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Three-Dimensional Geologic Map of the Southern Carson
Sink, Nevada, Including the Fallon FORGE area

By Drew L. Siler!, James E. Faulds? Jonathan M.G. Glen', Nicholas H. Hinz?, Jeffrey B. Witter®, Kelly Blake®,

John Queen®, and Mark Fortuna®

Abstract

The three-dimensional (3—D) geologic map characterizes
the subsurface in the southern Carson Sink region. We created
the 3—D map by integrating the results from seismic-reflection,
potential-field-geophysical, and lithologic well-logging inves-
tigations completed in and around the Fallon FORGE site as
part of the U.S. Department of Energy Frontier Observatory
for Research in Geothermal Energy (FORGE) initiative from
2015-2018. The FORGE initiative was part of an effort to
develop the technologies, techniques, and knowledge needed
to make enhanced geothermal systems (EGS) a commercially
viable electricity-generation option for the United States. Geo-
logic units and structures mapped during the Fallon FORGE
study, which particularly focused on the Mesozoic basement,
were extrapolated to create the 3—D map of the southern Carson
Sink area. The 3—D map area is 10 km wide along the east-west
and north-south axes and extends 2.5 km below sea level, ~3.7
km below the land surface. Views of the map include horizontal
and vertical sections and oblique perspective views from several
angles. We describe the geologic units and structures and dis-
cuss the methods used to integrate the geologic and geophysical
information in a 3—D geologic interpretation. We provide digital
data for elements of the map, such as individual 3—D fault and
stratigraphic surfaces and surface-fault traces. Input data are
available from various data repositories through cited web links.
A brief movie displaying the 3—D map is available at
https://doi.org/10.3133/sim3437.

Purpose and Scope

From 2015 to 2018, the Fallon Frontier Observatory for
Research in Geothermal Energy (FORGE) project was the
focus of research associated with developing, testing, and
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improving enhanced geothermal systems (EGS) technolo-

gies and techniques. EGS relies on generation of permeability
in hot but impermeable rock through a variety of subsurface
engineering processes. The ultimate aim of EGS is to produce
a fluid circulation system between a group of wells that can be
used to generate electricity or to link newly generated perme-
ability to an existing producing geothermal field (Tester and
others, 2006). Estimates suggest that, if developed, renewable
EGS resources could constitute a significant portion of future
domestic energy needs in the United States (Tester and others,
2006; Blackwell and others, 2007; Williams and others, 2008).
A detailed geologic understanding of the subsurface is critical
to develop successful EGS. This 3—D geologic map (map sheet;
also movie at https://doi.org/10.3133/sim3437) provides a sub-
surface characterization of the southern Carson Sink to inform
the EGS research completed at the Fallon FORGE site.

The 3—D map area is in the southern Carson Sink, approxi-
mately 10 km south-southeast of the city of Fallon, Nevada
(fig. 1), and includes the Fallon FORGE site, which is located
predominantly on land owned by the Naval Air Station Fallon
and on adjacent land owned and leased by Ormat Nevada, Inc.
The Fallon FORGE site is a T-shaped area ~3.6 km (north-
south) x 4.0 km (east-west) (fig. 2). Within this area, the Meso-
zoic basement section, in particular, was the primary subject of
FORGE research (Blankenship and others, 2016; Ayling and
others, 2018). Accordingly, the following geologic features
were the focus of the geologic characterization: (1) the contact
between the Mesozoic basement and the overlying Neogene
strata, (2) the geometry and lithology of the different subunits
within the Mesozoic basement, and (3) the geometries and rela-
tive ages of faults cutting the basement.

Introduction

The 3—D map and this report describe the subsurface geol-
ogy and structure of a 10 km x 10 km area (100 km?), encom-
passing the Fallon FORGE site, in the southern part of the
Carson Sink (fig. 1). The geologic relations shown in the 3-D
map are based on interpretations of geologic and geophysical



data, as well as subsequent construction of geologic surfaces
(for example, faults and geologic contacts) using 3—D interpola-
tion algorithms.

The most detailed 3—D geologic characterization within the
broader 100-km?*area was constructed for the T-shaped Fallon
FORGE site. This portion of the 3-D map, the Fallon FORGE
area, is 3.6 km (north-south) by 4.0 km (east-west) and extends
from the surface (~1,200-m elevation) to 2.5 km below sea
level. The geologic features displayed in this area are supported
by dense subsurface well data (fig. 2) that allow the top of the

Mesozoic basement contact and the four lithologic units within
the basement to be identified and mapped.

To constrain the geologic relations and fault structure
within the broader context of the local basin architecture, sub-
surface data in the Fallon FORGE area were extrapolated to cre-
ate the southern Carson Sink 3—-D map (fig. 1). Because of the
relative sparsity of deep well data outside of the Fallon FORGE
area (fig. 2), the Mesozoic units are lumped into a single, undi-
vided Mesozoic basement unit. All faults in the Fallon FORGE
area seamlessly continue throughout the 3—D map.
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Figure 1.

Sink 3-D map. Geothermal systems: B, Bradys; DP, Desert Peak; DQ,

Southern Carson Sink 3-D geologic map area
Walker Lane

Quaternary faults

Geothermal systems

Regional map of Carson Sink area showing generalized bedrock geology (from Crafford, 2010) and location of southern Carson

Desert Queen; DV, Dixie Valley; CL, Carson Lake; LA, Lee-Allen; P,

Patua; S, Stillwater, SL, Soda Lake; SW, Salt Wells, W, Wabuska. Quaternary faults from U.S. Geological Survey Quaternary fault and fold
database (U.S. Geological Survey, 2006). FORGE, Frontier Observatory for Research in Geothermal Energy.



The resulting 3—D geologic map displays subsurface fault
surfaces, stratigraphic contacts, and rock volumes. The Fallon
FORGE area retains the four subunits in the Mesozoic base-
ment, but the Mesozoic basement is undivided outside of this
area. The Neogene sedimentary and volcanic units overlying
the Mesozoic basement are mapped consistently throughout the
3-D map.

Definition of the geologic and structural features of the
3—-D map is supported by lithologic analyses of ~16,500 m of
cores and cuttings from nine wells within the 3-D map area and
twenty-four wells in the region surrounding the map (figs. 2, 3);
geochemical analyses of Miocene volcanic units and Mesozoic
metavolcanic units (fig. 4); seismic-reflection interpretation (figs
5, 6); interpretation of gravity anomalies and horizontal gravity
gradients (figs. 5, 7); interpretation of magnetic anomalies and
horizontal magnetic gradients (fig. 5, 8); two-dimensional (2-D)
forward modeling of gravity and magnetic data (fig. 9); and
structural analysis based on image logs from four wells within
the map (figs. 2, 10). In addition to site characterization for EGS
research, potential applications of this map include reservoir
modeling, seismicity analysis, conventional geothermal explora-
tion, education and scientific inquiry, and basin hydrogeology
(see Potential Applications for 3—D Map section of this report).

