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ABSTRACT 

 Detailed geologic mapping, spring and two-meter temperature data, and gravity 

and magnetic data constrain the structural controls of the high-temperature (>175°C) 

geothermal system at Gerlach. The system lies along the termination of a major normal 

fault at the southern end of the Granite Range in the southern Black Rock Desert, a 

known favorable setting for geothermal activity. Mapping of Quaternary deposits 

documents Holocene movement on the north-northeast-striking, east-dipping Gerlach 

fault. Dominant orientations of geothermal veins in exposed fossil geothermal systems 

parallel this active, terminating range-front fault, suggesting that it does provide a major 

control on the current geothermal system. 

Locally, there are two areas of geothermal upwelling with separate sets of 

structural controls.  The two areas are expressed by outflow as two sets of springs, Great 

Boiling Springs and Mud Springs, as well as by separate altered bedrock fossil systems 

above the springs. The areas are topographically distinct (neither could represent outflow 

from the other), are separated by relatively lower shallow temperature measurements, and 

are associated with different orientations of the gravity gradient. Prominent northwest-

striking fractures provide areas of enhanced permeability and parallel the secondary set of 

veins in the altered bedrock uphill of Great Boiling Springs. These northwest-striking 

veins are not observed in the area above Mud Springs, but there is an east-northeast-

striking set that is not present above Great Boiling Springs. The presence of east-

northeast-striking structures is supported in the gravity data. These structures could 

represent an ever broader-scale structural connection between the southern termination of 

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

 

The Basin and Range of the western United States has an abundance of 

geothermal activity, and although the geologic requirements for geothermal activity are 

well understood, the exact controls specific to each individual system are generally not 

well defined. Geothermal fluid flows through fractured media, commonly related to or 

resulting from faulting. Therefore, it is important to understand the structure around the 

system in order to know exactly where geothermal fluid is located. Geothermal systems 

are more likely to reside within certain structural settings, and it has been an ongoing 

project of a group of geothermal geoscientists to classify geothermal systems in terms of 

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

The geothermal system in Gerlach, located in Washoe County in northwestern 

Nevada (Figure 1), is a high-temperature (>175° C) system, the specific controls of which 

have not been defined. High-temperature systems are of particular interest because they 

can be developed and used for electrical power generation. Additionally, much data that 

are accessible or easily obtainable have not been incorporated or interpreted collectively. 

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

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

This paper presents an analysis of the controlling structures on the Gerlach 

geothermal system. I first review some background on geothermal systems. This includes 

the criteria necessary for geothermal activity, a discussion of upwelling versus outflow, 

and a review on favorable structural settings for geothermal systems. I then discuss the 
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geologic setting relevant to the area, from the greater Basin and Range to the Gerlach 

area. I then present the research design for this project. This is followed by the new 

observations and results from the research. These new observations are incorporated with 

existing data for an interpretation of the timing of faulting and geothermal activity to 

provide a basis for an interpretation of controlling structures on the Gerlach geothermal 

system.  

 

Figure 1. Map of the study area with regional Great Basin inset. Major mountain ranges 

with bounding faults (black lines) are shown, as are hot springs shown by blue stars. 
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GEOTHERMAL BACKGROUND  

Criteria for geothermal activity  

Geothermal systems require three main components: fluid, a heat source, and 

permeability. In any geothermal system, fluid must be present in order to transfer heat 

upward through permeable zones, but heat sources and fluid pathways vary among 

different kinds of systems. Many systems throughout the world are related to heat from 

magmatism, but in the Basin and Range, systems are largely amagmatic (e.g., Hose and 

Taylor, 1974; Blackwell 1983; Faulds et al., 2004; 2006). In the Basin and Range, the 

heat source and permeability of geothermal systems are related to crustal extension. 

The Great Basin has an anomalously high heat flow, which provides the heat 

necessary for geothermal activity. (e.g., Hose and Taylor, 1974; Blackwell 1983; 

Blackwell et al., 2011). The high heat flow is related to thinning of the lithosphere from 

Cenozoic extension (Blackwell 1983). Crustal thinning brings hot mantle material closer 

to the surface, generating high heat flow. High heat flow through the typically high-

conductivity rocks of the Basin and Range results in raised geothermal gradients 

throughout the region (Blackwell et al., 2007). Although the entire western United States 

has a high geothermal gradient relative to the rest of the country (Figure 2), the 

geothermal gradient in the Great Basin in particular exceeds 50 ̄C/km in ~30% of the 

region (Blackwell et al., 2007). 

The Great Basin has the permeability necessary to transfer geothermally heated 

fluids. Low-porosity rocks, such as the crystalline rocks found in the northwestern Great 
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Basin, rely on secondary permeability, i.e., faults and fracture zones, for fluid transport 

(e.g., Caine et al., 1996; Berkowitz, 2002; Faulds et al., 2006, 2011; Faulkner et al., 

2010). These faults and related fracture zones are usually Quaternary (Holocene) (Bell 

and Ramelli, 2007; Faulds et al., 2006; 2010; 2011; 2013;  Cashman et al., 2012), as the 

recent movement along faults keeps pathways open and generates new fracture zones 

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

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

 

Figure 2. Heat flow map for the United States at a depth of 6.5 km (from Blackwell, et 
al., 2011). Warm colors indicate high heat flow. Most of the western United States has 

elevated temperatures at depth compared to the rest of the country. 
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of a normal fault. Especially in low-

porosity rocks, the main fault plane 

is commonly filled with fault gouge 

and is therefore impermeable 

(Faulkner et al., 2010). Rather, 

permeability is concentrated along 

open subsidiary faults and/or 

damage zones surrounding or at the 

tip of the range-bounding fault 

(Caine et al., 1996; Curewitz and 

Karson, 1997; Faulkner et al., 

2010). 

Upwelling vs. outflow 

Geothermally heated fluid 

rises from the reservoir along 

upwelling zones (Figure 3). In the 

Basin and Range, these upwelling 

zones are usually related to normal 

faults and the damage zones that 

surround them. Fracture networks 

are denser and permeability is 

Figure 3. Two scenarios for upwelling geothermal fluid. 

Upwelling fluid from the reservoir is shown in red, 

outflow from the source is shown by the yellow arrow, 
and the water table is shown by the blue dashed line. A) 

fluid rises from the reservoir, reaches a boiling 

temperature below the surface, and steams to generate a 

fumarole at the surface. The surface feature and the 

shallow temperature anomaly reflect the location of 
upwelling B) More common scenario in the Great Basin: 

fluid rises from the reservoir, reaches the water table, and 

flows laterally with the groundwater until the water table 

intersects the surface, forming hot springs. The shallow 

temperatures may be slightly elevated above the 

upwelling, but the hottest temperatures are at the springs. 
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generally greater within the hanging walls of normal faults. Because of this, the hanging 

walls and related fracture zones are the desirable targets for drilling. Where geothermal 

fluids reach boiling or higher temperatures below the surface, fumaroles will form that 

reflect the location of upwelling (Figure 3a) (Richards and Blackwell, 2002). 

Geothermal fluid usually reaches the surface as outflow rather than along the 

upwelling zone. Commonly, the upwelling zone intersects the water table below the 

surface, and flows laterally until the water table intersects the surface (Figures 3b, 4c). 

Mixing of geothermal fluids and groundwater results in misleading surface features, 

namely, hot springs. Hot springs occur where the water table intersects the surface 

(Figures 3a, 4c). The locations and temperatures of these springs do not accurately 

represent the locations and temperatures of the geothermal fluid in the upwelling zone 

(Richards and Blackwell, 2002). Additionally, shallow subsurface temperatures may be 

hot where geothermal fluids mix with groundwater, but cool at depth (Figure 4c). 

