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This report presents the final results from this contract to analyze the seismicity of the
Yakima Fold and Thrust Belt (YFTB) region, Washington (Figure 1). The contract work
involved the following:

Apply conventional seismic tomography, using the public domain code simul2000
(Thurber and Eberhart-Phillips, 1999), to the YFTB region (121.25°W to 117.5°W and
45.5°N to 47.5°N) dataset of approximately 5000 earthquakes using available P-wave
catalog earthquake picks and refraction picks, carrying out a trade-off analysis to estimate
optimal model smoothing parameter, and using four different starting velocity models.

Apply double-difference (DD) seismic tomography, using the code tomoDD (Zhang and
Thurber, BSSA, 2003), which requires a commercial use license, to the YFTB region
dataset using available P-wave catalog earthquake picks and their differential times and
refraction picks using the best final model from Phase 2, carrying out a trade-off analysis
to estimate optimal model smoothing parameter.

Evaluate earthquake location uncertainties using estimate from simplified bootstrap test.
The work for the contract is complete. My efforts can be divided into the following stages:

(1) conversion of thousands of files of picks for individual earthquakes from the Pacific
Northwest Seismic Network (PNSN; provided by Alan Rohay) to a usable format;

(2) compilation of first-P-arrival picks from several refraction experiments and other identified
explosion sources in the YFTB region;

(3) tomographic inversion of the arrival time data with the simul2000 code to determine a three-
dimensional (3-D) model of the P-wave velocity (Vp) structure of the crust and earthquake
hypocenters in the YFTB region, using four different starting velocity models and multiple
subsets of data from stages (1) and (2), and using a trade-off analysis to define optimal inversion
control parameters for the preferred model;

(4) plotting of the simul2000 3-D models and hypocenters, along with a set of digitized faults
converted to the underlying Cartesian coordinate system used in the inversions;

(5) assessment of earthquake location differences and uncertainties from simul2000;

(5) tomographic inversion of the arrival time data with tomoDD to determine a 3-D model of the
P- and S-wave velocities (Vp and Vs) of the crust and earthquake hypocenters in the YFTB
region, using a trade-off analysis to define optimal inversion control parameters, with multiple
sets and subsets of data and two different starting velocity models;

(6) plotting of 3-D tomoDD models, hypocenters, and earthquake depth histogram;

(7) assessment of the relationships among available focal mechanisms, the distribution of
seismicity, and the 3-D structure;



(8) detailed assessment of earthquake location differences and uncertainties from tomoDD,
including a simplified bootstrap analysis;

(9) assembly of all digital files used in this work for submission at the conclusion of the contract;
and

(10) preparation and submission of four interim reports and this final report.

Earthquake Data

Alan Rohay provided the PNSN files (8/1970-10/2011) broken into several composite
quality categories, using a two character code, following standard PNSN practice: AB
(comprising AA, AB, BA, and BB; best quality), AC (comprising AC, CA, BC, and CB;
intermediate quality), AD (comprising AD, DA, BD, and DB; lower quality) and CD
(comprising CC, CD, DC, and DD; lowest quality). The two quality factors reflect data misfit,
hypocenter location uncertainty, distance to the nearest observing station, the number of
observing stations, and azimuthal gap. Unfortunately, the PNSN changed their data archiving
format in 1994, going from a column-oriented format to a field-oriented format, and with some
substantial changes to the format of pick lines in the files. Thus a major effort was required to
convert the pick files with differing formats into a uniform state for use in the tomographic
inversions. This conversion processing was done for P-wave arrivals only for the AB and AC
categories only. Given the experience of working with the data from these two categories, I
concluded that the lower-quality data were not good enough to include in the tomographic
inversion process.

Felix Waldhauser carried out a similar processing effort, but he processed the data from
all the quality categories, including both P and S waves. Thus, I adopted his dataset, or subsets
thereof, for some of my DD tomography inversions, in order to be able to relocate as many
earthquakes as possible and produce both Vp and Vs models. I am extremely grateful to Felix
for his willingness to share the results of his data conversion efforts.
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Explosion Data

I was able to extract PNSN picks for a number of explosions, both from refraction
experiments and from identified blasts of various kinds. The data from a total of 29 explosions
were assembled (Figure 1 and Table 1), 18 of them refraction shots with known origin times
("shots") and 11 of them other explosions with unknown origin times ("blasts"). The two types
of events were treated differently in the inversions, with the former having fixed coordinates and
origin time and the latter fixed coordinates but free origin time (i.e., origin time is a parameter
that is solved for in the inversion). The picks come from the PNSN archive; information on
explosion location comes from notes in the PNSN archive files for the blasts and from outside
sources (USGS open-file reports, personal communication from T. Brocher) for the refraction
shots. I was unable to obtain the picks from the USGS refraction profile stations.

Background on Conventional Tomographic Inversions (Phase 1)

For Phase 1 of this work, we applied the seismic tomography code simul2000 (Thurber
and Eberhart-Phillips, 1999) to the AB-quality subset of the YFTB data. Briefly, simul2000
allows one to determine a 3-D seismic velocity model, hypocenter locations, "blast" origin times,

Table 1. Identified refraction shots (shot, with known origin time), and other explosions (blast,
unknown origin time) that are included in the tomographic inversion. Depth (in km) is relative
to sea level, so negative numbers are points above sea level. Magnitudes are from the PNSN.

