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Abstract

P- and S-body wave travel times collected from stations in and near the state of Nevada 
were inverted for P-wave velocity and the Vp/Vs ratio.  These waves consist of Pn, Pg, 
Sn and Sg, but only the first arriving P and S waves were used in the inversion.  Travel 
times were picked by University of Nevada Reno colleagues and were culled for 
inclusion in the tomographic inversion.  The resulting tomographic model covers the 
entire state of Nevada to a depth of ~90 km; however, only the upper 40 km indicate 
relatively good resolution.  Several features of interest are imaged including the Sierra 
Nevada, basin structures, and low velocities at depth below Yucca Mountain.  These 
velocity structure images provide valuable information to aide in the interpretation of 
geothermal resource areas throughout the state on Nevada.
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1. Introduction
Understanding the subsurface distribution of P- and S-wave velocities is important for 
proper construction and interpretation of models that can aide in geothermal resource 
identification and assessment.  As a first step, this report provides the results of P-wave 
and Vp/Vs tomographic inversion of body wave travel times recorded from earthquakes 
occurring in and near the state of Nevada.  The entire state of Nevada (base map, 
Section 9) is modeled, however, due to earthquake and receiver distributions, some 
parts of the state are not well resolved.  Besides Vp (Section 10) and Vp/Vs (Section 11) 
images of the state down to about 45 km depth, this report also provides resolution 
(Section 12) and error estimates (Section 13) of these parameters.  Only a brief 
interpretation of the resulting images is attempted in this report.

2. Travel-time data
Travel times were collected from an Antelope database created by University of Nevada 
Reno (UNR) colleagues.  These travel times were picked from local to regional 
earthquakes recorded on UNR permanent (Northern Nevada and the Yucca Mountain 
Network) stations and from the temporary USArray network that marched across 
Nevada during 2007 and 2008.  A total of 249 stations were used.  The initial catalog 
consisted of P, Pg, Pn, Pb, S, and Sn named phases.  Some stations had more than 
one type of P and/or S pick and, thus, the first arriving P and S phases had to be 
identified.  The cross-over distance for Pg (direct crustal phase) to Pn (upper mantle 
phase) is at about 1° angular distance in Nevada, with Pn arriving before Pg beyond this 
distance.  The ʻPbʼ phase had unknown meaning.  The following strategy was used to 
define first arriving P: 1) if available, use Pn, 2) if available, use ʻPʼ, 3) use Pg if the 
angular distance was less than 0.8° unless Pb<Pg then use Pb.  For S: 1) if available, 
use Sn, 2) use S.  There were several duplicate named phases on a station for a given 
event.  In this case, the minimum time was used.  This somewhat complex approach 
was used in order to see if the named phases could be relied upon to define actual Pn 
and Pg phases that could later be used in non-first arrival tomography.

The modeled area was chosen to be slightly bigger than the state of Nevada, ranging 
from -120.5° to -113.5° longitude and from 34.9° to 42.5° N latitude.  Within this range, 
there were a total of 8999 picks available from over 200 earthquakes.  After initial 
evaluation, it was discovered that many picks were incorrectly identified as first arriving 
phases, i.e. at farther distances sometimes Pn was picked as a first arrival and at others 
Pg was mistakenly picked.  Fortunately, the large number of stations available for many 
events allowed visual separation Pn and Pg (and likewise, Sn and Sg).  This culled data 
was then passed through an initial inversion stage with fairly smooth model 
regularization.  This allowed further culling of clearly incorrect time picks.  This was 
done manually by removing picks that clearly fell outside the main travel time residual 
band for each event.  The final travel time data set consisted of 5516 P travel times and 
1360 S times from 206 earthquakes.
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3. Model Inversion
The inversion grid for the tomographic model covered the approximate area from 
-120.5° to -113.5° longitude, from 34.9° to 42.5° N latitude and from the surface to 91 
km depth.  All coordinates are first converted to a local cartesian coordinate system 
based on the Universal Transverse Mercator transformation from latitude and longitude 
with an origin at -120.5° longitude and 34.9° N latitude.  A simple spherical correction 
was applied to the depth coordinates by adding RE(1-cos(d/RE)), where RE is the radius 
of the Earth and d is the distance from the center of the grid.  The maximum correction 
on the corners of the model is about 21 km.  Grid node spacing was chosen to be 5 km 
and is the same in all three coordinate directions.

