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Contemporary Seismicity in and around the Yakima
Fold-and-Thrust Belt in Eastern Washington

by J. Gomberg, B. Sherrod, M. Trautman, E. Burns, and D. Snyder

Abstract We examined characteristics of routinely cataloged seismicity from 1970
to the present in and around the Yakima fold-and-thrust belt (YFTB) in eastern Washing-
ton to determine if the characteristics of contemporary seismicity provide clues about
regional-scale active tectonics or about more localized, near-surface processes. We
employed new structural and hydrologic models of the Columbia River basalts
(CRB) and found that one-third to one-half of the cataloged earthquakes occur within
the CRB and that these CRB earthquakes exhibit significantly more clustered, and
swarmlike, behavior than those outside. These results and inferences from published
studies led us to hypothesize that clustered seismicity is likely associated with hydro-
logic changes in the CRB, which hosts the regional aquifer system. While some general
features of the regional groundwater system support this hypothesis, seismicity patterns
and mapped long-term changes in groundwater levels and present-day irrigation neither
support nor refute it. Regional tectonic processes and crustal-scale structures likely in-
fluence the distribution of earthquakes both outside and within the CRB as well. We
based this inference on qualitatively assessed alignments between the dominant north-
west trends in the geologic structure and the seismicity generally and between specific
faults and characteristics of the 2009 Wooded Island swarm and aseismic slip, which is
the only cluster studied in detail and the most vigorous since regional monitoring began.

Introduction

In this study we examined seismicity in eastern Washing-
ton from 1970 to present, cataloged by the Pacific Northwest
Seismic Network (PNSN), particularly its relationship to the
regional tectonics and other plausible causative or linked pro-
cesses. A primary goal was to determine if the distribution and
characteristics of contemporary seismicity provides clues
about regional-scale tectonics or about more localized, near-
surface processes, as well as several more focused regional
questions. These questions must be answered for big picture
studies that use contemporary seismicity patterns to delineate
major block boundaries (e.g., McCaffrey et al., 2007). The
occurrence of the vigorous 2009 Wooded Island earthquake
swarm beneath the Hanford nuclear reservation (Wicks et al.,
2011), the completion of a multidisciplinary geophysical and
geological study of the active tectonics of the Yakima fold-
and-thrust belt (YFTB) (Blakely et al.,2011), and a heightened
interest in the seismic hazard within the Columbia basin
(Wong et al., 2008; Yeats, 2009) also motivated this study
(Fig. 1). More specifically, while progress has been made
constraining the deep-seated, large-scale tectonics, its con-
nection with the contemporary seismicity remains speculative
at best. Regional lore suggests swarms occur preferentially
in the synclines. Recently both Blakely er al. (2011) and
Wicks er al. (2011) suggest that modern seismicity is a
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response to active regional deformation and speculate that
the Wooded Island earthquake swarm manifests ongoing fold-
ing in the YFTB, involving buckling of competent layers and
slip along less competent bedding planes of the Columbia
River basalts that blanket the region.

Improving our understanding of the earthquake and
related hazards that face the inhabitants of the several
moderate-sized cities and rural areas of eastern Washington
and threaten critical dams and power facilities along the
Columbia River and the Hanford nuclear reservation (Fig. 1)
also motivated this study. Construction of nuclear power
plants at the Hanford nuclear Site began in 1943; by 1972
most of the plants were decommissioned, and since 1987 only
one plant remains in operation. Other major activities on the
Hanford site since 1987 have focused on understanding and
remediation of groundwater contamination and the ongoing
construction of the world’s largest radioactive material treat-
ment plant.