YEARMODA HRMN SECO LAT (° ') LON (° ') DEPTH MAG TYPE
19821030 2240 57.17 45 59.50 119 18.30 -0.20 2.70 blast
19830502 2124 22.30 46 4.70 119 36.05 -0.27 2.00 blast
19830503 1921 50.21 46 .70 119 36.05 -0.27 1.70 blast
19830513 0007 18.91 46 .70 119 36.05 -0.27 2.00 blast
19830601 2322 48.51 46 .70 119 36.05 -0.27 1.70 blast
19830610 2253 48.67 46 .70 119 36.05 -0.27 1.70 blast
19830617 2228 44.45 46 .70 119 36.05 -0.27 2.00 blast
19830622 2221 66.62 46 .70 119 36.05 -0.27 1.70 blast
19830628 2301 7.24 46 4.70 119 36.05 -0.27 1.80 blast
19831025 2311 42.90 46 49.77 120 19.69 -0.67 2.40 blast
19831030 2150 50.59 46 49.77 120 19.69 -0.67 2.10 blast
19840819 1059 59.99 46 58.23 119 11.73 -0.35 2.70 shot

19840819 1132 0.01 46 40.56 119 27.96 -0.13 - shot
19840823 0904 0.02 46 20.87 119 50.29 -0.47 - shot
19840823 0906 0.01 45 56.45 120 14.77 -0.82 - shot

19881121 1838 60.00 46 53.40 120 12.92 -1.01 1.40 shot
19881121 1842 0.00 47 2.32 120 13.43 -1.04 1.20 shot
19881121 2033 0.00 47 5.57 120 13.64 -1.17 1.40 shot
19881121 2233 0.00 47 4.48 120 13.57 -1.08 1.50 shot
19881121 2238 60.00 46 55.74 120 12.97 -0.76 1.50 shot
19881122 0238 60.00 46 56.98 120 13.02 -0.73 1.10 shot
19950911 0703 60.00 46 49.84 119 51.25 -0.25 1.60 shot
19950911 0711 60.00 46 45.83 120 20.75 -0.70 1.40 shot
19950911 1009 60.00 46 39.82 121 9.05 -1.15 1.10 shot
19950911 1011 60.00 46 48.20 120 07.16 -0.60 1.80 shot
19950915 0712 0.00 46 45.83 120 20.75 -0.70 1.80 shot
19950915 0714 0.00 46 49.84 119 51.25 -0.25 1.80 shot
19950915 1012 0.00 46 48.20 120 7.16 -0.60 1.10 shot
19950915 1013 60.00 46 39.82 121 9.05 -1.15 0.80 shot




and, if desired, station corrections, in a simultaneous (i.e., joint) inversion. True 3-D positions of
seismic stations and explosion sources are used. A short-distance conversion formulation is used
to transform positions from spherical to Cartesian coordinates. Travel times are computed using
an approximate (but sufficiently accurate) 3-D ray tracing algorithm known as pseudo-bending
(Um and Thurber, 1987). The velocity model is defined by velocity values specified at a set of
nodes that are spaced regularly (defined by the intersection points of orthogonal planes, which
can be spaced non-uniformly) in all three Cartesian directions, with a set of "bounding nodes" set
at a distance from the model volume of interest (i.e., the "inversion grid") to prevent undefined
velocity values at points outside the inversion grid.

An initial series of inversions was carried out for quality control on the data subsets of
varying quality, described above. Most of the inversions utilized a starting model that was
constructed as an average of several layered (i.e., one-dimensional, or 1-D) velocity models
provided by Alan Rohay. One inversion was carried out using a low-velocity layer imbedded in
the shallow crust as a preliminary test of sensitivity to the starting model and the importance of
including the effect of basalt overlying sediment. These starting models are listed in Table 2.
Two other starting models were tested. One was extracted from a 3-D state-wide model for
Washington created by Antonio Villasenor, and the other was constructed using basalt and
sediment thickness maps and borehole velocity information from Glover (1985). All these
inversions included station corrections, due to the coarse model gridding (20 km horizontally)
relative to the smaller station spacing in some areas.

Table 2. Layered velocity models used as initial models for the tomographic inversions. Other
models used are 3-D.

Model 1 - Average Model:

Top of Layer (km) Vp (km/s)

-2 3.00

0 4.00

4 5.50

10 6.40

16 6.70
24 7.00
32 7.20
40 8.20

Model 2 - Model with Low-Velocity Zone:

Top of Layer (km) Vp (km/s)
-2 3.00
0 5.00
2 5.75
5 5.25
10 6.40
16 6.70
24 7.00
32 7.20

40 8.20
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Figure 2. Initial PNSN catalog locations (+) are connected by a line to the final locations (0)
from a representative inversion run using Model 1 as the starting model. These are AB quality
events. At this scale, the results from other inversion runs would be virtually indistinguishable,
because the location changes for the most part are relatively small. See text for summary
statistics on the relocations. Note that the right-handed Cartesian coordinate system used in this
figure and in Figures 3-10 has positive X pointing west, positive Y pointing north, and positive Z
pointing down.

Earthquake Relocation Results - Conventional Tomography (Phase 1)

For the purposes of seismic hazard evaluation, the earthquake relocation results are the
most directly relevant. A comparison can be made between the PNSN catalog locations, which
are the starting locations for the tomographic inversions, and the final relocations in the 3-D
velocity models from conventional tomography. A representative comparison is shown in Figure
2. The location changes for the most part are relatively small. The mean of the absolute values
of the shifts in the X (EW), Y (NS), and Z (depth) directions are 0.66 km, 0.64 km, and 1.42 km.



