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ABSTRACT 

We apply a new method to target potential geothermal resourc- 
es on the regional scale in the Great Basin by seeking relationships 
between geologic structures and GPS-geodetic observations of 
regional tectonic strain. First, we establish a theoretical basis for 
underst~ding how the rate of fracture opening can be related to 
the directional trend of faults within the regional-scale strain field. 
Second, we develop a s ~ ~ n - s ~ c t u r e  methodology that uses a 
digitized database of Quaternary fault strikes and velocities of GPS 
stations. Results of our s~ain-s~ucture analysis on the regional 
scale show a spatial relationship between known geothermal activ- 
ity and (1) change in the direction of fault orientations, (2) change 
in the direction of extensional strain, and (3) the magnitude of 
extensional strain, especially fault-normal extension associated 
with shear strain. In contrast, the dilitation component of strain is 
not a significant indicator of geothermal activity in the Great Basin. 
Using the observed relationships between strain and structure, the 
NE-SW trending Humboldt structural zone (HSZ) in north-eastern 
Nevada is clearly identifiable as a regional geothermal target. 
Based on our detection of an anomalous high in fault-normal ex- 
tensional strain, we identify Buffalo Valley toward the NE extent 
ofthe HSZ as a potential geothermal target to be further explored 
using GPS. We therefore recommend investigating Buffalo Valley 
With fine spatial resolution (-1 0 km rather than the current -100 
h) using a dense GPS network to assess its geothermal poten- 
tial, by comparison of strain-s~ucture relationships with current 
Power-producing areas within the HSZ. 

critically stressed fractures and faults can play an important role 
in geothermal fields [Barton et al., 1995; Hickman et al., 1997). 
This may be par t icul~~y true for g e o t h e ~ a l  systems in the Great 
Basin (Figure 1), which unlike most systems in the world are 
thought not to be mag~at ic  in nature but rather of the type caused 
by tectonic extension and high heat flow, presumably due to the 
shallow depth of the Moho [Koenig and NcNitt, 1983; Wisian et 
al., 1999, Blewitt et al., 20031. 

The Great Basin Center for Geothermal Energy (GBCGE) is 
an applied research program of peer-reviewed geothermal research 
projects with the goal of increasing production and utilization of 
geothermal energy in the Great Basin. As part of a GBCGE project 
funded by the U.S. Department of Energy, we test the hypothesis 
that the continuous regional accumulation of tectonic strain acts 
to maintain faults and fractures as conduits for fluid flow, hence 

acting to sustain geo- 
thermal systems. This 
model would predict 
an enhancement of this 
effect if the regional 
tendency of fault strikes 
is favorably oriented in 
the ambient strain field. 
In particular, maximum 
effect would be predicted 
for fault strikes oriented 
perpendicular to the 
direction of maximum 
extensional strain. To 
test this hypothesis we 
applied a new method 
to target potential geo- 
thermal resources on 
the regional scale in the 

50 o 50 loo KimwtersV Great Basin by seeking 

geologic structures and 
GPS-geodetic Observa- 
tions of regional tectonic 

Introduction - relationships between 
Figure 1. Trend surface of ~ a x i m u m  
geothermal temperatures. Locations of 
geothermal systems used for contouring 
are shown with squares. 

One of the keys to targeting regions with geothermal develop- 
meQt potential in the Great Basin is to understand the role of faults 
in controlling fluid flow in the crust. Prior evidence suggests that 
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strain. The motivation behind this study is that if the predicted 
effect were confirmed, it should lead to better regional-scale pre- 
dictive tools to identify potential targets for geothermal resources. 
In particular, our strategy is to use regional-scale studies to target 
future basin-scale investigations~ which would then lead to spe- rlx 
cific localized targets for geothermal exploration, thus connectkg 
blue-sky research to applied engineering. 

Here the x-direction is taken to be eastward, and the y-direc- Methodology 
On the regional scale, we investigated the spatial relationship 

of known geothermal activity with: (1) the regional tendency of 
Quaternary fault ‘orientations; (2) the direction of extensional 
strain; and (3) the ~agni tude of fault-no~rna~ extensioii~ strain. 
Item (1) is purely a structural analysis based on documented 
Quatemary faulting. Item (2) is purely an e~pir ical  s~ain-rate 
analysis, based on GPS station velocity data. Item (3) is a com- 
bined analysis of both structure and strain-rate. Using observed 
re~ations~ps as a guide, we then infer potential b~in-scale targets 
for future study. We now describe the methodology for each class 
of analysis. 