The tomographic inversion proceeds in two basic stages.  In the first stage, the forward 
problem is computed.  Travel times are computed throughout the 3-D grid using the 
Vidale-Hole finite-difference (Hole and Zelt, 1995; Vidale, 1990) algorithm.  Rays are 
then traced from source to receiver by following the travel-time gradient.  The second 
stage is where the matrix inversion occurs.  The conjugate-gradient least squares 
(CGLS) algorithm is utilized to solve the system of equations for model slowness 
perturbations and earthquake hypocenter perturbations.  Since this is a highly non-
linear problem, the solution returned is not necessarily the best or even a better solution 
than the initial model.  As such, a search is performed for the best solution assuming 
that the direction of the CGLS solution vector is correct, but not necessarily the 
magnitude, i.e., the amplitudes of the model slowness and earthquake hypocentral 
perturbations are iteratively halved until a minimum is found in model fit.  The forward 
and inverse stages are iteratively repeated until the change in solution is deemed 
sufficiently small.

Regularization and other controls are imposed on the system of equations both to 
provide stability and also to ensure that the solution stays within reasonable limits.  The 
P velocity and the Vp/Vs models are constrained to be smooth in a anisotropic 
Laplacian sense, meaning that the Laplacian operator is used to compute smoothness, 
but different weighting is allowed for the vertical direction compared to the horizontal 
directions.  This allows a model to be rougher in the z-direction than in the x and y 
directions.  Additionally, Vp is constrained to lie between minimum and maximum values 
that are depth dependent.  Likewise, Vp/Vs is constrained to lie between 1.6 and 2.5 at 
all depths.  Earthquakes and ray paths are also constrained to lie beneath the 
topographic surface of the earth.

Several tomographic models are computed with variation in some of the parameters in 
order to explore the model space more effectively.  Initially, a fairly smooth model using 
joint inversion of Vp, Vp/Vs and hypocentral parameters is computed.  If too rough a 
model is sought initially, the solution can easily get trapped within a local minimum.  
After a fairly smooth solution is found, the roughness of the models are progressively 
increased until a satisfactory solution is found.  A satisfactory solution is somewhat 
subjective but is chosen near where increasing roughness further does not improve the 
fit to the travel times significantly.  Once the best smoothness is found, further 
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improvements in overall fit is achieved by using a non-joint inversion process.  In this 
process, one iteration solves for Vp and Vp/Vs while keeping hypocentral parameters 
fixed while the next iteration one solves for hypocentral parameters while holding Vp 
and Vp/Vs fixed.  Experimentation has shown that better fits to the travel times with 
smoother models can be achieved if this is done.  The final model had an root mean 
square residual of 0.32 s for P and 0.43 s for S picks.

4. Resolution and Error Analysis
Direct information about the standard errors of the model parameters is not available 
from this procedure.  However, indirect methods can be used to obtain estimates of the 
the achieved resolution of the model and the standard errors.  The former is estimated 
using checkerboard tests.  In these tests, a spatially varying pattern of perturbations that 
resembles a checkerboard are added to the final 3-D model.  Theoretical travel times 
are calculated through this perturbed model, travel time errors with the same distribution 
as the real data are added to these travel times and then a tomographic inversion is 
performed with these calculated times.  The resulting perturbation pattern is then 
compared with the original pattern.  In places where the pattern is well replicated, 
resolution at that block size is deemed good.  Checkerboard test results are shown in 
Section 12.

Several different block sizes were used in the checkerboard tests.  The smallest 
horizontal dimension tested was 25 x 25 km for P-waves.  In general, only very limited 
areas show resolution at this scale: near Yucca Mountain and near Wells, NV down to 
about 20 km depth.  Better resolution over a broader region is observed for 50 x 50 km 
block sizes for P-waves, with decent resolution extending into central NV and slightly 
deeper.  100 x 100 km block were broadly well resolved down to around 50 km depth in 
all except the corners, with less resolution in eastern NV.  200 x 200 km blocks were 
similar to the 100 x 100 km blocks except perhaps extending slightly deeper to about 60 
km depth.  Vertical resolution for P-waves was only marginal in some areas, namely 
near Yucca Mountain, western NV and near Wells, NV, for 50 km horizontal by 10 km 
vertical block dimensions.  20 km vertical block dimensions returned good resolution 
within the same regions as the 50 x 50 km horizontal blocks down to a maximum of 60 
km depth, but more generally down to ~50 km.

The S-waves showed half or less of the resolution of the P-waves.  50 x 50 km 
horizontal blocks were extremely poorly resolved in all but near Yucca Mountain and 
Wells, NV, but even those locations were marginal.  100 x 100 km horizontal blocks 
indicated some resolution in western NV, near Wells and Yucca Mountain down to about 
20 km depth.  200 x 200 km block resolution was good over many areas except the 
model corners down to about 40 km depth.