Temperature-depth profiles (from which the shallow geothermal gradient is 

derived) are useful in distinguishing between upwelling and outflow zones. Typically, 

temperature increases with depth. Boreholes in areas lacking geothermal activity would 

exhibit linear temperature-depth profiles. Downhole temperatures in a borehole drilled 

into an upwelling zone will increase with depth (Figure 4a). In an outflow zone, 

temperatures will increase rapidly at shallow depths and then reverse, displaying a 

negative slope before increasing again with depth (Figure 4b).  

Shallow (two-meter) temperature surveys in conjunction with some knowledge of 

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



7 
 

outflow (e.g., Skord et al., 2011). In the case of upwelling along a normal fault, shallow 

temperatures in the footwall will be close to the background value, whereas temperatures 

in the hanging wall will be elevated. The hottest shallow temperatures will occur closest 

to the geothermal surface features, but in the case of outflow resulting in hot springs 

(Figure 4c), there will be a subtle anomaly toward the upwelling (Figure 4d) (Skord et al., 

2011). 

 

 

Figure 4. Cross-section 

view of a geothermal 

system and associated 

temperature-depth 

profiles and shallow 
temperature schematic. 

A) temperature at depth 

profile for a well drilled 

into an upwelling zone. B) 

Temperature at depth 
profile for a well drilled 

into an outflow zone. C) 

Cross-section showing 

upwelling and outflow 

with the corresponding 
locations of the wells 

from A and B. D) Typical 

shallow temperature 

measurements in map 

view corresponding to the 

cross-section in C. The 
cooler colors represent 

lower temperatures, and 

the hotter colors 

represent higher 

temperatures. The hottest 
temperatures occur 

above the outflow zone, 

but there is a subtle 

anomaly above the 

upwelling zone. 
Temperatures in the 

footwall remain cool. 
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Favorable structural settings 

Certain structural settings have been found to host most geothermal systems. In 

general, these are settings in which permeability is enhanced in zones of higher fault 

density (Figure 5) (e.g. Faulds et al., 2006, 2010, 2011). The most favorable settings 

within the Great Basin include major fault terminations, fault step-overs, fault 

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

One favorable setting is the termination of a major normal fault. Where faults 

terminate, they horsetail into several smaller subsidiary faults (e.g., Kim et al., 2004; 

Faulds et al., 2006) (Figure 5a). This horsetailing results in a dense network of faults, 

therefore enhancing permeability. Fault terminations are often topographically expressed 

as abrupt ends of mountain ranges (Faulds et al., 2006, 2011). 

A fault step-over, where one fault zone dies out and another picks up, is also a 

zone of enhanced permeability. Fault step-overs are essentially double terminations, and 

between these terminations relay ramps develop (e.g., Peacock and Sanderson, 1994; 

Faulds and Varga, 1998), which are conducive to fluid flow. A simple relay ramp is one 

in which the hanging wall of one fault is connected to the footwall of another fault. 

Upwelling can occur across the footwall-hanging wall connection and along the 

terminations of each of the overlapping faults (Figure 5c). Step-overs are generally 

expressed on a broad scale as overlapping ends of mountain ranges, or on a more local 

scale as steps in range fronts. 
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As a relay ramp develops, fractures and faults commonly dissect the ramp 

(Peacock and Sanderson, 1994). This results in a hard-linked step-over that provides 

more possibilities for upwelling zones. Upwelling can occur along the footwall-hanging 

wall connection, fault terminations, or the hard-linking faults of the breached relay ramp 

(Figure 5d) (e.g., Peacock and Sanderson, 1994; Faulds and Varga, 1998). Breached relay 

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

Another favorable setting is the intersection of fault zones, especially between 

normal faults and strike-slip or oblique-slip faults. In any fault intersection, certain 

quadrants will have a higher dilation tendency depending on the fault kinematics.  In 

addition to the extensive fracturing produced by intersecting faults, the strike-slip motion 

in combination with normal motion can result in a highly dilational quadrant conducive 

to geothermal upwelling (Figure 5b) 

Perhaps the most favorable setting would be a hybrid or combination of settings. 

In many cases, geothermal systems are marked by a complex structural setting (Faulds et 

al., 2013). More commonly, there is a broad regional structural setting with several 

localized factors within it, and geothermal upwelling may be concentrated within one of 

these secondary settings. For example, the geothermal system at Tuscarora is controlled 

by fault intersections within a small accommodation zone in a broad relay ramp (Dering 

and Faulds, 2012). The geothermal system at Emerson Pass appears to be controlled by 

the intersection of two fault terminations (Anderson, 2013). The McGinness Hills 

geothermal system lies within a broad accommodation zone, but on a local scale, the 

geothermal activity is concentrated along intersecting faults within a step-over (Faulds et 
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al., 2013). These hybrid systems provide the most complex and best settings for 

geothermal activity (Faulds et al., 2013). 

 

 

 

Figure 5. Simplified 

map view of 

favorable structural 
settings. Zones of 

upwelling are shown 

by red. The black 

ball indicates the 

down-dropped side 

of a normal fault. A) 
Normal fault 

termination. 

Upwelling occurs 

where there is a 

concentration of 
horsetailing faults. 

B) Fault intersection. 

Upwelling occurs 

within the most 

dilational quadrant. 
C) Unfaulted relay 

ramp. Upwelling 

occurs at the fault 

terminations and 

within the relay 

ramp. D) Hard-
linked relay ramp. 

Upwelling occurs 

along the hard-

linked fault, fault 

terminations, and 
hanging walls where 

the hard-linked fault 

intersects them. 

Modified from 

Faulds, et al., 2006; 
2011. 
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GEOLOGIC  SETTING  

Great Basin 

The abundance of geothermal activity in the northwestern Great Basin is 

attributed to its tectonic setting, which generates extension across the region (e.g., Faulds 

et al., 2004, 2012). The Great Basin is an extensional province characterized by north- to 

northeast-trending mountain ranges and basins (Figure 1). The ranges and basins are 

generally bounded by high-angle normal faults. These faults accommodate the extension 

that began around 12 Ma in the northwestern Great Basin (Zoback et al., 1981; Colgan et 

al., 2006; Lerch et al., 2007; 2008). Continued extension is documented by recent 

geodetic surveys (e.g., Bennett et al., 2003; Hammond and Thatcher, 2005; 2007). This 

active extension is further evidenced by active faults expressed as Holocene fault scarps 

across the Basin and Range (e.g., Wallace, 1977; Wesnousky, 2005; Bell and Ramelli, 

2007), as well as historic seismic activity. 

Paleozoic and Mesozoic metavolcanic and metasedimentary rocks, intrusive 

Mesozoic granitoids, and Mesozoic and Cenozoic volcanic rocks dominate the bedrock 

geology of the northwestern Great Basin (e.g. Stewart and Carlson, 1978; Lerch, et al., 

2008). The Mesozoic granitoids are related to the Sierra Nevada batholith. These rocks 

are intruded into the Paleozoic and Mesozoic metamorphic rocks and overlain by Tertiary 

volcanic and sedimentary rocks. 
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Lake Lahontan 

 Pluvial Lake Lahontan covered much of northwestern Nevada during the 

Pleistocene (Figure 6). This was a climatically-controlled lake with many fluctuations in 

lake level throughout time (Benson and Thompson, 1987; Adams and Wesnousky, 1999; 

Adams et al., 2008). All of the basins across the span of the lake were connected from 

45,000 BP to 16,500 BP. The lake reached its first highstand at 20,000 BP, at which point 

it began to regress. This highstand is termed the Eetza highstand, and it reached 1265 m. 

