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ABSTRACT

Detailed geologic mapping, spring and tweter temperature data, and gravity
and magnetic data constrain the structural controls of thetbigheraturg>175°C)
geothermal system at Gerlach. The system lies along the termination of a major normal
fault at the southern end of the Granite Range in the southern Black Rock Besert
known favorable setting for ge othermal activitjapping of Quaternary deposits
documenrd Holocene movement on the nombrtheasstriking, eastdipping Gerlach
fault. Dominant orientations of geothermal veins in exposed fossil geothermal systems
parallel this active, terminating rang@nt fault, suggesting that it does providenajor
control on the current geothermal system.

Locally, there are two areas of geothermal upwelling with separate sets of
structural controls. The two areas are expressed by outflow as two sets of springs, Great
Boiling Springs and Mud Springas well & by separate altered bedrock fossil systems
above the springd.he areas are topographicadhistinct (neither could represent outflow
from the other)areseparated by relatively lower shallow temperature measurements, and
are associated with differentientations othe gravity gradient?rominent northwest
striking fracturegrovide areas of enhanced permeability pardhlle| the secondary set of
veins in the altered bedrock uphill of Great Boiling Springsese northwesttriking
veins are not obseewd in the area above Mud Springs, there is an eastortheast
striking set that is not present above Great Boithpgings The presence of east
northeasstriking structures is supported in the gravity data. These structures could
represent an ever kaderscale structural connection between the southern termination of

the Gerlach fault and the northern termination of the Fox Range fault to the south.
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INTRODUCTION

The Basin and Range of the western United States has an abundance of
geothermal etivity, and although the geologic requirements for geothermal activity are
well understood, the exact controls specific to each individual syste m@enerally not
well defined Geothermal fluid flows through fractured meaiammonlyrelated to or
resuling from faulting. Therefore, it is important to understand the structure around the
system in order to know exactly where geothermal fluid is located. Geothermal systems
are more likelyto reside within certain structural settings, and it has been anngngo
project of a group of geothermal geoscientists to classify geothermal systems in terms of

structure(e.g., Curewi and Karson, 1997; Faulds et al., 2006, 2011, 2013)

The geothermal system in Gerlach, located in Washoe County in northwestern
Nevada (kgure 1), is a highte mperature (>175° C) systethe specific controls of which
have not been definetligh-temperature systems are of particular interest because they
can be developed and usedéddectricalpower generation. Additionally, much data that
areaceessible or easily obtainable havet been incorporated or interpretsallective ly.

The area is also logistically easy to get to, as it is located just west of the town of

Gerlach, and there are roads that make the area quite accessible.

This pape presents an analysis of the controlling structures on the Gerlach
geothermal system. | first review some background on geothermal systems. This includes
the criteria necessary for geothermal activity, a discussiopwe lling versusoutflow,

and a reviev on favorable structural settings for geothermal systems. Idisenssthe



geologic setting relevant to the area, from the greater Basin and Range to the Gerlach
area. | then present the research design for this project. This is followed by the new
obsevations and results from the researthese new observatioase incorporated ith
existing data for an interpretation of the timing ailfang and ge othermal activity to

provide a basis faan interpretation of controlling structures on the Gerlachiggmal

system.
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Figure 1. Map of the study area with regional Great Basin inset. Major mountain ranges
with bounding faults (black lines) are shown, asre hot springs shown by blue stars.



GEOTHERMAL BACKGROUND

Criteria for ge othermal activity

Geothermal systems require three main components: fluid, a heat source, and
permeability. In any geothermal system, fluid must be present in order to transfer heat
upward through peneable zones, but heat sources and fluid pathways vary among
different kinds of systems. Many systems throughout the world are related to heat from
magmatism, but in the Basin and Range, systems are largely amagmatic (e.g., Hose and
Taylor, 1974; Blackwe1983; Faulds et al., 2004; 2006). In the Basin and Range, the

heat source and permeability of geothermal systems are relatagtalexte nsion

The Great Basin has an anomalously high heat flow, which provides the heat
necessary for geothermal actwi(e.g., Hose and Taylor, 1974; Blackwell 1983,
Blackwell et al., 2011). The high heat flow is related to thinning of the lithosphere from
Cenozoic extension (Blackwell 1983). Crustal thinning brings hot mantle material closer
to the surface, generatinggh heat flow. High heat flow through the typically high
conductivity rocks of the Basin and Range results in raised geothermal gradients
throughout the region (Blackwell et al., 2007). Although the entire western United States
has a high geothermal gradiere lative to the rest of the country (Fig@ethe
geothermal gradient in the Great Basin in particular exceedS/&f in ~30% of the

region (Blackwell et al., 2007).

The Great Basin has the permeability necessary to transfer geothermally heated

fluids. Low porosity rocks, such as the crystalline rocks found in the northwestern Great



Basin, rely on secondary permeability, i.e., faults and fracture zones, for fluid transport
(e.g., Caine et al., 1996; Berkowitz, 2002; Faulds et al., 2006, 2011; Faatkae

2010). These faults and related fracture zones are usually Quaternary (Holocene) (Bell
and Ramelli, 2007; Faulds et al., 2006; 2010; 2011; 2013; Cashman et al., 2012), as the
recent movement along faults keeps pathways opegemeratesew fracture zones

through which fluid can flow (e.g., Hose and Taylor, 1974; Curewitz and Karson, 1997,

Faulkner et al., 2010). Opgrathways are not commonly found along the main segment

')

SEENDRECEEERANENE

SMU Goothermal Lob. Grothorwed Map of United Statos, 2004

Figure 2. Heat flow map for the United States at a depth of 6.5 km (from Blackwell, et
al., 2011). Wamm colors indicate high heat flow. Most of the western United States has
elevated temperatures at depth compared tthe rest of the country.



of a normal fault. Epecially in low
porosity rocksthe main fault @ne
is commonlyfilled with fault gouge
and is therefore impermeable
(Faulkner et al., 2010). Rather,
permeability is concentrated along

open subsidiary faults and/or

o
g
=
3
2
®
£
wvi

fumarole

Distance

damage zones surrounding or at the

tip of the rangebounding fault
(Caine et al., 1996Curewitz and
Karson, 1997; Faulkner et al.,

2010).

Upwelling vs. outflow

Geothermally heated fluid

rises from the reservoir along
upwelling zones (Figur8). In the
Basin and Range, these upwelling
zones are usually related to normi
faults andhe damageones that
surround themFracture networks

are denser and permeability is

Shallow Temp.,

Distance

warm springs

Figure 3. Two scenarios for upwelling geothermal fluid.
Upwelling fluid from the reservoir is shown in red,
outflow from the source is shown by the yellow arrow,
and the water table is shown by the blue dashed line. A)
fluid rises from the reservoir, reaches a boiling
temperature below the surface, and steams eneratea
fumarole at the surface. The surface feature and the
shallow temperature anomaly reflect the location of
upwelling B) More common scenario in the Great Basin:
fluid rises from the reservoir, reaches the water table, anc
flows laterally with the groundwater until the water table
intersects the surface, forming hot springs. The shallow
temperatures may be slightly elevated above the

upwelling, but the hottest tempemtures are at the springs.



generally greater within the hanging walls of normal faults. Because of this, the hanging
walls and related fracture zones are the desirable targets for drilling. Where geothermal
fluids reach boiling or higher temperatures below the surface, fumaroles will form that

reflect the location of upwelling (Figu@a) (Richards and Blackwell, 2002).

Geothermal fluid usually reaches the surface as outflow rather than along the
upwelling zane. Commonly, the upwelling zone intersects the water table below the
surface, and flows laterally until the water table intersects the surface &3durég.