Standard errors of the model parameters are estimated using a form of the statistical 
Jackknife test.  In this test, ten new data sets are created by randomly removing 10% of 
the travel time data in such a way that no two data sets have the same datum removed 
but that among the 10 data sets all data are removed.  Each of these 10 data sets are 
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then inverted to obtain 10 different tomographic models.  Standard jackknife equations 
are applied to obtain an estimate of the standard errors at the 95% confidence level.  
Jackknife test results are shown in Section 13.

The P-wave standard errors are typically less that 0.1 km/s over most sampled regions 
down to about 30 km depth.  Deeper than 30 km depth, the typical standard error is less 
than 0.2 km/s.  Spotty locations show larger standard errors, with the maximum 
standard error generally increasing with depth.  Maximum standard errors are about 0.2 
km/s at the shallowest depths, but increase to over 0.6 km/s at 45 km depth.  Generally, 
these spots of large standard error are relatively small-scale and are located on the 
fringes of the model or in the east-central portions of the state where ray coverage is 
poorer.  Vp/Vs standard errors are typically less than 0.01, with maximum standard error 
between 0.02 and 0.025 at all depths.  The largest standard errors appear to be more 
associated with higher absolute Vp/Vs values in the model.  However, the magnitude of 
the standard errors generally are insufficient to call into question whether a region is 
above average Vp/Vs if it is imaged as a high Vp/Vs region.

5. Results
The Vp images are shown in Section 10.  The shallowest 15 km of the P-wave model 
have the highest resolution and the best correlation with known structures.  The core of 
the Sierra Nevada is imaged very well as a fairly high velocity (~6.5 km/s) NW-SE 
trending structure along the western fringe of the ray coverage.  At 0 (sea level) and 5 
km depth, this structure stands out well above the average background velocity of the 
surrounding areas (upper 5 to ~6 km/s range).  Station density and resolution is greatest 
generally along the western border of Nevada running from Yucca Mountain northward 
to Reno.  Smaller low velocity structures on the order of 25 km in diameter and greater 
are imaged under Reno, Carson City and northern Owenʼs Valley that correspond to 
known basin structures.  The Carson Sink and Dixie Valley are indicated by a prominent 
low velocity structure.  Prominent low velocity structures also appear NW of Betty, NV 
and just south of Yucca Mountain under Amargosa Valley.  Generally higher than 
average velocities are seen between about Goldfield, NV and the Carson Sink low 
velocity structure.  The region of the Wells earthquake shows at or slightly above 
average velocities.  High velocities are imaged between Lovelock, NV and the Black 
Rock Desert.  

By 10 and 15 km depth, the surrounding crustal velocities have nearly matched that of 
the Sierran core (low to mid 6 km/s range).  Many detailed structures that are imaged at 
shallower depths are no longer clearly visible.  The low velocity structure under the 
Carson Sink is still clearly visible as well as the structure just south of Yucca Mountain.  
An interesting high velocity structure appears southward from Mammoth mountain with 
imaged velocities exceeding 7 km/s by 15 km depth.  This structure is on the very fringe 
of the ray coverage zone, but, probably due to the dense station coverage in the region, 
it shows very low standard error and may be reasonably well resolved.  
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The structure at 20 to 25 km depth is broadly in the upper 6 km/s range with few 
structures that stand-out as being well-resolved.  The high velocity structure south of 
Mammoth Mountain has roughly the same velocities as at 15 km, but the surrounding 
velocities have increased so it is a much more subdued feature.  Velocities continue to 
be lower than average near Yucca Mountain.

The 30 km depth section is the first that shows reliably large regions with velocities 
consistent with the upper mantle where by 35 km depth, many regions show velocities 
in excess of 7.6 km/s.  Deeper than 30 km depth, the Sierra appear as a lower than 
average velocity, with P velocities in the lower 7 km/s range compared to most areas in 
the mid to upper 7 km/s range by this depth.  This is most likely due to the crustal root of 
the Sierra invading upper mantle velocities at this depth.  The low velocity structure near 
Yucca Mountain is still present at these depths.  The northern third of Nevada broadly 
shows velocities greater than 7.8 km/s.  

Although resolution is beginning to degrade rapidly by 40 km depth, there are some 
interesting features.  The signature of the Sierran root is muted but still discernible at 40 
and 45 km depths.  The persistent low velocity zone near Yucca Mountain is also muted 
at these depths.  Velocities greater than 8 km/s dominate much of the state, but an ~50 
km wide band of lower than average velocities cut through the state at about 39° N 
latitude.  The muted velocities and somewhat banded appearance of the velocities 
structures at these depths can also be due to decreased ray coverage here, thus 
masking their true character.