The lake level rose rapidly from 15,000 to 13,500 BP, at which point it reached its 

maximum highstand, the Sehoo highstand (Benson and Thompson, 1987). Soil studies 

give a precise age of ~13 ka for the maximum highstand (Adams and Wesnousky, 

1999).The Sehoo highstand reached ~1330 m (Benson and Thompson, 1987).  
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 Evidence of 

Lake Lahontan and 

its cycles spans 

much of 

northwestern 

Nevada. Shorelines 

are visible in many 

areas, specifically, 

the widespread Sehoo highstand shoreline. This shoreline is used as an important age 

constraint throughout northwestern Nevada, as its formation is fairly well constrained at 

~13 ka. These highstand shorelines are typically expressed as well-preserved, curvilinear 

features at an elevation of 1330 m (Adams and Wesnousky, 1999). In addition to the high 

shoreline, there are nearshore and bar deposits, which generally consist of deposits of 

rounded cobbles in a sandy matrix. Fine-grained lacustrine deposits also span the region. 

Figure 6. The extent of 
Lake Lahontan at its 

maximum highstand, 

the Sehoo highstand at 

~13 ka (stippled 

pattern), and soil study 
sites. Dated Sehoo soil 

sites are indicated by 

boxes around the text. 

From these profiles, an 

age of ~13 ka was 

determined for the 
Sehoo highstand (from 

Adams and 

Wesnousky, 1999). 

Study area shown by 

the yellow star. 
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The many dry lakes and playas of northwestern Nevada, most notably, the Black Rock 

Desert, are remnants of the lake (Benson and Thompson, 1987; Adams and Wesnousky, 

1999; Adams et al., 2008). 

 The study area exhibits many features and deposits produced by Lake Lahontan. 

The Sehoo highstand shoreline is clearly visible on the flanks of the ranges (Figure 7). It 

is expressed as a contour line that follows an elevation of ~1330 m. The nearshore 

deposits typical of the lake are present below the high shoreline (Olmsted, 1975; Faulds 

and Ramelli, 2005). The Black Rock and Smoke Creek deserts in the area are dry lake 

beds left over from the recession of the lake. 

Gerlach 

 Gerlach, located just northeast of the junction of the Black Rock and Smoke 

Creek Deserts, has a variety of geothermal surface expressions. The geothermal system is 

most apparent by the presence of two sets of hot springs (Figure 7). In addition to the hot 

springs, hydrothermally altered bedrock documents a longer history of geothermal 

activity. Siliceous sinter north of one set of springs records deposition from fluids that are 

likely >175° C at depth (Rimstidt and Cole, 1983). 
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 The Black Rock and Smoke Creek Deserts are separated by the terminations of 

two fault-bounded ranges (Figure 1). The Granite Range bounds the northeastern portion 

of the Smoke Creek Desert and the western flank of the Black Rock Desert (Figure 1). 

The Fox Range bounds the southwestern portion of the Black Rock Desert and the 

eastern margin of the Smoke Creek Desert (Figure 1). 

The Granite Range is a horst bounded on the southwestern, eastern, and 

northeastern sides by major normal faults. On the west side, the Granite Range fault zone 

separates the steep Granite Range and the topographically low Smoke Creek Desert 

(Figure 1). The range-bounding fault here is a west-dipping, north-northwest-striking 

fault zone (Bonham, 1969; dePolo, 1998; 2008; Faulds and Ramelli, 2005). In addition to 

the topography of the range, the fault is expressed by large Quaternary scarps (dePolo, 

1998). 

On the east side, the Granite Range and Black Rock Desert are separated by the 

east-dipping, north-northeast-striking Gerlach fault zone (Figure 1) (Bonham, 1969; 

dePolo, 1998; 2008; Dohrenwend et al., 1991). The topography of the range and several 

fault scarps mark the fault here.  In addition to the surface expression, a sharp change in 

isostatic gravity values (Ponce et al., 2006) supports the presence of the fault. Recent 

movement on this fault is constrained to <15,000 BP along the southern end of the range 

(Dohrenwend et al., 2006). 

A single fault zone bounds the Fox Range on the west side of the range (Figure 

1). This fault zone separates the north-northeast-trending range from the topographically 

low-lying Smoke Creek Desert to the west (Figure 1). The north-northeast-striking, west-
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dipping fault zone is expressed by west-facing scarps in Quaternary deposits (Inghram et 

al., 1980; dePolo, 1998). A sharp change in isostatic gravity values supports the presence 

of the fault (Ponce et al., 2006). Recent movement on this fault is constrained to <15,000 

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

A ridge of bedrock lies between the northern Fox Range and the southern Granite 

Range (Figure 1). The topographic high has an overall northeast trend. It strikes north-

northeast at the southern end and shifts to a more northeasterly trend northward. The 

topographically lowest and northernmost part of the ridge steps to the right (east) toward 

the southern end of the Granite Range (Figure 1). This feature coincides with the isostatic 

gravity anomaly mapped by Ponce et al. (2006) and may represent a structural connection 

between the ranges. 

Cretaceous granitic plutons comprise the bedrock in the study area. While other 

rocks common to the northwestern Great Basin are exposed in the northern Granite 

Range and southern Fox Range, bedrock in the southern Granite Range and northern Fox 

Range consists entirely of Cretaceous granodiorite. The granodiorite is temporally and 

petrologically similar to the major Sierra Nevada batholiths that were emplaced during 

the Late Cretaceous. The granodiorite is extensively fractured, particularly within the 

southern portion of the Granite Range (Bonham, 1969; Smith et al., 1971; Grose and 

Sperandino, 1975). 

In addition to the range-bounding faults, the degree of fracturing in the 

granodiorite should enhance permeability for fluids throughout the entire region, but two 

prominent features where fracturing is concentrated are of particularly interest to this 
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study. Two planar fracture zones cross the Granite Range at the southern end, forming 

prominent lineaments in air photo/imagery (Figure 7) (Olmsted, 1975). The fracture 

zones run parallel to a planar feature associated with a small right step in the range and 

approximately orthogonal to the general trend of the range and strike of the range-

bounding faults (Figure 7). 

A topographic ñbenchò of hydrothermally altered granodiorite (hereafter referred 

to as the ñaltered benchò) represents a location of previous geothermal activity 

(Romberger, 1976). The altered bench is a topographic high of visibly altered rock that 

lies just uphill and west of Great Boiling Springs (Figure 7). Granodiorite in this area 

exhibits propylitic alteration, i.e., biotite and hornblende converted to chlorite and 

plagioclase converted to epidote. The granodiorite is extensively fractured and contains in 

many places mineralized fillings that represent previous fluid pathways. In addition to the 

granodiorite, some altered Quaternary lake sediments comprise the front of the altered 

bench. In some places, siliceous-altered lake sediments are indistinguishable in hand 

sample from the altered granodiorite (Romberger, 1976). 

The active geothermal system is of particular interest because of the high spring 

and reservoir temperatures. There are two sets of springs in the area, Great Boiling 

Springs and Mud Springs (Figure 7), temperatures of which are up to 96.1 and 86.7
o
C, 

respectively (Anderson, 1978). The springs are identical geochemically; both are 

classified as Na-Cl, suggesting that the springs share a reservoir. Silica, Na/K, and Na-K-

Ca geothermometers indicate reservoir temperatures of 175-200°C, which are promising 

for development (Anderson, 1978). 
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Recent (and local) exploration efforts by US Geothermal include temperature-

depth profiles from 26 wells and gravity and magnetic surveys. The majority of the 

temperature depth profiles reflect a shallow plume of thermal fluid that returns to a 

normal background value at depth, i.e., outflow (Figure 8). Gravity and magnetic surveys 

were completed by Magee Geophysical Services LLC, and obtained via Bright Holland 

Company. These data were made available to this study for interpretation. 
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Figure 8. Temperature-depth profiles from US Geothermal data. Most sites reflect outflow 

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

This study was designed to constrain the location(s) of upwelling for the Gerlach 

geothermal system. Potential structural interactions that may be controlling the upwelling 

were determined, and these possibilities were tested using a variety of methods. Some of 

the possible controls are immediately apparent from previously mapped faults. Other 

possibilities related to smaller, unmapped faults or fractures may not be apparent but 

must also be considered. All of the previously mentioned favorable structural settings 

(fault terminations, step-overs, and intersections) exist at some scale around the 

geothermal system at Gerlach. Methods to test between these possibilities included 

geologic mapping, temperature measurements of springs, shallow (2 m) temperature 

surveys, and interpretation of existing geophysical data. All data were incorporated into 

an ArcGIS database. 

