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ABSTRACT

Faults and fractures play an important 
role in the circulation of geothermal fl uids in 
the crust, and the nature of that role varies 
according to structural setting and state of 
stress. As a result, detailed geologic and geo-
physical mapping that relates thermal springs 
to known structural features is essential to 
modeling geothermal systems. Published 
maps of Surprise Valley in northeastern Cali-
fornia suggest that the “Lake City fault” or 
“Lake City fault zone” is a signifi cant struc-
tural feature, cutting obliquely across the 
basin and connecting thermal springs across 
the valley. Newly acquired geophysical data 
(audio-magnetotelluric, gravity, and mag-
netic), combined with existing geochemical 
and geological data, suggest otherwise. We 
examine potential fi eld profi les and resistivity 
models that cross the mapped Lake City fault 
zone. While there are numerous geophysical 
anomalies that suggest subsurface structures, 
they mostly do not coincide with the mapped 
traces of the Lake City fault zone, nor do they 
show a consistent signature in gravity, mag-
netics, or resistivities that would suggest a 
through-going fault that would promote con-
nectivity through lateral fl uid fl ow. Instead 
of a single, continuous fault, we propose the 
presence of a deformation zone associated 
with the growth of the range-front Surprise 
Valley fault. The implication for geothermal 
circulation is that this is a zone of enhanced 
porosity but lacks length-wise connectivity 
that could conduct fl uids across the valley. 
Thermal fl uid circulation is most likely con-
trolled primarily by interactions between 
N-S–trending normal faults.

INTRODUCTION

Faults and fractures can act as either barriers  
to or conduits for fl uid circulation in the upper 

crust depending on the architecture of the fault 
zone (Caine et al., 1996). Permeability in fault 
zones may be high in the fault core relative 
to the surrounding rock if there is little to no 
fault gouge developed, or it may be higher in 
the surrounding fault damage zone through 
networks of small fractures. In settings where 
fl uids moving through these fracture networks 
are rich in dissolved minerals, such as geo-
thermal systems, hydrothermal mineral pre-
cipitation can quickly fi ll fractures and voids 
and lower both porosity and permea bility, 
sealing faults in as little as a thousand years 
(Dempsey et al., 2012). To maintain geother-
mal fl uid circulation, therefore, permeabil-
ity must be renewed through frequent fault 
rupture (Curewitz and Karson, 1997; Fairley 
and Hinds, 2004). Worldwide, however, hot 
springs are most commonly located at fault 
tips or in deformation zones where multiple 
faults interact, producing zones of elevated 
stress where porosity and permeability are 
maintained dynamically even in the absence 
of fault rupture (Curewitz and Karson, 1997; 
Rowland and Sibson, 2004).

Individual geothermal sites within the 
Basin and Range show signifi cant variabil-
ity and are highly dependent on local condi-
tions. In Dixie Valley in the central Basin and 
Range, hot springs are localized along faults 
(Smith et al., 2001); the Dixie Valley fault last 
ruptured in 1954 with nearly pure dip-slip 
motion (Caskey et al., 1996). Mud pots and 
other geothermal features are aligned with 
recent fault traces and current seismicity near 
the Salton Sea (Lynch and Hudnut, 2008). In 
less active areas, however, such as the Black 
Rock Desert and Carson Sink, hot springs are 
generally not located directly along faults but 
instead are in the damage zones around fault 
tips or within fault interaction zones (Faulds 
et al., 2010). Because of this diversity of geo-
thermal settings, high-resolution structural 
mapping and characterization of faults and 
fractures are essential to developing reason-
able models of fl uid circulation that can lead 

to successful exploration and development of 
a geothermal resource.

Surprise Valley, along the northwestern mar-
gin of the Basin and Range Province (Fig. 1), 
has been the subject of recent geothermal explo-
ration (e.g., Barker et al., 2005; Benoit et al., 
2005). Geologic mapping (Egger and Miller, 
2011), near-surface seismic studies (Lerch et al., 
2010), potential fi eld modeling (Egger et al., 
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Figure 1. Regional index map showing the 
location of Surprise Valley. Thick dark lines 
indicate normal faults with offsets >100 m; 
dashed lines are faults and fractures with 
offsets <100 m. Dotted line outlines accom-
modation zone. SVF—Surprise Valley fault; 
FV—Fandango Valley; HCF—Hays Canyon 
fault; U, M, L—Upper, Middle, and Lower 
Lake basins, respectively; OR—Oregon; 
CA—California; NV—Nevada.
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2010), and a paleoseismologic trench (Personius 
et al., 2009) have revealed a complex system of 
interacting faults that are seismically active, 
but a model for geothermal fl uid circulation 
that takes advantage of the results of this work 
has yet to be developed. A feature of particular 
interest is the feature variously termed the Lake 
City fault (USGS and CGS, 2006) or the Lake 
City fault zone (Hedel, 1981) (Fig. 2). This fea-
ture has been proposed as a through-going fault 
connecting thermal springs across the valley 
(Hedel, 1981); if indeed this is a fault system 
where porosity and permeability are maintained 
through repeated fault rupture, then it is also of 
interest for seismic hazard and strain analysis.

