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ABSTRACT

The Great Basin is characterized by non-magmatic ge o-
thermal fields, which we hypothesize are created, sustained,
and controlled by active tectonics. We present geodetic
velocities from the MAGNET (Mobile Array of GPS for
NEvada Transtension) network that we use to infer relation-
ships between the spatial variation in the style of geodetically
inferred crustal deformation and the locations of existing
geothermal systems. The velocity results from the MAGNET
network are consistent and close to expectations based on
analysis of prior networks, although MAGNET time-series
at present are relatively short (0.8-2.2 yr), and any interpr e-
tation should be considered preliminary. We use the new
velocities, supplemented with those from the BARGEN and
USGS networks, to model the deformation field with two
complementary approaches. In the first we determine the
strain rate tensor field everywhere in our study area, and in
the second we solve for rotations of pre-defined crustal blocks
and the slip on the blocks’ fault boundaries. We conclude
from the preliminary results that there is a positive correl a-
tion between existing geothermal systems and areas that are
either under transtension or that are in areas of transition
between different deformation styles, such as in the Carson
Sink area. The only exception to these inferred correlations
is the geothermal activity in Dixie Valley. This discrepancy
may be attributable to imperfections in the postseismic relax-
ation model that is used to correct the observed velocities for
upper mantle viscoelastic relaxation following large historic
earthquakes, which are themselves based on preliminary data.
Our results suggest high favorability in some yet unexplored
regions such as the Carson City Valley and the northeastern
Carson Sink.
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Introduction

We present preliminary results of a geodetic network in th
Great Basin, which has been developed to target potential ge
thermal resources. Blewitt, et al [2002] originally noted that,
on a regional scale, the locations of existing economic and sub
economic geothermal fields together with the spatial pattern
of geothermal well temperatures are strongly correlated with
GPS-measured rates of tectonic strain. Blewitt, et al. [2005a]
proposed a conceptual model in which non-magmatic ge o-
thermal systems are controlled by transtensional strain, wher
shear (strike-slip faulting) and extension (normal faulting) ot
play key roles. Such a model of combined shear and dilatatio
is consistent with the notion that geothermal plumbing systeam
might in some regions be controlled by fault systems acting
as conduits that are continuously being stressed and fractured
by tectonic activity [Blewitt, et al., 2003]. With the creation
of the MAGNET (Mobile Array for Nevada Transtension)
geodetic network in 2004, our objective has been to further
seek and explore relationships between geologic structures ah
GPS-geodetic observations of regional tectonic strain. Here
we present initial results from the MAGNET network an d
discuss preliminary model results aimed at quantifying and
understanding the relationship between geodetic deformation
and geothermal potential.

MAGNET: Mobile Array of GPS for
Nevada Transtension

In 2004 we began installing a new GPS network “MAG-
NET” with the objective to map crustal strain rates with ba-
sin-scale (~20 km) spatial resolution, and 1 mm/yr precision.
To date (May 2006), 60 stations have been installed and are
measured using 34 GPS receivers that we move from site to
site around the network. This network roughly spans a rect-
angular area across the northern Walker Lane and Central
Nevada Seismic Belt from the Sierra Nevada in the west, out
to Battle Mountain and Austin, NV in the east (Figure 1a).
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Stable North American Refe r-
ence Frame (SNARF [Blewittet
al., 2005b]) (Figure 1a). Shown
are velocities for all stations wilt
over 0.8 yr of datac  overage.
- The longest running sites hav e

over 2 years of data acquisition.

A comparison with velocitie s
L from the continuously operated
BARGEN geodetic network in-
dicates that MAGNET veloc i-
ties are nearly everywhere close
in amplitude and direction. A
direct comparison can be made
between BARGEN site UPS A
and MAGNET site UHOG
which are collocated (within ~20
m): the velocities differ by 0. 3
mm/yr and 0.4 mm/yr in east ad
north component, respectively .
This is an encouraging agre e-
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(2150°C).

