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Seismic Mapping of the Subsurface Structure at the Ryepatch

Geothermal Reservoir

Roland Gritto, Thomas M. Daley, and Ernest L. Majer

Earth Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA

Abstract

In 1998 a 3-D surface seismic survey was conducted to explore the structure of the Rye Patch

geothermal reservoir (Nevada) to determine if modern seismic techniques could be successfully

applied in geothermal environments. Furthermore, it was intended to map the structural features

which may control geothermal production in the reservoir. The results suggested the presence of

at least one dominant fault responsible for the migration of uids in the reservoir. In addition to

the surface receivers, a 3-component seismometer was deployed in a borehole at a depth of 3900

ft within the basement below the reservoir, which recorded the waves generated by all surface

sources. The subject of this report is use this data set to determine the subsurface structure as a

function of azimuth. A total or 2005 �rst arrival travel times were determined out of 2134

possible traces. 2-D ray tracing was performed to simulate wave propagation from the surface

sources to the receiver at depth. The ray tracing was based on a 2-D laterally homogeneous

velocity model derived from a velocity pro�le calculated from a VSP recorded in the same well.

It was assumed that di�erences in travel time between the observed and modeled data are

caused by structural deviations from a homogeneously layered model as determined by the VSP

pro�le, and thus were mapped into topographic changes at depth. The results suggest an

east-west-trending structure (possibly a horst) with boundaries that match the location of faults

found in the analysis of the 3-D seismic surface data.
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1. Introduction

In recent years Lawrence Berkeley National Lab-

oratory (LBNL) has been cooperating with The In-

dustrial Corporation (TIC) and Transpaci�c Geother-

mal Inc. (TGI) to evaluate and apply modern seis-

mic imaging methods for geothermal reservoir de�ni-

tion under the U.S. Department of Energy's (DOE)

geothermal program. As part of this cooperation a

vertical seismic pro�le (VSP) was acquired in 1997

and a 3-D seismic survey was performed in 1998 at

the Rye Patch Geothermal �eld in Nevada, to deter-

mine the structure of the subsurface reservoir. The

VSP survey was conducted to determine the seismic

reectivity of the reservoir horizons and to obtain

reservoir velocity information. Because the results of

the initial VSP pro�le indicated apparent reections

at depth Feighner et al. [1998], it was decided to

proceed with the 3-D seismic survey to evaluate the

application of modern seismic imaging techniques to

geothermal reservoirs.

Geothermal reservoirs are considered diÆcult seis-

mic targets because of hydrothermal alteration and

other heterogeneity. As part of the 3-D seismic sur-

face survey, an additional experiment was conducted

during which a 3-component geophone was installed

at a depth of 3900 ft. This geophone recorded all seis-

mic waves generated by the surface sources, creating

a second dataset in addition to the seismic reection

data. The investigation of the second dataset is the

content of this report.

The location of the surface survey and the location

of borehole 46-28 containing the geophone at depth

are indicated in Figure 1 (modi�ed after Geother-

mEx [1997]). The Rye Patch temperature anomaly is

bounded by the Humbold City Thrust in the East and

the Rye Patch reservoir in the West. Initial geother-

mal exploration e�orts in the 1980s and 1990s resulted

in one successful well (44-28) while others were too

cold or had no uid ow. The 3-D seismic survey

was intended to determine the applicability of modern

seismic imaging techniques to geothermal reservoirs

and in particular to study the geologic structure of

the reservoir at depth. An initial report by Feighner

et al. [1999] revealed possible faulting at depth based

on results derived from surface reection seismic stud-

ies and surface-to-surface tomographic travel time in-

vestigations. The current investigation is intended to

determine whether the dataset, which was recorded

with minimal extra e�ort at depth, can provide addi-

tional valuable information and if so, whether it can

support the results found in the previous studies.

2. Data Acquisition and Processing

The Rye Patch Geothermal Survey covered an area

of 3.03 square miles and was designed with 12 north-

south receiver lines and 25 east-west source lines. The

source interval was 100 feet while the source line spac-

ing was 400 feet. Four Litton 311 vibrators were used

in a squared array with the source ag at the center

of the array. The source signal was a sweep with a

frequency bandwidth between 8 Hz and 60 Hz. A de-

tailed description of the data collection can be found

in the contractor's report SECO [1998].