The Vp/Vs images (Section 11) are of a much lower resolution compared to the P-wave 
images as demonstrated in the checkerboard tests.  There is little vertical change in the 
Vp/Vs as one moves from the surface to 30 km depth, although there is a tendency for 
higher Vp/Vs at deeper depths.  Deeper than 30 km, resolution and ray coverage have 
degraded significantly.  Lower Vp/Vs dominates under the Sierra Nevada and under the 
NE corner of the state near Wells.  Higher than average Vp/Vs are imaged broadly 
under the Carson Sink and Dixie Valley regions as well as along the NV-CA border 
between near Mammoth and Yucca Mountain.  This particular features appears to 
spread eastward with depth.  Yucca Mountain is at or slightly below average Vp/Vs at 
shallow depths and tends toward higher than average Vp/Vs at 30 km depth.

6. Discussion
Only a brief interpretation of the results will be given in this report.  Overall, the results 
are in accord with those of other investigators of the region.  Average crustal velocities 
obtained by 2-D survey lines across central NV agree with those of this study (e.g., 
Catchings and Mooney, 1991; Holbrook, 1990; Catchings, 1992; Potter et al., 1987).  
Similarly, a Moho depth of about 30 km obtained in the above studies is consistent with 
the tomographic results obtained here based upon P velocities reaching the upper 7 km/
s range near that depth.  A more precise estimate of Moho depth is not feasible from 
this tomography given the smoothness of the model and the 5 km block size.
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On smaller scales, where resolution is best in western NV, shallow basin structures are 
well imaged under Reno, Carson City, Owenʼs Valley and the Carson Sink (see Figure 1 
for base map).  The Carson Sink anomaly extends deeper than these other basins into 
the mid crust and is correlated with higher than average Vp/Vs.  Additionally, near Yucca 
Mountain, where station coverage is excellent, low velocities of the Amargosa Basin are 
imaged.  Interestingly, this low velocity structure under the Amargosa Basin is not 
confined to the upper crust, but extends through the crust into the upper mantle.  This 
structure correlates spatially with what several researchers see as a crustal scale rift 
perhaps associated with the various caldera complexes found in the area (e.g., Carr, 
1990; Fridrich, 1999; Brocher et al., 1998; Crowe et al., 1995).  

The Sierran block is also well imaged in the tomography to 40-45 km depth.  The 
Sierran block velocities and crustal root are comparable to other investigators as well 
(e.g., Fliedner et al., 2000; Mavko and Thompson, 1983; Knuepfer et al., 1987).  Lower 
than average Vp/Vs is also imaged under the Sierra.  Perhaps the most interesting 
aspect of the Sierran image is the high velocity structure just south of Mammoth that 
extends throughout the mid to lower crust.  Since this structure is on the fringe of the 
region of ray coverage, it should be interpreted cautiously since the likelihood of an 
artifact is higher.  However, given its location this structure would be a good subject for 
more rigorous study.

Unfortunately, the central part of the state was not well imaged due to the sparse station  
density and paucity of earthquakes.  In order to greatly improve resolution throughout 
the model domain, significantly more earthquakes need to be picked.  A special effort to 
collect more S travel time picks would greatly enhance the resolution of the S velocity 
images.  Furthermore, the ability to use both crustal and mantle phases (e.g., Pn and 
Pg) from the same event to the same station would significantly improve mid to lower 
crustal resolution.

7. Conclusion
P- and S-wave earthquake travel time data were inverted for P velocity and Vp/Vs ratio 
of the entire state of Nevada.  P velocity resolution is best primarily from Yucca 
Mountain northwest to Reno where station density is highest to about 40 km depth.  
Due to dearth of S travel time picks compared to P, S-wave resolution is significantly 
lower than P throughout the model and only extends to about 30 km depth.  Several 
features of interest are imaged including the Sierra Nevada, basin structures, and low 
velocities at depth below Yucca Mountain.  These velocity structure images provide 
valuable information to aide in the interpretation of geothermal resource areas 
throughout the state on Nevada.
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9. Base Map
Figure 1: Base map showing the stations and features of interest mentioned in the text.
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10. Vp Depth Sections
Figures 2-11 are the P-wave velocity images in depth sections from 0 km (sea level) to 
45 km depth in 5 km increments.  Latitude and longitude are the plot coordinates.  The 
color bar at the bottom of each figure gives the color scale.  Note that the color scale 
changes with each  depth.  Stations are shown as triangles in all sections for reference.  
Black dots are earthquakes that locate within ±2.5 km of the given depth.
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Figure 11