Mixing of geothermal fluids and groundwater results in misleading surface features,
namely, hosprings. Hot springs occur where the water table intersects the surface
(Figures 3a, 49. The locations and temperatures of these springs do not accurately
represent the locations and te mperatures of the geothermal fluid in the upwelling zone
(Richards ad Blackwell, 2002). Additionally, shallow subsurface temperatures may be

hot where geothermal fluids mix with groundwater, but cool at depth (Fdgiwre

Temperaturadepth profiles (from which the shallow geothermal gradient is
derived) are useful in distiguishing between upwelling and outflow zones. Typically,
temperature increases with depth. Boreholesréas lackingieothermal activity would
exhibit linear temperaturde pth profiles. Downhole temperatures in a borehole drilled
into an upwelling zone&vill increase with depth (Figuréa). In an outflow zone,
temperatures will increase rapidly at shallow depths and then reverse, displaying a

negative slope before increasing again with depth (Fidire

Shallow (twemeter) temperatursurveysin conjunc¢ion with some knowledge of

the structural geology of an area can also be used to distinguish between upwelling and



outflow (e.g.,Skord et al., 2011). In the case of upwelling along a normal fault, shallow
temperatures in the footwall will be close to tackground valuayhereagsemperatures

in the hanging wall will be elevated. The hottest shallow temperatures will occur closest
to the geothermal surface features, but in the case of outflow resulting in hot springs
(Figure4c), there will be a subtle amaly toward the upwelling (Figuréd) (Skord et al.,

2011).

A Figure 4. Crosssection
view of a geothemal
system and associated
temperature-depth
profiles and shallow
temperature schematic.
A B A) temperature at depth
Temperature Te(r;pjrature profile for a well drilled
Gradient racient into an upwelling zone. B)
Temperature at depth
profile for a well drilled
warmsprings  INt0 an outflow zone. C)
d Crosssection showing
upwelling and outflow
with the corresponding
locations of the wells
from A and B. D) Typical
shallow temperature
measurements in map
view corresponding to the
crosssection in C.The
cooler colors represent
1 km- lower temperatures, and
the hotter colors
represent higher
temperatures. The hottest
temperatures occur
above the outflow zone,
but there is a subtle
anomaly above the
upwelling zone.
Temperatures in the

footwall remain cool.

A

Depth
Depth




Favorable structural settings

Certain structural settings have been found to hmsttge othermal systems. In
general, these are settings in which permeability is enhanaethes of highefault
density(Figure5) (e.g. Faulds et al., 2006, 2010, 2011). The most favorable settings
within the Great Basin include major fault terminations, fault-stegrs, fault

intersections, and combinations of these and other settings (Faulds et al., 2013).

One favorable setting is the termination of a majrmalfault. Where faults
terminate, they horsetail into several smaller subsidiary faults (e.g., Kim et al., 2004,
Faulds et al., 2006) (Figuis). This horsetailingesults ina dense network daulks,
therefore enhancing permeability. Fault terminations are often topographically expressed

as abrupt ends of mountain ranges (Faulds €2@06, 2011).

A fault stepover, where one fault zone dies out and another picks up, is also a
zone of enhanced paeability. Fault stejpvers are essentially double terminations, and
between these terminations relay ramps develop (e.g., Peacock and Sanderson, 1994;
Faulds and Varga, 1998), which are conducive to fluid flow. A simple relay ramp is one
in which the haging wall of one fault is connected the footwall of another fault.
Upwelling can occur across the footwhd nging wall connection and along the
terminations of each of the overlapping faults (Figage Stepovers are generally
expressed on a broadade as overlapping ends of mountain ranges, or on a more local

scale as steps mange fronts



As a relay ramp develops, fractures and faztimmonly dissecthe ramp
(Peacock and Sanderson, 1994). Tasults ina hardlinked stepover that provides
more possibilities for upwelling zones. Upwelling can occur along the footvealping
wall connection, fault terminations, or the hdiriking faults of the breached relay ramp
(Figure5d) (e.g., Peacock and Sanderson, 1994; Faulds and Varga, 1998). Bredeohed

ramps are expressed in the same manner as simple relay ramps.

Another favorable setting is the intersection of fault zones, especially between
normal faults and strikelip or obliqueslip faults.In any fault intersection, certain
guadrants will hee a higher dilation tendency depending on the fault kinemaltics.
addition to the extensive fracturipgoduced byintersectingaults, the strikeslip motion
in combination with normal motion caasult ina highly dilational quadrant conducive

to geohermal upwelling (Figur&hb)

Perhaps the most favorable setting would be a hybrid or combination of settings.
In many casegjeothermal systems are markedaébgomple x structural setting (Faulds et
al., 2013). Morecommonly, there is a broad regional sttual setting with several
localized factors within it, and geothermal upwelling may be concentrated within one of
these secondary settings. For example, the geothermal system at Tuscarora is controlled
by fault intersectionsvithin a small accommodatiorome in a broad relay ramp (Dering
and Faulds, 2012). The geothermal system at Emerson Pass appears to be controlled by
the intersection of two fault termination&r{derson,2013). The McGinness Hills
geothermal system lies within a broad accommodation, Zornteon a local scale, the

geothermal activity is concentrated along intersecting faults within eostap(Faulds et
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al., 2013). These hybrilyste mgrovide the most complex and best settings for

geothermal activity (Faulds et al., 2013).

A Normal Fault

Termination

. Geothermal Upwelling

~1km

B Normal Fault

Fault Intersection

and Oblique-Slip Normal

~1km

C

Relay Ramp
Between Two Fault
Terminations

~1km

D Hard-Linked
Step-Over Fault

Figure 5. Simplified
map view of
favorable structural
settings. Zones of
upwelling are shown
by red. The black
ball indicates the
down-dropped side
of a nomal fault. A)
Normal fault
termination.
Upwelling occurs
where there is a
concentration of
horsetailing faults.
B) Fault intersection.
Upwelling occurs
within the maost
dilational quadrant.
C) Unfaulted relay
ramp. Upwelling
occurs at the fault
temminations and
within the relay
ramp. D) Hard-
linked relay ramp.
Upwelling occurs
along the hard
linked fault, fault
teminations, and
hanging walls where
the hard-linked fault
intersects them.
Modified from
Faulds, et al., 2006;
2011.
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GEOLOGIC SETTING

Great Basin

The abundance of geothermal activity in the northwestern Great Basin is
attributed to its tectonic setting, which generates extension across the region (e.g., Faulds
et al., 2004, 2002 The Great Basin is an extensional province attar&ed by northto
northeastrending mountain ranges and basins (Fig)ré'he ranges and basins are
generallybounded by higlangle normal faults. These faults accommodate the extension
that began around 12 Ma in the northwestern Great Basin (Zebatk 1981; Colgan et
al., 2006; Lerch et al., 2007; 2008). Continued extension is documented by recent
geodetic surveys (e.g., Bennett et al., 2003; Hammond and Thatcher, 2005; 2007). This
active extension is further evidenced by active faults expressetblocene fault scarps
across the Basin and Range (e.g., Wallace, 1977; Wesnousky, 2005; Bell and Ramelli,

2007), as well as historic seismic activity.

Paleozoic and Mesozoic metavolcanic and metasedimentary rocks, intrusive
Mesozoic granitoids, and Mesoic and Cenozoic volcanic rocks dominate the bedrock
geology of the northwestern Great Basin (e.g. Stewart and Carlson, 1978; Lerch, et al.,
2008). The Mesozoic granitoids are related to the Sierra Nevada batholith. These rocks
are intruded into the Paleoic and Mesozoic metamorphic rocks and overlaiidxyiary

volcanic and sedimentarpcks.