A high temperature, wall-locking, 3-component

geophone was installed in well 46-28 at a depth of

3900 ft. The borehole geophone recorded all shots

throughout the survey area, amounting to a total of

2134 traces. The location of all sources as well as the

boreholes are shown in Figure 2. The gaps in cov-

erage are caused by Interstate 80 and railroad tracks

which cross through the survey area.

The data quality is good with a frequency content

of about 25 Hz for the �rst arriving waves. Figure 3

shows a representative receiver gather of source line
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north of well 46-28. It is evident, as a �rst order e�ect,

that the amplitudes and the moveout of the �rst ar-

riving waves vary with distance to the well. Addition-

ally, local and smaller variations in arrival time can

be seen between source positions 10048 and 10063.

These local variations in travel time will be mapped

into topographic changes of the reservoir horizons at

depth.

A total of 2001 �rst arrival travel times were de-

termined out of 2134 possible traces. Most of the

picks were reliable because the well sampled spatial

moveout across the source lines facilitated the pick-

ing. However, in addition to the long source lines,

"make-up lines" of 5 source locations were set up in

between the original lines. The �rst arrival picking

was less reliable for these shorter lines.

3. Ray Tracing

In 1997, a Vertical Seismic Pro�le (VSP) was

recorded at the Ryepatch Geothermal �eld in well

46-28 Feighner et al. [1998]. The resulting P-wave

velocity pro�le between the depth of 400 ft and 4150

ft represents the best estimate for the distribution

of velocities in the subsurface around the well, and

is the only in situ velocity measurement available.

Based on these results, a velocity function was de-

rived that represents a smoothed average of the VSP

velocity pro�le. The function is shown in Figure 4.

The prominent features of this velocity function are

the high velocity layer of 11,500 ft=s between 700 ft

and 800 ft depth, followed by a velocity inversion to

approximately 9000 ft=s over a depth range of 1500

ft, and a gradual increase to 20,000 ft=s representing

the basement at a depth of 2900 ft.

This velocity pro�le was subsequently extended to

a 2-D velocity model with homogeneous layers ex-

tending throughout the survey area. Based on this

velocity model, a 2-D ray tracer was used to simulate

wave propagation from surface sources to the receiver

at depth. Figure 5 shows representative results of the

ray tracing. The velocity model is the 2-D representa-

tion of the function in Figure 4. Sources are denoted

by stars while the receiver is indicated by an inverted

triangle at 3900 ft depth. Figure 5a represents the

rays for source line 20 which runs across well 46-28

fromWest to East, while Figure 5b shows the line be-

tween sources 1048 and 25048 running across the well

in North-South direction. The gaps in source cover-

age indicate the railroad tracks, interstate 80, and an

area in the vicinity of the well where no sources were

�red. The top of the velocity model was chosen to be

equal to the elevation of the highest source position

of the survey, so the sources in the �gure appear to

be located below the surface.

The 2-D raytracing produced a total of 2134 rays,

connecting the sources to the receiver at depth, and

their associated travel times. None of the 2134 rays

crossed path with other rays which prevented the ap-

plication of a tomographic inversion approach. There-

fore, we cannot simultaneously �nd lateral velocity

variations within the layers. However, under the as-

sumption that the homogeneous velocity model is a

good representation of the subsurface structure (i.e.

velocities can be extrapolated away from the bore-

hole) the observed and modeled travel times can be

compared for each source-receiver combination, and

di�erences can be attributed to changes in elevation

of the subsurface horizons.

4. Mapping Travel Time Deviations to

Elevation Changes at Depth

4.1. Methodology

Mapping travel time deviations to elevation changes

is a technique that has been used in seismic refrac-
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tion studies in the past. The method is an approx-

imation that can be applied in environments where

a low velocity layer is located above a high velocity

layer or basement. Under the assumption that the

ray path from source to receiver is known, any dif-

ference between the calculated and observed travel

times is converted into a distance using the velocity

model and applied as a deviation in the boundary

between the basement and the overlaying layer. We

employ the same principle in our approach assuming

that the top layer can be approximated by an aver-

age velocity of 9000 ft=s (refer to Figure 4), and the

basement is represented by a halfspace with a veloc-

ity of 20,000 ft=s. The travel time deviations are

computed for each ray path and the di�erences con-

verted to elevation changes. In our case, we apply the

total travel time di�erence for each ray to all of the

layered sequence above the basement, thus assuming

that any possible faulting a�ected the whole geologic

sequence above the basement. However, this is only

one possible interpretation of the data and other sce-

narios may be as likely. It is feasible that a fault cuts

only through the basement and a fraction of the lay-

ers above, while in another case it may cut through

the basement only. These later cases would represent

events where sedimentation continued after the fault

stopped being active. One of these later cases may

be present at Ryepatch, where there is no surface evi-

dence of the SE fault. However, as it is not possible to

determine where the fault stops, we choose to inter-

pret the whole sequence above the basement as being

a�ected by tectonic activity.

