northernmost segment adjacent to the Stillwater Seismic Gap. ‘ N
Wells 73B-7, 82A-7, 74-7, 82-5 and 37-33 penetrate the piedmont fault, the highly permeable l/ 4
(producing) segment of the DVFZ, which is referred to as the SFZ within the Hickman et al.'s “

studies. Wells 66-21, 82-5 and 45-14 failed to encounter enough permeability within the
adjacent fault/fracture zones. ’ \v

Well 82-5 (dry well)

Well 82-5, located near the Section 5 injectors (Figure 40a and 41), and only 600m (m ’
southwest of the most permeable production wells within the DVGW has been repo pass
through the main range front fault at 2833m (9300ft). According to the baseline conceptual
model, (see Section 7) this well actually penetrates the steeply dipping piedmont 1& For
reference purposes herein, where the SFZ is mentioned relative to this well,:it refers to the
piedmont fault segment of the DVFZ. Despite the favorable location, the.we el countered low
permeability in the fault zone and was dry. The authors here suggest ghis well was deviated
within a compressional zone where a N-S trending structure with'a su ted right lateral
component intersects the NE-trending piedmont fault (see 1?nd Section 7.2). The
adjacent permeable section 33 producers lie within the ponding dilated quadrant at this
structural intersection. The following points detail tzfgst‘ss conditions based on the
aforementioned fracture analysis (Hickman et aI.,i 0)

= Sealed fractures starting at ~2740m (89
Shmin (observed just above the SFZ, i.e., th

we‘encountered within the fault zone;

in piedmont fault within the DVFZ) :

0 Above 2660m (8730ft): + (parallel to the strike of the SFZ);

O Below 2660m (8730ftL$E 1 13° (perpendicular to the strike of the SFZ);

= Anearly 90° rotation in the azimuth of the least horizontal principle stress (Shmin)
at ~2.7km (8800ft) de esized to have been the results of a moderate-sized
earthquake on a fa Itztubp lel to the SFZ;

= Stress direction below ~2.7’km in 82-5, a dry well, agrees with stress directions observed

in 73B-7 and 74-7 rogucing wells), and 25-5 (injection well);

.

= Based or& erientation of Shmin measured from borehole breakouts, the natural
fracturés within’'50m (164ft) of the SFZ, are optimally oriented for normal slip; and

= L cg‘wty within this optimally oriented fracture zone is due to localized
s in the magnitude of Shmin (reduction in shear stress) related to lithology with
t resence of weak talc (u<0.25) within the main shear zone of the SFZ. This reduces
’\?di?ferential stress in the adjacent country rock and shields potential permeable
A A
Ghe following wells were discussed in the Hickman et al. (1998, 2000), see Figure 41. Where only
the calculated horizontal minimum stress is mentioned no other data was available. Note that if
. the horizontal minimum stress is perpendicular to the DVFZ and parallel to the ESE extensional

y axis, then the fractures are optimally oriented for normal faulting. Whether they are opened is a
\ ’ function of local lithology, stress magnitudes, alteration mineralogy and the degree of sealing.

Well 66-21: Shmin = N20°W +-20° (dry well)

=  OQOrientation of (Shmin) is optimal for normal faulting on the piedmont fault segment of
the DVFZ ; and

actures from high tectonic shear stresses.
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=  Magnitude of Shmin is too high to result in incipient frictional failure.

Well 45-14: Shmin= N41°W +-12° (dry well)

=  Magnitude of Shminis low enough for frictional failure (on optimal orientations); ‘

=  Fractures are not optimally oriented for normal faulting; and
= The range front fault segment of the DVFZ is locally rotated ~40° from the optimal

orientation for failure. | ’

Well 73B-7: Shmin = N57W +- 10° (Production well)
Well 25-5: Shmin = S64°E +-14° (Injection well) \s\

Well 74-7: Shmin = S55°E +-15° (Production well) ‘"‘
= Humboldt igneous group contains all the producing fractures; anﬂ
= The Stillwater Fault, i.e. range-front fault segment of the DVEZ;.at t ation
reportedly dips S45°E at ~53°, which is the optimal orlentatlo rmal faulting in
current stress field. This shallow dip likely assumes that e S;Wr Fault (range-front
fault) projects to the vicinity of section 7 producers, re aru lly the section 7 wells
lies along a more steeply dipping pledmont faul

6.2 Geothermal Reservoir

The basic setting of the producing geothermal r mr.s within an open fracture network
developed where crystalline portions of the &nﬁous complex within the hanging wall of
the DVFZ are juxtaposed against Cretace u‘ iorite in the footwall (Lutz et al., 1997), as
seen in the lithology logs of the Section n wells (Appendix 9). Lutz et al. (1997)
reports that production originates from hlgh temperature subhorizontal aquifers, mostly
the Jurassic igneous rocks/quart nd 2500-3000m (8200-9800ft), and also from the
Miocene basalt at around 20 ﬁ\ (6600-8200ft). The authors of this report believe that the
current geothermal prod n is.originating from the piedmont fault segment of the DVFZ.
Brittle rocks including th ura;m‘ﬂ’orltes and gabbros (lower section of the Humboldt igheous
complex) and the Boyer Ranch quartzite (within the narrow zone of faulting) are the best
reservoir rocks ird producing field due to their fractured nature and high permeability.
Productive zongs within‘some wells (e.g. 76A-7 and 38-32) may lie within a re-activated thrust
(ex. Boyer te ically bounding the Jurassic igneous complex from the underlying
r§1ents It has been mentioned that a piedmont fault representing a major
Z is the major producing structure in the geothermal system. Thus, it is
the geothermal reservoir lies within the fault zone, intersecting structures and
aults and fractures in the hanging wall block of this piedmont fault. The bounding

Gco ns for the reservoir as defined by Lutz et al. (1997) are outlined below:
) = North: leading edge of the Fencemaker allochthon that carries the Jurassic igneous

h.. complex
P = South: White Rock Canyon (Figure 1) that separates NNW-oriented fault segments from

NE orientations;
= East-West: restricted to the narrow band of fracturing within the DVFZ;

= Upper: lithologic contact between Jurassic igneous rocks and younger sedimentary
rocks; and
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Lower: Mesozoic (Boyer or Fencemaker) thrust at the base of the Jurassic section.

Figure 41. Map of the Dixie Valley

Geothermal Field showing the
orientation of Sy, as outward-
directed arrows. Also shown are
lower hemisphere stereographlc
projections of poles to permeabl
/ fractures in selected pro e’n\
wells, contoured using th

27.33 method, demonstrati
fractures and the gver Water
fault zone are wel| d*for

normal faulting in ’%urrent
stress fielgh{see Bartoh et al., 1998;
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The Project Area Iithologﬁta perwell is presented in Appendix 10. The temperature data for

the DVGW is presented i
and a summary d

dix 11. The wells in the producing field are shown in Figure 42
ssmn"ﬂﬁese wells by Reed (2007) is presented below.

-3, and 52-18 inject fluid into a sub-horizontal, lower temperature
quifer in Miocene basalts east of the range-front fault along the

= Wells -
22 ° °F)
structure at depths between 2192m and 2248m (7200ft and 7373ft).
-5 and 45-5 inject fluid into shallow, lower temperature 205°C (401°F) zones

Cmv

lated with the Miocene basalt and/or Jurassic volcanics within the DVFZ (piedmont
ment) at depths between 1776 and 1876m (3860 and 6155ft) according to Benoit
(1992). It is reported in the 45-5 well log (Appendix 9), that a mylontized fault zone,
assumed to be the piedmont fault segment of the DVFZ was encountered at a depth
1814-1881m (5951-6171ft).

More recent wells 27-32 and 38-32 have only been used for injection of cold steam
condensate and augmentation water into a shallow (180m [590ft] deep) fault zone
which was originally an outflow plume from the reservoir.

Section 33 wells (37-33, 28-33, 27-33) are assumed to produce from fractures in the
encountered Jurassic igneous rocks and Boyer Ranch quartzites along the piedmont
structure (see summarized well logs in Appendix 9).
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The geothermal reservoir has been described above by Lutz et al. (1997) as occurring within
specific fractured formations. Reed (2007) emphasizes the structure and relating fracturing in
describing the geothermal reservoir as a set of sub-parallel fractures with narrow apertures
(volumes up to 3.5 x 10" m*[1.2 x 10° ft?]), long mean residence times (up to 1197 days) and
large surface areas (for high heat transfer) developed in the fault zone and adjacent damage
zone that provide permeability. The permeable zones provide conduits for fluid rising from
depth and fluid flowing from injection to production wells. Antithetic sets of fractures provide\

@, .
A4

permeable pathways for fluid injected into the Tertiary basalt zones to reach the main fr?rw

Figure 42. Map of the eo
producing field show
s ﬁ?it;gﬁ 18/Lamb Ranch ig
30 TN 31 ® ik 32| @aa3 33| | Section 5 injectors nction
REIRIE. T with the main Sectiof # producers.
i Section 3@5 are connected
; with e Sec 3 producers
455 )
W|th| thern producing
Diie Goerenger well is a
1 & 5 I'"’E“W 4 sh C‘ ugmentation water well
:T:::‘QEV Well g0 ated.with the power plan.t.
il oAb e figure is from and the caption
N . S is after Reed (2007).
g Las
Vegas
®
A 7607 S
12 41-18 7 ] )
W0 o @s218
32-18 SWIL-3 O Injection Well
@ Froduction Well
065 L {} Auvgmentation Well
I 1km I
11 16 1 mile

6.3 Thermal D

Due to the hig rmal radient, surface features including springs and fumaroles, the close
proximity to th nd high temperatures encountered at depth, the DVPP and the DVPF
are them d and studied areas of Dixie Valley. While the setting of the subsurface
W|th|n y is generally constrained based on geophysical work, the producing field has
alled subsurface information due to a number of temperature gradient holes
eep wells. Temperature-depth profiles for shallow wells (TGHs) within the DVPF
DVPP are shown in Figure 43. Of the approximately 223 wells/TGHs drilled, 96 have

lhble temperature-depth data as part of the SMU Western Geothermal Database (WGD):
p //smu.edu/geothermal.

6.3.1 Shallow thermal regime
The highest gradients in shallow TGHs occur near the exposed range front fault, with the
maxima near the Senator fumaroles (DVPF) and the section 10 fumaroles (DVPP) near well 53-15
(Figure 44). The occurrence of high gradients near 36-14 and 62-A23 bulge out into the valley for
several kilometers and occur near the projected location where the Buckbrush fault system
merges with the DVFZ (see Figure 30). The shallow thermal contours clearly show two plumes of
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thermal water leakage from the range front fault into the valley fill at depths less than around

100m (328ft), with the plumes appearing to originate at the two fumarole areas along the

range/valley contact. While both the range front and piedmont fault are considered the major

thermal bearing structures, the piedmont fault does not appear to contribute hot fluid to the ‘ N
shallow thermal regime. Its effect is likely masked by the shallow outflow of fluids from the L >
range front fault as geothermal fluids derived from the piedmont structure are known to occur “

at deeper levels. The TGH temperature-depth profiles within the geothermal field around the €

Senator Fumaroles indicate significant lateral flow of warm water at shallow depths of aro v

25 and 100m (82 and 328ft) and at depths around 20 and 70m (65 and 230ft) within the jP

(Figure 44). The southern plume coincides with a negative aeromagnetic anomaly beﬁe‘ow’

positive anomalies (see Figure 10), also indicating probable leakage of geothermaj‘_k
the shallow valley fill with no surface manifestation directly associated with it. )
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Figure 43. Temperature—decur s for thermal gradient wells in the DVPP (right) and the Senator
Fumaroles area (left). The figd e pd caption are from Blackwell et al. (2005).

6.3.2 Deept er\ I regime
Data from dee lIswithin the DVPF show temperatures vary from 225°C to 245°C (437°F to
473°F) f!bout 2500m (8200ft). The temperature in 36-14 (DVPP) produced from
fractur(&a2 bottom of the well and is by far the highest bottomhole temperature
obs d 85°C [545°F]) in an B&R extensional geothermal system. Geologic and thermal data
%‘ support a steeply dipping fault zone consisting of at least two major structures as
e By the drilling of wells 62-23 (two legs) and 36-14 within the DVPP. Both legs (62-23 and
2-A23) were impermeable but the 62-A23 leg recorded a BHT of 267°C (512°F) at 3592m
‘(11,785ft), which was hotter than the production wells in the DVPF to the north. A generalized
cross-section (Figure 45A) shows that temperatures never became isothermal or decreased with
depth in 62-A23, and that the piedmont fault, believed to be the main high-temperature
geothermal upwelling zone was not crossed in either well 62-A23 (at depth) or 36-14, which
crossed the fault at a very shallow depth. Furthermore, drilling of 36-14 unexpectantly
intersected basement rocks (presumably the Jurassic mafic section) at only 1km (3300 ft) depth
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with no fault encountered. The well was then deviated towards the range-front fault of the
DVFZ and continued to show increasing temperatures with depth.

UTM North

Figure 44. Deep wells and
thermal gradient contours
for the valley along the
range front between the

. B.32 /# secton3s || D\/pp ease (Section 10
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The thermal and lithologic data, in particular
the range-bounding fault must have a fairly steep
near 45-14, and a near vertical dip alon
assuming the fault was not crossed
geothermal fluid bearing structu
A23 (Figure 45A). The structur,
location of the maximum
northern producing field
comprising the DVFZ bas

al

m wells 45-14 and 36-14, indicate that
>70° E) at the north-trending segment
t-trending segment adjacent to the DVPP,

4. Additionally the thermal data indicates a major
ont fault) is present between the wells 36-14 and 62-
e steeply dipping and coincides with the inferred

nt (see Figures 11 and 13). A cross section through the

so shows two major steeply dipping structures

e thermal data described above.

N
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Figure 45A. Thermal model
for the DVPP area based on
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-1000 0 1000 2000

Distance from range front (m)

3000

temperature matching in
the deep wells. The figure
and caption are from
Blackwell et al. (2005).
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Figure 45B. Thermal
model for the DVPF in
section 32/33 based on
temperature matching in
the deep wells. The figure
and caption are from
Blackwell et al. (2005).
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6.4 Summary of Geothermal Wells

Table 3 summarizes well data from Blackwell et al. (2 able is incomplete and doesn’t
have information on the entire well database for t ct Area. Additional well information
from other sources including both the publicd ima rivate sector can be found in
Appendix 9. This appendix contains: (1) Sun ology summary based on Sunoco mud
logs and acquired with the permission from Terra Corporation (Terra-Gen), and (2) lithology
summary based on the Nevada Bureau d Geology (NBMG) online geothermal
database (see below). It is importa at some of the wells included in both sources
(Sunoco and NBMG) are not consi nd the NBMG database is considered the less accurate
source. Appendix 10 presents lithology from the wells that divides the geology into
six stratigraphic units. Ap marizes the temperature data that has been acquired
mainly from the SMU geoéther atabase (see below) and data provided by Terra-Gen and
includes mostly BHT mea nts. Additional temperature data was extracted from the
temperature-dep files shown in Figure 46, derived from Blackwell et al. (2005). The

ta for the remaining wells was not available to this investigation. Links
for the geother bases available online are provided below.

dist University (SMU) geothermal database: http://smu.edu/geothermal

of Mines and Geology (NBMG) geothermal database:
.nbmg.unr.edu/geothermal/mapfiles/nvgeowel.txt

.1 Geothermal Wells within the DVPF

e well distribution within the DVPF can be found in Figure 42 which outlines the main
production and injection zones. The production wells are clustered in two locations, section 7 in
the center of the field and section 33 to the north. Injection wells include the section 18 wells
and the section 5 wells between the two producing zones. Section 32 injectors in the northern
producing field are in connection with the section 33 producers. Complete temperature-depth
profiles for wells within and outside of the producing field are shown in Figure 46. Lithology and
additional temperature data that has been acquired can be found in Appendices 9-11.
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Table 3. Well data outside of the producing field (from Blackwell et al., 2005)

Well | Location Depth | Temperature Lithology Notes
45-14 | Dixie 2750m 196°C (385°F) | 0-335m (0-1100ft): Most similar in comp. to
Comstock | 9022ft unconsolidated il deep reservoir waters,
i 335-792m (1100-2600ft): o
Mine silicic Cz volcanics limited flow
Southern- 792-2774m (2600-9100ft):
most well Tr metasediments y
66-21 South of 2988m 215°C (419°F) | 0-1250m (0-4101ft): basin- | Most saline
DVPP 9800ft @2470m il etysadis groundwater in DV
1250-1585m (4101-
5200ft): Cz volcanics HTGF
1585-2455m (5200- water entry at 1463m
8054ft): granodiorite (4800ft) (cased) and
2455-2989m (8054-
9806ft): meta(sediment bottom
Ophiolitic bottom
62-21 | Middle of | 3810m | 184°C (363°F) | Lithology found in _alFluid‘entry@2900m
DV 12,500ft | @3318m Appendix 9 ( ft)
East of eontact of gabbro and
DVPP nderlying Tr slate
82-5 DVPF ~2750m 226°C (439°F) | Lithology found in Tight, does not flow
(dry) 9022ft Appendix 9 Lo Eameeliiy
38-32 | DVPF ~1100m 201°C (394°F) Nmm (0-492ft): Intersected a stranded
3610ft Basm'ﬁ”vime"ts block between range
‘ 77m (492-2549ft): front and piedmont fault
oyer Ranch quartzite
& Drilled in ‘00
7-1006m (2549-3300ft):
A Jz mafic igneous Used as main injection
1006-1113m (3300- well in Section 32
\ 3652ft): Brecciated FZ
‘ ’ 1113-1168m (3652-
3832ft): Tr phyllites
53-15 DVPP 1200m 150°C (302°F) | Lithology unknown 500m (1640ft) from
3937ft range-front
62-23 DVPP, 2900m 250°C (482°F) | Lithology unknown Drilled in ’92-92
62-23A | DVP ’14& Both legs tight
3492m 267°C (513°F) Drilled within piedmont
11,457ft structure
36-14 DVPP 3050m 285°C (545°F) | Intersected Nearly vertically below
10,007ft basement at topographic edge of
only ~1km (3280ft) Stillwater Range, limited
Lithology unknown flow from fractures in
bottom of well
Well 38-32

This injection well was drilled in December 2000 between the range front and the producing

wellfield (adjacent to Senator Fumaroles) and west of section 33 producers (see Figure 42). The

well was thought to penetrate an extensive basin-fill section, however the well encountered a

shallow zone of highly altered alluvium and intersected bedrock consisting of the Boyer Ranch
quartzite at only ~400m (1312ft). The lithology of the well is included in Table 3, while a general
cross-section within the vicinity of the well is shown in Figure 45B. Additionally a brecciated fault
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zone encountered at ~1000m (3300ft) complicates the structural framework. If this fault zone
connects with range-bounding fault then a shallower fault dip is required within this area. This
unexpected lithology has been interpreted by Johnson and Hulen, 2002 as a stranded “gravity
slide” block between the Dixie Valley range-bounding fault and a shallowly buried fault to the

DVPPIDVPF Deep Wells Figure 46. Temperature-depth curves/

0 Frree T T T T T T T for wells within the Dixie Valley ‘
Geothermal Wellfield. All profiles

equilibrium static profiles exc
14, 66-21, and 45-14. The 36-
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east, of which the majority of the structural offset between the valley and the range occur on
the latter fault (Figure 47). This cross-section depicts the “stranded block” which was buried by
recent alluvium relies on the assumption that Cenozoic volcanics found within the brecciated
zone are not derived from the Jurassic volcanic sequences. The major displacement on the
piedmont fault east of the well is explained as either a relay ramp or a major splay from a
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steeply dipping master structure that curves to a more shallow dip near the surface (Johnson
and Hulen, 2002).

Authors herein infer that this could also be explained by (1) a steeply dipping subsidiary
structure within the DVFZ that lies between the range front and piedmont fault, or (2) a more
northerly-trending cross or transfer fault that projects from the range to the vicinity of 38-32 to
a change in strike along the piedmont fault (D. Blackwell, pers. comm., 2011). The wellfield is
mostly distributed basinward, as this structure is not encountered by any wells other than 38-

32. Additionally northeast of this area, geophysical evidence show that piedmont fault is! &
eS

distributed along at least three sub-parallel and merging segments, that could extend to
in the vicinity of Section 32. It is also noted that the Boyer Thrust is exposed a few ki e‘s ’
the west in the Stillwater Range and likely projects to the vicinity of this well, althou

younger volcanics clasts within the fault zone suggest a younger structure. ‘w‘
Well 25-5 %
This is an injection well into Miocene basalt at 1820, 1850 and 1870m«(597 , 6135ft);

sediment-basalt contact is at 1580m (5185ft) (Mallan and Wilt 2000). -
P V‘

Well 37-33
According to Hulen et al., (1999), this well: \ '
&
the O

= Yielded a small quantity of oil at the wellhea 38°F);

= Has the source of oil inferred to originate fr ligocene-Miocene lacustrine
sediments (Tma), which occur depositinaﬁbelo‘the Miocene basalts;

= |scased to a depth of 2604m (8543f Neh hole section to a depth of 2816m
(9240ft); tA/ ‘

=  Has thermal-fluid production fro e piedmont fault within the DVFZ in the open hole
section;

=  Encountered the follo iq y at the depths indicated: Tmb (1759-2158m(ft]); Tma
(2158-2524m[]); Jh (l24- 6m[ft]); Jbr (2646-2718m(ft]); Kgr (2718-2758m(ft]);

=  Encountered theémonﬁault at 2718m (8917ft) between quartzite in the hanging

wall and Cretaceo gn%nodiorite in the footwall block.
N

Well 45-33
According to Lutzet alﬁ998), this well has the following lithology at the depths indicated:
= L m): Ts (0-2737m[0-8980ft]); Jhg (2737-2926m[8989-9600ft]); Jbr (2926-
600-10,250ft]); and
lﬁlé

‘ ’\Qiary basin-filling sediments; Tmb: Miocene basalts; Tma: Miocene lacustrine
‘ (‘s'ediments; Tv: Oligocene silicic volcanics; Jhg: Jurassic Humboldt igneous group; Jbr:

abbreviated lithology notations correspond to the following stratigraphic units: Ts:

" Jurassic Boyer Ranch quartzite; Kgr: Cretaceous granodiorite. The stratigraphic units are
discussed in the next section in the Baseline Conceptual Model.
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7. Baseline Conceptual Geother,
7.1 Introduction and Backgro

7.1.1 Public Domain Highli

The following Section 7.1.1 ove
reflects the salient highlights
commentary by the auth

The DVFZ has been deter
multiple strands
range and valley, i
multiple fault st
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rather t
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-1

-2

ELEVATION, km

Figure 47. Cross-section of the
Stillwater Range/Dixie Valley
contact immediately south of
the Section 33 producing wells.
BF - Boyer Fault, DVF - Dixie
Valley Fault, FT - Fenchmaker
Thrust, Wells: DV27-32, DV38-
32, DV82-5, Jbq - Jurassic
quartzite, Jhg - Humbol
Igneous complex, Kgr -
Cretaceous granit
Quaternary alluvi
Slickensided
TRapTriassic ar

phillites, TRIs - Trigssi
carbon uglimestone, Tvu -
T % nic, undivided,

T rmed Tcc. The
iglfe and caption are from
son and Hulen (2002).

rtant observations from the Baseline Model and
by Blackwell et al. (2005) with some additional

0 be a complex zone of faults (1-2km [3300-6600ft]wide), with
ing steep dips (75-85° or greater to a depth of at least 3km [1.9mi]) in the
ition to the main range-bounding fault. A steeply dipping system of
required by the gravity, temperature, drilling, surface mapping, and
results. Thus the structural offset is distributed across multiple zones

le range-front fault plane as the extensional strain in Dixie Valley is not only

d by the range-front fault, but also by a multitude of other range and valley

t he production wells within the DVPF and DVPP areas are located 2-3km (1.2 -1.9mi)
valley and produce from blind valley (piedmont) segments of the piedmont fault

ent of the DVFZ. The section 7 producers and section 18 injectors (Figure 40A) lie along the
dmont structure, which accommodates the majority of vertical displacement along the fault
zone. As identified in this investigation, the producing geothermal system lies within

intermittent dilatational zones along the DVFZ where fractures are optimally oriented and
critically stressed for normal faulting and are open. Other important observations of the
structural setting are listed below.

= The Dixie Valley setting shows the importance of buried relay ramps that lie basinward

of exposed range-faults for future exploration.
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= The “Stillwater Gap” could likely experience low level movement “creep” that maintains
the fracture permeability along the fault.