12

Lake Lahontan

Pluvial Lake Lahontan covered much of northwestern Nevada during the
Pleistocene (Figur6). This was a climaticalkgontrolled lake with many dittuations in
lake level throughout time (Benson and Thompson, 1987; Adams and Wesnousky, 1999;
Adams et al., 2008). All of the basins across the span of the lake were connected from
45,000 BP to 16,500 BP. The lake reached its first highstand at 20,0@@ BRich point
it began to regress. This highstand is termed the Eetza highstand, and it reached 1265 m.
The lake level rose rapidly from 15,000 to 13,500 BP, at which point it reached its
maximum highstand, the Sehoo highstand (Benson and Thompsoi., $68%tudies
give a precise age of ~13 ka for the maximum highstand (Adams and Wesnousky,

1999).The Sehoo highstand reached ~1330 m (Benson and Thompson, 1987).
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= T T T Figure 6. The extent of
L 11eF 118 A Quinn Lake Lahontan at its
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L 410 Black Rock 0 boxes around the text.
. Desert Eugene From these profiles, an
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KP-16 Sehoo highstand (from
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1 Wesnousky, 1999).
Study area shown by
K the yellow star.
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the widespread Sehoo highstand shoreline. This shoreline is used as an important age
constraint throughout northwestern Nevada, as its formation is fairly well constrained at
~13 ka. These highstand shorelines apicglly expressed as wglteserved, curvilinear
features at an elevation of 1330 m (Adams and Wesnousky, 1999). In addition to the high
shoreline, there are nearshore and bar deposits, which generally consist of deposits of

rounded cobbles in a sandy niatFine-grained lacustrine deposits also span the region.
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The many dry lakes dmplayas of northwestern Nevada, most notably, the Black Rock
Desertare remnants of the lake (Benson and Thompson, 1987; Adams and Wesnousky,

1999; Adams et al., 2008).

The study area exhibits many features and deposits produced by Lake Lahontan.
The Sehoo highstand shoreline is clearly visible orflamks of the ranges (Figur@). It
is expressed asantourline that follows an elevation of ~1330 m. The nearshore
depost typical of the lake are present below the high shoreline (Olmsted, 1975; Faulds
and Ramelli, 2005). The Black Rock and Smoke Creek deserts in the area are dry lake

beds left over from the recession of the lake.

Gerlach

Gerlach, located just northeastthé junction of the Black Rock and Smoke
CreekDesertshas a variety of geothermal surface expressibne geothermal system is
mostapparent by the presence of two sets of hot springs (Fyuhe addition to the hot
springs, hydrothermally altere@drock documents langerhistory of geothermal
activity. Siliceous sinter north of one set of springs records depositiorfiina® that are

likely >175° C at depth (Rimstidt and Cole, 1983)
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The Black Rock and Smoke CreBlkserts areeparated by éhterminations of
two faultbounded ranges (Figudd. The Granite Range bounds the northeastern portion
of the Smoke Creek Desert and the western flank of the Black Rock Desert (Bigure
The Fox Range bounds the southwestern portion of the Black RaskiCsnd the

easterrmarginof the Smoke Creek Desert (Figute

The Granite Range is a horst boundedtensouthwestern, eastern, and
northeastersides by major normal faudt On the west side, the Granite Range fault zone
separates the steep Granitenge and the topographically low Smoke Creek Desert
(Figure 1). The rangebounding fault here is a wedipping, northnorthweststriking
fault zone (Bonham, 1969; dePolo, 1998; 2008; Faulds and Ramelli, 2005). In addition to
the topography of the rangéetfault is expressed by lar@uaternaryscarps (dePolo,

19989.

On the east side, the Granite Range and Black Rock Desert are separated by the
eastdipping,north-northeassstriking Gerlach fault zone (Figudg (Bonham, 1969;
dePolo, 1998; 2008; Dohrennet et al., 1991). The topography of the range and several
fault scarpsmarkthe fault here. In addition to the surface expression, a sharp change in
isostatic gravity values (Ponce et al., 2006) supports the presence of thRdaalt
movement onhtis fault is constrained to <15,000 BP along the southern end of the range

(Dohrenwend et al., 2006).

A single fault zone bounds the Fox Range on the west side of the range (Figure
1). This fault zone separates the namtirtheastrending range from the top@phically

low-lying Smoke Creek Desert to the west (FiglixeThenorth-northeaststriking, west
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dipping fault zone is expressed by wésting scarps in Quaternary deposits (Inghram et
al., 1980; dePolo, 1998). A sharp change in isostatic gravity valygsorts the presence
of the fault (Ponce et al., 20063ecent movement on thigult is constrained to <15,000

BP at the northern termination of the range (Dohrenwend et al., 1991).

A ridge of bedrock lies between the northern Fox Range and the soGifaerite
Range (Figurdl). The topographic high has an overall northeast trend. It strikes north
northeast at the southern end and shifts to a more northeasterly trend northward. The
topographically lowest and northernmost part of the ridge steps taythdeast) toward
the southern end of the Granite Range (Fidlr& his feature coincides with the isostatic
gravity anomaly mapped by Ponce et al. (2006) and may represent a structural connection

between the ranges.

Cretaceous granitic plutons comprige bedrock in the study area. While other
rocks common to the northwestern Great Basin are exposed in the northern Granite
Range and southern Fox Range, bedrock in the southern Granite Range and northern Fox
Range consists entirely of Cretaceous granddiofihe granodiorite is temporally and
petrologically similar to the major Sierra Nevada batholiths that were emplaced during
the Late Cretaceous. The granodiorite is extensively fractured, particularly within the
southern portion of the Granite Range (Bam, 1969; Smith et al., 1971; Grose and

Sperandino, 1975).

In addition to the rangbounding faults, the degree of fracturing in the
granodiorite should enhance permeability for fluids throughout the entire region, but two

prominent features where fradng is concentrated are of particularly interest to this
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study. Two planar fracture zones cross the Granite Range at the southern end, forming
prominent lineaments in air photo/imagery (Figdy€dOImsted, 1975). The fracture

zones run parallel to a planfature associated with a small right step in the range and
approximately orthogonal to the general trend of the range and strike of the range

bounding faults (Figur).

A topographic fibenchod of hydrothermally

toas the Aaltered be nprévibysgeathermalactvitynt s a | oc a

(Romberger, 1976). The altered bench is a topographic high of visibly altered rock that
lies just uphilland west of Great Boiling Springs (FigdyeGranodiorite in this area
exhibits propylitic akteration, i.e., biotite and hornblende converted to chlorite and
plagioclase converted to epidote. Tdranodiorite i2xtensivdy fracturedand containgn
many placesnineralized fillings that represent previous fluid pathways. bhtash to the
granodiorite, some alteréguaternarylake sediments comprise the front of the altered
bench. In some places, siliceeaitered lake sediments are indistinguishable in hand

sample from the altered granodiorite (Romberger, 1976).