Data

Geologic Structure

The dominant geologic structure in our study area is the
north—south converging YFTB, which consists of a series of
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Figure 1.  Quaternary faults and fold axes on shaded relief map
of eastern Washington and northern Oregon, for the area studied in
Blakely et al. (2011). Lines show Quaternary thrust (black), normal
or concealed dip slip (red), strike-slip (purple), and inferred (dotted)
faults and anticline axes (orange) from U.S. Geological Survey
Quaternary fault database (U.S. Geological Survey, 2006): FH,
Frenchman Hills; SM, Saddle Mountains; UR, Umtanum Ridge;
AR, Ahtanum Ridge; RR, Rattlesnake Mountain; MR, Manstas
Ridge; YR, Yakima Ridge; TR, Toppenish Ridge; HHH, Horse
Heaven Hills; CH, Columbia Hills; WGF, Wallula Gap. The
Hanford Nuclear Reservation (labeled) is bounded on the east
and north by the Columbia River and was the site of the 2009
Wooded Island swarm (yellow star). Cities indicated by black dots:
Y, Yakima; E, Ellensburg; R, Richland. Locations of seismic sta-
tions within the study area (dashed box) operated during the study
period are shown by black triangles.

east—west and northwest-southeast trending anticlinal ridges
and wide synclinal valleys deforming part of the Columbia
River basalt group (CRB) (Reidel et al., 1989; Blakely et al.,
2011) (Fig. 1). The CRB erupted 17.5-6.0 Ma, covering parts
of southeastern Washington, northeastern Oregon, and
western Idaho and are believed to be at their thickest
(~4 km) in the YFTB region (see Burns et al., 2011; Blakely
et al., 2011 and references therein). A basement of Miocene,
Oligocene, and Eocene sedimentary rocks (Ohanapecosh,
Fifes Peak, and Wenatchee formations) and pre-Tertiary rocks
consisting of sedimentary, metamorphic, and granitic rocks
underlies the CRB (Reidel e al., 1994; Campbell and Reidel,
1994; Burns et al., 2011). Miocene volcaniclastic and conti-
nental sedimentary interbeds are variably found within the
flows, and Miocene and more recent fluvial, glacial, and
Missoula flood deposits (12—-14 ka ago) overlay the CRB
(Reidel et al., 2002; Blakely et al., 2011). Regional deforma-
tion was probably active prior to and throughout CRB empla-
cement (Blakely et al., 2011). Numerous faults are found in
the YFTB, with reverse faults typically found low on the flanks
and bending-moment normal faults on the crests of anticlines
(Yeats, 2009). Right-lateral fault offsets of ~150 m and 300-
500 m have been measured (Blakely et al., 2011) and strain
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rates across the YFTB are of the order of I mm/yr (McCaffrey
et al., 2007), implying earthquake recurrence intervals on
individual structures of 10-30 ka (Yeats, 2009).

Surface traces of the major faults and fold axes are taken
from the U.S. Geological Survey Quarternary fault database
(U.S. Geological Survey, 2006) (Fig. 1). We used a 3D geo-
logic model of the depth to the bedrock beneath the CRB
developed by Burns ez al. (2011) (Fig. 2), constructed for use
in a regional numerical groundwater flow study. Data used
include stratigraphic interpretations based on more than
13,000 wells and a contiguous compilation of surficial geol-
ogy and structural features; however, only ~250 wells non-
uniformly sample the CRB-bedrock interface, so Burns et al.
(2011) supplemented the well data with the CRB thickness
map of Reidel er al. (2002). All these data were simplified
and used to construct piecewise-smooth trend surfaces that
represent upper and lower subsurface geologic model unit
boundaries on a 500-foot grid, with variable uncertainties
on the order of 150 m (see fig. 11d of Burns ef al., 2011).

Earthquake Catalog

We extracted all earthquakes with M > 0.0 in the 1970—
2010 catalog compiled by the PNSN (see Data and Resources)
within the region 46.0° N to 47.5°N, 121.25° W to 118.75° W,
which is the same region examined in Blakely ef al. (2011).
The extracted catalog contains 6911 earthquakes, which we
winnowed to 5160 by applying various criteria meant to
eliminate the most poorly constrained hypocenters but
retained enough data to identify temporal and spatial patterns.
Almost 30% of all events occurred after 1 January 2009,
with most of these belonging to the Wooded Island swarm
(Figs. 1, 2). We did not attempt to relocate any earthquakes
because the improvement in accuracy would likely not change
our assessments of the seismicity patterns and their correla-
tions with imprecisely known geologic structures and other
features. We made mostly qualitative visual comparisons
and inferences because of numerous inherent limitations in
the catalog and the data it was derived from, described in
the following text.