These shifts are comparable in magnitude to the median location uncertainties calculated for
each event's final location: 0.79 km, 0.71 km, and 1.30 km in the X, Y, and Z directions,
respectively. Somewhat surprisingly, however, the shifts and uncertainties are not correlated -
that is, earthquakes with larger relocation shifts do not have systematically larger location
uncertainties. There is a systematic overall average shift of -0.04 km in the X direction (to the
east), -0.32 km in the Y direction (to the south), and 0.53 km in the Z direction (deeper). The
overall RMS residual is about 0.1 s.

Next, various views of the relocated seismicity are presented, mainly for the AB-quality
events. The seismic activity is mainly relatively diffuse, but there are a number of clusters and
some lineations. First I show below a comparison of the relocations of the AB-category events
(Figure 3a) to the AC-category events (Figure 3b). The earthquake distributions are generally
similar, but even at this scale it is apparent that the AB-category epicenters are somewhat more
tightly clustered than those for the AC-category. Subsequent figures show some perspective
views of the AB-category events for the entire region followed by zoomed-in views of some
specific features.

Figure 4 shows 3-D perspective views of the AB-category hypocenters, viewed from the
southeast and from the northwest. The generally diffuse nature of the regional seismicity is
again evident, but there are also indications of seismic clusters and lineations. The most obvious
cluster is the area of the dense Wooded Island swarm of 2009 (Wicks et al., 2011; Blakely et al.,
2012) near X = -18 km, Y = -12 km (approximately 46.385°, -119.240°), and Z =0 to 2.5 km
depth. This is an area that has been recognized for its activity for decades (Pitt, 1971; Johnson,
1989). Zooming in on this cluster (Figure 5), viewed in perspective from the north-northwest
and west-northwest, there is a suggestion of a northwest-striking reverse fault, as has been
reported in the literature (Malone et al., 1975; Wicks et al., 2011), but the scatter in the locations
is too great to have confidence in this inference. DD location techniques (Felix Waldhauser's
work with hypoDD and my Phase 2 work with tomoDD) sharpen up the geometry of this feature,
as discussed below. In theory, the DD work should also result in lower quality-category event
locations becoming more similar to those for the AB-category events, and this is borne out.

From this stage of the work, there are only three other seismicity features that emerged as
possibly representing faults. One is near X = -9 km, Y =27 km (approximately 46.745°, -
119.390°), and Z = 0 to 2 km depth, just south of the Saddle Mountains Fault on the northern
edge of the Hanford Reservation. Viewed in 3-D perspective (Figure 6), the seismicity
comprises a well-defined linear feature extending nearly 10 km in length with about 80 events.
This feature was most active in the early 1970's, with 2 largest events of magnitude 3.4, and in
the late 1980's, with 3 largest events of magnitude 2.9. The two magnitude 3.4 events occurred
near the very beginning of the time period of the data provided (1970/08/23 and 1970/10/02).
Neither had reported aftershocks. There were also small swarms (~10 or more events occurring
within a few days) three times, in November 1972, December 1987, and February 1988.

The other two possible seismically defined faults are not nearly so well defined as the one
discussed above. One is just north of the above feature, and is closely aligned with the Saddle
Mountains Fault (Figure 7), centered near X = -4 km, Y = 36 km (~46.825, -119.470), and Z=0
to 3 km depth. There is additional diffuse seismicity northeast of this small trend of events that
may or may not be associated with them. Interestingly, there is also a deeper trend of events
cutting obliquely beneath this feature. The other possible seismically defined fault is a near-
vertically-aligned group of events south of the Manastash Ridge Fault (Figure 8), centered near
X =90 km, Y =38 km (~46.845°, -119.670), and Z = 5 to 15 km depth. The trend is oblique to
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Figure 3. (a) Epicenters of AB-category events from a representative inversion compared to (b)
epicenters of AC-category events. Dashed red lines are faults.
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Figure 4. 3-D perspective views of the AB-category hypocenter, viewed (a) from the southeast
and (b) from the northwest. Dashed red lines are mapped faults.



the Yakima Ridge Fault but roughly parallel to the Untanum and Manastash Ridge Faults.
Neither of these faults is compellingly defined by the seismicity, but the Untanum Ridge trend is
examined in more detail later. I also note that there are many tight clusters of events (i.e.,
overlapping circles) in the map and perspective views of the entire region (Figures 2-3). Some
of these may be mine or quarry blasts or other explosions (e.g. road construction), as these types
of sources are common in Washington State.

I also examined the effect of the choice of initial velocity model on the earthquake
relocations. Four different starting models have been tested: (1) a 1-D model with no low-
velocity layer derived from an average regional model provided by A. Rohay (pers. comm.); (2)
a 1-D model with a ubiquitous low-velocity layer with parameters reflecting the structure near
the center of the study region; and (3) a 3-D model extracted from the unpublished Washington
State model of A. Villasenor (pers. comm.), and (4) a 3-D model based on the time-term analysis
results of Glover (1985). Note that I only modeled Vp with simul2000. In Table 3, I compare
the overall earthquake location changes between the PNSN catalog locations and the inversion
results from conventional tomography for the four different starting models. Note that each
inversion has different earthquakes that become "airquakes" and are lost from the inversion,
making it more difficult to compare the results among the different cases. My expectation is that
the differences among the various inversion results are actually smaller than those in Table 3.