Main points from the hydrology and geochemistry assessment are: ‘
=  Fluid loss in the geothermal system is due to leakage from the range front fault, l, ’;

piedmont faults, and interconnected intrabasin faults that all outflow directly into the
valley-fill within several gravely interbedded artesian layers.

= W
= Spring chemistry indicates a mixture of cold meteoric water derived from precip@io k v
in the basin and surrounding ranges and deeply circulating geothermal water de d\
from the DVFZ.

= Shallow groundwater is derived from regional recharge from precipitation\m‘S%
input of geothermal brines from depth. o

=  Geochemistry and isotope analysis show that the geothermal fluids are PI(&)cene in
age that have remained isolated from meteoric recharge. The isotopic ages for Dixie

Valley geothermal waters are 12-20ka. -y
* The geothermal system has been intermittently to continuou e for approximately
100,000 years.

= Helium isotope data indicate small amounts of m 'v* fluid that infer a through-
going fracture network that provides fast path om upper mantle to lower crust
and agrees with a deep-seated range-front f It\odel and deep meteoric water
circulation interacting with the mantle-lower‘crust derived fluids.

= The helium data also suggest that the.e V’&extending south of the EGS study area
may be a geothermal target.

Highlights from the thermal regime are: ‘

= A 20+km strike length of thé faultizone is presently the locus for fluid(s) circulating at
temperatures over 2002 w5°c) at 2 - 3km depth.

=  Two distinct thermal ‘Jid bearing structures (faults) include the exposed range front
fault at shallow It andj,buried piedmont fault at deeper levels which is connected
to the producing geothermal reservoir. However, the very high measured temperature
in 36-14 which is in“close proximity to the range-front fault indicates that hotter
geother fluid is upwelling from depth along that structure.

red Iﬂwn portion of the existing geothermal resource system (see definition
7.2.1) can be defined as consisting of at least three separate geothermal
tems. The two main areas (5km [3.1mi] apart and 2km [1.2mi] wide) are

ing temperatures (225 to 245°C [437 to 473°F) at depths of 2500m (8200ft) and

b

sh

}\’r 265°C (509°F) below 3000m (9800ft). These areas lie adjacent to Senator and

d (‘section 10 fumaroles, respectively. A third geothermal cell is evident to the south within
3 v

the DVPP area.

= The geothermal cell/system thermal regime is locally in equilibrium in the 1-3km (3300-

‘ h' 9800ft) depth range.

7.1.2 Introduction
\ ’ The Baseline Conceptual Geothermal Model is based on work (1) presented in the previous
compendium of baseline (i.e., existing) data, Sections 1-6, that represents primarily the
literature assessment (by the current authors) of the DVGS, (2) limited private sector data, and
(3) interpretations by this current project team. Complete cross-sections (sections) through the
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DVGW (see Section 7.3) can be found in Plates 1 & 2 with noted major assumptions within the
sections found in Appendix 12. For locations of cross-section lines see Figure 48B.

At the conclusion of this discussion, we present a summary description of the assessment in
terms of the hydrothermal geothermal system and the EGS. Both are presented because they
are two aspects of a single geothermal process. Hydrothermal cells in the B&R convectively
transport heat from deeper within the crust to the surface. The thermal energy, carried by the
upwelling geothermal fluid, conductively heats the host rock in the vicinity of the fracture and *
fault hosted geothermal cell. Over time this thermal conductive process has the potentla

heating a substantial body of rock, expanding progressively outward and away from the
convective geothermal cell with time and flow rate. The thermal energy contained in 's’
conductively heated rock is the EGS portion of the geothermal system of interestshe

7.1.3 Calibration of EGS Methodology \
The DVGS was chosen for the development of a calibrated EGS exploration methodology
because it best characterized geothermal systems in the B&R with a censid amount of

by (1) qualitatively integrating geophysical, geological, and geocl‘femm ata sets; (2) cross-

ults; and (3) quantitatively
geostatlstlcs This

roughout the process.

geoscience data and known well results in the public domain. The cah?w has been achieved

correlating the geoscience data with known geothermal we I
assessing the select geoscience parameters and correlati
approach was coupled with subject matter expertise

To obtain high-resolution geophysical data, we definedia Project Area that is 50km x 50km (31mi
x 31mi) approximately centered on the DVGW ( i 48): The DVGW which includes the DVPF
area that is currently producing at over 60 trical generation and the DVPP area to the
southwest has 30 deep wells. Well data va t is project consisted of lithology for 22
wells, thermal data consisting of BHT me s ts for 26 wells, and temperature-depth
profiles for 10 wells. Additionally, temperature- depth profiles were available for nine TGHs.
Since the DVGW contains the fthe subsurface data, and numerous geophysical
e5|g§
omst

surveys (see Section 3), it wa as the Wellfield Calibration Area. This area is defined
as extending from the D| Mine and well 45-14 at southwest end to the Section 10
and Senator fumarole ar tw DVPP and DVPF respectively), to well 76-28 to the northeast,
and to well 62- Zl)the southeast (Figure 48).

7.2 Geologk

nd ?ructural Interpretations

7.2, x{)reted Structural Analysis
The dist i f geothermal cells/anomalies (see discussion below) in Dixie Valley has been
d by‘previous investigators to be mostly controlled by the northeast-trending structures
{t (see Figures 30 and 33). The significance of the inherited, older set of north-trending
st es that are present bounding structural blocks within the Stillwater Range and deep
ault-controlled basins in Dixie Valley has largely been ignored, with the exception of (Waibel,

»1987; Smith and Blackwell, 2001; Waibel, 2011; lovenitti et al., 2011a, 2011b). Where these two

structural trends intersect within the DVFZ, the localized stress field is altered, and zones of
compression and dilatation are developed. If the dominant B&R normal fault trend (NNE-
trending and steeply-dipping) was sufficient alone to transmit hydrothermal fluids from depths,
then geothermal systems would be potentially found along the entire strike length of these
faults, while this is clearly not the case as they are mostly found along isolated structurally
controlled regions. Terminology for describing geothermal for the purpose of this report are (1)
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a geothermal cell is defined as a small localized conduit for geothermal fluids at a given
structural setting, (2) a system is significantly larger than a geothermal cell but not sufficiently
developed to be a geothermal resource, and (3) a geothermal resource represents a geothermal
anomaly of sufficient size and mass that it can be produced.

Legend
Dixie Valley Geothermal Wells Cross Sections

Type
% Mon-Producer Magneto-Telluric Lines
#  Producer —
H
= Sub-Commercial Calibration Area I
‘i) Injector D
& Converted Injector
= Unknown

Figure 48. The Dixie Valley wal Wellfield and Calibration Area. The Dixie Valley Producing Field
(DVPF in Figure 1) is grrently erating over 60MWs of electrical power. The Dixie Valley Power
Partners area (D re 1) lies to the southwest of the DVPF and consists of three dry holes (66-21,

53-15, 62-23A) -commercial well (36-14). Location of cross-section lines is shown in blue. MT
arrays are i nge.

1) has described four examples of favorable structural settings for geothermal
ifically applicable to the B&R. These include (1) step-over or relay ramp between
verlapping normal fault segments with multiple minor faults providing hard linkage

n two major faults, (2) terminations of major normal faults whereby faults break up into
Itiple splays or horsetail, (3) overlapping, oppositely dipping normal fault systems
ccommodation zones) that generate multiple fault intersections in the subsurface, and (4)
dilatational fault intersection between oblique-slip normal faults. In the case of the Dixie Valley
geothermal setting, the structural mechanism appears to fall within the fourth example
mentioned by Faulds involving the interaction of oblique-slip normal fault segments, and on a
more broader scale, the third case. Evidence presented in this section suggests that the Dixie
Valley geothermal system is strongly controlled by dilatational fault intersections.
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Analysis of the overall structural setting of the Project Area reveals that the intersection of the

pre-8 Ma N-trending B&R structures (Waibel, 1987) with the current NE-trending post-8 Ma B&R

structures are coincident with the location of many of the shallow thermal anomalies and the

current geothermal electrical production field (Figures 49A-C; Waibel, 2011; lovenitti et al., ‘ .
2011a; 2011b). In some cases, the older N-trending structures appear to offset NE-oriented l/ 4
structures within the DVFZ suggesting re-activation within the current stress regime. Thus, these *
structural intersections play an important role in the development of dilatation zones that host

geothermal cells/systems/resource in the Project Area. q

In the current stress regime with a least principle stress oriented NW-SE (Symin = N45°W
[Hickman et al., 1998; 2000], see Section 6.1.1), the N to NNE-trending steeply dippi&h ’
structures would be expected to exhibit some re-activation in a dextral strike-slipsse

evaluated with respect to a strike-slip faulting regime. In theory, where the greatest principle
stress is oriented N45°E, roughly parallel to the strike of the Dixie Valley fault, a co*ate set of
strike-slip faults is expected to occur at an orientation of 30° off of the grﬁc&rinciple stress.
Thus, when applied to Dixie Valley an inherited structure oriented apprexim tely N15°E would
be expected to exhibit dextral (right-lateral) strike-slip motion, wjile Structure

oriented ~N75°E is expected to exhibit a sinistral (left-lateral) strike—sl¥:on. It is important
to note that while Dixie Valley is located in the northern B vin? that undergoes mostly
pure extension along a roughly WNW-ESE axis, it is in cl oximity to the north-trending,

trans-tensional structural zone known as the Walke BeltaThus, it is thought that some of
the dextral shear accommodated along this transx nal zone is transferred into the adjacent
terraines. This is reported by Caskey et al. (199 rlgl'vateral offset (right-oblique slip)
evident along the east-dipping Fairview fa téd ruptures, abruptly transitioned to pure
normal slip along ruptures exposed to the a the southernmost Dixie Valley Fault
ruptures.

trending structures present in th r Range to extend within the basin and through the
producing field (Figure 49A). They s that the axis of a syncline within the middle section of
valley-fill sediments, beli te occur syn-extensional as a hanging-wall block response to
normal faulting, is offsetlin.an apparent dextral (right-lateral) motion by the N-trending
structures (see Fi 14)."A'major assumption in this structural interpretation is that the
generally N—trenﬂg faults show relatively recent strike-slip motion as they offset segments of
the range-front and pi ont fault within the DVFZ. Alternatively to the slip direction inferred
along the ctures, the range-front fault and piedmont fault appear to be offsetin a
sinistra ong a NNW to N-trending structure in the area near 45-14, southwest of the
pro & Figure 49B). This provides additional evidence for the re-activation of these
Mures following the formation of the DVFZ, and occurring within the time frame of
*h rent stress regime. The reason for this opposite sense of motion has not been fully
vesi igated. Four potential reasons to account for this sinistral slip could be the (1)
onfiguration of the fault relating to dip direction, (2) transition zone between pure normal slip
‘ h‘.on the range-front fault segment of the DVFZ and oblique-slip along Fairview Peak and other

Accordingly, Smith and Blackwell (2001' haveidentified the continuation of two major NS-

southern Dixie Valley faults, (3) a complex interaction relating to an regionally observed dextral
sensed shearing of the southern portion of the Stillwater Range, and (4) some combination of

\ ’ the above.

Specifically in reference to the third argument, a regional dextral sensed shearing adjacent to
the trend of the southern Stillwater Range has been observed in mapping relationships as
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(1) northerly-trending faults appear to be offset to the NE and show a pronounced right-step
within the range and (2) intervening structural blocks are tilted and rotated. This apparent NE-
trending dextral shear that influences the structure in the range could explain why faults
occurring on the SE edge of this structural block show sinistral offsets. A largely coherent yet ‘
slightly tilted structural block that encompasses the Table Mountain basalts exists in the central l/
Stillwater Range bounded by major north-trending faults. This block seems to play a role in

dividing the structure of the Stillwater Range and separates the apparently sheared structural

block to the southwest with the highly dissected northeastern Stillwater Range block w q
north of the producing field. While this relationship has been noted as a possible explan

the change in structure, it is outside the scope of the project and has not been inves f‘ ’
further. ‘

To illustrate the structural setting of the EGS Project Area, all known faults from avariety of
datasets were integrated into a detailed structure map (Figure 49A). The data sets&d to
derive this structure map include mapping results from Page (1965) and Speed (1976),
structures identified by Smith and Blackwell (2001), geophysical inferréd.str tures including
gravity/magnetic horizontal gradients (Blackwell et al., 2005), faults r izéd by the state of
Nevada, and from the USGS Quaternary Fault and Fold Database (QEFDB). Thus the structure
map shown in Figure 49A represents the compilation and i ete(’relationship of all known
faults and inferred structures in the Project Area. g

Figure 49B presents a detailed geologic map of the “]Q areaderived from published geologic
maps including Page (1965), Speed (1976), Stewart:and Carlson (1978) and other State of
Nevada Geologic Maps. This map represents a recise analysis of the occurrence of known
faulting delineated from faults inferred fro eMcsl methods, as well as other available
structural data. The map clearly shows w‘r Range is sub-divided into discrete
structural blocks bounding by N- trend;_é_s:ctures The structures are all assumed to be
steeply dipping with dip directions deri d from stratigraphic relationships, surface
measurements, and geophysi

shallow thermal anomali ellas the expected areas of dilatation and compression
occurring at these structural ersectlons Thermal anomalies occurring at these intersections
include from sou north Dixie Meadows, Dixie Comstock Mine, unnamed, Section 10
Fumaroles within the DVPP, Senator Fumaroles within the DVPF, and New York Canyon on the
western edge o water Range. Other shallow anomalies within northern Dixie Valley
|nclud|n d ou HS seem to be influenced by some other structural control not directly
associa he DVFZ. Drakos et al. (2011) attribute the occurrence of these hot springs to a
stru commodatlon zone between Pleasant Valley and Dixie Valley faults (Faulds et al.,

42& example, see above).

“Qngs of Compression and Dilatation

he structural zones at the major fault intersections are divided into compressional and
‘ ~vdilatational based on the expected movement within discrete structural blocks in their

C
Figure 49C depicts the m?tlicogid structures with respect to the wellfield and location of

) respective quadrants (Figure 49C). The model assumes the NE-trending normal faults exhibit
pure normal slip, with slip vectors perpendicular from fault strike. For the NS-trending faults, the
\ ’ major assumption is the faults exhibit strike-slip motion under the current stress regime. The
compressional and dilatational zones generalized the expected stress conditions due to the
combination of slip on a NE-trending fault and the expected strike-slip component on a NS-
trending fault. Where both vectors agree (in same directions) a zone of dilatation is inferred.
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Structural Legend
Faultmg Key @ Fumaroles # DeepWell @ TGH

s |nterpreted Major Structures indicated by geophysics and surface geology =~ | Dixie Valley Range-Front Fault
*Derived from Smith and Blackwell (2001) Piedmont, Intra-range and

Faulting inferred by geophysics and surface geology T T 7 Intra-basin Faults
*Derived from Smith and Blackwell (2001) and Blackwell et. al. 2005 North-Trending Structures
‘ State of Nevada recognized faults Known areas of faulting
QFFDB (Quaternary Fault and Fold Database) e ey el

====sea Projected Faults

Figure 49A. Structure compilation map of the Dixie Valley EGS study area showing the correlation
between interpreted structures and all recognized faulting in the area. Faults (in purple and red) indicated
by both surface evidence and geophysics were derived from Smith and Blackwell (2001) and Blackwell et
al. (2005). Faults shown in yellow are recognized by the State of Nevada, and faults shown in blue are
from the USGS Quaternary Fault and Fold Database (QFFDB). Faults in black and dark blue represent the
location of major structures based on all available data-sets. Dip directions were derived from
stratigraphic relationships, surface measurements, and geophysics. See Figure 49B for well ID.
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Figure 49B. Project Area Geologic Map showing lithology, structural data, recognized faults, and major
structures recognized by geophysics. Major N-trending structures are emphasized and shown to divide
the Stillwater Range into discrete structural blocks. Lithology and structural data was derived from

previous published mapping results including Page (1965), Speed (1976), Stewart and Carlson (1978), and
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ure 49C. Correlation between shallow thermal anomalies (dashed red lines) and identified structural
ntersections of N to NE-trending faults (dark blue lines) in northern Dixie Valley, Nevada. Light blue dots
indicate the Section 10 (southwest of the producing field) and Senator fumarole areas (Figure 48a). Well
symbols are shown in the associated Well Class Key. Expected zones of compression (red-orange shaded
areas) and dilation (yellow shaded areas) occurring at the intersections of discrete structural blocks are
inferred based on the interaction between the strike-slip and normal-slip component and other

considerations. These localized structural zones were only defined where a thermal anomaly was present
within the DVFZ and at New York Canyon, on the northwestern side of Table Mountain.
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Where the vectors do not agree, a zone of compression is inferred, as movement on the strike-

slip fault supersedes. Also a bend in a normal fault, apparent as the piedmont fault takes a

significant left-step bend in the producing field, would also infer a dilated zone at the change in

strike. It is noted that a convex bend relative to the hanging wall of fault would produce dilation

in the hanging wall block. This structurally complexity and the apparent dilated nature could l/
likely be explained as a smaller scale but prominent NNE-oriented fault that extends from within ‘
the range, to the western side of 38-32 and appears to offset the piedmont fault as it projects

directly into the major change in strike (D. Blackwell, pers. comm., 2011; see Figures 49821 v
49C). This is in concert with that portion of the DVFZ being dilated. \

The extent of these zones shown in Figure 49C is purely arbitrary. For the purpose o&
we choose to define these zones as extending for about 1 km away from the faultin tion.

In cases where fumaroles exist at the surface, these zones of dilation are extende lude
such features. One scaling problem with the model is that the identified structura(x:are
very small compared to the size of the surface thermal anomalies and an rmal anomaly is
likely to encompass both compressional and dilatational zones. This may.be tri uted in part to
an upflow zone creating a thermal hydrologic mound in the shaIIBw n ace unconsolidated
sediments. The geometry of the fault intersections at depth was not.considered herein as the N-
trending faults are assumed to be steeply dipping and near ical 3’the surface. The
interpreted stress quadrants (zones of compression and ere applied to the major
fault intersections that correlated with a shallow ther, nomaly within the DVFZ. One
exception to this is the New York Canyon anomaly v(: xists on the western edge of the
Stillwater Range and is not in the area defined he DV‘. The thermal anomalies in
northeastern Dixie Valley were not included 4 aNawsis due to a lack of subsurface data.

It is at these structural intersections andawi t*ssociated dilated zones that geothermal
fluids are present. Evidence for this postulation is:

Senator Fumaroles oc tructural intersections and consist of at least three
separate geothermal cells developed within the associated dilated zones (evidence
developed in thi estigation and in Waibel [2011]);

the location of the wo)major fumaroles occurring within expected areas of dilation;

1. the major thermal anomalies @ziated with the DVGW, adjacent to Section 10 and

the Dixie‘nstock and Dixie Meadows anomalies occur at a major fault intersection
ing witf?rsharp bend in the range-front;

anyon thermal anomaly is associated with this type of structural
tion on the northwest side of the Stillwater Range;

. mig ly permeable Section 33 producing wells lie within a dilated zone;

> | 82-5, a hot, dry well within the producing field has its bottomhole location within
an intervening zone of compression between the section 33 and section 7 production

" wells (also see below for an potentially alternative/complimentary explanation);

the very hot and low permeability wells of the DVPP, 36-14% and 62-23A respectively,

7
‘ ~‘ lies within a compressional zone, as does 45-14; and

? However, 36-14 was approaching the range-front segment of the DVFZ and a dilatational zone which
occurs on the Stillwater Range side of the fault.
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8. well 36-14, deviated towards the Stillwater Range and the range-front fault segment of
the DVFZ, encountered a fluid-bearing fracture zone within the last hundred feet of the
wellbore, which correlates with the location of the range-front fault at depth and with
an expected dilated zone near Section 10 (unnamed) fumaroles. l‘ .

These structural intersections appear to explain the intermittent distribution of the shallow &
thermal anomalies that have developed within the Dixie Valley Geothermal District in the DGGW “‘

and at New York Canyon v
Additionally, the structural analysis and associated zones of compression and dilatation ’al&
supported by the well and helium isotopic data (R/Ra), Figure 49D. The majority of productive

wells lie within the expected zones of dilatation, with the exception of 45-33, which@&ht’

to be non-productive based on mechanical problems in the well. The northernmoskfpro ucing

wells, 27-33, 28-33, and 37-33, all lie within a dilatational zone, while an adjacent Me, 82-5,

lies with a zone of compression separating the aforementioned wells fromithe main‘production

area to the southwest. Hickman et al. (2000) also reported that 82-5 i{f&% in a narrowly
defined shear zone with abundant talc alteration and low shear stress at the depth where the

well was expected to encounter the producing fault zone. &

All the productive wells in the DVGW have relatively high R

component and deep source (Figure 49D). While 36-14 i one of compression, the

high helium R/Ra value (0.77) could be explained as t e was inclined towards the range-

front and is thought to nearly intersect the assouat ed zone. Fluids sampled outside of

the DVFZ, e.g. 62-21, Hyder and Sou HS, have re |ve er helium R/Ra values. The two

fumarole sites occurring at the range frontg{ ones of dilatation and have high reported
hat

Iuejindicating a magmatic gas

helium R/Ra values , while it has been note arger fumarole helium ratios are thought
to result from air contamination (B.M rs comm., 2011).

One major factor affecting the productlve nature of a well not previously discussed is the
lithology overprint as some for ~ not suitable to contain open fractures suitable for
geothermal production. For efaon-producing wells 62-21, 62-23A and 66-21 were all
completed in the Triassicaces/sa"es. Rock type at elevated temperature plays a significant
role in whether a well is @ producer or non-producer in a hydrothermal system and whether a
well can host an ? reservoir. Brittle rocks containing open-fractures are an ideal hydrothermal
reservoir. When ed fractures are present in brittle rocks, the rock can be fractured through
EGS. Non-brit ocks uld not be appropriate for either a hydrothermal system or EGS.
Several e eIIs completed in poor reservoir rock exist within the DVGW. The non-

produc and 66-21 have bottomhole temperatures of 196°C (385°F)and 215°C (419°F),
res ct& l:3 were completed in Triassic shales/slates, not a suitable reservoir rock (D.
BQM comm., 2011) because it does not hold a fracture, in at least the areas drilled by
“th ells. 62-23A, had a very high reported bottom hole temperature of 279°C (534°F), but
he T ssic section the well was completed in had very low permeability.
\

‘ W 7.2.2 Re-Interpreted Stress Modeling

The baseline Dixie Valley stress modeling (Wesnousky et al., 2003), described in Section 2.2.4,
was updated using Coulomb 3.1 Stress Modeling software. The purpose was to better

\ ’ characterize the expected fault-induced stress and strain conditions in Dixie Valley based on the
conditions required by the Baseline Conceptual Geothermal Model. The background,
methodology, and results of the modeling are described in detail in Appendix 13; see also
http://earthquake.usgs.gov/research/modeling/coulomb/.
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Geochem RRa Values Dixie Valley Wells
@ 0300-0438 Class
0 0439-0587 4 Non-Producer
0 0587-0710 # Producer
@ 0710-0780 & Sub-Commercial
@ 0780-1.000 & nactor
,*( Converted Injector
< Unknown
o -’;;.‘; Mﬁ
R LY
Structural | Prod Sub- |Non-Prod Injectors [Fumaroles/HS
ructura roducer Commerdlal on- ucer nJec ors umaroles,
Zones
Well | R/Ra | well | R/Ra | Well [R/Ra| Well |R/Ra|[Name |R/Ra
76A-7 | 0.720 [sWL-1 45-33" |0.725| 455 Senator | 0.662|
82A-7 | 0.691 41-18 SE Fum | 0.855|
737 | 0.728 52-18
738-7 | 0.659 SWL-2
Dilation 63-7 | 0.670 SWL-3
27-33 | 0.728 3218
_28-33 10,681
37-33 | 0.727
74-7 | 0.694
36-14 | 0.770 |62-23A Dixie 0.
Compression 4514 | 0.587 | 825 |
38-32 66-21 |0.306 [65-18 | 0.560 [Sou 0.528|
62-21 27-32 | 0.583 |[Hyder | 0.438|
Oiber 76-28 McCoy | 0.345|
53-15 persey | 0.495|

*\Well data available to AltaRock is limited. Itis unknown why this well is a non-producer.

igure 49D. Correlation
of Shallow Thermal
Anomalies, expected
zones of compression
and dilatation at
structural intersections,
and well type within
the Dixie Valley
Geothermal Wellfield.
Wells are color-coded
based on their
respective helium data
(R/Ra). The table
(bottom-right) shows
the relationship
between R/Ra ratios
measured from wells
and fumaroles and well
type with respect to the
well location and the
occurrence of structural
zones.