The network spans a broad region that has relatively hig h
geothermal well temperatures, and is well poised to investigat
crustal strain rates around the economic geothermal field s
at Brady’s/Desert Peak, and Dixie Valley. The network also
covers the tectonically important transition from extensio n
dominated Basin-and-Range-style deformation in the east to
shear and transtension dominated deformation in the Walker
Lane belt to the west.

118
Figure 1. A) Geodetic velocities in a North American reference frame estimated for BARGEN and MAGNET sites
(green and black vectors, respectively). Colored dots for MAGNET sites relate to the data time span, as indicated
by bar on the right. Orange lines are major Quaternary faults. B) Contour plot of second invariant of the model
strain rate field superimposed with the principal axes of the average strain tensor for each 0.2° by 0.2° grid cell
(white and black vectors represent principal extension and contraction, respectively). Large triangles are locations
of geothermal power plants (existing and under construction). Small triangles are all other geothermal systems
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- ment considering the difference
117 in time span of observation for
MAGNET (maximum 2 yrs) ad
BARGEN (maximum 6 years).

In the remainder of this paper
we discuss how the GPS velocities
constrain tectonic deformation
rates and how these may relate
to geothermal potential. Because
results are preliminary we supplement the MAGNET and BA
GEN velocities in our study area with USGS campaign-style
velocities that have originally been reported by Hammond and
Thatcher [2004; 2005; 2006] and Svaret al [2002]. In order to
infer the secular tectonic deformation rates (which we presume
to be related to geothermal activity), any effect on the geodetic
velocities of transient deformation needs to be removed. One
such transient is the postseismic relaxation that is caused by a

-117.5



series of large earthquakes along the Central Nevada Seismic
Belt (CNSB) in the 20" century. Hammond, et al. [2006] and
Hammond [2005] presented the effects of this relaxation on

the present-day surface velocities by estimating visco-elastic
parameters for the mantle and lower crust from GPS velocities,
Interferometric Synthetic Aperture Radar data, and seismic
and geologic measurements of the earthquakes. The postse-
mic model suggests that a large portion (up to 1.5 mm y!) of
the geodetically-inferred extension across the CNSB can be
accounted for by relaxation effects. In the remainder of this
paper we use the GPS velocities after correction for postseismic
relaxation according to the model of Hammond,ez al [2006].
This correction has a significant impact on the distribution of
secular strain in the western Great Basin.

For the purposes of strain modeling, we multiply the forina
uncertainties in the MAGNET and BARGEN velocities by a
factor of 11.8. This factor is chosen such that the reduced
is similar for the campaign, semi-continuous and continuous
site velocities.

From Velocities to Deformation Rates

In order to relate the geodetic velocities to crustal defor-
mation rates we adopt two different approaches. In the first
approach we model the crustal horizontal strain rate field umde
the assumption that the crust deforms as a continuum. In the
second approach we divide the region in fault-bounded block
and solve for the rotation of the blocks and the magnitude ain
style of slip on the bounding faults. One advantage of the ao-
tinuum strain rate modeling approach is that no knowledge of
the location and geometries of blocks and faults is needed, ain
a smooth estimate of the deformation field is provided. The
drawback of the continuum approach is that many processes,
including earthquakes and geothermal activity, may be con-
strained to faults. In a block modeling approach all deforma-
tion is attributed to slip on block-bounding faults. Unlike the
strain rate modeling approach, the estimate of slip is insensi¢iv
to an anomalous velocity of any particular station. In order
for the block modeling approach to be useful in understandgn
the relationship between tectonic and geothermal activity mbs
existing economic and sub-economic geothermal fields needot
be located along or near potential block boundaries.