Str~c~ufe  Affalysis 

A digitized map of qua tern^ faults was provided by Craig 
M. RePolo [pers. corn., 20023, and was i n t e ~ a ~ d  into the newly 
developed GIS at GBCGE [Coolbaugh et al., 2002, 20031, with 
each fault strike represented as a connected series of line seg- 
ments. The regional trend in a z ~ u t h  of faults was computed on 
a fine grid as a spatial average within circles of 30-km radius. To 
do this correctly requires the formal app~cation of “directional 
analysis” and “circular statistics” [e.g., Mardia, 19721. Fault seg- 
ments are treated as objects that have an azimuth, but no arrow 
of direction. The appropriate “average” direction of fault strike 
can be expressed: 

1 (sin 26) 6 = -arctan 
2 (cos2~)  

where the angle brackets denote the mean value in the usual sense. 
The “coherence” is defined as 

tion no~hward, and v represents velocity. The velocity at a finite 
number of points is known by time-series analysis of GPS station 
data, ideally accoun~ng for the effect of seasonal signals [Blewitt 
f f ~ ~ ~ v u Z ~ e ~ ,  20021. The ~~~~~ GPS velocity data sets used in 
the Great Basin come from Wernicke et al. [2000] and Thatcher et 
af. [ 19991. The strain tensor is subs~uently computed on a grid 
by spline inte~o~at ion [Kreemer et al., 20001. The above formula 
has been simplified here, as the computations are actually done in 
spherical coordin~t~s to account for Earth curvatur~. 

The strain-rate tensor has four horizontal components at every 
point on the map. These can be expressed as either Cartesian com- 
ponents (as above), or co~ponents of rotation (the antisy~etric 
part) and deformation (the s y ~ ~ t r i c  part). In turn the deforma- 
tion can be decomposed into one component of dilitation (increase 
in surface area), and two componen~ of shear (oriented at 45” 
to each other, the first component of shear corresponding to E-W 
maximum extension, the second corresponding to NE-SW): 

(4) 

The magnitude of shear and the direction of shear (direction 
of m a x i ~ u ~  extensioti) is given by: 

Structure-Strain Analysis 

The rate of extension per unit distance along any azimuth cf, 
is given by the tensor dot-product: 

2 = ~ ( ~ ~ s  20)’ +  si^ 2 ~ ) 2  (2) 

which must lie between 0 and 1. A coherence of one would be 
obtained if every line were aligned exactly. A coherence of zero 
is obtained if for every line there is another line at right angles 
to it or if the lines were r~ndomly oriented. In the case that the 
coherence is near zero due to conjugate faulting, the “average 
azimuth” represents the dominant trend of faults, rather than some 
a z i ~ u t ~  in between. Coherence is a useful statistic for  structure^ 

s(9) = (sin9 cos9 (zz :)( 
cos9 (6) 

= E,sin2gt ~ ~ x y s i n # c o ~ 9  ~ c o s 2 ~  

Applying equation (6) to a fault of strike azimuth e, the ex- 
tensional strain in the direction normal to the fault 9 = + 9” 0 
is given by 

strain analysis (below). sL(e) =  cos*^ ~ ~ ~ s i n e c ~ s e  ~ ~ s i n 2 e  (7) 

S t r ~ i ~ a ~ a t e  A~alysis Therefore the average extensional strain normal to all fault 
segments in a region is: 

The two-dimensional symmetric strain-rate (velocity gradient) 
tensor E can be defined in matrix form: = ( ~ ~ ) ( c o s 2 e ) - (  ~ ~ ) ( 2 s i n e c o s e )  (~~)(s in’e)  (8) 
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where the strain tensor is averaged over the locations of all fault 
segments in the region. We can use the “average azimut~’ and 
“coherence” from equations (1) and (2) to reconstruct the various 
geometrical quantities in equation (8): 

relatively small, and the second effect dominates. We can there- 
fore conclude on theoretical grounds that, in the Great Basin, the 
relative orientation of the shear-strain field with respect to fault 
strike controls fault-normal extension. By logical inference this 
she~-strain mechanism most likely controls non-magm~tic geo- 
thermal systems in the Great Basin. 

(9) 
Results 

(2 sin 8 COS 0) = sin 26 
Hence equation (8) can be written explicitly in terms of aver- 

age azimuth and coherence 

Substituting equation (4) into equation (10) gives: 

- - - [ ( ~ ) + & ~ c o s 2 i  1 -(y,)sinZi] (11) 
($I) - 3 

L 

Equation (I I) tells us something very fundamental. We can 
get fault-normal extensional strain in one of two ways (or their 
combination), either (1) by isotropic extension (dilatation), or (2) 
by a favorable orientation of faults in a shear strain field (such 
as pull-apart grabens in the step-over of a dominant strike-slip 
structure). We actually find in the Great Basin that dilitation is 

Structure Results 

The theoretical basis for a possible connection between fault 
orientation (in the regional strain field) and geothermal activity 
was established in S~cture-Strain Analysis section. Figure 2 
shows that the NE-SW trending Humboldt structural zone (HSZ) 
can be characterized as a directional anomaly in the broader re- 
gional N-S trend of fault strikes. Note the signifi~ant c o ~ e l a t i ~ n  
of geothermal activity (Figure 1 and larger circles in Figure 2) 
with the HSZ. We conclude that the abrupt spatial change in the 
regional tendency of Q ~ ~ a t ~ m ~  fault orientations is related to 
geothermal activity in the HSZ. 

