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ABSTRACT

Detailed geologic mapping, structural analysis, magnetic and two-meter
temperature data, integrated with previous datasets, constrain the structural controls of
the MacFarlane geothermal system. MacFarlane hot springs and the travertine fissure
ridges lie within arelay ramp. Therelay ramp is formed between two overlapping, north-
northeast-striking, west-dipping Holocene normal faults exposed in Lake Lahontan
sediments. Other mapped faults near the hot spring include a north-striking, west-dipping
Tertiary fault east of MacFarlane hot springs. The highest temperature gradient is found
at the projected intersection between the Tertiary and north-northeast-striking Quaternary
fault, ~2.5 km northeast of the hot spring (Sibbett et al., 1982; Swanberg and Bowers,
1982). Our new data suggest other controlsinvolving the relay ramp geometry of the

Holocene faults.

The anomal ous orientation of the travertine fissure ridge motivated this study of
the structural controls of the geothermal system. MacFarlane hot spring is located on the
eastern margin of the Black Rock Desert, ~85 km west of Winnemucca, in Humbol dt
County, Nevada. The active hot spring emerges from the west end of an east-trending
travertine fissure ridge, which is ~180 m long. The travertine fissureridgeisup to ~2 m
tall and ~5 m wide, and has a central fissure along its long axis. The orientation of the
travertine fissure ridge indicates local north-south extension, which isinconsistent with
the regional west-northwest extension of the northwestern Basin and Range province.
The anomal ous travertine orientation is due to fractures that occurred during formation of

arelay ramp between two overlapping fault segments.
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INTRODUCTION

Although the structural settings of many geothermal systems in the Basin and
Range province are well understood, the controlling factors for specific systems are
commonly unclear. Inthe Basin and Range, geothermal systems are generally found in
north-northeast-trending belts (e.g., Faulds et al., 2004), near ranges bounded by normal
faults; however, it isthe smaller faults and fractures that commonly control the
permeability in these systems. Therefore, it isimperative to completely understand the
structural setting of a system in order to determine the fluid pathways. The most efficient
geothermal production wells are commonly located near faults that control the upwelling

of ageothermal system.

MacFarlane hot springs, located in Humboldt County, Nevada, about 85 km west
of Winnemucca (Figure 1), emerges from a prominent east-trending travertine fissure
ridge; this suggests local north-south extension, which is anomalous within the Basin and
Range province. Travertine fissure ridges are structurally controlled (Altunel and
Handcock, 1993; Handcock et al., 1999; Brogi and Capezzuoli, 2009). However, the
immediate structural control of the travertine fissure ridges at MacFarlane hot springsis
not apparent. The largest travertine fissure ridge is ~180 m long, up to 5 mwide, and 2 m
tall (Figure 2). Water flows out of its western end at temperatures between 75°- 85° C,
and at arate of severa gallons/minute. There are additional smaller travertine featuresin

the area, all of which exhibit central fissure ridges, indicating local extension



perpendicular to their current long dimension. Although there are other hot springsin the

region, most do not have travertine fissure ridges or east-striking structures.
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Figure 1. Location of MacFarlane hot springs (shown asa star) in Humboldt County, Nevada.
M acFarlane hot springsislocated about 85 km west of Winnemucca.



Figure 2. Main travertine mound at MacFarlane hot springs, looking east. Photo is taken from
location of the actual hot springs surface expression, at the west end of the travertine mound.

This thesis presents an analysis of the structural controls of the MacFarlane
geothermal system. The introduction includes a brief review of the necessary criteriafor
the formation of a geothermal system, the distinction between upwelling and outflow of
geothermal water, and a summary of the common structural controls on geothermal
systemsin the Great Basin. Next, | present the regional structural setting and the
previous geological and geothermal studies of MacFarlane hot springs and the
surrounding area. | then present my new results; these include geologic mapping,
shallow temperature data, and magnetic data. The new data are discussed in the context

of the regional setting and integrated with previous work. The results have significant



implications for the specific controls of the travertine fissure ridges and the overall

geothermal system at MacFarlane hot springs.

GEOTHERMAL BACKGROUND

The main factors required for a geothermal resource are a heat source, afluid to
transport heat, and permeability. Heat sources for geothermal systems are generally
magmatic and related to tectonic plate boundaries. However, amagmatic geothermal
systems can reside in actively extending continental crust, such asin the Basin and Range
province in Nevada, due to high heat flow and thinning of the lithosphere. Permeability
in these systems permits circulation of fluids. Permeability is commonly controlled by
the subsurface geology and structures, including permeable and impermeable geol ogic
units, as well as structures such as discrete joints, fractures and faults. Young faults are
especially important in controlling permeability because they typically have not sealed
due to precipitation of minerals (e.g., Hose and Taylor, 1974; Faulds et a., 2004; 2006;

2011).

A typical geothermal system in the Basin and Range province has upwelling and
outflow zones (Figure 3). An upwelling zone is where hot geothermal fluids travel
upwards through structurally or lithologically controlled permeable areas, reaching the
surface or near-surface (e.g., Richards and Blackwell, 2002). After rising in an upwelling
zone, the fluid commonly travels laterally, influenced by topography, groundwater, and

the hydrological gradient; thisis referred to as the outflow zone (e.g., Richards and
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Blackwell, 2002). Outflow zones typically
form abroad, umbrella shape that changes
over time. Both upwelling and outflow can
produce surface manifestations. Fumaroles
with boiling water can indicate upwelling,
whereas warm or hot springs are typically
related to outflow interacting with
topography and groundwater (Figure 3;
Richards and Blackwell, 2002).
Commonly, surface expressions of
geothermal water or shallow high
temperatures can be misleading, because
they are related to outflow, not upwelling.
Examples of shallow temperature
signatures of upwelling and outflow zones

are shown in Figure 3, A-C. InFigure 3A,

Figure 3. Three scenarios of geothermal
upwelling and outflow and their two-meter
temperature signature. Upwelling isred; ouflow
isyellow; thewater tableisa blue dashed line;
shallow temperatures are shown above each
scenario. In A, upwelling reachesthe ground
surface and produces an elevated two-meter
temperature. In B, the upwelling boils without
reaching the surface, then mixeswith
groundwater and travelslaterally until it
reachesthe ground surface, whereit is
expressed asawarm spring. Thetwo-meter
temper atur e data show elevated temperatures
at thelocation of outflow, but not upwelling. In
C, neither the upwelling nor outflow is shown in
shallow temperaturedata. Thisoccurswhen
the hot water does not get close enough to the
ground surface.



the upwelling zone is expressed at the surface as a fumarole with a corresponding
elevated shallow temperature. The hot water flows down topography, mixes with
groundwater and becomes cooler, as shown in the shallow temperature data. In Figure
2B, the hot water in the upwelling zone boils below the water table and is not expressed
on the surface or at a shallow temperature. The hot water again flows down topography
and mixes with groundwater. In this example, the outflow reaches the surface asawarm
spring. The shallow temperatures in this example would be elevated at the location of the
outflow, but not at the actual location of upwelling. In Figure 3C, both the upwelling and
outflow zones are too deep to be detected by a shallow temperature survey. Inthis case,
there is an underground resource without any elevated shallow temperatures.

A reliable indicator of upwelling isalinear increase in deep temperature gradient
(i.e., change in temperature/depth), (e.g. Richards and Blackwell, 2002, Figure 4). In
areas of upwelling, the temperature gradient will be linear and gradually increase, as
shown in Figure 4A. Areas of outflow will not show alinear increase in temperature
gradient (Figure 4B). However, the temperature gradient in shallow wells can increasein

the shallow subsurface before cooling off with depth (Figure 4B).

Depth

Depth

Temperatura

Termperatura

Figure 4. Temperature gradient signaturesin areas of upwelling (A) and areas of outflow (B). The
triangle above a vertical black linerepresentsatemperature gradient well. Areas of upwelling will
show alinear increasein temperatur e gradient, while temperature gradient in areas of outflow will
not increase with depth.
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Figureb5. Typical fault zone structure (from Faulkner et al., 2010; Faulkner et al., 2003; Chester and
Logan, 1986). (a) a singlefault core surrounded by a fractured damage zone and (b) multiple fault
cores enclosing lenses of fractured rock.

Favorable Structural Settingsfor Geothermal Systems:

Within the Basin and Range province, the main factors that affect the
permeability of a geothermal system are structural. The faults controlling the geothermal
systems are typically not in the middle segments of major range-bounding faults with
considerable offset. Rather, they correspond to the more complex pervasive fractures and
damage zones related to fault step-overs (relay ramps), intersections, terminations, and
accommodation zones (Faulds et al., 2006). Generaly, the greater the structural
complexity of a system, the greater the likelihood of the geothermal system being hot

enough to generate electricity (Faulds et al., 2013). In addition, the specific faults



associated with geothermal systems are generally Holocene in age (Bell and Ramelli,

2007).

Fault damage zones have been shown to increase permeability and control fluid
flow in the crust (e.g., Faulkner et al., 2010). The fault damage zone surrounds the fault
plane, or high-strain core (Figure 5). The high-strain fault core can decrease permeability
and act as a seal, although this depends on the rock type and the geometric architecture of
the fault in three dimensions (Faulkner et al., 2010). Asthe number and complexity of
faults increase, the associated pervasive fractures in the damage zones and the
permeability of a system will also typically increase. Compartmentalization of permeable
areas can also occur where damage zones surround multiple sealing faults (Faulkner et
al., 2010, Figure5). Damage zones can be classified into wall-, tip-, and linking-damage
zones based on position within and around the fault zone (Kim et al., 2004). These faults

and fractures occur at many scales, ranging from km to mm.

The wall-damage zones directly surround the fault core, and might be related to
fault tip-damage zones that are abandoned as the fault propagates through the rock

(Figure 6). Wall-damage zone can aso be formed as a result of dlip on the major fault

linking-damage zone
wall-damage zone

H tip-damage 7one
tip-damage zone @ ® -

wall-damage zone

Figure 6. L ocations of damage zones along a nor mal fault. The tip-damage zones are shown in green, thewall-
damage zones are shown in orange, and the linking-damage zones are shown in yellow. Figure modified from Kim
et al., 2004.



(Kimet al., 2004). The fracture density typically is highest directly adjacent to the fault
core and decreases exponentially as distance from the core increases (Figure 5, Faulkner
et a., 2010). Fractures that increase permeability in wall-damage zones typically include
en echelon extensional fractures, antithetic faults, synthetic faults, and rotated blocks
(Kimet al., 2004). Pre-existing joints and fractures in bedrock also have adirect
influence on fault propagation (e.g., Crider and Peacock, 2004). Faults are typically
initiated in the brittle crust by the linkage of pre-existing joints and fractures (Crider and
Peacock, 2004).

The fault tip-damage zone devel ops as a result of stress concentration at the fault
tip (Figure 6, e.g., Cowie and Scholz, 1992; Kim et al., 2004). The surrounding rock
experiences the highest stressesin the vicinity of the fault tip, and the resulting fractures
are greater in density than fractures resulting from slip on the fault plane (e.g., Cowie and
Scholz, 1992; Kim et al., 2004). Steep displacement gradients at fault tips cause
perturbations in the stress field, allowing for fractures to form with varying orientations
(Ferrill and Morris, 2001). Thisin turn increases the permeability in the area of the fault
tip. Fracture patterns common in tip-damage zones include wing cracks, horsetail
fractures, antithetic faults and synthetic faults (Kim et al., 2004).

Linking-damage zones are formed when the tips of two adjacent faults interact
(Figure 6, Kim et a., 2004). Linking-damage zones are generaly very complex
compared to other damage zone types. The geometry of the pervasive fracturesin a
linking-damage zone is strongly controlled by whether the faults are strike-dlip or
oblique-dlip, and whether they form an extensional or contractional step. Connecting

faults typically develop in contractional steps, whereas pull-aparts and extensional
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fractures typically form in extensional steps. Isolated lenses, rotated blocks, and strike-
dlip duplexes can occur in both types of fault steps (Kim et al., 2004).

Within fault zones, fault segments that are critically stressed are most likely to
increase permeability (e.g., Barton et al., 1995: Sibson, 1994: Ferrill et al., 1999; Siler
and Faulds, 2013). Thisincludes fault segments with higher tendencies to slip or dilate.
The slip tendency (Ts) of afault is defined as the ratio of shear stress (t) to normal stress
(on) acting on the fault plane surface:

Ts =1/on (Morriset a., 1996)
The dilational tendency (Ty) isthe total stress perpendicular to fault surface:

T4 = (01-0n) / (01-03) (Ferrill et al., 1999)

The most active geothermal systemsin the Basin and Range are generally found in
association with faults and fault zones oriented north-northeast, perpendicular to the least
principal stress direction and therefore ideal for dilation (e.g., Faulds et al., 2004). Faults
that are subvertical are also more likely to have increased dilation tendencies (e.g., Ferrill
et a., 1999; Faulds et al., 2006).

Specific structural settings have fault damage zones or a combination of damage
zones that increase permeability and are favorable for geothermal systemsin the Basin
and Range province (Figure 7). Based on an inventory taken from > 400 systemsin the
Great Basin, relay ramps and step-overs in normal fault systems (fault linking-damage
zones) are the most favorable structural setting, hosting ~33% of the geothermal systems
(Figure 7C and 7D, Faulds et al., 2013; 2011). Other common favorable structural

settings for geothermal systemsinclude: A) intersections between normal faults and



strike-dlip or oblique-dlip faults (~22%, Figure 7B) and B) normal fault terminations or

tip-lines (~22%, Figure 7A).

B Normal Fault
Intersecting a
Normal Fault

A Mormal Fault Termination
or Fault Tip

. Geothermal Upwelling ~1km ~1km

D Hard-Linked

C Relay Ramp
Step-Over Fault

Between Two Fault
Terminations

~ 1 km

Figure 7. Favorable structural settingsfor geothermal systemsin the Basin and Range. Areas of increased
per meability and geother mal upwelling are shown asthered circles. Solid red within open circlesindicate
locations with increased dilational tendencies. The structural scenarios are asfollows: A —Normal fault
termination or fault tip, B —Normal fault inter secting another normal fault, C —arelay ramp formed
between two fault terminations, D — Hard-linked step-over fault that has dissected therelay ramp. Figure
modified from Faulds et al, 2006; 2011.
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Normal fault terminations or tip-lines can increase permeability and provide
conduits for fluid flow (Figure 7A, e.g., Gartell et a., 2004). The permeability in these
systemsisincreased due to the tip-damage zones associated with fault terminations

(Figure 6). Thisisthe simplest structural setting that can increase permeability.

I ntersections between normal faults and strike-dip or oblique-dlip faults are also
favorable for geothermal systems (Figure 7B, Curewitz and Karson, 1997; Faulds, 2011;
2013). Inthe example shown in Figure 7B, pervasive fracturing is caused by wall-
damage zones associated with two intersecting normal faults, as well as atip-line damage
zone (area shown outlined in red). The fault intersection in Figure 7B also creates a
dilational quadrant that is more likely to have increased permeability due to the fault

geometries (shown in solid red).
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Map View Block Diagram
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Figure 8a. Typical relay ramp progression from soft-linked to hard-linked. Tick marks show the down-thrown
block of the normal fault. (a) Stage 1: fault segmentsdo not interact. (b) Stage|1: fault sesgments begin to
propagate past each other and transfer some displacement along the two fault segments, (c) StageI11: strain has
accumulated in therelay ramp and hasresulted in initial fractures propagating roughly per pendicular away
from the fault segmentsinto therelay ramp, (d) Stage|V: therelay ramp is breached by a fault or seriesor
faults, (e) The upper bench isabandoned and previoustwo fault segments are linked by one continuous fault.
Taken from Ciftci and Bozkurt (2007) and Peacock and Sander son (1994).



1.) Fault segments
propogating towards
each other.

extension parallel to cutoff lines

2.) Overlapping

fault segments extension parallel to cutoff lines

horizontal axis
rotation

horizontal axis
rotation

Figure8b. Thisfigure showsarelay ramp, formed by two overlapping normal faults. The cutoff lines are shown
asdashed lines (A and A’), and the actual faultsare shown in dark brown. Multiplerotations can occur within
therelay ramp that create pervasive fractures. These mainly include horizontal axisrotation and extension
oriented perpendicular to the cutoff lines. In thisfigure, extension oriented perpendicular to the cutoff linesis
moving A away from A’. Figure modified from Ferrill and Morris (2001).

14
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Relay Ramps:

Relay ramps were described by Larsen (1988) as strained zones that transfer
displacement between normal faults. Larsen (1998) also observed that relay ramps might
act as permeable paths for fluids to migrate between the hanging wall and footwall.
Permeability within arelay ramp is due to the fault tip-damage zones, as well asthe

linking-damage zone between the interacting fault segments (Figure 7C).