Page 92 of 189




Valley-bounding normal faults have produced several large earthquakes over the past ~3000
years, including the 2-2.5ka “Gap” Earthquake along the Stillwater Seismic Gap (SSG) segment of
the DVFZ range-front segment, the 1915 Pleasant Valley Earthquake along the Pleasant Valley
Fault (PVF), and 1954 Dixie Valley Earthquake along the southern section of the DVFZ. The

updated stress model takes these three events into account while the input parameters differ l/
from the Wesnousky et al. (2003) model in assuming that slip has occurred along SSG and that “
the structures are steeper dipping (70°).

The Coulomb 3.1 model can calculate the expected strain and Coulomb Stress Change (C q

receiver fault (RF) due to slip constraints on a source fault (SF) to determine whether failure
along the RF is promoted or inhibited (Lin and Stein, 2004; Toda et al., 2005). A posiw
infers failure is promoted, while a negative CSC infers that failure is inhibited. Thesstr

divided into a positive dilatation component, infering the fault is unclamped, while a‘negative
compressional component infers the fault is clamped. This Coulomb model assumes & RF (with a
specified strike, dip and rake) exists within each gridded cell used in this W (500m by

500m) and plots the CSC and strain at that location. . -

Several scenarios involving RFs were examined. The approach began test-run" (referred
to as the first scenario) that reproduced the Wesnousky et al.4{(2003) I results as a test to
the model constraints. A second scenario assumed that s s ng a more complicated
and multi-fault system, taking into account postulatlons Blackwell et al. (2005) that the
whole SSG did rupture in the "Gap" event. For Scen he range-front segment of the DVFZ

(southern portion that experienced surface rupturing in 1954) is represented as 1 fault segment,
the SSG as 3 segments, and unlike Scenario 1, de the PVF as 1 segment. These 5
segments respectively comprise the source faults have differing orientations, slip rates and

slip directions detailed in Appendix 13. x

According to stress orientations anddmagnitudes reported by Hickman et al. (1998, 2000), the
dominant population of permea fr res within the fault zone near the DVGF is subparallel
to the main fault, striking rou dipping 40-75 degrees SE, with a conjugate set striking
roughly the same directio ip NW Field observations suggest that roughly N-S
oriented normal faults ar?jso resent (T. Cladouhos, pers. comm., 2010) and their role within
the DVGF is described in Sectn 7.2.1. To be consistent with these observations, we explore

three different ty of RFs
a. synth norm fauIt subparallel to SGS dipping 70°E shown in Figure 50;

I fault subparallel to SGS dipping 70°W; and

ault oriented roughly N-S dipping 70°W.

&at the whole SGS fault segment ruptured 2-2.5 ka (in addition to the 1954 range-
egment of the DVFZ and 1915 PVF ruptures), the results presented in Appendix 13

shgﬁat the region near the DVGW lies within a zone of positive CSC and dilatation, suggesting
hat'slip resulting from these Holocene ruptures promotes normal faulting on all three types of

‘ RFs. Stress data from selected wells within the DVGW supports these conclusions (see Section

W 6.1.1and Table 4).
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Table 4. Information from deep wells penetrating the fault zone at 2-3km depth. Red and blue indicate

critically stressed and not critically stressed well sites (Hickman et al., 1998; 2000).

description of Scenario 2.

See text for a

Well Shpin Shyin/SV Productive Interpretation Scenario 2
73B-7 | N57W+10 | 0.45-0.62 @ Y SFZ optimally oriented and Shmin Consistent
0.4-2.5 km low (critically stressed) with well data
74-7 N52W not Y SFZ optimally oriented and Shmin Consistent
reported low (critically stressed) with well data
66-21 | N20W+20 | 0.55-0.64 @ N SFZ optimally oriented BUT Shmin mt
1.9-2.2 km high (not critically stressed) WII data
45-14 | N41W+12 | 0.55-0.64 @ N Shmin low BUT SFZ not optimally Consistent
1.9-2.2 km oriented (not critically stressed) with well data
s
Coulomb stress change (bar) - Dilatation ot
100 p 1008 .
S L, SRR L
X (kl’") Coulerny 3.1.09 14-061-2010 16 57 23 Scenanc2_syn_70E inp
O T RTINS R e
v
! i 4
q¢ ) __ 1
‘ v

Figure 50. The expected CSC and strain (dilatation) along a synthetic normal fault (piedmont fault)
striking subparallel to the DVF and dipping 70°E due to slip on differing segments on the DVF and PVF.
The RF shown in the figure is representative as a hypothetical RF exists with each cell. The results from

the other RFs can be found in Appendix 13.
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7.3 Qualitative Geoscience Correlations

7.3.1 Summary Description of Geoscience Data Sets
The most complete 3-dimensional database for the geology, geophysics and geothermal setting ‘ R
of the geothermal system in Dixie Valley is located in the DVGW. It is recognized that this l, v
particular location cannot be used as a point-by-point template for geothermal cells (including “
the EGS target areas) throughout Dixie Valley. However it is the only area where a calibrated
exploration methodology can be developed as a result of having subsurface data.

A series of cross-sections both perpendicular and parallel to the DVFZ (Plates 1 and 2) have been
constructed to develop a baseline conceptual model of the geothermal system (bot
hydrothermal and EGS), and provide a framework for the EGS favorability maps (see n 8).
The sections, based mostly on data from Blackwell et al. (2005), available well log ther
public domain sources cited above, adhere to the steeply dipping multi-fault model'for the
DVFZ. They utilize the surface geology in the adjacent Stillwater Range, lit gic and thermal
data from individual wells, and various geophysical surveys that inferdhe lo of intra-
basinal structures including gravity, magnetics, and seismic reflection il&s. The location of
the eight cross-section lines (A-A’ to H-H’) with respect to the we Ifieldehown in Figure 48 and
Plate 1 & 2 . The sections were constructed to apply a serie -D s!tlons to facilitate in the
visualization of a 3-D model. The majority of the transec‘ chosen perpendicular to
the major structures, with the respective section lo chosen to cover the known
productive (hydrothermal) and non-productive (p 14 EGS) areas, all wells that had data

available, and to transect major structures in th fle See Appendix 12 for figures showing
the various cross-sections and major assum d)m their development.

Geology t

The stratigraphy of the DVGS has bee d into six major and one minor stratigraphic units
(Appendices 10 and 12) based on rock mechanical properties and the stratigraphic divisions
used within idealized publishe:‘ lished thermal models by Dave Blackwell (Blackwell
et al. 2000; 2005). The units’ include from youngest to oldest:

= Quaternary-Tertiary basin-filling sediments and lowermost tuffaceous sediments (QTbf);

=  Miocene basalts (T

] Oligocenjicic volcanics including uppermost Miocene lacustrine sediments,
volca stics,nd lowermost silicic tuffs (Tv);

] s to late Tertiary granodiorite (Kgr);

. ‘ afic rocks (Jz*) known as the Humboldt igneous group or lopolith, and also
preted as an ophiolite complex consists of an upper volcanic sequence and lower
’ ro-dominated section; and

‘Afurassm and Triassic meta-sediments (Tr) which also include the thrust bounded Jurassic
° . " Boyer Ranch quartzite (Jbr) which, where identified has been broken out separately

because it is a favorable EGS target lithology.
P ‘ ~ The distribution of these stratigraphic units with respect to the surface geology exposed in the
‘ ’ Stillwater, Clan Alpine, and other related ranges within the Project Area is shown in Figure 51.

! Note that in this report the term stratigraphic unit, lithology and geologic formation are used interchangeably since each of the
seven major formational units identified in the DVGW have specific lithologies.
® In the gravity-magnetic modeling, the Jz stratigraphic unit is referred to as Jg and Jv; see Section 3.3 and 7.3.1 for an explanation.
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The geologic sections in Plates 1 and 2 are based on the following general parameters,
observations, and assumptions (see Appendix 12 for a more detailed discussion):

= Steeply dipping (75-90°) faults;

= DVFZ consists of the main range-bounding and intra-range faults, a major piedmont
fault recognized by geophysical data, and the associated antithetic faults and associated
fracturing away from the faults;

= Thickness of the defined stratigraphic units is primarily controlled by their occurrence in
available well data, conceptual sections (Figure 31), and observations made fro
surface geology exposed in the Stillwater Range;

= Early B&R N-S oriented normal faults which are likely re-activated as strike_ﬁ ’

under the current stress regime have mostly unknown dip directions and are,draw

vertical without any normal-sensed offset; and ‘
=  Depth of the basin-fill sediments and the configuration of the basément profile (see
Figure 18) are derived from Blackwell et al. 2005 that uses SEIW | etations,

geophysical inferred bounding faults, and drilling results

Thermal
The thermal sections use available well temperature data &MG’V and thermal models
I

through the wellfield (Figure 31, 45A and 45B) to constr of the temperature
distribution at depth. While we can assume that the a hermal bearing structures are the
range-front and piedmont fault within the DVFZ, the well data and geologic model demonstrate
that this is the case as a direct correlation is fo tween elevated temperature distribution
and the major faults within the DVFZ (Plate n The elevated temperatures associated
with these faults dip relatively steeply to:ith stitowards the center of the valley, as the only
temperature constraint at depth is foq_gi;& -21, which lies in the valley on the SE-side of the
DVGW. The “fall-off” in temperature to the west, under the Stillwater Range, is conjecture due
to the lack of well data in that re

While there is no direct evi e eDthe range front fault is directly connected to the
producing hydrothermal system;,it'is believed to be a conduit for geothermal fluids from depth
as evidenced by the (1) repoertéd geothermal fluids in fractures from the last 30m (100ft) of 36-
14, (2) fumaroles 8°C [MF]) at the surface trace, (3) recent seismic activity, (4) shallow
outflow of geothermal fluids into basin-fill sediments (Figure 44), (5) comparable helium R/Ra
n pﬁucing field (see table imbedded in Figure 49D), and (6) very high
temperat 5°C [545°F]) encountered at total depth in 36-14 (Blackwell et al., 2005).

ning of the wellfield temperature data on the MT and geology data provide the
s’Eructing a model of the geothermal resource supporting the existing power plant

The supe
i o
‘a erring EGS targets. Within this segment of Dixie Valley relating to the producing zone,

ais segments of the range-bounding and piedmont faults are transmitting hydrothermal

/ \»
D %4

luids to shallower depths. Current production is derived from the piedmont section of the
DVFZ. The main geothermal reservoir is thought to lie within dilatational zones along the
piedmont fault where Miocene basalt and other Jurassic rocks capable of maintaining open
fractures are truncated against impermeable granodiorite in the footwall block.

Magnetotellurics
Wannamaker et al. (2007) presented resistivity models along three MT arrays (N, C, and S)
through the DVGW (see Section 3.4). The N and S arrays extend to a depth of 4km (2.5mi), while

®
PN
= X

vV
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the C array is integrated with a regional MT transect (Wannamaker et al. 2006) and extends to a

depth of 10km (6mi). The Dixie Valley MT arrays resolve the structural setting and support a

multi-fault and steeply dipping model for the DVFZ. The transition from low to high resistivity

(~100 ohm-m) represents the basement interface within the resistivity models which is ‘ .
supported by drilling results, as the arrays also show a high level of correlation with geologic l/ v
sections. A discussion on the significant correlations found between the various geologic and

geophysical datasets is provided discussed in Section 7.3.2. v

Geochemical Data

Geochemical data within the DVGW was extracted from Goff et al. (2002) (see Appendlx*o
selected wells, TGHs, springs and fumaroles. The depth of the producing fluids sam t?
wells was estimated by our geochemistry SME, Dr. B. M. (Mack) Kennedy, Geochémi

Leader (see Section 1.4). The SME provided six potential geothermal indicators nawmca (Sl),

Chloride (Cl), BiCarbonate, and helium F[*He] measured in ppm as well as the BiCarbonate-Cl
ratio, and helium R/Ra values. There are some difficulties in using and app e geochemical
data to the qualitative analysis, as the data is limited to isolated sampl‘lffg points (point data) and
it is not clear how to extrapolate the data. @&

Gravity-Magnetics '
A lithology model based on the gravity and magnetics h& ructed along four sections
that lie perpendicular to the DVFZ (C-F) and along the sections lying parallel to the DVFZ (A

and B), see Section 3.3. The complete Bouguer anor A) gravity data (Ponce, 1997;
Blackwell, pers. comm. to B. Karlin, 2010) and t HELI G aeromagnetic total field anomaly
data (Grauch, 2002; Blackwell, pers. comm )2010) were jointly modeled to create a

2 % D geophysical model consistent with th rf egeology and selected well data (62-21) to
infer the depth to basement.

The model divides the subsurface into fourinferred stratigraphic units based on assigned
density values that directly relat &nized geologic units including (1) Jurassic volcanics
and arenite exposed at the suiace (Jv, Ja), (2) basin-filling sediments (Tbf), (3) a distinct
magnetized Jurassic intrlf uniti(Jg) and (4) basement inferring either Triassic meta-sediments
or Cretaceous granodiorite. A near-surface low density unit within the valley was required to

offset modeling eIths and'does not correspond to a specific mentioned unit, but could likely
correlate with a

r“surface clay-rich/evaporite layer. A complete description of the Gravity
int- eling can be found in Section 3.3 with results shown in Figures 15A-D.
gletic inferred lithology models are generally consistent with the geologic

a e Humboldt Lopolith) extending below the majority of Dixie Valley within the identified
hrust sheet, the magnetic signature from these rocks isn't continuous across the area. The
Umissing Jurassic rocks in the gravity-magnetic sections are most likely demagnetized and/or
) ‘ ~ altered as a result of hydrothermal fluids in the DVFZ and correlate with the identified deep low
resistivity zone along the MT sections, see discussion above.

\ ’ Seismic Data

A variety of seismic data derived from the reflection profile data (Anonymous, 1998) and
associated well data was re-analyzed at the University of Reno (UNR) by our seismic SME, Dr.
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lleana Tibuleac (see Section 1.4). The following parameters were provided that are considered
potentially useful for EGS (1) P-wave velocity (Vp); (2) S-wave velocity (Vs); (3) density (rho); and
(4) attenuation of the P and S-waves (Qp, Qs). Within the baseline seismic data, the resolution
was greatest for the parameter Vp (~500 m) and in the vicinity of the reflection profiles.
Resolution for the other parameters was too high (maximum of >10 km) to be used in the
Baseline Conceptual Model.

A general qualitative correlation was found between temperature and Vp within a specified
velocity range within the wellfield, although it has been noted by some team members t
correlations found could be reflecting a function of depth. Vp has been postulated to have a
direct relationship to temperature (I. Tibuleac, pers. comm., 2010; Biasi et al., 1999)
modeled velocity changes at depth is also due to other factors including heterogenei he
rock, structures present, fracture density, fluids present, alteration, increased verti ess due
to the weight of the overlying rock, etc. A correlation between lithology and Vp wmound
using the limited baseline data. These relationships are explored quantitaWrough
geostatistics in Section 7.4. k

v

Seismic Reflection Profiles

Interpreted seismic reflection profiles extracted from Black t al. were used to
partially constrain the geologic sections, especially wh W& lack of well data. The
profiles were mostly used to locate the depth of th sediments but could not be used
to accurately locate the major structures within the ue to the complicated structure and
its steeply dipping nature. Sections A and B that eﬁend rallel to the DVFZ utilize
corresponding segments of the profiles SRC- (; S as well as line 101. Seismic profiles
SRC-3, Line 102, Line 9 and portions of L|ne ed for the sections perpendicular to the
DVFZ, sections C-H, respectively. The se s show a very high level of correlation with
the geologic sections as expected becau&e. proflles were used to constrain the depth to
basement where well data is absent. correlation between the profiles and the other
corresponding geoscience dat din Plates 1 and 2, respectively. The depth of the
basin-fill sediments in the gravity/ netic inferred lithology sections along section C-F also
correlate well with the seélc reflection interpretations.

Stress Data Sets e

Stress has been Aen to be a difficult parameter model and assess. A coulomb stress model

i used the available slip constraints and orientations on the major fault

t‘e expected stress change and strain on a given fault orientation and dip

within by 500m cell resolution. The modeling procedure and results can be found

within Ap 13 and show that areas of dilation correlate with producing wells. Results from

bqe ess studies agree with the Coulomb Stress model. Other stress parameters
oﬁmd was the localized dilation and compression zones resulting at structural intersections
n calculated parameter vertical stress, used in the exploratory geostatistics (see Section

ruptures

7.8).

7.3.2 Wellfield Correlation of Geoscience Data Sets
In an attempt to correlate the various data sets in Dixie Valley, cross-sectional data occurring
within the DVGW has been directly compared to modeled geophysical data in the area. The
generalized geologic and associated thermal sections (see Section 2.1.1 for a detailed
stratigraphic discussion, 7.3.1 for a summary stratigraphic discussion, and Plates 1, 2 and
Appendix 12 for the geologic sections) provide a basis for a correlation analysis that compare
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the sections with MT 2D models and 2 % D gravity/magnetic models. Other datasets included in
the qualitative correlation analysis are associated interpreted seismic reflection profiles, and
geophysical modeling of Vp in the vicinity of the wellfield (Plates 1 and 2). This qualitative

correlation analysis is complemented by a quantitative statistical analysis discussed in Section ‘ .
7.4. l/ 7
Geologic Sections

The majority of the data occurred along sections lying perpendicular to the DVFZ (str|k|ng v
around N45°W) in the vicinity of the wellfield. These sections (C-H), can be directly compared \

with four seismic reflection profiles, three MT arrays (N, C, S), and combined gravity and

magnetics modeled along lines C-F that infer the expected stratigraphy and structurw

(Plate 1). The two sections with a northeast strike lying parallel to the DVFZ, sections

compare the geology and thermal sections, segments of available seismic reflectm‘?‘fﬁlles and

the combined gravity/magnetic inferred stratigraphy models along the respective lines (Plate 2).

A detailed discussion on the geologic and thermal sections discussed in Se 3.1 can be

found in Appendix 12, which lists the various assumptions and inferen‘@’?use to construct the
sections.

The geologic sections were found to correlate well with the roflrs nd the combined
gravity/magnetic sections. General observations among ’x s are (1) the MT profiles
show a high level of correlation with the mterpreted as shown in the geological
sections, (2) a vertical-trending low resistivity zone the three MT profiles within the
valley most likely reflects a major alteration zone@rre ng with a set of north-trending

structures, (3) the gravity/magnetic profiles r erpreted generalized geology, and
show the magnetic signature of the Jurassm& s doesn’t extend through this major
north-trending intra-valley structure an ot present within the DVFZ, (4) the areas of
elevated temperature (geothermal ce m/resource) occur at the intersection of these
earlier north-trending structures and‘northeast trending segments of the piedmont fault (Figure
as0). %

The following details the elations found between the different geoscience data sets on a
cross-sectional basis. Fou@ct)’pn‘é’gre included in this summary (C-C', D-D', E-E' and F-F') due to
their variety of geophysical data to compare with the geologic sections (Plate 1). For individual
cell* references, Jr to Plate 1 as a grid with 500 meter spacing was overlain on the cross-
section data faf griddi nd reference purposes. The horizontal scale is numbered with cell 1
starting at of the sections, while the vertical scale is lettered from A-L, starting with
he cell from 2.0km to 1.5km asl. A table highlighting all significant

A that repr
corr Ia'&b een the various data-sets is included as Appendix 14.
fx% Mon c-C

éneosuence data for section C-C' is shown in detail in Figure 52. This figure exemplifies the
ualitative correlation and cross-correlations found between the geology, thermal, MT, and
gravity/magnetic lithologic model. The section transects through the hot, low-permeability wells

‘ h‘within the DVPP (Figure 48), south of the producing field. Elevated temperatures are found

y

~

* All available geoscience data has been gridded in 500m x 500m size blocks for quantitative analysis and EGS Favorability Mapping.
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along both major faults within the DVFZ, expectedly due to convective fluid flow from depth. The main
striking correlation is found along this section is between the geologic and resistivity model (top section
in Figure 52). The resistivity distribution reflects the steeply dipping, multi-fault model for the DVFZ as
the range-front and piedmont faults projected at depth tightly bound bodies of significantly higher
resistivity within their respective footwall blocks. Modeled resistivity above around 500 ohm-m
correlate with the interpreted location of the Cretaceous granodiorite (Kgr), a suitable rock type for
A near surface zone of lower resistivity within the Stillwater Range projects where there is range-f
fumarolic activity present at the surface (Section 10 fumaroles) and infers hydrothermal alterati
shallow depth. Additionally, a major NS-trending structure coincides with a vertical-trending
resistivity zone in the valley and with the termination of the magnetized Jurassic rocks (J
magnetic signature is also non-continuous though a portion of the DVFZ adjacent to the
trace of the piedmont fault, and inferring hydrothermal alteration. The gravity- ma
multiple faults comprising the DVFZ (see cells 2-4) which is likely the case, although th
(colored red) are placed in the model to bound discontinuous segments of thw
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Fi 52. Correlation of the Geology, MT, Thermal, and Gravity-Magnetic Lithologic Model along Section C-C’, see
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Cross-Section D-D’
This section transects through the main injection zone (Lamb Ranch/Section 18, see Section 6.2) for the
producing field. Significant correlations and lack thereof are listed below:

= The piedmont fault occurs in the same location in the geologic models, seismic reflection profilel‘ o
(Line 9/104), and within the gravity-magnetic model. re 4

» Correlation between the volcanics (Tmb and Tv) is poor between the geologic inference anda™ i,
seismic reflection profile as the interpreted reflectors representing the basalt and basement
horizons are thicker than the expression in the geologic sections.

=  Gravity-Magnetic section intra-range structure correlates with a known surface fault,"the’

Stillwater Range. »
* Termination of Jg and bounding structure coincides with major NS-trending $tructure.
= QOccurrence of magnetic rocks (Jg) in the vicinity of the main injection zone is r~1 !hicker than

the known Jurassic rocks encountered in the wells. \'
- -y

Cross-Section E-E' v

This "key" section has the most variety of geoscience data and extends thv.(he Section 7 production
wells adjacent to the power plant (Figure 53). The area of very high resistivity (above 1000 ohm-m)
beneath the Stillwater Range along Array C has been attribum sence of relatively unaltered
bodies of Cretaceous granodiorite at depth. Interestingly, t y lies a few kilometers NW of the
range-front fault in contrast to the relationship found i &S and appears to be bounded by a major
intra-range steeply dipping fault that coincides with adecognized surface fault. This fault is shown as a
moderately dipping (~65°) lower resistivity zone ( ~ m-‘) occurring around 1-2km (3300-6600ft)
range-ward of the projection of the current range-fron uft and infers significant hydrothermal
alteration and/or thermal fluid bearing structur I@this intra-range structure. Other correlations
found along Section E-E' are: ‘

= The extended region of relatively resistivity northwest of the range-front fault along Array C
coincides with a region of gx Xrallel to subparallel faulting to the range-front fault

(Figure 14 and 49A). Fault structures (steeply dipping resistivity zones) suggested in the

resistivity profile in t¢egiowpear to correlate with the area of extensive surface faulting.

= Interestingly, a relativewgher resistivity block along the range-front fault segment of the DVFZ
that extends into the main production zone near the Section 7 wells appears to correlate with

the geoth al re?voir.
=  The seismi fIP’c on profile (Line 6) and the gravity-magnetic model infer multiple west-

> ion eoincide with the geologic interpretation and surface mapping.
= (Q;' nding structure tightly bounds the higher resistivity present below the geothermal
rvoir (see gridded cells G11-L11).
° , The vertically-trending low resistivity zone in the valley correlates with the absence of magnetic
‘ h‘ Jurassic mafic rocks (Jg), referred to as a sub-unit Jznm (non-magnetic Jurassic rocks).

¥

dippi bound the SE edge of Dixie Valley.
] | h(;\n Jurassic rocks (Jg) occurring with the zone of step-faulting on the SE end of the
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Figure 53. Correlation of the Geology, MT, Thermal, and Gray netic Lithologic Model along Section E-E’, see
Figure 40 for location of E-E'.

Cross-Section F-F’
The section F-F' correlates with Seismic Lin
production zones with the Section 7 we
Some correlations found not identified i

ray N, injection well 38-32, and the area between

uth and the permeable Section 33 wells to the north.

previous sections are:

= The magnetic Jurassic roc
resistivity, vertically-t
Jznm, see Section 8.

scontinuous and do not occur in the area of the low
structure and within the DVFZ. The missing Jg is referred to as

= Along Array N,
eastern edg

ault occurring within the zone of step-faulting that bounds the
ie Valley coincides with a sharp resistivity break.

Range-fro c activity present at the surface along Array N (Senator Fumaroles) show a
correl near surface zone of lower resistivity within the Stillwater Range.