Geologic Setting

Several major tectonic episodes affected the Carson Sink
region and are relevant to the geologic structure and stratigra-
phy in the 3—D map area. The earliest tectonic event expressed
in the southern Carson Sink is Mesozoic contraction with
associated arc and back-arc volcanism and sedimentation. This
contractional deformation includes low-grade metamorphism
and folding and thrusting of the Mesozoic stratigraphy (for
example, Page, 1965; Schweickert and Cowan, 1975; Stewart
and Carlson, 1978; Satterfield, 2002; Hinz and others, 2008,
2010, 2014). Mesozoic tectonism and magmatism was followed
by a period of uplift and erosion and later by eruption of region-
ally extensive rhyolitic ash-flow tuff sequences in the Oligocene
(Henry, 2008; Henry and others, 2012). Regionally extensive,
generally mafic volcanism associated with the ancestral Cascade
Volcanic Arc followed in the Miocene (Wernicke and others,
1987; Cousens and others, 2008). Subsequent to the mafic vol-
canism, the Carson Sink underwent normal faulting associated
with east-west to west-northwest Basin and Range extension
from the early Miocene to the present (Colgan and others, 2006;
Fosdick and Colgan, 2008). The southern and western parts of
the Carson Sink experienced Walker Lane-type dextral shear
deformation from late Miocene to present (Faulds and Henry,
2008).

Published geological, seismic reflection, and gravity
interpretations delineate a series of half-graben and associated
tilted fault blocks that define the structure of the Carson Sink
basin and the surrounding mountain ranges (for example, Hast-
ings, 1979; John, 1995; Faulds and others, 2010a, 2012, 2015,
2018; Hinz and others, 2011, 2014; Gray and others, 2013). The
major normal faults controlling the half graben generally strike

north-northeast and are associated with the Miocene to recent
Basin and Range extension. Adjacent basins and tilted fault
blocks include a series of extensional anticlines and synclines
(Faulds and Varga, 1998).

A magnitude 6.9 dextral-normal earthquake in 1954 on
the Rainbow Mountain Fault occurred ~10 km east of the 3-D
map, illustrating that the Carson Sink region remains tectoni-
cally active to the present (Doser, 1986; Caskey and others,
2004). Accordingly, Quaternary faulting is common through-
out the Carson Sink. However, detailed geologic mapping
and analysis of lidar data within and adjacent to the map area
suggest that no late Pleistocene to Holocene faults are found
within the 3—D map area (fig. 1; Fallon area lidar data are
available at https://gdr.openei.org/submissions/821, Sandia
National Laboratories, 2017). The nearest Quaternary scarp lies
~1.5 km south of the southeast corner of the 3—D map and cuts
late Pleistocene lacustrine sediments (Hinz and others, 2011).
Though the U.S. Geological Survey Quaternary fault and
fold database (U.S. Geological Survey, 2006) shows several
Quaternary faults within and directly adjacent to the 3—D map
(fig. 1), recent analysis suggests that these scarps are probably
late Pleistocene shorelines rather than faults (J.W. Bell and
N.H. Hinz, Nevada Bureau of Mines and Geology, unpublished
data, 2011). The lack of late Pleistocene to Holocene faulting in
the 3—D map area may indicate either a relatively tectonically
quiescent period or may result from erosion or obscuring of
fault scarps by processes associated with at least two lacustrine
high-stands since ~13 Ma (Bell and others, 2009; Bell and
House, 2010).

Data

Well Cuttings and Cores

Data from thirty-three wells within and adjacent to the
southern Carson Sink 3—D map were used to construct the map
(fig. 2). Approximately 16,500 m of cores, spot cores, cuttings,
and thin sections of core and cuttings were analyzed. Cores
were evaluated by hand lens, and cuttings were examined in
detail under a high-power binocular microscope. Petrographic
thin sections collected at ~30-m intervals are available for sev-
eral wells. The thin sections were used in conjunction with the
physical cores and cutting samples to confirm lithologic data.
The contacts between lithologic units (fig. 3) are based on these
data (Hinz and others, 2016).

Late Miocene to Quaternary basin-fill sediments (unit
QTs) are 0 to 1,400 m thick and thicken to the west, away from
the hinge zone of an extensional anticline (figs. 6, 9). No contact
in the Neogene sedimentary section is evident in the down-hole
lithologic analyses (fig. 3), so this section is shown as a single
unit (QTS) on figure 3. A prominent reflector is evident in the
seismic-reflection data and is inferred to be a late Pliocene
surface (fig. 6). This, rather than the lithologic data, allows for
division of the Neogene sedimentary section into Quaternary
and Tertiary sediments (QTs) and Tertiary sediments (TS) in the
3—-D map. The Neogene sedimentary section overlies Miocene



volcanic and lesser interbedded sedimentary rocks. This Mio-
cene volcanic section is 700 to 1,100 m thick and is dominated
by Miocene basaltic andesite lavas (figs. 3, 4) but includes four
other volcanic rock types distinguished in the cuttings and core:
volcanic breccia, lithic tuff, rhyolite and dacite, and andesite.
These units correlate with mapped units in the Bunejug and
Lahontan Mountains (Bell and House, 2010; Bell and others,

39°25'
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2009; Hinz and others, 2011). In the 3—D map, these units are
lumped into Miocene volcanic rocks, undivided (unit Tvs)

for two reasons: (1) it is not possible to correlate the subunits
between wells throughout either the Fallon FORGE area or the
southern Carson Sink 3—D map and (2) the focus of the project
at the Fallon FORGE site was geologic characterization of the
Mesozoic basement section, so, whereas precise definition of