Figure 6 shows the results of the di�erences in

travel time Æt between the calculated tm and observed

travel times to plotted for each source location.

Æt = tm � to (1)

Positive deviations denote source positions from

which the actual waves travel faster to the receiver

than in the ray tracing simulations. The assumed ex-

planation in this case is that the high velocity base-

ment is uplifted relative to the homogeneously layered

velocity model used in the simulations (refer to Fig-

ure 5). Similarly, negative deviations denote slower

wave propagation than assumed in the simulations,

indicating a thicker low velocity layer on top of the

basement (e.g. the basement is shifted downwards).

4.2. Source Elevation Statics

Assuming the above interpretation is correct, the

time-di�erence plot in Figure 6 would be a represen-

tation of the basement interface at depth. However,

it is evident that the trend of the travel time devi-

ations in Figure 6 also mimics the elevation of the

sources throughout the survey area. Figure 7a shows

a contour map of the source locations, while Figure 7b

shows the same data in a 3-D view. The elevation of

the sources decreases towards the West following the

dip of the surface from the Humboldt City Thrust in

the East to the Rye Patch Reservoir in the West (re-

fer to Figure 1). The problem that occurs by using

correct source locations with large elevation changes

while applying a constant velocity model for the near

surface layer that geologic processes often compensate

for the shortcomings of this model. While the travel

distance from sources at high elevation to the re-

ceiver at depth is longer, these source sites are usually

exposed to stronger erosion which removes the low

velocity sedimentary layers, and thus bedrock with

higher velocities may be exposed to compensate for

the longer travel distance. If, during the simulations,

sources are placed at the correct elevations in con-

junction with the use of a low velocity surface layer,

the travel times of the simulations may become too

long relative to the observed travel times and higher
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travel time deviations are observed. The reverse e�ect

may take place for lower elevations where thicker sed-

imentary �ll may lower the velocities below the values

of the assumed velocity model. Thus, a second sim-

ulation was performed to verify that the distribution

of travel time di�erences in Figure 6 is not an artifact

caused by the distribution of source locations during

the survey. For this test all sources were located at a

�xed elevation equal to the elevation at the well head

of borehole 46-28. If the structure in Figure 6 was

caused by static problems with the source locations, it

would disappear or change after the simulations with

a at source-horizon. The same structure is present

in both cases, as shown in Figure 8. Although the

overall time di�erences decreased slightly relative to

the results in Figure 6, the general feature of a high in

the central eastern region of the survey area which de-

creases towards the West is still evident. Therefore, it

is assumed that this feature is a real manifestation of

a deviation from the assumed velocity model at depth.

However, contrary to the eastern region of the survey

area where the high in the center is bounded by small

travel time deviations in the North and South, the

western half of the survey reveals a pronounced trend

to negative travel time deviations. These deviations

are only partially reduced by the introduction of a at

source horizon in Figure 8. The reason for that may

be very low sedimentary velocities on the western side

of interstate 80 towards the Rye Patch Reservoir. In a

previous study, Feighner et al. [1999] reported results

from 2-D tomographic studies in North-South direc-

tion along the receiver lines at Rye Patch. Figure

9 shows the tomographic results along receiver line

1 located along the western boundary of the survey

area. It can be seen that velocities as low as 5000

ft=s are estimated for the shallow subsurface down

to depths of 200 ft. Because these velocities (if cor-

rectly estimated) are lower than the one assumed in

our homogeneous model (6800 ft=s down to a depth

of 700 ft, see Figure 4), the resulting travel time dif-

ference Æt would be negative throughout this region.

With these considerations in mind, the structure of

the travel time deviations will be investigated more

closely.