Summary ectional Correlations

igh- | of correlation between the various geoscience data-set is found along the four
rpendicular to the DVFZ and transecting through the producing field. The highest
s found along Section C and F coincides with the intersection of NS trending structures with
nding structures of the DVFZ. Major structural discontinuities within the Stillwater Range that
o segments of the magnetized Jurassic section (Jg) correlate with both an area of dense intra-range
ting and shallow lower resistivity structures shown the MT data, particularly along Array C. The
distinction between magnetic and non-magnetic Jurassic rocks (Jg and Jznm) between the geologic and
gravity-magnetic sections correlates with the vertically-trending low resistivity zone in the valley and the
DVFZ, as non-magnetic rocks occur within the two structures. The authors herein suggest that
hydrothermal alteration within the DVFZ and an intra-valley structure identified by the MT data has de-
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magnetized the Jurassic mafic rocks. A summary of the correlations found with the Gravity-Magnetic
and Resistivity (MT) models are found below.

Correlation with Gravity-Magnetic Models

The gravity/magnetic inferred geology show an excellent correlation with the geologic and MT sections l /:

constructed independently along the same section lines (Plates 1 and 2). All three data sets evidence
multiple and complex faulting in the DVFZ as interpreted structures bounding the distinct magnetized“
Jurassic mafic rocks (Jg) are steeply dipping to near vertical. The gravity-magnetic sections (C-F) all'sh
another small piedmont fault splay in the DVFZ between the range-front and previously menti e\v
piedmont fault. The occurrence of the magnetic Jurassic units (Jg) was a very sensitive parameter in
gravity/magnetic modeling and the resulting modeled sections show a good correlatlon&

expected Jurassic unit in the geologic sections. The discontinuous nature of these mafic long the
gravity/magnetic sections is attributed to demagnetization of these rocks most likely resulting from
hydrothermal alteration in the area of the DVFZ and altered/conductive rock in the reé‘ of the low
resistivity zone identified by Wannamaker et al. (2006; 2007) in the valley (see discussion above).

= The basement depth and occurrence of basin-fill sediments (Tbf) Within the Gravity-Magnetic
sections correlates with the geologic sections and the seismipprov\
=  The Gravity/Magnetic models show more structures thanare sho he geologic sections:
0 Imply the structures are steeply dipping (85-9 \

0 Show multiple piedmont faults in the DVFZ
0 Imply a zone of step-faulting bounds th% eastern edge of Dixie Valley; and

=  Major intra-valley structures bounding the m@netiz d Jurassic rocks along the modeled
sections occur in approximately the samep he N-trending structures within Dixie
Valley identified by Smith and Blackwelg
Correlation with Magneto-Telluric (MT)
Plate 1 presents the three MT profiles repo y Wannamaker et al. (2006; 2007) with the associated

geologic and thermal sections (gener. is study) superimposed (see also Section 3.4 and Figures
16B-16D). Arrays S and C, and the correlated geoscience cross-sections are shown in Figures 52 and 53,
respectively. A high level of ¢ Iatlon ound between the MT profiles and the associated geology
sections and associated strug vé"clcal -trending low resistivity zone extends to a depth of at least

10 km along Array Cﬂalso ows beneath the valley along all three arrays. This feature correlates
with (1) the occurre f.N-trending structures (faults) along Arrays S and C, while no such direct
correlation can befound alehg Array N and (2) missing magnetized Jurassic rocks (Jznm) in the
gravity/magneti els (Plates 1 and 2, Figure 15B and discussion above). This low resistivity feature is
not conside ve thermal feature but rather interpreted as a major ancestral alteration zone as
p d from 62-21 are low with respect to the producing geothermal system (maximum
) upwelling along the DVFZ. Other correlations found are:

ateral body of very low resistivity (1-5 ohm-m) occurring in the shallow subsurface at a depth

6 500m (1600ft) occurs within all three MT arrays. This may correspond to a conductive layer

, within the basin-fill sediments, an aquifer showing the lateral flow of geothermal fluids mixing

alteration extending at depth occurs below this near surface feature; and

‘ - with groundwater, or a depth to the water table. Coincidently, a low resistivity zone of
n

High resistivity below the Stillwater Range (>2000 ohm-m) may infer the presence of apparently
unaltered granodioritic plutonic bodies.
Further delineation of geoscience relationships with the modeled resistivity data and expansion of these
identified relationships within the DVGW is expected to be achieved after the more detailed MT survey
under Task 4 is completed and interpreted. Additional questions to be addressed are (1) the potential
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causes for the dramatic changes in MT resistivity at depth, and (2) the apparent correlation between
dipping resistivity structures and inferred fault structures. Table 5 presents the interpreted MT resistivity
data relative to the geology and expressed in the sections.

Table 5. Correlation of the geology and MT data shown in Plate 1. L
Unit Class Value (ohm-m) “

Valley-fill sediments Low Resistivity <<100 R

Clay-rich/altered alluvium Moderately conductive <3-5 ’ \

Basement/highly altered alluvium Moderately High Resistivity 100

Jz and Tv sections High Resistivity 100-500 \ ’

Intrusive plutons (Kgr) Very High Resistivity >1000

Altered geothermal fluid zones Low Resistivity 5-50 *

7.4 Quantitative Geoscience Correlations: Geostatistics

A variety of exploratory geostatistical techniques were applied to select géoscie € parameters to (1)
quantify the qualitative geoscience relationships described in Section‘Z.S,w relationships
independent of the qualitative geoscience correlations, and (3) exploreiif statistically quantified
parameters can be used in the generation of the baseline EGS F bili’ Maps (Section 8). Described
below is the quantitative geostatistical analysis methodolog

7.4.1 Database, Parameters Description, auJG‘dding
The following steps were taken to prepare the data f&ieos‘cistical analysis (also see Section 8.2):

1. constructing a geostatistical database to'ste ‘manage the data;
2. identifying which geoscience paramete ereappropriate to perform statistical analysis
including but not limited to cons@ e resolution of the data; and

3. gridding the data within the Calibration Area’ to place it in a form that each data set could be

compared. ‘
Constructing the Geostatistical Ragdbase

The overall project had a number of challenges with respect to data management and manipulation. Its

scope was such that a large amount of data was going to be acquired, produced, and interpreted from a

number of different rces. The project required a method for storing, managing, and updating these

various data sets mnsr onset. Basically, all data used for the geostatistical analysis was stored and
oﬁ XC

managed usin EL. The data was (1) transferred into the GIS database for storage, use for
EGS Favorabilit ping, and determining qualitative relationships and (2) provided to the
Geostatistics k‘ ader who then imported the data into a statistical program (e.g., JMP Pro by SAS;
RStud'p analysis. Appendix 15-Tables 15-1 through 15-11 present the data used for the geostatistical

e "N
Biption of Parameters
A Iiét of all the data parameters as well as a description of all characteristics of the geoscience

ameters used in the geostatistical analysis is presented in Appendix 15. A description of the various
tables follows:

y
® The Calibration Area was chosen as the DVGW because it is the only region within the Project Area that has wells with known properties (e.g.,
temperature) that will allow calibration of the data generated.
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=  Appendix 15-Table 15-1 presents a summary description of the various data available to this
investigation;

= Appendix 15-Table 15-2 presents the type of geoscience parameters considered for the ‘
geostatistical analysis including but not limited to the individual parameter resolution; l
y

= Appendix 14-Table 15-3 describes the assumptions in the construction of the geologic and
temperature sections; and “

=  Apprendix 15-Tables 15-4, 15-5, 15-6, 15-7, 15-8, 15-9, 15-10 and 15-11 describe the Iithologv
well, seismic, gravity/magnetics modeling, MT parameters, temperature, Coulomb S
Change modeling, and geochemical parameters, respectively. ’

Note that geochemical data was not used in the geostatistical analysis because of its Imheographlc
distribution and it was considered a point source nature.

(Appendix 15-Table 15-2). Task Leaders (see Section 1.4) provided potential p rs (numerical, a
discrete numerical value and categorical, a descriptor for a parameter, e.g'.‘,“f'rtho y) derived from their
respective field and/or models. The purpose was to create a baseline dat at has been used to
develop the Baseline Conceptual Geothermal Model and to quanitify any. statistical relationships
between the various parameters. These quantified relationshi n potentially cooroborate
using the parameters to predict rock type, temperature or s fons, and/or provide additional
sub-parameters that could be used in the generation of t ES Favorability Maps. These sub-
parameters would be used in conjunction with the majorthree parameters determined crucial to infer
conditions suitable for EGS. The parameters are ana%bo‘qualitatively and quantitatively using

D
Geostatistical exploratory data methods were applied to a variety of preliminary geosci‘ce parameters
Iog )

geostatistics. 4

Typically geostatistical analysis is conducte a d parameters. However, the data types
available to this investigation are either mel&d, modeled/calculated, assigned or inferred (Appendix
15-Table 15-2) based on SME and have varying resolution. This is not an ideal case for geostatistical
analysis. A fundamental assumpti ‘ere is that while the exploration data set is statistically not
ideal, and some parameters are re reliable than others, the data can be used to determine statistical
significance. The validity of t sumption rests on the notion that whatever uncertainty exists in the
different parameters can be thought of as a measurement error, and is at least from a practical
standpoint, unbiased. Causal relationships for any statistical relationship identified herein have not been
investigated.

The main geologi ameter is a categorical data-set, rock type. It divides the stratigraphy into seven
units (Appe -Table 15-1). There are four assigned parameters relative to rock type that include
density, roc , internal friction, and EGS favorability that were inferred by the geology and stress
Task L (Appendix 15-Table 15-4). Interestingly, these assigned numerical parameters allow
lithal t indirectly analyzed as numerical data. Other geologic parameters include vertical stress

d frmvintensity, which are calculated (modeled) values. Additionally two stress-related
eters derived from a Coulomb 3.1 Stress Model are Coulomb Stress Change (CSC) and strain

the joint gravity and magnetic model (Appendix 15-Table 15-7). Temperature is considered the most
important parameter for EGS and was derived from measured data in wells and temperature models
along key sections indicated in Plates 1 and 2 (Appendix 15-Table 15-9). The MT parameter is modeled
resistivity at depth along arrays extending through the wellfield (Appendix 15-Table 15-8). Seismic
parameters from a combined UNR generated model of baseline data include P-wave velocity (Vp), S-

N

(Appendix 15-Table 15-10)
‘ Mameters derived from geophysical models include a categorical data set, namely lithology inferred by
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wave velocity (Vs), density (rho), and attenuation of the P and S-waves (Qp, Qs) as indicated in Appendix
-Table-15-6. Vp was considered the only seismic parameter with an adequate resolution to be used in

the baseline analysis. The only other directly measured parameter, geochemistry from wells, production
fluids, temperature gradient holes, fumaroles and springs, was not used in the statistical analysis due to
limited data points and the data being essentially point source. These data represent the available l/
baseline geostatistical data set.

Gridding

The proposed plan for this project was to grid the entire EGS Project Area (50km? [31mi?). H‘ve‘y
the project proceeded we realized that the only area that can be calibrated was the DVGW b‘us

was the only region where well (subsurface) data, in particular temperature, was avallaﬁ we
focused principally on this region, referred to as both the DVGW and Calibration Area {( tion 7.1.2

and Figure 48).

The Calibration Area was gridded (divided) into 500m by 500m cells to transf edataintoa
consistent grid size for geostatistical analysis. A resolution of 500m (1640ft) wa ed by the team to
be an adequate resolution for the variety of data as a starting point. The first step was a qualitative
analysis as selected cross-sectional data (lithology, temperature, MT@hd gvs-magnetic inferred
lithology) was gridded along a pre-determined cross-section line. ctionf— was gridded first, as a
preliminary test, due to the variety of geoscience data locatedalon ne and the proximity to the
section 7 production wells. Once a qualitative correlation n.the data-sets was established along
section E-E', all other applicable data (e.g., seismic, MT j mistry, gravity and magnetics, etc.) was
gridded along all six cross-section lines (A-F). The sectﬁns were divided into a 2-D grid of 500m by 500m
cells from an elevation of 2km to -4km asl (6600f: t(‘ ?asl) The valley floor of Dixie Valley is
approximately +1km asl (3300ft), thus, a depth ¢4k I'is at a depth of 5km (16,400ft).The reason
the grid 's upper limit is 2km instead of at 1‘3 alsthe valley floor is to incorporate the geologic
data within the Stillwater Range. For example, upper row of gridded sections, is bounded at 2km
above and 1.5km (4900ft) below, and whi ost of the cells occur above the surface as air, a portion of
the Stillwater Range occurs above sevation and thus has a corresponding value (lithology,
etc.) for a respective cell. Plates 1'and 2, and Appendix 12 presents the sectional grids as shown within
the digitized sections and an émalenfthe gridding can be found in Figure 52.

7.4.2 Exploratoggp Datd"®falysis
Only data gridded al sections C-C', D-D', E-E' and F-F' was used in the geostatistical analysis because
they had the most'varied complete geoscience data and well control. Data was also gridded at 500m
depth interva spect to wells to directly compare measured data (lithology logs, temp-depth
profiles, et odeled geophysical data occurring within the intersection of the wellbore. Thus,
two dat &ve een used in the statistical analyses (1) Section Data, which includes all parameters
gridd& oss-sections C-C', D-D', E-E', F-F' and the combined sections; and (2) Well Data,
consis f.all directly measured data (temperature, lithology, faults, etc.) and all modeled data with
ctto well location. These data sets can be found in the following Appendices 16a and 16b,
ectively. To analyze the data, we conducted the following geostatistical analyses:

‘ ~‘1. Correlation Analysis

'V

a. global linear correlations between selected geoscience parameters along the section lines
and the combined section data;

b. multivariate linear correlations by lithology per section and combined sections;

c. domain analysis by geographic/geologic sub-element along the sections (i.e., Stillwater
Range, DVFZ, and valley); and
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d. Correlation Analysis using the Well data that explores the relationship between temperature
and Vp (discussed below).

2. Residual and Multiple Regression analysis ‘
3. Classification and Regression Tree (CART) analysis l 9
a. Section Data; and N 4

b. Well Data.

g
The results of the Correlation Analysis elements 1a through 1c are equivocal and are discussed i v
detailed in Appendix 17. This may be part due to the paucity of data available, equivocal resink
methods used, or the fact that geostatistical analysis of exploration data is inherently pro Iev‘tic The
“paucity of data” hypothesis will be evaluated in the assessment of the enhanced data s e Tasks 4
and 5 description in Section 1.1). One correlation analysis that was found very interestihg as well as
significant to the project was the relationship between measured temperature in wellwodeled Vp
data. This relationship is described and assessed below. ‘

-

Exploring the Temperature-Vp Relationship using well data .

One of the objectives of the proposed development of a calibrated e)plorV\v' ethodology has been
to determine if seismic data could be used to predict rock type and/ortemperature at depth. The
baseline (existing data) assessment of the available seismic da respect to Vp; Vs, S-wave velocity;
rho, density of the rocks; Qp, attenuation of the P-wave; an ation of the S-wave, (described
in Section 3.5) revealed that the baseline data resolution.i r‘ sufficient for any seismic parameter
other than Vp. Presented below is an analysis of the measured temperature — modeled Vp-depth

relationship. The first step was to create a correlati t c‘mparing measured temperature in a well
versus the modeled Vp in the area around the “E ata point represents a gridded 500m by 500m
cell that contained both a temperature and ue is coded by well ID and formation type in the
grid to determine if the relationship was dic y'well location, lithology, or depth sampled.

1. Alinear fit was applied to all data@ a resulting poor r-square value (r?) = 0.51, see Figure 54.

2. The best-fit line was det::!\i skewed by shallow data (low Vp values) or values
te s

occurring at the approxi ce (1km asl [3300ft]). These values had a low resolution with
respect to the baselir€eismie-model. Removing the surface slice Vp data found that a 2-degree
fit to the remaining da h&l a slightly higher correlation; r* = 0.54, see Figure 55.

N

3. Outlier data ‘ts corresponded to certain wells where the associated modeled Vp data had a

very low ¢ fiden?trust) value (See Appendix 15, Table 15-6). Removing outlier wells (i.e., low
seism@r Vp: 45-14, 53-15, 76-28, and 66-21) found a polynomial 2-degree fit to the data
a

and |’ =0.73, see Figure 56. Thus, by considering the seismic trust factor identified by
Dr. uleac, Project Seismic Team Leader (see section 1.4)and removing the seismic data
the surface layer, a much better correlation was detected. The regression equation that
’Q' nts the relationship between temperature and Vp is shown in Figure 56.

4

a. The data was also analyzed with respect to lithology to determine if another factor is influencing
| the Vp-Temperature relationship (Figure 56). Two trends can be observed from the plot relating
‘ h» to lithology. The data could be divided into a shallow domain within the basin-fill (QTbf) and a
P deep domain (depths of -1.0km asl and deeper) within the basement rocks. In general the QTbf
increases in Vp with depth merging with the Vp of the basement rocks. This occurs around a Vp
\ ’ of 4.54 km/sec (10,200 mph).

Page 108 of 189



Bivariate Fit of Temperature Ey VPseismic

300

2307

2004

1501

Ternperatune

100

L ]
= .
"
5
) -
Ly P4 .
L] o 14
aSW _m8Z-5 3
"-q-v,;a..mg.u o
w50-1877, ’
w oo "
- I3
g ui ©
[ B
u68-21
P .
e ]
- mas-14
| |
=
0 — T T ]
2 4 5 [}
VPseisric

Linear Fit

|Linear Fit

Temperature =-124.5705 + 66.700707 "\ Pssisrric
Summary of Fit
RSquare 0.505459
RSquare Ad) 0498776
RootMean Square Error 47.74028
Meoan of Rocponco 168.2276
Cbservations (orSum Wats) 76

N\
&

ig r§; Correlation plot of Vp vs. Temperature for all well data. A linear
he*data evidences a poor R-square value of 0.51 (correlation
afficient = 0.7141). The data is labeled by well name and color coded by
ology as follows: QTbf (yellow), Tmb (purple), Tv (dark green), Jz (blue),
Tr (orange), Kgr (light green) and Jbr (turquoise). Terms reporting the
summary of fit using linear regression are summarized with respect to
Figures 54-56. RSquare (RZ)- estimates the proportion of variation in the
response that can be attributed to the model rather than to random error.
RSquare Adjusted- adjusts R* to make it more comparable between
models with different numbers of parameters. RootMean Square Error
(RMSE)- Estimates the standard deviation of the random error. Mean of
response- overall mean of the response variables. Observations- records
the number of observations in the model. For more information see:
http://www.jmp.com/support/help/Regression_Reports.shtml#139075

al and Multiple Regression Analyses

rtually all the correlation analyses described in Appendix 17, a consistent relationship has been
evidenced between vertical stress, temperature, and Vp. We recognized that all three of these
parameters generally increase with depth and potentially that may be the reason for the observed

strong correlation. For example, since vertical stress is a calculated value relying on depth and the
density of rocks overlying a respective cell, this parameter can be viewed as strong indirect inference to
depth. Thus, a correlation of increasing temperature with increasing vertical stress could likely be an
insignificant correlation. To evaluate this hypothesis, a residual analysis to remove the effect of depth
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was conducted and is described below. Additionally, a detailed analysis that explores the relationship
between the correlated parameters, temperature and P-wave velocity, and the effect that other
variables such as density, depth, etc. may have on this relationship is described in Section 7.4.2.

Bivariate Fit of Temperature By VPseismic
300
250
200
L
2
e
]
g 150 -
=
100
50 4
85-18
. m76-28
3 H 5
VPseismic
~— Polynomial Fit Degree=2 I
e vl

Polynomial Fit Degree=2

Temperature = -337.5520 + 113.80887"VPseismic +

31.085521"(VPseismic4.40565)"2

Summary of Fit

RSquare 0.54078

RSquare Adj 0.525213

Root Mean Square Emor 47.17383
‘ Mean of Response 173.15

Observations (or Sum Wagts) 62

Figure 55. Correlation plot of
Vp vs. Temperature using all
well data except for data
occurring at the surface
(elevation of 1km). The data is
labeled by well name and color
coded by depth as follows:
1.0km (blue), 0.5km (purple),
0.0km(dark green),-0.5km
(red), -1.0km (light green)-
1.5km (light blue), -2.0km
(beige), -2.5km (pink).
Polynomial Fit has a R-squared
value of 0.54.
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Bivariate Fit of Temperature By VPseismic
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Figure 56. Correlation plot of Vp vs.
Temperature using well data that
excludes data from the surface (1km
elevation) and outlier wells (53-15, 66-

[ Polynomial Fit Degree=2

Temperature = -419.0699 + 133.71017*VPseismic +
42.561834*(VPseismic-4.416)"2

[ Summary of Fit

RSquare 0.724255 trust val Th | ial fit h R
RSquare Adj 0.713649 rust value. The polynomial fi .asa -
Root Mean Square Error 34.33639 square value of 0.73. The data is

Mean of Response 182.8236 labeled by well name and color coded

by lithology as follows: QTbf (yellow),
Tmb (purple), Tv (dark green), Jz (light
blue), Tr (orange), Kgr (light green) and
Jbr (dark blue).

Observations (or Sum Wats) 55

&
<

21, 45-14 and 76-28) with a low seismic

Sectional

Figure re e global linear correlations for elevation (depth) and the selected geoscience

paramet Intens, vertStress, CSC, dilatation, temperature, Vp, Vs, and resistivity [MT]) for the

c ections (i.e., all cross-sectional data, see discussion above). Presented in this figure are both
r ion coefficients as well as the associated scatterplot matrices. The data suggests that linear

n-linear relationships exist between elevation and vertical stress, temperature, and Vp. Note,
wever, that this is a two component analysis, e.g., temperature and depth, Vp and depth, etc. The
er parameters appear to have little to no relationship with elevation.

These identified relationships were further investigated analyzing the bivariate fit of temperature,
vertical stress, and Vp by elevation, Figure 58, respectively. These three relationships show r*-values of
0.90 (correlation coefficients of 0.9487), 0.89 (0.9434), 0.89 (0.9434), indicating, as expected, a strong
relationship of the selected geoscience parameters with depth (i.e., elevation). The residuals of this
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bivariate fit were calculated and shown in the lower portion Figure 58. Next, the linear correlation of the
key variables (temperature, CSC, dilatation, and resistivity [MT]) versus the residuals of vertical stress
and Vp was performed (Figure 59A). No correlation coefficient greater than 0.7400 is observed,
considered the cut-off value for being stastically significant (E. Issaks, pers. comm., 2011). Interestingly, ‘
the MT parameter was determined to be slightly correlated with the residuals of vertical stress. This l/
finding is supported by a multiple regression of temperature vs. the residuals conducted to examine thk
relationship between temperature and temperature predicted by the residuals of vertical stress, Vg, and
Vs (Figure 59B). The r’-value for this regression analysis is 0.19 indicating that temperature ¢

predicted by the residuals. Thus, the overall two component residual analysis indicates that lth‘
elevation) is the only link between (1) temperature and vertStress, and (2) temperarure

However, multiple regression analyses of temperature vs. key geoscience parameters w

performed. Figure 59C shows the result of using elevation, vertical stress, dilatation,"Vp,/and resistivity
(MT) in predicting temperature, as well as the interaction among these parameters. T r’-value for this
multi-variable system is 0.94. The predictor profiler in this figure illustrates thé.complex interaction of

the geoscience parameters elevation, vertical stress, dilatation, Vp, Vs, and resistivity’(MT). This multi-
variable analysis clearly indicates that (1) the combination of a variety of geoscience parameters
(described above) can be used to predict temperature and (2) there i$a c ex interaction between

the geoscience parameters in this prediction. In summary, the reﬂalal)a is and the multiple

regression (multi-variable) analysis had contrasting results.

Well Data

Multiple regression analyses were also applied using the weII data set to determine if depth and
temperature can be predicted from the seismic dat an.other geoscience parameters The analysis
indicates that depth can be predicted from a co 71% of Vp and MT with a r>-value = 0.76, see
Figure 60A for all well data, and temperature.c icted from lithology, Vp and resistivity (MT)
with a r’-value = 0.85 using all well data exclue WhICh have a low Vp trust factor (Figure 60B).