Although undoubtedly an underestimate of the true
uncertainty (Gomberg et al., 1990), we used the distance un-
certainty estimates listed in the PNSN catalog as a measure
of the quality of the hypocentral determinations. The root-
mean-square travel-time misfits correlated strongly with
the distance uncertainties so either could have been used as
a quality metric. We retained catalog entries with misfit
values <0.3 s, which comprise ~80% of the data and re-
quired hypocenters to be derived from at least six phases and
a minimum recording distance of <20 km, which ensured
that the distance uncertainties were less than ~5 km.

As noted in the following text, focal depths are important
characteristics for testing hypotheses about what causes earth-
quakes in eastern Washington. The location procedure used
by the PNSN employs a conventional iterative least-squares
approach; fixed depths sometimes result, either at meters
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Figure 2. Epicenters, faults and folds, depth to the base of the Columbia River basalts (CRB), and groundwater level changes.
(a) Epicenters of cataloged earthquakes (circles) that have focal depths above the base of the CRB, location of the 2009 Wooded Island
swarm (yellow star), surface traces of Quaternary faults (black lines) and fold axes (lines with halos) from the U.S. Geological Survey
Quaternary fault database (U.S. Geological Survey, 2006), superimposed on the depth to the base of the CRB taken from Burns et al
(2011). Gray lines denote county boundaries. (b) Same as (a) but for earthquakes below the CRB. (c) Expanded view of (a) within dashed
box but instead of all CRB earthquake epicenters, we show those identified as clusters assuming parameter set 5 in Table 1. For several of the
clusters the start dates are noted, illustrating that at some spots the seismicity appears to turn on and off, with hiatuses of months to years.
(d) Earthquake epicenters shown in (a) but superimposed on smoothed groundwater level changes between 1984-2009 interpolated from
values reported in Snyder and Haynes (2010).

below the surface to avoid solutions above the Earth’s surface the catalog). The large number of depths fixed near the surface
(28% of the catalog) or after reaching a specified number of ~ suggests that the true depths of those events are probably
iterations without the depth changing significantly (6.5% of  shallow but indeterminately so, at depths of a few kilometers
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or less. Comparisons between higher-accuracy relocated
hypocenters and PNSN catalog hypocenters for events within
the 2009 Wooded Island swarm (next paragraph) support this
suggestion. However, we also considered the more conserva-
tive possibility that nothing can be assumed about the depths
of these events and performed our analyses assuming the cat-
aloged depth and eliminating all events with focal depths
<50 m (80% of the fixed depths).

We did not explicitly invoke requirements for S-wave
arrival time measurements, which can provide strong
constraints on focal depth estimates (Gomberg et al., 1990),
because this would likely bias the resulting catalog to include
preferentially the deeper events and thus would conflict with
our objective of examining the spatial distribution of earth-
quakes. However, for each earthquake the PNSN catalog
contains the numbers of stations and phases from which mea-
surements were made, and the difference of these is likely the
number of S-wave arrival times. For our dataset the mean and
median of this number equal 2.0, implying that at least
half the hypocenter estimates are constrained by 2 or more
S-wave arrivals. We further assessed the likely accuracy of
the PNSN catalog hypocenters by comparing hypocenters of
875 earthquakes of the Wooded Island swarm that were in
both the PNSN catalog and relocated using cross-correlation
methods to measure arrival times and the algorithm HypoDD
(Waldhauser and Ellsworth, 2000; Wicks et al., 2011; see
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Data and Resources). Histograms of the depths show that
the PNSN estimates are systematically shallower by ~0.7 km
than for the relocated hypocenters, in part due to the fixing of
depths near the surface in the PNSN catalog noted previously.
Moreover, the HypoDD algorithm primarily improves the
accuracy of the relative locations and thus the spread in the
differences between the two populations of estimates is a
more meaningful measure of accuracy. As shown in Figure 3,
the distribution of differences is not symmetric (a standard
deviation is not appropriate), but qualitatively the spread is
less than 1 km.