Relay ramps form in extensional terrains to accommodate strain between
synthetic normal faults that overlap in map view (Larsen, 1988; Peacock and Sanderson,
1991; 1994, Ferrill and Morris, 2001; Trudgill and Cartwright, 1994). Soft-linked relay
ramps eventually progress into hard-linked segments that contain breaching faults (Figure
8b, e.g., Ciftci and Bozkurt, 2007). Four stages of relay ramp progression were initialy

described by Peacock and Sanderson (1991; 1994). These stages include (Figure 8a):

() Stage I: fault segments do not interact,

(b) Stage I1: fault segments begin to propagate past each other and transfer

displacement along the two fault segments,

(c) Stagelll: strain has accumulated in the relay ramp and has resulted in initial
fractures propagating roughly perpendicular away from the fault segments

into the relay ramp,

(d) Stage 1V: therelay ramp is breached by afault or series of faults,
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(e) The upper bench is abandoned and the previous two fault segments are linked

by one continuous fault (Ciftci and Bozkurt, 2007).

During relay ramp progression, ductile strain between the overlapping fault
segments is accommodated by a series of rotations within the ramp (Figure 8b). These
rotations include rotation about a vertical axis and a horizontal axis (Ferrill and Morris,
2001). In many cases, however, vertical axisrotation is not required as the relay ramp
deforms (e.g., Faulds et al., 1992). Extension oriented perpendicular to the fault cutoff
lines can also occur within the relay ramp (Figure 8b, Ferrill and Morris, 2001). Asthe
two interacting fault ssgments move past each other, the cut-off lines rotate (Peacock and
Sanderson, 1991; Ferrill and Morris, 2001). The orientations of the dilatant fractures
change systematically with time. Complexity within the relay ramp istypically increased
by fractures oriented parallel to the actual faults (e.g., Peacock and Sanderson, 1991;
Trudgill and Cartwright, 1994). Internal fractures can also be influenced by pre-existing
joint sets within the bedrock, as observed in “ The Grabens” in Canyonlands, Utah
(Trudgill and Cartwright, 1994). The extension and rotations can create pervasive
fractures that enhance permeability within the ramp and provide pathways for fluid or

hydrocarbon flow (e.g., Trudgill and Cartwright, 1994).

Eventually, arelay ramp can be breached by a hard-linking fault or fault
segments; it is then considered a step-over (e.g., Peacock and Sanderson, 1994; Trudgill
and Cartwright, 1994, Figure 7D). The process of forming and dissecting arelay ramp in
normal fault systemsis part of fault growth by segment linkage (Trudgill and Cartwright,

1994). There are many areas of increased permeability within the step-over, as shown in



17

Figure 7D. Theseinclude fractures associated with fault terminations, a linking-damage
zone, and fault intersections between the hard-linking segment and the two principal
faults (Figure 7D). Dilational quadrants have increased permeability; these are shown in

solid red at the fault intersections (Figure 7D).

Combination of Structural Settings:

Commonly, a combination of structures controls the precise location of a
geothermal system within the Basin and Range province (e.g., Faulds et al., 2011, 2013;
Hinz et a., 2011; Dering and Faulds, 2012; Anderson and Faulds, 2013). Areaswith
combinations of structural settings are called “hybrid” geothermal systems. For example,
ageothermal system located in a step-over within a broader accommodation zoneis
considered a hybrid. Hybrid systems are more likely to have robust geothermal systems
favorable for electricity production, based on data from geothermal power plantsin
Nevada. There are currently 24 electricity-producing geothermal plantsin Nevada, and
10 of those have hybrid structural settings (Faulds et al., 2013).

In addition, Holocene faults are generally associated with geothermal systemsin
the Basin and Range province (Bell and Ramelli, 2007). Hydrothermal waters typically
precipitate minerals that effectively fill voids and fractures, and therefore decrease
permeability over time. However, in active fault systems the permeability can be
maintained by active fractures, resulting in new or rejuvenated conduits for fluid flow
(Curewitz and Karson, 1997). Essentialy, in active fault systems, the permeability-
inhibiting fault healing commonly associated with geothermal systems either has not had

time to develop or is disrupted as the fault lips.
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Travertinefissureridges:

Travertineis aterrestrial calcareous deposit typically found associated with hot
springs (e.g., Ford and Pedley, 1996). Travertine deposition isinduced by the loss of
carbon dioxide (COy,) in thermal waters through the reaction: H,O + CO, + CaCO3 «
Ca(HCOg3),. Thisreaction is caused by afluid pressure drop, turbulence of fluid flow,
and/or biological activity extracting CO, from the water (Chafetz and Folk, 1984; Ford
and Pedley, 1996; Brogi and Capezzuoli, 2009). Travertine can have avariety of
morphol ogies, the most common are fissure ridges, cones, and terraces. The dominant
travertine morphologies at MacFarlane hot springs are travertine fissure ridges and
conical travertine mounds. The active hot springs at MacFarlane flow out of aroughly
conical topographic high associated with a travertine fissure ridge.

Travertine fissure ridges are composed of outwardly dipping, bedded travertine
flanking a central fissure (Figure 9). The central fissure forms along the crest of the
ridge, where water rises (or rose) up nearly vertical fissures (Figure 9). Active travertine
fissure ridges typically have along axis with a hot spring flowing out of one or both of
the ridge extremities (e.g., Brogi and Capezzuoli, 2009). Thistype of travertineis
observed in the Pamukkale deposit of Turkey, Rapolano Terme, Italy, Bridgeport,
California, and at MacFarlane hot springs.

It has been shown that travertine fissure ridges can be strictly controlled by the
geometric setting and kinematics of faults and related damage zones (Altunel and
Handcock, 1993; Ford and Pedley, 1996; Cakir, 1999; Handcock et al., 1999;
Gruszczynski et al., 2004; Brogi and Capezzuoli, 2009; Brogi et al., 2010; 2012). The

location of the fissure ridge typically directly follows damage zones and dilatant fractures
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that affect the bedrock beneath the travertine. Thus, fissure-ridges are the most
significant travertine masses for tectonic investigations (e.g., Brogi and Capezzuoli,
2009). The orientation of the long axis of the fissure is typically perpendicular to local
stretching direction (Handcock et a., 1999). Therefore, the orientations and character of
travertine fissure ridges can be used to infer local extension directions and study
Quaternary fault systems (e.g., Handcock et a., 1999: Brogi and Capezzuoli, 2009; Brogi

et al., 2010; 2012).

Figure9. Travertine central fissureridge. The central fissureformsalong the crest of theridge, where water
rose up nearly vertical fissures. Theorientation of thelong axis of the central fissureridgeis per pendicular to
thelocal stretching direction.
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GEOLOGIC BACKGROUND

M esozoic Tectonics;

Mesozoic rocks are exposed in the Jackson Mountains northeast of MacFarlane
hot springs (Figure 10; Willden, 1963; Russel, 1981; Maher, 1989; Quinn et al, 1997).
These rocks are part of a Triassic to Jurassic volcanic and plutonic arc system spanning
the Mojave Desert, Sierra Nevada, and Klamath Mountains region and are part of an arc
system (Figure 10; e.g., Miller, 1987; Quinn et a, 1997). The Jackson Mountains consi st
of magmatic arc strata, and just to the east of the Jackson Mountains lies a back-arc
basinal region (e.g., Quinn et a., 1997, Figure 10). The Luning-Fencemaker fold and
thrust belt (Figure 10) was the site of substantial northwest-southeast shortening during
the Jurassic and Cretaceous (e.g., Oldow, 1983, 1984; Quinn et al., 1997). Detailed
mapping the Jackson Mountains also documents high angle normal faults of late Middle
Jurassic age overlapped by Upper Jurassic/Lower Cretaceous King Lear Formation
sedimentary rocks (Maher, 1989). These faults generally accommodate dip/slip motion

and strike ~100° (Maher, 1989).
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Extension in the Basin and Range (35 Mato present):

The recent tectonic evolution of the northwestern Basin and Range provinceis
characterized by long-lived west-northwest extension. There was an absence of tectonism
between 35 to 12 Ma, followed by west-northwest extension along high angle normal
faults that continues today (e.g., Colgan et a., 2006; Lerch et al., 2007; 2008). Faulting

in the northwestern Basin and Range began at ~11 — 12 Ma, which is considerably
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younger than the rest of the Basin and Range. This extension progressed at a constant
rate until about 3 Ma. Sometime between ~3.1 and ~2.61 Ma an intense episode of
extension began, giving rise to the Sierra Nevada frontal fault system (Trexler et al.,
2000; Henry and Perkins, 2001; Colgan et a., 2006; Cashman et a., 2012;). Many of the
mountain ranges in the northwestern Basin and Range show tilting of 25° to 30° that

occurred during Neogene extension (Colgan et a., 2006).

Current GPS velocities suggest that the Basin and Range province is extending a
total of 11.4 +- .3 mm/yr in aN47W direction (e.g., Hammond and Thatcher, 2007).
GPS vector data (Figure 11) show that local extension in the Black Rock Desert (~10 km

south of MacFarlane hot springs) is oriented 280°, or approximately east-west.
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Figure 11. GPS geodetic velocities with respect to stable North America. Thered star isthelocation of
MacFarlane hot springs. Velocity vectorsnear MacFarlane hot springs are oriented approximately east-west.
Figuretaken from Hammond and Thatcher (2007).

Regional Geology:

MacFarlane hot springs lies within the northwestern Basin and Range on the
eastern margin of the Black Rock Desert (Figure 12). The Black Rock Desert is flanked
by the north-northeast-trending Jackson Mountains to the east and by north- to north-
northwest-trending ranges on the west. The geology in thisregion is characterized by
M esozoic metavol canic/metasedimentary units and associated plutonic rocks overlain by

aseries of Tertiary volcanic and sedimentary rocks. Locally, Neogene sedimentary units
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overlie and interfinger with the volcanic rocks. Quaternary lacustrine sediments related
to numerous pluvia cycles overlie al bedrock units. Quaternary aluvium and eolian

deposits are the most recent units.

Mesozoic Jackson Mountains:

The Jackson Mountains lie to the northeast of MacFarlane hot springs (Figures 12
and 13). They consist dominantly of the Bliss Canyon Formation (siliclastic and
vol canogenic sedimentary rocks and limestones), Happy Creek igneous complex, and a
suite of intrusive bodies (Willden, 1964; Maher, 1989; Quinn et al., 1997). These rocks
are thought to be related to Jurassic/Cretaceous magmatic arc and back-arc environments
(e.g., Quinnet al., 1997).

The Bliss Canyon Formation consists of three informal members, which are
described by Maher (1989). The oldest member is a dominantly argillite sequence with
interbedded cherty and quartzose arenite, calcarenite, and chert-pebble conglomerate.
The middle member is amassive limestone interval. The upper member contains
guartzose and cherty conglomerate, arenite and argillite. Minor volcanogenic
components appear at the top, just below the Happy Creek volcanic complex. Thereisa
gradational and conformable transition into the Happy Creek complex. The Bliss Canyon
Formation is dated as Middle to Upper Triassic (Maher, 1989; Quinn et a., 1997).

Overlying the Bliss Canyon Formation is the Happy Creek complex. The
majority of the Happy Creek complex consists of athick volcanic section composed of
andesitic flows and related volcaniclastic strata (e.g., Quinn et al., 1997). The andesiteis

porphyritic with 10%-50% phenocrysts of plagioclase and clinopyroxene (1-2 mm long)
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and minor hornblende in an aphanitic to crystalline granular groundmass (Quinn et al.,
1997). Vesicular textureisrare. Fragmental andesites are also present and contain
angular, unsorted clasts suspended in a porphyritic matrix (Quinn et a., 1997).

A smaller proportion of the Happy Creek igneous complex consists of stratified
volcaniclastic rocks. These are dominantly poorly sorted breccias, conglomerate and
diamictite in which bedding is very thick to indistinct (Quinn et a., 1997). Finer grained
volcaniclastic rocks occur as poorly to well-bedded volcanic-lithic sequences of
sandstone and mudstone. Some graded bedding is present, but typically these
sedimentary features are obscured by cleavage, metamorphism and hydrothermal
ateration (Quinn et al., 1997). The Happy Creek complex is dated as Upper Triassic to
upper Middle Jurassic (Maher, 1989; Quinn et a, 1997).

Several intrusive bodies are also observed in the Jackson Mountains. The
composition of these plutons includes quartz diorite, granodiorite, gabbro, diorite and
monzodiorite with varying mineral compositions (Quinn et a., 1997). These plutons
were emplaced in two groups, based on U-Pb zircon ages. Older plutons consist of
guartz diorite and cluster between 196 and 190 Ma (late Early Jurassic, Quinn et al.,
1997). Younger plutons consist of 170 to 163 Ma diorite to monzodiorite (late Middle
Jurassic, Quinn et al., 1997). Both groups intrude country rocks, including the Happy

Creek complex the Bliss Canyon Formation.
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Tertiary Basdlts:

Tertiary volcanic units are prevalent in northwestern Nevada overlying the
Mesozoic strata (e.g., Lerch et al., 2008; Colgan et al., 2006). Geologic mapping ~25 km
northwest of MacFarlane hot springsin the Black Rock Range (Figure 13 and 14)
documents three groups of volcanic units (Lerch et al., 2008). The volcanic groups
include: late Eocene basalt flows; Oligocene to early Miocene bimodal basaltic andesite
flows with rhylotic lavas and ash-flow tuffs; and middle Miocene rhyolitic ash-flow tuffs
(Lerch et a., 2008). Theserocksare of particular interest to this study because of their
gpatial proximity to MacFarlane hot springs. A sequence of Tertiary basalts lies ~1 km
east of MacFarlane hot springs and ~5 km west of the Jackson Mountains (Sibbett et al.,
1982; Figure 12).

The oldest basalts in the Black Rock Range are Eocene alkali olivine basalts
(Lerch et al., 2008; Figure 14). These were deposited as flows over Mesozoic granite and
metamorphic rocks, and the flows vary in thickness from 5 to 200 m. Near the range-
bounding fault to the east, the basalts have a maximum dip of ~10° to the west. Inthin
section, the basalts contain ~10% olivine phenocrysts (.4 mm), set in amicrocrystalline
groundmass of plagioclase, clinopyroxene and minor olivine (Lerch et al., 2008). A
groundmass concentrate of one of the Eocene basalt flows yielded an “°Ar/**Ar age of
34.86 + .75 Mato 35.7 + .5 Ma(Lerch et ., 2008).

The mgjority of the Tertiary bedrock in the Black Rock Range consists of ash-
flow tuffs, volcanic breccias, thin basaltic trachyandesite flows, and rhyolitic lavas
deposited in the Oligocene to early Miocene (Figure 14, Lerch et al, 2008). The basaltic

flows in the sequence weather to red-brown, and range in texture from highly vesicular to
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dense and aphanitic (Lerch et a., 2008). Olivine phenocrysts are common, although
absent from the microcrystalline groundmass of plagioclase and clinopyroxene (Lerch et
a., 2008). Volcanic unitsin thisbimodal sequence range in age from ~23-25 Ma, based
on “Ar/*Ar dating.

Middle Miocene basalts have been mapped extensively across much of
northwestern Nevada. These relate to either the Columbia River flood basalts, locally
known as the Pueblo and Steens Basalts (e.g., Noble et a., 1970; Camp et al., 2003;
Colgan et d., 2006) or the Pyramid L ake sequence basalts to the south (e.g., Bonham and
Papke, 1969; Faulds and Henry, 2002; Henry et al., 2004). The Columbia River flood
basalts have been dated at 16.5 — 16 Ma and are thought to be related to the first eruptions
of the Y ellowstone hot spot (e.g., Lerch et a., 2008). The Pyramid Lake sequence
basalts have been dated at between 13.9 and 15 Ma (e.g., Faulds and Henry, 2002).
Although middle Miocene volcanism is widespread, basalts with these ages are absent in
the Black Rock Range (Lerch et al., 2008) based on “Ar/*°Ar dating.

Neogene sedimentary units:

Neogene sedimentary units have been mapped in much of northwestern Nevada
overlying the previously mentioned basalts. These sedimentary units were deposited in
lacustrine environments within separate basins that differed spatially and temporally, and
thus correlating them is problematic (e.g., Mass et al., 2009). The Neogene units
typically include diatomite, sandstone, and interbedded tephras (e.g. Willden, 1964; Mass

et al, 2009).
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L ake Lahontan Deposits:

L ake Lahontan covered the majority of the basins in northwestern Nevada during
itslast highstand at ~13 ka (e.g., Adams and Wesousky, 1998; 1999; Bell et al., 2007),
(Figure 15). The most recent lacustrine cycle is associated with the Lake Lahontan
Sehoo highstand, which receded immediately prior to 13,070 +- 60 years ago. Thisage
was calculated by radiocarbon dating of camel bones found behind a highstand barrier in
a paleolagoon (Adams and Wesnousky, 1998; 1999). The maximum elevation of the
Sehoo cycleisrecorded at 1338.5 m (Adams and Wesnousky, 1999).