In this study, we evaluate the Lake City fault 
(or fault zone) in light of new audio-magneto-
telluric (AMT) data and high-resolution grav-
ity and ground-magnetometer data collected 
along several profi les, combined with existing 
geological and geochemical data. In contrast 
to published maps, we conclude that the area 
currently mapped as the Lake City fault zone 
is not, in fact, a coherent, through-going struc-
ture. Instead, we propose that it is a deforma-
tion zone, which requires revision of the widely 
used Quaternary fault and fold database (USGS 
and CGS, 2006) and has important implications 
for models of geothermal fl uid circulation in 
the region.

STRUCTURAL SETTING AND THE 
LAKE CITY FAULT ZONE

Surprise Valley is bounded on the west by 
the Surprise Valley fault, an arcuate, corrugated 
fault that likely developed from several major 
segments connected by step-overs (Fig. 1). 
The two largest step-overs coincide with minor 
topographic highs that divide the valley into a 
series of three subbasins that host the upper, 
middle, and lower lakes (Fig. 1). The middle 
and lower basins are bounded on the east by 
the west-dipping Hays Canyon fault (Fig. 1). 
In contrast, the eastern margin of the upper 
basin hosts several west-dipping normal faults 
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Figure 2. Index map of a portion of the upper and middle basins of Surprise Valley, spanning the mapped extent 
of the Lake City fault zone (LCFZ). Only the most signifi cant of the subsurface structures proposed in this study 
are mapped here; additional structures are indicated with question marks in Figures 3 and 4. LCHS—Lake City 
hot springs, SHS—Seyferth hot springs; LHS—Leonards hot springs; SVMW—Surprise Valley Mineral Wells; 
AMT—audio-magnetotelluric.
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(Fig. 2), but offset along these faults is minor, 
and the overall geometry of the upper basin is a 
half graben (Egger and Miller, 2011). Between 
the upper and middle basins, interfi ngering 
horsts and grabens form a transverse antithetic 
accommodation zone (e.g., Faulds and Varga, 
1998) on the eastern side of the valley (Figs. 1 
and 2). The mapped Lake City fault zone lies 
between this accommodation zone and the 
Lake City hot springs, and it coincides with the 
topographic high between the upper and middle 
lakes (Fig. 2).

In the northwestern Basin and Range, normal 
faults such as the Surprise Valley fault decrease 
in offset and die out northward (Fig. 1) (Jordan 
et al., 2004; Lerch et al., 2008; Scarberry et al., 
2010). As these diminish, a NW-SE–oriented set 
of faults and fractures becomes more pervasive 
(Fig. 1), though individual structures accom-
modate only minor offset (Meigs et al., 2009; 
Scarberry et al., 2010). The southernmost extent 
of pervasive NW-trending fractures occurs 
near the California-Oregon border (Fig. 1), just 
north of Surprise Valley. Although NW-trending 
structures are present south of the border, they 
are typically individual faults that accommodate 
signifi cant offset, in contrast to the more perva-
sive fracturing to the north. One such feature is 
the SW-dipping normal fault that forms Fan-
dango Valley, a graben (or half graben) that cuts 
obliquely across the Warner Range in northeast-
ern California (Egger and Miller, 2011) (Fig. 1).

This regional NW structural trend likely 
infl uenced several workers in their mapping and 
interpretation of the Lake City fault zone within 
Surprise Valley, despite its—at best—subtle 
expression. Ford et al. (1963) drew the “Lake 
City fault” as a near-vertical fault with down-
to-the-NE displacement that reached within 
300 m of the surface on the basis of gravity data, 
the source of which data they do not describe 
in detail; they described the area around the 
Lake City fault zone as a “zone of hazardous 
groundwater.” Griscom and Conradi (1976) 
collected detailed gravity and magnetic data on 
roads throughout Surprise Valley, describing 
the Lake City fault zone as an ~610-m-wide, 
NW-trending zone characterized by small grav-
ity highs and “minor shallow magnetic features 
and noise” that may indicate regions where the 
circulation of hydrothermal fl uids has cemented 
alluvium and precipitated magnetic minerals. 
A problem with this interpretation is that the 
magnetic data were collected along a road that 
had several potential sources of magnetic noise, 
including a dump (established 2 yr before the 
data were collected) in the vicinity of both the 
reported anomalies and the proposed location of 
the Lake City fault zone. In addition, anomalies 
they noted along individual profi les cannot be 