Low seismicity rates also limit quantitative analyses.
Our final catalog corresponds to an overall daily earthquake
rate of approximately 0.35, which for example, is approxi-
mately 30 times lower than that in southern California
(Vidale and Shearer, 2006) if scaled to the size of our study
area. We did not eliminate earthquakes below the magnitude
of completion, M. (above which all earthquakes should be
detected), because doing so left too few observations to make
meaningful inferences. To estimate M., we made the stan-
dard assumption that the logarithm of the number of earth-
quakes, log[N(M)] at a given magnitude should increase
linearly with decreasing magnitude until M. is reached. Over
70% of the cataloged magnitudes are below M, = 1.5, where
log[N(M)] deviates from linearity (Fig. 4). A more liberal
approach of eliminating all events with M < 1.1, where
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Figure 3.

Comparison of Wooded Island swarm PNSN and relocated hypocenters. (a) Histograms of focal depth estimates for 875 earth-

quakes, derived for the PNSN catalog and relocated for the study of Wicks ez al. (2011). (b) Histogram of the differences between depths used
in (a). (c) Map view of PNSN catalog (open circles) and relocated (red) epicenters for the same earthquakes in (a) and (b). The circle size for
PNSN epicenters is scaled to the depth difference (smallest corresponding to largest difference). The epicentral and focal depth differences
correlate with one another and the latter are approximately twice as large.
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Figure 4. The number of earthquakes versus magnitude for the

entire catalog. The dashed line has a slope, or “b-value”, of one
(placed visually). Magnitudes are derived from duration measure-
ments using a relation specific to the PNSN.

log[N(M)] peaks, would still reduce the total number of
earthquakes by ~42%. These numbers also do not account
for the nonuniformity in detection. The present-day level
of station coverage was not achieved until 1996, with few
stations existing in the western half of the region prior to
the mid-1980s. These changes are clearly reflected in the
changes in the numbers of earthquakes cataloged in the wes-
tern half of the study area. The 1996-2008 catalog contains
only 23% of the complete catalog, so we examined the entire
catalog period but kept in mind the variability in detection in
our interpretations.

Eastern Washington Seismicity Analyses
and Inferences

Cluster Identification Analysis

A wide variety of approaches have been used to identify
and characterize the spatial and temporal patterns of seis-
micity (see Appendix and references therein). We took a very
simple qualitative approach, because the catalog limitations
did not permit a meaningful statistical analysis of these
patterns. We assessed the degree to which earthquakes may
be clustered by asking for each earthquake if there were at
least N earthquakes within some specified distance and time
and if so, considered all events within this space-time
window to be a cluster. We omitted all earthquakes after
1 January 2009 because most of the earthquakes after this
date belonged to the Wooded Island swarm. We identified
clusters using a suite of temporal and spatial windows, with
ranges chosen based on the Wooded Island swarm and a
visual inspection of all the seismicity. As expected, more
clusters were identified as the windows were increased, and
while we report the full range of results, our conclusions do
not depend on any specific parameter set. Table 1

summarizes results for all the clustering parameters tested,
with N = 10 in all cases. To ensure that we were not biased
by assumptions made regarding the events with depths that
were fixed to stabilize convergence, we repeated the cluster-
ing analyses excluding all events with depths <50 m and
report results in Table 2. Because the clustering results varied
monotonically with window size, in this second winnowed
suite we only needed to repeat the analysis for the shortest
and longest temporal windows to capture the full range of
results considered using all the data.