[ Southern Carson Sink 3-D geologic map area

[ Fallon FORGE site

|:| Fallon Forge area
Naval Air Station Fallon

e

+

Magnetic lines
Wells
Gravity stations

5;{? Tvs exposures within 3-D map area

°45' 8°40' 8°35'
118°4 118°4 1
+ [ B P [ + , [
* + + N
+ + +
3 o N +
; '
. +
T * + +
3 N :
+ + + .
: .
+ * + + +
- + + + +
. A + + + +
Y B + +
. ., +
+ N oy +
+ + + o, +
N +
+ + + s + +
N + .
¥ ¥ + -
P i et e e e . N
Yo -
T R PR * *
N % .
+ +, PR + o + + o+ +
T R " _— >
. N +h o E + + +
T T s bt o, et .
: B EA *
+ ot o+ o+ t+ o+ o+ o+ 1 + e+ o+ + o+ o+ o+ + o+ o+
. L + 4 +
PR O S I T & L R O A R + F .
+ + +4 + + + +
AR S . .
+ E — 4 o+ #,
+ + o+ o A T L SR A S S A S
. . —
P T P S A S
N + +++++H++++++++ gae ¥
PO P AR SN |
4 + * T+ T o,
Foa o+ 4 R s+ + 4+ I ; L
K 1+ e .
L, +++++ oten EE At bt et e st et "
B
e et 8824 PO N
B . T T PRI AP 119 .
N
+ + 4 + + + "
+ . +
. + ot P *
N
A a4+ R\ Y
+ g, b ot
+ Fi]
- R % .
+ * <<<.>+*+H‘
b )
At et .
+ R Ay e
. ot "
+ +
. P N
.
g + :
18 - P
+ ] +
+EO + 8431 + + o+ . .,
+ PR P R I A M +  *
I
P . P
FEFIN T
+ " T +
o4+ + vt v b s v r bt b+ T4y + +
+ )
+ B I T S e
R
N R T T T e +
; @ iy
. L I I ++1,8_5++++*
** + ++++++++++++++“_¢_77+ﬂ++ N .
B
. PR 4
R ¥ A b g AMARRASS USRS,
Lo P PPN Al S !
+ P + N E T R T .
+ t . A R T T T ! +
N
N + H.HHHHHHH*:H‘.
, F A W +
+ Fal
——————————H#p .
+ R R R A +
- rs ’
+ - + o+ + .‘
+ " .
+ * + + * + N
+ + + + —
o, + L
t +
. : N
+ + * +
+ + +
+ +
N . N i
+ .
+ ey
+ +
+
. + B . + . . +
+ + +
' . :
+
B
B
+ + + . + +
0 2 3 MILES P
| I | * + R
I T + ' .,
+ +
0 3 KILOMETERS : -
+ v
: N :
+ . + v
* +
& hd + -
Base from 2013 U.S. Geological Survey 10-meter digital data

Figure 2. Southern Carson Sink area showing the locations of magnetic data and gravity stations used in construction of the 3-D map.
The labeled wells contributed bedrock lithologic data (fig. 3) and (or) structural data (fig. 10). Other wells contributed temperature data or
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Figure 3. Graph showing lithologic logs from nine wells in the southern Carson Sink area (locations shown on fig. 2). In this figure, depth
corresponds to well-path distance measured from the Kelly bushing—not true vertical depth. Wells are displayed right-to-left as they

are located east-to-west on figure 2. The Mesozoic basement units are displayed divided in the Fallon FORGE area of the 3-D map and
undivided as unit Mzu in the southern Carson Sink 3-D map. See detailed unit descriptions in the Description of Map Units. Asterisks along
well path indicate locations of samples for total alkali silica (TAS) plot (fig.4). FORGE, Frontier Observatory for Research in Geothermal Energy.

the base of the Tertiary volcanic units was critical to project
goals, the division of units within the overlying Neogene sec-
tion was not. The westward-thickening Neogene sedimentary
section suggests syntectonic deposition. The Miocene volcanic
section (unit Tvs) remains close to 1 km thick throughout the
3—-D map area (fig. 3), suggesting that the accumulation of these
units preceded significant extension and basin subsidence.

The Miocene volcanic section rests nonconformably on
heterogeneous Mesozoic basement. The Mesozoic basement,
the focus of the geologic characterization at the Fallon FORGE
site (Blankenship and others, 2016; Ayling and others, 2018),
consists of low- to medium-grade Jurassic to Triassic metavol-
canic and metasedimentary rocks that are locally intruded by as
much as 130 m of quartz monzonite, which is likely Cretaceous
or Jurassic (unit Mzgm, fig. 3). The upper part of the basement

consists of predominantly metabasalt to metabasaltic andesite
(unit Mzb), probably Jurassic, as much as 230 m thick. The
underlying section consists of quartzite interlayered with lesser
phyllite, metabasalt, and marble (unit Mzq) ranging from 100 to
380 m thick, which is also probably Jurassic. Metarhyolite ash-
flow tuffs are locally interlayered with metabasalt (unit Mzr).
Unit Mzr exceeds 790 m thick, is probably Jurassic or Triassic,
and forms the deepest part of the basement that is penetrated by
the existing wells.

Within the Fallon FORGE area, four wells (61-36, FOH-
3-D, 82-36, and 21-31) penetrate the Mesozoic basement sec-
tion (figs. 2, 3). The contacts between these units are traceable,
so units Mzb, Mzq, Mzr, and Mzgm are mapped separately in
this area. Only one additional well (84-31) reaches the Meso-
zoic basement in the southern Carson Sink 3—D map, so the



Mesozoic basement was left undivided (Mzu) outside of the Fal-
lon FORGE area. See the Description of Map Units for detailed
unit descriptions for all units on figure 3 and the 3—D map.
Lithologic data are available at https://gdr.openei.org/
submissions/1027 (Sandia National Laboratories, 2018a).

To more precisely define the contact between the Miocene
mafic volcanic section (Tvs) and the underlying Mesozoic low-
to medium-grade metamafic volcanic rocks (Mzb), whole-rock-
geochemistry data were collected from (1) Miocene surface out-
crop samples, (2) known Miocene lavas in core and spot core in
several wells, and (3) mafic lavas and (or) metamafic lavas both
above and below the location of the inferred Miocene-Mesozoic
contact, as interpreted from the core and cuttings in well 21-31.
Well 21-31 was drilled as part of the Fallon FORGE project in
February 2018 (Ayling and others, 2018). The known Miocene,
known Mesozoic, and suspected Miocene and Mesozoic data
from well 21-31 largely overlap on the total alkali silica (TAS)
plot (fig. 4), so ultimately the geochemistry data are not effec-
tive in defining the Miocene-Mesozoic contact. The original
lithologic interpretation from the core, spot cores, and cuttings
was, therefore, used to define the contact between the base of
the Miocene volcanics and the top of Mesozoic basement

(fig. 3).

Seismic Reflection

Two seismic reflection datasets, totaling approximately 270
km of profile length spanning the southern part of the Carson

Sink, help to constrain the stratigraphic and structural frame-
work of the southern Carson Sink 3—D map area. Approximately
83 km of reflection profiles span the 3—D map (figs. 2, 6). The
two data sets are (1) a legacy data set consisting of depth-
migrated data available only as digital image files (detailed in
Blankenship and others, 2016) and (2) a digital dataset (origi-
nally interpreted in Gray and others, 2013, and reinterpreted in
Blankenship and others, 2016). As part of this study, the digital
dataset was reprocessed and remigrated utilizing modern meth-
ods with the purpose of (1) improving the signal strength and
coherency of the Neogene basin-fill sediments, the underlying
Miocene volcanics, and Mesozoic crystalline basement rocks
and (2) collapsing fault diffractions to improve identification
and definition of faults within the study area (methods detailed
in Ayling and others, 2018; Hinz and others, 2017). These data
constrain basin architecture, thickness of major stratigraphic
units, and location and spacing of faults (fig. 6; Hinz and others,
2017; Faulds and others, 2018; Ayling and others, 2018; Siler
and others, 2018a).