Possible controls on the geothermal system at Gerlach 

The two fault terminations at the southern end of the Granite Range likely result 

in horsetailing and many fault splays, which would greatly increase possible fluid 

pathways (Figure 9.1). The terminations are evident from the termination of the range 

itself. In addition to the favorability provided by the closely-spaced faults in general, the 

splays likely intersect in many places based on the overall geometry of the faults, 

generating a more localized zone of enhanced permeability. 

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

Range fault terminations (Figure 9.2) could be an additional source of enhanced 
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permeability. As with the faults that bound the Granite Range, the end of the Fox Range 

indicates the northward termination of the Fox Range. Not only is this termination 

probably associated with horsetailing, but also, these splays could intersect with each 

other or with splays associated with the terminations of the Granite Range and Gerlach 

fault zones. An exposed ridge of bedrock between the two ranges follows the strike of the 

Fox Range fault northward but shifts to an east-northeast strike toward the Gerlach fault 

(Figure 9.2). This suggests a possible structural connection between these fault zones.  

A small right step on the east side of the Granite Range suggests a possible relay 

ramp that would be conducive to fluid flow. Roughly 1.7 km north of the southern 

termination of the range, the range front steps to the right, which may be an expression of 

a double termination of faults, one that terminates southward and one that terminates 

northward at the step (Figure 9.3). A relay ramp between the two terminations may be a 

simple relay ramp, or it may be hard-linked to some degree. 

The northwest-striking fracture zones that run across the range have great 

potential to enhance permeability, both individually and by intersecting other structures 

(Figure 9.4). These planar features are oriented approximately orthogonal to the major 

north-northeast-striking faults on the east side of the Granite Range (Figure 9.4). 

Intersection of these features would result in dilation in favorably oriented conduits and 

therefore enhance permeability, specifically in the vicinity of Great Boiling Springs. 
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Figure 9. Map showing possible structures/structural controls on the geothermal system 

at Gerlach. The thick black lines represent faults mapped in the USGS Quaternary fault 

database, red dotted lines are fault terminations, green dashed lines are possible 
structural connections between fault terminations, blue lines are range-crossing 

fractures. Possible controls include: 1) terminations of Granite Range faults 2) 

termination of Fox Range fault and the structural connection between it and the Gerlach 

fault 3) a step-over 4) range-crossing fracture zones/ faults and topographic bench 

intersection (explanations in text). 
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Methods 

Geology 

Bedrock: 

Geologic mapping focused on the locations, orientations, and ages of structures 

that could control or contribute to fluid flow in the Gerlach area. The hot springs at 

Gerlach lie at the southeast termination of the Granite Range, so the bedrock geology of 

the southern end of the range was mapped using air photos and field observations (Figure 

10). Color air photos at a 1:24000 scale and USGS topographic maps served as basemaps. 

Primary features of interest included slip surfaces, veins, and fractures that may have 

been pathways for fluid flow. 

Fracture density measurements were taken from representative sites along the 

Granite Range in order to document the orientations and densities of potential fluid 

pathways. Sites within the fracture zones (including the parallel fracture zone associated 

with the small right step in the range) were compared to sites between and away from the 

fractures. All fractures within two by two meter squares were measured at each site 

(Figure 10).  

The veins within the altered sections of granodiorite are of particular interest, 

because they record past geothermal fluid flow and can provide insight into current fluid 

pathways. Orientations, spatial relationships, compositions, and temporal relationships of 

veins were recorded, as they may be analogous to extensional processes in the current 

system. Special attention was paid to cross-cutting relationships to determine the 
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character of the most recent geothermal activity. Reconnaissance of the study area 

revealed a section of altered granodiorite other than that on the altered bench. This area is 

uphill of Mud Springs. (Figure 10). The two areas were mapped separately at a scale of 

1:2000. An additional ten by ten meter map within the area of Mud Springs was 

produced. This map included all fractures and attempted to document any orientations or 

relationships that could be extrapolated across the entire area. 

Quaternary Mapping: 

Quaternary deposits along the eastern range front were mapped in detail in order 

to constrain timing and locations of faults. Black and white air photos at a 1:12000 scale 

were paired with field observations to make a 1:6000 scale map on the USGS 

topographic map base. Units were delineated based on clast size and sorting, elevation, 

relative amount of vegetation, and color and texture in the air photos. Relative ages were 

determined by cross-cutting relationships of the units. Ages were more absolutely 

constrained by relationships with shorelines from Lake Lahontan. Specifically, the Sehoo 

highstand, dated at ~13,000 BP from radiocarbon data, was used. Faults were mapped by 

the fault scarps visible in the air photos. Scarp heights and slopes were measured in the 

field. Careful attention was paid for possible geothermal indicators, such as silicified 

sands. 

Spring temperature measurements 

Surface temperatures and locations of the orifices at Great Boiling Springs and 

Mud Springs were measured in order to determine any spatial relationships among the 



26 
 

springs in terms of temperature, as well as to obtain recent temperature measurements of 

the springs. Temperatures were measured using a temperature probe dropped into each 

orifice found at the two sets of springs. 

Shallow temperature measurements 

Two-meter shallow temperature data were collected to test possible locations for a 

controlling structure and to help define the thermal anomaly at two-meter depths. The 

survey was collected after the style of Sladek et al. (2009). A base station was established 

to provide a typical background value as well as a basis for corrections and normalization 

(Sladek and Coolbaugh, 2013). Two-meter steel probes were drilled into the ground, and 

the temperature was allowed to calibrate for an hour, after which the temperature was 

measured. 

Two traverses and a grid of temperature measurements were designed to test 

specific possibilities for upwelling. Traverse A was a north-northeast line of 

measurements at the base of the east side of the southern tip of the Granite Range (Figure 

10). This traverse was designed to test the possibility of upwelling along the range-front 

fault, particularly where the projections of the range-crossing fractures intersect the fault. 

Traverse B was another north-northeast line of measurements from the southern base of 

the altered bench that was extended northward to determine the extent of the thermal 

anomaly encountered with Traverse A (Figure 10). This traverse was designed to test 1) 

temperatures parallel to but topographically below the thick alluvium cover of Traverse 

A, and 2) temperatures around the small right step. A grid of temperatures (C) was at the 

southeastern termination of the range (Figure 10). The grid was designed to test 
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upwelling along possible approximately east-west oriented structures as well. It was also 

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

Geophysical data 

Gravity data obtained from US Geothermal were processed and interpreted to 

refine interpretations of existing structures as well as to test for any previously unmapped 

or blind structures. Gridded Complete Bouguer Anomaly (CBA) data from stations with 

150 m spacing were processed using Geofsoftôs OASIS Montaj to create a continuous 

raster dataset. This dataset was examined for changes in gravity values that may reflect 

structures. 