traced from one profi le to the next. Perhaps most 
problematically, because their data collection 
was limited to existing roads; all of their profi les 
cross the Lake City fault zone at oblique angles, 
which introduces three-dimensional effects and 
makes interpreting these profi les challenging.

Hedel (1980) mapped the Lake City fault 
zone as an ~600-m-wide zone based on air 
photo interpretations of tonal lineaments (pri-
marily vegetation contrasts) and fi eld mapping 
of low scarps; this publication is one of the pri-
mary sources for the Quaternary fault map in 
this region (Fig. 2). However, Bryant (1990) was 
unable to verify all of the features that Hedel had 
mapped as scarps; some he redefi ned as paleo-
shorelines. In his conclusions, Bryant (1990) 
described the Lake City fault zone as consist-
ing of “a series of moderately defi ned, discon-
tinuous tonal lineaments that extend for about 
6.5 km in Holocene alluvium” with displace-
ment along only one scarp locality at the north-
west end of the Lake City fault zone (Fig. 2). 
Bryant noted that the lower elevation of the 
Upper Lake, the discontinuous tonal lineaments 
in young alluvium, and a single confi rmed fault 
scarp on the west side of the valley do support 
the presence of a fault with down-to-the-NE off-
set but ultimately concluded that evidence for 
a through-going, NW-trending feature like the 
Lake City fault zone is weak, lacking associated 
geomorphic evidence of systematic strike slip 
or vertical displacement. Bryant’s report seems 
to have been overlooked in the development of 
the Quaternary fault and fold database (USGS 
and CGS, 2006), however, which includes sev-
eral of the features that Bryant was not able to 
verify. The Quaternary scarps shown in Figure 2 
include only those verifi ed by Bryant, as well as 
the Lake City fault zone as mapped in the fault 
and fold database.

A seismic-refl ection line that runs obliquely 
across the Lake City fault zone (Fig. 2) shows 
bright refl ectors (likely late Miocene–Pliocene 
basalts) dipping westward that are continu-
ous and do not appear to be vertically offset 
in the basin (Lerch et al., 2010). In contrast, 
the sedimentary basin fi ll above these basalts 
lacks continuous refl ectors, potentially indicat-
ing soft-sediment deformation and/or abundant 
minor fractures. Seismic velocity and potential 
fi eld modeling along this same profi le does not 
require faulting in the vicinity of the Lake City 
fault zone, though vertical offsets are clearly 
required elsewhere along N-S–trending faults 
closer to the margins of the valley (Fig. 2) 
(Egger et al., 2010).

Despite the minimal geological and geo-
physical evidence for a fault zone, it has been 
suggested that the Lake City fault zone is an 
important zone of permeability for fl ow of geo-

thermal fl uids based on: (1) the occurrence of 
hot springs where the Lake City fault zone inter-
sects N-S–trending normal faults (Hedel, 1981); 
(2) helium isotope ratios at Seyferth, Leonards, 
Surprise, and Lake City that suggest these 
springs are part of a connected system (Barker 
et al., 2005); (3) the high concentrations of 
boron, fl uoride, sodium, and sulfate in ground-
water throughout this area (Ford et al., 1963); 
and (4) a vertical offset of ~6 m between high 
shorelines of the Upper and Middle Lakes, sug-
gesting down-to-the-NE displacement across 
the topographic high between the lakes (Hedel, 
1984). In addition, Mariner et al. (1978) reported 
that water chemistry data from the four springs 
in the central portion of Surprise Valley (Fig. 2) 
show similar chemical constituents that indicate 
shallow mixing and connectivity. However, a 
closer look at the data (originally reported in 
Reed, 1975) reveals order-of-magnitude differ-
ences in concentrations of Ca, HCO3, and SiO2 
between Lake City hot springs and sites to the 
southeast (Seyferth, Leonards, and Surprise 
Valley Mineral Wells) (Fig. 2). Elsewhere, this 
amount of variability has been used to support 
interpretations of isolated circulation systems 
that are strongly infl uenced by meter-scale local 
rock conditions (Rowland et al., 2008). The dis-
similar chemistries, therefore, likely indicate a 
lack of full connectivity between these differ-
ent spring systems (M. Reed, 2012, personal 
commun.).