We found the seismicity to be strongly clustered. For the
parameter sets tested, the percentage of earthquakes that
belong to clusters ranges between extremal values of 19% to
59% with the most reasonable values of the order of 30%
or more. In addition, only a small fraction of the clusters
have characteristics expected for mainshock—aftershock
sequences. Three of the four M > 4.0 earthquakes in the cat-
alog do not belong to a cluster, for almost all of the clustering
parameters chosen; only the largest event belongs to a cluster
and has the characteristics expected for a mainshock—
aftershock sequence (i.e., the M 4.4 earthquake is the first
of tens of earthquakes, all within a specified distance and time
interval and with a temporally decreasing rate). If we applied a
minimum criteria for a mainshock—aftershock sequence, that
the first event in the cluster is the largest, only 8% to 22% of all
the clusters identified would be considered potential main-
shock—aftershock sequences. In other words, one-third of all
the earthquakes in the region are likely clustered, and most of
these or more have characteristics more typical of swarms.

Cluster Evolution

The evolution in time and space of clusters of seismicity
provides clues about the reactivation of preexisting structures
and nature of the loading processes (see Appendix). Visually,
smaller clusters themselves appear to cluster, filling areas
spanning tens of kilometers over periods of years and sug-
gestive of some process that localizes stress release on scales
of a few kilometers over months and migrates a few tens of
kilometers over years. We examined this pattern more care-
fully near the Wooded Island swarm, where two definitive
clusters were identified prior and adjacent to the 2009
Wooded Island swarm. These occurred between 15 January
1970 and 29 May 1970 with 18 earthquakes and between
13 April 1975 and 14 August 1975 (Fig. 2c) with 58 earth-
quakes (assuming parameter set 5). These clusters both
would be classified as swarms because the largest events,
M 2.3 and M 2.8 earthquakes, respectively, happened in
the middle of the sequences and both swarms had hiatuses,
lasting 28 and 19 days, respectively. Several tests lead us to
conclude that the Wooded Island swarm was not a recurrence
in precisely the same place. First, we relocated earthquakes
in the 1970 and 1975 swarms using identical procedures as
for the cataloged Wooded Island swarm and found system-
atic shifts by several hundred meters at most, but in the
wrong direction or too small to coincide with the Wooded
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Island events. Results indicated these hypocentral estimates
were sufficiently stable to conclude that they differed from
those of the Wooded Island earthquakes, To test the robust-
ness of the locations, we relocated 5 earthquakes in the more
poorly constrained 1970 swarm multiple times, each time re-
moving one of the arrival time measurements. Results indi-
cated these hypocentral estimates were sufficiently stable to
conclude that they differed from those of the Wooded Island
earthquakes; that is, even with fewer measurements, epicen-
ters generally differed < ~1 km and focal depths < ~3 km.

The Wooded Island swarm stands out with respect to the
vigor, or rate increase, exhibited anywhere else within or
during the study area and time. We conclude that its excep-
tional nature is probably not an artifact of enhanced detection,
although we cannot rule out this possibility for some regions
during the early periods of the network’s operation. This
inference is based on our cluster analysis results (Tables 1,
2) in which we note that, assuming parameter set 5, the highest
seismicity rate was 0.93 earthquakes/day for a cluster
lasting 28 days in 2000. In contrast, the rate for the first 28
days of the Wooded Island swarm, which does not represent
the maximum rate, was 2.2 earthquakes/day. The more than
double rate during the Wooded Island swarm is likely not due
to differences in detection threshold, because the network
configuration was stable by 2000 and no temporary stations
had been added yet in the vicinity of Wooded Island.