Strain -Ra te Results 

We also find significant correlation of geothermal activity (Fig- 
ure 1) with the spatial change in direction of extensional strain-rate 

40 0 40 8OKilometers 

Figure 2. Azimuth map of regionally-averaged Quaternary fault strikes 
based on rigorous statistical analysis using equation ( I  ), then categorized 
by fault-trending quadrants. Dots show the location of GPS stations, and 
larger circles show geothermal power plants. The HSZ appears as NE-SW 
trending zone (dashed line) of NE-SW trending faults within a sea of 
Predominantly N-S trending faults. 

Economic! 
Subccononuc 

@ Gcotiiennd 
syrr(em 

GPSddiar~ 

Figure 3. Azimuth map of the direction of regionally-averaged shear strain 
rates as ~etermined entirely by GPS station velocity data. G~thermal  
power appears at the eastern end of the HSZ which tends to bisect regions 
of NW-SE trending shear (to the south) from N-S trending shear (to the 
north). 
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as measured by GPS (Figure 3). Note that 
the trace of g e o t h e r ~ ~  power producing 
plants distributed along the HSZ, trending 
NE-SW, falls on a line of abrupt change 
in the direction of shear when crossing the 
HSZ in a N W  direction. This change in 
direction of shear might have some cor- 
relative cause with the change in azimuth 
of fault strikes in Figure 3. One hypothesis 
that appears to be supported by evidence 
from seismic surveying is that the crust is 
thinner along the HSZ than the surrounding 
region, leading to a change in ~ g n m e n t  
between the strain and stress fields [Ble- 
witt et al., 20031. A thinned crust would 
also explain the trend in location of power 
producing plants . 

Structure-Strain Results 

The above model (crustal thinning) 
would predict an anomalous increase in 
strain along the HSZ. This prediction 
is confirmed by the observed significant 
spatial correlation of geothermal activity 
(Figure 1) with the magnitude of fault- 
normal extensional strain as inferred by 
both GPS and digitized Quaternary fault 

Figure 5. Regional-scale strain-rate map zoomed in on Buffalo Valley. Background shading relates to 
the magnitude of extensive strain rates perpendicular to fault strike. Stars are -1 Ma cinder cones. 
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maps (Figure 4). There is an increase in the magnitude of this style 
of strain rate along the ~ u ~ b o l d t  structural zone trending NE-SW, 
correlating with the trend of geothermal power plants. Note also the 
“W-SE ~ e n d ~ g  f a u ~ t - n o ~ a l  extensional strain along the Walker 
Lane. Thus the approximate “X” shape pattern approximates the 
pattern of geothermal temperatures show in Figure 1. 

Buffalo Valley is indicated as a local high in fault-normal exten- 
sional strain, and thus is identified as a potential target for geothermal 
exploitation (anomaly in Figure 4.). The stars in Figure 5 at the south- 
ern end of Buffalo valley indicate -1 Ma cinder cones, which may 
be associated with crustal extension and thinning. Crustal thinning 
in Buffalo Valley is also indicated by smaller depths to Moho ’in the 
seismic data of the GBCGE [Louie, 2002; ~ ~ e w i t t  et al., 2003j. 

~ 

We find spatial relationships between-geothermal activity in the 
Great Basin with (1) change in the direction of fault orientations as 
inferred by digitized Quaternary fault data analysis, (2) change in the 
direction of extensional strain as inferred by GPS data analysis, and 
(3) the magnitude of extensional strain, especially fault-normal exten- 
sion associated with shear strain, as inferred by both GPS and fault 
analysis. In the Great Basin we find that the relative orientation of the 
shear strain tensor with respect to fault orientation more likely controls 
geothermal activity than the dilitation component of strain. By these 

Figure 4. Strain rate map derived from GPS velocities. Specifically, this is the rate 
of extension normal to the regionally-averaged Quaternary fault strike. The HSZ is 
delineated particularly in the eastern end by high fault-normal extensional strain. There 

Figure 1. Buffalo Valley, i n ~ i c a t e ~  by a circle, shows an anomalously high strain rate. 
is significant correlation between this strain map and geothermal temperatures shown in Kilometers 
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various considerations, the NE-S W trending Humboldt structural 
zone (HSZ) in north-eastern Nevada is clearly distinguished as a 
regional geothermal target. Based on a detection of an anomalous 
high in fault-normal extensional strain, we identify Buffalo Valley 
toward the NE extent of the HSZ as a potential geothermal target 
to be further explored using GPS. We recommend that Buffalo 
Valley be investigated with fine spatial resolution (-10 km rather 
than the current -100 km) using a dense GPS network to assess 
its geothermal potential. Interpretation of the results could be 
facilitated by conducting a similar GPS strain-structure analysis 
in currently exploited areas within the HSZ, such as the Desert 
Peak-Brady's Hot Springs area. 
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