The seismic-reflection data demonstrate that the 3—D map
area forms a gently west tilted half graben cut by widely spaced
(0.5-2.0 km) east- and west-dipping normal faults. Interpre-
tation of surface fault traces based on gravity and magnetic
anomalies and local maximum horizontal gradients of the grav-
ity and magnetic data (figs. 7, 8) helped to define the location
and strike of faults and to connect faults between the reflection
profiles. Lithologic data from wells were utilized to identify
reflectors associated with the top of the Miocene volcanics. The
2-D modeling of high-resolution gravity data (~100-m station

16 T T T
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Figure 4. Total alkali silica (TAS) plot showing analyses of Miocene volcanic rocks (Tvs) and Jurassic metabasalt (Mzb) samples from
wells in the Fallon FORGE area and the Bunejug Mountains. Sample locations along well paths are shown on figure 3.
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spacing) combined with the seismic reflection was utilized to
help constrain the depth to the base of the basin-fill sediments
(for example, top of volcanic section). Due to relatively poor
reflector coherence beneath the top of the Miocene volcanic sec-
tion, the top of Mesozoic basement was largely interpreted from
2-D profile modeling of gravity data (figs. 6, 9). Three geologic
contacts are apparent based on these analyses: the top of the
Mesozoic basement, the top of the Miocene volcanic section,

and a contact within the sedimentary section that we infer to be
late Pliocene (fig. 6).

Faults, which are identified based on reflector trunca-
tion and integration of interpretations of the other datasets,
dip moderately to steeply and accommodated relatively minor
offset, typically ranging from approximately tens of meters to
200 m (fig. 6). Faults generally strike north to north-northeast,
but several secondary fault populations (generally less than 100
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Figure 5. Map of southern Carson Sink area showing surface extents of southern Carson Sink 3-D map, Fallon FORGE area, and Fallon
FORGE site, as well as locations of published geologic maps, available lidar, seismic-reflection data, and potential-fields-profile models
used in construction of the 3-D map. Reflection profile N-3 (X-X') is shown on figure 6. Potential-field-modeling profile 3 (Y-Y’) is shown
on figure 8. Hillshade from 10-m DEM, U.S. Geological Survey, 2013, USGS NED n40w119 1/3 arc-second. FORGE, Frontier Observatory for

Research in Geothermal Energy.
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meters offset) strike approximately east to east-northeast and
north-northwest. Several faults were inititally interpreted based
on large horizontal gradients in gravity and magnetics (figs. 7,
8, 9) and subsequently identified in the seismic reflection. The
seismic-reflection data are available at https://gdr.openei.org/
submissions/1011 (Sandia National Laboratories, 2018b).

Potential-Field Data

A database of more than 8,000 gravity stations that
span the Carson Sink was analyzed to help constrain the 3-D
geometries of geologic contacts and faults in the 3—D map. The
10-km x 10-km area of the 3—D map contains ~1,750 gravity
stations, with a typical spacing of 250-300 m, though more
densely spaced stations (100 m) occur along the seismic reflec-
tion profiles, providing higher resolution data along the 2-D
potential-field-profile models (figs. 5, 9). The remaining 6,250+
stations are spaced at 400- to 1,600-m intervals spanning an
approximately 130-km x 130-km region surrounding the 3—D
map area and provide regional control. All gravity data were
reduced to isostatic residual gravity anomalies using standard
gravity methods (Blakely, 1995) that correct for multiple param-
eters, including Earth tides, instrument drift, latitude, elevation,
Earth curvature, terrain, and crustal root.

Approximately 600 km of ground magnetic data with
approximately 250-m line spacing (fig. 2) help characterize the
3-D geologic structures in the 3—D map. Standard processing
of these data was applied to correct for diurnal variations of the
field (Telford and others, 1990), and the data were filtered to
remove anomalies associated with cultural noise, such as cars,
culverts, fences, and power lines.

Isostatic gravity anomalies (fig. 7), reduced-to-pole mag-
netic anomalies (fig. 8), and the locations of local maxima in the
horizontal gradients of gravity (fig. 7) and reduced-to-pole mag-
netic anomalies (fig. 8) were calculated (for example, Blakely,
1995). These maximum horizontal gradients help to define
surface-fault traces and help to connect fault profiles interpreted
from the seismic-reflection data (fig. 6) and 2-D potential-field-
profile models (fig. 9).

The gravity signature within the 3—D map area is domi-
nated by a gravity high to the east and a gravity low to the
west that are associated with the hinge zone of an extensional
anticline in the near surface to the east of the 3—D model and
a deepening west-tilted half graben along the west limb of the
anticline, respectively (fig. 7). Within these broad anomalies,
many local maximum horizontal gravity gradients are evi-
dent. Steep gradients in the gravity signal are associated with
relatively large lateral density contrasts in the subsurface. Many
of these maximum horizontal gradients correlate with faults
interpreted from the seismic-reflection data and (or) mapped in
the adjacent ranges.

Similar to the gravity data, the reduced-to-pole magnetic
anomaly data also demonstrate a relatively strong magnetic
field in the east and a relatively weak magnetic field in the west.
Also similar to the gravity data, this signal is associated with
the shallow hinge of the extensional anticline to the east and the
deepening basin to the west. Several of the maximum horizontal

magnetic gradients correlate with faults interpreted from the
seismic-reflection data, maximum horizontal gravity gradients,
and mapped faults in the adjacent ranges (fig. 8).

Two-dimensional (2-D) potential-field models were devel-
oped along five profiles across the 3—D map area (figs. 5, 9).
The purpose of the 2—D potential-field-profile modeling is to (1)
provide constraints on the locations of the major geologic con-
tacts to integrate with the seismic-reflection interpretation, (2)
add additional profile constraints on the locations of geologic
contacts where seismic-reflection data are unavailable, and (3)
constrain the locations of major faults. Commercially available
software (GM-SYS®) was used to model the five profiles. The
software employs standard forward-modeling methods (Talwani
and others, 1959; Blakely and Connard, 1989) that approximate
subsurface geology with horizontal tabular prisms characterized
in the 2-D cross section as model blocks. The geometries of the
model blocks are determined through a series of forward and
inverse calculations (whereby density and magnetic proper-
ties of 2-D bodies are adjusted iteratively) to match model
anomalies with observed anomalies within limits imposed by
surface geology, rock property data, and maximum horizontal
gradients. Rock density (325 samples), magnetic susceptibility
(357 samples), and magnetic remanence (93 samples) data from
core samples, paleomagnetic cores, and representative hand
samples collected form the Bunejug and Lahontan Mountains
(data available at https://gdr.openei.org/submissions/990, Sandia
National Laboratories, 2017) are used in conjunction with data
derived from a national database (D. Ponce, USGS, written
commun., 2016) consisting of over 19,000 measurements made
on lithologies similar to those in the 3—D map area. These data
constrain the density and magnetic susceptibility of rock units
in the 2-D potential-field models (fig. 5, Profiles 1-5; fig. 9)
(Ayling and others, 2018).