The active gethermal system is of particular interest because of the high spring
and reservoir temperatures. There are two sets of springs in the area, Great Boiling
Springs and Mud Springs (Figur, temperatures of which are up to 96.1 and €5.7
respectively (Andrson, 1978). The springs are identical geochemically; both are
classified as N&Cl, suggestinghatthe springs share a reservoir. Silica, Na/K, anekNa
Ca geothermometers indicate reservoir temperatures e2A0%, which are promising

for developmenf{Anderson, 1978).
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Recent (and local) exploration efforts by US Geothermal include temperature
depth profiles from 26 wellandgravity and magnetisurveys The majority of the
temperature depth profiles reflect a shallow plume of thermal fluid that settuian
normal background value at depth, i.e., outflow (Fig)reGravity and magnetic surveys
were completed by Magee Geophysical Services LLC, and obtained via Bright Holland

Company. These data were made availédthis studyfor interpretation.
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Figure 8. Temperature-depth profiles from US Geothemrmal data. Most sites reflect outflow

plumes (as seen in Figure 6.2.2).
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RESEARCH DESIGN AND METHODS

This study was designed to constrain the location(s) of upwelling for the Gerlach
geothermal systenkRotentialkstructural interactions that may be controlling the upwelling
were determined, and these possibilities were testad asrariety of methods. Some of
the possible controls are immediately apparent from previously mapped faults. Other
possibilities related to smaller, unmapped faults or fractures may not be apparent but
must also be considered. All of the previously nemgd favorable structural settings
(fault terminations, stepvers, and intersections) exist at some scale around the
geothermal system at Gerlach. Methods to test between these possibilities included
geologic mapping, temperature measurements of spshgdow (2 m)temperature
surveys, and interpretation of existing geophysical data. All data were incorporated into

an ArcGIS database.

Possible controls on the geothermal system at Gerlach

The two fault terminations at the southern end of the GraniteeRiskagy result
in horsetailing and manfiault splays which would greatly increase possible fluid
pathways (Figur®.1). The terminations are evident from the termination of the range
itself. In addition to the favorability provided by théose lyspacedaults in general, the
splays likely intersect in many places based on the overall geometry of the faults,

generating a more localized zone of enhanced permeability.

The termination of the Fox Range fault zone and its interaction with the Granite

Range fali terminations Figure 92) could be a additionakource of enhanced
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permeability. As with the faults that bound the Granite Range, the end of the Fox Range
indicatesthe northward termination of the Fox Range. Not only is this termination
probably assaated with horsetailing, bulso,these splays could intersect with each

other orwith splaysassociated witthe terminations of the Granite Range and Gerlach
fault zones. An exposed ridge of bedrock between the twosdol@vs the strike of the

Fox Range fault northward but shifts to an easttheast strike toward the Gerlach fault

(Figure 92). This suggests a possible structural connection betwes@afthét zones.

A small right step on the east side of tBanite Range suggests a possible relay
ramp that would be conducive to fluid flow. Roughly 1.7 km north of the southern
termination of the range, the range front steps to the right, which may be an expression of
a double termination of faults, one that terminates southward and one thattieesmina
northward at the stefrigure 93). A relay ramp between the two terminations may be a

simple relay ramp, or it may be halidked to some degree.

The northwesstriking fracture zones that run across the range have great
potential to enhance permeatyil both individually and by intersecting other structures
(Figure 94). These planar features aresated approximately orthogoralthe major
north-northeassstriking faults on the east side of the Granite Range (Figdje
Intersection of these faaes would result in dilatiom favorably oriented conduitsnd

thereforeenhancepermeability, specifically in the vicinity of Great Boiling Springs.
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Figure 9. Map showing possible structures/structural controls on the geothermal system
at Gerlach. The thick black lines represent faults mapped in the USGS Quate marfault
database red dotted lines are fault terminations, green dashed lines are possible
structural connections between fault terminations, blue lines are rangerossing
fractures. Possible controls include: 1) terminations of Granite Range faults 2)
termination of Fox Range fault and the structural connection between it and the Gerlact
fault 3) astepover 4) rangecrossing fracture zones/ faults and topographic bench
intersection (explanations in text).
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Methods

Geology

Bedrock:

Geologic mapping focused on the locations, orientations, and age scodirgtsu
that could control or contribute to fluid floim the Gerlach area’he hot springs at
Gerlach lie at the southeast termination of the Granite Range, so the bedrock geology of
the southern end of the range was mapped using air photos and fielchtibssr(Figure
10). Color air photos at a 1:24000 scale and USGS topographic maps served as basemaps.
Primary features of interest included slip surfaces, veins, and fractures that may have

been pathways for fluid flow.

Fracture density measurements wiakeen from representative sites along the
Granite Range in order to document the orientations and denstties of potential fluid
pathways. Sites within the fracture zones (including the parallel fracture zone associated
with the small right step in the rarjgeere compared to sites between and away from the
fractures. All fractures within two by two meter squares were measured at each site

(Figure 10).

The veins within the altered sections of granodiorite are of particular interest
becauseheyrecord pasgeothermal fluidlow and can provide insight into current fluid
pathways. Orientations, spatial relationships, compositions, and temporal relationships of
veins were recorded, as they may be analogous to extensional processes in the current

system. Speciattention was paid to crogsitting relationships to determine the
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character of the most recent geothermal activity. Reconnaissance of the study area
revealed a section of altered granodiorite other thahonthe altered bench. This area is
uphill of Mud Springs. (Figurd0). The two areas were mapped separately at a scale of
1:2000. An additional ten by ten meter map within the area of Mud Springs was
produced. This map included all fractures and attempted to document any orie ntations or

relationshipghat could be extrapolated across the entire area.

Quaternary Mapping:

Quaternary deposits along the eastern range front were mapped in detail in order
to constrain timing and locations of faults. Black andtevhir photos at a 1:12000 scale
were pairedvith field observations to make a 1:6000 scale mafthetuSGS
topographic map base. Units were delineated based on clast size and sorting, elevation,
relative amount of vegetation, and color and texture in the air photos. Relative ages were
determined byrosscutting relationshipof the units. Ages were more absolutely
constrained by relationships with shorelines from Lake Lahontan. Specifiteeligehoo
highstand, dated at ~10 BP from radiocarbon data, was used. Faults were mapped by
the fault scgps visible in the air photos. Scarp heights and slopes were measured in the
field. Careful attention was paid for possible geothermal indicadacsh as silicified

sands.

Spring temperature measurements

Surface temperatures and locations of the orif@eSreat Boiling Springs and

Mud Springs were measured in order to determine any spatial relationships among the
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springs in terms of temperature, as well as to obtain recent temperature measurements of
the springs. Temperatures were measured using a t@tmgeprobe dropped into each

orifice found at the two sets of springs.

Shallow temperature measurements

Two-meter shallow temperature data were collected to test possible locations for a
controlling structure and to help define the thermal anomaly abteter depths. The
survey was collected after the style of Sladek €R809. A base station was established
to provide a typical background value as well as a basis for corrections and normalization
(Sladek and Coolbaugh, 2013). Twmeter steel probesexe drilled into the grounaénd
the temperature was allowed to calibrate for an hedter whic hthe temperature was

measured.

Two traverses and a grid of temperature measurements were designed to test
specific possibilities for upwelling. Traverse A wasorthnortheast line of
measurements at the base of the east side of the southern tip of the Granite Range (Figure
10). This traverse was designed to test the possibility of upwelling along thefrange
fault, particularly where the projections oethangecrossing fractures intersect the fault.
Traverse B was another nomiortheast line of measurements from the southern base of
the altered bench that was extended northward to determine the extent of the thermal
anomaly encountered with Traverse Agure10). This traverse was designed to test 1)
temperatures parallel to but topographically below the thick alluvium cover of Traverse
A, and 2) temperatures around the small right step. A grid of temperatures (C) was at the

southeastern termination tife range (Figur&0). The grid was designed to test
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upwelling along possible approximately eastst orie nted structures as well. It was also

designed to determine the southward extent of the thermal anomaly from Traverse B.