Strain Rate Modeling

Here, we characterize the regional deformation field on th
assumption that most of the crust in the Great Basin deforms i
a spatially continuous fashion. To derive a continuous velogit
gradient tensor field we apply a spline interpolation technique
[e.g., Haines and Holt, 1993; Holtet al, 2000]. In this methad
model velocities are fitted to the observed geodetic velocities
in a least-squares sense, using the full data covariance matrix.
Model velocities are then interpolated using bi-cubic Bessel
spline functions to derive a continuous velocity gradient ten-
sor field, which provides estimates of strain rate, interpolated
velocity, and vertical axis rotation for any point in our model
grid. We use grid cells of 0.2° by 0.2° in dimension, which
allow us to take advantage of our spatially dense velocit y
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data to quantify the velocity gradients in higher detail than
previously possible. We excluded site LEWI which may show
mining related motion [Gourmelen and Amelung, 2005], as
well as sites BAMO, BATT and BUFF which we suspect to
be affected by anthropogenic activity as well.

Figure 1b shows the strain rate model expressed as contsur
of the second invariant of strain rate and as principal axes of
the average strain rate tensor for each 0.2° by 0.2° grid cell.
The strain rate field has several broad characteristics. Strain
rates are largest along the Walker Lane belt and diminish in
a direction roughly perpendicular to the strike of that belt to
reach near plate-like rigidity in the Battle Mountain area. Th
style of strain indicates a combination of shear and transten-
sion along the Walker Lane belt and roughly east-west oriedte
uni-axial extension in the Basin and Range east of Pyramid
Lake and the Carson Sink. According to our model result,
the known geothermal systems (>150°C), including all existig
power plants and those under construction [Coolbaugh, et al.
2005], are located within areas that exhibit various tectonic
styles of deformation. From an analysis of earlier data Ble-
witt, et al. [2005a] had inferred a positive correlation between
the locations of geothermal systems and areas that showed a
significant transtensional strain rate. To test this hypothesis
against the model using our new data we plot the estimate of
transtension, as defined by Blewitt, ez al. [2005a] (Figure 2a).
Scaled by strain rate, the largest transtension can be found in
the northern Walker Lane. However, the model also predicts
two significant areas of transpression (i.e., a combination of
shortening and shear): one located north of Lake Tahoe, and
another one in the Carson Sink region. Many geothermal
systems, including several plants seem to be situated at the
transition from transtension to transpression. The same tran-
sition seems to also take place, albeit locally, for the Empire
plant near Gerlach (northeast of Pyramid Lake) and the Rye
Patch system along the Humboldt Range.

To further test that geothermal activity is enhanced at
places where there is a rapid lateral change in style of strain,
we quantitatively define the style of the average strain rate e
sor for each grid area and then calculate the spatial derivative.
We define the style to vary between 0.0 (for bi-axial uniform
extension) to 1.0 (for uni-axial extension), 2.0 (for shear), 3.0
(for uni-axial compression), and 4.0 (for bi-axial uniform
compression). Figure 2b shows the spatial derivatives of those
values (with spatial distance between two grid cells set to 1).
We find elevated values for rapid change in style in the Reno
— Tahoe region, in the Carson sink area continuing to the area
northeast of Pyramid Lake, and in the Humboldt Range region.
Most power plants and other geothermal systems are located
where there is a spatially rapid change in deformation style.
Exceptions are the systems along Pyramid Lake, where there is
spatially uniform transtension, and those in Dixie Valley, where
strain rates are very small and slightly transtensional

Block Modeling

The association of geodetically inferred transtension with
the presence of hydrothermal systems suggests that geodetic
strain is related to slip on active transtensional fault systems
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Figure 2. Large triangles are locations of geothermal power plants (existing and under
construction). Small triangles are all other geothermal systems (>150°C). Green lines are
major Quaternary faults. A) Contour plot of the transtensional quality of the model strain

rate field, weighted by relative regional strain rate values. Positive values (red) indicate
transtension, where as negative values (blue) indicate transpression. B) Color coded gradient
of strain rate style for each 0.2° by 0.2° area overlapping the grid cells for which the tensor
style is defined (see text on the definition). Blue colors reflect that the style of the model strain
rate tensor is constant regionally. Green to orange colors indicate rapid spatial change in style
of strain.