The Quaternary and Neogene sedimentary section (QTs
and Ts) is separated into four regionally extensive horizon-
tal internal units (fig. 9; table 1). The density of each subunit
increases with depth to reflect typical density-depth relations
found in basins throughout Nevada (Jachens and Moring, 1990).
A similar approach was used for the underlying volcanic section
(Tvs). The four horizontal density sub-units in the volcanic
section increase in density with depth, though they remain
within the range of densities measured on the core and outcrop
samples. Both normal and reversed magnetic-polarity Tvs units
in the shallow subsurface are needed to fit the high-amplitude
magnetic signal (fig. 9). Similarly, reverse- and normal-polarity
Miocene mafic lava sections are exposed to the east of the 3-D
map (Hinz and others, 2011, and unpublished data). The hori-
zontal density layers in the Quaternary and Neogene sediments
(QTs and Ts) and Miocene volcanic rocks (Tvs) represent
realistic density-depth variation in the Earth’s crust and provide
a good fit between the profile model, the density measurements,
and gravity measurements. These horizontal density layers are
not correlated with any identified lithologic variation, and they
are not incorporated in the 3—D geologic map. The location of
the contact at the top of the Miocene volcanics (Tvs) through-
out the 3—D map is defined by iterative comparison and adjust-
ment of the contact interpreted from seismic-reflection data and
the potential-field-profile models. Because the resolution of the
seismic-reflection data below the upper contact of the Miocene
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Table 1.

Magnetic and density properties used in potential-field modeling (fig. 9).

[Hyphen, no values were used in the model. Colors correspond to density subunits in potential-filed-profile model (fig. 9)]

Magnetic

Magnetic

Geologic map unit Po:ont:::!:;?:d_ [()Ifgl}frll?), susceptibility remanence Det;:ji:;;ion Inc(l'ijl;zt)ion
(SI) (A/m)
Sed1 1,900 0.002 0.0 - -
QTsand Ts Sed2 2,000 0.007 0.0 - -
Sed3 2,200 0.005 0.0 - -
Sed4 2,300 0.0 0.0 - -
(reversed polarity) Volclr 2,300 0.02 2.0 153 =30
Volcln 2,300 0.02 2.0 0.0 60
Tvs Volc2 2,350 0.02 2.0 0.0 60
2,400 0.02 2.0 0.0 60
2,420 0.02 2.0 0.0 60
Mzu 2,670 0.01 2.0 - -

volcanic rocks (Tvs) is poor (fig. 6), the top of the Mesozoic
basement is largely based on the potential-field modeling rather
than the seismic-reflection profiles.

Distinct faults are not shown in the potential-field-profile
models, but the likely locations of faults are indicated by adja-
cent lithologies of different density and (or) magnetic properties
compared to the locations of faults interpreted from the other
data sets and adjusted as necessary to iteratively develop an
internally consistent structural interpretation. Potential-field
data are available at https://doi.org/10.5066/F7J38RVZ (Phelps
and Glen, 2018).

Methods

The southern Carson Sink 3—D map was constructed using
the methods summarized below, which are similar to other
recent contributions (Moeck and others, 2009, 2010; Faulds and
others, 2010b; Jolie and others, 2012; 2015; Hinz and others,
2013a; Siler and Faulds, 2013; Siler and others, 2016a,b,c; Siler
and others, 2018a). Commercially available software (EarthVi-
sion) was used for all 3-D work.

The 3-D fault interpretation is based on seismic-reflection
interpretation, faults inferred from the 2-D potential-field-
profile models, faults mapped adjacent to the 3—D map area, and
fault traces interpreted from gravity and magnetic anomalies
and gravity and magnetic horizontal gradients. Faults inter-
preted from the seismic-reflection profiles were compared to
the mapped surface-fault traces adjacent to the 3—D model area,
surface fault traces interpreted from the maximum horizontal
gradients of gravity and magnetics, and faults indicated on
2-D potential-field-profile models, and their locations were
adjusted as necessary. Faults evident from large gradients in the
potential-field data, but not originally interpreted on the seismic
reflection, are added to the seismic-reflection interpretation. A
surface-fault-trace map was built by connecting 2—D fault pro-
files on the seismic-reflection profiles and 2—D potential-field

12

profiles to those on neighboring profiles using the potential-
field-anomaly maps and faults interpreted from gravity and
magnetic maximum horizontal gradients. In this way, the 3-D
fault interpretation was iteratively built to be consistent with all
available data. The final fault profiles and surface traces were
digitized or digitally added to the 3—D software environment,
and 3-D fault surfaces were calculated based on these data.
Three-dimensional stratigraphic contacts were defined
based on the bedrock exposures of Miocene volcanic rocks in
the Lahontan and Bunejug mountains (figs. 1, 2; for example,
Bell and House, 2010; Bell and others, 2009; Hinz and oth-
ers, 2011; Morrison, 1964), downhole lithologic data inter-
preted from well cuttings and core (figs. 3, 4), interpretation of
seismic-reflection profiles (fig. 6), and 2—D forward modeling of
potential-field data (fig. 9). Similar to the faults, the 2—D pro-
files of the geologic contacts were iteratively refined between
the seismic reflection, the down-hole lithologic data, the 2-D
potential-field-profile models, and the 3—D fault surfaces to
construct 3—D stratigraphic contacts consistent with all avail-
able data. The final stratigraphic contacts along the profiles were
digitized or digitally added to the 3—D software environment.
Three-dimensional fault and stratigraphic surfaces were
built from the input data using a minimum tension gridding
algorithm provided within EarthVision software, which serves
to generate relatively smooth surfaces while conforming to
the input data. In areas of relatively sparse data, 3—D fault and
stratigraphic surfaces were manually adjusted to retain strike
and dip of both faults and contacts as constrained by the input
data, as well as unit thickness and trends in thickness change as
constrained by input data (for example, Siler and Faulds, 2013;
Siler and others, 2016a,b,c; Siler and others, 2018a). Faults
interpreted to not cut shallow stratigraphy are projected up-dip
to the surface and displayed as dashed surface traces.
Following completion of the 3—D geologic map, 3-D
geophysical inversion modelling of gravity data was completed
(Witter and others, 2018). The purpose of this exercise was to
test if the 3—D lithologic framework, assigned with representa-
tive values for rock density, is consistent with the observed
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gravity response across the entire 3—D map area; the 3—D map is
shown to be largely consistent with the observed gravity. Rela-
tively small degrees of misfit occur in the eastern portion of the
3-D map area, where more complex geology is present.