Geophysical data

Gravity dataobtained from US Ge othermakre processed and interpreted to
refine interpretations of existing structures as well as to test for any previously unmapped
or blind structures. Gridded Complete Bouguer Anomaly (CBA) data from stations with
150 m spacing werprocessed usifge o f sQABIS Mantaj to create a continuous
raster dataset. This dataset was examined for changes in gravity values that may reflect

structures.

Magnetic data obtained from US Geothermate obtained and processed using
Ge o s @ASISOMoNtaj to aid in interpretatioof structures in the subsurface. Total
Magnetic Intensity (TMI) values from stations with 30 m spacing were processed using
OASIS Montaj to create a continuous raster dataset. This dataset was examined for

changes in magtie intensity values that may reflect structures.

Profiles from three representatisve | ine
Surfer program. These profiles consisted of 200 evenly spaced points along-Anés, A
B-B6, &£mMd (ELD.gmarvitg andmagnetic profiles were examined together and
separately for featurasdicative of faults and geothermal activiy simple Bouguer
slab correction was calculated along the gravity profiles to quantify basin depth and

therefore constrain fault dips.
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Figure 10: Figure showing locations of methodsThe green polygon shows the extent of the maj
area. The red boxes show the two areas of hydrothemrmally altered granodiorite, where veins ai
fractures were mapped. The black boxes show the locations of Great Boiling Springs and Mud
Springs, where suface temperatures were measured. Blue lines and box show planned travers
A, B, and grid C of two-meter temperature surveys with the actual measurement locations

shown by the blue dots. The pink stars show Locations A, B, C, D, E, F, and G of fracture

density measurementsProfiles A-A 6 -B 6B and fOr geophysical m
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RESULTS

Geology

Geologic napping for this thesis documents the bedrock and Quaternary geology
for the study area. Bedrock geology includes the extensively fractured, homogenous
granodiorite of the Granite Range. At the southern termination of the rangepttrae
granodiorite is hydrothermally altered asidsectedy mineralized veins, characteristics
of which are reported below. Quaternary geology incladkesial fan deposits, Lake
Lahontan depostts, and playa and playa margin deposits. Fault scaspseubut not all

of these units, providing age constraints on faulting.

In the following sections, | describe the geology of the study area. 1 first list the
characteristics of the bedrock, followed by the characteristics of Quaternary depostts. |
then decribe the structures in these rocks and deposits. | present thesbedadiaulting
and fracturing first, followed by detailed fracture studies. | then describe hydrothermal

alteration in the bedrock and Quaternary depostts.

Bedrock

Granodiorite compras the entirety of thexposededrock in the study area. The
granodiorite is mainly composed pfagioclase, quarthiotite and hornble ndeynd alkali
feldspar Pegmatite dikes amelativelycommon. Some small local intrusions of gabbro

are present.
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Quaternary deposits

Mapping of Quaternary deposits over a roughly 10 square kilometewasa
used to determine locations and recency of displaceméptiaernaryfaults in the
region. Deposits in the study area are divided into seven Quaternary waitsrig@ry
units in the map area lie below the Sehoo highstand of Lake Lahontan along the eastern
flank of the Granite Range. Units include lacustrine deposits of Lake Lahontan, alluvial

fans, and playa and eolian playa margin depostts.

The oldest Quaternaunit (QIs) is a group of nearshore deposits in the southern,
central, and northern parts of the area (Fidil)e The unit is comprised of loosely
consolidated, subrounded gramgjravel in a coarse sand matrix. Some sublinear to
gently curved benched$ munded granite cobbles and small boulders are separated by the
finer-grainedgraniticgravels. These benches overlie finilyered lacustrine deposits
where observed in crosection Figure 13. This untt is distinguished in both the field
and air phto by a higher albedo than adjacent deposits. This unit is interpreted to be the
same nearshore deposit previously mapped at the southern end of the range (Qsl|,
Olmsted, 1975) and corresponds to lake deposits mapped on the west side of the range
(Ql, Fauld and Ramelli, 2005). The linear benches of rounded cobbles are interpreted as
remnants of shorelines, based on the rounding of cobbles and the way they follow

contour. They are recessional as they overlie de@péer deposits

The oldest remnant alluvigdn deposits (Q3) lie in the northern half of the map
area Figure 1). These deposits are comprised of consolidated subangular to subrounded

granite cobbles in a silt matrix. A thin veneer of loosely consolidated angular granite
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gravel covers these sudas. The deposits have gently sloping (~10°) surfaces.
Vegetation is sparse and consists of mainly sagebrush. These surfaces are elevated ~1
m above those of the younger deposits. The unit is characterized by interfluves that
generally exhibit a sulyiangular shape in mapiew (Figurell). It is distinguishable in

air photo by a highly dissected appearance relative to adjacent units.

Intermediateage remnant alluvial fan deposits (Q2) are inset into Q3 in the center
portion of the map (Figurgl). Subagular to subrounded granite cobbles and boulders in
a silt matrix comprise the unit. A thin veneer of loosely consolidated angular granite
gravel covers the surfaces. The deposits have slightly flatter surfaces (~5°) than those of
Q3. These surfaces areachcterized by the presence of grasses in addition to sagebrush.
The surfaces of these deposits are elevate8 mlabove those of the younger units. This
unit is also characterized by interfluves that generally exhibit elongatizngular
surfaces (Fgurell). It is distinguishable in air photo by a slightly darker color than the

adjacent units.

Recently abandoned alluvitdn deposits (Q1b) span much of the wesnhtral
portion of the map area (Figutd). This unit is comprised of loosely to modeigte
consolidated granite boulders and cobbles in a sandy to silty matrix. The deposits are cut
by active channels (FiguE). The surface of this unit is lightly vegetated by sagebrush
and grasses. This unit is characterized by a broad surface thatseshltmtued ridgend

swale topography.

Visibly active channels and adjacent levees (Q1a) cut all previous map units

across the entire map (Figutd). The channels are filled with and the levees built up by
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loose angular granite boulders and cobbles. Thd satrix in the channels is fairly well
cemented. Near the rangefront, the channels expose bedrock. The surfaces of this unit
generally lack vegetation. This unit is characterized by ralggswale topography. This

unit is distinguishable in air photo layhigher albedo than adjacent untits.

Playa deposits (Qp) dominate the eastern and southern portionsstidh@rea
(Figure1l). Fine, lightcolored mud and silt comprise this unit. The broad, flat surface of
this deposit is loweslying of all the mapunits. It is distinguishable in air photo by the
high albedo and smooth appearance. The unit is consistent witbstegtilished Black
Rock Desert playa deposits (e.g. Bonham, 1969; Olmsted, 1975; Faulds and Ramelli,

2005)

Playa margin deposits (Qpm) lieitboard of the rangiont (Figurell). Fine
grained silts dominate this unit. The silts are interpreted as eolian, due to the proximity of
this unit to the playa and the presence of small dunes. The broad surface of this untit is
lower in elevation and gddent than all adjacent deposits, excluding the playa (Qp). It is

further distinguished from the playa unit by a marked change to a lower albedo.

In summary, seven Quaternary units are Lahontan age and younger. Most units
are dominated by granodioritic ditis derivedfrom the Granite Range. Lake Lahontan
deposits arelistinguishedy rounded granite shoreline cobbles overlying firlafered
lacustrine stratigraphy. The Lake Lahontan deposits are cut by remnant and active

alluvial fans.
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Faults

The Gerlzh fault zone (mapped by Bonham, 1969; dePolo, 1998; 2008;
Dohrenwend et al., 1991), which bounds the eastern side of the Granite Range, is
expressed by northortheassstriking fault scarps through Quaternary deposits. No slip
surfaces were observed irethedrock. The average strike of the fault scarps is ~020°.
Scarps cut and truncate lacustrine deposits (QIs) ing¢h#raland northern portions of
the maparea(Figure1l). Gravel pit excavations enhance the scarp in some areas. The
scarp height in thikahontarage untit is up to ~7 m. Scarps cut the oldest remnant fan
deposits (Q3) (Figur&l). Scarp heights in this pesahontan unit range from 1 to 4 m.
Scarpsalsocut the youngest remnant fan deposits (Q2) (FigdyeThis is the youngest

unit cut ty fault scarps. Scarp heights in this unit range from 0.25to 1 m.