that can focus fluid flow. Most permanent tectonic deformatio
is expressed in crustal faulting, and thus long-term deforma-
tion will be focused at the boundary of non-deforming crustal
blocks that are bounded by faults. To focus on what geodesy
can say about slip on faults, we use a block modeling analytica
framework. Block modeling assumes that GPS stations recor
motions of crustal blocks that are bounded by faults that are
locked at the surface and experience infrequent earthquakes,
but slip continuously at depth during the interseismic tim e
period [e.g., McCaffrey 2005; Meade and Hagar, 2005]. The
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details of our representation are discussedi n
Hammond and Thatcher [2006].

We have constructed a block model (Figure
3a) that uses geologically recent (Quaternary,
Holocene and Historic) surface ruptures an  d
geologic estimates of slip rates as a guidefo r
drawing connected boundaries (mostly fro m
the USGS Quaternary Fault and Fold database,
Haller, et al. [2002]). The great number of ac-
tive faults in the Basin and Range Province can
make this a challenging exercise, since not al 1
faults contribute equally to the accommodation
of long-term strain. In addition, recently active
faults do not always connect end-to-end to form
the contiguous boundaries of closely adjoining
blocks. Our model, nonetheless, represents the
essential elements of fault patterns in the westemn
Basin and Range.

The results of this modeling (Figure 3a) pro-
vide estimates of the motion of each block and
hence estimates of the strike slip and dip-slip ragte
on each faults segment in the model. Here we ar
concerned primarily with the presence of obliqa
normal slip, related to transtension. We define a
transtension value in similar fashion as defined
by Blewitt, et al. [2005a] but based on slip rates
rather than principal strain rate axes.

Figure 3b shows that transtension is insi  g-
nificant on the northwest trending faults in the
westernmost part of our study area, in northeast
California, despite the rapid rate at which these
faults slip, since they are predominantly dextral
slip. In Nevada, most of the normal faults exhibi
some transtensional character. Notable excep-
tions are the northeast trending faults near the
northern and western edge of the Carson Sink
(e.g., near the Brady’s geothermal field). A 1-
though this local transpressional deformation is
also seen in the continuum model approach (kg-
ure 2b), it should be noted that these particular
block boundaries surrounding the Carson Sink
are tentatively assigned, as no clear through-go-
ing faults exists there, and other alternatives to
the presented block geometries need to be furthe
investigated. As a whole, however, it appears ther
is a qualitative correlation between transtension
and the distribution of geothermal systems, con-
sistent with the strain rate modeling.

Discussion

At present our results should be interpreted with caution.
Currently all MAGNET velocities have been determined fim
data spanning less than 2.2 years. Ideally, all velocities should
be derived from at least 2.5 yr of data in order for seasonal
signals to not significantly affect the estimate of a constant
velocity [Blewitt and Lavallée, 2002]. In other words, many or
all of the MAGNET velocities estimates may deviate from a



Figure 3. A) Model block boundaries and slip rate estimates in our

study area. The block boundaries extend beyond the limits of the figure.
Thickness of the block bounding line segment indicates the dextral (black),
or sinistral (red) slip rate. Fault bisecting bars indicate the rate of normal
(blue) or reverse (cyan) slip. Green lines indicate boundaries where no
fault slip rate was inferred. Squares are the GPS station locations. B)
Transtension value is indicated by thickness of line segment, red for
transtension, black for transpression. Large blue-lined triangles are
locations of geothermal power plants (existing and under construction).
Small black-lined triangles are all other geothermal systems (=150°C).