Surficial deposits associated with the Lake Lahontan Sehoo cycle can be
characterized based on vegetation, clast size, rounding, sorting, rock varnish
development, and presence of rodent mounds and shoreline features (e.g., Adams and
Wesnousky, 1999; Bell et al., 2007). Surficial clasts are typically subrounded to well-
rounded and mainly range in size from 1 — 4 cm, although the clasts vary considerably
based on location relative to mountain ranges. Shoreline features are typically visible on
the ground as convex-up, positive-relief landforms consisting of well-sorted gravels and
sands. Shorelines are also typically visible in aerial imagery as curvilinear features (e.g.

Adams and Wesnousky, 1999).
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Figure 15. Location of Lake Lahontan highstand (patterned area) at ~13 ka, with M acFarlane hot springs
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Soil studies were conducted at sites with Lake Lahontan Sehoo depositsin order
to make regional correlations based on soil characteristics and elevations (Figure 15).
Two sites along the edges of the Black Rock Desert were studied, the Government
springs site and the Trego site (Figure 15). The Government springs siteisat an

elevation of 1332.7 m. Thissite consists of an undissected |ooped barrier that encloses a
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small playette. The barrier surface is covered by well-varnished, well-developed
pavement of angular to subrounded clasts. The Trego siteisfound at an elevation of
1333.5m. Thisareais characterized by a cuspate barrier complex consisting mostly of
well-sorted < 2 mm in diameter granitic gruss deposited by waves travelling south across
the Black Rock Desert (Adams and Wesnousky, 1999). Thiswork is especially pertinent
because these areas are within the same basin (Black Rock Desert) as MacFarlane hot
springs, and thus units should correl ate based on paleo-lake elevations.

Alluvia fans:

Multiple cycles of dluvial fans have been mapped in northwestern Nevada and
are formed by sheet floods, stream floods and streams (e.g., Blissenback, 1954; Peterson,
1981; Bell et a., 2009). The sorting and roundness of fan sediments can vary greatly.
Generaly, aluvial fan deposits are stratified with pronounced channel cut-and-fill. Local
clast imbrication is also common (e.g., Blissenback, 1954). The relative ages of fans can
be determined based on topography (subdued vs. bar and swale), amount of desert
pavement and desert varnish, soil development, and crosscutting relationships.

Eolian dunes:

Eolian dune features are common in northwestern Nevada, due to an arid
environment, abundance of fine-grained pluvial and alluvial sediments, and wind (e.g.,
Jewell and Nicoll, 2011). Wind erosion causes mobilization of playa sediments, which
are subsequently deposited as dunes. Typica dune morphologiesinclude linear or
longitudinal dunes, transverse dunes, parabolic dunes, and star dunes. Grain composition
varies from very-well to well sorted silt to sand. Each specific morphology is the result

of wind directions and changes in topography (e.g., Jewell and Nicoll, 2011).
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Geology of MacFarlane hot springs:

Geologic mapping and temperature gradient exploration drilling were donein the
early 1980sin order to test the viability of the MacFarlane geothermal system (Sibbett et
a., 1982; Swanberg and Bowers, 1982; Figure 16). Tertiary basalts and sedimentary
units, as well as Quaternary sediments, surrounding MacFarlane hot springs were mapped
(Sibbett et ., 1982), (Figure 16). Numerous faults were also mapped and proposed as
controls on the permeability in the geothermal system (Sibbett et a., 1982; Figure 16).
This section summarizes the results of these previous studies and then poses questions
about the MacFarlane geothermal system that were not addressed in previous research.

An east-dipping sequence of Tertiary basaltsis exposed ~1 km east of
MacFarlane hot springs (Sibbett et al., 1982; Figure 16). A minimum basalt thickness of
366 m crops out on the ridge east of MacFarlane hot springs. The basalt varies in texture
from vesicular to scoriaceous. Coarsely crystalline, yellow-brown calciteislocally
present in the basalt. The depth to the top of the basalt was measured at numerous drill
hole locations; this helps track fault offset throughout the area.

A Neogene sedimentary unit overlies the basalt ~ 1 km east of MacFarlane hot
springs (Sibbett et al., 1982; Figure 16). Thisunit consists of diatomite, tuffaceous
siltstone, sandstone and conglomerate. Diatoms were dated as late-middie Miocene to
early Pliocene (Willden, 1964, Sibbett et al., 1982). Coquina was dated as late Miocene
to early Pliocene (Sibbett et al., 1982). These deposits appear to represent a shallow
lacustrine environment that changes to near-shore and fluvial environments locally.

Pleistocene Lake Lahontan sediments overlie the Tertiary units along an angular

unconformity (Sibbett et a., 1982), (Figure 16). These consist of bar and shoreline
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deposits, as well as deeper water sands and clays (Sibbett et a., 1982), (Figure 16).
Recently deposited aluvial fans and active stream channelslocally overlie all Lake
Lahontan deposits (Sibbett et al., 1982), (Figure 16). Although these units are included on
the preexisting map of the MacFarlane area, descriptions of these units are absent in the
literature.

There are remaining questions about the details of the geologic units and their
relationships to the structuresin the area. The Quaternary unitsin this area are important,
because they constrain the age and location of the youngest faults. Sibbett et a. (1982)
does not give detailed unit descriptions for any of the Quaternary units. There are
multiple Quaternary unitsin the areathat were not included on the previous map,
including eolian dunes, tufas, and different ages of alluvial fans. In this study, specidl
attention is given to all ages of stratigraphy and their regional correlationsin order to
create a more complete geologic map. These details are important for constraining the

ages of faults controlling permeability in the geothermal system.

Previously Mapped Structural Framework

The Jackson Mountain fault zone forms the western boundary of the Jackson
Mountains, and its southern extent is about 6 km east of MacFarlane hot springs (Figures
12 and 17). Thisfault zone exhibits mainly normal to normal-oblique motion, down to
the west. The Jackson Mountain fault zone has been documented using geologic
mapping, gravity surveys, and seismic reflection/refraction surveys by Lerch et al. (2007

2008). These surveys were completed in an east-trending transect ~ 45 km north of
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MacFarlane hot springs (shown as athick black linein Figure 13). The dip of the fault is
unknown, but assumed to be about 40° west based on analogy to the major faultsin the
nearby Santa Rosa and Pine Forest Ranges (Figure 17, Colgan et a., 2006). Slow
seismic velocities (Vp <- 3.0 km/s), indicating basin fill sediments, extend to a~0.6 km
depth across the Black Rock Desert and reach a maximum thickness nearing the Jackson
Mountain fault zone (Figure 17, Lerch et al., 2008). Thisindicates considerable offset
(>0.6 km) along this fault zone. Thisfault system has slipped in the past ~13,000 years
based on scarps expressed in Lake Lahontan sediments. The fault system has been active
since the Mesozoic, because the fault is expressed offsetting Mesozoic stratigraphy in the

Jackson Mountains.
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Figure 17. Simplified cross section of the faultsin the Black Rock Range, Black Rock Desert, and Jackson
Mountains (Lerch et al., 2008). Location of transect isshown in Figure 13. BRR —Black Rock Range, PM —
Pinto Mountain, BRD —Black Rock Desert, JIM — Jackson Mountains. No vertical exaggeration, depths are given
in kilometersrelativeto sealevel (SL).

The faults directly surrounding MacFarlane hot springs are grouped here in four
categories based on ages and orientations (1A and 1B; 2A; 3A and 3B; and 4A; Figure

16). For ease of reference, the older fault system (1A, 1B, and 2A) will be referred to as



38

the Rattlesnake fault domain. The younger fault system (3A, 3B, and 4A) will be

referred to as the MacFarlane fault zone.

A series of faults was previously mapped in Tertiary bedrock ~ 1 km east of
MacFarlane hot springs (Sibbett et a., 1982). The faults form anorth-trending graben
expressed in Tertiary bedrock (Figure 16, faults 1A and 1B). A minor northeast-striking,
west-side-down Tertiary fault post dates faults 1A and 1B (Figure 16, fault 2A). Fault
1A dipsto the west and has accommodated 305 m of offset of the sedimentary beds
(Sibbett et a., 1982). The sedimentary beds (Ts, Figure 16) have been warped into an
asymmetrical syncline due to drag folding along fault 1A (Sibbett et al., 1982). The
antithetic normal fault 1B is not further described in previous literature. Fault 2A is

shown on the map but not further described in the previous literature.

The MacFarlane fault zone directly surrounds MacFarlane hot springs (Sibbett et
al., 1982), (Figure 16, faults 3A, 3B and 4A). Thisfault zone consists of a series of
north-northeast-trending, right-stepping scarps expressed in Lake Lahontan sediments
(Sibbett et a., 1982). Fault 3A accommodates ~6 m of down-to-the-west offset of algal
tufamats (Sibbett et al., 1982). The top of a sequence of basalt flowsis offset ~ 400 m
down to the west just south of MacFarlane hot springs along the same fault, based on drill
hole data (Sibbett et al., 1982). An east-west striking dextral step connecting faults 3A
and 3B was mapped based on a lineament visible in aerial imagery (Sibbett et al., 1982),
(Figure 16, fault 4A).

There are many unanswered questions about the geometry, kinematics and

locations of the specific faults, which are important in understanding fluid pathways for
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the geothermal system. Very limited kinematic data were collected by Sibbett et al.
(1982). Kinematic data are especially important to constraining movement on the
Tertiary fault system, which is expressed in bedrock. Because the Quaternary faults are
expressed in unconsolidated Quaternary sediments, it is difficult to measure kinematics.
Detailed Quaternary mapping and geophysical surveys would greatly help to constrain

the MacFarlane fault zone.

Previous Geothermal Exploration at MacFarlane Hot Springs:

Temperature Gradient Wells:

Forty-four temperature gradient boreholes were drilled near MacFarlane hot
springs by Teledyna Geotech (Garland, TX) and Hunt Energy Corporation (Dallas, TX)
in the early 1980’ s (Swanberg and Bowers, 1982). The raw drilling data are owned

privately and were not available for thisthesis project. The wells covered an area of
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Figure 18. Original temperature gradient map and location of drill holes, from Swanberg and Bower s (1982). A. Shows
the actual number and location of drill hole. B. Showsthe low-order polynomial fit (trend surface) to temperature
gradients (°F/100 ft). Mapped faults are shown asblack lines. Thewellsvary in depth from 30-150 m to 460-610 m (small
and large black dots respecively). These figures are combined and projected onto a topographic map in Figure 19 for ease
of viewing and inter pretation.



about 370 km? and directly surround MacFarlane hot springs (Figures 18 and 19). The
results, as summarized by Swanberg and Bowers (1982) and Sibbett et a. (1982), are

presented here.
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Figure 19. Low-order polynomial fit (trend surface) to temperature gradients (°F/100 ft) of MacFarlane hot springs area.
Figure modified from Swanberg and Bowers (1982) and Sibbett et al. (1982). Faults shown were mapped in this study.
Shallow drill holes are 30-150 m in depth, and deep drill holes are 460-610 m in depth. Wellswith measured depth to the
top of basalt (Tb) arelabeled above thedrill hole (3414, 3408, 3452, 3446, 3415 and 3409). MacFarlane hot springsis
shown asared star, due west from drill hole 3446, to the west of the north-northeast striking fault.
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Most of the temperature logs show
strong linear relationships between
temperature and depth (Figure 20). Only
the temperature gradients that showed a
linear relationship (and were not influenced
by groundwater) were used in the
temperature gradient map. Linear
temperature/depth curvesindicate
conductive heat transfer and can be used to
find geothermal upwelling. Specific
temperature logs for each drill hole are not
availablein this dataset.

An east-northeast-trending high
temperature gradient anomaly (shownin
red, Figure 19) surrounds the hot springs.
This high temperature anomaly is 8.5 km
long and up to 3.5 km wide (Figure 19).
The highest temperature gradient is about
189° C/km (Swanberg and Bowers, 1982),
which was observed at well 3408 (Figure
19). The maximum actual temperature

measured is 81° C at a depth of 610 m.

Figure 20. Temperature gradients measured at M acFarlane hot
springs (Swanberg and Bowers, 1982). Shallow wells are shown at

the top and deep wells are shown below.
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Although this temperature gradient anomaly is large spatially, the temperatures are
considered low in relation to other high-temperature geothermal systemsin the Basin and
Range.

Structural Controls:

The structural controls have been proposed for the north-northeast-trending high
temperature gradient anomaly found surrounding MacFarlane hot springs (Swanberg and
Bowers, 1982; Sibbet et al., 1982). The anomaly was proposed to be associated with the
projected intersection of the north-northeast-striking fault of the MacFarlane fault zone
and the older fault exposed in Tertiary bedrock (Sibbett et al., 1982; Swanberg and
Bowers, 1982). Thislocation is consistent with the location of the highest temperature
gradient drill hole 3408 (Figure 19). The actual hot springs were thought to be associated
with a step-over in the MacFarlane fault zone (Sibbett et al., 1982; Swanberg and

Bowers, 1982; Figure 16).

Geochemistry:

One water sample from the hot springs was analyzed to determine the geothermal
reservoir temperatures. The water was sodium-bicarbonate-chloride type and contains
3650 TDS (Sibbett et a., 1982). Geothermometry using Na-K-Ca and quartz were
concordant and gave a maximum reservoir temperature of ~140° C (Sibbett et al., 1982).
Quartz, Na/K and chalcedony cal culations were also done and gave reservoir
temperatures of 80° - 120° C (Sibbett et al., 1982). High temperature geothermal systems

have reservoir temperatures >160° C (e.g., Arehart et a., 2004; Coolbaugh et a., 2006).
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MacFarlane thermal anomaly is not considered a high temperature system, but could be

developed using current technologies as a binary power plant system.

Further Research Questions:

There are still questions remaining about the details of the structures that control
the MacFarlane geothermal system. Based on recent studies on the structural controls of
geothermal systemsin the Basin and Range, Holocene faults are most likely to control
upwelling. The Holocene fault geometries at MacFarlane hot springs need to be
considered as possible controls on the geothermal upwelling. The details of the right
step-over have not been mapped nor discussed. The anomalous east-west trending
orientation of the travertine fissure ridge also is not discussed. The major and minor
travertine deposits provide crucial structural information regarding the formation and

geometries of the Holocene faults and fractures that might control the geothermal system.

RESEARCH DESIGN

This study was designed to test between different structural settings that could
control the MacFarlane geothermal system and associated anomalously oriented
travertine fissure ridges. The unusual orientation of the travertine fissure ridges has not
been discussed and is imperative to the structural controls of the geothermal system. The

possibilities that are tested in this study include:

1) an east-striking fault intersecting the MacFarlane fault zone at the travertine

fissure ridges,

2) asingle southward fault termination on fault 3A in the MacFarlane fault zone,
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3) single northward fault termination on fault 3B,

4) apartialy dissected relay ramp formed between two terminating faults 3A and

3B,

5) ahard-linking step-over (fault 4A) linking faults 3A and 3B,

6) an intersection between faults 1A and 3A near the location of the travertine and

high temperature gradient (Figure 21),

7) Lithologic controls on the travertines, such as alinear paleochannel or dilation

related to previous jointing in the underlying basalt.

Previous work suggests that the travertine ridges are related to aright hard-linking
step-over in the MacFarlane fault system (Sibbett et al., 1982), (fault 4A, Figure 16) and
that the geothermal upwelling isrelated to a fault intersection between faults 1A, 2A and

3A (Sibbett et al., 1982; Swanberg and Bowers, 1982; Figure 16).



46

sBuiids joy suepiejoejy *

palsel 54 o] opeusag —.

2geliney gy

do

AydeiBnens

SauIjaI0ys UBjuoyE] e
Hney

TR YT —

HNEJ PRIBAQD e

ey palsaiun

puaben

[~

v b foort

0001¥S¥

0009¥SY

00059 00009¢ 00055€

Figure21. Different structural scenariostested in thisstudy in order to determinethe structural controls of the

M acFarlane geothermal system arelabeled in red (1-6). Thefaultsarelabeled in purple. MacFarlane hot
springsisshown asared star. The geology and faults shown in black were mapped asa part of thisstudy. The

faultsin red weretested but not found.
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A variety of methods was used to test these structural scenarios. Geologic
mapping was conducted to show age relationships between structures and to constrain
fault kinematics and offset. All Quaternary and bedrock units were described and
mapped in detail so that regional correlations could be made. The amount of offset on
fault 1A can be determined based on detailed geologic mapping. The locations and
orientations of faults 3A and 3B were mapped in detail as part of the Quaternary
mapping. The southern Jackson Mountains were mapped in order to test for a proposed

east-west striking fault. Kinematic data were gathered from all observed fault surfaces.

As a second phase of the project, two-meter and one-meter temperature surveys
were conducted to: 1) test hypotheses on locations of shallow fluid flow related to faults
or other permeabl e units, and 2) discover areas of high temperature that might have been
overlooked in previous work. Traverses were done perpendicular across known faults, as
well as down-topography from the faults, in order to seeif certain faults were controlling
hot fluids at a shallow depth. One-meter surveys were completed in areas that were
designated Black Rock Desert Wilderness (no motorized vehicles allowed) or in areas
with extremely rough topography. This method was also used as a reconnai ssance

technique in order to explore for previously missed high temperature areas.