Precision of the Multiple Regressm ‘
Two statistical methods were use the precision of the multiple regression findings,

bootstrap, and cross—validatior

Bootstrap Method

The bootstrap technl mvoIv‘é!'faking a sample of equal size to the original dataset, with replacement,
from the actual data . from the empirical distribution). This sampling procedure is then repeated
many times (10,00 thlsﬂalysw) and for each sample the original regression anaIyS|s was done,
producing an uefor each sample. The empirical distribution of these 10,000 r>-values enables

caIcuIatlon trap confidence interval with endpoints at the 2.5 and 97.5 percentiles. 95% of the
S|mulat es were between these two endpoints. The r’-value measures the proportion of the
vari n!e redicted variable that can be explained by variables in the model.

ew > bootstrap method was used here was to compare different weighting schemes for the

ssion model based on the trust values assigned to each of the values of each variable. Large trust
values correspond to values believed to be more accurate, so all the schemes considered weighted the
~'h trust values more heavily. The three weighting schemes considered were:

® The confidence interval gives a range that is likely to contain a value that is being estimated. Traditionally, a confidence
interval is determined analytically based on the theoretical distribution of the estimator. Out of every hundred 95%
confidence intervals, about 95 should contain the true value being estimated. In order to avoid distributional assumptions
(usually normality), a bootstrap procedure is used since it is based just on the empirical distribution observed in the data.
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1. product of trust values for all variables in model.
2. sum of trust values for all variables in model

3. discard all data which has a below median trust value for any variable.

4 I~ Multivariate
4 Correlations

There are 421 missing values. The correlations are estimated by REML method.
A= Scatterplot Matrix

elevation Fracintens VerStress C3C  Dilatation Temperature VP-seismicV3-seismic MTdata
elevation 1.0000 -0.0020 -0.9567 0.0981 0.2073 -0.9428 -0.8857 -0.8853 -0.2952
Fracintens -0.0020 1.0000 -0.0665 0.0453 0.0272 0.0523 -0.1225
VertStress -0.9567 00665 0.9143 0.8495 04377
CsC 0.0981 0.1157 -0.1214 )
Diilatation 0.2073 -0.2924 -0.2337 -0.3122
Temperature -0.9428 1.0000 0.9117 0.3521
VP-seismic -0.8857 0.9117 1.0000 0.3410
VS-seismic -0.8853 0.8987 0.9400 0.2806
MTdata -0.2952 0.3521 0.3410 1.0000

s ’_b

elevation

Fracintens |

.1 |WertStress

CEC

-4003
E Dilatation
0.0001 3
: Iy
EUD_E 1= “emperature
1003 "'=|
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Figure 57. Linear Correlations of Key Variables vs. Elevation (Depth) with calculated correlation coefficients above.
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For weighing scheme (1) and (2) above, the weighting procedure essentially treats the weights as the

inverse of the variance for each observation. For example, if the trust values for temperature, dilatation,

vertical stress, Vp, Vs, and MT were each 4 for a particular data point, then scheme (1) would weight this
observation as 426 (or 4096) times more important than an observation with trust values of 1 for all ‘ N
those variables. Weighting scheme (2) would weight it 4*6 (or 24) times. In weighing scheme (3), the l/ >
median of each trust variable was found and any points strictly less than this value for any of the “
variables was simply thrown out. None of these weighting schemes performed better than regression

analysis without any weights (see discussion above), and all the r>-values were fairly close to? Tu

is an indication that the data with lower trust values follow the same pattern as the high tru ateesw

addition to comparing the different weighting schemes and finding confidence intervals for t\rz—’

values, the values computed from the bootstrap method were used to consider whethe tion

should be included in the model. Since elevation would not be relevant in eventual choice of a' promising

site, it is included in the model simply because it is related to temperature and thus p Rshould be

controlled for. However, since vertical stress and other variables are highly c lated with elevation,
inclusion of elevation is perhaps redundant. Leaving out elevation makes Ij.mle ce in the r’-value,
supporting the idea that this parameter is redundant. v

y
The 95% confidence intervals for each of these weighting schemes withhand without elevation are

shown in Tables 6A and 6B and a summary discussion follows. The first line in each table corresponds to
the model described in Figure 59C. Investigations conducte n rwhy the r’-values for this case

presented in Tables 6A and 6B (0.86 and 0.83, respectively)idiffer from that indicated in Figure 59C, a r-
value of 0.94. Regardless, the outcome conveyed by ar- alue of 0.94 or 0.86 is essentially the same: the
model is able to explain quite a bit of the variability‘ p*ture using these variables.

in tem
4

Table 6A. Results of the weighting analysis confidefige int | determination using elevation in the
parameters considered; see text for an explantic‘ ‘

Weighting Lower Bound R squared est. Upper Bound
None 0.84 0.86 0.88
Product of Trusts 0.83 0.86 0.88
Sum of Trusts 0.84 0.86 0.88
Discard Low Trust 0.78 0.83 0.88

N
Table 6B. Results of tuveighting analysis confidence interval determination ignoring elevation in
the parameters consigered; see text for an explantion.

Weighting Lower Bound R squared est Upper Bound
None 0.81 0.83 0.86
Product of Trusts 0.80 0.84 0.86
Sum of Trusts 0.81 0.83 0.86
Discard Low Trust 0.73 0.80 0.86

?{ Validation
etechnique of cross validation was used to assess how well the model would make predictions for
ta not in the model. This technique involves leaving out part of the dataset when fitting the regression
model, then using the left out data to test the utility of the model in predicting temperature for data not
used to fit the model. More technically, the dataset was divided into 10 parts, and the regression model
’ was then fit 10 times, each time with one of the 10 parts left out. Then the r*-value was computed as 1-
(variance of prediction errors)/(variance of temperature values). Since every point in the data set was
left out for one of these 10 regressions, each point has a prediction error and this r’-value is actually

R
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based on the same number of points. In general the r’-value should be slightly smaller since the model

wasn’t influenced by the points for which the prediction errors were calculated. The cross validation was

performed to verify that the model was successfully representing an actual relationship between the

variables and not just a spurious relationship. l‘ N

In addition, cross validation is useful in variable selection, particularly to avoid over-fitting, including &
variables which marginally increase r*-values but whose relationship with the dependent variable doe@‘

not appear to be anything more than random. The r>-values computed based on the omitted data fro

the cross validation resampling were very similar to the original values, about 0.83, indicatinm;v

model has validity in making predictions for data not used to fit the model. Furthermore, leaving ou

and MT do not appreciably reduce the r>-values, so those variables do not appear to ad f|‘n

predictive ability to warrant their inclusion in the model. For the refined model basedien cting
temperature using only vertical stress, dilatation, and Vp, the bootstrap 95% confiden eral for r’is
0.81 to 0.85, with a center (actual estimated r®) of 0.83. This is essentially the sa as the first
line in Table 6A but with Vs and MT left out of the model. \'

The correlation analysis, performed by Dr. Ibser, Project Geostatistical Tasﬁéadew (see Section 1.4),
that explored the relationships between the geoscience parametersaas tilized to analyze the
favorability-trust maps presented in Section 8. The sensitivity of favo ty values to different
weights (equal weighting compared to SME weights) was an;‘*I io considered using
hierarchical modeling to assess the variability in the favorab aps in this Baslien Conceptual Model.

An intrinsic part of the hierarchical model is the quantlfl of the variability in the measurement and
modeling of variables used in subsequent analysis. Hoﬂever for several of the variables (e,g, MT
resisitivity), not much could be done that was not s or other variables (e.g., gravity-
magnetics), the variability could only be reason ed by repeating the modeling process under
different assumptions, and the modellng qwte time intensive. As such, the hierarchical
model was determined to be beyond the co the current project, especially given that the result
would simply give another way to assessthe variability in the favorability map without actually
improving the results themselves‘ 1

)

. 2
v
4

&
_O
)
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£ = Bivariate Fit of Temperature By elevation |

4 I*|Bivariate Fit of VertStress By elevation

4| ~|Bivariate Fit of VP-seismic By elevation

Temperature = 119.12285 - 50.452252*elevation -
6.1444162*(elevation—0.9967 2
£ Summary of Fit |

RSquare 0.900568
RSquare Adj 0.90033
Root Mean Square Error 2945227
Mean of Response 151.1383
Observations (or Sum Wats) 839

VertStress = 26.579076 - 20.843616%elevation
4 Summary of Fit |

RSquare 0.896412
RSquare Adj 0.896293
Root Mean Square Error 1290674
Mean of Response 50.1484
Observations (or Sum Wats) 910
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Figure 58. Bivariate Fit of Temperature, Vertical Stress and

i elevation with calculated residuals below.
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4| Correlations

Temperature

Fracintens
CsC
Dilatation
MTdata

Residuals VerStress
Residuals VP-seismic
Residuals ¥S-geismic

Temperature Residuals VertStress Residuals VP-seismicResiduals V5-seismic Fracintens

1.0000 00298 0.0394
0.0298 1.0000
0.0394 0.2926
0.0488 0.1665
0.0980
-0.09:
-0.4546
05266

There are 421 missing values. The correlations are estimated by REML method.
4| = Scatterplot Matrix
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Actual by Predicted Plot Summary of Fit
RSquare 0.76435
RSquare Adj 0.758912
Root Mean Square Ermror 0.434967
Mean of Response -0.74627
© Observations (or Sum Wgts) 134
=]
2
£ | Prediction Profiler |
(]
£ 88
i
T T T 1 T T 1 %
-3 -2 -1 0 05 1.5
Depth Predicted P<.0001 : 2
RSq=0.76 RMSE=0.435 4.569 1483
VPseismic MT
Figure 60A. Regression Analysis for predicting depth vs. depth pre fromResistivity (MT) and Vp using all the
well data excluding wells with a low Vp trust factor. The R-squ ue .76. This three-component analysis
suggests that the interaction of Vp and Resistivity (MT) can epth.
Actual by Predicted Plot Summary of Fit
RSquare 0.850168
RSquare Adj 0.811501
250 RootMean Square Emor ~ 27.36316
1 Mean of Response 173.9825
o 200 = 14 Observations (or Sum Wgts) 40
=1 o oY
§3 § <A
150 H ST
é' E . Ry [Prediction Profiler
e w0 .0 20 ]
4 - §2)- « = 200 4- P (RPN S o
e g & % 150
50 4 Fow '
8% 00,
1 N 1 ' 1 ' I ' I N S0
50 100 150 200 250 300
Temperature Predicted
P<.0001 RSq=0.85 RMSE=27.363
. Regression Analysis for predicting Temperature vs. Temperature Prediction using Lithology,
MT for all well data excluding wells with a low Vp trust factor. The R-square value is 0.85.

p-Temperature Relationship: Effect of Density and Depth
The observed Vp and temperature relationship described in Section 7.4.2 was found in the following
analyses:

1. linear correlations along the cross-sectional data (Appendix 17);
2. multi-variate correlations with respect to lithology along the cross-sectional data (Appendix 17);
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3. adirect correlation between the two variables using well data (Figures 54-56);
4. multiple-regression analyses using both the cross-section and well data (Section 7.4.2);
5

CART, see Section 7.4.2; and ‘
6. a geologic analysis, described herein and Appendix 18. l 0
O

This relationship was explored further to determine if other factors (depth, density, etc.) were “
influencing or responsible for the empirically derived relationship including an analysis of the

relationship with respect to depth, lithology or geologic formation, and well type. Selected reﬁ:s&)u
this assesment can be found in Appendix 18.

Geologic Analysis ﬁ ’
The majority of the Dixie Valley wells lie within the convective heated portion on the/DVFZ, while one
deep well, 62-21 lies within the valley to the southeast, and is more indicative of the onductive
regime. The previous analyses have used all the well data, indiscriminate of well locatio ith the
exception of removing the selected wells that possessed low seismic trust val The following analysis
views the Vp data with respect to the two different domains to determine‘ﬂ"mcrea,ses in temperature
and Vp with depth can be explained. By comparing Vp data within similar Vgies and at comparable
depths within wells affected by the convective system to a purely conductive well, 62-21, one can
analyze the Vp data independent of the influence from lithologi &cy r depth to determine if Vp
values are different within the two domains. If Vp values are“er hin the convective wells within
the same lithology type at the same depth, and the tem a‘re is significantly higher, it is inferred that
the Vp values are affected by the convective geothermal'system. Note that Vp should decrease with
fracturing and fluid content. These factors are not c@nsi ere‘in this analysis.The Lithology-
Temperature-Vp-Depth relationship was analy &rﬁbrmed in two-parts using well data (1) per

*ga

to

well compared to 62-21, a known conductive w per lithologic formation. 62-21 was chosen as
a "control" well as it was relatively cold com ells in the DVFZ, and intersected a varied group of
lithologies. Figure 61A consists of a seriés c??épresentative plots that show the Lithology-Temperature-
Vp-Depth relationship for different ding the comparison to a purely conductive well, 62-21.
Wells 66-21, 45-14, 53-15, and 76 \éa not included in this analysis, as these locations have low
seismic trust values renderin Vp.data unreliable. The remaining wells with available data compared
with 62-21 can be found in Azfu#x 18. The vast majority of wells show elevated temperatures and Vp
values at comparable depths and lithologies when compared to 62-21 (Figure 61A and Appendix 18).
The only exception is®62-23A, where at a depth of 2.5km (8200ft), Vp is slightly lower than 62-21 within
the same lithology; even tfrgh the reported temperature is much higher.

Interestingly, p'decrease is found at depths of 2.5km for a number of wells (Figure 61A). This
unexpecte u curred in the following wells: 36-14, 62-23A, 52-18, 65-18, SWL-1, SWL-2, and SWL-
3 whichgonsists of the DVPP area and the area of active injection within section 18. This could be a
moieﬁr&‘tion effect, or could likely represent a decrease in Vp within the reservoir due to fluid
ae Jor fracturing. This also suggests that since Vp does not increase uniformly with depth, it

ersupports the observed empirical Vp-T relationship is not based solely on a function of depth.

*ffect of Lithology and Depth
e recognized that both temperature and Vp are a function of depth and as such, continued evaluating
this relationship both geologically and geostatistically.

\ ’ The Vp data was plotted with respect to depth per the major lithologic formations identified in the
geothermal wellfield and coded for temperature to determine (1) if the varied lithology, specifically the
associated density (inferred by depth in this case), was a significant factor in the observed relationship,
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and (2) the variation in temperature per a given depth and lithology. Data occurring at the surface and
outlier wells with low seismic trust (53-15, 45-14, 66-21, and 76-28) were removed from the data set to
be consistent with the previous analysis. A general relationship between Vp and temperature was
observed within the basin-filling sediments (QTbf) at any given depth and over the depth range
considered (Figure 61B), while the remaining formations had too few data points to produce meaningfu
results. For plots pertaining to all the major formations, see Appendix 18.

Within the QTbf, the effect of depth on the inferred Vp-temperature relationship was examined (

62). A strong relationship was found only at a depth of 1km (Okm asl), with a r>-value of 0.76.

remaining depths show no relationship, although this is based on limited data.

Lithology-Vp-Depth Plot: 62-21 vs. 52-18 Lithology-Vp-Depth Plot: 62-21 vs. 45-33
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Figure 61A. Lithology-Vp-Temperature(°C)-Depth relationship . Wells are directly compared to 62-21: 52-18 (top
left), 45-33 (top right), 82-5 (bottom left) and 36-14 (bottom right). All wells show elevated Vp values over similar
lithologies (basin-fill vs. basement) and depths.
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Lithology-Vp-Depth Plot: Basin-filling Sediments (QTbf) Figure 61B. Vp-Depth
Relationship observed within

the basin-filling sediments
(QTbf). Wells with low seismic
trust (53-15, 66-21, 76-28 and
45-14) and data occurring at
the surface are not used in this
analysis. Temperature are
shown on the plot with the
color-coded according to well
name.

Depth (km)

o 767 0 36-14
O 52-18 o© 82-5

25 3 35 4 45 5
P-wave velocity (km/s)

Figure 62. Vp-Temperature relationship observed within the basin-filling sediments (QTbf) at the respective
depths.

The relationship between Vp and temperature seems to be mostly within the basin fill (QTbf) values.

When those points are plotted separately, we see an r>-value (for a quadratic fit) of 0.72 (Figure 63). The
variables temperature, Vp, and depth are all strongly correlated. Since is not dependent on location, it is
desirable to examine the relationship between temperature and Vp that is independent of depth. To do
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this, we have taken the residuals from a linear fit of temperature on depth. These residuals are the
difference between the actual temperature and the predicted temperature, so what is left gives an
estimate of the amount that a cell is hot or cold compared to cells at the same depth. Any relationship
that remains between these residuals and Vp is thus independent of depth.

When comparing the residuals of temperature to Vp, in place of the actual temperatures, a negligible r* -& ,
value of 0.09 is found, and the relationship disappears (Figure 63). Thus, the effect of depth cannot bt_‘k
separated from the Vp and temperture parameters. These two figures exemplify the more general\

phenomenon that the relationship between temperature and Vp is highly confounded with d

Attempting to establish causality is beyond the scope of this study, but a plausible story mlg e th

high levels of vertical stress (for example, at great depth) may cause both temperature

story such as this is consistent with both plots and does not contradict lab results showin

constant pressure, temperature and Vp tend to be negatively correlated. Further investi n of this

empirical relationship is required using the enhanced data set and in other geithermalgds to

determine its viability as a non-invasive tool for approximating subsurface ter ature distribution.
&
8 i 36-14
45-33 : :
Elev (ASL) . -
= B os
“lmo 36-14 2
. Elev (ASL)
@ -os A
g - o B os
) B s E g1 W
- e ||
2 2 g’ |-
[a] —
g ; § g| 8 83-28A
= k=] .
[ 0 .
2 & 82-5 .
E g o » 52-18 ."
o = A
27 — 82-51 533
$ 7 ’ 62-21
62-21
81 %
3‘0 3!5 4:0 4%5 3]0 3I5 410 4I5
P-wave velocity (km/s) RA2=072 ,n=22 P-wave velocity (km/s) R*2=009,n=22
Figure 6 eIatkship between Temperature and Vp within the basin-filling sediments (left) with a R-square value
of 0, ’R i ip between Temperature residuals and Vp within the basin-filling sediments (right) with an R-
squ ot 0.09. Data is color-coded for depth in elevation above sea level.
tr\an’alyses not included in this report that assess the Vp-Temperature relationship with respect to
depth and geologic formation can be found in Appendix 18. Selected analyses and associated plots
Mude:
y .
1. Measured Temperature vs. Depth coded for lithology type;
‘ ’ . Measured Temperature vs. Depth coded for P-wave velocity;

2
3. P-wave velocity vs. Depth coded for temperature;
4

. P-wave velocity-Depth-Lithology plots for all wells with respect to 62-21
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5. P-wave velocity-Depth-Lithology plots for major geologic formations.

Summary Assessment of the Vp-Temperature Relationship

A number of potential issues, inconsistencies and discrepencies, have arisen during the assessment of ‘
this relationship. First, there is a limited amount of measured temperature data, although this database l/ &
is more extensive than typical exploration data sets. The preliminary baseline Vp data is generally of

poor quality and was extracted by our Seismic Task Leader, Dr. lleana Tibuleac, from OPTIM reflection ‘
lines and associated block velocity models coupled with low resolution regional seismic models nd Vv

general crustal-scale models. The analysis of the more "raw" baseline seismic data, specifical

variance of green functions, was not available. Secondly, a number of assumptions were ma*c?mg

the (1) overall analysis is based on gross averages of the lithology, temperature, and Vp

cell on the order of 500m by 500m, (2) relationship was established by comparing médel ata (Vp) to
measured data (temperature), (3) some of the wells in Dixie Valley occur within the same cell (500m by

500m) and thus a number of temperature measurements at a given depth, all.of which e the same

assigned Vp value, and (4) effect of fracturing and fluid content on the Vp rela‘W cannot be

guantified. P v

The issue of depth confounding in the relationship has been validateﬁby tﬁous residual analyses.
Interestingly the multiple regression analyses inferred that usin uite 1‘ rameters including Vp
could accurately predict temperature. This concept is further ow using CART. However, it is
noted that the majority of geoscience parameters have an.inherit'depth influence. While the discussed
Vp-temperature relationship is observed using the empifical baseline data, the effect of depth cannot be
removed from the parameters used to establish an umue relationship. This relationship will be further
assessed using the enhanced data set (baseline + ‘ ilizes, expectedly, higher quality data
collected from the passive seismic survey in 20 er Task 4).

Classification and Regression Tree Anal‘(g CART)

Introduction
One objective of the various epr %‘ tatistical analyses is to define which parameters make
good predictors, speC|f|caIny redicting conditions favorable for EGS. The aspects to be predicted
using CART and referred to a gnse se variables are (1) temperature; (2) lithology type using both the
Section and Well Data, as wellasipredicting both; (3) productive ydrothermal cells; and (4) expected EGS
favorable cells using well data. Since the data is in both a numerical and categorical form, the
principal geostati Itoo ed in this evaluation is a CART analysis. While all potential parameters are
considered as rlables a direct interest is made towards the predictive power of
measurable.ge a| parameters such as Vp, MT and gravity-magnetic inferred lithology (Grav_Mag).
&ART

Explan
v |caI technique that can be used to determine the statistical relationship between a
flneé@mcted or response variable and multiple undefined predictor or explanatory variables. As

&van}zed from Lawrence and Wright (2001) who describe CART as a popular form of statistical
analysis that operates by recursively splitting the data until ending points, or terminal nodes, are
‘ nieved using preset criteria by analyzing all explanatory variables and determining which binary

y

~

divisions of a single explanatory variable best reduces deviance in the response variable. For each
portion of the data that results from this split, the process is repeated, and continues until
homogeneous terminal nodes are reached in a hierarchical tree.

Decision trees used in CART are designed to predict an item’s value for some variable based on other
information available about the item. Classification trees predict what category an item falls into
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whereas regression trees predict the numerical value of a variable. For example, if you wanted to

predict gender based on weight, you could use a classification tree with a single split where people

above a certain weight would be predicted to be male and people below that weight would be predicted
to be female. The predictions would have some errors, and the weight to split at would be chosen to
minimize the number of errors. If you also have information on height, that probably would do even l/
better at prediction, so you might choose an initial split based on a height value, with tall people

predicted to be men and short people predicted to be women. Then subsequent splits might be made
based on weight so that amongst the tall people, perhaps the heavy tall people are even mo v
be male than the lighter tall people, and a similiar split could be made for the short people. T

points are chosen to minimize the number of misclassifications. For more than two categori

equivalent to choosing the split points so that a random item has the smallest possible ¢ & being
misclassified. Thus if we have i categories, each with probability pi/, we minimize the‘sumiof pi(1-pi),
summed over the i categories in each of the “leaves” at the end of the splits, or ”bran‘? Notice that

if the categories are all perfectly classified, pi will be 1 for exactly one value ofiiand then'(1-pi) will be O

for that category. -

A regression tree predicts the value of a numerical variable such as p}edic i ig'ht from weight. The
process of splitting is done in such a way as to minimize the squared errors of the predictions when the
predictions are the averages within the subgroups. So if we pre eight from height, we might first
split into tall and short, and the predicted weights would be verage of the tall people and the
average of the short people. Subsequent splits could be based on weight in order to subdividethe
population further into relatively homogenous groupm ed on weight. If the splitting is allowed to
continue, the tree will grow until each person is on ﬁm@he predicted weights are perfect. This
splitting will have the undesirable effect of fittin sSentially making non-intuitive predictions. For
example, if one person 66 inches tall welghs 18 s‘and someone 68 inches tall weighs 170 pounds,
the full tree will predict these accurately, b nter to the more realistic general rule that taller
people should be predicted to be heavief: BEC se of this pruning methods such as cross validation are
used to reduce the tree in a way tha an accurate idea of how the predictions should be done
for data not including in the buiId! t& e. Amongst the advantages of CART are that it results in
easily understandable predicti ules it is free of underlying assumptions about the data and error
structure. Drawbacks include that it is restricted by these binary splits and since the optimization is done
from the top down it may not r%# in the globally optimal tree.