The CRB, Groundwater, and Seismicity

We tested the hypothesis that a fraction of the seismicity
is controlled by groundwater and pore pressure variations by
conducting a variety of simple tests. We compared the clus-
tering characteristics between the populations of earthquakes
within and below the CRB, which contains the regional aqui-
fer system. Our hypothesis would predict a greater degree of
clustering among the population of earthquakes within the
CRB relative to that below. We also qualitatively tested for
correlations between increased seismicity rates and higher
pore pressures by overlaying the earthquake distributions
on a contoured map of groundwater changes. This hypoth-
esis was motivated by the observations, particularly the
differences in distributions of focal depths of earthquakes
belonging to clusters (assuming parameter set 5 in Table 1)
and those that do not. We noted that the maximum depth of
the CRB is ~4 km and that the depth distribution of the clus-
tered earthquakes peaks at ~3 km and falls off sharply by
5 km (Fig. 5). The depth distribution of the remaining earth-
quakes is clearly broader, with a significant fraction of depths
>5 km. A few tens of earthquakes in the clustered popula-
tion have depths > 10 km, in contrast to several hundreds in
the other population. The depth distribution appears to peak
between 0.4 and 0.5 km (Fig. 6) for all three categories of
events (freely constrained hypocenters, fixed depths, hypo-
centers that do not converge), neglecting the peak due to the
depths fixed at the surface.
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Figure 5. Histograms of the numbers of earthquakes in 0.5 km

depth bins, for earthquakes identified as members of clusters
(dashed) and not in clusters (solid, labeled “background”) using
the method to identify both described in the text. To highlight
the distributions over the entire depth range, the vertical axis of
the nonclustered population has been scaled by 43%, which is
the ratio of the number of earthquakes in the clustered and nonclus-
tered populations. Both populations have artificially high numbers
of earthquakes with depths <0.5 km, because the location proce-
dure fixes depths at the surface to improve convergence in many
cases. Thus, the scaling emphasizes depths >0.5 km. Results here
are for clustering parameter set 5, which defines a cluster as >10
earthquakes within 180 days and radii of 8 km from the first event in
the sequence. The basic features of the distributions remain
unchanged for the other parameter sets.

For our quantitative test we used the CRB-bedrock inter-
face model of Burns ef al. (2011) to sort the earthquakes into
two populations. Use of the interface model provides a criter-
ion for sorting in a way that is independent of the observations
and relevant to hypothesis testing. We do not draw inferences
based on any individual earthquake or cluster, because this
sorting into populations is imprecise due to uncertainties in
focal depths and the interface model. However, the statistical
properties of the populations still provide meaningful in-
sights. We conducted the same clustering analyses for cata-
logs with and without the earthquakes for which the depths
<50 m, which as noted previously, in almost all cases are con-
strained during the location process to achieve convergence.
The first noteworthy finding is that 26%—-52% of the earth-
quakes occur within the CRB. Another noteworthy finding
is that 33%—45% of the earthquakes are within the CRB (the
smaller percentage calculated for earthquakes with depths
> 50 m); an additional ~6.6% increase in this range accounts
for the uncertainties on the CRB-bedrock interface depth,
which is the fraction of all the earthquakes within the 400 m
interface depth uncertainty (Burns et al., 2011).

For any given set of clustering parameters the fraction
of earthquakes within the CRB that are clustered is a factor
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Figure 6. Histograms of focal depths for the populations of
earthquakes in which depths were fixed to achieve convergence
(shaded), convergence was not achieved (dashed line), and all hy-
pocentral parameters varied until convergence criteria were reached
(solid line). The breadth of the second population reflects its small
number of total earthquakes (164 out of 5160). All three histograms
are normalized to their value in the 0.4-0.5 km bin, which is the
maximum for all three populations, neglecting the artificially large
number of depths above 0.5 km (resulting from depths being fixed
near the surface to achieve convergence). The cumulative number of
depths for the population in which convergence was achieved, nor-
malized to its maximum, shows that 50% of the earthquakes have
depths <3 km and 75% <8 km (neglecting depths <0.5 km).