In addition, a magnetic survey was completed to test specific fault terminations.
After compiling all the data, the specific locations of the terminations on faults 3A and
3B were still questionable. Thisis based on limited surface expression, degradation of
fault scarps expressed in sediments, and a limited shallow temperature signature. First, a

ground-based magnetic traverse was done perpendicular to locations on the fault with
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documented offset to assess whether the faults had distinct magnetic signatures. The
magnetic signatures of faults 3A and 3B were not distinct enough to warrant further

magnetic surveys.

RESULTS

In this section, new data collected throughout this project are presented. This
includes new geologic mapping data from the southern Jackson Mountains and from the
areadirectly surrounding MacFarlane hot springs. Next, al of the kinematic data and
fault observations are presented. New shallow temperature survey data are al'so shown
and related to faultsin the area. Lastly, results from a ground-based magnetic survey and

their implications are summarized.

Stratigraphic FrameworKk:

Overview:

Geologic mapping focused on the location, orientation, kinematics and timing
constraints on the faultsin the area. Detailed mapping was also used to correlate units

regionally. An overview of the stratigraphy, from oldest to youngest, is presented below.

A small part of the southern Jackson Mountains was mapped to test for aregional
east-striking fault along strike of the travertine ridge (Scenario #1, Figure 21). The

Mesozoic stratigraphy here includes a heavily veined and altered limestone unit overlain
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by a dlightly metamorphosed vol caniclastic sequence and intruded by a dioritic pluton
(Figure 21). These units strongly resemble the Permian - Triassic Bliss Canyon
Formation limestone, the Happy Creek volcanic complex, and a suite of Jurassic intrusive
bodies mapped ~ 3 km to the north by Willden (1964), Maher (1989), and Quinn et al.

(1997).

The Tertiary bedrock ~1 km southeast of MacFarlane hot springs provided
kinematic data on fault 1A (Figure 21). These rocks consisted of basalts and a tuffaceous
sedimentary unit. Both of these units are difficult to correlate with regional stratigraphy.
The Tertiary basalt texture at MacFarlane is distinct from the nearby Pyramid sequence
and Columbia River flood basalts based on its large pyroxene phenocrysts (1-3 cm). It
does contain similar coarse mafic pyroxenes as a late Oligocene basalt mapped in the Fox
and Lake Ranges (Anderson et a., 2013), but further mineralogy and 40Ar/39Ar dating is
needed to confirm this correlation. The sedimentary units were deposited within separate

paleo-basins that are difficult and problematic to correlate regionally.

Detailed Quaternary mapping provided locations and relative ages of faults 3A
and 3B (Figure 21). Quaternary mapping also tested structural scenarios relating to the
travertine orientations, including arelay ramp, fault terminations, lithologic controls,
and/or a hard-linking step-over (fault 4A, Figure 21). Quaternary unitsinclude lacustrine
deposits with shoreline features, deeper lake sediments, relict alluvial fans, travertine
fissure ridges, eolian dunes, and active stream channels. The lacustrine sediments
resembl e those of the Lake Lahontan Sehoo cycle mapped in nearby basins by Bell et al.

(2009), based on clast composition, rounding and size, morphology of deposits, and
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elevations. The network of travertine fissure ridges was mapped to evaluate relationships

between orientations, locations, and relative ages of the fissure ridges.

M esozoic Stratigr aphy:

The bedrock units exposed in the southern Jackson Mountains were mapped aong
strike of the travertine fissure ridges to test the possibility of aregional east-striking fault
controlling the location of the travertine fissure ridges (Scenario #1, Figure 21). Age

relationships were found between al units and are presented below.

Bliss Canyon For mation Limestone

The oldest unit isagrey limestone. The limesoneis heavily fractured, with
extensive white calcite veins and local greenish-blue malachite (Figure 22). The surface
shows extensive spitzkarren weathering. Local brecciated areas with angular to sub-
angular pebble to cobble size clasts are present; the brecciated areas have local areas of
greenish-blue malachite and deep red to brown hematite mineralization in the matrix. No
marine fossils were observed. Thisunit islikely related to the limestone sequence of the
Bliss Canyon Formation, which is Middle to Upper Triassic (Maher, 1989; Quinn et a.,
1997). Thiscorrelation is based on similar rock compositions and position relative to the

overlying Happy Creek Volcanic unit.

Happy Creek Volcanic Complex

A stratified metavol canic sequence overlies the limestone unit. This sequence
ranges from welded tuff, to conglomerate, to sandstone. The volcanic unit consists of

green, brown and red pyroclastic welded tuff. Locally, feldspars have been adtered to a
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reddish-brown clay. The conglomerate unit consists of subrounded gravel to pebble size
chert and other lithic clasts. Local clasts up to cobble-size of the underlying limestone
were found interbedded within the conglomerate, confirming the relative ages of the two
units (Figure 23). The sandstone/mudstone unit is reddish brown to grey and has afineto
very fine grain size. Thisunit has been slightly metamorphosed, but preserved bedding is
also present. This sequence appears to have similar rock compositions to the upper crustal
stratified volcanic sequences of the Happy Creek Volcanic complex, mapped to the north

in the Jackson Mountains by Maher (1989) and Quinn et al. (1997).

Figure 22. Heavily fractured and
weathered Middle to Upper
Triassic limestone of the southern
Jackson Mountains (TRI). This
unit resemblesthe Bliss Canyon
Formation.
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Granodiorite

A light-green porphyritic slightly-metamorphosed granodiorite intrudes the
volcaniclastic and limestone sequences. This unit is composed of quartz, hornblende (1-5
mm in length), pyroxene, and feldspars; the composition of the rock is 50-60% mafic
minerals. Local secondary epidote is also present. Greenschist facies metamorphism has
occurred based on green color and presence of epidote. This unit likely correlates to the
plutons previously mapped by Maher (1989) and Quinn et al. (1997) in the Jackson
Mountains to the north, based on similar mineral assemblages and stratigraphic
relationships. U/Pb data indicate that these plutons are between 196 to 190 Ma, or Early

Jurassic (Quinn et al, 1997).
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Tertiary Stratigraphy:

Basalt (Th) and a Neogene sedimentary unit (Ts) were mapped ~1 km east of
MacFarlane hot springs at a detailed scale, to better constrain kinematics on fault 1A
(Figure 21). The fault kinematics and ages of fault 1A are especialy important, because
the geothermal water might be controlled by fault 1A intersecting fault 3A. It isalso

useful to attempt to correlate the basalt with regional units.
Basalt

The basalt unit (Th) covers an areaof ~ 4 km?. The flows vary from black to dark
grey and exhibit local columnar jointing (Figure 24). The unit is extensively weathered
to dark to light reddish-brown. The basalt rangesin texture from coarsely porphyritic to
aphanitic. Phenocrysts of dark black pyroxene (1-3 cm), plagioclase (5 mm—21cmin
length) and small phenocrysts of olivine (<4 mm) are found within the porphyritic flows.
The plagioclase is dark grey and opague in color and forms thin, tabular crystals. The
olivine is commonly weathered to a brownish red. Vesiclesup to 1 cmin diameter are
found near the stratigraphic top of each local flow sequence. Needle-shaped, light green
quartz crystalslocally fill vesicles. The entire unit has been tilted and dips 22° — 40° to

the east and strikes mainly north to north-northwest.

Veins of light orange calcite and white silica cut the basalt (Figure 24C). The
veins were measured in most basalt outcrops throughout the map area, although certain

areas (m scale) had higher concentrations of veining. The orientations of silicaveins
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vary from north-northeast-striking to southwest-striking, and are discussed further in the
next section. Silicaveinsrange from 1 cm to %2 m in thickness and show amorphous to
botriodial textures. Calcite veins range from 1 cm to 6 m in thickness and show dog-
eared texture. No obvious cross-cutting relationships were found between the calcite and
silicaveins, so their relative ages are unknown. These veins are found throughout the
basalt (Th) but do not cut the tuffaceous sedimentary (Ts) unit. Based on this

observation, the veins predate Ts.

This basalt (Tb) has phenocryst assemblages (e.g. coarse pyroxene phenocrysts)
that resemble late Oligocene sequencesin the Fox and Lake Ranges (Anderson et al.,
2013) rather than the Pyramid Sequence (e.g., Bonham and Papke, 1969; Faulds et al.,
2003; Henry et a., 2004). The large (1-3 cm) pyroxene phenocrysts found in the basalt at
MacFarlane resemble basalt in the Fox Range that is dated at 27.39 +- 0.09 Ma (R.
Anderson, unpublished data, 2014). However, the Oligocene to early Miocene volcanic
strata mapped in the Black Rock Range by Lerch et a. (2007) lack mafic phenocrysts,
which is not consistent with Th. Thin section analysis and 40Ar/39Ar dating would be

required to confirm a correlation between Th and the late Oligocene basalts in the region.



red = silica vein inTh
blue = alicte wein inTh

Figure 24. Photo A: “Tb”
basalt. Photo taken looking
north at basalt (Tb) overlain
by L ake L ahontan sediments
(Qd) in an angular
unconformity. B: columnar
jointingin Th. These photos
aretypical of Th and show its
extensive weathering. C:
Great circles of calcite and
silicaveinsthat cut Th. D:
Density contour of polesto
veins. Contoursare 2% per
1% area. Data wer e compiled
in the Stereonet 9 program
(Rick Allmendinger, 2013).
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Diatomite and Tuffaceous Sandstone

A sedimentary sequence (Ts) overliesthe basalt (Tb). Thisunit isamoderately
weathered tuffaceous sandstone and diatomite, with local coquina and resistant silicified
layers. The sandstoneis light tan to reddish-brown, coarse-grained, moderately sorted,
and 1-10 cm thick. Bedding iswell-preserved in some of the sandstone sequences. The
interbedded tuffaceous layers are light tan to brown and ~ 1 cm thick. The diatomiteis
white, very fine-grained and chalky in texture. In much of the area, this unit is severely

weathered. No veins were observed in this unit.

There are three distinct white-to-tan coquina horizons within the Ts unit that
range in thickness from 6 — 20 cm. The actual coquinashellsrangefrom2-5mmin
diameter (Figure 25). Local reddish brown silicified sandstone with round nodul es that
are2- 1 cmin diameter are found associated with the cogquina. This unit forms a distinct
marker bed that can be traced throughout the map area and used to constrain fault
movement. It also provides areliable resistant bed on which bedding orientations can be

measured.

The contact between Tsand Th is depositional. The contact is exposed in a
canyon wall of arecent drainage. Bedding in Tsand flow surfacesin Tb have similar
orientations near the contact. The contact between the basalt and sedimentary unit lacks
evidence of faulting, such as a higher concentration of veining and silicification, drag
folding, or deformed beds. The contact is aso irregular and records pal eotopography on

the surface of Th.
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Figure 25. Photo
A: resistant
coquinalayer in
outcrop. Photo
B: coguina shells
in hand sample.
Thisunit is
distinct and
providesa
reliable marker
bed within Ts
that can be
traced
throughout the
area. It isoffset
by fault 1A.
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This sedimentary unit (Ts) resembles other Neogene units in the region.
However, correlating their agesis problematic because of inadequate age control. The
units were deposited in basins that varied spatially and temporally. The presence of
mollusk shells in the coquina provides a general age for this unit, which is late Miocene
(Sibbett et a., 1982). Diatoms collected in the Jackson Mountains were dated as late-
middle Miocene to early Pliocene, in accord with the inferred ages of the coquina shells
(Willden, 1964; Sibbett et al., 1982). 40Ar/39Ar geochronology on the tuffaceous

horizons is needed to confirm the age of the Ts unit.

Quaternary Units:

L ate Pleistocene and Holocene units, including Lake Lahontan lacustrine
deposits, travertine fissure ridges, and post-L ahontan deposits, constrain the latest
movement on the faults in the study area. The Lake Lahontan deposits can be separated
into three main units. recessional barrier beach and bar deposits, l1ake sediments, and tufa
(Plate 1). These units correlate with the Lake Lahontan Sehoo highstand mapped by
Adams and Wesnousky (1999) in the Black Rock Desert. This correlation is based on the
elevations of the deposits and similarity of sediment types and morphology. The post-
Lahontan units include alluvium, eolian dunes, and ephemeral playa and stream channel

deposits.
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Figure 26. Fine-grained lacustrine sediments (Qsm) shown on theleft. Thisphoto istaken looking south.
This photo showsthe distinctive white color, fine-grained sediment size, lack of vegetation and low-lying
topography of Qsm relative to other units. Reddish-brown dendritic tufa associated with Qslm isalso
present in the foreground. Eolian dunes (Qd) arein the background.

Lake L ahontan Deposits

A fine-grained lacustrine package is the stratigraphically lowest of the Lake
Lahontan units in the study area. This unit is characterized by white to light tan very-fine
grained silts and clays (Figure 26, Qslm). The sedimentsin this unit are loosely to
moderately consolidated, with little vegetation. Thisunit is somewhat dissected by
drainages, probably due to its easily erodable sediments. Thisunit is distinguishable in
the field by alight to white albedo in aerial imagery, low-lying topography, and lack of

shoreline-related rounded clasts. Local reddish brown dendritic tufa (up to 2-4 cm thick)
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is associated with thisunit. The tufais somewhat laterally continuous, covering areas up
to ~5 m?. These sediments and associated tufas are confined to a distinct elevation

between ~1190 — 1220 m.

Figure 27. Photo showstypical ground surface of the Sehoo L ake L ahontan recessional shorelines. The
clasts here are subrounded to rounded and are covered by moder ately developed rock varnish.

Lake Lahontan recessiona beach and bar deposits (Qsl) overlie the fine-grained
lacustrine sediments (Qslm) along a depositional contact. On the ground surface, these
deposits consist of moderately to well-sorted subrounded to rounded gravel-to pebble-
size clasts (Figure 27). Locally, these deposits form convex up topographic highs (up to
2-3 m) with rounded crests. These topographic highs consist of well-rounded clasts with
moderately to well-developed desert pavement. These topographic highs form thin,

curvilinear traces visible in aerial photographs and on the ground (Figure 28a and 28Db).
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This unit overliesthe Tertiary basalts and sedimentary unit along an angular

unconformity.

Tufa (Qsmd) is present along the Lake Lahontan recessional shorelines. These
algal tufamats are typically dark brown to red, laterally continuous, and up to 7 cm thick
(Figure 29). The tufa mats are more resistant than the surrounding Lake Lahontan
sediments. The tufa mats exhibit dendritic textures and local tufa-cemented, well-
rounded beach pebbles and gravel. Thelargest laterally continuous tufas are found
between 1245 and 1255 m elevation and cover ~ .8 km? (Plate 1). These specific tufas
document offset along fault 3A. They provide aresistant layer that preserves the fault

scarps, records amount of offset, and shows the locations and orientations of the faults.

The Lake Lahontan recessional beach deposits (Qsl) and associated tufas (Qsmd)
correlate with the Sehoo highstand, previously mapped in the Black Rock Desert by
Adams and Wesnousky (1999) and mapped in nearby basins by Bell et a. (2007). Thisis
based on similar elevations, shoreline morphology, and sediment characteristics. The
extensive dentritic tufais also consistent with Lake Lahontan Sehoo deposits. Based on
field observations, this unit isinterpreted to be slightly younger than the fine-grained
sediments, and deposited on top of the fine-grained lacustrine sediments as the lake levels

receeded ~ 13,000 years ago.

Based on sediment characteristics and similar elevations of this deposit, lacustrine
unit Qslm also correlates with the Lake Lahontan Sehoo highstand mapped by Adams
and Wesnousky (1999). The depositional setting of this unit is a deeper water lake

environment, based on very fine grain size and low, uniform elevation relative to other
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lacustrine deposits. Thisis the thickest lake-cycle unit of the Sehoo member, with high
proportions of silt and clay in the lowlands (e.g., Morrison and Frye, 1965). Dendritic
tufa members are also a defining characteristic of these young Sehoo lacustrine cycles.
The Sehoo highstand receded immediately prior to 13,070 +- 60 years ago (Adams and

Wesnousky, 1998; 1999).

Alluvia Fans

Theinactive alluvial fan unit (Qfy1) overlies bedrock and lacustrine sediments
(Figure 28b). Qfy1l isfound associated with lower-elevation areas near MacFarlane hot
springs. These fan deposits are composed of sandy matrix with mainly pebble-to cobble-
size subrounded to subangular clasts. The clast are composed of locally derived bedrock.
Well-rounded beach cobbles are also present. Thereislocal moderately to well-
developed desert pavement on the fan surface, with moderately to poorly developed rock
varnish. Cryptobiotic soils are locally developed on the surface aswell. These older fans
are characterized by subdued, smooth topography, and slightly darker albedo in aerial
photos (Figure 26a). Thisfan unit coversall Lake Lahontan deposits, yet is cut by
Holocene fault scarps associated with fault 3A. Thisindicatesthat it is younger than

~13,000 years.