A better understanding of the Lake City fault 
zone is an important component to understand-
ing and developing models of the geothermal 
system in Surprise Valley. We collected detailed 
gravity, magnetic, and AMT data along several 
profi les perpendicular to the Lake City fault 
zone (Fig. 2). Potential fi eld data are especially 
useful in mapping subsurface structures in areas 
like Surprise Valley that host highly magnetic, 
dense mafi c volcanic rocks interbedded with 
less magnetic, less dense sedimentary rocks. 
When offset by faults, these large contrasts 
in rock properties in the subsurface result in 
promi nent gravity and magnetic anomalies. 
AMT data measure subsurface resistivity, which 
is sensitive to fracturing, fl uid salinity, porosity, 
temperature, and conductive mineral content 
(Keller, 1987). In combination, these techniques 
offer the opportunity to map subsurface fracture 
systems and to assess their roles in facilitating 
or preventing circulation of geothermal fl uids.

GEOPHYSICAL METHODS 
AND MODELING

We collected detailed gravity (~150 m spac-
ing) and ground-magnetic data along six tran-
sects in Surprise Valley (Fig. 2). Although 
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aeromagnetic surveys have been conducted in 
this region (USGS, 1981; Fraser and Hoover, 
1983), the resolution of these surveys is too low 
to reveal subtle features within the basin, and 
only signifi cant structural features are apparent 
(Ponce et al., 2009). The spatial distribution of 
our data collection was limited by private land 
boundaries, cultural features that have a strong 
magnetic signatures, and dangerously hot sur-
face waters and wetlands; thus, our transects 
are limited to widely spaced locations where we 
were able to completely cross the mapped Lake 
City fault zone. We collected gravity data using 
Lacoste-Romberg G and Scintrex CG-5 gravi-
meters. Station location and elevation were mea-
sured using a Trimble GeoXT global positioning 
system (GPS) and postprocessed to submeter 
vertical accuracy. Observed gravity values were 
referenced to the International Gravity Stan-
dardization Net 1971 gravity datum (Morelli 
et al., 1974) and reduced to free-air anomalies, 
complete Bouguer anomalies (reduction density 
2670 kg/m3), and isostatic anomalies using stan-
dard formulas (Blakely, 1995). Individual mea-
surements are accurate to several tens of μGals, 
a conservative estimate in this case, since these 
data were collected along transects on the same 
day using the same instrument.

Ground magnetic data were collected on foot 
using a cesium vapor magnetometer (sensor 
located ~2 m above ground level) equipped with 
a Trimble nonmagnetic GPS system mounted 
on an aluminum-frame backpack. The data were 
collected at 1 s intervals, and the GPS receiver 
provided real-time differential corrections that 
resulted in submeter horizontal accuracy. A por-
table proton-precession base-station magnetom-
eter was used to record and correct for diurnal 
variations of Earth’s magnetic fi eld during the 
surveys. Additional processing removed anom-
alies associated with cultural “noise,” such as 
cars, culverts, fences, and power lines.

We collected AMT data with a sounding 
spacing of 200–400 m along three transects 
(Fig. 2), which correspond with potential fi eld 
profi les 1, 3, and 5. Again, our ability to collect 
data along transects was limited as before. The 
AMT method uses variations in Earth’s natu-
ral electro magnetic fi eld as a source to inves-
tigate the electrical resistivity structure of the 
sub surface (Vozoff, 1991; Zonge and Hughes, 
1991) over depth ranges of tens of meters to over 
a kilometer. AMT soundings were collected 
using the Geometrics Stratagem EH4 system 
(Geometrics, 2000), a four-channel, natural- 
and controlled-source tensor system recording 
in the range of 10–92,000 Hz. To augment the 
low signal in the natural fi eld, a transmitter of 
two horizontal-magnetic dipoles was used from 
800 to 64,000 Hz.