Mapping

The geologic units defined in the southern Carson Sink
3—-D map area are units that may be reasonably mapped in three
dimensions as constrained by the available data. In the struc-
turally complex Carson Sink area, many individual geologic
units shown in 1:24,000-scale maps (for example, Bell and
others, 2009; Bell and House, 2010; Hinz and others, 2011) and
1:31,680-scale maps (Morrison, 1964) are lumped, rather than
displayed individually, because insufficient data are available
to map these individual units in three dimensions. In the 3-D
map, the basin-fill sedimentary rocks are lumped into Quater-
nary—Tertiary sediments (QTs) and Tertiary sediments (TS)
that are distinguished by a prominent reflector in the seismic-
reflection data (fig. 6) that we interpret to be late Pliocene. The
Miocene volcanic rocks are lumped into one unit (Tvs), and the
Mesozoic basement is lumped into one unit (Mzu). In the Fallon
Forge area of the 3—-D map, units QTs, Ts, and Tvs are consis-
tent with the surrounding map area, whereas unit Mzu is divided
into the four lithologic units defined from well cuttings and core
analyses: (1) Cretaceous or Jurassic quartz monzonite (Mzgm),
(2) Jurassic metabasalt (Mzb), (3) Jurassic quartzite (Mzq), and
(4) Jurassic or Triassic rhyolite tuffs (Mer).

Faults are mapped as individual normal fault surfaces of
infinitesimal thickness. In reality, faults likely occur as zones
of fracturing, brecciation, and fault gouge of varying thickness
(Cowie and Scholz, 1992; Scholz and others, 1993; Anders and
Wiltschko, 1994). For example, during drilling of well 21-31 in
February 2018, minor lost circulation >20 barrels/hour occurred
within ~200 m laterally of the westernmost (~100 m offset)
west-dipping fault (map sheet, cross section C—C"), followed
by larger lost circulation >113 barrels/hour at the bottom of the
well, at the intersection of the well with the fault. The lost cir-
culation at the bottom of the well is interpreted as local fracture
permeability associated with the fault, whereas the minor lost
circulation above may be related to a zone of fractured bed-
rock in the damage zone around the fault. Well 21-31 data are
available at https://gdr.openei.org/submissions/1027 (Sandia
National Laboratories, 2018a).

Alternatively, several of the 3—D mapped faults were
penetrated by previous drilling and yielded no geologic evi-
dence of faults in cuttings or core, as well as no lost circulation
during drilling. Seismic-reflection data, potental-field modeling,
and correlation of contacts in adjacent wells suggest relatively
minor displacement (~200 m maximum) across the largest
faults, including the fault intersected in 21-31, and signifi-
cantly smaller offset (a few tens of meters) across the majority
of faults. This information suggests that, although significant
widths of fracturing may have developed around certain fault
zones in the 3—D map area, the infinitesimal thickness is prob-
ably an appropriate approximation for most faults.

The relative proximity of the 3—D map area to documented
Walker Lane-style dextral faulting directly south and east of
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the 3—D map suggests the possibility that some of the north-

to north-northwest-striking 3—D mapped faults may have a
component of dextral offset. However, in the absence of outcrop
evidence for dextral displacement or obvious dextral offset of
geophysical anomalies, all faults are mapped with pure normal
offset.

Structure

The 3—D map illustrates a gently west-tilted half graben
on the western limb of an extensional anticline. The axis of
the extensional anticline is situated just east of the east margin
of the 3—-D map (figs. 6, 9). The geologic contact between the
Miocene volcanic section (Tvs) and the Mesozoic crystalline
basement (Mzu) within the half graben dips ~20-25° west. The
westward tilting of the strata, rather than normal displacement
across faults, accommodates the majority of the east-to-west
deepening (from ~1.5 to 2.2 km) of the crystalline basement.

Forty-seven faults are defined within the map. The primary
fault system strikes north- to north-northeast. These north-
northeast-striking faults dip moderately (generally ~40—60°,
though a few faults dip as much as ~72°) to the west; a second-
ary set of north-northeast-striking antithetic faults dip to the east
(fig. 6, 10]). The north-northeast-striking, west-dipping fault
system accommodates the westward tilting of the half graben.
North- to north-northwest-striking and east-striking faults are
also present, though the latter are statistically very minor (fig.
107). The geometry of the fault system in the 3—D map (fig.
10/-10J) is consistent with the faults and fractures interpreted
from borehole-image logs (Blake and Davatzes, 2012; Blake
and others, 2015) in four wells from the Fallon FORGE site (fig.
104-10H).

On the east side of the 3—D map near the hinge of the
anticline, the density of faults is relatively high (for example,
there are several faults per kilometer in the east-west direction),
which is typical of the axial parts of extensional accommodation
zones (for example, Faulds and Varga, 1998). This high density
of faults is evidenced by relatively densely spaced, predomi-
nantly east dipping faults on the seismic-reflection profiles.
This geometry is consistent with the observed gravity and
magnetic anomaly data, especially the relatively high magnetic
and gravity gradients evident on the maps (figs. 7, 8) and 2-D
potential-field profile models (fig. 9). This extensional accom-
modation zone is likely an important structural control of fluid
upwelling for the Carson Lake geothermal area, the name given
to an approximately 5-km-long temperature anomaly with shal-
low (~215 m), warm (~120 °C) fluids to the south of the Fallon
FORGE site (fig. 1; Ayling and others, 2018; Benoit, 1990).

To the west of the hinge zone, west-dipping and east-
dipping normal faults are more widely spaced (~0.5-2.0 km
perpendicular to strike). This is evident in the seismic-reflection
data and the potential-field horizontal gradients (fig. 7, 8). The
seismic-reflection data, in particular, and the relatively low
gravity and magnetic gradients indicate that faults to the west
of the hinge have relatively minor offset. Normal displacement
across faults to the west of the hinge is tens of meters to 100 m.
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Figure 10. Lower hemisphere projections showing mapped faults and natural fractures in wells in the southern Carson Sink 3-D map
area. Fractures in wells are interpreted from image logs: FOH-3-D, formation microscanner and acoustic borehole imager logs; 88-24,
ultrasonic borehole imager log; 61-36, formation microimager log; 86-25, formation microimager log (Blake and Davatzes, 2012; Blake

and others, 2015; Ayling and others, 2018). A, C, E, and G, Contoured poles to faults and fractures per 1 percent area. B, D, F, and H, Rose
diagrams with mean arrows of strikes of natural fractures in wells FOH-3-D, 88-24, 61-36, and 86-25, respectively. Petals are 10° bins, and
perimeter of the circle represents 30 percent of the data set. Lithologic logs (from fig. 3) indicate the section of these wells where natural
fractures were picked. /, Poles to planes contoured at various intervals per 1 percent area. J, Rose diagram of fault strikes from 3-D
geological map. Faults are subsampled at 200-m intervals along the 3-D surfaces. Petals represent 5° bins; the largest petal indicates that
~19 percent of fault segments strike between 11° and 15°, with a mean strike of 7 (N. 7° E.).
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The Holocene and Pleistocene surface deposits and the
inferred late Pliocene contact identified in seismic-reflection
data constrain the relative ages of faulting in the 3—D map.