CART Methodolo
The CART analyses
SAS which ide

scribﬂin this section were performed using the statistical program JMP Pro 9.0 by
RT as a partition analysis. The input data used two different data sets (1) all the
combined s* ross-sectional) data described above (Appendix 16a), and (2) the well data (see
Append he parameters of interest are formatted in a pre-determined EXCEL sheet that lists the
exp x‘mble name in the column heading, while the rows correspond to specific cells or
 at specific depths that have multiple parameters. Each row must have a defined value for the

éus variables or the program cannot correlate other data to this value. The workbook is then

nsferred as a .csv file into the statistical program, where the CARTanalysis is conducted on the data by

ining a response variable (parameter to be predicted) and one or more explanatory variables
(parameters used for the prediction). The analysis then divides the explanatory variables into specific
groups based on the means and standard deviation of the data. A r’-value (from 0 to 1) is reported at
each subsequent split that quantifies the accuracy of the prediction at that stage in the analysis. For
selected cases, the split history and regression trees are shown in the geostatistical data figures
presented in Appendix 19. The advantages of this technique are (1) the first variable that the program
chooses to split on, infers that this variable is the most highly correlated to the predictor (Ed Isaaks,

Page 124 of 189



pers. comm., 2011) or alternatively that this variable has a large variability and is the most efficient for
the analysis to subdivide, (2) users can turn response explanatory variables on/off to determine which
ones make the best predictors, (3) split history can be pruned back to stop the analysis at a suitable r*-

value, and (4) the methodology works with both numerical (continuous) and categorical variables. :V
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Table 7. Summarizes the initial CART analyses conducted on section and well data with respect to predicting temperature, |itho|0\gy’qroductive wells,
S

and non-productive wells. The response variables are listed under the first column, followed by the type of data used. The t explanatory
variables have an X, if they were considered in the analysis, and a bolded X if they were used in the analysis. The r’-value li§i€d quantifies the analysis.
Appendix 19 presents the individual CART figures for selected analyses. ‘
Selected Geoscience Parameters Considered (X) and Used (X ) in
Description of Data the Data Splitting Process r’- 5
f . . . ummar
Analysis Conducted Type | T° | Vp | Resist. | CSC | Dilat- | Fault Vert Lith- value y
(MT) ation | Presence | Stress’ | ology"
Predicting — | X o= == X == X X 0.91
Temperature - X X - - - — X 0.8
section | x | x X X X - 0.82
Predicting Lithology® i 2
g gy X X X X X - . 0.54 Removing VertStress dropped R
value by 34%
X X X X X X X X 0.66
. . R%-value dropped 21% when
Predicting Productive X X X X X X X 0.52 | Lithology was removed and

(hydrothermal) Cells
for the productive and
non-productive well

Dilatation was considered

Vp, MT and Lithology accounts

2
S —— X X X X 0.62 | for 94% of the 0.66 r-value
above
X X X -—- - X —-- X 0.54
— well
Predicting X y -l 0.62
Temperature A
2_ . - o,
— | x 075 | R valued increased by ~21%
Predicti Adding Resistivity (MT) and
T redicting e - X X == == == == X 0.75 Lithology does not change RZ-
emperature q value relative to using Vp alone
Highest R” value using Vp and
1 X X 0.78 18 value using Vp

Resistivity (MT)

*Temperature; bLithologic D‘nm ameter that is directly related to the various lithology identified in this investigation; “Gravity-magnetic data was found to be highly
correlated to lithology a s suchni t shown as a separate parameter; 9Fracture Intensity was also considered in some of these analysis but not used; °Uses all data except
wells with a low seismi
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Sectional Data

CART analyses were performed with respect to all parameters gridded from the cross-sectional data (C-
C', D-D', E-E' and F-F'), which is mostly modeled data. The parameters were gridded within 500m? cells
from the valley surface (+1km asl) in 500m depth intervals to depths below the production zone (-4km
asl). The sectional data set can be found in Appendix 16a. The analyses use CART to predict the
Temperature or Lithology using (1) all parameters (explanatory variables) and (2) selected parameters
based on the r>-value.

Predicting Temperature
» Temperature vs. all parameters; r* = 0.91 shown in Appendix 19-Figure 1. The data split on the
following parameters: Vp, vertical stress, and then dilatation. While a high r>-value infers that all
the parameters can accurately predict temperature, it is noted that vertical stress is not a
suitable parameter for predicting temperature.

=  Temperature vs. Vp, lithology and MT; r* = 0.80 shown in Appendix 19-Figure 6. This shows that
temperature can just as accurately be predicted from the cross-sectional data using only the
following three parameters: Vp, lithology and MT.
a A ¢

Predicting Temperature from Vp

Using the cross-section data, temperature could be predicte“nmvﬁ with a r’-value of 0.359, (2) Vp
and resistivity derived from the MT data with a rZ—vaIueyOWS, and (2) Vp, MT and Lithology with a r>-
value of 0.800. PR

r & _
Predicting Lithology

= Lithology vs. all parameters; r* = 0.82 shown in Appendix 19-Figure 3. The first two splits in the
data occurred on vertical stress. Previous analyses have determined that this calculated value
has a likely dependence on depth and should not be used to predict lithology (see previous
Section 7.4.2).

= Lithology vs. all parameters excluding vertical stress; r* = 0.54 shown in Appendix 19-Figure 2.
Once this parameter is removed, the prediction capability drops significantly.

= Lithology vs. Vp, MT and temperature; r* = 0.53 shown in Appendix 19-Figure 4. The small drop
in the r’ value infers that Vp, MT and temperature are best predictor variables for lithology,
when other high predictive power parameters are not considered (vertical stress, dilatation,
etc.).

» Lithology vs. Vp; r* = 0.23. Vp cannot be used to predict lithology. The SME has noted that a
better seismic parameter for predicting lithology is rho (density). Once the new seismic data is
collected under Task 4, this parameter should have high enough resolution to be used as a

4 predictor for lithology shown in Appendix 19-Figure 5.

v

* Data

e\Well Data includes all measured and reported well data (lithology, temperature, faults,
ochemistry, etc.), calculated values (LithDensity, LithStrength, vertical stress, etc.), and modeled data
(Vp, MT, Stress Data: CSC and dilatation, etc.) with respect to well location (Appendix 16b). For this data
set, parameters were gridded within 500m? cells at 500m depth intervals from +1km asl to -3km asl.
CART analyses can be used in this case to explore the predictive power of a variety of modeled
parameters where the response variable (temperature or lithology type) existing as measured data is
known with a great degree of certainty. This in a sense validates the correlations found using the section
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data. A second advantage of using the well data, is that since not all of the wells are producing wells, a
CART analysis can potentially determine what is unique about the other parameters that infers whether
a corresponding cell is productive or non-productive (hot/cold and dry).

@

Predicting Temperature using Vp l/
The CART predictions that determined if temperature can be predicted by Vp and other parameters

using well data is summarized in Table 8. The results of this analysis are tabulated below and shownfin ‘
Appendix 19-Figures 7-10. Temperature could be predicted from (1) Vp with a r*-value of 0.621 after

only three divisions of the data (see the first row in Table 8). When the wells with low seismi

removed from the analysis, temperature could be predicted from Vp with a increased r’-val i

(Table 8, row 2). This is similar to the results from the correlation plot shown in Figure 5 u%\ the
strength of the relationship increases, when the low quality Vp data is removed. ThedCAR alysis

supports the observed empirical relationship between Vp and temperature and infersthatthe

combination of the parameters Vp and MT cannot predict temperature better.than Vp alone. This result

is not consistent with the multiple regression analysis described above. In su p can be used to
predict temperature using a subset of the well data. This relationship is exBfOred urther below.

Table 8. CART analyses predicting temperature using well data and P—wavefelociw

Data Used R-square Appendix 19
value Figure
All well data 0.62 7
Edited well data’ 0.75 <y 8
Edited well data + Resistivity (MT) 0 77 9
Edited well data, Resistivity (MT), Lithology > 10

Predicting Productive Wells g&
Cells that are considered part of the hydre | system were defined and analyzed versus multiple
geoscience parameters to determine whi rlables were suitable for predicting a productive well. Cells
are in reference to the pre-deter ﬁ assigned spacing used for gridding purposes and dividing
up the wells in the Calibration r(rez into different depth slices. In general the hydrothermal system
includes the injecting or producing portions of the wells, usually the lowermost cells. For purposes of
this analysis, productive wells rgferred to as hydrothermal. Selected results are presented in Table 9.
A complete table sho?g the wells used in the analysis, associated cells (depths in this case) that are
considered productive, anhd cells that have a known lithology value is found as Table 10. In addition to
predicting hydrothermal cﬁ, a subsidary CART analysis was performed to predict EGS favorable cells.
Using the wel lls'that were expected to be favorable for EGS and were not exclusively part of
the hydrot?‘ tem were identified. In some cases these two domains, hydrothermal and EGS,
overlap the 500m spacing resolution.The CART method was then used (1) to test if EGS favorable
cell cbu&ﬁedicted, (2) compare the results to the prediction for hydrothermal cells, and (3)
ter ich response variable combination could predict EGS cells including combinations without
ertical stress parameter. See Table 10 for identified EGS favorable cells.

Appeéndix 19-Figure 11 (Fig. 19-11) presents the CART analysis for the prediction of productive vs. non-
‘ ductive cells using all the available well data and the following select geoscience parameters:
lithology, temperature, Vp, vertical stress, resistivity (MT), CSC, dilatation, and presence of a fault. In this

’ Removed wells with a low Vp trust factor
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analysis, the data was split using lithology, Vp, resistivity (MT), CSC, and vertical stress, with a r’>-value of
0.66.

A preliminary parametric sensitivity analysis was conducted to determine the effect of removing

selected parameters (explanatory variables) from the analysis shown in Fig. 19-11 and Table 9. Appendix l
19-Figure 12 presents the CART analysis for the prediction of productive (hydrothermal) wells usmg the
same suite of select geoscience parameters indicated in Table 9 except lithology. In this case, the r’-@™ i
value decreases to 0.52 indicating that lithology is a critical parameter in differentiating productive fri
non-productive cells, as expected. Appendix 19-Figure 13 (Fig. 19-13) presents the same type C\Tv
analysis but using only the selected geoscience parameters of Vp, resistivity (MT), fault presence, an
lithology with a reported r>-value of 0.62. Appendix 19-Figure 14 provides the results of a 'ti‘of
temperature to the parameters used in Fig. 19-11. Interestingly, the resulting r*-valuesis , lewer than
that in Fig. 19-13 but slightly higher than that in Fig. 19-11. This implies that temperat ot most
critical parameter in predicting productive vs. non-productive cells, and that lithology, nd MT are
the best combination of predictors for this case. \'

The analysis determined that the best explanatory varlables for determlnln reductivity are the
combination of Lithology, Vp, and Resistivity (MT), with a r* value of 0:66. ?ﬁst split of the data
occurred within the Lithology parameter, as the majority of the preductiv lIs occurred in expected
lithologies (Jz, Jbr, and Tmb), while the non-productive cells o ‘y lithologies not part of the

geothermal reservoir (Tr, Kgr and Tbf).

Table 9. CART parametric sensitivity analysis on selected gmscience parameters predictive of
productive hydrothermal wells from the database for bovpr‘uctive and productive wells. Figures

are referenced from Appendix 19. 4

CART Selected Geoscience Parameters Considered (X) and Used (X) in the Splitting

Analysis | Temp | Vp | Resistivity | CSC | Dilatation | Presence | Vertical | Lithology r’-value

Figure (MT) of a Fault | Stress
11 X X X X X X X X 0.66
12 X X X X X X X 0.52
13 X X X X X 0.62
14 X X X X 0.54

N g
CART Sensitivity Analysis

The CART analyses
find the highe

scrib

above explored differing combinations of multiple explanatory variables to
es in predicting one of the four key response variables: temperature, lithology

type, prod orthermal cells, and expected EGS favorable cells. The analyses determined which
parame he'best predictors. An extensive sensitivity analysis was performed using JMP Pro 9.0
and tfp ly avaliable RStudio application to determine the prediction capabilities of the various

parameters and the relationships and interactions between them. The analysis performs
DSS| le parameter combination using seven key variables in a systematic format. Temperature

thology type was predicted using both section and well data, while predicting the occurrence of

oductive hydrothermal and EGS favorable cells was determined using well data only. The individual

RT analyses were evaluated mostly based on their associated r>-value, but also due to the number of
splits, explanatory variables used, explanatory variable first split on, shape of the r’-curve and
corresponding K-fold cross-validation curve. This analysis will determine (1) the best combination of
explanatory variables to predict temperature, lithology type and productive hydrothermal/EGS

favorable cells, (2) the influence of adding and removing variables, (3) the effect or removing depth (i.e.
vertical stress) from the analysis and (4) relationships between key predictor variables.
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Table 10. Identification of productive hydrothermal cells for Dixie Valley Wells and formations encountered at the selected depths\‘n

below the wellbore. Lithologies that are bolded and in red represent the expected EGS Favorable cells, some of which overl

(hydrothermal) defined cells.

6/

CeIIs highlighted

e permeable

light orange are considered productive(zones of injection/production). Non-shaded cells are considered non-productive, wt{y aded cells lie
with

<

Fb

Depth (km) above sea level
WellClass | Well 1 05 0 05 1 15 K 35 Reported Ilthology at depth indicated as
65-18 = I identified by Blackwell et. al 2005; Lutz
32-15 et. al 1998, 2002; Reed et. al 2009; Hulen
o — = L 1 1999; Plank (1999) and propri
5 [swL3 Thf Thf Tof | Tmb v Kgr et.a ; Plank (1999) and propritary
‘3’ SWL-2 Tbf Tmb Ker data provided by Terra-Gen Power.
—_ 41-18 Jz Jz
[=
. SWLL Tmb
38-32 Jbr Tr Lithol Expl .
255 Thf Tof Tof | Tmb | Ker ithology Explanation
27-33 Tv Jbr s hacin 6l .
= o — T Thf: bas.m filling sediments
o 3733 Iz Ker Tmb: Miocene basalt
@ |76-7 Thf Tmb Tv: Oligocene silicic volcanics
- . . .
3 [827 Thf Thf Thf Tbf Tmb )z Iz Jz: Jurassic mafic rocks
o 84-7 Tmb Tv . .
&  [737 Tmb Jbr: Boyer Ranch quartzite
63-7 Bt Jz Iz Tr: Triassic meta-sediments
sl Kgr: Cretaceous granodiorite
- 62-21 Tbf Thf Thf Thf 1z Tr Tr
E 45-14 Tv Tr Tr Tr Tr
E w |66-21 Tv Jz Tr Tr Tr
g 3 [62-23A Thf Thf Thf Tv )z Tr
g I [36-14 Thf Tr Tr Tr Kgr Kgr
£ & [53-15 1z Non-Productive
S e [ Iz Tr - .
2 82-5 Thf Thf Tof | Tmb Tv ¢ Ker oo
7 45-33 Thf Thf Jbr Cell lies below well
N
v
G )
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Parameter Overview

Within the preceding geostatistical analyses, the various geoscience parameters have been analyzed and

eight key variables that show correlations have been recognized (see Section 7.4.1. and Appendix 15).

These variables were chosen as the explanatory variables in the CART Sensitivity Analysis and are as

follows: (1) P-wave velocity (Vp), (2) Resistivity derived from Magnetotellurics (MT), (3) Coulomb Stress\
Change (CSC), (4) Dilatation, (5) Vertical Stress (VertStress), (6) Gravity-Magnetic inferred Lithology & v
(Grav_Mag), (7) Lithology derived from the geologic assessment and (8) Temperature

Methodology c \

JMP Pro 9.0 is a user friendly statistical program that allows the user to upload excel files conta ning the
various data with respect to cell location, and then run a partition analysis using the d ta.%r
chooses his Input Variable (Predictor or response variable), and then chooses the Explanatory Variable/s
from 1-7 variables. The approach shows the effect of systematically removing one‘vati Je at a time
starting with considering all variables (7) and finishing with only one variable considered. Prior to
starting the analysis the user should check the tabs labeled Split History, K-fold validation and Column
Contributors. Split History shows how the rz—values changes vs. the numbe of%. The k-fold
validation option checks the validity of the r’-value by performing t%h ?ts subsequently on a
smaller subset of the data. If the two lines are intersecting or similarthen the r “_value has a higher level
of confidence. The column contributor's option allows the user.to see which parameters were used in
the analysis. Once analysis is set-up, the analysis begins by répeatedly splitting the data (manually) until
the r’-value has reached a plateau and does no longer |§j‘h each subsequent split. The r*-value
reported by the CART analysis must also match or be the k-fold validation curve. The user has
the option of pruning back the tree to terminate thé:analysis at the desired node. Generally the less

splits of the data, the more reliable the correspﬁwszﬁlue

The analyses were organized into a series of ta each unique prediction that shows the effect of
removing one variable all the way to removing 5|x out of seven possible variables. Each table shows the
variables used, variables considered aBbg used for the first split, corresponding r>-value, and number
of splits for each possibility. The foMg lists the appendices that detail the three CART Sensitivity

Analyses: £ O

e Appendix 20a. PredictingTvrature using Section and Well Data;

e Appendix 20b. Pr ing Lithology Type using Section and Well Data;

e Appendix 20c. “dl Productive (hydrothermal) vs. Non-Productive Cells using Well Data; and
e Appendix Zogedlctmg expected EGS favorable cells using well data.

In the case kt g EGS Favorable cells, the analysis was perfomed using RStudio a publically
avallad?‘! face for performing various statistics (www.rstudio.com). Using the well data set,
cells h'intervals with respect to wells) considered favorable for EGS were designated as the
resg ﬁble, while eight explanatory variables were chosen. The explanatory variables used were
he s for the previous three analyses, with the exception that the Gravity-Magnetic inferred
chobgy parameter was replaced with whether a faults was present or absent. The analysis explored
very combination from eight variables considered to only one considered, with the results organized by
the number of variables used, and reported from highest to lowest with respect to r’-value . Results are
VSummarized in Appendix 20d, while selected results are highlighted in Table 11.

Results
The first variable that the analysis determined to split on was almost exclusively vertical stress, which
has a strong dependence to depth. When this variable was removed, the analyses tended to choose Vp

Page 131 of 189



as the first split or next best choice, and the r’-values dropped significantly. While vertical stress was
considered a significant predictive parameter using CART and other geostaistical methods, a review of
the results show that when vertical stress is removed from the CART analysis, similar r>-values can be
replicated with a different set of parameters (Table 11). For example, when predicting temperature
using section data, a r’-value of 0.871 is calculated using all available parameters including vertical
stress, while a r’-value of 0.885 can be achieved using only Vp, Lithology and Dilation. This case is trued>
for all five predictions, with the exception of the predicting Lithology using Section Data which yields V
r>-value of 0.631 using all parameters, and only a 0.453 using Vp, MT, CSC, dilatation and lithol \
While this implies that the combination of other parameters can replicate the predictive po

vertical stress, it is important to note that the low value in the range of r’-values reported n Table 11,
occurs when vertical stress is removed from the analysis. The results are summarized Iqal

Predicting Lithology using Section Data ! “
* Highest r’-values are in the 0.60 to 0.66 range.

=  Temperature and CSC are the least used variables.

= Vertical stress was chosen as the first split the majority of the c‘s%ly other variables
used as the first split was Vp, dilatation, and Grav_Mag, an that order of occurrence. The

majority of the cases these secondary variables were uie‘d as the first split when vertical stress
was removed from the analysis.

= The analysis tended to follow a pattern of using ﬂ' !P\riables vertical stress and dilatation
together for a r>-value of 0.653 after 7 spI| e variable Vp and Grav_Mag were
removed.

= Using Vp, Resistivity and Grav_Mag yielﬂ a’%lue of 0.406 after 5 splits.
4

Predicting Temperature using Section Data \
= Highest r’-values are in the 0 N90 range.

= Vertical stress was the dominant first split, followed by Vp, then resistivity (MT), and lastly
Grav_Mag. When none oh ariables were considered, dilatation was used as the first spilt.

= Vertical stress and MT Vld a r’-value of 0.876 after 4 splits, while vertical stress and
dilatation yield 2_value of 0.892 after 4 splits.

= Vpand MT a@e can predict temperature with a r’-value of 0.775 after 6 splits.
= (CSC w‘d‘used in the analysis, and only when the variable dilatation was removed.

] )ﬁct that vertical stress, when it is the only variable considered, can predict temperature
n'value of 0.874 after 3 splits, suggests that depth is the controlling factor. Vp alone had
‘ a rz—,iue of 0.359 after 5 splits, while resistivity alone had a r’-value of 0.502 after 4 splits.

rtical stress, Grav_Mag, and lithology show a complex interaction between the variables and

' = tend to group together.

4 “h‘edicting Lithology using Well Data

\ 4

» Highest r’-values are in the 0.60 to 0.62 range.

=  When vertical stress was considered, it was used as the first split 100% of the time. The variable
used as the first split when vertical stress was removed was Vp, then Grav_Mag. If all three of
these variables were removed, the analysis first split on dilatation.
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=  The three most commonly used variable were vertical stress, dilatation and Vp. The most
common result was the analysis using these three variable regardless of the variable considered,
with a r’-value of 0.611 after 6 splits.

= Using vertical stress, Grav_Mag and Vp resulted in highest r*-value of 0.621 after 7 splits.

Table 11. Classification and Regression Tree (CART) Sensitivity Analysis results using cross-section and well d
The first row for each response variable corresponds to r’-value ranges with vertical stress considered, whil
following rows, highlighted in green, show the r“-values when vertical stress is removed from the analysi
cases with the exception of predicting Lithology using Section Data, a similar r’ result can be achi
vertical stress is removed from analysis. The explanatory variables used in the analyses include (1) tg
p-wave velocity (Vp), (3) resistivity from MT, (4) coulomb stress change (CSC) and (5) dilatational § @
both from Coulomb Stress modeling, (6) vertical stress, (7) lithologic formations derive!r

assessment and (8) separately from the gravity-magnetic modeling.

:redictod Data R’-values when Explanatory Variables are Removed from Analysis Geoscience Parameters used when
atponse Type | o© 1 2 3 4 5 6 Vertical Stress is Removed
Variable
Temperature 729 - 918|.727 - 918|.847 - 907(.735 - .898|.310- .901| 0.874
0.677 Vp, Resistivity (MT), and Gravity-Magnetic [G-M)] Lithology|
0.806 Vp, Resistivity [MT), and G-M Lithology
0.792 Vp, Resistivi and Dilatation
‘l’emmmﬂarel 0.871 0.885 v:, Di n:rtﬂmm'm
0.775 Vp, and Resistivity (MT)
0.684 | Dilatation
Section 0359 |vp
Lithology 627 - .655|.541 - .653|.523 - .665(.484 - .660|.505 - .656| 0.507
0.438 Vp, Resistivity (MT), Dilatation, and G-M Lithology
0.453 Vp, Resistivity (MT), Dilatation, and Temperature
Lithology® 0.631 0.433 Vp, Resistivity (MT), Dilatation, and G-M Lithology
0.421 Vp, Dilatation, and G-M Lithology
0.406 Vp, and Dilatation
0.277 Dilatation
Temperature .769- .841|.749- 841|.749 - 822|.749 - .805|.749 - .B03| 0.749
0.750 Vp, Resistivity (MT), CSC, Dilatation, and Lithology
0.767 Vp, Resistivity (MT), CSC, Dilatation, and G-M Lithology
1 0.822 0.775 Vp, CSC, Dilatation, and G-M Lithology
USRS 0.730 Vp, Dilatation, and Lithology '
0.680 Vpand Lithology
0621 |Vp
Lithology 577 - 611|562 - 611|.562 - 644|.562 - 620|.552 - 615| 0.552
0.521 Vp, Resistivity (MT), CSC, and G-M Lithology
e 0.529 Vp, Resistivity (MT), CSC, and G-M Lithology
- 8 0.600 Vp, C5C, and G-M Lithology
Lithology* 0.549 Vp, Dilatation, and Temperatura
0.550 Vp and Dilatation
0408 |Vvp
Productive well 447 - 617|.431- 647|523 - 665|361 - 648[.315- 587| 0.389
Hydrothermal cells
0.528 Vp, Resistivity (MT), and Lithology
Productive 0.625 0.615 Vp, Resistivity (MT), Lithology, and Dilatation
Hydrothermal 0.433 Vp, R.esmmtﬂMTl. -Dllll?lloﬂ. and G-M Lithology
0.598 Vp, Lithology, and Dilatation
cells* 0.550 Vp and Lithology
0.457 | Lithol
Expected EGS .523-.727 | .383-.727 | .409-.708 | .369-.661 | .349-.637 | 0.398
favorable cells
0.769 Temp e, Vp, CSC, Dilatation, and Resistivity (MT)
0.727 0.769 Ti 2, Vp, CSC, Dilatation, and Resistivity [MT)
Expected EGS 0.769 Temperature, Vp, CSC and Dilatation
favorable oellsl 0.708 Temperature, Dilatation, and Lithology
0.708 Dilatation and Lithology
0.398 | Dilatation -
*Vertical Stress is removed from consideration

Predicting Temperature using Well Data
» Highest r’-values are in the 0.80 to 0.83 range.
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= Using vertical stress only yielded a r’-value of 0.749 after only 3 splits. This was one of the most
common results, even when other variables were considered.

=  Vertical stress is the most common first split. When removed the data splits on Vp, then
lithology, then Grav_Mag when the subsequent variables are removed. When all of these are

removed the analysis is forced to split on MT. .