Phase tensor analyses of the AMT data 
(GSA Data Repository Fig. DR1a1; Caldwell 
et al., 2004) along each profi le showed minor 
variations in the azimuth of the phase tensor 
major axis, particularly at lower frequencies 
(<500 Hz), which refl ect resistivity structure 
deeper inside Earth and may be more indicative 
of regional structural trends. Phase tensor analy-
ses of the AMT data also indicate small (<4°) 
skew angles (Fig. DR1b [see footnote 1]). These 
observations, although subtle, indicate possible 
two-dimensional (2-D) structure, but overall the 
phase tensor ellipses do not show any 2-D geo-
electric trend in the data (i.e., the majority of the 
ellipses are circular). This analysis, in combina-
tion with the observation that the transverse-elec-
tric and transverse-magnetic sounding curves at 
the majority of the stations are similar, suggests 
one-dimensional (1-D) structure in the upper few 
hundred meters of the crust along our profi les. 
We calculated both 1-D (Constable et al., 1987) 
and 2-D inverse models of subsurface resistivity 
for each profi le, and similar models resulted. For 
simplicity, therefore, we show the 2-D models 
(discussed later herein).

Data were mathematically rotated to be paral-
lel and perpendicular to the strike of the mapped 
Lake City fault zone (~315°), and spurious data 
were removed. We ran inversions both with and 
without topography and used various starting 
models and different regularization and smooth-
ing parameters to test the sensitivity of the model 
to the data. Our preferred 2-D inverse models 
along profi les A, B, and C were computed from 
the transverse-electric and transverse-magnetic 
mode data using the conjugate gradient, fi nite-
difference method of Rodi and Mackie (2001) 
and a 10 Ω-m starting model incorporating 
topography. These present the most robust 
results along each line and use data with the 
highest signal to noise ratio. Pseudosections of 
the fi nal model responses show good fi t to the 
observed data (Fig. DR2 [see footnote 1]).

We interpreted the presence of faults and, in 
some cases, a relative sense of fault displace-
ment in potential fi eld profi les based on a quali-
tative assessment of the character of magnetic 
anomalies, taking into account the well-mapped 
geologic and structural setting, the anomaly 
shape, changes in frequency and amplitude 
character across the inferred structure, and 
assuming the subsurface units were normally 
magnetized. Though the parameters controlling 
the shape of geophysical anomalies can be quite 
complex depending on the properties and geom-

etry of units in the subsurface (e.g., Grauch 
and Hudson, 2011), our qualitative assessment 
makes use of known geophysical and geological 
parameters from previous studies (Ponce et al., 
2009; Egger et al., 2010; Egger and Miller, 
2011) and is suffi cient for comparing anomalies 
between profi les. Because of the limited extent 
of our data sets, our interpretations of faults are 
based on the joint analysis of the multiple geo-
physical methods presented here.

RESULTS

AMT profi le A and potential fi eld profi le 1 lie 
immediately south of the Lake City hot springs 
and at the northwestern terminus of the Lake 
City fault zone (Fig. 2). The 2-D AMT model 
shows low resistivities (<2 Ω-m) within 100 m 
of the surface at sounding stations 1 and 2 (Fig. 
3A), suggesting the presence of highly saline 
brines associated with the geothermal fl uids that 
feed the Lake City hot springs (Palacky, 1987), 
where Reed (1975) measured high Na, Cl, and B 
concentrations in the thermal waters at the sur-
face. The resistivity lows along this profi le may 
also be indicative of high clay content or poros-
ity. Higher resistivities (~2–10 Ω-m) observed 
at stations 3, 4, 5, and 6 are likely indicative of 
altered, clay-rich alluvium. Coincident with the 
Lake City hot springs, the magnetic data show a 
pronounced low bounded by steep gradients at 
700 m and 1050 m (Fig. 3A), suggesting range-
front–parallel normal faults bounding a gra-
ben in the hanging wall of the Surprise Valley 
fault (Fig. 2). Alternatively, the low may result 
from (or be enhanced by) hydrothermal altera-
tion and demagnetization of the volcanic strata 
within a fault-bounded block (Hochstein and 
Soengkono, 1997). However, the frequency of 
the magnetic data is similar across the inferred 
faults, and a resistivity contrast between AMT 
stations 2 and 3 marks the eastern extent of both 
the springs and the magnetic low (Fig. 3A), and, 
thus, we prefer to interpret these anomalies as 
faults, and, particularly, normal faults, consider-
ing their location with respect to the range front. 
Potential fi eld modeling (Fig. DR3 [see foot-
note 1]) supports this interpretation, suggesting 
offset on these features on the order of 100 m.

Two additional faults are inferred from 
magnetic data further east (Fig. 3A). This set 
of structures coincides with a regional gravity 
gradient, indicative of a large lateral contrast 
in densities associated with the Surprise Val-
ley fault. Together, the gravity and magnetic 
data may indicate normal faults subsidiary to 
the Surprise Valley fault, as has been modeled 
along a nearby seismic-refl ection profi le (Fig. 2) 
(Egger et al., 2010), but faults are not required 
(Fig. DR3 [see footnote 1]).