The differences are relatively minor from case to case. The mean north-south location
shifts are substantially larger than the east-west shifts, and the depths shifts are larger than both.
The latter is not surprising, as depths are generally more poorly constrained than epicenters, but
there is no obvious explanation for the north-south versus east-west difference. In contrast, the
means of the absolute value of the epicentral shifts (north-south compared to east-west) are much
more similar to each other. The mean of the absolute value of the depth shifts are nearly
identical across the four cases and are about a factor of 2 larger than the epicenter shifts, which
again is to be expected. These shifts are comparable in magnitude to the median location
uncertainties calculated by simul2000 for each event's final location: 0.79 km, 0.71 km, and 1.30
km in the X, Y, and Z directions, respectively.

3-D Velocity Model Results - Conventional Tomography (Phase 1)

Although the seismic tomography results themselves are not directly relevant to seismic
hazard evaluation (regional in scale, Vp only), the structures revealed in the seismic images and
the relationship between the seismicity and structural features may provide some useful insights.

Figures 9 and 10 show map views and selected south-north cross-sections through the
preferred model with a damping value of 20. As noted in my first interim report, it is evident
that most of the Hanford area has higher velocity (Vp > 4.5 km/s) in the near surface than the
surrounding regions (Figure 9a). Except for the Wooded Island swarm, the shallow seismicity
(depths less than 2 km) is almost exclusively confined to this high-velocity region. A plausible
hypothesis is that most of these shallow events are occurring in the near-surface basalts. The 4
km depth slice (Figure 9b) has relatively little seismicity and is dominated by a zone of relatively
low velocity mainly to the northwest of Hanford. This could reflect the presence of sediments
underneath the Columbia River basalts, but our model lacks the near-surface resolution, due
mainly to the coarse model gridding and sparse station spacing, in order to reach a firm
conclusion. At 10 km depth (Figure 9c¢), the structure is dominated by a zone of relatively low
velocity (Vp < 6 km/s) mostly south and west of the Hanford site that is almost completely
surrounded by substantially higher velocities (Vp > 6.5 km/s). At 16 km depth (Figure 9d), the
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Figure 5. 3-D perspective views of the AB-category hypocenters in the Wooded Island swarm
area (~46.385°, -119.240°), viewed (a) from the north-northwest and (b) from the west-
northwest.
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Table 3. Mean location shift (i.e., centroid) and mean of the absolute value of the location shift

for the four starting model types relative to the PNSN catalog, and the overall averages.

Mean Shift Mean Abs(Shift)

MODEL E-W N-S Depth E-W N-S Depth
No LVL -0.041 -0.325 0.528 0.665 0.642 1.419
With LVL -0.071 -0.159 -0.348 0.626 0.541 1.403
Villasenor 0.008 -0.422 0.523 0.702 0.660 1.426
Rohay -0.105 -0.255 -0.168 0.688 0.566 1.318
AVERAGE -0.052 -0.290 0.134 0.670 0.602 1.392
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pattern in the Z = 10 km slice is generally reversed, with generally higher velocities near and
southwest of Hanford (Vp > 6.5 km/s) and mostly lower velocities in a surrounding ring (Vp ~ 6
km/s), with another outer partial ring of higher velocities (Vp > 6.5 km/s). Most of the
seismicity, which is more abundant in this depth range compared to the two slices above it, is
associated with the higher velocity areas. By 24 km depth (Figure 9e), resolution is diminishing,
but there are still significant velocity variations. Much of the model has Vp > 7 km/s at this
depth, but there are a few zones of relatively low velocity (Vp < 6.5 km/s). Most of the
seismicity falls within areas with Vp > 7 km/s, but otherwise there is no discernable pattern. The
velocity model cross-sections (Figure 10) reinforce the observation that the deeper earthquakes
are associated with the areas of higher velocity. In some places (Figure 10c and d), the
seismicity seems to be concentrated along the edge of higher velocity rocks where the velocity
gradient is high. Similar relationships have been observed in a variety of other regions.

The optimal damping value was selected using a trade-off analysis. For a linear
inversion, it is standard procedure to construct an "L-curve" (Aster et al., 2012) and choose the
optimal regularization parameter value as the "knee" of the L-curve - the point at which
increasing or decreasing the damping value leads to the locally highest increase in data misfit or
model perturbation size, respectively. In nonlinear problems, the L-curve is not usually so well
behaved, for example due to failure to converge for unstably low damping values. The
simul2000 trade-off curve is shown in Figure 11, and it shows the latter characteristic. The
optimal damping is not obvious, but I find that the results are quite stable in the vicinity of 20.

Preliminary Conclusions from Conventional Tomography Analysis (Phase 1)

On the basis of my analysis of the conventional tomography results, I can reach some
basic conclusions. The first is that much of the seismic activity in the YFTB occurs in localized
clusters, and many of these occur at shallow depths. This has been reported recently by
Gomberg et al. (2012) and by others previously (Pitt, 1971; Malone et al., 1975), and has been
related to the Columbia River basalts and/or hydrologic effects. Determining whether these
clusters are only spatial in nature or also show temporal clustering is beyond the scope of this
project, although I noted above in the conventional tomography relocation section that some
swarms were noted in the Saddle Mountains area, and Wooded Island also experience a major
swarm. It seems possible that some of the clusters that are apparent in Figures 2-4 might be from
man-made sources (mining, quarries, construction), although substantial effort has been made to
separate earthquake and non-earthquake sources (A. Rohay, pers. comm.). Further work to
differentiate source types is beyond the scope of this work, but would be valuable, in part
potentially to provide further constraints on locations and 3-D structure. Very few seismicity
features appear to define faults despite the abundance of faults mapped at the surface (Figure 1).
DD relocation analysis by Waldhauser and in Phase 2 of this effort, discussed below, can help
resolve the fine structure of these clusters and potentially confirm the absence or identify the
presence of other seismically well-defined faults.