“true” constant velocity because of seasonal effects. Another
point of concern is the proper assessment of uncertainties in
the velocities, which control uncertainty in the strain and tisn
tension estimates. Because we combine continuous BARGHR
data with semi-continuous MAGNET data and campaign-styl
USGS data, it is crucial that the velocity uncertainties ar e
properly scaled and correctly reflect the time-span, number
of data, and type of acquisition used to obtain each veloc-
ity. For example, our strain rate model suggests rapid spatial
variation in strain style northeast of Pyramid Lake and along
the Humboldt Range. This is the location of two BARGEN
sites (GARL and TUNG), whose very accurate velocities put
strong constraints on the local strain rate field. If the assigrk
uncertainties are not scaled similarly as the uncertainties of
nearby MAGNET or USGS sites, then we may predict spuri-
ous strain rates near the BARGEN sites. The results of the
block modeling are less sensitive to velocity uncertainties tha
the continuous model. Uncertainty in the block modeling is
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introduced from uncertainty in block geometries, and assurde
fault parameters.

At face value our strain rate and block modeling results
suggest that transtension is an important aspect of the strain
rate field against which to relate geothermal potential. How-
ever, we show here that perhaps even more important is the
apparent correlation between geothermal systems and th e
rapid spatial change in style of strain, such as in the Carson
Sink region. A combined evaluation of the strain rate and
block modeling results suggest that most geothermal systems,
including all plants (except Dixie Valley) are either in a region
of significant transtension or of spatial strain style change.
Dixie Valley may not fit this correlation because of unce r-
tainty in our postseismic relaxation predictions, which were
themselves based on an earlier version of the velocity field.
This uncertainty particularly affects our ability to constraineth
long-term deformation near Dixie Valley, where the postseismi
signal is expected to be largest. We plan to revisit the study
done by Hammond, ez al. [2006] by including the MAGNET
velocities in constraining the postseismic model, whichw e
anticipate will improve the correction. Another explanation
for the anomalous result for Dixie Valley relates to the general
limitations of this study: i.e., there is a non-uniqueness in usgn
our modeling results to make predictions on the actual style
of slip on faults when fault orientations and dips vary rapidly
over short length scales. Faulds, et al. [2004] suggested, for
example, that fluid and heat flow would be enhanced where
fracturing is complex, such as in a pull-apart structure, or a
kink in fault-strike. This complexity is probably related to
the fact that there is local partitioning of a regional constant
state of strain, which appears to be transtensional in most of
our study area. In essence our conclusion that favorability is
increased in areas with rapid spatial variation in style of chang
can be interpreted as a large scale analogy to the small-scale
examples reported by Faulds, et al. [2004].

Given our preliminary results on the style of strain and st
spatial variation we can start to identify regions with prediade
but yet unexplored high geothermal favorability, such as the
Carson City Valley, and northeastern Carson Sink.

Conclusions

We present geodetic velocities from the MAGNET net-
work that we use to infer relationships between the spatial var
ation in the style of geodetically inferred crustal deformation
and the locations of existing geothermal systems. Although
MAGNET time-series are at present relatively short, and any
interpretation thereof should be performed with caution, the
velocity results are consistent and close to expectations. We
use the velocities, supplemented with those from the BARGE
and USGS networks, to model the deformation field with two
different, but supplemental approaches. One in whichw e
determine the strain rate tensor field everywhere in our study
area, and another where we solve for rotations of define d
crustal blocks and the slip on the blocks’ fault boundaries.
conclude from the preliminary results that there is a positive
correlation between existing geothermal systems and areas tha
are either under transtension or that are at the transition of
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areas with different deformation styles, such as in the Carson
Sink area. The only exception to these inferred correlations
is the geothermal activity in Dixie Valley. We speculate that
this discrepancy may be because our model results are locally
incorrect due to the imperfect postseismic relaxation model
that is used to correct the observed velocities with. Our prelim
nary results suggest high favorability in some yet unexplored
regions such as the Carson City Valley and the northeastern
Carson Sink. A detailed quantitative correlation between the
characteristics of the geodetic deformation field and the prox-
imity to hydrothermal systems will be the continuing study of
future work when our GPS velocities are more precise near ¢h
conclusion of this project. Such studies should use a formal
spatial analysis approach to document and quantify the kind
of correlations that now start to emerge visually.
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