1GSA Data Repository item 2014056, Supporting 
material for AMT models and potential fi eld profi le 
interpretation, is available at http:// www .geosociety 
.org /pubs /ft2014 .htm or by request to editing@ 
geosociety .org.
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The lowest resistivities in the fi eld area (<1 
Ω-m) were found at the eastern end of profi le 
A, marking an abrupt transition from low to high 
resistivities near a mapped trace of the Lake City 
fault zone (Fig. 3A). However, there is no signifi -
cant corresponding magnetic anomaly other than 
a gradual decrease in magnetic amplitude, likely 
refl ecting a transition into nonmagnetic basin fi ll, 
and there are no gravity anomalies located at the 
mapped traces of the Lake City fault zone, nor 
at the mapped Quaternary fault scarp at 2000 m. 
In addition, analysis of AMT data along profi le 
A shows no indication of 2-D structure along 
this line. These remarkably low resistivities may 
therefore refl ect highly saline fl uids fi lling pore 
spaces in the sediments of the upper basin rather 
than circulating geothermal fl uids.

AMT profi les B and C (and potential fi eld 
profi les 3 and 5) are located in the central por-
tion of the Lake City fault zone and are nearly 
perpendicular to it (Fig. 2). The 2-D AMT 
model along profi le B (Fig. 3B) shows uni-
form resistivities of 2–10 Ω-m from ~100 to 
400 m depth, typical of clayey lakebed sedi-
ments. Resistivities of 25–30 Ω-m in the upper 
100–200 m likely indicate sandy soils of this 
intrabasin topographic high. This layer thins 
abruptly between stations 3 and 4 and again 
near station 13, near the northeasternmost trace 
of the Lake City fault zone (Fig. 3B). The steep 
gradients over which these changes occur sug-
gest possible down-to-the-SW normal faults—
opposite the sense inferred by Hedel (1984) 
and Bryant (1990). Similarly, the southwestern-
most mapped trace of the Lake City fault zone 
lies 300 m east of a down-to-the-SW structure 
inferred from the magnetic profi le (Fig. 2). Only 
minor magnetic fi eld anomalies coincide with 
the traces of the Lake City fault zone, and these 
are indistinguishable from anomalies observed 
elsewhere along the profi le (Fig. 3B). Two pos-
sible faults are indicated on the magnetic profi le 
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sponse. (A) Potential field data (isostatic 
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model along profi le C. VE—vertical exag-
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where there are changes in the amplitudes of 
frequency content along the profi les, but these 
lie 1.5–3 km northeast of the NE trace of the 
Lake City fault zone and are more likely related 
to offset along N-S–trending normal faults.

The 2-D AMT model along profi le C shows 
low resistivities (1–2 Ω-m) in the middle of the 
profi le at a depth of 150–300 m that likely indi-
cate altered clayey lakebed sediments (Fig. 3C). 
The mapped trace of the Lake City fault zone 
coincides with an inferred structure marking the 
NE edge of this resistivity low. The resistivity 
low along profi le C is observed immediately 
south of the resistivity low observed between 
stations 14 and 15 along profi le B. Although we 
cannot rule out the possibility that these resis-

tivity lows represent the same feature with a 
N-S strike, the complexity of the magnetic data 
argues against this possibility, and more data 
would be required between stations 14 and 15 
along profi le B in order to confi rm the presence 
of this resistivity low. In addition, there are no 
notable features in magnetic profi le 5 at the 
mapped trace of the Lake City fault zone (Fig. 
3C). Elevated amplitudes in the magnetic profi le 
occur 1500–2000 m SW and 500–1900 m NE 
of the mapped trace of the Lake City fault zone, 
which may refl ect the presence of buried struc-
tural highs (Fig. 3C). The northeasternmost of 
these two features correlates well with mapped 
eolian deposits on the surface, which could 
thinly mantle a horst or tilted block (Fig. 2).