Inactive alluvial fan unit (Qfy2) occurs at the foot of the southern Jackson
Mountains ~ 6 km to the east of MacFarlane hot springs. This unit can be distinguished

from Qfy1 based on clast composition and rounding. This unit is characterized angular to



63

sub-angular gravel- to cobble-size clasts that are moderately to poorly sorted.
Composition of clasts mainly includes bedrock from the southern Jackson Mountains.
This unit can also be distingushed from Qfy1 by its distinct lack of reworked beach
cobbles. Local moderately- to well-devel oped desert pavement and rock varnish are

present. Thereisminor development of cryptobiotic soils.

Ephemeral stream channel and fan deposits (Qfy) overlie the bedrock, lacustrine
sediments, and older alluvia fans (Figure 28 and 30). The stream channels are typically
2 -8 mwide, and gradually widen and fan out as the topography flattens to the west.
Meanders are present in many stream channels. These deposits have a silty to sandy
matrix, with clasts that are gravel to boulder-size, poorly-sorted, and angular. The clasts
are composed of locally derived basalt, sandstone, coquina, diatomite, travertine, and
limestone. Well-rounded reworked beach cobbles are present locally. Thisunit can be
distinguished from the older fan cycle based on its angular, poorly-sorted clasts and
rough fan surface topography. Thisunit also typically has a darker albedo in imagery
than the older fan cycle, and there is minimal development of desert pavement and rock
varnish. Thisfan cycle coversall fault scarps and Lake Lahontan sediments in the area,

indicating that Qfy is younger than ~13,000 years (Figures 28 and 30).

Eolian Dunes

Eolian dunes (Qd) locally overlie the bedrock, lacustrine, and alluvia fan units.
The dunes are up to ~1.5 km long and up to ~300 m wide. They are typically associated
with the fine-grained lacustrine sedimentary units (Figure 30b, Qd) and are also found

flanking the playa. The area directly surrounding MacFarlane hot springs and the
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travertine fissure ridges has longitudinal and transverse dunes (Figure 30a and 30b).

Local star dunes are also located on the eastern side of the Tertiary bedrock.

This eolian unit is composed of tan to light brown, well-sorted, non-cemented
fine- to medium grained sand that forms topographic highs of up to ~5 m. Dunes have
linear crests (mainly oriented east-west) and wave-like texturesin aerial view (Figure
30a). Thedunesvary from inactive to active, commonly proximal to one another. Local
cross-bedding is present in some inactive dunes. Silty, unconsolidated sediments are also
locally present. The majority of the dunes areinactive. These dunes are partially
stabilized by vegetation and have numerous animal burrows (Figure 31). This unit also
overlies al fault scarps and structural features expressed in the lacustrine sediments. The
eolian dunes can be easily distinguished from the other Lake Lahontan sediments and

aluvial units by their distinct uniform grain size and dune morphologies.
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Figure 28a. Aerial imagery of the MacFarlane hot springsarea. Note distinguishing char acteristicsvisiblein
aerial imagery of lacustrine and alluvial units. Hot springsshown asred star.
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Figure 28b. Geology mapping from this study overlain on aerial imagery at MacFarlane hot springsarea. Actual hot

springs shown asred star. Area of Figure 30a and 30b shown in black box.
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Figure 29. Both photos show the algal tufa mats (Qsmd). These photos document the thickness
and continuous lateral extent of Qsmd.
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Figure 30a. Aerial imagery of the dunefield located near MacFarlane hot springs. Linear dunetextureis
evident in thisimagery. One side of the dune hasdarker albedo, with alighter, gradually sloping side. The
mapped locations of the dunes are shown in Figure 30b. Thelocation of thismap is shown as black box in
Figure 28b. MacFarlane hot springsisshown asred star.
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Figure 30b. Geologic unitsoverlain on aerial imagery at MacFarlane hot springs. Thisarea showsthe
extensive dunes (Qd) that cover all other units. The dunes mapped here are shown in aerial imagery in
Figure 30a. MacFarlane hot springsisshown asared star, and travertine mound asgreen line. The
location of photo 31 isshown. Thearea of thismap is shown asa black box in Figure 28b.
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Figure 31. Photo of eolian dune. Photo wastaken looking to the west-northwest. Note the absence of clasts
within the dune and topogr aphic high formed by the dune. Most dunes at M acFarlane hot springs are heavily
vegetated and have numer ous animal borrows, as shown here.
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Figure 32. Map of travertinemounds and fissureridges at MacFarlane hot springs. Travertinemoundsare
shown in purple, with the fissureridges shown in red. Severely weathered travertine mounds areindicated by the
green triangles. MacFarlane hot springsisshown asared star. Location of thisfigureisshown in Figure 35.
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Figure 33. A; Inactivetravertinefissureridge. Photoistaken facing northeast. Note extensive weathering and
vegetation cover. B: Travertinefissureridge adjacent to inactiveridge. Noticethelimited lateral extent of the
fissureridge. C: Internal lamination on the inactivetravertineridge. Notice how the younger vertical fissures
cut through the older subvertical deposits. D: Travertine central fissure. Theinternal crystalshave grown
perpendicular to the orientation of the fissureridge, into the dilatant fissure. Theinternal laminations made by
layers of these crystalsare parallel to the fissureridge orientation and indicate multiple episodes of dilation. E
and F: The active travertine mound and associated hot springs. Photo credit (A, B, and C): Patricia Cashman
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Travertine Fissure Ridges:

The travertine fissure ridges exposed at MacFarlane hot springs cut through Lake
L ahontan sediments and occur within an area of ~.04 km? (Figures 32 and 33). The
location of the travertine fissure ridges corresponds to the southward termination of fault
3A, based on its expression in Lake Lahontan sediments (Figure 32). The travertine
fissure ridges exhibit a variety of orientations and sizes (Figures 32 and 33). Detailed

mapping shows four dominant travertine fissure ridge orientations.

The majority (if not al) of the travertine fissure ridges were active during the
Lake Lahontan lacustrine cycle, and one mound is still active today. The evidence
showing the travertines were active during the Lake Lahontan pluvial event include the
presence of wave-rounded travertine clasts (Sibbett et al., 1982) and cal cium-carbonate-
cemented ooids associated with some travertine fissure ridges. All travertine deposits
also cut through Lake Lahontan sediments (Figure 32). It isdifficult to determine the
relative ages of many of the fissure ridges, because they have similar morphologies and
degrees of weathering. However, the largest travertine fissure ridge is distinctly younger
than three other travertine fissure ridges based on lack of weathering and an active hot

springs flowing out of itswest end (Figure 33D, E and F).

M orphology

Most travertine deposits show avertical, planar central opening, or fissure, though
which water flowed and deposited calcium carbonate on the walls of the fissure. Water

flowed out the top of the fissure and down the sides, depositing layers of travertine on the
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flanks of the fissure ridges. In some cases, large, sloping mounds were formed through
this process (purple, Figure 32, Figures 33A, C and F). Most fissure ridges contain
internal laminated veins made by layers of crystals that parallel the fissure ridge (Figure
33D). Theseindicate multiple episodes of dilation. Local crystal growth within the veins
is perpendicular to the long axis of the ridge, indicating dilation, with no lateral motion

(Figure 33D). Three travertine fissure ridges showed dips of <60° (Figure 32).

Active Travertine Mound and Associated Fissure Ridge

The largest travertine fissure ridge has a hot spring continuously flowing from its
west end (Figures 32, 33E and 33F). The hot spring flows out a slight depression in the
travertine, which is flanked by aroughly conical travertine mound (Figures 33E and
33F). Thetravertine fissureridgeis~140 m long and up to ~1.5 m high. The central
fissure and associated vein that runs along the long axis of the ridge varies in width from
~1 cmto ~20 cm (Figure 33D). The actual mound with the active hot springsis~2.5m
high and 7 m wide (Figure 33F). The travertine fissure ridge, mound, and hot spring are
located ~250 m directly east of fault 3A. The travertine fissure ridge is composed of
white to orange/red to grey calcium carbonate and shows a variety of textures. These
include smooth lithified surfaces, with local terraces, and grey woody/porous to
botryoidal tufa-like textures. Thisfissure ridge has the most internal laminations,

indicating more episodes of dilation than the other travertine fissure ridges.
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Orientations

Each travertine fissure ridge records a dilational orientation. There are four major
populations of travertine orientations, including 1.) east-west striking, 2.) east-northeast
striking, 3.) north-northwest striking and 4.) east-southeast striking (Figure 32). The
largest four travertine fissure ridges (shown in purple, Figure 32) are aligned east-west of
each other in ageneral en echelon pattern. The largest travertine fissure ridge is oriented
east-west, and the three smaller purple travertine fissure ridges are oriented east-
southeast. A group of travertine fissure ridges with small widths (<1 m) is oriented
north-northwest and east-northeast (red lines, Figure 32). No cross cutting rel ationships

between travertine fissure ridges were observed.

Weathered Travertine Fissure Ridges

Severely weathered travertine fissure ridges are mainly found along strike and to
the east of the large travertine fissure ridge (purple mound indicated by green triangles,
Figure 32, Figures 33A, B, and C). These travertine fissure ridges range in color from
whiteto tanto grey. The travertine fissure ridges vary in length from 10 m to 25 m, and
are 1-3 mwide (Figure 32). Theridges have up to 2 m of vertical topography. Local
calcium-carbonate-cemented ooids are associated with inactive travertine fissure ridges,
indicating that the travertine deposits were active during the Lake Lahontan pluvia cycle.
These fissure ridges are older than the active travertine mound and associated fissure
ridge and show a younging age progression from east to west, with the exception of the
westernmost travertine fissure ridge. Thisinterpretation is based on distinctly different

degrees of weathering and the presence of the active hot springs.
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Structural Framework:

Based on kinematic and geologic data, there are three main fault areas near
MacFarlane hot springs (Figure 21). These include faults in the southern Jackson
Mountains (faults 5A and 6A), asingle fault expressed in Tertiary bedrock (fault 1A),
and faults within the MacFarlane fault zone (faults 3A and 3B). Specific fault sets can be
distinguished based on ages and orientations. The fault sets include (from oldest to

youngest):

6A.) a northeast-striking, down-to-the-northwest, normal fault exposed in

Mesozoic bedrock in the southern Jackson Mountains;

1A.) anorth-striking, down-to-the-west, normal fault expressed in Tertiary

bedrock and covered by Lake Lahontan sediments;

5A.) anorth-striking, down-to-the-west, normal motion, Jackson Mountain fault

zone, expressed in Lake Lahontan sediments;

3A and 3B.) a north-northeast-striking, down-to-the-west, normal motion,

MacFarlane fault zone, expressed in Lake Lahontan sediments and tufa mats.

Three additional faults previously mapped by Sibbett et al. (1982) were not found
in this study (faults 2A, 2B and 4A, Figure 16). Each of these was studied to test possible
controls on the travertine and geothermal upwelling at MacFarlane hot springs (Figure

21).
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Southern Jackson Mountains (faults 5A and 6A)

A part of the southern Jackson Mountains was mapped (Figure 34) to test for an
east-striking fault, or intersection of such a fault with another fault, controlling the
location of the travertine (scenario #1, Figure 20). No regional east-striking faults were
found. Two faults were observed in the southern Jackson Mountains (5A and 6A). Fault
6A islocated at the northern tip of the southern Jackson Mountains (Figure 34). The
fault is expressed in the Triassic Happy Creek volcanic complex. The fault is not
expressed in any alluvial fans, Lake Lahontan deposits, or ephemeral steam channels.
The fault crops out as brecciated zones and as fault planes with slickenlines. Thisfaultis
east-northeast-striking, normal, and down-to-the-northwest. Kinematic data show dip-slip
motion and a dip of 56° to the northwest (Figure 34). Thisfault isyounger than Triassic
and older than the Lake Lahontan deposits (~13,000 yrs). This fault might correlate with
an episode of high-angle normal faulting that occurred in late Middle Jurassic,
documented ~1 km to the north in the Jackson Mountains by Maher (1989). Thisis

based on conjugate strike orientations and similar dips.

Fault 5A islocated at the range front bounding the southern Jackson Mountains
(Figure 34) and is expressed as a slight change in topography in Lake Lahontan
sediments. Thisfault isvisible as lineaments that cut shorelines at an oblique angle in
aerial photos. These lineamentstypically have adightly darker albedo. Thefaultis
north-striking, and down-to-the-west, and normal. Fault 5A correlates with faults of the
Jackson Mountain fault zone mapped to the north. Thisisbased on spatia proximity,

similar orientations, and kinematics. The faults of the Jackson Mountain fault zone have



been active since Basin and Range extension began in northwestern Nevada (~12 Ma)

and have been active in the past ~13,000 years (e.g., Lerch et a.,2008).
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Tertiary Bedrock (fault 1A)

The Tertiary bedrock east of MacFarlane hot springs was mapped to determine
kinematics and assess offset on fault 1A. Thisfault isimportant to this study, because it
might control the upwelling in the geothermal system (Scenario #6, Figure 20). Inthis
scenario, fault 1A is projected to continue north and intersect fault 3A near the highest

temperature gradient borehole (Sibbett et al., 1982).

Fault 1A cutsthe Tertiary bedrock units ~2 km southeast of MacFarlane hot
springs (Figure 35). Thefault is exposed for ~300 m and accommodates offsets between
Thand Ts. Exposed fault planes are overlain by Lake Lahontan sediments (Figure 36A
and 36B). Kinematic data on fault planes include slickenlines and drag folding; mapped

separation of coquina beds was used to determine displacement.

Fault 1A contains slickenlines that show mainly dip-slip motion, with a minor
sinistral-oblique component trending southwest (Figure 36C). The main fault strikes
between 186° and 206° and dips between 61° and 76° west. Drag folding in Tsalso
indicates down-to-the-west motion (Figure 36D). A minor fault with 0.5 m of offset was

observed in Tswith asimilar sense of motion.



82

Figure 36. A: Fault 1A exposed in adrainage. Photo istaken looking south. B: Interpretations from photo A.
West-dipping fault plane expressed in the tuffaceous sedimentary unit (Ts). Fault planeis covered by Lake

L ahontan sediments (Qdl), giving age constraints on thisfault. C: Fault plane (great circle) and slickenline
(dots) orientations plotted on equal-area stereonets. D: Drag folding along fault 1A. Thefault formsthe
eastern contact between the basalt (Tb) and the tuffaceous sedimentary unit (Ts). Thisphoto was taken
looking north, so the fault isdipping to thewest. E. Bedding orientations of Tsare deformed by drag folding
along fault 1A and shown asgreat circlesin purple.
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The coquina horizon within Ts provides areliable marker bed that documents
fault offset (Figure 35). The coquinais repeated across the fault. Based on cross-
sections drawn in areas with the most reliable kinematic data (B-B’, Plate 1), this fault
has accommodated ~335 m of normal offset. The age of fault 1A is older than older
than ~13,000 years but younger than 4-11 Ma (L ate Miocene to early Pleistocene), based

on the inferred ages of the Lake Lahontan and Ts units, respectively.

M acFarlane Fault Zone (faults 3A and 3B)

The MacFarlane fault zone was mapped in detail to test scenarios involving
geothermal upwelling and the locations of the travertine ridges. Specifically, mapping
tested for terminations on faults 3A and 3B (scenarios #2 and #3, Figure 21), and for the
development of arelay ramp with or without a hard-linking stepover (scenarios #4 and
#5, Figure 21). Thisfault zoneisin closest proximity to MacFarlane hot springs and

contains the youngest offsets in the area.

Qs
/"
— 1350 — Qsl——. | — 4500 &
E 3415 - - =
= 1200 W i TS| 4000 g
.% Qsl Qsl y 7 3500 2
2
3 900L| y " A TRYTR H
w TRV/TRI i Tb w
B top of Tb not reached B’

Figure 37. Cross section from B-B’ on Plate 1. Dip of fault 1A isbased on field measurements. Unit Ts
records offset on thisfault, which is ~335 m.



84

4548000

Map Legend

@d Dune depositz

Qfy Active stream channels
and channel deposits

Qfyl Inactive alluvial fan

4547500

Qs Recessional beach and
bar deposits

Qamd Algal tufa mats
Th Teriary basalt

[Tt Cﬂ'lfﬂfﬂd rﬂl..llt
ss=s=s  |nferred fault
— Observed fault

4547000

3A Faultiabel

4546500

Figure 38. Offset tufa mats along Fault 3A. Tufamatsare shown in light green and are offset ~6 m down to the west.

Fault scarp

Figure 39. Photo showing the fault scarp of Fault 3A and offset tufa mats (Qsmd). Photo istaken looking tothe
northeast, and itslocation isindicated on Figure 38. Mike Schmidt (~1.7 m) isshown in red for scale.
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The MacFarlane fault zone is located ~ 7 km west of the southern Jackson
Mountains (faults 3A and 3B; Figure 21). The MacFarlane fault zone consists of two
synthetic faults that overlap in map view and are together at least 15 km long. The faults
are expressed as scarps visible on the ground and as linear features that cut shorelinesin

aerial photographs. These faults strike north-northeast and dip west.