All observed faults cut the contact between units Tvs and
QTs, indicating offset as recent as Miocene. The general ~1
km constant thickness of unit Tvs (~16—-12 Ma) suggests that
subsidence of the half graben and the requisite faulting have
largely occurred since ~12 Ma. Seven of the forty-seven faults
are clearly observed to cut the inferred late Pliocene contact in
the seismic-reflection profiles, indicating that these faults have
offset as young as Pliocene. No evidence for late Pleistocene or
younger surface faulting in the 3—D map area (Hinz and others,
2011; Bell and House, 2010; Bell and others, 2009; Morri-
son, 1964) suggests that the majority of the 3—D mapped fault
system is as young as late Miocene to middle Pliocene, with
several faults as young as late Pliocene to early Pleistocene.

Potential Applications for 3-D Map

In addition to geological characterization associated with
enhanced geothermal systems (EGS) activities, the southern Car-
son Sink 3—-D geologic map may be used for a variety of purposes.

Reservoir Modeling

The southern Carson Sink 3—D map is centered on and
surrounds the Fallon FORGE site, which was the focus of EGS
technologies and techniques as part of the U.S. Department of
Energy FORGE study. This 3—D map provides the geologic
baseline for modeling fluid stimulation and EGS reservoir char-
acteristics associated with these activities (Ayling and others,
2018). Reservoir modeling constrains the locations, volumes,
and rates of fluid to be injected and retrieved for potential elec-
tricity production while also describing the mechanical, thermal,
and (or) hydrological effects that occur in the modeled EGS
reservoir as a result of stimulation (Finstere and others, 2014;
Kim and others, 2015).

Seismicity Analysis

The 3-D geologic map provides data on the natural fault
system within the map area, including fault orientations, fault
lengths, and the spatial distribution of faults. This information
may be paired with local seismicity data and the location of sen-
sitive infrastructure to evaluate the hazard and risk associated
with natural seismicity or induced seismicity that may result
from EGS activities (for example, Kaven and others, 2019). The
3-D map data may also be used as a baseline for characterizing
the dynamic seismic response to EGS stimulation in the subsur-
face (Ayling and others, 2018).

Conventional Geothermal Exploration

The greater Carson Sink hosts eight known geothermal
systems, six that currently produce electricity (fig. 1; Faulds and
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others, 2006, 2011, 2015). Conventional geothermal systems

in the western United States, including those in and around the
Carson Sink, commonly occur at discontinuities along faults
(Curewitz and Karson, 1997; Faulds and others, 2006, 2011).
These areas have inherent structural complexity exemplified by
a high local density of interconnected faults and fractures. Per-
meability is greater in these faulted areas, which is beneficial for
the development and maintenance of pathways for upwelling
geothermal fluids (Siler and others, 2018b). Extensional accom-
modation zones (Faulds and Varga, 1998) provide one type of
structural discontinuity that hosts many geothermal systems that
have been developed for electricity production and many more
known, but as yet undeveloped, systems (Faulds and others,
2013). The faults near the hinge of the anticlinal accommoda-
tion zone displayed in the eastern portion of the 3—D map are
probably associated with geothermal upwelling associated with
the Carson Lake geothermal system (fig. 1; Desormier, 1997).
The 3—-D map provides a detailed representation of the complex
subsurface architecture of faults within the accommodation
zone, which provides a context for understanding the geologic
and tectonic factors that control permeability generation and
geothermal fluid flow in this setting and in analogous settings.

Education and Scientific Inquiry

A 3-D geologic map supplements the information provided
in 2-D geologic maps by allowing the user to visualize complex
geologic relations in three dimensions. Geologic features may
be viewed from different angles, and slices through the map
may illustrate geologic relations along cross sections of any
orientation. The complex spatial relations generated by faulting,
folding, erosion, sedimentation, and other geologic processes
may be visualized relatively quickly and easily, making 3-D
geologic maps useful interpretive tools and teaching aids. This
3—-D map may be used by the academic community and by the
public to visualize the subsurface geologic relations present in
the southern Carson Sink.

Basin Hydrogeology

Groundwater resources associated with both agricultural
irrigation and drinking water are critical to the sustainability
of many public and governmental interests in arid parts of the
western United States, including the Basin and Range region.
The 3-D geologic map provides information that is applicable
to the assessment and management of water resources in the
map area. Both sedimentary and volcanic rocks can be impor-
tant aquifers in the Carson Sink (Glancy, 1986; Maurer and
Welch, 2001). Faults and basin structures, which are shown in
the map, control the distribution of sedimentary and volcanic
aquifers. The local tectonic setting effects the types of processes
that redistribute sediment and control grain-size distribution
and, therefore, physical properties like porosity and permeabil-
ity related to groundwater storage and transport. Local tecton-
ics also influence the locations, facies, and aquifer potential of
volcanic rocks.
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DESCRIPTION OF MAP UNITS

UNCONSOLIDATED DEPOSITS

QTs

Surficial sediments and sedimentary rocks, undivided (Holocene, Pleistocene, and Pliocene)—Light- to

medium-gray silt to coarse sand with rounded grains of quartz, lithic fragments, feldspars, micas,
and clay (ordered from most to least abundant). Locally interlayered with reworked tuffs. Rarely
altered to clays and chlorite. Generally poorly lithified. Late Pliocene to Holocene. Based on strati-
graphic position and mineralogy, includes Holocene and Pleistocene sedimentary units from Mor-
rison (1964), Bell and others (2009), and Bell and House (2010). Generally less well lithified than
sedimentary rocks (Ts), though this alone is insufficient to define the contact. Distinguished from
unit Ts on the basis of lying above the inferred late Pliocene contact identified in seismic-reflection
data (fig. 6)

Sedimentary rocks (late Pliocene to Miocene)—Light- to medium-gray silt to coarse sand with rounded

grains of quartz, lithic fragments, feldspars, micas, and clay (ordered from most to least abundant)
in a carbonate-cemented lithic sandstone. Locally interlayered with reworked tuffs. Rarely altered
to clays and chlorite. Generally better lithified than surficial sediments and sedimentary rocks
(QTs), though this alone is insufficient to define the contact. Primarily distinguished from unit QTs
because it lays below the inferred late Pliocene contact identified in seismic-reflection data (fig. 6)