Additional gravity and magnetic data along 
profi les 2, 4, and 6 show numerous features, few 
of which correspond with the mapped traces of 
the Lake City fault zone (Fig. 4). While we do 
not have data across all of the traces of the Lake 
City fault zone in profi le 2, there is one minor 
anomaly located near the NE trace (Fig. 4). Sev-
eral magnetic anomalies on the eastern end of 
line 2 most likely refl ect buried, N-S–oriented 
structures such as those seen further north (Ath-
ens, 2011) and south (Egger et al., 2010) that 
indicate down-to-the-W offsets that bring mag-
netic volcanic rocks closer to the surface, result-
ing in a higher-amplitude and higher-frequency 
character to the magnetic profi le. The anomaly 
at 6700 m corresponds with the easternmost of 
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the subtle anomalies in profi le 3; the fact that 
the anomaly is stronger in profi le 2 may indi-
cate that the feature is perpendicular to line 2 
and oblique to line 3 (Fig. 2). No particularly 
remarkable features are noted in the short pro-
fi le 4. On profi le 6, a marked change in character 
of the magnetic data at ~2500 m coincides with 
the trace of the Lake City fault zone and a large 
gradient in the gravity data. This is a complex 
region, however, where a N-S–trending normal 
fault has been mapped on the basis of surface 
exposures as well as seismic and potential fi eld 
data (Egger et al., 2010; Lerch et al., 2010). 
Given the character of the anomaly and previ-
ous interpretations, the anomaly at ~2500 m 
(profi le 6; Fig. 4) is therefore most likely due to 
a down-to-the-W, N-trending normal fault that 
juxtaposes basin fi ll and volcanic bedrock and 
is mantled with a thin (tens of meters) layer of 
lake sediments (Fig. 2). The deep magnetic low 
may also be refl ective of reversely magnetized 
volcanic rocks, as have been seen elsewhere in 
the valley (Egger et al., 2010).

Overall, while these profi les reveal geophysi-
cal anomalies (and inferred structures) that lie, 
in some cases, close to mapped traces of the 
Lake City fault zone, there is no consistency 
in the character of those anomalies along strike 
of the Lake City fault zone. Where faults are 
inferred from the magnetic data, the sense of 
offset is opposite what was suggested by previ-
ous authors based on their mapping of sparse 
surfi cial features.

DISCUSSION

Based on the potential fi eld data, it is highly 
unlikely that the Lake City fault zone accommo-
dates shallow vertical offset; based on the AMT 
data, it is also unlikely that it serves as a primary 
structure that facilitates geothermal fl uid circu-
lation in the upper few hundreds of meters. The 
AMT data cannot rule out the presence of deep 
circulation, nor would we expect the potential 
fi eld data to reveal a strike-slip fault; however, if 
it were a conduit for through-going geothermal 
fl uids, hydrothermal alteration and the precipi-
tation of hydrothermal minerals would produce 
subtle but discernible density and magnetic 
contrasts that would be revealed by the poten-
tial fi eld data. In addition, our data do not rule 
out the possibility of an older, deeper continu-
ous fault zone. However, the lack of any surface 
expression of the fault zone, together with a lack 
of a signifi cant, traceable potential fi eld anom-
aly and any 2-D structure in the AMT data, sug-
gests that a continuous, basin-crossing structure 
is unlikely. As a result, the combination of these 
data likely rules out the additional possibility 
of a through-going fault that accommodates 

primarily strike-slip motion. We suggest that 
what has been called a “fault” or “fault zone” 
is really a deformation zone, a topographic high 
that has been built primarily as a consequence of 
the segmentation, step-over, and growth of the 
Surprise Valley fault and typical of large range-
front normal faults in the Basin and Range 
(e.g., Anders and Schlische, 1994; Machette 
et al., 1991). These minor anticlinal folds tend 
to have fold axes transverse to the main range-
bounding faults—in other words, an intrabasin 
high would be likely to form in Surprise Valley 
at an angle approximately parallel to the NW-
trending faults, regardless of whether or not that 
preexisting structural fabric were there, purely 
as a consequence of the linking of two fault seg-
ments (Anders and Schlische, 1994; Peacock 
and Sanderson, 1991). While there may indeed 
be enhanced porosity in this zone due to broad 
upwarping of the basin sediments, there is no 
evidence for a shallow through-going structure 
or set of fractures that would allow thermal 
waters to circulate and mix across the valley.

Although the data presented here do not pre-
clude the possibility, a deeper through-going 
strike-slip structure that promotes soft-linkage 
in the overlying sediments is unlikely. As previ-
ously discussed, the Lake City fault zone was 
proposed in part to explain how geothermal 
waters would mix across the valley, but it is not 
clear that these waters actually are mixing based 
on their chemistries. Additionally, if there were 
a deep-seated strike-slip structure, we would 
expect to see similar features exposed at the sur-
face in the adjacent hills, and we do not. There 
is no evidence for strike-slip displacement along 
any of the NW-SE faults that are exposed at the 
surface (Egger and Miller, 2011), so it seems 
unlikely that there would be strike-slip fault-
ing along similarly oriented features at depth. 
If there were a small-offset strike-slip fault at 
depth, it would either offset the range-front if it is 
younger or contemporaneous with the Surprise 
Valley fault, or, if it is older, we would see a con-
tinuation of the fault into the Warner Range—
neither of which has been documented (Egger 
and Miller, 2011). The lack of NW-trending fea-
tures in existing aeromagnetic data also argues 
against a deep structure (Ponce et al., 2009).