Magnetic data obtained from US Geothermal were obtained and processed using 

Geosoftôs OASIS Montaj to aid in interpretation of structures in the subsurface. Total 

Magnetic Intensity (TMI) values from stations with 30 m spacing were processed using 

OASIS Montaj to create a continuous raster dataset. This dataset was examined for 

changes in magnetic intensity values that may reflect structures. 

Profiles from three representative lines were extracted using Golden Softwareôs 

Surfer program. These profiles consisted of 200 evenly spaced points along lines A-Aô, 

B-Bô, and C-Cô (Figure 10). Gravity and magnetic profiles were examined together and 

separately for features indicative of faults and geothermal activity. A simple Bouguer 

slab correction was calculated along the gravity profiles to quantify basin depth and 

therefore constrain fault dips. 
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Figure 10: Figure showing locations of methods. The green polygon shows the extent of the map 

area. The red boxes show the two areas of hydrothermally altered granodiorite, where veins and 

fractures were mapped. The black boxes show the locations of Great Boiling Springs and Mud 

Springs, where surface temperatures were measured. Blue lines and box show planned traverses 

A, B, and grid C of two-meter temperature surveys with the actual measurement locations 
shown by the blue dots. The pink stars show Locations A, B, C, D, E, F, and G of fracture 

density measurements. Profiles A-Aô, B-Bô, and C-Cô for geophysical modeling. 



29 
 

RESULTS 

Geology 

Geologic mapping for this thesis documents the bedrock and Quaternary geology 

for the study area. Bedrock geology includes the extensively fractured, homogenous 

granodiorite of the Granite Range. At the southern termination of the range, some of the 

granodiorite is hydrothermally altered and dissected by mineralized veins, characteristics 

of which are reported below. Quaternary geology includes alluvial fan deposits, Lake 

Lahontan deposits, and playa and playa margin deposits. Fault scarps cut some but not all 

of these units, providing age constraints on faulting. 

In the following sections, I describe the geology of the study area. I first list the 

characteristics of the bedrock, followed by the characteristics of Quaternary deposits. I 

then describe the structures in these rocks and deposits. I present the broad-scale faulting 

and fracturing first, followed by detailed fracture studies. I then describe hydrothermal 

alteration in the bedrock and Quaternary deposits. 

Bedrock 

 Granodiorite comprises the entirety of the exposed bedrock in the study area. The 

granodiorite is mainly composed of plagioclase, quartz, biotite and hornblende, and alkali 

feldspar. Pegmatite dikes are relatively common. Some small local intrusions of gabbro 

are present. 
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 Quaternary deposits 

 Mapping of Quaternary deposits over a roughly 10 square kilometer area was 

used to determine locations and recency of displacement of Quaternary faults in the 

region. Deposits in the study area are divided into seven Quaternary units. Quaternary 

units in the map area lie below the Sehoo highstand of Lake Lahontan along the eastern 

flank of the Granite Range. Units include lacustrine deposits of Lake Lahontan, alluvial 

fans, and playa and eolian playa margin deposits. 

The oldest Quaternary unit (Qls) is a group of nearshore deposits in the southern, 

central, and northern parts of the area (Figure 11). The unit is comprised of loosely-

consolidated, subrounded granitic gravel in a coarse sand matrix. Some sublinear to 

gently curved benches of rounded granite cobbles and small boulders are separated by the 

finer-grained granitic gravels. These benches overlie finely-layered lacustrine deposits 

where observed in cross-section (Figure 12). This unit is distinguished in both the field 

and air photo by a higher albedo than adjacent deposits. This unit is interpreted to be the 

same nearshore deposit previously mapped at the southern end of the range (Qsl, 

Olmsted, 1975) and corresponds to lake deposits mapped on the west side of the range 

(Ql, Faulds and Ramelli, 2005). The linear benches of rounded cobbles are interpreted as 

remnants of shorelines, based on the rounding of cobbles and the way they follow 

contour. They are recessional as they overlie deeper-water deposits. 

The oldest remnant alluvial fan deposits (Q3) lie in the northern half of the map 

area (Figure 11). These deposits are comprised of consolidated subangular to subrounded 

granite cobbles in a silt matrix. A thin veneer of loosely consolidated angular granite 
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gravel covers these surfaces. The deposits have gently sloping (~10°) surfaces. 

Vegetation is sparse and consists of mainly sagebrush. These surfaces are elevated ~1-4 

m above those of the younger deposits. The unit is characterized by interfluves that 

generally exhibit a sub-triangular shape in map-view (Figure 11). It is distinguishable in 

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

 Intermediate-age remnant alluvial fan deposits (Q2) are inset into Q3 in the center 

portion of the map (Figure 11). Subangular to subrounded granite cobbles and boulders in 

a silt matrix comprise the unit. A thin veneer of loosely consolidated angular granite 

gravel covers the surfaces. The deposits have slightly flatter surfaces (~5°) than those of 

Q3. These surfaces are characterized by the presence of grasses in addition to sagebrush. 

The surfaces of these deposits are elevated ~1-3 m above those of the younger units. This 

unit is also characterized by interfluves that generally exhibit elongate sub-triangular 

surfaces (Figure 11). It is distinguishable in air photo by a slightly darker color than the 

adjacent units. 

Recently abandoned alluvial fan deposits (Q1b) span much of the west-central 

portion of the map area (Figure 11). This unit is comprised of loosely to moderately 

consolidated granite boulders and cobbles in a sandy to silty matrix. The deposits are cut 

by active channels (Figure 11). The surface of this unit is lightly vegetated by sagebrush 

and grasses. This unit is characterized by a broad surface that exhibits subdued ridge-and-

swale topography. 

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

across the entire map (Figure 11). The channels are filled with and the levees built up by 
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loose angular granite boulders and cobbles. The sand matrix in the channels is fairly well-

cemented. Near the rangefront, the channels expose bedrock. The surfaces of this unit 

generally lack vegetation. This unit is characterized by ridge-and-swale topography. This 

unit is distinguishable in air photo by a higher albedo than adjacent units. 

Playa deposits (Qp) dominate the eastern and southern portions of the study area 

(Figure 11). Fine, light-colored mud and silt comprise this unit. The broad, flat surface of 

this deposit is lowest-lying of all the map units. It is distinguishable in air photo by the 

high albedo and smooth appearance. The unit is consistent with well-established Black 

Rock Desert playa deposits (e.g. Bonham, 1969; Olmsted, 1975; Faulds and Ramelli, 

2005) 

Playa margin deposits (Qpm) lie outboard of the range front (Figure 11). Fine-

grained silts dominate this unit. The silts are interpreted as eolian, due to the proximity of 

this unit to the playa and the presence of small dunes. The broad surface of this unit is 

lower in elevation and gradient than all adjacent deposits, excluding the playa (Qp). It is 

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

In summary, seven Quaternary units are Lahontan age and younger. Most units 

are dominated by granodioritic detritus derived from the Granite Range. Lake Lahontan 

deposits are distinguished by rounded granite shoreline cobbles overlying finely-layered 

lacustrine stratigraphy. The Lake Lahontan deposits are cut by remnant and active 

alluvial fans. 
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Faults 

 The Gerlach fault zone (mapped by Bonham, 1969; dePolo, 1998; 2008; 

Dohrenwend et al., 1991), which bounds the eastern side of the Granite Range, is 

expressed by north-northeast-striking fault scarps through Quaternary deposits. No slip 

surfaces were observed in the bedrock. The average strike of the fault scarps is ~020°. 

Scarps cut and truncate lacustrine deposits (Qls) in the central and northern portions of 

the map area (Figure 11). Gravel pit excavations enhance the scarp in some areas. The 

scarp height in this Lahontan-age unit is up to ~7 m. Scarps cut the oldest remnant fan 

deposits (Q3) (Figure 11). Scarp heights in this post-Lahontan unit range from 1 to 4 m. 