Fault 3A islocated northeast of MacFarlane hot springs. This fault
accommodates ~6 m of down to the west offset of resistant Lake Lahontan algal tufa
mats, ~2 km northeast of MacFarlane hot springs (Figures 38 and 39). A scarp along
strike of the offset tufa has minimal offset (visible only in aerial imagery) ~ 1000 m
northeast of MacFarlane hot springs. The lineation in the aerial imagery of this scarp dies
out ~ 650 m northeast of the travertine. Thisamount of offset (6 m) terminating in ~2 km
laterally records an increased displacement gradient consistent with fault 3A termination

scenario #2 (Figure 21).

Sibbett et al (1982) suggested ~400 m of offset in Th, based on drill data, to the
southeast of MacFarlane hot springs (offset shown in Figure 37). Thisinterpretation
contradicts the southern termination mapped on fault 3A. This offset can be explained by
pre-Lake Lahontan movement along fault 3A. Thereis no surface expression of fault 3A
cutting Lake Lahontan sediments (Qdl) in thislocation. Thisareais not covered by
recent alluvial fans or dunes, so it would be expected that movement in the past ~13,000
years would be recorded as a scarp. Thus, Holocene slip on fault 3A terminates

southward and is constrained to the locations presented in Figure 35.
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Fault 3B islocated ~1 km west and southwest of MacFarlane hot springs (Figure
35). Fault scarps cut Lake Lahontan unit Qslm. Scarp traces are also visible in agerial
imagery cutting through units Qsl and Qfy1. Tufa mats are continuous along areas of the
hanging wall (2-4 cm thick) and are clearly truncated by the fault (Figure 40). Similar
tufa mats are less continuous and severely eroded on the footwall. These tufa mats record
~ 2 m of offset, down-to-the-west (Figure 40). Scarps are covered by recent eolian
deposits and show substantial degradation and drainage dissection. Fault 3B splays and
terminates ~1 km directly west of MacFarlane hot springs. Thisis consistent with the 3B

fault termination scenario #3 (Figure 21).

Fault scarp

Figure 40. Photo taken looking southwest along the fault scarp of fault 3B. The scarp isexpressed in deep water
lake sediments (Qdm) that show local offset tufa (Qsmd) down to the west. Eolian dunes (Qd) arein the
background.
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Travertine Deposits:

All travertine fissure ridges are ~100 — 500 m west of fault 3A, and ~1 — 1.4 km
east of thetip of fault 3B (Figure 35). The fault segments overlap in map view, forming a
relay ramp; the travertine fissure ridges reside within the relay ramp. The orientations of
the travertine fissure ridges provide kinematic data related to thisrelay ramp. Each

travertine fissure ridge records a dilational orientation (Figure 41).

The orientations of the travertine fissure ridges are compared to the orientations of
veins measured in Tb (Figures 41 and 24C) to assess whether fracture orientationsin Tb
controlled the fissure ridges. Some vein orientations correlate with the travertine ridges,
but many do not. There are distinct northeast and north-northeast striking vein

populationsin Tb that are not observed in the travertine fissure ridges.

purple = travertine fissure ridge

Figure4l. A. Great circleplotsof travertinefissureridges (purple). Most travertinefissureridgesare
subvertical and strike: 1.) east-west, 2.) east-northeast, 3.) north-northwest and 4.) east-southeast. B. Density
contour plot of polesto veins, with contoursat 2% per 1% area.
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Previously M apped Faults

Three additional fault sets mapped by Sibbett et al. (1982) were reinterpreted by

this study. These are shown in Figure 16 and include:

1B.) a north-northwest-striking, down-to-the-east normal fault cutting the western

contact between the Tertiary basalt and sedimentary unit;

2A.) anortheast-striking, down-to-the-north normal fault expressed in Tertiary

bedrock; and

4A.) an east-striking, down-to-the-north, normal step-over fault within the

MacFarlane fault zone expressed in Quaternary sediments.

Fault 1B was reinterpreted to be a depositional contact in this study (fault 1B,
Figure 16). Thisfault was interpreted to form a graben with fault 1A, and continue to the
north to intersect fault 3A of the MacFarlane fault zone near the highest temperature
gradient borehole (Sibbett et al., 1982). This area was mapped in detail in this study to
assess the structural framework (Figure 35). No kinematic indicators (sickenlines, drag
folds, reidel shears) were observed in bedrock. The strike and dip of Tsand Thin the
area are concordant, with Tsoverlying Th. Anirregular depositional contact between Th
and Tswas observed just east of fault 1B. The contact between Tsand Tbisirregular due
to paleotopography and basalt flow variations. The western contact between Tb and Tsis
therefore interpreted to be depositional (Figure 35), and afault is not necessary to explain

any apparent offset.
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New mapping for this study reveals no evidence for fault 2A, a northeast-striking
fault east of MacFarlane hot springs (Figure 35). Previous mapping showed this fault
cutting through Th and Ts units, and covered by Lake Lahontan sediments (Sibbett et al.,
1982). In this study, the area with this mapped fault was carefully analysed. A lineament
in Tb with lighter albedo isvisible in the aerial imagery where this fault was mapped.
However, the lineament is actually a northeast-striking silicavein (~10-30 cm wide and ~
20mlong) in Th. No kinematic indicators (slickenlines, drag folding, reidel shearing)
were observed in the silica vein or adjacent bedrock. Further, thereis no offset of
bedding or geologic contacts across the vein. The apparent offset visiblein aeria
imagery and on the ground is due to an irregular depositional contact between Tsand Th.
The offset coquina marker bed within the Ts unit records a single west-dipping normal
fault; it forms the eastern contact between the Th and Ts units. Continuity of bedding is
confirmed by the locations and orientation of coquina beds mapped throughout the area.

The coquina beds match up along strike across the previously mapped fault 2A.

The east-striking fault 4A, within the MacFarlane fault zone, was not found in this
study (fault 4A, Figure 16). Fault 4A was previously mapped based on air photo
lineations (Figure 16, fault 4A, Sibbett et al., 1982). This areawas mapped in detail in
this study specifically to find al fault scarps. A number of eolian dunes with east-west
crests overlie Lake Lahontan recessional beach deposits (Figure 30a and 30b, Qe and
Qdl). A large, linear dune crest in the areais ~600 m long, near where the previous fault
was mapped (Figure 30a and 30b). No fault scarps were visible on the ground and there

isno changein the surficial deposits. No faults are present; the lineation visible in aerial
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imagery isadune margin. Based on lack of evidence for fault 4A, a hard-linking step-
over fault, at least in the Quaternary units, contributing to the geothermal upwelling and

travertine orientations (scenario #5, Figure 21) isruled out.

Two-Meter Temperature Data:

Shallow temperature surveys were conducted at MacFarlane hot springsin order
to: 1) test hypotheses on locations of shallow fluid flow related to faults or other
permeabl e units, and 2) discover areas of high temperature that might have been
overlooked in previous work. Both one-meter and two-meter surveys were done; the
methodology for both surveysis described in the appendix of this paper. Shallow
temperature was chosen as an exploration tool based on ease of data collection and

interpretation, as well as usefulness in locating shallow temperature anomalies.

Survey Locations

The first two-meter temperature survey stations were picked based on the
locations of Quaternary fault scarps from geologic mapping and of elevated temperature
gradients (Swanberg and Bowers, 1982). This survey was designed as a reconnaissance
with widely spaced data points. The temperature readings were taken down-topography
from fault 3A to pick up any warm outflow related to fluid flow along the fault. Shallow
temperatures were also measured up-topography, along strike, and around the active
travertine fissure ridge in order to test the location of shallow fluid flow related to this
feature. All of these measurements lie within the greater high temperature gradient

anomaly found by Swanberg and Bowers (1982), shown in Figure 19. Subsequently,
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temperature measurements were taken to the south and north of the travertine to look for

any other high temperature areas outside of the high temperature anomaly.

A subsequent series of shallow temperature surveys was undertaken to better
define the high temperatures found along strike of the major travertine fissureridge. A
one-meter survey was completed in areas that were too rugged for an ATV or were
located in the Black Rock Desert Wilderness Area. Two-meter temperatures were taken
in all other accessible areas. Temperature readings were taken along strike and up-
topography from the previous hot temperatures, as well as north and south of the high
temperatures. Temperature readings were also taken down-topography from the hot

springs to trace outflow patterns.
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Two-Meter Temperatures

354000 357000
1

4548000

24.1°-25°C

23.1°-24°C
221°-23°C
21.1°-22°C
20.1°-21°C

19.1°-20°C
18°-19°C

® O © ©C O 0 e

traverti%'le

---------------- covered fault

"""" inferred fault ¥ MacFarlane hot springs
— fault 1A fault label

Figure42. All two-meter data points. Elevated temperatureswere found along strike and up-
topography from the main travertine mound. These elevated temperatur es ter minate acr oss Fault 3A.
Surveyswer e completed in November of 2012.
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Figure 33. One-meter data points. Thisfigureincludes one-meter temper atures from three separate
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Shallow Temperature Results

The first reconnaissance survey showed elevated two-meter temperatures only
along trend and up-topography of the main travertine fissure ridge (Figure 42). The
highest temperature, 25°C, was 200 m directly east of the hot springs. A temperature of
23° C was recorded 330 m uphill directly east of the hot springs. Temperature readings
along the scarp of fault 3A and down-topography of fault 3A were cold. Temperature
readings at the location of the highest temperature gradient drill hole, corresponding with
the projected intersection of fault 1A and fault 3A (Swanberg and Bowers, 1982) were
also cold. Thismay result from the upwelling hot fluids not reaching a two-meter depth.
Temperature readings south of the hot springs at the location of the previously mapped

northeast-striking fault 2A (Sibbett et al., 1982; Figure 16) were also cold (Figure 42).

The second series of surveys showed elevated one-meter temperatures down-
topography of the hot springs (Figure 43). These temperatures form a broad anomaly,
rather than alinear trend. Thisisto be expected from outflow. The surveys also found a
cold point (<16° C) ~500 m east of the travertine fissure ridge, which shows that the

elevated shallow temperatures do not extend east of fault 3A (Figure 43).

The shallow temperature data are useful in tracing hot water at a shallow depth.
The lack of high shallow temperaturesin most of the field area shows that hot water is
not present at 1-2 m depths. The high shallow temperatures found up-topography and
along strike of the travertine show that hot fluid moves west before reaching the surface

spring. This might indicate a through-going east-west fracture that increases
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permeability. The termination of high two-meter temperatures at fault 3A (Figure 42;

Figure 43) suggests that this fault controls upflow of geothermal fluid at a shallow depth.

Magnetic Data:

A magnetic survey was compl eted to assess whether the magnetic signature could
be used to map covered faults (faults 3A and 3B, Figure 44) in the vicinity of the relay
ramp. The methodology is described in the appendix of this paper. Thereis some
uncertainty of the locations of the fault terminations associated with the relay ramp
because of possible burial under Quaternary alluvium and eolian dunes. This survey was
designed to first test the magnetic signature of known faults and then to map the locations

of these fault terminationsif the fault had a reliable magnetic signature.

Magnetic Survey L ocations

First, magnetic data were collected in areas where the fault could be confirmed by
detailed geologic mapping or previous drill datain order to assess whether the faults had
arecognizable magnetic anomaly. The three locations that were chosen include: 1) the
offset algal tufa mats associated with fault 3A to the northeast of the hot springs, 2) the
southern termination of fault 3A, where previous offset is suggested by drill data, and 3)
the location of minor offset tufa to the southwest of the hot springs on fault 3B (Figure
44). The surveys were completed in east-west transects (optimal for a magnetic
signature) perpendicular to the mapped fault traces, in order to obtain the best magnetic

signature of the faults. The data were then corrected for the base station and reduced to
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the pole for the most accurate results. By reducing the data to the pole, dipole anomalies
are removed and a single anomaly over the magnetic body is shown. The reduced data

were modeled in Oasis Montg.

Magnetic Survey Results

Overall, magnetic gradients found in this survey trend north-northeast and are
both steep and gradual (Figure 44). The steep gradients are interpreted to mark magnetic
reversals in the underlying volcanic rocks. The gentle gradients are interpreted to
indicate fault offset in volcanic rocks with consistent magnetic polarity. Changesin
magnetic signatures due to geochemistry (related to faulting) are explained in the

appendix of this paper.

A steep magnetic gradient is found trending north-northeast ~ 500 m to the east of
the fault scarp on fault 3A (Figure 44). The gradient is associated with a~1000 nT
magnetic low. A similar steep gradient is observed to the south. The trace of the
gradient isirregular and angular, forming “v”-like patterns. Both of these steep gradients
are interpreted to be related to magnetic reversals recorded in the remnant magnetism in
the underlying basalt unit. Thisinterpretation is based on their locations and the
character of the gradient. The v’ s formed by the gradient are consistent with the

documented east dip of the underlying Tb flows as it interacts with topography.

There are over 50 documented magnetic reversals that occurred in the Neogene
(LeBrecque et a., 1977). Based on unpublished paleomagnetic data, there is a magnetic

reversal mapped in basalt west of the Jackson Mountains on the eastern margin of the



97

Black Rock Desert (J. Glen, personal communication, March 6, 2014). Thisis consistent

with the steep magnetic gradient observed in this magnetic survey.

A gradual north-northwest trending magnetic gradient is observed in the hanging
wall of fault 3A (Figure 44). The magnetic signature changes from high to low moving
west away from the surface expression of the fault scarp. A similar magnetic gradient is
observed in the hanging wall of fault 3B (Figure 44). Both of these gradients might be
due to mineral alteration along the fault plane due to fluid flow or the west-side-down
fault geometries. Coupled with other geophysical data, the observed gradient would be a
convincing fault indicator. Further geophysical surveyswould be needed to confirm

these interpretations.
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Figure 44. Magnetic data collected at MacFarlane hot springs. Data have been corrected for the base station
and reduced to the pole. Survey locations are shown asblack dots. The steep magnetic gradientsare
interpreted asremnant magnetic signaturesrepresenting a magnetic reversal. Notethat the“v” patternsare
consistent with the documented east-dip of the Tb flow. The broad magnetic gradientsfound in the hanging
wall of fault 3A and 3B areinterpreted asrelated to faulting.
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DISCUSSION

In this section, the new data from geologic mapping, structural analysis, shallow
temperature surveys, and magnetic data are integrated with previous work to describe
structural controls on the travertine fissure ridges and the overall geothermal system at
MacFarlane hot springs. First, the timing of deformation surrounding the hot springsis
summarized. Then, the shallow temperature data are related to the overall geothermal
system. Next, the structural controls on the anomalously oriented travertine fissure ridges
are discussed. The spatial and temporal progression of the travertine fissureridgesis
described and related to their position within the relay ramp. Finaly, the structural

controls on the overall geothermal system are summarized.

Tertiary Bedrock (fault 1A):

Thetiming of the fault 1A is constrained by field relationships. The fault cuts the
tuffaceous sedimentary (Ts) unit, which has been broadly constrained to late-middle
Mioceneto early Pliocene (Dall, 1924; Firby, 1967; Willden, 1964; Sibbett et al., 1982).
The fault traceis aso clearly covered by Lake Lahontan recessional beach and bar
deposits, which are ~13,000 years old (Adams and Wesnousky, 1999). This constrains

the movement on this fault to between ~16 Ma and ~13, 000 years ago.
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M acFar lane Fault Zone:

Based on detailed Quaternary mapping, the timing of recent deformation on faults
3A and 3B in the MacFarlane fault zone directly surrounding MacFarlane hot springs has
been determined. Fault scarps are expressed in the Lake Lahontan recessional shoreline
and bar deposits, which are ~13,000 years old (Adams and Wesnousky, 1999). The
scarps also cut inactive aluvial fan deposits (Qfy1, Figure 39). Although the exact age of
thisalluvia cycleisunknown, it does show well-devel oped surface features, such as
desert pavement and rock varnish, that indicate it is not currently active. Thisindicates
that faults 3A and 3B dlipped sometime in the late Pleistocene or Holocene, within the

past ~13,000 years.

Shallow Temper atures:;

Shallow temperature data from MacFarlane hot springs show elevated
temperatures directly along strike and up-slope from the active travertine fissure ridge.
Thisindicates that the hot springs are related to fluid that flows east to west, most likely
as part of an outflow system. These high temperatures terminate eastward across a fault
(Figures 42 and 43, fault 3A), which suggests that the fault controls upflow of hot fluids

at that location.
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Structural Controlsof the Travertine:

The travertine fissure ridges at MacFarlane hot springs strike dominantly east-
west, and record multiple dilational events. The orientations of the dilational fissure
ridges do not match extensional trends in the northwestern Basin and Range. As
discussed above, possible controls on the east-west striking travertine fissure ridges were
tested in this study. Each scenarioisruled out except for #4, which involves a Holocene

relay ramp.

Scenario #1, fault inter section of an east-striking fault

The possibility of an east-west striking fault intersecting the MacFarlane fault
zone at the location of the travertines was considered. Such afault was not found in
geologic mapping in the southern Jackson Mountains. No Quaternary scarps indicating
such afault were present. Further, no indication of such afault was found in the
magnetic data, nor in two-meter temperature data. This scenario isruled out based on

absence of supporting evidence.