Instead, based on our conclusion that there 
is no continuous NW-trending structure along 
the previously mapped Lake City fault zone, 
we present a model in which thermal waters 
are brought to the surface within fault inter-
action zones and damage zones along concealed 
N-S–trending faults in the valley (Fig. 5), as has 
been demonstrated elsewhere in the Basin and 
Range (Faulds et al., 2010), the Taupo volcanic 
zone (Rowland and Sibson, 2004), and globally  
(Curewitz and Karson, 1997). These fault inter-

action zones appear to form preferentially where 
two faults occur within 1.5–2 km of each other, 
creating a zone of diffuse mode I (extensional) 
fractures and enhanced permeability that is 
dynamically maintained (Curewitz and Karson, 
1997). The springs on the eastern side of the 
valley are similar in distribution to what Faulds 
et al. (2010) have called “overlapping opposing 
normal-fault systems” in the Salt Wells geother-
mal fi eld in west-central Nevada, resulting in 
multiple fault intersections at depth that increase 
fracture density. In contrast, the Lake City hot 
springs may be occurring in a region where the 
Surprise Valley fault is “horse-tailing,” or sepa-
rating into multiple fault splays, near its termina-
tion, a relationship observed at the Gerlach geo-
thermal fi eld in northwest Nevada (Faulds et al., 
2010). It is worth noting that the only hot spring 
in the valley that has been commercially devel-
oped (as a hot springs resort, not as an energy 
resource), the Surprise Valley Mineral Wells 
(Fig. 2), is not near any of the mapped traces of 
the Lake City fault zone, but its presence could 
also be explained by opposing normal faults 
(Fig. 5). In this model, what has been mapped 
as the Lake City fault zone is instead interpreted 
as a broad, anticlinal accommodation zone (e.g., 
Faulds and Varga, 1998), or deformation zone, 
where sedimentary and volcanic basin fi ll is cut 
by small-offset normal faults (Fig. 5). The ori-
entations of the three principal stresses shown in 
Figure 5, which are consistent with the orienta-
tion of major structures in this region (Egger and 
Miller, 2011), would produce enhanced porosity 
in the regions where hot springs occur through 
the development of mode I fractures without the 
need to invoke a basin-crossing fault.

Commonly, in seismically active areas, 
porosity and permeability can be kinemati-
cally maintained along faults themselves. The 
Surprise Valley fault is capable of producing a 
M 6.8 earthquake approximately every 4500 yr 
(Personius et al., 2009), but it appears that this 
earthquake recurrence interval is too long (and 
the strain rate too low) to generate and—more 
importantly—maintain flow pathways that 
would result in a large number of hot springs 
occurring along the Surprise Valley fault itself. 
Instead, the moderate strain rate results in the 
development of fl ow pathways around fault 
tips and fault interactions, arguably common to 
many geothermal systems (Curewitz and Kar-
son, 1997). However, these systems are also 
more likely to evolve over short length and time 
scales, which would result in a wider range of 
variability in the patterns of fault-controlled hot 
springs. This same process is probably common 
in many of the systems throughout the Basin and 
Range, where strain rates are also relatively low 
and earthquake recurrence intervals are long.
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CONCLUSIONS

An accumulation of work highlights that indi-
vidual geothermal systems, while broadly similar 
in setting, are strongly infl uenced by local geol-
ogy and stress fi elds, and each system requires 
detailed characterization. We have made use of 
multiple high-resolution data sets to evaluate the 
presence of faults and fl uids in Surprise Valley, 
particularly along an enigmatic feature that has 
been mapped as the Lake City fault zone. The 
lack of consistency and continuity of potential 
fi eld and resistivity anomalies, in combination 
with existing seismic and geologic investigations 
do not support the presence of the Lake City fault/
fault zone as a through-going structure that could 
accommodate the circulation of fl uids between 
western and eastern parts of the valley, as has 
been suggested elsewhere. Instead, we interpret 
this region as a deformation zone, and we suggest 

that various interactions between N-S–trending 
normal faults in the valley maintain porosity and 
permeability, which facilitate the circulation of 
thermal waters in Surprise Valley.
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