Scarps also cut the youngest remnant fan deposits (Q2) (Figure 11). This is the youngest 

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

 Fault scarps do not cut active and recently abandoned Holocene units. A lack of 

faulting in playa deposits (Qp) and playa margin deposits (Qpm) may be due to absence 

of faults outboard of the range. Continued deposition and modification of these units 

(young age) could also account for a lack of fault scarps. Recently abandoned alluvial 

deposits (Q1b) and active channels (Q1a) obscure fault scarps, as they were deposited 

after faulting events. 

 In summary, Quaternary deposits document recent movement along the north-

northeast-striking Gerlach fault. North-northeast-trending fault scarps through the three 

oldest units (Qls, Q3, and Q2) constrain the age of the most recent faulting to <13 ka and 

younger. Scarps heights are progressively larger in progressively older units. The scarps 

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



34 
 

 

Figure 11. Geologic map of the Quaternary deposits. East-dipping, north -northeast-

striking normal fault scarps through units Kga, Qls, Q3, and Q2 are indicated by the 
thick black line. 
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Fracture systems 

Fracture 

measurements were 

taken from 

representative sites 

along the Granite 

Range to document the 

orientations and 

densities of potential 

fluid pathways. The 

northwest-striking, range-crossing fracture zones at the southern end of the Granite 

Range (first queried by Olmsted, 1975) should enhance permeability potential. Sites 

within the northwest-striking fracture zones (including the parallel fracture zone 

associated with the small right step in the range) were compared to sites between and 

away from the fractures. All fractures within two by two meter squares were measured in 

each area (Figure 13). 

The unaltered granodiorite is extensively fractured throughout the study area, 

particularly within the vicinity of the northwest-striking fracture zones. The sites within 

these features have on average twice as many fractures as the intervening sites. The 

numerous fractures within the fracture zones have a much stronger preferred orientation 

than those between (Figure 13). 

Figure 12. Laminated lacustrine sediments overlain by more 

massive gravels containing rounded beach cobbles, comprising 

nearshore deposit Qsl. 
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Two sets of strongly-preferred fracture orientations are common to all sites within 

the planar features. Sites B, D, and F display near-vertical fractures that strike northwest 

or northeast to east-northeast (Figure 13). These sets of fractures are roughly orthogonal 

to each other. The northwest-striking set of fractures matches the orientation of the 

fracture zones. 

Sites B and D contain other sets of fractures in addition to the sets that are 

common to all sites. Site B has a set of northeast-striking, shallowly southeast-dipping 

(~35°) fractures (Figure 13). This set is not seen at any other site. Site D contains a set of 

subvertical north-northeast-striking fractures (Figure 13). The strike of this set parallels 

the strike of the range-front fault. 

The sites between the fracture zones exhibit a wide array of fracture orientations, 

but three main sets of preferred orientations can be picked out from the combined sites. 

Steeply-dipping northwest- and north-northeast- to northeast-striking sets of fractures 

roughly match the orthogonal sets from within the fracture zones (Figure 13). There is 

also a set of west-northwest-striking fractures that dip steeply to the south (Figure 13). 

In summary, the sites from within the fracture zones have a higher density of 

fractures with stronger preferred orientations than the sites between the fracture zones. 

All sites contain orthogonal sets of northwest- and ~northeast-striking fractures, although 

the orientations of these sets of fractures are much more uniform in the sites within the 

fracture zones. This suggests that the fracture zones may contribute to permeability for 

the geothermal system in the subsurface and that fluid likely ascends along subvertical, 

northwest- and northeast-striking pathways. 
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Figure 13. Lower-hemisphere stereo projections showing fracture orientations from sites 

A-G. Sites between fracture zones are on the left, and sites within fracture zones are on 
the right . 
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Alteration and veins in bedrock 

Altered bench above Great Boiling Springs: 

Observations of the general nature of alteration and vein and fracture occurrence 

throughout the altered bench were collected as proxies for current geothermal activity. 

Orientations of, and cross-cutting relationships between, veins and fractures document 

and the relative timing of past fluid pathways. 

Field observations of the altered bench above Great Boiling Springs confirm that 

it is an area of hydrothermally altered granodiorite overlain and onlapped by lacustrine 

sediments. The presence of epidote and chlorite in place of plagioclase and biotite 

suggests propylitic alteration (first documented by Romberger, 1976). The rocks are also 

commonly silicified. This alteration is hydrothermal in nature. Some boulders of altered 

granodiorite are covered by a tufa ñrindò (Figure 14c), which would have been deposited 

subaqueously in Lake Lahontan. In addition to the general alteration of the bedrock, the 

altered granodiorite contains hydrothermal veins of three distinct compositions: siliceous 

veins, calcium carbonate veins, and calcium carbonate veins containing siliceous 

fragments. 

The siliceous veins are composed of a typically rust red siliceous material with a 

waxy luster (Figure 14). The small resistant ridges formed by the veins are generally very 

linear. 
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The siliceous veins can be divided into three sets based on orientation (Figure 

15).  A north-northeast-striking, steeply east- and west- dipping set of veins has the 

strongest preferred orientation. Northeast- and northwest-striking sets are more diffuse, in 

terms of strike as well as dip, although they generally dip steeply. 

The calcium carbonate veins range from a fine-grained calcium carbonate to 

rhombohedral crystalline calcite. Some veins show layers of calcite that indicate 

progressive deposition of calcite, repeated dilation of fractures, and widening of veins. In 

one location, the calcite has a lattice-bladed pattern, different from the typical more 

massive fine-grained calcium carbonate and the rhombohedral crystalline calcite in the 

majority of these veins. This is a boiling texture (e.g., Moncada et al., 2012), consistent 

with geothermometry estimates for the active system. The veins are typically sinuous but 

have overall linear trends (Figure 14). 

The calcium carbonate veins exhibit two main orientations (Figure 15). The 

dominant orientation of these veins is north-northeast-striking and steeply-west-dipping 

(with one east-dipping exception) (Figure 15).  A secondary set of calcium carbonate 

veins strikes northwest and dips to the northeast and southwest. 

Some (~20%) of the calcium carbonate veins contain siliceous fragments. These 

veins appear identical to the calcite veins except for the addition of the silica (Figure 14). 

The siliceous fragments occur either within the calcite veins or as cemented on the 

margin with a fine-grained calcium carbonate cement. These siliceous fragments must 

predate the calcite. 
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All of the calcium carbonate veins containing siliceous fragments strike north-

northeast (Figure 15). These veins dip steeply to the west, with one east-dipping 

exception. 

Silica-coated fractures exhibit four strong preferred orientations (Figure 15). A 

north-northeast-striking set dips steeply (~70°) to the east. Another north-northeast-

striking set dips steeply (~65°) to the west. A more diffuse set of fractures strikes 

northeast and dips (~60°) northwest. A northwest-striking set dips steeply (73-90°) to the 

northeast and southwest. These fractures are visibly darker than the rest of the rock due to 

the thin coating of silica along the fracture plane (Figure 14). These fractures document 

high-temperature silica deposition. However, these fractures do not have a significant 

width and thus were probably relatively short-lived. 



41 
 

 

Figure 14. Photos of the rock types and veins found within the topographic bench above 

Great Boiling Springs. A) altered granodiorite with some silica-coated fractures B) highly 

altered/silicified granodiorite C) tufa ñrindò coating on granodiorite D) highly altered lake 

sediments E) silica veins F) calcium carbonate veins (inset of boiling texture on this particular 

vein) G) silica-in-calcium carbonate vein. 
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Figure 15. Aerial view of the topographic bench above Great Boiling Springs. 