Fault scarps do not cut active and recently abandbimdateneunits. A lack of
faulting in playa deposits (Qp) and playa margin deposits (Qpm) may be due to absence
of faults outboard ofhe range. Continued deposition and modification of these units
(young age) could alsaccountfor a lack of fault scarps. Recently abandoned alluvial
deposits (Q1b) and active channels (Q1a) obscure fault scarps, as they were deposited

after faulting evets.

In summary, Quaternary deposits document recent movement along the north
northeasstriking Gerlach fault. Nortmortheastrendingfault scarps through the three
oldest units (Qls, Q3, and Q2) constrain the agheimost recerfulting to <13 ka and
younger. Scarps heights are progressively larger in progressively older units. The scarps

are cut by active (Q1a) and recently abandoned alluvial (Q1b) deposits.
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Fracture systems

Fracture
measurements were
taken from
representative sites
along theGranite

Range to document the

o W i G IR : .,/ orientations and
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Figure 12. Laminated lacustrine sedimentsoverlain by more
massive gravels containingounded beach cobblescomprising
nearshore deposit Qsl.

denstities of potential

fluid pathways. The
northweststriking, rangecrossing fracture zones at the southern end of the Granite
Range (first queried by Olmsted, 1975) should enhance permeability potettial. Si
within the northwesstriking fracture zones (including the parallel fracture zone
associated with the small right step in the range) were compared to sites between and
away from the fractures. All fractures within two by two meter squares were mdasure

each aregFigure13).

The unaltered granodiorite is extensively fractutedughout the study arga
particularly within the vicinity of the northwestriking fracture zones. The sites within
these features haw average twice as mafiacturesasthe interveningsites. The
numerous fractures within the fracture zones have a much stronger preferred orie ntation

than those betwedfigure 13)
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Two sets of stronghpreferred fracture orientations are common to all sites within
the plamr features. S#s B, D, and Eisplay neatvertical fractures that strike northwest
or northeast to easiortheast (Figurdd). These sets of fractures are roughly orthogonal
to each other. The northwestiking set of fractures matches the orientation of the

fracture ones.

Sites B and D contain other sets of fractures in addition to the sets that are
common to all sites. Site B has a set of northetigting, shallowly southeastipping
(~35°) fractures (Figuré@3). This set is not seen at any other site. Site D @t set of
subvertical nortinortheassstriking fractures (Figur&3). The strike of this sqiarallels

the strike of the rangkont fault

The sites between the fracture zones exhibit a wide array of fracture orientations,
but three main sets of prefed orientations can be picked out from twenbinedsites.
Steeplydipping northwestand northnortheastto northeasstriking sets of fractures
roughly match the orthogonal sets from within the fracture zones (Figuré&here is

also a set of westarthweststriking fractures that dip steeply to the south (FidiBe

In summary, the sites from within the fracture zones have a higher density of
fractures with stronger preferred orientations than the sites between the fracture zones.
All sites containorthogonal sets of northwestnd ~northeasitriking fractures, although
the orientations of these sets of fractures are much more uniform in the sites within the
fracture zones. This suggests that the fracture zones may contribute to permeability for
the geothermal system in the subsurface and that fluid liketendslong subvertical,

northwest and northeasstriking pathways.
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Figure 13. Lower-hemisphere stereo projectionshowing fracture orientations from sites
A-G. Sites betweeriracture zones are on theeft, and sites within fracture zones are on
the right.
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Alteration and veins in bedrock

Altered bench above Great Boiling Springs:

Observations of the general nature of altera#ind vein and fracture occurrence
throughout the altered bench were collected as proxies for current geothermal activity.
Orientations of, and crossutting relationships between, veins and fractures document

and the relativeéiming of past fluid pathways

Field observations of the altered bench above Great Boiling Springs confirm that
it is an area of hydrothermally altered granodiooiterlain and onlapped Hgcustrine
sediments. The presence of epidote and chlorite in place of plagioclase and biotite
suggests propylitic alteration (first documented by Romberger, 1976). The rocks are also
commonlysilicified. This alteration is hydrothermal in nature. Sdwoeilders of altered
granodiorite are c oviad,ehichwopld lmvethaedepositédr i nd o
subaqueoushn Lake Lahontanln addition to the general alteration of the bedrock, the
altered granodiorite contains hydrothermal veins of three distinct compositions: siliceous
veins, calcium carbonate veins, and calcium carbonate veinsaogtailiceous

fragments.

The siliceous veins are composed of a typically rust red silice ous material with a
waxy luster (Figurel4). Thesmall resistantidges formed by the veins are generally very

linear.
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The siliceous veins can be divided into threts $msed on orientatiqfigure
15). A north-northeasstriking, steeply easand westdipping set of veins has the
strongest preferred orientation. Northeastd northwesstriking sets are more diffuse, in

terms of strike as well as dip, althoughytlge nerally dip steeply.

The calcium carbonate veins range from a-fineined calcium carbonate to
rhombohedral crystalline calcite. Some veins show layers of calcite that indicate
progressivale position of calcite, repeated dilation of fractures,\itigning ofveins In
one location, the calcite has a latticladed pattern, different from the typicabre
massivefine-grained calcium carbonate and the rhombohedral crystalline calcite in the
majority of these veins. This is a boiling textueed;,Moncada et al., 2012), consistent
with geothermometry estimates for the active system. The veins are typically sinuous but

have overall linear trends (Figuid).

The calcium carbonate veins exhibit two main orientations (Fig&reThe
dominant orientationfahese veins is northortheasstriking andsteeplywestdipping
(with one eastlipping exception) (Figuré5). A secondary set of calcium carbonate

veins strikes northwest and dips to the northeast and southwest.

Some (~20%) of the calcium carbonaténgecontain siliceous fragments. These
veins appear identical to the calcite veins except for the addition sflitae(Figure 14).
The siliceous fragments occur either within the calcite veins or as cenoentbke
marginwith a fine-grained calcium c#onate cement. These siliceous fragments must

predate thealcite.
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All of the calcium carbonate veins containing siliceous fragments strike north
northeast (Figurd5). These veins dip steeply to the west, with one-dpgting

exception.