Scenario #2, southward ter mination of fault 3A

Fault 3A terminates to the south, based on detailed Quaternary mapping. The
southward termination of fault 3A is suggested by progressively decreasing offset on
Quaternary scarpsto the southwest. A scarp with ~6 m of offset is mapped ~2 km
northeast of MacFarlane hot springs. A scarp along strike of the 6 m scarp minimal offset
(visible only in aerial imagery) ~1000 m northeast of MacFarlane hot springs (Figure 45).

The lineament in the aerial imagery of this scarp dies out ~ 650 m northeast of the
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travertine. The location of the travertine fissure ridges corresponds to the displacement
gradient at the inferred tip of fault 3A. This also explains why the travertine fissure ridges

are proximal to this fault termination (between 100 and 500 m away).

Scenario #3, northward ter mination of fault 3B

Fault 3B appears to terminate to the north, as evidenced by scarpsin Quaternary
units. The northern termination of fault 3B is suggested by a scarp with ~ 2 m of offset
ending ~ 1 km directly west of MacFarlane hot springs (Figure 35). Thisfault
termination appears to have less of a displacement gradient at the fault tip than fault 3A.
Because fault 3B islocated basinward, the scarp exposure is limited due to erosion or
cover by eolian dunes and aluvial fans. Fault 3B is also downslope of the hot springs, so

itisunlikely to be the source of the hot upwelling fluids.
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travertine fissure ridge

== |argest east-striking travertine fissure ridge and mound

* MacFarlane hot springs
3B fault label

ramp width is~ 1 km

Figure 45. Schematic diagram of therelay ramp at MacFarlane hot springs. Fault segments 3A and 3B overlap
~1.5km. Thewidth of therelay ramp is~1km. Thelargest travertinefissureridgeis shown in red, and
MacFarlane hot springsisshown asa star.
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Scenario #4, relay ramp

A relay ramp between the overlapping fault ssgments fault 3A and 3B can be
defined based on geometrical criteria (Figure 45). Fault segments 3A and 3B are
estimated to overlap ~1.5 km, and the width of the relay ramp is ~ 1 km, based on
detailed Quaternary mapping. The hot springs and related travertine fissure ridgeslie
between the fault segments on the ramp, between 100-500 m west of fault 3A and
between 1 — 1.4 km east of fault 3B. Deformation within the relay ramp directly controls

the location and orientation of the travertine fissure ridges.

The east-west orientation of the active travertine fissure ridge is consistent with
dilational fractures formed during atypical relay ramp progression. The orientations of
the cutoff lines (or hinges) of the relay ramp and the stresses within the relay ramp
change as the overlapping fault segments propagate past each other (e.g., Peacock and
Sanderson, 1991). The current geometries of the overlapping faults are consistent with
bending at the hinge of the relay ramp, which is roughly perpendicular to the faults
(Figure 45). The active travertine fissure ridge progressed east to west, based on degrees
of weathering and the location of the active hot springs (as recorded by abandoned
travertine fissureridges). Thisis consistent with fracturing that propagates away from

the faults into the relay ramp. Thisistypical near fault tips with displacement gradients.

The east-northeast orientations of five inactive travertine fissure ridges north of
the active travertine fissure ridge are also consistent with atypical relay ramp progression
(Figure 32). Before faults 3A and 3B overlapped, the projected cutoff lines (or hinge of

the relay ramp) would have been oriented between north-northeast and east-northeast
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(Figure 8b). Bending along this cutoff lineis consistent with a population of inactive

dilational fissure ridges oriented east-northeast.

Three severely weathered travertine fissure ridges are oriented east-southeast (green
triangles, Figure 32), which is not fully compatible with the typical relay ramp cutoff line
orientations. These travertine fissure ridges are not active today. Although the travertine
fissure ridges are oriented east-southeast, they are aligned roughly east-west and
subparallel to one another, amost directly along strike of the active travertine ridge.
These travertine fissure ridges show an age progression from east (oldest) to west
(youngest), with the exception of one travertine ridge. These age progressions and
orientations are consistent with afault propagating from east to west. The displacement
gradient observed in fault 3A may account for initiation of the fault breaking the ramp at

this location and propagating from east to west (step (c) in Figure 8a), (Figure 45).

Scenario #5, step-over

A step-over fault (fault 4A) breaching the relay ramp was considered as a possible
control on the travertine fissure ridges. No fault scarps cutting the relay ramp were
observed in this study. An east-striking step-over was previously mapped by Sibbett et
al. (1982) based on lineaments visible in aerial imagery. There are numerous dune crests
in the direct area, which also form lineaments visible in imagery. This similarity might
explain the previous interpretation. The magnetic and shallow temperature data also do
not indicate any step-over fault. Therefore, scenario #5 is ruled out based on lack of

evidence.



106

Scenario #6, inter section between fault 1A and fault 3A

An intersection between faults 1A and 3A was previously considered as a control
on the location of the travertine fissure ridges (Sibbett et al., 1982; Swanberg and
Bowers, 1982). Based on field data obtained in this study, a fault intersection probably
does not control the geothermal upwelling. Fault 1A projects to intersect fault 3A on the
ground surface ~1.1 km to the northeast of MacFarlane hot springs and the travertine
fissure ridges (Figure 35). The surface location of this fault intersection is down-
topography of the travertine fissure ridges. The elevation of the fault intersection on the
ground surface is ~6 m lower than the elevation of the highest travertine fissure ridge.
This makesit unlikely that any fluid flowing up through this fault intersection would

influence the formation of the

N travertine ridges.

The orientation of the
previously proposed fault intersection
isaso inconsistent with the
orientation of the high temperature
gradient anomaly. The line of
intersection between faults 3A and 1A
plunges to the northwest (Figure 46).
Thisisbased on a measured 67° dip

for fault 1A, and assumed similar dip

Figure 46. Projected intersection of fault 3A and fault 1A.

Theline of inter section plunges northwest, which is of 67° for fault 3A. The orientation
inconsistent with the northeast-trending temperature

anomaly mapped by Swanberg et al. (1982).
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of thisline of intersection does not match the northeast-trending high temperature

gradient anomaly shown in Figure 19.

Scenario #7, Stratigraphic Controls

Stratigraphic controls on the location of the travertine deposits were also
considered. These specifically included a paleochannel or permeable unit underlying the
travertines. Ephemeral stream channels are mapped near the travertine fissure ridges but
do not have morphologies that could produce the fissure ridges. One stream channel
mapped just south of the travertine (Qfy, Figure 32) might be more permeable than the
surrounding Qsl deposits based on grain composition, sorting, and rounding. The stream
channel meanders along an east-west trending down-slope axis. The stream channel
exhibits considerable sinuosity along its long axis and varies in width between 6-8 m.
Thisisinconsistent with the mgjority of the travertine fissures, which are typically

between 1-20 cm wide and straight. No observed travertine fissure is curved or sinuous.

The unit that underlies the majority of the travertinesis Qs (Lake Lahontan
recessional beach and bar deposits). The Lake Lahontan deposits are laterally
homogenous, with the exception of north-northeast-trending shoreline depositsin the
vicinity of the travertine. These deposits do not have high permeability, based on grain
size, and they have curvilinear traces. The shorelines are much broader features than the

travertine fissures and do not have similar orientations to the travertine ridges.
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Jointing anisotropy in the underlying basalt was considered as a control of the
travertine fissures. The travertine fissures are underlain by basalt at a depth of ~ 455 m,
based on drill data (Sibbett et al., 1982). Dilational joints and veins are observed in the
basalt throughout the mapping area. They have avariety or orientations (Figure 41). In
this case, pre-existing joints and fractures in the basalt might preferentially accommodate
dlip and/or dilation related to the relay ramp between faults 3A and 3B. However, it
seems more likely that the travertine fissure ridge orientations are explained by relay
ramp flexure, without the influence of pre-existing joints. Joints were not observed in Ts
overlying Th, which makes it unlikely that the joints propagated into the overlying
Quaternary sediments. The joints might also be expressed in units that are more

competent, and non-existent in less competent units such as the Quaternary sediments.

CONCLUSIONS

New shallow temperature data, geologic mapping, kinematic data and a magnetic
survey integrated with previous work were used in this study to evaluate the structural
controls of the MacFarlane geothermal system. The following section summarizes the

new findings and outlines possibilities for further work.

e Themain travertine fissure ridge at MacFarlane hot springs has a central
dilational fissure oriented east-west, which does match extensional trends
in the northwestern Basin and Range. Data suggest that the travertine

ridges at MacFarlane hot springs are related to Quaternary relay ramp
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geometries. The travertine fissure ridges are near the displacement
gradient at the fault tip of fault 3A. The orientation of the large travertine
fissure ridge is consistent with extension observed in relay ramps
perpendicular to the cutoff lines (or hinges) of the relay ramp. The main
travertine fissure ridge appears to have propagated from east to west,
based on relative degrees of weathering and the location of the active hot
springs. Thisis consistent with a fault beginning to breach the relay ramp;
the fault initiates at the fault tip with a sizeable displacement gradient and
propagates across the relay ramp (step (), Figure 8a).

High shallow (1 and 2 m) temperatures uphill and east of the travertine
fissure ridges show that the hot springs are related to fluid that flows east
to west, most likely as part of an outflow system. These high temperatures
terminate eastward across fault 3A, which suggests that this fault controls
hot fluid upflow at that location.

The line of intersection between fault 3A and fault 1A plunges northwest.
Thisisinconsistent with the orientation of the high temperature gradient
anomaly.

Offset and kinematics can be constrained on fault 1A. The fault strikes
between 186° and 206°, dips 61° to 76° west, and has accommodated
~335 m of normal offset.

The previously unmapped southern Jackson Mountains consist of a
heavily veined and weathered Mesozoic limestone overlain by a dlightly

metamorphosed vol caniclastic sequence, both intruded by adioritic
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pluton. No east-west-striking fault systems are observed in these units,
which rules out aregional east-west striking fault controlling the
orientation of the travertine fissure ridges. These units have similar
lithologies to the Upper Triassic to Jurassic Bliss Canyon Formation, the
Happy Creek volcanic complex, and intrusive granodiorites of the Jackson
Mountains to the north.

Sibbett et al. (1982) suggests ~400 m of offset in Tb along fault 3A, based
on drill data, to the southeast of MacFarlane hot springs (offset shownin
Figure 37). This offset contradicts the apparent southern termination
inferred for fault 3A. This offset can be explained by pre-Lake Lahontan
movement along fault 3A. Thereis no surface expression of fault 3A
cutting through Lake Lahontan sediments (Qdl) in thislocation. Thisarea
isnot covered by recent aluvial fans or dunes; so it would be expected
that movement in the past ~13,000 years would be recorded as a scarp.
Thus, Holocene slip on fault 3A terminates southward and is constrained
to the locations presented in Figure 35.

Further work at the fault terminations associated with the MacFarlane fault
zone and relay ramp would be useful. Geophysics, especially gravity and
seismic reflection/refraction, could help to constrain the geometries of
these faults. Specifically, several seismic lines perpendicular to fault 3A
and fault 3B in the area where surface scarps terminate would be very
useful. LIDAR would also be useful to constrain the locations of the subtle

Quaternary fault scarps.
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APPENDI X:
Lithologic Unit Descriptions:
Quaternary Stratigraphy

Qd —ealian dunes. Tan to light brown, well-sorted, non-cemented fine-grained sand in
intermittently active to inactive dunes, partially stabilized by vegetation. Local cross-
bedding and silty unconsolidated sediments.

Qp — playadeposit. Light tan, fine-grained, well-sorted silts and clays. Loosely
consolidated. Distinguished by low-lying flat topography and light albedo in aerial
photos.

Qtm —travertine fissure ridges. White to tan calcium carbonate deposited in linear ridges
with acentral fissure along itslong axis. CaCO3 is deposited due to changesin
chemistry, temperature and pressure as hot springs water flows out of the fissure ridges.
Internal laminations present paralleling main fissure ridge. Some fissure ridges are filled
with light orange to white calcite crystals that are oriented perpendicular to the ridge.
Local travertine mounds are up to ~2 meters high. Textures of the mounds are mainly
smooth lithified surfaces with local terraces and vary from woody/porous to botryoidal.
Brown and green algae present in current spring.

Qfy— ephemeral stream channel deposits. Silty to sandy matrix, clasts are gravel to
boulder-size; poorly sorted; angular to subangular; clasts are composed of locally derived
basalt, sandstone, coquina, diatomite, travertine, limestone volcanic bedrock, and clasts
of reworked beach cobble. Local stream channels are sinuous.

Qfyl —alluvia fan remnants. Characterized by subdued, smooth topography and darker
albedo in aerial photo. Silty sediment with pebble-to cobble-size subangular clasts;
composition of clastsincludes locally derived bedrock to reworked beach cobbles. Local
moderately to well-developed desert pavement, rock varnish and devel opment of
cryptobiotic soils.

Qfy2 —aluvial fan remnants at the foot of the southern Jackson Mountains.
Characterized by a silty matrix, angular to sub-angular gravel- to cobble-size clasts that
are moderately to poorly sorted. Composition of clasts includes bedrock from the
southern Jackson Mountains, and distinctly lacks reworked beach cobbles. Local
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moderately- to well-devel oped desert pavement, rock varnish and development of
cryptobiotic soils.

Qs — Lake Lahontan lacustrine deposits. Grey, white to tan, silty loosely consolidated
sediments with subrounded gravel-to pebble-size clasts. Characterized in aerial photo by
thin, curvilinear traces interpreted as shorelines, and alighter albedo. Local bar deposits
consisting of well-rounded clasts and desert pavement. Local white surficial evaporite
deposits.

Qsmd — Tufamember. Dark brown to red laterally continuous algal tufa mats, up
to 7 cmthick. Dendritic textures, local tufa-cemented, well-rounded beach pebbles and
gravel.

Qslm — Lake Lahontan deep-water sediments. Characterized by white to light tan
siltsand clays. Loosely to moderately consolidated, with little vegetation. Some
sediments have been mobilized by wind, and this unit is typically in close proximity to
eolian dunes. Unit distinguishable in the field by it light to white albedo in aeria
imagery, low-lying topography and lack of shoreline-related rounded clasts. Sediments
are confined to a distinct el evation between ~1190 — 1220 m.

Tertiary Stratigraphy

Ts— Sedimentary diatomite unit with a series of distinct silicified sandstone and coquina
beds. The diatomite is white with interbedded light tan to reddish-brown tuffaceous
sediments and sandstone. Sandstone is coarse-grained and 1-10 cm thick. Thisunit was
dated as late-middle Miocene to early Pliocene based on diatoms collected in the
southern Jackson Mountains (Willden, 1964), and mapped by Sibbett et al in 1982.
There are two distinct coquina units, white to tan, that range from 6 — 20 cm thick and
consist of about 5 mm diameter-sized shells. Reddish brown silicified sandstone has
round nodules that are ¥2- 1 cm in diameter. Coquina contains shells that were dated as
late to early Pliocene (Dall, 1924 and Firby, 1967). Unit also mapped by Sibbett et al,
1982.

Th — Basalt flows. Black to dark grey, weathers dark reddish-brown and exhibits local
columnar jointing. The basalt ranges in texture from coarsely porphyritic to aphanitic.
Phenocrysts of dark black pyroxene (1-3 cm), plagioclase (7 mm —1 cmin length) and
small olivines (>4 mm) are found within the porphyritic sequences. Vesiclesupto 1cm
in diameter are found near the stratigraphic top of each local flow sequence. Secondary
needle-like light green quartz crystals are present filling the vesicular unit. Local veins of
light orange calcite and white silica. Calcite ranges from 1 cm to 6 min thickness and
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shows dog-eared texture, silicaranges from 1 cm to %2 min thickness. Previously
mapped by Sibbett et al, 1982.

L ate Paleozoic to Mesozoic Stratigraphy

Jg — dlightly metamorphosed igneous intrusive unit. Light green porphyritic sightly-
metamorphosed granodiorite composed of quartz, hornblende (1-5 mm in length),
pyroxene, epidote, feldspars. Mafic minerals comprise 50-60% of rock. Slight
greenschist facies metamorphism based on green color and epidote; no foliation present.
Age might be similar to intrusive dioritic plutons in the Jackson Mountains, dated as
between 196 and 190 Ma based on U/Pb ages, or Early Jurassic (Quinn et a, 1997).

Trv — glightly metamorphosed interbedded vol canic tuffs and sediments. Ranges from
green, brown and red pyroclastic welded tuffs with interbedded chert (gravel to pebble-
size) and weathered feldspars. Reddish-brown fine-grained sedimentary unit consists of
grey dlightly-metamorphosed sandstone, local red/brown veins, heavily weathered.
Locally interbedded with conglomerate with subrounded chert and volcanic clasts,
pebble-sized. Clasts up to cobble size of Tr are inbedded within the conglomerate,
giving age relationships between the two units. Slight foliation visible. Cut by calcite
and silicaveins. Thisunit might be similar to the gradational stratigraphy contact
between the Boulder Creek unit and Happy Creek Vol canic complex previously mapped
~1 km north in the Jackson Mountains (e.g. Quinn et al, 1997), which is dated as Upper
Triassic to upper Middle Jurassic.