Orientations of the veins are shown by their locations with strike and dip symbols and 

corresponding stereographic projections. Red represents silica veins, blue represents 
calcite veins, green represents silica-within -calcite veins, and black represents silica-

coated fractures. The dashed lines show the projections of the range-crossing lineaments. 
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Cross-cutting relationships in the altered bench document a history of evolving 

fluid pathways and compositions. Northwest-striking joints and veins in the altered bench 

generally cut, and therefore post-date, north-northeast to northeast-striking structures 

(Figure 16). One exception occurs where a set of northeast-striking silica-coated fractures 

cuts a set of north-northeast-striking silica-coated fractures. Although the other age 

relationships have consistent orientations, there is no clear pattern of compositions within 

these orientations. North- and northwest-striking, west-dipping silica veins cut northeast-

striking, southeast-dipping silica veins. Northwest-striking calcite veins cut a northeast-

striking, near-vertical vein of calcite containing silica. One prominent northwest-striking, 

subvertical silica-coated fracture cuts north-northeast- and northeast-striking silica-coated 

fractures. These relationships indicate that geothermal fluids most recently came up along 

northwest-striking fractures. The variability of compositions in specific orientations 

indicates variability in fluid composition and temperature over time. 

An extensive set of joints along the eastern edge of the altered bench strikes 

north-northeast (Figure 17). These are fractures within the altered granodiorite that have 

uniform orientations and no mineralization or slip indicators. They occur at the eastern 

limit of exposed bedrock in the altered bench. The orientation of these joints parallels that 

of the range-front fault. 

In summary, this altered bench documents the presence of geothermal fluids along north-

northeast-, northeast-, and northwest-striking fractures. Silica deposition occurs along all 

three of these orientations. Calcite deposition occurs along the north-northeast-striking 

and northwest-striking fractures. Calcite containing silica occurs in north-northeast-
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striking veins. The north-northeast orientation is common to all compositions. These 

veins match the strike of an extensive set of joints along the eastern edge of the altered 

bench, which parallels the strike of the range-front fault. The northwest-striking veins 

match the orientation of the northwest-striking, range-crossing fracture zones. These are 

apparently the youngest set of veins. These veins are composed of silica or calcite. The 

different compositions of northwest-striking veins, as well as the fact that all calcite 

containing silica veins strike north-northeast, document a complex history of open fluid 

pathways and temperatures. In the altered bench above Great Boiling Springs, geothermal 

deposition occurred at changing temperatures along north-northeast-striking, northeast-

striking, and most recently, northwest-striking structures. These orientations are 

consistent with the orientations of the range-front fault and range-crossing fractures, 

respectively. 

Altered area above Mud Springs: 

There is a second hydrothermally altered area lying above Mud Springs. The 

0.035 square kilometer area is smaller but similar in character to the bench above Great 

Boiling Springs. This area also exhibits veins of silica, calcium carbonate, and calcium 

carbonate containing silica (Figure 18). Because of the smaller area but same relative 

density of veins in this area, the data sets here are smaller than those from the altered 

bench. This area lacks the exposed silicified lacustrine sediments of the bench but does 

contain lacustrine tufa ñrindsò that cover altered boulders of granodiorite. 
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Figure 16. Stereographic projections and corresponding photos of cross-cutting vein 

relationships observed within the altered bench. Dashed lines represent older veins, and 

solid lines represent younger veins. 
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Figure 17. Orientations of joints 

along the eastern edge of the 

topographic bench. The orientations 

are very consistent and parallel the 

strike of the range front , suggesting 

proximity to a fault.  

Figure 18. Photos of typical rocks and veins observed in the altered area above Mud 

Springs. A) altered granodiorite B)  tufa rind on altered granodiorite C) silica veins D) 

layered calcite veins E) silica-within -calcite vein. 

n=36 
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The silica veins above Mud Springs have a broad range of orientations, but three 

sets can be distinguished (Figure 19). A roughly north-striking, subvertical to vertical 

(85-90°) set of veins has the strongest preferred orientation (Figure 19). A northeast- to 

east-northeast-striking, steeply north-dipping (76-87°) set of veins is also discernible 

(Figure 19). A few veins strike north-northwest. These veins have steep to vertical dips 

(72-90°) (Figure 19). The silica veins are <1.0 cm in width and have a reddish-brown 

color and a milky to waxy luster (Figure 18). 

Calcite veins comprise two sets with strong preferred orientations (Figure 19). 

One set strikes north to north-northeast. These mostly dip steeply (~80°) to the east. A 

second set strikes east-northeast (to east-southeast). These are near-vertical (82-85°), with 

the exception of the east-southeast-striking, steeply north-dipping (68°) vein included in 

this set (Figure 19). These veins are typically composed of crystalline calcite, and many 

exhibit layers of calcite parallel to the long direction of the vein (Figure 18). Nucleation 

of calcite on fracture walls and inward growth indicates progressive dilation and filling of 

veins. 

Veins of silica-within-calcite have a broad range of orientations that range from 

north-striking to roughly east-striking, but two main sets of orientations can be discerned 

(Figure 19). North-northeast-striking veins dip steeply (70°-90°) to the east. These veins 

resemble the silica-within-calcite veins above Great Boiling Springs in that they appear to 

contain broken silica fragments trapped within calcite. East-striking (east-northeast and 

east-southeast) veins are vertical. These veins differ from the silica-within-calcite veins 

above Great Boiling Springs in that the silica fragments are knobby, resistant veins in the 
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center of clearly layered calcite (Figure 18). In this case, the silica post-dates the calcite. 

This indicates high-temperature silica deposition within a calcite vein undergoing 

continued dilation. 

The cross-cutting relationships in this area show a general pattern of more 

northerly-striking structures cutting easterly-striking structures (Figure 20). Vertical, 

north-striking silica veins cut an east-northeast-striking silica vein as well as an east-

Figure 19. Aerial view of the altered area above Mud Springs. Orientations of the veins are 

shown by their locations with strike and dip symbols and corresponding stereograms. Red 

represents silica veins, blue calcite veins, green silica-within -calcite veins, and black shows 

silica-coated fractures. 
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northeast-striking silica-within-calcite vein. Steeply east-dipping, north-striking calcite 

veins cut a north-dipping, east-southeast-striking calcite vein. This indicates that the most 

recent deformation and hydrothermal activity involved east-west extension and fluid flow 

along northerly striking veins. The older veins include all three distinct types of veins, 

and these veins are cut by both silica and calcite veins. This indicates a complex history 

of changing fluid temperatures and pathways. 

  

Figure 20. Stereograms and corresponding photos of cross-cutting vein relationships 

observed in the altered areas above Mud Springs. Red lines represent silica veins, blue 

lines represent calcite veins, and green lines represent silica-within-calcite veins. Dashed 

lines represent the older veins, and solid lines show younger cross-cutting veins. 
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A map of all the mineralized veins and unmineralized fractures in a ten-by-ten-

meter area of this altered section documents patterns of mineralization and fracturing that 

are consistent with the patterns of the overall altered area. At this scale, fractures that 

exhibit some siliceous coating were included with the siliceous veins. These silica-filled 

structures comprise two sets of orientations. One set strikes north and is vertical to west-

dipping. Another set strikes east-northeast to east-southeast and is vertical to steeply 

~south-dipping. The calcite veins strike east-northeast to east-southeast and dip steeply to 

the south. Silica-within-calcite veins strike east-northeast to east-southeast and dip 

steeply to the south. Unmineralized fractures strike north-northeast, northeast, northwest, 

and east-northeast. The dips of these fractures are all vertical to steeply dipping to the 

east, southeast, west, and south, respectively. The fracture orientations are the same sets 

as those from the altered bench, with the addition of east-northeast-striking, south-

southeast-dipping structures. 
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In summary, this altered area documents the presence of geothermal fluids along 

north-northwest-, north-, north-northeast-, and east-northeast- to east-southeast-striking 

fractures. Silica depositions occurs along all of these orientations. North-northwest-

striking veins are all composed of silica. Calcite deposition occurs along north- to north-

northeast- and east-northeast to east-southeast-striking fractures. Calcite containing silica 

Figure 21. Left: Map of detailed vein and fracture measurements from the altered area above 

Mud Springs. Right: stereographic projections of the mapped fractures in corresponding 

colors. 