Silica-coated fratures exhibit four strong preferred orientations (Fidube A
north-northeasstriking set dips steeply (~70°) to the east. Another naotitheast
striking set dips steeply (~65°) to the west. A more diffuse set of fractures strikes
northeast and dips-60°) northwest. A northwestriking set dips steeply (780°) to the
northeast and southwest. These fractures are visibly darker than the rest of the rock due to
the thin coating of silica along the fracture plane (Fidife Thesefracturesdocument
high-temperature silica deposition. However, these fractioa®t have a significant

width and thus were probably relativediortlived.
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Typical rocks of the topographic bench

Figure 14. Photos of the rock types and veins found within the topographic bench above
Great Boiling Springs. A) altered granodiorite with some silicacoated fractures B) hghly
altered/silicified granodi or it enighyplteredildkea f
sedimentsE) silica veins F) calcium carbonate veins (inset of boiling texture on this particular
vein) G) silicarin-calcium carbonate vein.
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Figure 15. Aerial view of the topographic bench above Great Boiling Springs.
Orientations of the veins are shown by their locations with strike and dip symbols and
corresponding steregraphic projections. Red represents silica veins, blue represents
calcite veins, greenrepresents silicawithin -calcite veins, and black represents silica
coated fractures. The dashed lines show the projections of the rangeossing lineaments.
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Crosscutting relationships in the altered bench document a histayad¥ing
fluid pathways and compositionslorthweststriking joints and veinsn the altered bench
generally cut, and therefore pafite, nortimortheast to northeastriking structures
(Figure 16). One exception occurs where a set of northetiting silicacoated fractures
cuts a set of mth-northeasstriking silicacoated fractures. Although the other age
relationships have consistent orientations, there is no clear pattern of compositions within
these orientations. Norland northwesstriking, westdipping silica veins cut northeast
striking, southeastlipping silica veins. Northwesttriking calcite veins cut a northeast
striking, neatvertical vein of calcite containing silica. One prominent northveé&sting,
subvertical silicacoated fracture cuts nortiortheastand northeasstriking silica-coated
fractures. These relationships indicate that geothermal fluids most recently came up along
northweststriking fractures. The variability of compositions in specific orie ntations

indicates variability in fluid composition and temperatawver time.

An extensive set of joints along the eastern edge of the altered bench strikes
northrnortheast (Figurd?). These are fractures within the altered granodithié¢ have
uniform orientations and no mineralization or slip indicators. They aictire eastern
limit of exposed bedrock in the altered berthe orientation of these joinaralleIsthat

of the rangdront faul.

In summary, this altered bench documents the presence of geothermal fluids along north
northeast northeast and nortiveststriking fractures. Silica deposition occurs along all
three of these orientations. Calcite deposition occurs along the mattreassstriking

and northwesstriking fractures. Calcite containing silica occursorth-northeast



44

striking veins. Thenorth-northeast orientation is common to all compositions. These
veins match the strike of an extensive set of joints along the eastern edge of the altered
bench, which parallels the strike of the raifigent fault. The northwesstriking veins

match the gentation of the northwestriking, rangecrossing fracture zones. These are
apparently the youngest set of veins. These veins are composed of silica or calcite. The
different compositions of northwestriking veins, as il as the fact that all calcite
containing silicaveins strike nortinortheast, document a complex history of open fluid
pathways and temperatures. In the altered bench above Great Boiling Springs, ge othermal
deposition occurred at changing temperatures along-northeasstriking, rortheast
striking, and most recently, northwest iking structures. These orientations are

consistent with the orientations of the rafiget fault and rangerossing fractures,

respectively.

Altered area above Mud Springs:

There is a second hydrotherrdyadltered area lying above Mud Springs. The
0.035 square kilometer area is smaller but similar in character to the bench above Great
Boiling Springs. This area also exhibits veins of silica, calcium carbonate, and calcium
carbonate containing silica (Figul8). Because of the smaller area but same relative
density of veins in this area, the data sets here are smaller than those from the altered
bench. This area lacks the exposed silicified lacustrine sediments of the bench but does

contain lacustrinetufar i nds o t hat cover altered boul

de



Silica Calcite

VS VS
Silica Calcite
containing
silica
Fracture Fractures
. V5 VS
Fractures Fractures

Figure 16. Steregraphic projections and corresponding photos of crosgutting vein
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relationships observed within the altered bench. Dashed lines represent older veins, and

solid lines represent younger veins.
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Figure 17. Orientations of joints
along the eastern edge of the
topographic bench. The orientations
are very consistent ancparallel the
strike of the rangefront, suggesting
proximity to a fault.
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Figure 18. Photos of typical rocks and veins observed in the altered area above Mud
Springs. A) altered granodiorite B) tufa rind on alteredgranodiorite C) silica veins D)
layered calcite veins E) silicanithin -calcite vein.
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The silica veins above Mud Springs have a broad range of orientations, but three
sets can be distinguished (Figui®. A roughly northstriking, subvertical to vertical
(85-90r) set of veindhas the strongest preferred orientation (Fidile A northeastto
eastnortheassstriking, steeply nortfalipping (7687°) set of veins is also discernible
(Figure19). A few veins strike nortmorthwest. These veins have steep to vertigzd
(72-90°) (Figure19). The silica veins are <1.0 cm in width and have a redatistvn

color and a milky to waxy luster (Figufies).

Calcite veins comprise two sets with strong preferred orientations (Figure 19).
One set strikes north to nortiortheast. These mogtdlip steeply (~89 to the eastA
second set strikes eastrtheast (to eastoutheast). These are neartical (8285°), with
the exception of the easbutheasstriking, steeply nortlalipping (68°) vein included in
this set (Figure 19)These veinsre typically composed of crystalline calcite, and many
exhibit layers of calcite parallel to the long direction of the vein (Figure 18). Nucleation
of calcite on fracture walls and inward growth indicates progressive dilation and filling of

veins.

Veins ofsilica-within-calcite have a broad range of orientations that range from
northstriking to roughly easstriking, but two main sets of orientations can be discerned
(Figure 19). Northnortheasttriking veins dip steeply (7630°) to the east. These veins
resemble the silicavithin-calcite veins above Great Boiling Springs in that they appear to
contain broken silica fragments trapped within calcite. Sa#ing (easinortheast and
eastsoutheast) veins are vertical. These veins differ from the s¥itdan-calcite veins

above Great Boiling Springs in that the silica fragments are knobby, resistant veins in the
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Figure 19. Aerial view of the altered area above Mud Springs. Orientations of the veins are
shown by their locations with strike and dip symbols and corresponding stereograms. Red
represents silica veins, blue calcite ves$, green silicawithin-calcite veins, and blackshows

silica-coated fractures.

center of clearly layered calcite (Figut8). In this case, the silica pedates the calcite.
This indicates higtie mperature silica depomih within a calcite vein undergoing

continued dilation.

The crosscutting relationships in this area show a general pattern of more
northerlystriking structures cutting eastedyriking structures (Figur20). Vertical,

northstriking silica veins cutreastnortheasstriking silica vein as well as an east
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northeasstriking silicawithin-calcite vein. Steeply easdtpping, northstriking calcite

veins cut a nortidipping, eassoutheasstriking calcite vein. This indicates thidie most
recent deforration and hydrothermal activity involve d eaststextension andluid flow
along northerly striking veinsThe older veins include all three distinct types of veins,
and these veins are cut by both silica and calcite veins. This indicates a complgx histor

of changing fluid te mperatures and pathways.