BEDROCK

VOLCANIC ROCKS

Volcanic rocks, undivided (Miocene)—Basaltic andesite lavas (dominant), andesite, volcanic breccia, lithic

tuff, and rhyolite and dacite that, based on stratigraphic position and mineralogy, correlate with
units mapped in the Bunejug Mountains and Lahontan Mountains (Morrison, 1964; Bell and others,
2009; Bell and House, 2010; Hinz and others, 2011)

Basaltic andesite lavas. Dark-gray aphanitic and locally sparsely porphyritic basaltic-andesite
flows. Phenocrysts include mostly plagioclase and lesser olivine and pyroxene. Chlorite, calcite, and
clay alteration is fairly common, as well as trace epidote and pyrite alteration. Quartz and calcite
veins distributed sparsely throughout this unit. The most extensive Miocene volcanic unit in 3—D
map area and correlates with unit Tba of Hinz and others (2011) exposed in Bunejug Mountains and
unit Trb of Bell and others (2009) exposed in eastern Lahontan Mountains. Units Tba and Trb are
dated at ~16 to 12 Ma (Hinz and others, 2011, 2014, unpublished data; Bell and others, 2009)

Andesite. Medium- to light-gray, sparsely porphyritic andesite flows with phenocrysts of
pyroxene as long as 1 mm. Groundmass is aphanitic and glassy. Interlayered in unit Tba of Hinz and
others (2011) in well 18-5 (fig. 2)

Volcanic breccia. Polymict, subrounded to subangular clast-dominated breccia. Mafic volcanic
clasts include porphyritic, aphanitic, or vesicular basaltic andesite. Interlayered in unit Tba of Hinz
and others (2011) in well 18-5 (fig. 2). Clast size ranges from 1 mm to 10 cm

Lithic tuff. Medium- to dark-gray tuff containing sparsely dispersed lithic fragments (locally
reworked as a mudflow deposit) and a crystal-rich matrix. Interlayered in unit Tba of Hinz and oth-
ers (2011) in wells 84-31 and 18-5 (fig. 2)

Rhyolite and dacite. Light-gray, sparsely to moderately porphyritic rhyolite and dacite lavas.
Probably correlates with dacite (unit Trd of Bell and others, 2009) mapped in Lahontan Mountains
quadrangle and rhyolite (unit Tr of Hinz and others, 2011; age ~12 Ma) mapped in Bunejug Moun-
tains quadrangle. Interlayered in upper part of unit Tba of Hinz and others (2011) in wells 21-31 and
84-31 (fig. 2)
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Mzgm

Mzb

Mzq

MESOZOIC CRYSTALLINE BASEMENT

Metamorphic and plutonic rocks, undivided (Cretaceous, Jurassic, and Triassic)—Undivided lithostrati-

graphic unit consisting of Cretaceous or Jurassic quartz monzonite (Mzgm), Jurassic metabasalt (Mz
b), Jurassic quartzite with lesser matabasalt (Mzq), and Jurassic or Triassic metarhyolite (Mzr). Undi-
vided in the 3—D map, but divided in the Fallon FORGE area part of the 3—D map into the following
lithologic units:

Quartz monzonite (Cretaceous or Jurassic)—White, fine- to medium-grained quartz monzonite iden-

tified in wells 82-36 and 21-31 (fig. 2). Weak to moderate chlorite alteration with calcite and trace
prehnite in voids. Given that the quartz monzonite exposed in well 82-36 intrudes the metabasalt
that rests on the Jurassic quartzite, this quartz monzonite is either Jurassic or Cretaceous. This is
consistent with the pattern that most plutons exposed in the Carson Sink region are Jurassic to Cre-
taceous, with only a few Triassic plutons across the region. Overall, these Cretaceous and Jurassic
granitic units are typical of western Nevada and formed in the back-arc region of the Sierran arc (for
example, Oldow, 1984; Busby-Spera, 1988; Lutz and Hulen, 2002; Wyld, 2002)

Metabasalt (Jurassic)—Gray-green, aphanitic to fine-grained metabasalt to metabasaltic andesite (fig.

5); moderately to highly altered to clay and chlorite. Some sections are mottled red to purple. Less
commonly, epidote and pyrite occur as alteration minerals. May correlate with Jurassic metabasalt
exposed in Stillwater Range, ~60 to 100 km northeast of the 3—D map area (fig. 1; Page, 1965;
Speed, 1976; John and Silberling, 1994)

Quartzite with lesser phyllite, metabasalt, and marble (Jurassic)—White to light-gray to pale-green

quartzite with trace interstitial calcite; chlorite-pyrite alteration. Locally interlayered with dark-gray
phyllite and slate, gray-green meta-andesite, and light-gray marble. Most likely correlates with

the eolian Jurassic sandstone of the Boyer Ranch Formation (Page, 1965; Speed and Jones, 1969;
Speed, 1976), though it is more metamorphosed than where the Boyer Ranch Formation is well
exposed in the Stillwater Range. Boyer Ranch sandstone is interlayered with andesite lavas, marble,
phyillite, and volcaniclastic sedimentary rocks at scales of 5 to 50+ m thicknesses in northern
Stillwater Range (Lutz and Hulen, 2002). This interlayering is similar to the scale of layering inter-
cepted in wells 61-36, FOH-3D, 82-36, and 21-31 at the Fallon FORGE site (fig. 2). Boyer Ranch
sandstone is the only known major Mesozoic eolian sandstone in this region

Metarhyolite with lesser metabasalt (Jurassic or Triassic)—Metarhyolite with lesser meta-andesite.

Pale-green, gray, and red mottled, abundantly to sparsely porphyritic rhyolite and ash-flow tuffs;
altered devitrified matrix with trace to 1 percent pyrite and chlorite. Ash layers locally <3 m thick
are interlayered with aphanitic meta-andesite. May correlate with Triassic rhyolite ash-flow tuffs
interbedded with meta-andesite lavas and marine carbonates in Desert Mountains ~50 km southwest
of 3-D map area (fig. 1; Hinz and others, 2013b). Similarly, in the Sand Springs Range ~40 km
southeast of the 3—D map area, Triassic metarhyolite ash-flow tuffs are interbedded with carbonates
and are intruded by multiple 237+5 Ma plutons (Satterfield, 2002). The most regionally extensive
Triassic metarhyolite sequence is the ~2254+30 Ma Rochester Rhyolite of the Koipato Group (Wal-
lace and others, 1969; McKee and Burke, 1972; Silberling, 1973; Vikre, 1981), which is exposed in
the Humboldt Range ~100 to 140 km north of 3—D map area, where it rests on meta-andesite and
carbonate sequences. Jurassic metarhyolite ash-flow tuffs are also exposed in the central Stillwater
Range ~50 km northwest of the 3—D map area (John, 1995).
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