What appears to be a new observation for this region is the appearance of deeper
seismicity features that appear to be associated with bedrock structures (Figure 10 ¢ and d). The
focal mechanisms for the larger events associated with these features will be examined later in
this report to see if the faulting geometry is consistent with the spatial geometry.
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Figure 9. Map-view slices through
the preferred simul2000 model
(coordinate origin (X=0, Y=0) at 46°
30"N, 119° 30" W). Colors and
contours indicate P-wave velocity in
km/s. Black circles are earthquakes
closer than half the distance to the
slices above and below, dashed black
lines are mapped faults, and thin
white line demarcates the model area
with model resolution matrix
diagonal values above 0.2 (i.e.,
reasonably well resolved). Note the
right-handed coordinate system.
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Figure 10. Selected south-north cross-sections through the preferred simul2000 model
(coordinate origin (X=0, Y=0) at 46° 30' N, 119° 30' W). Colors and contours indicate P-wave
velocity in km/s. Black circles are earthquakes closer than half the distance to the adjacent
sections, and thin white line demarcates the model area with model resolution matrix diagonal
values above 0.2 (i.e., reasonably well resolved).
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Figure 11. Trade-off curve for conventional tomography for the case of the 1-D starting model
with no low-velocity layer, showing data misfit versus model size for the range of damping
values tested. Although there is a "knee" at a damping value of 10, it is possible that the
inversion may already be reaching a level of instability, as indicated by the sharply increasing
data misfit for values of 5 and 2, when normally lower damping should lead to reduced data
misfit. Thus a slightly more conservative value of 20 has been adopted as optimal.

Background on Double-Difference Tomographic Inversions (Phase 2)

The seismic tomography code tomoDD shares many of the same characteristics as the
simul2000 code (Thurber and Eberhart-Phillips, 1999) used for Phase 1 work. Both allow one to
determine a 3-D seismic velocity model, hypocenter locations, "blast" origin times, and, if
desired, station corrections, in a simultaneous (i.e., joint) inversion. True 3-D positions of
seismic stations and explosion/blast sources are used; that is, all sources and receivers are
modeled at their true elevations. A short-distance conversion formulation is again used to
transform positions from spherical to Cartesian coordinates, and travel times are computed using
an approximate (but sufficiently accurate) 3-D ray tracing algorithm known as pseudo-bending
(Um and Thurber, 1987). The velocity model is defined by velocity values specified at a set of
nodes that are spaced regularly (defined by the intersection points of orthogonal planes, which
can be spaced non-uniformly) in all three Cartesian directions, with a set of "bounding nodes" set
at a distance from the model volume of interest (i.e., the "inversion grid") to prevent undefined
velocity values at points outside the inversion grid. A uniform 20 km horizontal grid interval
was again chosen for the 3-D model. Grid intervals in depth ranged from 2 to 8 km. The initial
velocity model used for most of the inversions is Model 1 listed, in Table 2.

One difference between the simul2000 and tomoDD codes is that the former uses a right-
handed coordinate system whereas the latter uses a left-handed coordinate system. The
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consequence is that the sign of the Y coordinate is opposite between the two codes. For
tomoDD, positive X points in the west direction, and positive Y points in the south direction.

Three earthquake data subsets were analyzed in Phase 2 using double-difference
tomography, applying the tomoDD code (Zhang and Thurber, 2003). The subsets were (1) the
AB-quality dataset that was examined closely in Phase 1, (2) the full set of events prepared by
Felix Waldhauser, and (3) events of magnitude 1.0 and above extracted from the full set of
events prepared by Felix Waldhauser. My preferred results are from the use of event subset 3.
For Phase 2, the same set of explosions as in Phase 1 was used to provide some absolute
calibration of the velocity structure (Table 1).

Earthquake Relocation Results - Double-Difference Tomography (Phase 2)

For the purposes of seismic hazard evaluation, the earthquake relocation results are the
most directly relevant. A comparison can be made between the PNSN catalog locations, which
are the starting locations for the tomographic inversions, and the final relocations in the 3-D
velocity model obtained with tomoDD. A comparison using the results from my preferred
solution is shown in Figure 12. The location changes for the most part are similar to what was
observed in Phase 1 using simul2000. The mean of the absolute values of the shifts in the X
(EW), Y (SN), and Z (depth) directions are 0.76 km, 0.57 km, and 1.32 km. There is a
systematic overall average shift of 0.29 km in the X direction (to the west), -0.32 km in the Y
direction (to the north), and 0.23 km in the Z direction (deeper). The tomoDD code does not
calculate reliable location uncertainties for large inversions, due to limitations in the capability of
the LSQR solver (Paige and Saunders, 1982). Obtaining useful uncertainty estimates requires a
time-consuming bootstrap-type analysis, discussed below. The overall RMS residual is ~0.07 s.