* Vpand MT alone can predict temperature with an r’-value of 0.625 after only 3 splits. v.
te~6

»  Vertical Stress, dilatation, and MT alone can predict temperature with an r*-value of 0.

splits. ol
Predicting Productive vs. Non-Productive Cells using Well Data o ?
* The first split is lithology 100% of the time, when this variable is considered. When,lithology is

removed from the analysis, the first split is usually on Grav_Mag as expec&d,‘v ver the
choice for the second split is much more random then the previous analyses.‘

= Considering and using all seven variables, the analysis first split on lith with an r’-value of

0.625 after 6 splits. ‘ »
%

* Highest r’-value are in the 0.63 to 0.67 range.

&

=  Vertical stress and dilatation used alone have a rz-valué'“o‘13 after 6 splits.

<
= Temperature was only used as a secondary varia jn C and temperature were the least
common variables used. l
v

Predicting EGS Favorable Cells using Well Datagf !
= Cells determined to possess characteris faw le for EGS were assigned separately from cells
identified as productive (hydrotherrﬁal\
y

= Dilatation was the most consid reﬁn significant parameter and was used in the CART data
divisions for analyses whicfﬁu‘ce the highest r’-values. Temperature and lithology type
were considered important secondary parameters.
Porga gy P

* The parameters temperature, Vp, CSC, MT (resisitivity), and dilatation; temperature, Vp, CSC,
dilatation and thetprese of a fault could predict EGS favorable cells with an r>-value of 0.769,
while dilatation ithology used alone yielded a 0.708 r*-value.

= Vertical Stress.was not a critical parameter and the majority of the analyses yielded higher r-
vaIues@‘he parameter was not used in the analysis.
N

Implicati ‘ v

Using tldat ﬁded along the wellfield cross-sections (Section Data) yielded slightly higher r*-values

thacjing tydata gridded in respect to well location (Well Data). This is interesting as it suggests that

mo rate predictions can be made with a larger quantity of modeled data, rather than a smaller set

da@ ontaining relatively more hard data. Modeled values such as vertical stress and dilatation

seemed to make the best predictors and have a unique relationship between them. While vertical stress

¥ k“as used as the first split for most of the predictions, similar predictions quantified by high r>-values
could be made without this parameter. Lithology was the first split used for determining whether a cell
was productive or non-productive, while temperature was the first split for predicting favorable EGS
cells. This implies that the rock type is the most important factor in determining whether a cell is
productive or non-productive, not temperature and adversely temperature is the most important factor
for predicting favorable EGS cells. Resistivity (MT) was used almost exclusively as a secondary parameter
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and when combined with Vp could predict temperature with high r’-values. The significance or lack-of
therof will be determined when similar statistical analyses are applied to the enhanced data set under

Task 5 of this Project (see Section 1.1). Some important observations are (1) each analysis is unique as
r>-values for identical trials can vary by as much as 5%, (2) vertical stress seems to be a modeled

parameter suitable for CART yet highly dependent on depth and is not required to consider in future \
analyses, and (3) CART provided a good complementary geostatistical analysis to validate findings

obtained from other methods (bi-variate correlations, residuals, multiple regression, etc.). v

Summary of Exploratory Geostatistics and Geologic Significance

It must be noted that this analysis should be considered a preliminary view of the eprorat@P
geostatistics of a geothermal system. Further work within this system, to be conducted using t
enhanced data set (baseline + new) and in other geothermal systems should be conddcte termine
(1) whether the correlations (and predictions) defined herein are universal in nature; w the causal
relationships within any particular correlation. The following lists the salient highlig t‘ he
geostatistical analyses:

Correlation Analysis ‘ ‘
= The parameters temperature and vertical stress are correl with p-wave velocity (Vp); All
other correlations found are not consistent in the analyses nducted.

but must take into account the data spread and ct of depth with modeled
parameters, and significance based on SME a gic inference.

= Correlations between parameters cannot be analyzng the correlation coefficient -value,

= Temperature can be fairly accurately predicted from Vp using the well data set, especially when
considering the variability and confiden‘ ctor) of the baseline data. When the poor
resolution areas were removed fronfth%h et (surface data and wells with a low seismic
trust), the r’-value for the polynofﬁial fit that quantifies the relationship has a value of 0.73.

Multiple Regression and Re&dualﬁysw

While, the overall multiple regressi d two component residual analysis indicates that depth (or
elevation) is the only link between (1) temperature and vertical stress, and (2) temperature and Vp, a
multicomponent analysis suggést‘t (1) the combination of a variety of geoscience parameters (a r-
value of 0.94 was founddusing elevation, vertical stress, dilatation, Vp, and resistivity (MT) to predict
temperature) can be edict temperature and (2) there is a complex interaction between the
geoscience parameters.-inithis prediction.

Classification ad‘ressmn Tree Analysis
Applylrr% !oth the Section and Well Data, the relationships among the geoscience parameters
were investigated to determine if temperature, lithology, productive hydrothermal cells and expected
ab,cells can be predicted using the geoscience data and in part based on a combination of
$s that also showed high correlations within the previous analyses. The multi-step analysis
6ou@d hat the geoscience data could predict the identifed variables, considered the significant
“% arameters for inferring favorable EGS conditions, both with and without the vertical stress parameter
Table 11). The exception to this result was when predicting lithology type using the section data. An
important observation is that temperature could be predicted using the combination of three key
measurable geoscience parameters, gravity-magnetic inferred lithology (Grav-Mag), MT and Vp. For
example, temperature can be predicted using the section data with an r>-value of 0.91 using Vp, MT and
lithology, while the productive nature (hydrothermal portion) of a well can be predicted with a r*-value
of 0.63 using Lithology, Vp and MT. Additionally, Vp was the critical parameter for predicting
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temperature and rock type when vertical stress was not considered. It is noted that difficulties remain
for assesing the reliability of the CART results, when a number of the geoscience parameters have a
embedded depth influence (vertical stress, Vp, temperature, and rock type).

The CART geostatistics have validated the qualitative correlations by the following points (1) the

geologic and gravity-magnetic lithology model have a high degree of correspondence; (2) the resistivitk\
parameter (MT) is one of the sensitive secondary parameters used to predict temperature and lithology; N 4
(3) Vp, while the parameter showed no qualitative correlation with the other geoscience data sets:is.a

very important parameter for predicting lithology, temperature (see discussion below), the pro@va

nature of a well, and expected favorable EGS area. It is important to note the combination of =

parameters had much higher r* values quantifying their prediction power than the parameters

themselves. &

Assesment of the Vp-Temperature Relationship < g
While an empirical relationship is observed between measured temperature from we‘ and modeled P-
wave velocity, depth was a confounding parameter. The relationship was assessed using both cross-
sectional and well data, through (1) standard correlation analyses, (2) c‘rr t factoring in the trust
factor of the baseline seismic model, (3) multiple regression, (4) residuals &nove the effect of depth,
(5) CART analyses to determine the effect of other parameters, (6) correlation with geologic formations,
and (7) correlation to conductive vs. convective domains. Whileﬂﬁlationship certainly exists
throughout some analyses, others do not support the correlati‘c will evaluate this confounding
relationshio further using the forthcoming higher resolt‘)r*is model using the enhanced data.

y

7.5 Summary

7.5.1 Hydrothermal System p 4
The structural interface between the Stillwater\ange and Dixie Valley is complex fault zone, reflecting
the interaction between the current WNW-ESE extension axis of normal faulting with an earlier
generation of N-trending B&R faulti’ne intersection of these structures, in the current stress regime,
produces zones of compression dﬁcﬁtion along the fault zone. These dilatational zones are
coincident with the occurrence’of sh thermal anomalies expressed along the DVFZ and at New York
Canyon on the west side of thesvter Range. Additionally, the subsurface well data available to this
project shows an excell rreltion betwwen productive wells and the inferred dilatation zones.
While, the recognize nomalies expressed at the surface occur at or near the range-front fault,
additional geophysical evidence (i.e., MT data) suggest that portions of the intra-range setting are also
hydrothermal,‘ v&active in the past. Unfortunately, there is no well data in the range to validate

b

this observation:.

In refer, ;_s; *gtrucutal mechanism, the data presented herein suggests that while the overall Dixie

Valley geoth al system does lie in a regional accommodation zone between the west-dipping

Pleen azy:\nd east-dipping Dixie Valley , and occurs adjacent to a seismic gap with no recent

'lrface eaks and inferred concentrated stress, localized dilatation on high-angle faults appears to be

he déminant control for the location of geothermal cells along the DVFZ. The occurrence of the

p \‘@othermal cells coincide with zones of dilatation along the fault zone and seem to be controlled by the
intersection of major north-trending structures with the more northeast-trending fault zone.

The only area within Dixie Valley that has been studied extensively is the DVGW with established
production and injection wells supplying the power plant now owned and operated by Terra-Gen and
several dry to sub-commercial wells. Within this small segment of Dixie Valley, we observe the DVFZ
comprised of the range-bounding fault and the valley-bounding piedmont fault, which are considered
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the major thermal fluid-bearing structures within the fault zone. These two structures are not believed

to possess extensive lateral permeability along their entire length, but rather are thought to consist of

intermittent zones of dilatiaton and compression depending on the orientation of faults and fractures

with respect to the current stress regime. Fractures occurring within zones of dilatation along the DVFZ,

assessed as steeply dipping fracture sets both parallel and anti-thetic to the main east-dipping NE-

trending fault trend (see Section 6.1.1), are optimally oriented for extensional failure and should creaté>

a localized, naturally-occurring open network of permeability capable of geothermal fluid productionv
in

The main production areas supplying the power plant are to the north in section 33, and to th t
sections 7 and 18 (Figure 30; Section 6). While there is shallow interconnectivity between these.two
areas, there is no evidence of production-depth interconnectivity. The shallow interconnectivity is
currently used to facilitate the injection well array in both areas. All production (Sectigh.7 ) is
being derived from dilated segements within the fractured hanging wall block of t e.pi nt fault.
Well 36-14, located approximately two miles to the west of the sections 7 and 18 pro ion area,
bottomed near the range-front segment of the DVFZ, had non-commercial geotherm production with
a significantly higher temperature than that of the wells supporting the power t, with no evidence
of deep connectivity to the production wells based on the limited data 3/* o this project. It should
be noted that the significant downhole permeability and downhol ity in 36-14 was found only
in the last 30m (100ft) of the well trajectory. The well data show‘chat within a distance of 10km there
are three separate geothermal cells. There is thermal ewdence\tWe piedmont fault extends into, or
plays a role in the geothermal system encountered in the P*a around well 62-23A (see section
6.3.2). While geophysical data extends this piedmont steucture throughout the entire length of the
DVGW (Figures 13 & 14), we know that there is no s"le normal fault template that can describe the
locations of geothermal cells in Dixie Valley. Instead, the eecurence of geothermal cells is dependent on
the more north-trending faulting intersecting the cur %rtheast -trending faults, altering the
localized stress conditions and creating zone% o\ J]on

The thermal fluid producing components Q(che hydrothermal geothermal resource at Dixie Valley are
dependent on the:

= faultand fracture orientati

= irregularity of fracture 'surfa s that create asperities and force open the fractures following

shear slip;
= degree of op permeability at depth;
= magnitude.of localized stresses with respect to the current stress-regime;
L] Iltholo* ks and sediments in and adjacent to the fault zone; and
] e of s§ ing within the thermal fluid-bearing faults and fractures.

The major.domains of the hydrothermal system are considered to be:

eﬂittent dilatational zones along the piedmont fault including associated fractures and
‘tlthetlc faults;

&) fractured permeable zones within the Miocene basalt that truncates the piedmont fault within

\‘\ these zones of dilation;

v = Limited permeability within the intervening structural block between the steeply dipping range-
front and piedmont faults, extenuated by cross-faulting which connect the two structures; and

* intermittent dilatational zones along the range-front fault including associated fractures.
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7.5.2 Engineered Geothermal System
The commercially exploitable EGS portions of Dixie Valley geothermal resources are dependent on the
conductively heated rock juxtaposed to active geothermal cells/systems. Important parameters include
temperature, stress-regime and the lithologic characteristics within the fault zone and surrounding rocks
at depths of much less than 5km (16,400ft). Temperatures >200°C (392°F) are known to occur along a \
large region in and adjacent to the DVFZ at depths of ~2-3km (6560-9840ft). Coarse crystalline and 4>
metamorphic rocks such as the Cretaceous granodiorite, Boyer Ranch quartzite, and Jurassic low gradvv
metamorphic and igneous rocks possess the favorable rock mechanical properties for EGS sti r\
Prime areas of interest include hot, brittle and relatively unfractured rock adjacent to the curren
production field and the hot area with limited fractures between the Dixie Comstock geothermalcell
and the Hare and Mississippi Canyons geothermal cell(s)/systems(s). The potential EGQ&e@aI
resource in Dixie Valley can be defined within the following three domains:

= theintervening structural block between the steeply dipping range—fronth dmont fault
where there is low to no naturally-occurring permeability;

= zones of compression along the range-front and piedmont faults whe tural induced
stresses are keeping the fractures closed; »

= sealed zones of dilation along the range-front and piedmo‘aults, and

= the footwall block of the range-front fault, and beneath, at least, the eastern portion of the
Stillwater Range.

<
Optimal EGS targets are subsurface regions that are hoqa’ onpermeability , are not proximal to a
fault zone, and are comprised of brittle rocks that awjn erthe correct stress conditions to produce
open fractures. An example of a potentially favorable EGStarget region is the DVPP area (Figure 1)
where there exists very hot, non-producing well‘ji -23A, and 66-21 located a few kilometers
south of the producing area. These are all low le wells within suitable rock types, with the
exception of 62-23A which likely intersected bf&fe rocks (Jz), but bottomed out in the Triassic meta-
sediment section, considered not c\?&holding fractures. This favorable region includes the area
around the Section 10 fumaroles away from the range-front fault, which is very hot at near surface
conditions, and contains a substa‘rs‘lock of intrusive rock, part of the Jurassic igneous complex, in
the subsurface. The area lying be n the Dixie Comstock geothermal area and the Hare Canyon
geothermal area, a zon h|c I45 14 is located, also shows a high potential for EGS
development, althou %m optimal EGS rock type at depth could be an important negative factor.
The high measured S 45-14, could likely be overcome though EGS stimulation. Countering the
poor lithology, there : appears to be a large region that is EGS favorable with respect to temperature.
Somewhere in 4 area there must be convective fluid flow from depth indicating permeable
open struc‘es th} can be accessed through EGS techniques. Additionally, the area surrounding the
perme rt“s of Dixie Meadows, just to the south, also shows some EGS potential.

OuﬁuC Ieﬁ: of the temperature distribution is limited to deep geothermal exploration and
ro wells, deep and shallow temperature gradient wells, assesment of controlling structures, and
éakage of geothermal fluids and related chemical reactions on the ground surface within Dixie Valley.
\‘Ke can expand our thermal mapping by the identified Vp-temperature relationship, inferences from
T, possible geothermometry inferences, etc. No potential EGS targets are identified under the
Stillwater Range or adjacent to the intra-range faults at this time due to the lack of any EGS indicator
data at depth. We speculate that the range itself holds EGS potential due to (1) the drilling of 36-14, (2)
the mining exploration hole referred to as the Bolivia well that encountered warm water, (3) zones of
alteration found in the intra-range faults, (4) occurence of active fumaroles at the range-front boundary
and (5) conductive modeling that show the range is an area of high heat flow.
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8. EGS Favorability and Trust Mapping

8.1 Introduction

A variety of exploratory geostatistical techniques were applied to select geoscience parameters to (1)

quantify the qualitative geoscience relationships described in Section 7.3, (2) test relationships o
independent of the qualitative geoscience correlation discussed above; and (3) explore if parameters A 4
can be statistically quantified to be used in the formulation of the baseline EGS Favorability Ma?\v

first two points are discussed in Section 7.4. This section describes:
N

1. the GIS database created for the EGS Exploration Methodology project; “
2. parameters derived from the various geoscience data-sets;
3. the method of gridding the data within the Project Area and Wellfield Calib n Area;
4. exploratory geostatistical approaches and how the statistics factor mt&t?éss Favorability
Map;
the generation of the favorability and trust maps; and v
the findings of the favorability and trust maps. ‘ ‘ ,
8.2 GIS Database \‘
As described in Section 7.4.1, the project produced a numbér ta management and data

visualization challenges. The project required that a lar ’ f varied data be acquired, produced,
and interpreted from a number of different sources an efficient and effective method for
storing, managing, and updating these various daj;a sets ?W in project development was needed.

idu

The first step in addressing these issues was olﬁ'? al task leaders (Section 1.4) for an
understanding of the format and quantlty of da\ ould be provided before deciding the optimal
data container to use. This also provided‘an opportunity to assure that the task leaders providing the
data and the initial geostatistics tas er, Dr. Edward Isaaks and later in the project, Dr. Fletcher
Ibser, were aware of each other’s requirements. This process was accomplished by a series of individual
telephone conference calls to the‘ta ders that culminated in a conference call to share the findings
and initial conclusions. . '

We use an ESRI ArcGIS tabase (GDB) for the project. It provides a simple data container
compatible for ESR/ .shp”, “.Iyr"), many tabular data types (“.csv”, “.txt”), and Microsoft
Access data files (“smdb”).The GDB format is a relational database that combines the inheritance of
object-oriente a‘ses with the ability to assign relationships to the data, and ties tabular data, also
known as ibuteda a, to spatial data (physical location). This allows data management in a traditional
databa aﬂ /hile allowing for the additional functionality provided by the spatiality of the data
such_as interpolating data between points. ArcGIS is an even better fit when considering that one of the
objecti the project is to produce an EGS favorability map. For example, ArcGIS provides tools that
eat y\’nplify the process of weighing the various data sets to produce favorability values. This does
ﬁqﬂhe, however that all data have the same resolution, a requirement that creates a significant data
p k‘anagement hurdle that is addressed below.

To describe the complexity of the data set resolution issue, it is important to first discuss the difference
between vector and raster data sets. Vector data is represented by points, lines, or polygons. It is
discrete data at a discrete location. Vector data is generally used to represent things like roads, well
locations, and lease ownership. Raster data is represented by pixels or grids. It is data that is generally
interpolated or measured across an area. Raster data is generally used to represent things like elevation,
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smooth contours, and interpolated data. Each data type has its own advantages and disadvantages
(Figure 64).

Different data sets use different data types. We use gravity/magnetic data as an example to illustrate

the difference between vector and raster data. Gravity/magnetic data are generally collected at discrete

points where the sensor makes a measurement. The data that is collected is vector data, i.e., discrete )
measurements at discrete locations. This data is then often modeled across a broader area between h 4
measurement stations. The data produced by the model is raster data, i.e., gridded or pixilated?&
surface.

&

~

FOREST BEACH

GRASS WATER

[ ]
[

Figure 64. ldealization of vector;(f&‘e) to raster (left figure) format conversion. For the
EGS Exploration Methodology prw:”vas necessary to convert the data from a vector format
da

into a raster format to allo com ta resolution.

The “discretization” " of the vector data and modifying existing raster data to achieve
identical resolutionracross,all the data sets was necessary before ArcGIS could process the models used

to create a fav map. This process required that a common raster or grid be created and that the
discrete p ed into the grids as accurately as possible. This process is either achieved by
utilizing ‘ ta models to output at the necessary resolution, or by hand, placing a grid over the

vector a and assigning the values which occupy the majority of each grid block.

Thi ,o produces data at the same resolution and as such, it can be directly compared as “apples to
? n other words, the data values for one data set in each grid square can be compared directly to
I in another data set for the same grid square. This is critical for not only creating a favorability
hap, but also providing a data format for performing statistical analysis. The downside of this process is
Va loss in data fidelity, e.g., edges that were clearly defined in the vector data set can become difficult to
detect in the raster data. In generating the raster data, a data point in one grid square that does not
comprise the majority of the grid is not considered in the analysis. For this reason, the original data sets
in vector format are preserved.
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8.3 Description of Parameters

Exploratory data methods (geostatistics) were applied to a variety of selected geoscience parameters.
Task Leaders provided potential parameters (numerical and categorical) derived from their respective
field and/or models. The purpose was to (1) create a baseline data set for the Baseline Conceptual
Geothermal Model, (2) provide parameters that could be used to predict rock type, temperature, or
stress conditions, and/or (3) provide additional sub-parameters that could be used in the formulation
the EGS Favorability Map. These sub-parameters would be used in conjunction with the major t
parameters determined critical to determining the conditions suitable for EGS. The parameter{
analyzed qualitatively and quantitatively using geostatistics. The data types are directly measure
modeled/calculated, or inferred/assigned based on SME and have varying resolution depending on the
model. i,

A discussion of all the data parameters is given in Appendix 15 and also discussed i S Y7 4.1. Data
under analysis for the baseline model include lithology type and associated lithologic parameters
(including density, strength, internal friction, fracture intensity), vertical stréss, combined gravity-
magnetic inferred lithology, temperature, resistivity derived from MT, ri rom the baseline
seismic model, Coulomb stress change and strain from a stress model, pre of a fault, and
geochemical indicators from production fluids and springs. These datawrepresent the available baseline
data set, and while they were used for exploratory statistical analyses, not all of the parameters
mentioned were used in the formulation of EGS favorablllty\m er parameters not incorporated in
the statistical analysis but discussed among the Prmect*ﬂ_’ e but are not limited to temperature
gradients, geothermometry, seismic directionality, a ression and dilated zones based on the
structure analysis.

As discussed earlier, there are three parameters! (for the purpose of producing favorability
maps: temperature, lithology, and stress. A dis o;r mongst the team resulted in the decision to
include four sub-parameters in descr|b|ng stress: compre55|on/d|lat|on zones, fault orientation,
existence of mapped faults in a cell, \Jomb stress modeling data. These are the parameters of
focus for the favorability mapping process, though all collected data that could be represented spatially
made it through the following pr&c to GIS software.

v

d into 500m? or 500m? cells with respect to the following domains:

8.4 Gridding
Data for the project \‘

1. Along thelcross=sections C-C', D-D', E-E' and F-F' for use in the statistical analysis and refered to

as Sec@‘ (Section 7.4.2)

Qewe’c to wells for use in the statistical analysis and referred to as Well Data (Section
,402)

‘ !ov@he cross-sections A-A', B-B', C-C', D-D', E-E', F-F', G-G', and H-H' and applied to
' responding cells in the Calibration Area with interpolation and extrapolation techniques used
W on applicable data sets

4 “\ 4. Within the Calibration Area, consisting of 500m? cells, and used for the generation of the EGS
v Favorability Maps.

The cross sectional data was gridded (see Section 7.4.1) to (1) introduce the process of data gridding to
the task leaders and (2) provide a initial data set in the Calibration Area that could be interpreted

statistically. Since the cross sections were defined spatially, it was possible to produce data across these
sections for all data sets. The process of producing these raster data sets was relatively straightforward.
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To create the favorability map, the data sets were gridded in a plan view format, within pre-defined cells
dividing the Calibration Area, and from the top-down along 12 horizontal slices extending from +1km asl

to -4km asl (3300ft asl to -13,000ft asl). Since the grids have a finite location in space, the data in the

cross sections can be directly assigned to a similar grid in a top down alignment. The data was then
interpolated between cross sections and extrapolated when feasible. In situations where data accuracy

or coverage was lacking, it was necessary to leave grid values empty to maintain output data integrity«>

At this point, the relationships between the data sets required additional definition prior to producin&v
the EGS favorability map. This process is explained in the following sections, with a special focu hi

statistical analysis.

Data gridded along the horizontal slices comprising the Calibration Area includes lithology, gravity-
magnetic inferred lithology, temperature, geochemical indicators, presence of a structbce”’acture
orientation data inferring favorable/non-favorable stress conditions, zones of con@re 'ovnd dilation,
MT resistivity data, and Vp. This data-set will be used to formulate the Baseline ability Map
within the DVGW.

8.5 Data Conversion

The majority of gridding work was performed in Microsoft Excel. Tlﬁroghas used because data
(1) can eaS|Iy be exported to GIS software, (2) can be edited in a%abular format or as an overhead plan
view “map”, and (3) can be automated for repetitive tasks u\sm I'Basic macros. Data was applied
to EXCEL templates of the gridded cross-sections and pl sps by either the Task Leader or SME,
or AltaRock personnel. ‘V’

The first step in the process of the data conversion was t enerate a workbook with eleven worksheets,
made to represent the depth slices every 0.5km{from asl to -4km asl. Figure 65A shows the EXCEL
template of the Calibration Area, with each cel s nting a 500m by 500m grid-block. Figure 65B
presents one of the thermal worksheets asranexample. The top layer was selected at 1km asl because
data values existed across the majority-of Calibration Area at that elevation and approximates the
surface of Dixie Valley. Data already produced and gridded for the vertical cross-sections was then
transferred into these horizontpl;e“s. This was accomplished by picking the values from the cross-
section data that lined up most accurately with the cells in plan view. The process was automated by a
script and repeated for al ata\an this way, a significant amount of data was filled into the plan
view format without S ving to produce new data sets.