Silica vs Calcite containing silica Calcite vs Calcite Silica vs Silica

Figure 20. Stereograms and corresponding photos of crossitting vein relationships
observed in the altered areas above Mud Springs. Red lines represent silica veins, blue
lines represent calcite veins, and green lines represent sikaithin -calcite veins. Dashed

lines represent the older veins, and solitines show younger crossutting veins.
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A map of all the mineralized veins and unmineralized fractures in-bytéen
meter area of this altered section documents patterns of mineralization and fracturing that
are consistent with the patteroisthe overall altered area. At this scale, fractures that
exhibit some siliceous coating were included with the siliceous veins. Thesdibdita
structures comprise two sets of orientations. One set strikes north and is verticalto west
dipping. Anotler set strikes easbrtheast to eastoutheast and is vertical to steeply
~southdipping. The calcite veins strike easirtheast to eastoutheast and dip steeply to
the south. Silicavithin-calcite veins strike easirtheast to eastoutheast and dip
steeply to the south. Unmineralized fractures strike nodttheast, northeast, northwest,
and easnhortheast. The dips of these fractures are all vertical to steeply dipping to the
east, southeast, west, and south, respectively. The fracture orientaiche same sets
as those from the altered bench, with the addition ofe@$theasstriking, south

southeastipping structures.
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Figure 21. Left: Map of detailed vein and fracture measurements from the alteredraa above
Mud Springs. Right: stereographic projectionsof the mapped fractures in corresponding
colors.
In summary, this altered area documents the presence of geothermal fluids along
northrnorthwest, north, northnortheas, and eashortheastto eastsoutheasstriking
fractures. Silica depositions occurs along all of these orientations.-Nartitwe st

striking veins are all composed of silica. Calcite deposition occurs along teribrth

northeastand eashortheasto eastsoutheasstriking fractures. Calcite containing silica
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occurs as northortheastand eashortheastto eastsoutheasstriking veins. The north
northeasstriking veins match the orientation of the ratfigent fault, just as within the
alteredbench above Great Boiling Springs. The nertiithwest and northstriking veins
are apparently the youngest set of veins. Them@#iteastto eastsoutheasstriking
veinswere only observed ithis altered area and may represent previously unmapped

structures at the southern end of themination of theGerlach fault zone.

Alteration in Quaternary deposits

Hydrothermally altered Quaternary deposits in specific locations document
geothermal activity duringhe Quaternary. The altered bench contampdrbthermally
altered lacustrine sediments (formerly QIs) in addition to the altered bedrock. This
indicates that deposition of the Lahontan unit precesdeck of thealteration. These
sediments are silicified blocks of a figeained material with some dfe original
bedding preserved (Figudeld. No veins were observed in the silicified lacustrine
blocks. The altered bench is overlain in places by unaltered tufa deposits. This indicates
that the hydrothermally altered rocks were exposed beneath Lak@thahThe presence
of unaltered tufa along with altered lacustrine sediments suggests that the subsurface

geothermal activity and subsequent exposueee coeval with Lake Lahontan.

No other alteration in Quaternary units was observed; however, silisetes
deposits at great Boiling Springs document high temperature fluids reaching the surface.
A ledge of sinter occurs north of the majority of these spriSgseral factors contribute
to sinter depostition, but in general, for a 50°C ge othermal flumtdepositing sinter at

the surface, reservoir fluids must exceed 175°C (Rimstidt and Cole, 1983).
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Quaternary geothermal alteration and deposits indicate recerteiniglerature
geothermal activity slightly uphill of the active expression of the syste@neat Boiling

Springs and Mud Springs

Spring temperature measurements

Great Boiling Springs

Temperatures of eightfipur orifices over an area of ~0.24 square kilometers at
Great Boiling Springs range from 2394.0° C (Figure22 Table 1). The springsome to
the surface east of the southern tip of the Granite Range -lyiogy fine-grained playa
margin deposits. They likely represent outflow from the source, due to their low elevation
and proximity to the water table. Wells near Great Boiling Spriegsrd rapidly
increasing temperatures near the surface that reverse sharply withRiengtgrine 1, 18
10, Figure 8 This pattern is consistent with the temperatlepth profiles of outflow
features. The temperatures do not seem to show any sp#gahpdhe hottest
temperatures come from small orifices that do not have the surface area to lose significant
amounts of heat (Figur2?). The neatboiling te mperatures of these pools, as well as
presence of some sinter deposits and bubbling mud potgesiutdpat these outflow

features are likelyelativelyclose to the upwelling zone.



Figure 22. Map showing the extent of Great Boiling Springs and the temperatures at
each of the orifices. The black rectangle indicates the area whesdiceous sinter is found
at the surface.
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Mud Springs

Temperatures of eleven orifices at Mud Springs over an area of 0.15 square
kilometers range from 18.85.3° C. (Figure23, Table 2). These springs occurthe
southeast of the Granite Range in similar-lgmg, fine-grained playa margin de posits to
those of Great Boiling Springs. There are fewer geothermal features here than at Great
Boiling Springs. The temperatures of the springs are slightly less tbe@ &t Great
Boiling Springs, but overall, they have a similar range and still reach hot temperatures.
The linear, streartike pattern near the center of the map is in fact a stream that flows
from a main pool, shown by the red dot at the northern erftedirte. This geothermal
stream cools progressively downhill to the south. Cold streams and springs occur to the

west of the springs measured here.

Summary of hot springs

Overall, both sets of springs goeobablyoutflow features that are like jgroximal
to the upwelling. Temperature measurements from wells show patterns distinctive of
outflow. However, water in the orifices reaches Haaiting temperatures at both sets of

springs, despite interaction witdoolnon-geothermal fluids in the groundwater.
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Figure 23. Map showing the extent of Mud Springs and the temperature at each of the
orifices.

Shallow te mperature measure ments

Temperature readings at twioeter depths were taken from 17 locations across a
~4.7 km total traverse parallel to the east side of the Granite Range and a ~0.8 km

traverse along the southern termination of the range i¢sd0, 24. Traverses A, B, and
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grid C were designed to test the specific possibilities for upwelling zGnhesall,
temperaturesvere elevated across the entire area. Corrected temperatures ranged from

15.8 t0 53.0° C and differed from local backgrowadlies by up to +33.5° C.

Temperatures along norttortheastrendingTraverse A ranged from 2023.1°
C, within 1.1° C below and 1.4° C above the calculated background temperature (Figure
24). This traverse was designed to test whether the ramgsingfracture zones and the
smallright step in the range front control ge othermal fluid flow. These values across the
traverse do natppeaito reflect a zone of upwelling along either of théseture zones
It should be noted that there is a thick covealafvium in this area, which may obscure

possible elevated temperatures in the shallow subsurface.

Temperatures along norttortheastrendingTraverse B ranged from 1598.0°
C, from 3.6° C below to 33.5° C above the background temperature (Riurehese
temperatures were measured to test the same possibilities as those of Traverse A, but
topographically lower, where alluvium is not as thick. The hottest point of the entire
survey (53.0C) lies along strike of the northern fracture zone (Figf)e Temperatures
decrease toward the southern fracture zone, and northward toward the right step, but they
are stil high relative to the rest of the survey. The traverse was extended northward to
determinethe extent of this anomaly. Temperatures decreasgressively northward
from the right step, reaching the lowest temperature of the survey at the northernmost end
of the traverse. The elevated temperatures extend farther north than the expected location
for upwelling along a simple fault termination oegbver, indicating that there are other

factors contributing t@utflow.
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Temperatures within the gritke arrangement of measurements (C), at the
southern termination of the range, ranged from 1@@!8.5, 0.3 t029.2 above
background temperaturesgpectively (Figur@4). Temperatures alortgendof Traverse
B increase southward and remain hot along the southern edge of the grid PBjgure
However, temperatures decrease rapidly toward the western edge of the grid. The hottest
temperatures from Tvarse B are separated from the hottest temperatures of griduC by

area withower temperatures.

In summary, shallow temperatures are elevated across most of the area, but
particularly uphill of each set of springs and downhill of the right step inathger The
high temperatures uphill of each set of springs are separated by relatively lower
temperaturesThis suggests the possibility of separate upwelling zones above each set of
springs.The high temperatures near the right step extend fauttfernorth than
expected, but no hot springs occur downhill of these-taghperature pointshis
indicates some upwelling along structures other than splays associated with a simple fault

termination.



Figure 9.14. Map showing the actual temperatures measured from two meters depth
(corrected for season/albedo)Traverses shown by solid blue lines and letters, range
crossing fractures shown by the light blue dashed lines.
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