I compare my relocated hypocenters to those of Felix Waldhauser for the two subregions
of interest: the Wooded Island and Umtanum Ridge areas. For the Wooded Island area, a
systematic shift in location is evident, but the patterns of seismicity are quite similar between the
two solutions (Figure 13a). For the Umtanum Ridge area (Figure 13b), the location shifts are
random in appearance, and no clear difference is apparent in clustering.

-100

Figure 12. Initial PNSN
catalog locations (+) are
connected by a line to the
final locations (o) from a
representative inversion run
using tomoDD. These are
1097 AB quality events. Note
that the left-handed Cartesian
coordinate system used in
tomoDD has positive X
pointing west, positive Y

L pointing south, and positive Z
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Figure 13. Relocation plots comparing M > 1 epicenters from preliminary hypoDD results (+) to
those from tomoDD (0) in (a) the Wooded Island area and (b) the Umtamun Ridge area, with
lines connecting the two solutions. Although the appearance of the clusters in (a) is similar,
there is a systematic shift of 2 to 3 km in the ESE direction. In (b), there is no systematic pattern
in the relocations.

Selected 3-D perspective views of the relocated seismicity are presented next. Felix
Waldhauser has concluded that there are two distinct zones of seismicity in the Wooded Island
area, one steeply dipping and the other possibly gently dipping. The tomoDD results fully
support that conclusion (Figure 14 a and b). For comparison, we show the hypoDD relocations
for Wooded Island events using cross-correlation differential times (Wicks et al., 2011). The
vertical scatter of ~500 m in the hypocenters from Wicks et al. (2011) is comparable to what is
obtained from both Wadlhauser's hypoDD results and my tomoDD results with only catalog
differential times.

There is also a shallow fault-like feature that is evident near X = -9 km, Y = -27 km
(approximately 46.745°, -119.390°), and Z = 0 to 2 km depth, just south of the Saddle Mountains
Fault on the northern edge of the Hanford Reservation. Viewed in 3-D perspective (Figure 15),
the seismicity comprises a relatively well-defined feature extending about 8 km in length with
about 80 events. This feature was most active in the early 1970's, with the 2 largest events of
magnitude 3.4 in 1970, and in the late 1980's, with 3 largest events of magnitude 2.9. This
feature is interpreted to be a shallow fault.

Figure 16 shows a histogram of event depths determined from the tomoDD results. I find
a bimodal distribution as has been previously reported by Felix Waldhauser. There is a sharp
concentration near the surface representing the many shallow clusters, and a broader
concentration spread over the ~10 to 20 km depth range.

3-D Velocity Model Results - Double-Difference Tomography (Phase 2)

As in the case of simul2000, a trade-off analysis is carried out for tomoDD, in this case to
establish an optimal value for the smoothing weight that controls the degree of data fit versus
model perturbation smoothness at each iteration. The tomoDD trade-off curve is shown in
Figure 17. The curve resembles that for simul2000, but with better behavior for low weights.
The optimal smoothing weight of 20 is chosen, coincidentally the same as the optimal damping



19

Z (km)
© o] ~ (2] (4] £ w n - o
[e]

Z (km)

Figure 14. 3-D perspective views of the AB-category hypocenters for the Wooded Island area,
viewed (a) from the southeast and (b) from the northwest. Two separate clusters are evident. (c)
View of the Wooded Island hypoDD locations using cross-correlation data along a NE-SW
section, from Wicks et al. (2011).
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Figure 15. Perspective views of the AB-category hypocenters in area of the Saddle Mountain
fault, viewed (a) from the east-southeast and (b) from the west-southwest.
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for simul2000. Both Vp and Vs were determined for a number of inversions with varying
parameters.

Although the seismic tomography results themselves are not directly relevant to seismic
hazard evaluation (regional in scale, P-wave velocity only), the structures revealed in the seismic
images and the relationship between the seismicity and structural features can provide some
useful insights. With the added sharpness of the DD locations, such relationship can become
clearer than with conventional tomography.

For the P-wave model, starting with the near-surface slice (Figure 18a), it is evident that
the central part of the model, where Hanford is located, has higher velocity (Vp > 4.5 km/s) than
the surrounding regions. A significant observation is that the shallow seismicity (depths less
than 2 km) is almost exclusively confined to this high-velocity region. The Wooded Island
swarm is an exception, but there the model may not be resolving the high-velocity basalt within
which the earthquakes are hypothesized to have occurred (Wicks et al., 2011), possibly becase
the basalts are thinner there than to the southwest of Hanford. A similar observation of
seismicity being largely restricted to volumes with Vp > 4.5 km/s has also been reported for a
regional tomography study of northern California (Thurber et al., 2009). It must be emphasized,
however, that the tomography model is a smoothed, blurred representation of the actual structure.
With the coarse vertical gridding used for this regional-scale model, the details of the near-
surface structure cannot be recovered with significant fidelity.

For the next level down, Z = 4 km (Figure 18b), I see evidence for velocity reversals in a
few areas, with several places where I observe Vp ~ 4.5 km/s underlying Vp ~5.5 km/s in the
layer above, suggesting that there is some resolution of the lower-velocity sediments beneath the
Columbia River flood basalts. There is no clear relationship between the velocity structure and
the mapped faults, although some faults seem to wrap around the lowest-velocity regions.
Seismic activity is primarily found in areas of Vp > 5 km/s.