11. Vp/Vs Depth Sections
Figures 12-19 are the Vp/Vs images in depth sections from 0 km (sea level) to 35 km 
depth in 5 km increments.  Latitude and longitude are the plot coordinates.  The color 
bar at the bottom of each figure gives the color scale.  Note that the color scale changes 
with each  depth.  Stations are shown as triangles in all sections for reference.  Black 
dots are earthquakes that locate within ±2.5 km of the given depth.
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12. Checkerboard Tests
Figures 20-55 show the checkerboard test results in depth sections from 0 km (sea 
level) to 45 km depth in 5 km increments.  Latitude and longitude are the plot 
coordinates.  The color bar at the bottom of each figure gives the color scale.  Stations 
are shown as triangles in all sections for reference.  Black dots are earthquakes that 
locate within ±2.5 km of the given depth.  Checkerboard tests for 50 by 50 km and 100 
by 100 km are shown for P-waves and 100 by 100 km and 200 by 200 km for Vp/Vs 
(Vp/Vs is only shown to 35 km depth).
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36

50 x 50 km Vp checkerboardFigure 20
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50 x 50 km Vp checkerboardFigure 21
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50 x 50 km Vp checkerboardFigure 22
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50 x 50 km Vp checkerboardFigure 23
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50 x 50 km Vp checkerboardFigure 24
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50 x 50 km Vp checkerboardFigure 25
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50 x 50 km Vp checkerboardFigure 26
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50 x 50 km Vp checkerboardFigure 27
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50 x 50 km Vp checkerboardFigure 28
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50 x 50 km Vp checkerboardFigure 29
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100 x 100 km Vp checkerboardFigure 30
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100 x 100 km Vp checkerboardFigure 31
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100 x 100 km Vp checkerboardFigure 32
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100 x 100 km Vp checkerboardFigure 33
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100 x 100 km Vp checkerboardFigure 34
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100 x 100 km Vp checkerboardFigure 35
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100 x 100 km Vp checkerboardFigure 36
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100 x 100 km Vp checkerboardFigure 37



54

100 x 100 km Vp checkerboardFigure 38
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100 x 100 km Vp checkerboardFigure 39



56

100 x 100 km Vp/Vs checkerboardFigure 40
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100 x 100 km Vp/Vs checkerboardFigure 41
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100 x 100 km Vp/Vs checkerboardFigure 42
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100 x 100 km Vp/Vs checkerboardFigure 43
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100 x 100 km Vp/Vs checkerboardFigure 44
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100 x 100 km Vp/Vs checkerboardFigure 45
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100 x 100 km Vp/Vs checkerboardFigure 46
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100 x 100 km Vp/Vs checkerboardFigure 47
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200 x 200 km Vp/Vs checkerboardFigure 48
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200 x 200 km Vp/Vs checkerboardFigure 49
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200 x 200 km Vp/Vs checkerboardFigure 50
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200 x 200 km Vp/Vs checkerboardFigure 51
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200 x 200 km Vp/Vs checkerboardFigure 52
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200 x 200 km Vp/Vs checkerboardFigure 53
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200 x 200 km Vp/Vs checkerboardFigure 54
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200 x 200 km Vp/Vs checkerboardFigure 55



13. Jackknife Test Results
Figures 56-73 show the jackknife test results in depth sections from 0 km (sea level) to 
45 km depth in 5 km increments.  Latitude and longitude are the plot coordinates.  The 
color bar at the bottom of each figure gives the color scale.  Stations are shown as 
triangles in all sections for reference.  Black dots are earthquakes that locate within ±2.5 
km of the given depth.  Vp/Vs is only shown to 35 km depth.
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Vp JackknifeFigure 56
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Vp JackknifeFigure 57
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Vp JackknifeFigure 58
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Vp JackknifeFigure 59



77

Vp JackknifeFigure 60
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Vp JackknifeFigure 61
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Vp JackknifeFigure 62
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Vp JackknifeFigure 63
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Vp JackknifeFigure 64
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Vp JackknifeFigure 65
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Vp/Vs JackknifeFigure 66
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Vp/Vs JackknifeFigure 67
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Vp/Vs JackknifeFigure 68



86

Vp/Vs JackknifeFigure 69
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Vp/Vs JackknifeFigure 70
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Vp/Vs JackknifeFigure 71
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Vp/Vs JackknifeFigure 72
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Vp/Vs JackknifeFigure 73
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