4.3. Interpretation

Figure 10 redisplays the travel time deviations

from three di�erent azimuths, in order to better rec-

ognize the structure. In Figure 10a (view from SW)

the increase in travel time deviation is apparent in the

background of the area but there's little evidence of

an increase north and south of it. In the foreground

of the image the large negative travel time deviations

are evident, interrupted by smaller negative and even

small positive values. Thus it seems that a structural

feature is trending in an east-west direction, increas-

ing the travel time deviations even in the western re-

gion of the survey area. These higher deviations could

be explained by a lift of the high velocity basement

relative to the overlaying structure. The views of Fig-

ure 10b and 10c support this interpretation. In Figure

10b (view from East) it is evident that the high termi-

nates quickly to the North but shows a more gradual

decrease toward the South. Similarly, in Figure 10c

(view fromWest) the interruption of the low values in

the foreground is abrupt to the North and more grad-

ual to the South. Overall, the strike of this structure

appears to be trending east-west.

After mapping the travel time deviations in Figure

8 to elevation di�erences using a basement velocity of

20,000 ft=s and a mean velocity of 9,000 ft=s for the

section above the basement, the results are shown in

Figure 11. The location of borehole 46-28 is shown

for reference (black circle in foreground). The actual

elevation changes of the basement horizon are proba-

bly smaller than the ones shown in the present map-
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ping, since all deviations from the assumed horizon-

tally layered velocity model are mapped into elevation

changes. Additionally, this model may not be a good

representation at great distances from the borehole,

and it is feasible that a deviation in travel time is

caused by a local velocity unconformity rather than a

change in a boundary of the layered velocity model.

However, it is not possible to estimate those local ve-

locity changes with the present data, as this would

constitute solution to a complex inversion problem

for which data coverage with numerous crossing rays

is needed. The current data set, however, does not

contain any crossing rays in the subsurface. Thus,

the estimated changes in elevation represent upper

bounds for the actual values.

A mapview of the basement horizon elevation is

provided in Figure 12. The three boreholes 46-28, 44-

28, and 42-28 are shown for reference. It can be seen

that the 0 ft elevation contour line runs through well

46-28, which is expected since the velocity model is

based on the VSP data of well 46-28 and only a small

deviation between the modeled and measured data is

expected at this location. The map shows the con-

tours of the elevated structure extending from East

to West across the survey area while cutting through

the steep descent on the western ank. The north-

south extend of this rise reaches roughly from 2107000

(north of well 42-28) to 2102000 between wells 46-28

and 44-28 (refer to Figure 12).

4.4. Comparison to Previous Studies

A feature similar to the rise described above was

detected in the study by Feighner et al. [1999], and is

shown in Figure 13. The �gure shows the velocity esti-

mates from a tomography study along receiver line 13,

at the eastern boundary of the survey area. Although

the ray coverage was poor along most of the receiver

lines, limiting the reliability of the tomographic re-

sults, the estimates in Figure 13 are based on good

ray coverage within the upper 1500 feet. The depth

penetration for the tomographic study is limited as

the turning rays propagate from surface sources to

surface receivers. The tomographic results reveal an

elevated horizon of faster material in the center of the

line between 2101000 and 2104000, which resembles

the elevation high observed in the previous �gures.

Although the estimated location of the elevated sec-

tion in Figure 12 and 13 is not the same, the match is

acceptable considering that the result of Figure 12 is

averaged over a large area, and Figure 13 represents

a vertical depth slice. Thus it is possible that the el-

evation high in both Figures is a manifestation of the

same geologic process. It should be noted that the ele-

vated high velocity horizon seen at the margins of the

image in Figure 13 is an artifact of the ray geometry

and does not represent actual subsurface structure.

In 1999, an integrated study based on various

geophysical data was conducted by Teplow Geologic

(Teplow [1999]). This study included, among other re-

sults, the interpretation of the seismic reection lines

produced by Feighner et al. [1999]. Figures 14, 15,

and 16 show, respectively, the reproduced results of

the gravity, magnetic, and self potential data, that

was collected over the Rye Patch geothermal area.

The upper panels show the actual locations of the

data measurement, while the lower panels reveal a

contour map of the data values. Figure 14 shows the

Bouguer gravity residual which indicates a broad re-

gion of constant values bounded by steep negative

gravity gradients to the north-west and south-east.