Moving deeper to the Z = 10 km depth slice (Figure 18c), the structure is dominated by a
zone of relatively low velocity (Vp < 6 km/s) approximately beneath and southwest of the
Hanford site. At 16 km depth (Figure 18d), the pattern is generally reversed from the Z = 10 km
slice, with generally higher velocities near and southwest of Hanford (Vp > 6.5 km/s) and mostly
lower velocities in a surrounding ring (Vp ~ 6 km/s), with another outer partial ring of higher
velocities (Vp > 6.5 km/s). Most of the seismicity is associated with the higher velocity areas.

Figure 19 presents west-to-east cross-sections through the 3-D P-wave model. These
views provide some interesting insights into the relationship between the structure and the
seismicity. In several places, there are suggestions of deeper seismicity (~10 km depth and
greater) illuminating faults that are controlled by basement structures. These are observed in
panels ¢ (centered on X ~ 100 km and X ~ 0 km) and d (centered on X ~ 10 km).

Double-Difference Location Uncertainties (Phase 2)

The need to use LSQR to solve large inversion problems such as the YFTB dataset, for
both hypoDD and tomoDD, interferes with the ability to compute reliable hypocenter
uncertainties directly as part of the inversion process. Instead, other strategies are required to
produce meaningful uncertainty estimates. I carried out a bootstrap-type analysis whereby 10%
of the stations were left out successively in a set of 10 inversions. The mean variation in the
hypocenters determined from these 10 inversions yields a reasonable estimate of the hypocenter
uncertainty. The bootstrap analysis yielded one standard deviation variations of 215 m EW, 167
m NS, and 846 m in depth. These are reasonable estimates of the location uncertainties,
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although there is still likely to be an additional bias in the absolute locations, which may vary
across the study region.
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Figure 18. (a-d) Map-view slices through the AB-quality-event tomoDD model with optimal
smoothing ((0,0) at 46° 30' N, 119° 30' W). Colors and contours indicate P-wave velocity in
km/s - the color palette is indicated in (e). Black circles are earthquakes closer than half the
distance to the slices above and below, dashed black lines are mapped faults.
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Figure 19. Selected
W-E cross-sections
through the AB-
quality-event tomoDD
model ((0,0) at 46° 30’
N, 119° 30' W).
Colors and contours
indicate P-wave
velocity in km/s.
Black circles are
earthquakes closer
than half the distance
to the adjacent
sections. The thin
white line encloses the
areca where model
sampling is judged to
be adequate.
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Vs Model from Double-Difference Tomography (Phase 2)

Although the Vs model is not as well resolved as the Vp model, I include selected W-E
cross-sections here for completeness (Figure 20). This model was obtained using Waldhauser's
dataset but excluding earthquakes of magnitude < 1. The alignment of seismicity with structural
features is not as evident in the Vs model as it is for Vp, presumably due to poorer resolution. |
am reluctant to make any interpretations given the smaller quantity and expected lower quality of
the S-wave data.

Double-Difference Tomography Results from Alternate Starting Model (Phase 2)

One final starting velocity model was developed and tested with both simul2000 and
tomoDD. The starting model was created by hand, using the basalt thickness and underlying
sediment thickness maps of Glover (1985). Finer node spacing in the vertical direction was
required to implement this model in a meaningful way. This starting model is expected to be an
improvement over the 1-D starting model with a pervasive low-velocity layer discussed above.
In fact, using the same damping and smoothing parameters established previously for simul2000
and tomoDD, respectively, the final misfit was in fact slightly smaller than for the models
presented above. However, the shallow resolution of structure was significantly poorer due to
the finer shallow gridding. Seismicity patterns resemble those produced from the other starting
models. Location shift information relative to the PNSN catalog is provided for this model in
Table 3 above - the shifts are comparable in size to those for the other cases. Selected N-S cross-
sections through the Vp model are shown in Figure 21. At this scale, the small velocity reversal
at shallow depths due to the faster basalt over slower sediment, which is incorporated in the
starting model, is not visible.

Focal Mechanisms

Rohay (2012) provided a map showing representative focal mechanisms in the YFTB
area (Figure 22). The mechanisms are quite varied, but overall they are generally consistent with
a north-south orientation of maximum compressive stress. J. Unruh (pers. comm.) provided the
PNSN data files for their focal mechanism catalog, allowing me to investigate the character of
the mechanisms and their relationship to seismogenic features identified in my relocation work.

I have examined the Wooded Island, Umtanum Ridge, and Saddle Mountain areas.
Although the Wooded Island comparison reveals nothing of apparent significance, there is
further evidence for a potentially significant reverse fault beneath the Umtanum Ridge area.
Mechanisms in the Saddle Mountain area are not uniform, although thrust mechanisms are
predominant.

Figure 23 shows a map of PNSN focal mechanisms for events with magnitude of 2.5 or
greater in the Wooded Island area, along with relocated epicenters from the tomoDD inversion
highlighted previously. The mechanisms are plotted at points shifted about 1.5 km east-
southeast of their PNSN locations, which is the relocation trend for this area. There is very little
consistency among the mechanisms, which perhaps can be expected given the very shallow
depths of these events.