52 
 

occurs as north-northeast- and east-northeast- to east-southeast-striking veins. The north-

northeast-striking veins match the orientation of the range-front fault, just as within the 

altered bench above Great Boiling Springs. The north-northwest- and north-striking veins 

are apparently the youngest set of veins. The east-northeast- to east-southeast-striking 

veins were only observed in this altered area and may represent previously unmapped 

structures at the southern end of the termination of the Gerlach fault zone. 

Alteration in Quaternary deposits 

 Hydrothermally altered Quaternary deposits in specific locations document 

geothermal activity during the Quaternary. The altered bench contains hydrothermally 

altered lacustrine sediments (formerly Qls) in addition to the altered bedrock. This 

indicates that deposition of the Lahontan unit preceded some of the alteration. These 

sediments are silicified blocks of a fine-grained material with some of the original 

bedding preserved (Figure 14d). No veins were observed in the silicified lacustrine 

blocks. The altered bench is overlain in places by unaltered tufa deposits. This indicates 

that the hydrothermally altered rocks were exposed beneath Lake Lahontan. The presence 

of unaltered tufa along with altered lacustrine sediments suggests that the subsurface 

geothermal activity and subsequent exposure were coeval with Lake Lahontan. 

No other alteration in Quaternary units was observed; however, siliceous sinter 

deposits at great Boiling Springs document high temperature fluids reaching the surface. 

A ledge of sinter occurs north of the majority of these springs. Several factors contribute 

to sinter deposition, but in general, for a 50°C geothermal fluid to be depositing sinter at 

the surface, reservoir fluids must exceed 175°C (Rimstidt and Cole, 1983).  
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Quaternary geothermal alteration and deposits indicate recent high-temperature 

geothermal activity slightly uphill of the active expression of the system at Great Boiling 

Springs and Mud Springs. 

Spring temperature measurements 

Great Boiling Springs 

Temperatures of eighty-four orifices over an area of ~0.24 square kilometers at 

Great Boiling Springs range from 23.4-94.0° C (Figure 22; Table 1). The springs come to 

the surface east of the southern tip of the Granite Range in low-lying, fine-grained playa 

margin deposits. They likely represent outflow from the source, due to their low elevation 

and proximity to the water table. Wells near Great Boiling Springs record rapidly-

increasing temperatures near the surface that reverse sharply with depth (Peregrine 1, 18-

10, Figure 8). This pattern is consistent with the temperature-depth profiles of outflow 

features.  The temperatures do not seem to show any spatial pattern. The hottest 

temperatures come from small orifices that do not have the surface area to lose significant 

amounts of heat (Figure 22). The near-boiling temperatures of these pools, as well as 

presence of some sinter deposits and bubbling mud pots, suggest that these outflow 

features are likely relatively close to the upwelling zone. 
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Figure 22. Map showing the extent of Great Boiling Springs and the temperatures at 

each of the orifices. The black rectangle indicates the area where siliceous sinter is found 

at the surface. 
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Mud Springs 

Temperatures of eleven orifices at Mud Springs over an area of 0.15 square 

kilometers range from 18.2-85.3° C. (Figure 23; Table 2). These springs occur to the 

southeast of the Granite Range in similar low-lying, fine-grained playa margin deposits to 

those of Great Boiling Springs. There are fewer geothermal features here than at Great 

Boiling Springs. The temperatures of the springs are slightly less than those at Great 

Boiling Springs, but overall, they have a similar range and still reach hot temperatures. 

The linear, stream-like pattern near the center of the map is in fact a stream that flows 

from a main pool, shown by the red dot at the northern end of the line. This geothermal 

stream cools progressively downhill to the south. Cold streams and springs occur to the 

west of the springs measured here. 

Summary of hot springs 

Overall, both sets of springs are probably outflow features that are likely proximal 

to the upwelling. Temperature measurements from wells show patterns distinctive of 

outflow. However, water in the orifices reaches near-boiling temperatures at both sets of 

springs, despite interaction with cool non-geothermal fluids in the groundwater. 
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Shallow temperature measurements 

Temperature readings at two-meter depths were taken from 17 locations across a 

~4.7 km total traverse parallel to the east side of the Granite Range and a ~0.8 km 

traverse along the southern termination of the range (Figures 10, 24). Traverses A, B, and 

Figure 23. Map showing the extent of Mud Springs and the temperature at each of the 

orifices. 
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grid C were designed to test the specific possibilities for upwelling zones. Overall, 

temperatures were elevated across the entire area. Corrected temperatures ranged from 

15.8 to 53.0° C and differed from local background values by up to +33.5° C. 

Temperatures along north-northeast-trending Traverse A ranged from 20.6-23.1° 

C, within 1.1° C below and 1.4° C above the calculated background temperature (Figure 

24). This traverse was designed to test whether the range-crossing fracture zones and the 

small right step in the range front control geothermal fluid flow. These values across the 

traverse do not appear to reflect a zone of upwelling along either of these fracture zones. 

It should be noted that there is a thick cover of alluvium in this area, which may obscure 

possible elevated temperatures in the shallow subsurface. 

Temperatures along north-northeast-trending Traverse B ranged from 15.8-53.0° 

C, from 3.6° C below to 33.5° C above the background temperature (Figure 24). These 

temperatures were measured to test the same possibilities as those of Traverse A, but 

topographically lower, where alluvium is not as thick. The hottest point of the entire 

survey (53.0̄ C) lies along strike of the northern fracture zone (Figure 24). Temperatures 

decrease toward the southern fracture zone, and northward toward the right step, but they 

are still high relative to the rest of the survey. The traverse was extended northward to 

determine the extent of this anomaly. Temperatures decrease progressively northward 

from the right step, reaching the lowest temperature of the survey at the northernmost end 

of the traverse. The elevated temperatures extend farther north than the expected location 

for upwelling along a simple fault termination or step-over, indicating that there are other 

factors contributing to outflow. 
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Temperatures within the grid-like arrangement of measurements (C), at the 

southern termination of the range, ranged from 19.6 ̄to 48.5̄ , 0.3̄  to 29.2̄  above 

background temperature, respectively (Figure 24). Temperatures along trend of Traverse 

B increase southward and remain hot along the southern edge of the grid (Figure 24). 

However, temperatures decrease rapidly toward the western edge of the grid. The hottest 

temperatures from Traverse B are separated from the hottest temperatures of grid C by an 

area with lower temperatures. 

 In summary, shallow temperatures are elevated across most of the area, but 

particularly uphill of each set of springs and downhill of the right step in the range. The 

high temperatures uphill of each set of springs are separated by relatively lower 

temperatures. This suggests the possibility of separate upwelling zones above each set of 

springs. The high temperatures near the right step extend much farther north than 

expected, but no hot springs occur downhill of these high-temperature points. This 

indicates some upwelling along structures other than splays associated with a simple fault 

termination. 
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Figure 9.14. Map showing the actual temperatures measured from two meters depth 

(corrected for season/albedo). Traverses shown by solid blue lines and letters, range-

crossing fractures shown by the light blue dashed lines. 