The results support the interpretation of higher den-

sity or excess mass in the central region around the

wells, surrounded by less dense material (e.g. an ele-

vated high density basement may represent a �tting

model). Figure 15 shows the total magnetic �eld.

The contour lines reveal an east-west trending feature
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with a low in the central part between the boreholes.

A possible explanation may be the presence of hy-

drothermal mineralization in the alluvial deposits of

the area (Teplow [1999]). The self potential data (Fig-

ure 16) support the trend of the magnetic and gravity

surveys. Again, the data reveal a low in east-west di-

rection around well 44-28 bounded by gradients to the

North and South.

Overall, it can be stated that the self potential,

magnetic and gravity data presented above support

the interpretation of an east-west feature in the cen-

tral region around the boreholes and therefore cor-

roborates the results of the seismic mapping in the

present study.

5. Conclusions

The geophysical experiments conducted at Rye

Patch geothermal �eld, provided various datasets

which help to interpret the subsurface structure of

the reservoir. The addition of a depth geophone to

record surface generated seismic waves during the 3-D

reection survey provided an additional independent

dataset at low cost and a minimum of technical and

labor requirements. Because most geothermal areas

provide access to open boreholes during the develop-

ing stages of the reservoir, it is recommended that

a VSP survey is conducted �rst, to obtain informa-

tion about the velocity structure and the reectivity

of the subsurface. These in situ measurements are

the only direct method to determine seismic veloci-

ties at depth, and are imperative for the planing of

any future surface seismic reection surveys. VSP

results are normally extrapolated from the vicinity

of the borehole into the surrounding area to provide

a 3-D velocity model. However, because of the het-

erogeneous nature of geothermal reservoirs, the error

in extrapolating the VSP information can be mini-

mized by conducting VSP surveys in multiple bore-

holes throughout the reservoir. A suite of VSP sur-

veys is highly recommended for any reservoir explo-

ration, since all following seismic experiments reply on

the velocity information derived from these surveys.

If it is determined that a surface seismic reection

survey may provide more detailed information about

the reservoir structure it is recommended to add geo-

phones in any available borehole within the survey

area. These datasets collected at depth provide an

independent, low-cost alternative to the surface data,

and can help in the interpretation of the subsurface

structure.

In the current study, the data recorded in bore-

hole 46-28 provided information that supports results

from previous experiments. The interpretation of an

elevated basement with an east-west trend bounded

by linear features towards the northern and south-

ern extension is in agreement with 2-D tomographic

results (Feighner et al. [1999]) and possibly with geo-

physical investigations undertaken in a previous study

(Teplow [1999]). However, it should be recalled that

the interpretation of an elevated basement is just one

of several structural models that can explain the data.

Furthermore, the uplift that is indicated in Figures 11

and 12, should be seen as an upper bound on the ac-

tual lift, as the total amount of the travel time di�er-

ence between the observed and modeled travel times

is converted to lift, rather than viewed as horizontal

velocity variations, which are undoubtly present in

the reservoir. In order to estimate the lateral velocity

variations, however, a dataset is needed that contains

multiple crossing raypaths, which are not present in

the current data.
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Figure 3. Common receiver gather for all sources in source line 10.
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Figure 9. Velocity estimates of travel time inversion for receiver line 1 along the western boundary of the survey

area.
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Figure 10. Travel time di�erences between the observed and modeled travel times view from di�erent azimuths.

a) view from South-West. b) view from East. c) view from West.
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Figure 11. Variations in elevation of the basement interface. VSP well 46-28 is indicated by the circle in the

foreground. View from South-West.
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Figure 12. Contour map of the variations in elevation of the basement interface. The three boreholes are indicated

for reference.
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Figure 13. Velocity estimates of travel time inversion for receiver line 13 along the eastern boundary of the survey

area.
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Figure 14. Results of gravity measurements at Rye Patch within the boundaries of the 3-D seismic survey area.

a) Location of gravity measurements. b) Contour map of Bouguer gravity residual.
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Figure 15. Results of magnetic measurements at Rye Patch within the boundaries of the 3-D seismic survey area.

a) Location of magnetic measurements. b) Contour map of total magnetic �eld.
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Figure 16. Results of self potential measurements at Rye Patch within the boundaries of the 3-D seismic survey

area. a) Location of self potential measurements. b) Contour map of self potential �eld.