Figure 24 shows a map of PNSN focal mechanisms for events with magnitude of 2.5 or
greater in the Umtanum Ridge area. In this case, the mechanisms are plotted at their PNSN
locations, because no noteworthy trend in relocations was found in the tomoDD results for this
area. In sharp contrast to the Wooded Island case, there is great consistency in the focal
mechanisms for the events cutting across the southwestern portion of the map. Except for the
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Figure 20. Selected W-E cross-sections through the Vs model using Waldhauser's dataset with
earthquakes of magnitude below 1 removed. More sub-horizontal lineations of seismicity are
evident using the larger dataset assembled by Waldhauser. The abundance of very shallow
seismicity is clearly visible.
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Figure 21. Selected N-S cross-sections through the tomoDD model using the manually created
starting model based on Glover (1985). Colors and contours indicate P-wave velocity in km/s.
Black circles are earthquakes closer than half the distance to the adjacent sections. The thin
white line encloses the area where model sampling is judged to be adequate, based on the level
of model sampling by the ray paths.

most northwesterly event of this lineation, the events show reverse faulting, and most are clearly
consistent with a north-south oriented direction of maximum compressive stress. This area of
consistent mechanisms was hypothesized in my Interim Report #1 as possibly being a
significant, through-going fault. These focal mechanisms support that hypothesis.

Mechanisms for the Saddle Mountain are shown in Figure 25. The mechanisms do not
display a uniform trend, with a mixture of thrust, normal, strike-slip, and oblique-slip
mechanisms. The mechanisms do not provide evidence for a through-going fault at the
magnitude 2.5 and above level, however the majority of the events do display thrust fault with
roughly east-west striking planes. This certainly leaves open the possibility that this is a
significant, active thrust fault.

Concluding Discussion
On the basis of my analysis, which is now complete, I can reach some basic conclusions.
The first is that much of the seismic activity in the YFTB occurs in localized clusters, and many
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of these occur at shallow depths. This has been reported recently by Gomberg et al. (2012) and
by others previously (Pitt, 1971; Malone et al., 1975), and has been related to the Columbia
River basalts and/or hydrologic effects. It seems possible that some of the clusters that are
evident might be from man-made sources (mining, quarries, construction), although substantial
effort has been made to separate earthquake and non-earthquake sources (A. Rohay, pers.
comm.). Further work to differentiate source types and thereby identify more explosions is
beyond the scope of this work, but would be valuable, in part potentially to provide further
constraints on locations and 3-D structure.

Very few seismicity features appear to define faults despite the abundance of faults
mapped at the surface (Figure 1). A new observation is the appearance of deeper seismicity
features that appear to be associated with bedrock structures (Figure 19 ¢ and d). Focal
mechanisms for events in these areas are dominated by reverse faulting, consistent with the
spatial geometry. There is one earthquake lineation in the Untanum Ridge area (Figures 7 and
24) that has a geometry that is plausibly consistent with the corresponding low-angle reverse
faulting focal mechanisms, and may represent a through-going fault. The case is less clear for
the Saddle Mountain area, where the mechanisms appear more mixed, but an active, shallow
thrust fault is certainly a possibility.

Overall, earthquake location variations and estimated location uncertainties are generally
consistent among various datasets, inversion codes, and inversion parameters. Location
variations among models and estimated location uncertainties (one standard deviation) from
conventional tomography are on the order of 500 to 750 m in epicenter and 1 to 1.5 km in depth
for good-quality PNSN events (PNSN AB quality) - these represent relative location
uncertainties. Estimated uncertainties from DD tomography are about a factor of 2 smaller,
which is expected given the constraining power of differential times. Location bias variations,
comparing catalog to relocated hypocenters for different models, are surprisingly small for the
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Figure 22. Summary map of
earthquake focal mechanisms
in the YFTB area (Rohay,
2012). The mechanisms
indicate a general north-south
direction of maximum
compressive stress.
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Figure 23. Map of PNSN focal
mechanisms for events with magnitude of
2.5 or greater in the Wooded Island area,
along with relocated epicenters from a
tomoDD inversion. The mechanisms are
plotted at positions about 1.5 km east-
southeast of their PNSN catalog
locations, for consistency with that level
of relocation shift in the tomoDD results.

Figure 24. Map of PNSN focal
mechanisms for events with
magnitude of 2.5 or greater in the
Umtanum Ridge area, along with
relocated epicenters from the quality-
AB-event tomoDD inversion. The
mechanisms are plotted at their
PNSN locations given the absence of
a significant relocation shift in the
tomoDD results for this area.
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Figure 25. Map of PNSN
focal mechanisms for events
with magnitude of 2.5 or
greater in the Saddle
Mountain area, along with
relocated epicenters from the
quality-AB-event tomoDD
inversion. The mechanisms
are plotted at their PNSN
locations given the absence of
a significant relocation shift in
the tomoDD results for this
area.
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whole study region (see the first set of 3 columns in Table 3), but the regional averages do not
reflect the presence of local biases (e.g., Figure 13a). Based on the overall similarity of the
different sets of relocations, however, I estimate that the absolute location uncertainty is of the
same order as the relative uncertainties: less than 1 km horizontally and on the order of 1.5 km
vertically (one standard deviation). Waveform cross-correlation analysis and incorporation of
the resulting differential times in DD location or tomography could result in some sharpening of
the seismicity features, especially in the Wooded Island region, but I do not expect that such an
effort would result in any substantive differences from the results presented here. A comparison
of location results obtained with just catalog differential times to the locations of Wicks et al.
(2011) obtained with catalog and cross-correlation differential times supports this claim.
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