Tr —Late Paleozoic to Mesozoic limestone. Grey limestone, heavily fractured with
extensive calcite veins and local malachite. Extensive spitzkarren weathering. Local
karst breccias with angular to sub-angular pebble to cobble size clasts; the breccias have
local greenish-blue malacite and deep red to brown hemitite mineralization in the matrix.
No observed fossils.
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METHODS:

Magnetics: (Datafrom the survey are provided in Table 1.1.)

A magnetic survey was used to supplement Quaternary mapping and help locate
faults. A magnetic survey was chosen in this case based on the fact that fault zones can
sometimes show a magnetic anomaly based on certain mineral alterations. Basalt
typically contains magnetite and has a high magnetic susceptibility. Previous work
shows that magnetite can alter to hematite under certain conditions associated with a
hydrothermal system. The transformation is typically aredox reaction shown here:
2Fe304(mt) + 1/20,(g) — 3Fe,03(hm) (e.g. Ohmoto, 2003). This can happenin a
geothermal system when upward-moving hydrothermal fluids mix with O2-rich
groundwater. While magnetite has a high magnetic susceptibility, hematite has alow
susceptibility, which would produce a magnetic low in aground survey. There are
difficulties interpreting magnetic data; these include lateral flow patterns (heterogeneities
and discrete fractures may alow for fluid flow outside of the fault zone), and differences

in availability of hydrothermal fluids and ground water within the fault system.

GEM Systems GSM-19 v4.0 magnetometers from University of Nevada, Reno,
were used to conduct the magnetic survey. The survey was completed using procedures
from the GEM Systems Magnetism Survey Tutorial, compiled by University of Nevada,
Reno student Colton Dudley. The survey requires two magnetometers — one as a base
station that continuously takes magnetic readings, and the other as a mobile station. The
base station is necessary to determine whether magnetic anomalies recorded by the

mobile unit are aresult of magnetic storms, or if they are actually related to subsurface



115

magnetic susceptibilities. If thereisgreat variation in the magnetic base data, then the

mobile data are difficult to interpret.

First, the base station was set up in a sheltered drainage just north of the active
travertine fissure ridge. The sensor was set up on atripod, facing north to align with the
earth’s magnetic field. The time on the base station computer and the mobile computer
were synced with a GPS, in order to correctly compare readings. The mobile computer is
strapped to a person and connected to a staff with the sensor on top. When collecting
data, it isimportant to remove all metals from clothing/backpacks, etc, and always point

the sensor north when taking a reading.

After the data were collected, they were modeled using Oasis Montage. The raw
data were corrected for base station data and then reduced to the pole for easier
interpretation. Although the data were corrected for the base station, the nT variation in
the base station data were not more than 40 nT. By reducing the data to the pole, dipole

anomalies are removed and a single anomaly over the magnetic body is shown.
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Raw Magnetic Data (UTM datais taken in NAD83, the magnetometer used was the Gem
Systems GSM-19 v4.0). Survey was done on 6/27/2013.

STATION | nT TIME UTM X [ UTM Y NOTES
143 | 51300.48 | 10:05:00 | 355517 | 4545957 | starting at travertine, walking into playa
144 | 51388.44 | 10:13:00 | 355156 | 4545870
145 | 5137358 | 10:19:17 | 354985 | 4545751
146 | 51305.21 | 10:35:05| 354355 | 4545519
147 | 51295.09 | 10:38:47 | 354307 | 4545605
148 | 5129556 | 10:42:21 | 354284 | 4545644 | on scarp
149 | 51300.09 | 10:45:09 | 354269 | 4545660
149.5 51290.2 | 10:49:19 | 354213 4545719 | lineament in aerial photo, possible scarp
150 | 51332.66 | 10:53:09 | 354172 | 4545751
151 | 51324.71 | 10:57:39 | 354081 | 4545801
152 | 51311.66 | 11:19:23| 353901 | 4546001 | start of SW traverse across fault, 100 m spacing
153 | 5134256 | 11:25:35| 353990 | 4545959
154 | 51355.12 | 11.28:35| 354080 [ 4545921
155 | 5137326 | 11:32:56 | 354173 | 4545883
156 | 5136359 | 11:35:56 | 354196 | 4545871 | 25 m spacing from last station
157 | 51344.31 | 11:38:14 | 354214 | 4545859
158 | 51338.73 | 11:39:59 | 354237 | 4545848
159 | 51366.39 | 11:42:20 | 354258 | 4545837
160 51328.2 | 11:44:59 | 354279 | 4545827
161 | 51320.09 | 11:47:11| 354300 | 4545876
162 | 51329.78 | 11:49:47 | 354323 | 4545805
163 | 5132048 | 11:52:14 | 354344 | 4545792
164 | 51331.81 | 11:54:08 | 354366 | 4545783
165 | 51350.02 | 11:56:11 | 354396 | 4545770 | on scarp
166 | 51355.85| 12:09:05| 354419 | 4545760
167 51368.4 | 12:11:02 | 354441 | 4545749
168 | 51379.65| 12:12:35| 354464 | 4545733
169 | 5131884 | 12:14:17 | 354487 | 4545726
170 51399.8 | 12:16:44 | 354510 | 4545716
171 | 5141163 | 12:18:14 | 354533 | 4545707
172 51416.7 | 12:20:08 | 354556 | 4545699
173 | 51424.39 | 12:21:38 | 354577 | 4545686
174 | 51428.72 | 12:23:17 | 354600 [ 4545677
175 | 5143245 | 12:25:20 | 354621 | 4545665
176 | 51403.84 | 12:28:59 | 354710 | 4545620 | 100 m from last point
177 | 51369.39 | 12:32:14 | 354797 | 4545572
178 | 51351.77 | 12:35:50 | 354831 | 4545519
179 5129.24 | 12:39:47 | 354970 | 4545473 | end of traverse
180 | 51291.72 | 14:08:11 | 356443 4547516 | start of second traverse
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181 | 51260.22 [ 14:18:44 | 356543 4547510
182 | 51268.94 | 14:21:41 | 356594 4547507
183 | 5127248 | 14:24:09 | 356644 4547503
184 | 5127625 14:27:11 | 356692 4547506
185 | 5127757 | 14:30:41 356716 4547499
186 | 51268.49 | 14:33:41 | 356740 4547495
187 | 51257.27 | 14:34:559 | 356766 4547491
188 | 51210.04 | 14:36:56 | 356790 4547488
189 | 5115746 | 14:38:56 | 356815 4547487
190 | 51043.82 [ 14:42:26 | 356841 4547483
191 | 50949.79 | 14:45:20 | 356865 4547484
192 | 50791.61 | 14:46:47 356889 4547473 | on big scarp
193 | 5065256 | 14:49:33 | 356910 4547464
194 | 50608.08 | 14:51:35 | 356930 4547443
195 | 50465.21 | 14:58:56 | 356955 4547445
196 | 50319.58 | 15:00:32 [ 356981 4547447
197 | 50219.62 [ 15:02:08 | 357006 4547439
198 | 50157.74 | 15:04:.02 | 357030 4547434
199 | 50190.14 | 15:05:29 357054 4547431
200 50193.5 | 15:08:05 | 357079 4547421
201 | 50216.17 | 15:09:38 | 357102 4547423
202 50316.6 | 15:11:50 | 357152 4547418
203 | 50487.82 | 15:15:26 | 357202 4547414
204 | 50984.79 | 15:17:50 | 357251 4547401
205 | 51257.27 | 15:20:44 | 357300 4547398
206 | 51253.79 | 15:25:26 | 357398 4547381 | end of desert pavement plateau
207 | 51292.75 | 15:54:35| 357323 4546968
208 | 51446.72 | 15:59:05 | 357243 4547029
209 51060.4 | 16:03:20 | 357214 4547070
210 49997 | 16:05:35 | 357164 4547075
211 | 49957.77 | 16:07:56 | 357117 4547092
212 | 51258.75 | 16:10:35 | 357068 4547099
213 | 50247.89 | 16:15:.08 | 357021 4547114
214 | 5076444 | 16:17:44 | 356972 4547115
215 | 51004.81 | 16:20:05| 356924 4547134
216 | 51230.32 | 16:22:17 356872 4547141
217 51298.7 | 16:24:38 | 356822 4547146
218 | 5132091 | 16:26:38 | 356772 4547155
219 | 5130247 | 16:30:17 356676 4547172
220 51309.6 | 16:33:11 | 356577 4547180
221 51305.9 | 16:36:53 | 356477 4547198
222 | 51294.27 | 16:39:41 | 356379 4547246
223 | 51309.95 | 16:41:29 | 356324 4547225
226 | 51246.18 | 19:06:29 | 355351 4545334
227 | 51289.27 | 19:10:38 | 355449 4545317
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228 | 5132237 | 19:13:59 | 355551 4545293

229 | 5141137 | 19:17:47 | 355649 4545281

230 | 5147349 | 19:19:56 | 355697 4545269

231 | 51513.99 | 19:22:26 | 355746 4545258

232 | 51605.68 | 19:27:29 | 355796 4545249

233 | 51718.69 | 19:30:02 | 355820 | 4545239

234 | 51786.85 | 19:31:56 | 355845 [ 4545236

235 51881.1 | 19:34:23 | 355869 4545231

236 | 5199512 | 19:35:50 | 355894 | 4545232

237 | 52107.81 | 19:37:23 | 355932 4545224

238 | 5217523 | 19:39:17 | 355948 4545215

239 | 52237.88 | 19:40:47 | 355972 4545209

240 | 52223.77 | 19:42:11 | 355996 4545205

241 | 52166.59 | 19:43:59 | 356020 [ 4545193

242 | 52136.19 | 19:45:29 | 356043 4545194

243 | 52119.53 | 19:46:50 | 356068 4545192

244 | 5210553 | 19:48:50 | 356092 4545185

245 | 52044.23 | 19:50:29 | 356116 4545181

246 | 51856.28 | 19:51:53 | 356140 | 4545175

247 | 51798.93 | 19:53:29 | 356161 4545161

248 | 51888.51 | 19:55:44 | 356186 4545154

249 | 5173557 | 195729 | 356210 | 4545145

250 | 5248793 | 20:02:20 | 356233 4545133 | basalt/Q contact
251 | 49572.64 | 20:04:14 | 356239 4545123 | in basalt
252 | 50734.32 | 20:06:44 | 356250 | 4545121 | basdt

Shallow Temperature Surveys:

A series of shallow temperature surveys was conducted in order to test locations

of shallow fluid flow related to faults or other permeable units and in order to discover

areas of high temperature that might have been overlooked in previous work. The

following summarizes the methods and results from these surveys.

Two-meter temperature surveys can be completed with relative ease using an

ATV, temperature measuring device and two-meter metal probes. The equipment used in

this survey was provided by the Great Basin Center for Geothermal Energy at University
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of Nevada, Reno. The actual survey involves pounding the metal probesinto the ground
using apower drill and letting the temperature equilibrate for at least one hour. A base
station is measured at various points throughout the day to make sure equipment is
consistent. The temperatures are measured at a.5 m, 1 m and 2 m depth so that a

temperature gradient can be calculated.

One-meter temperature surveys can also be completed with ease, and do not
require the use of an ATV or power drill, so areideal in Designated Wilderness Areas, or
areas with terrain too rugged for an ATV. The survey involves walking to the survey
location, pounding a 1 m probe into the ground, letting the temperature stabilize,
measuring the temperature and then removing the probe. It isimportant to note that 1 m

surveys only pick up larger temperature anomalies.

A one-meter temperature survey was also completed in areas that are designated
Black Rock Desert Wilderness Area (no motorized vehicles allowed) and that are too
rugged for an ATV. This method was chosen based on the correlation of high 1 m
temperatures to 2 m temperatures in the previous two-meter survey. The hottest two-
meter temperatures (>19.1 degrees) were picked up as a significant anomaly inthe 1 m

data, so a1 m survey might pick up other high temperatures (see data table).

Once the temperature data are recorded, they can be put into Excel and corrected
for the RTD (resistance temperature device) using alinear regression developed by Chris
Sladek. There are also corrections that can be made based on albedo and slope (Sladek et
al, 2009). To seeif an albedo correction was necessary, | measured a couple of data

points in close proximity to each other in areas with contrasting albedo. There was no
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temperature difference, so no corrections were made. All of the data points were taken in

relatively flat areas, so slope corrections were not necessary.

Shallow Temperatur e Data:

Shallow Temperature Data. UTMsarein NADS83, zone 11. This table shows both two-
meter and one-meter surveys done at MacFarlane Hot Springs. Corr means RTD
corrections and Grad means temperature gradient.

Im 1.5m 2m 1.5-2m

Station | UTM_X | UTM_Y Date Im | 15m | 2m | Corr Corr Corr Grad

1 (base) 355610 | 4546121 | 11/15/2012 | 16.7 | 18.9 | 19.9 | 16.9 19.1 19.7 1.25

2 356154 | 4546593 | 11/15/2012 | 164 | 18,6 | 195 | 164 18.7 19.6 183

3 356420 | 4547191 | 11/15/2012 | 159 | 184 | 19.6 | 15.9 185 19.7 2.33

4 356772 | 4547004 | 11/15/2012 | 16.0 | 18.2 | 19.2 | 154 18.3 19.3 2.00

5 356839 | 4547396 | 11/15/2012 | 16.0 | 18.0 19| 16.0 18.1 19.1 1.83

6 356506 | 4547447 | 11/15/2012 | 128 | 16.9 | 185 | 128 16.9 18.5 3.20

7 356949 | 4547959 | 11/15/2012 | 155 | 178 | 193 | 15.6 17.9 19.3 2.85

8 357377 | 4548330 | 11/15/2012 | 166 | 186 | 19.6 | 16.6 18.7 19.7 1.97

9 357366 | 4548293 | 11/15/2012 | 16.5 | 18.3 19| 165 184 19.1 1.46

10 355764 | 4545820 | 11/15/2012 | 19.6 | 22.7 | 245 | 19.8 22.9 24.3 2.76

11 355870 | 4545832 | 11/15/2012 | 19.1 | 221 | 23.7 | 19.1 22.2 23.9 3.27

12 355864 | 4545793 | 11/15/2012 | 164 | 193 | 209 | 164 194 21.0 3.13

13 355920 | 4545720 | 11/15/2012 | 155 | 179 | 19.6 | 155 17.9 19.6 3.35

14 356033 | 4545786 | 11/15/2012 | 15.6 | 18.0 | 191 | 157 18.2 19.1 185

15 356000 | 4545739 | 11/15/2012 | 16.7 | 186 | 19.8 | 16.9 18.8 20.0 2.57

16 355997 | 4545648 | 11/15/2012 | 15.7 | 17.9 | 196 | 157 18.0 19.6 331

17 356361 | 4543533 | 11/15/2012 | 157 | 17.7 | 19.1 | 159 17.9 18.9 2.06

18 356446 | 4543373 | 11/15/2012 | 155 | 17.2 | 181 | 155 17.3 18.2 1.82

19 356410 | 4543427 | 11/15/2012 | 171 | 189 | 19.7 | 171 19.0 19.8 1.52

20 356216 | 4543663 | 11/15/2012 | 16.3 | 183 | 195 | 15.7 184 19.6 2.40

21 356212 | 4543494 | 11/15/2012 | 16.6 | 185 | 19.6 | 16.6 18.6 19.7 2.03
(bzaie) 355611 | 4546128 | 5/22/2013 18.0 18.2

(szBZe) 355611 | 4546128 | 5/22/2013 17.3 | 159 | 153 17.3 -1.15
24 360905 | 4545921 5/22/2013 18.7 18.8
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25 355887 | 4545921 | 5/22/2013 | 17.9 17.3
26 355999 | 4546011 | 5/22/2013 | 17.0 17.0
27 356106 | 4546055 | 5/22/2013 | 17.0 17.0
28 356191 | 4546120 | 5/22/2013 | 17.9 18.0
29 356311 | 4546253 | 5/22/2013 | 17.0 17.0
(bSage) 355611 | 4546128 | 5/22/2013 | 173 | 159 | 153 | 173 -1.9
31 355400 | 4545937 | 5/22/2013 | 21.3 21.3
32 355368 | 4545831 | 5/22/2013 | 22.5 22.5
33 355618 | 4545999 | 6/28/2013 | 209 | 196 | 189 | 211 19.8 18.7 -2.13
34 355575 | 4545906 | 6/28/2013 | 22.6 | 223 | 21.7 | 22.6 224 21.8 -1.16
35 355458 | 4545706 | 6/28/2013 | 216 | 201 | 186 | 217 20.2 18.7 -3.09
36 355306 | 4545494 | 6/28/2013 | 22.0 | 20.3 18| 214 20.4 18.1 -4.67
37 355208 | 4545041 | 6/28/2013 | 21.7 | 20.1 | 186 | 217 20.3 18.7 -3.19
(b3£e) 355611 | 4546128 | 6/28/2013 | 20.7 | 195 | 184 | 20.7 19.5 18.4 -2.20
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