The second step in_the process was to add “hard” (measured) data values. The wells with existing data

were located |% anview grid and values were filled into cells at each depth where data was
available(Figure his was done for every well and data set for the available hard data. Most of
these val om well logs and include temperature, lithology, and some geochemistry information.

Data.was then filled in between some data sets by interpolating between the existing hard and modeled
a %is was done for numerical data sets such as temperature and MT data using an
toma’d interpolation function that was limited to a 1km (3300ft) radius around an existing data
Q';IUEPFor categorical data sets, lithology and gravity-magnetic inferred lithology, a manual interpolation
as applied between the cross-sections and hard data points (wells). The interpolation method used is
described by the following equation:
Vit Vot Vot ot Vy

Ve, = "

where V. is the total value and V, represents the surrounding cells (up to 8 maximum).

\ 4
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In most cases existing models included values to -4km asl or were extended to that depth by the SMEs.
For non-numerical data sets or ranges where no data existed at depth, inferences were made. For
example, temperature data was inferred to -4km asl by downward continuation of the thermal gradient
measured in a well.

Once all depth slices were populated for every data set, the data was converted from plan view to x, y \ ’
coordinates for export to GIS software. The UTM coordinates for the center of the cells in the Calibrati v
Area (see Sections 7.1.3 and 7.4.1) were calculated by starting at the SW corner of the Calibratio %

which coincides with the WGS 1984 UTM Zone 11 projection at 412000 Northings and 441200
and adding 250 in each direction. From there, each cell’s center can be identified by addin
cell north or east. Z values were determined from the depth slices and are relative to sea level.

ach
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41

1

2

£

4 200 200 191 198 201
5 183 220 226 212 200 200 200 203 212 208 200 188 183
6 203 203 238 238 225 210 200 200 233 244 225 200 200 200 200|
7 203203225250250223.2332502502502312&1200200
8 203 238 226 203 242 250 250 250 250 250 250 250 250 250 250 225
9

14 238 225 250 250 250 250 250 250 250 250 250 225 225 207 200 200 200 200 188
15 203 250 250 250 250 250 250 250 250 250 233 225 225 203 200 200 190 188
203 239 225 256 250 250 250 260 250 250 250 250 250 250 233 225 225 225 212 200 190 185
203 238 238 225 250 250 250 250 260 250 250 240 230 242 225 225 217 212 212 200 192

203 233 225 250 250 250 250 250 260 260 254 250 238 225 225 225 225 200 200 190 185 184
203 233 225 250 250 250 250 250 250 250 250 254 250 250 225 226 220 220 208 200 200
22.522525(]25(]25(125025(]25(]25025(]250250250245235230225215-2(”2(1)1&5188
225 225 250 250 250 250 250 250 250 225 244 244 225 235 230 225 225 210 200 190 185
225 225 250 242 244 250 250 250 225 233 203 203 238 225 230 210 215 200 195 187
214 221 203 225 225 250 250 225 233 203 225 225 215 200 200 200 198
183 214 214 203 225 225 233

25 183 210 203 225 225 225 225 203

26 183 210 203 225 225 225 225 203 210

27 183 210 203 225 225 225

2 183 210 203 225 225 225 225

29 183 214 214 203 225 225 225

30 183 210 203 225 225 225 225 203 1

31 183 210 203 225 225 225 225
32 183 210 203 235 225 225 225 203
33(214 214 203 225 225 235 225
34(203 225 225 225 225 203 218
35(208 225 225 225 203
200 200 217 203 210

v

m’ cells designated as either
beled). B. EXCEL spreadsheet
elow sea level. Bolded values

Figure 65. A. EXCEL template for the Calibration Area,
derived from a cross-section (light blue) or a well (outl
representing plan view slice of the thermal mode
represent measured data in wells.

rt the point data into ArcGIS and convert the points to
the EXCEL plan view cells in the gridding process. Each
raster cell has a location and a valu s present in the raster cells are the same as the values in
the EXCEL cells, but GIS softwar e data to be utilized in a more robust manner, such as
performing spatial analyses oroverlay functions. Figure 66 illustrates the process of converting from

The third and final step in the process w
raster values. Raster values are very si

plan view, to tabular data!and aster data in GIS.
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Figure 66. (A) Data starts as plan view data in Excel; (B) is converted to tabular x, y coordinates; and (C) imported
into GIS and converted to raster format.
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8.6 Integrated Geoscience Sections for EGS Favorability

Data generation for the three key EGS parameters of interest (lithology, temperature, and stress) is
described in this section.

8.6.1 Lithology A\
The lithology® parameter incorporates the known lithologic units from the geologic sections (Section &
7.3.1) with inferences from the gravity-magnetic inferred lithology (Section 7.3.1) and MT resistivi w
(Section 7.3.1) to create an integrated lithology parameter. The gravity-magnetic inferred Iithoi¢d
sections B-B' through F-F' and MT array C were evaluated with their corresponding geology.secti
Plate 1, and Appendix 12). The gravity-magnetic inferred lithology incorporated the occurfence a

(see

magnetized Jurassic unit (Jg) and allowed the Jurassic section (Jz) to be distinguished iMQ icand
non-magnetic rocks (Jznm), see discussion in Section 7.3.1, which have differing E Si ions. Where
there was no well or surface data to supersede, the geologic sections were mod|f| ) incorporate

the presence of Jznm within the aforementioned geophysical sections, (2) alter the depth to basement
and overlying low density basin-fill using the gravity-magnetic sections,(3) altewoverall thickness of
the Jurassic section using the gravity-magnetic sections, and (4) incorp("a ery high resistivity
bodies beneath the Stillwater Range as granodiorite. A major assu io ﬁ lithology definition is
that the very high resistivity below the Stillwater Range infers therrﬁence of dry, unfractured

granodiorite at depth. ‘“\

8.6.2 Temperature ?\
Temperature data has been derived from thermal se o esented in Plates 1 and 2 and is based on

well data, shallow temperature gradients, and the/conce tual convective model for the geothermal
system active in the Calibration Area (Blackwell ‘al., 2005).

<
8.6.3 Stress Parameter s \
This parameter incorporates (1) fault/fracture orientation data, (2) Coulomb Stress Change/Dilatation
from stress modeling results, (3) w Cﬁagructure is present or absent, (4) interpreted stress at

structural intersections, occurr;:‘rﬁe@'lated zone (DZ), zone of compression (CZ) or neither.

Fault/Fracture Orientation §

The GIS database was u ed with the structures identified in Figure 49A. Faults with a strike of N30°E-
N60°E were consider % favorable stress conditions as a fault oriented roughly N45°E £15° would
have a proper orim n t hibit normal slip within the current stress regime. Another assumption
was that gridd that have a specified fault orientation could be used to infer stress conditions in
the surroundi ix within 500 meters. All other orientations that did not fall in the N30°E-N60°E
range w nsi ered unfavorable, while gridded cells with no specified fault are considered unknown
and w a neutral rating. Fault dip direction was poorly constrained in areas and only

corce ed were applicable.

q; Stress Modeling
oulomb 3.1 stress modeling (see Section 7.2.2 and Appendix 13), a value of the expected CSC

y MO to +10 bars) and dilatation (-1 to +1 strain) can be calculated along a particular fault/fracture plane
v(for example, NE strike, 65° SE dip) within each given cell based on certain model constraints such as

® Note that in this report the term lithology and geologic formation are used interchangeably since each of the
seven major formational units identified in the DVGW have specific lithologies.
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strike, dip, rake and maximum displacements along associated segments of the various range-front
faults.

Fault Present/Absent

Whether a fault is present or absent in a given gridded cell within the Calibration Area has a viability
inference on EGS Favorability and so has been incorporated into the integrated stress parameter. All A\
faults gridded in the Calibration Area were derived from : State of Nevada, QFFDB, inferred structure
from Blackwell and Smith (2002), inferred structures from the structure analysis in this investiga
geophysical gradients (see Section 7.2.1 and Figures 49A and 49B), structures inferred by gravm‘
magnetic modeling, and structures inferred by MT arrays. The presence of a fault within a gmgrldded
cell is considered unfavorable for EGS due to induced seismicity concerns and potential loss of
circulation zones, while the absent of a fault is considered more favorable for an EGS tgfge . This point
was a subject of debate among the team as the presence of a fault in a cell, increases,the probability of
that cell containing a dense fracture network, which would potentially make it more f‘ able for EGS
when ignoring induced seismicity.

Compression and Dilated Zones ”
The intersections of major N-trending faults with the NE-trending s ctur hin the DVFZ occur in
several notable locations in the Calibration Area (Figure 48C). A Iocallzed stress change occurs at these
intersections due to the fault orientation relative to the greate?twlple stress and the apparent active
strike-slip component along N-trending structures. The ex t?nes of compression and dilation that
occur at these structural intersections show a high leve elation with shallow thermal anomalies,
well productivity, occurrence of fumaroles and geoymical data (including helium R/Ra ratios). Thus,
this parameter has also been factored into the intégratedstress rating. Dilated zones infer optimal stress
conditions for EGS as faults/fractures are optlmg ed for normal slip in current stress regime and
relatively lower Symin» magnitudes exist, while'z clompressmn would infer slightly less favorable
stress conditions, not optimally oriented<@ndhigher Sim, values. One complication with incorporating
this sub-parameter is a dilated zone Id\e expected to have geothermal fluids present at depth
(hydrothermal) within open fracturg networks which may not be favorable for EGS.

£ st
8.7 Favorability Mappmg Prgcess

The favorability and tru scrlbed in Section 8.8) maps were produced using ESRI's ArcGIS 10.0

software. ArcGIS sof any functions built in for analyzing data in different ways. A weighted
overlay function wa.s_f e data sets, incorporating slices of different data sets at the same depth.
The use of this ed overlay function requires the conversion of the data values to favorability
values. A favorﬁil'ﬂ;y lue defines the favorability of EGS being present at a scale of one through nine.

This sc? selected because it provides a neutral value (five) to describe data values which are not
necessarilyfavarable or unfavorable and four variations of positive and negative favorability (slightly,

q y,’éry, and extremely)
Qelg S/ere also assigned to data sets. The reason for this is that certain data sets have a higher
verall impact on favorability. For example, one can reasonably infer that temperature is a more
p \‘N)werful overall indicator of EGS favorability than the presence of faulting in a cell. The higher a data
set’s weight, the more its favorability values affect the final favorability of a cell. This allows for data sets
vto have a variable impact on the output, based on their importance to overall EGS favorability.

The weighted overlay function takes values from different data sets and creates a weighted average sum
that is the output value for every cell. The input values of each data set must first be converted to a
numerical value on a set scale. For example, favorability maps were produced by assigning favorability
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values on a scale of one through nine, with higher values indicating higher favorability, for each value in
each data set, multiplying those values by each data set's weight (normalized to 1), then adding the
sums of the weighted values in each cell. The following equation describes this process:

F, = (do*wp) + (dy *wy) + (dy xwp) + -+ (dy xwy) 4,

parameter data, and w, through w,, is the weight for a particular data set (Tables 12 and 13).

.4
where F, is the favorability value for a cell, dothrough d, is the favorability value of a cell’s geosciée‘v

A preliminary set of favorability values and weights used to create the initial favorability maﬁ <
described in Table 12. These favorability values/weights and maps were created to validate th
methodology and data integrity. For example, if any glaring errors or obvious gaps in d?t‘a present,
the input data would need to be scrutinized. No such errors or omissions were fowd ‘Mraft maps,
confirming the methodology with the output in line with expectations. ‘

Before the final favorability maps were produced, a set of favorability values.and weights needed to be
created. To determine these values, an inquiry was circulated to the S ing that each SME
express their opinion with respect to favorability and weight values,.and't al version of these values
was based on an unweighted average of all SME input received (Table 23). A method to determine
favorability values quanitatively was discussed among the teamy Not used to avoid a number of
required assumptions.

23
8.8 Trust Maps l

Upon review of the output of the preliminary favdrability ;ps, a strong trend towards increased EGS
favorability at depth was apparent. While this tr‘:? érect interpretation of the data used as input;
the determination was made that it did not r‘ef complete understanding (including our known
uncertainties) of the region. While it is logicalthatmore favorable lithological, stress, and thermal
conditions exist at depth, our under gir@)of these regions is constrained by the quality and quantity
of the data available. As a result it became apparent that a second set of maps, produced in a similar
fashion as the favorability maps tht‘ribing the quality of the data used for input would assist in
more complete understanding@rWesment of the favorability maps.

Table 12. Preliminary Wei&nd values used to test the generation of the favorability maps (see Section 8.7).

e N

Stress Sub-parameters (.20 w)
Temp- Lith- — :
Fav
erature Values' OIOgy \r'::e C/ D y ('05 Fav . as t- Fav Hcture Fav Cscj| Fav
( 50 wa‘l) ( 30 W) W) Value Orientation Value Present Value {_05 WJ Value
: : (.05 w) (.05 w)
i QTbf 1 |Compression 4 |30-60 6  |[Stucture 5 <-22 1
100 2 Tmb & |Dilation 6 Other 4 |None 7 -22 2
125 3 Iz 7 |Niether 5  |Neither 5 -14 3
150 4 Tr 4 -6 4
175 5 Kgr 9 1] 5
200 6 Tv 4 6 6
225 7 Jbr 8 14 7
250 8 Jzm 7 22 8
275 9 =00 9
300 8
325 7
350 6
>374 3
‘Favorability Value *Coulomb Stress Change
“Compression/Dilation *Favorability weights
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Each data value was scrutinized based on the method used to produce the data. While some data sets

have a significant number of hard values, others are entirely modeled. A valuation of the data based on

what we've described herein as a "trust factor" was then performed. The “trust factor” reflects the

reliability of the data used to determine the favorability value on a cell by cell basis. As such, each cell of

each data set was assigned a trust factor, either quantitavely or qualitatively. This trust factor was based\
on a scale of one through five, higher values indicating higher trust in the data, and is outlined in the 4>
following table (Table 14). Ng

Hard data (5) is data which has been directly noted (e.g., geologic formation) or measured (e.gc ‘
temperature) in the field. Strongly modeled or interpolated data (4) is data which has beensmodeled or
interpolated from a hard data point and is within one cell (500m) of that point. Weakly modeled or
interpolated data (3) is data which has been modeled or interpolated, but is >500m frém data
point and as such, is considered to be loosely constrained. Inferred data (2) refers to.d ich lacks
hard value constraint, but can be inferred through other methodologies, such as then radients for
temperature data. Areas of no data (1) occur when no hard data are present.to constrain values and no
appropriate methodology exists to infer values. v

The process of assigning these values to the existing data sets was pri !rih]e manually in EXCEL.
Hard data points, interpolated/modeled data points, and inferred data'points had already been defined
in the process of creating the original data sets. Each cell was a8si a trust value based on which of
these methods was responsible for the data used and dista e‘he nearest hard data point. Six new
data sets (temperature, lithology, stress factors) were ted in this effort to describe the reliability of
the original data sets. In some cases a trust factor c not be assigned to the modeled data directly
due to a unquantified resolution or multiple inversions'used in the modeling. In these cases, a value of
2.5 was used to assign a nuetral value to the dal‘f:.?c ulomb stress model).

Vver

<4
Table 13. Final favorability and weight value‘s_'usin& ged values and weights based on Subject Matter Expert
input.

-
. Lith- Stress Sub-parameters (.18 w)
Temp Fav lagvl |2 [ e7ms Fault Structure csc?
(51w?) | Vo [O1BY fuae| OO° | 0 | oriencation | 1| present || S5 |
(.31w) (.03 w) (.03 w)
(.07 w) (.05 w)
<100 1 QTbf 1 |Compression 4 |30-60° 7 |[Stucture 7 <-22 2
100 1l Tmb 5 |Dilation 7 Other 4  |None 5 -22 3
125 2 Iz 7 |Neither 5 |Neither 5 -14 3
150 2 Tr 3 -6 4
175 4 Ker 9 0 5
200 7 Tv 3 6 6
225 7 Jbr 8 14 7
250 8 Jznm 4 22 8
275 9 > 22 9
300 8
325 7
‘ 350 5
> 374 3
k‘ Tem perature in °C *Coulomb Stress Cha nge :
y 2 " s s . Lithology formations included the QTbf {Quaternary-Tertiary basin fill), Tmb (Miocene
_Faw'ab'm Value Faverabliity welghts basalt), Jz (Jurassic mafic rocks), Ker (Cretaceous granodiorite), Tv (Tertiary silicic
v “Zones of Compression/Dilation volcanics), Jbr (Jurassic Boyer Ranch Fm), Jznm {Jurassic non-magnetic mafic rocks)
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Table 14. Scale used to assign trust values to existing data sets

Trust Value Description
5 Hard data (measured, e.g., well)
4 Strong interpolation / model
3 Weak interpolation / model “ o
2 Inferred vv
1 No data c ‘

data sets. The scale was modified for the maps to one through five to accommodate t he
trust factors. The same weights were used as in the favorability maps to preserve the ctive impact
of the data sets. Favorability and trust map pairs from +1km asl to -4km asl in 0.5km i ents are
presented as Figures 67 through 77 for average SME favorability values and weights.The favorability
scale included in the figure is from 1-9 with 1 being represented by a dark bilie and labeled Very
Unfavorable, and a 9 being represented by magenta and labeled Extre s le. The trust values

N
The same weighted overlay function to define the favorability value was then performed Wm‘n

scale shown is from 2-5, with 2 referring to little/no data (dark gre ring to hard data (white).
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Favorability Values - Trust Values

B very Unfavorable : " 2 I Littie / No Data

I unavorable = [ interred /Interpotated

- Somewhat Unfavorable A : S5 E Modeled / Near-Cell Interpolated

Slightly Unfavorable L ) 2 [ JHardData

[ ] Neutral | o pid i

|:| Slightly Favorable

- Somewhat Favorable

B Favorabie : : ‘ <

- Extremely Favorable K 1t ¢ ik - OV_Favorabity :

It o % e = aprd, 2012

WGS 1984 UTM Zone 1IN

= ==

avorablllty Trust Maps. Averaged Data and Welghtmg
Depth: 1.0km Above Sea Level

Figure 67. EGS Favorab|I| t) and associated trust map (right) at 1.0km asl, the elevation of valley floor using average values based on Subject Matter
Expertise input and tin tors for temperature, lithology, and stress of 0.51, 0.31, and 0.18, respectively.
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Figure 68. EGS Favorability m
factors for temperature, lithglo
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D Hard Data

associated trust map (right) at 0.5km asl using average values based on Subject Matter Expertise input and weighting

stress of 0.51, 0.31, and 0.18, respectively.
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Figure 69. EGS Favorabilit
weighting factors for tem
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nd associated trust map (right) at sea level (Okm asl) using average values based on Subject Matter Expertise input and
hology, and stress of 0.51, 0.31, and 0.18, respectively.
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Figure 70. EGS Favorabilityggm ) and associated trust map (right) at -0.5km asl using average values based on Subject Matter Expertise input and
weighting factors for tem Mthology, and stress of 0.51, 0.31, and 0.18, respectively.
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Figure 72. EGS Favorability
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Figure 73. EGS Favorabil
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Figure 74. EGS Favorabili
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Figure 76. EGS Favorability
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8.9 Results Calibration / Verification

The weights and favorability values used to create the favorability maps represent only one set of

potential values. Using the opinions of the SME to infer the range of EGS favorability for the various data
sets was considered the most accurate qualitative approach. More statistical or quantitative approaches\
to generate a unique set of favorability maps were explored (e.g., Dempster-Scafer Theory, Weights of®
Evidence, Hierarchical Modeling). The fact that the specific values of the various data sets that define
potential EGS systems are obscure presents a problem for validation. Still, other possible methcci‘tv
which could provide insight on how to calibrate or verify our results.

P
Parametric analysis was used to examine relationships between the different variables. While t
significant effort made to quantify the relationships between the various datasets, deseri in the
geostatistics section (Section 7.4), it is possible to apply a similar approach using favorability, maps. By
altering the favorability values and weights in an organized manner, producing a I&g er of

different favorability realizations, and comparing the output of these models with each other, it is
possible to gain a better understanding of the relationships between the data sets. This process is time
intensive and a methodology for implementing such an approach was t‘y Qcope of this project.
However, such an approach is meritorious. ’ *

O .

For practical considerations using the baseline data, we only e)@w the variation on potential

favorability map outcome using the following two data sets;‘

1. Averaged Favorability Values and Average \“i*ssived from the SMEs, see Figures 67-

77); and l

2. Averaged Favorability Values derived fromthe.SMEs with Equal Weights, see Appendix 21.

8.9.1 Averaged Favorability Valueg ‘ .’erage Weights derived from the SMEs
The set of favorability and trust map pairs-base&n an average favorability value and average weights
derived from the SMEs are shown in Fi 67/-77. The favorability values for the respective data sets
and the weighting of each data set )ﬂa;ﬂ"aged from a poll of team SME. These values are given in

Table 12.
—aPESs .

While the favorability values increase,with depth due the increased temperature and the presence of
basement rocks (granodigrite), t aired trust maps show that the data from the lower depth intervals
(-3.5and -4.0 asl) are oor quality. Thus, even though the depth intervals are considered
favorable, one mlLs.Ew i consideration the level of confidence in the data, i.e., the Trust Maps. The
upper three maps (Figure 67-69) are generally unfavorable (1-5) as temperatures have not been reached
levels suitable K onditions. At -0.5km asl (Figure 70), a NE-trending area coincident with the DVFZ
begins to higher favorability values. This is due to elevated temperature along the fault zone due
to con\jm esses, the presence of the Jurassic mafic rocks (a good EGS candidate rock type), and
stress'conditions that favor normal slip under the current stress regime (NE-aligned structures). At
1.06‘ -r;km asl (Figure 71 and 72) three distinct areas are favorable including within the DVPP
?ea{h vicinity of the bottomhole location of 36-14 at the Stillwater Range contact, and the block
etween the range-front fault and the piedmont fault to the northwest of the producing area. At the
p k&pth intervals -2.0km and -2.5km (Figures 73 and 74) the entire area DVFZ is considered favorable due
vto the elevated temperature and adequate stress conditions, while the lithology input is mixed.

Overall, the maps show that the area within the DVFZ is favorable for EGS, while the area within the
valley in the vicinity of 62-21 is somewhat less favorable. This agrees with the large amount of evidence
that supports the notion that the geothermal systems present in Dixie Valley are dependent on
convective processes within the DVFZ. The area considered favorable does not extend southwest of 66-
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21 (Figure 75), as there is limited data between this well and the 45-14. The gap of favorability between
the DVPP and 45-14 to the SW could likely be due to a lack of data to determine favorability and
decreased temperature estimates based on the limited surrounding data points. This area was a point of
focus for the new data collection outlined in Task 4 of the project to enhance geophysical data

resolution.
RN

8.9.2 Averaged Favorability Values derived from the SMEs with Equal Weights N4
While the favorability values for the respective data sets did not change, an equal weighting sch v
considering the three critical EGS parameters as well, i.e., temperature (0.32), lithology (0.32) acre‘

(0.34), was used to determine the variability between this approach and the one described ve

(Appendix 21). One important note is with the decrease for the temperature weighting (0,51 to.0.32)

the maps are more reliant on the lithology and structure, and less so on the known eléﬁt

temperatures along the DVFZ. At the shallow depth of 1km below the valley surfacée( bendix 21-Figure

4), the area west of the producers already shows Somewhat Favorable Value (rating relative to the
previous realizations which was Unfavorable and described in Section 8.9.1¢At -1.0km asl, the three

distinct favorable areas identified by the Average Weighting Realizations,are IVonounced and

mostly have slightly lower favorability ratings of 7 (orange). ia>

At -2.0km asl, the favorable area (rating of 8 shown in red) is much maore confined to the piedmont and
more dependent on the structure than the temperature. At -2¢ d -3.0km asl, the area of high
favorability occurs within the structural block between the front and piedmont fault. Interestingly,
the NE-oriented fault that intersects 62-21 in the valley is mewhat Favorable rating, even
though there is no elevated temperature along th|s The lowermost depth intervals show more
varied favorability than the averaged reaI|zat|ons*F| ures 74 and 75), yet are still confined to known
structures.

It should be noted that since the SMEs va‘Ige te s ﬁre highly and temperature increases with depth
everywhere, the equal weights analysis tendsto'score shallow areas as being more favorable and deep

areas as not as favorable. Conseque he'SMEs believe the equal weight analysis presented in this
subsection does not accurately assess the EGS exploration requirements.
£

a

N

y =

AN

N
L2\ 4

Q»’
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