of 2 to 3 greater than for the population outside the CRB.
Most clusters contain earthquakes both within and below the
CRB, but our hypothesis does not require that a single cluster
be entirely within the CRB or below. Certainly stresses from
tectonic or hydrologic loading and from cluster member
earthquakes within one region affect the stresses in another.
The percentage of earthquakes in clusters for the population
within the CRB ranges from 42% to 77%, which is distinctly
higher than the range of 11% to 45% for the earthquakes
outside the CRB, with the range corresponding to the most
restrictive to inclusive clustering parameters, respectively
(Table 1). The result is not significantly different if we
consider only earthquakes with depths >50 m; the corre-
sponding ranges are 35% to 71% for the population within
the CRB and 11% to 42% for the population outside (Table 2).
These distributions of clustering differ significantly from
what random chance would predict (last two columns of
Table 1). We assessed this by repeating the analyses after
randomizing only the depths, because except for 14 earth-
quakes, all epicenters are within the boundaries of the CRB
(i.e., only depths determine whether they are within or out-
side the CRB). For the randomized populations the percen-
tages of earthquakes in clusters are 29% to 66% for the
population within the CRB and indistinguishably different,
22% to 54%, for the population outside.

J. Gomberg, B. Sherrod, M. Trautman, E. Burns, and D. Snyder

We attempted to explore the possibility that fluids and
pore pressure changes affect seismicity within the CRB by
examining the available quantitative data on groundwater
changes in the region. Correlations of groundwater fluctua-
tions of ~1 to 20 m with seismicity rates are well documented
in the literature (Roeloffs, 1988; Braitenberg, 2000; Saar and
Manga, 2003, 2004; Christiansen et al., 2005; Hainzl et al.,
2006; Christiansen et al., 2007), particularly with swarm
activity (see the Appendix). Such correlations generally
are attributed to groundwater recharge (water level increases)
due to natural precipitation or to human-generated irrigation,
providing natural pore fluid pressure perturbations that can
diffuse to depth, decreasing the effective stress, effectively
unclamping preexisting faults and triggering earthquakes
(Saar and Manga, 2003). Snyder and Haynes (2010) used
well data to map water level changes between 1984 and
2009 throughout the Columbia Plateau Regional Aquifer
System, which encompasses our study area. They suggested
that the region’s folds and faults affect groundwater move-
ment by offsetting or altering permeable interflow zones
(Drost et al., 1990; Reidel et al., 2002) and estimated that
the distances over which flow proceeds unimpeded range
between 18 and 64 km. We note that these distances are
roughly comparable to the length-scales of the earthquake
clusters.

We qualitatively evaluate the hypothesis that seismicity
within the CRB should occur more commonly in regions of
positive groundwater changes by plotting earthquakes in the
CRB on the interpolated and contoured map of groundwater
changes of Snyder and Haynes (2010) (Fig. 2d). This
assumes that the pattern of groundwater changes measured
between 1984 and 2009 represents that from entire period
1970 to 2009 sampled by the seismicity. The net changes
in groundwater levels are well in excess of those documented
previously, varying spatially by as much as about +45 m and
—60 m and dropping generally (due primarily to pumping).
However, the rates of groundwater level changes are also im-
portant, and those that appear to have triggered seismicity
rate increases are of the order of several meters per year,
which is comparable only to the extreme average annual rate
of 60 m in 25 years. Although speculative only, it is likely
that rates exceeded this on shorter timescales. Figure 2d
shows that CRB earthquakes appear where the water levels
increased, but also in regions where decreases or no clear
changes are measured. We show this comparison for comple-
teness, but do not draw any conclusions from it because the
groundwater data turn out not to be appropriate for this test.

We also tested our hypothesis by looking qualitatively at
several other possible indicators of variations in groundwater,
and both also showed no obvious correspondence with the
distribution of seismicity. We first searched for a correspon-
dence between areas of higher seismicity rates and irrigated
lands. Nearly the entire study region east of the Columbia
River has been irrigated since the Columbia Basin Project
began delivering river water via its network of canals in
1952. Water flows from the Columbia River at the northern
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reaches of the basin toward a reservoir near Moses Lake where
it collects and is redistributed to the southern portions of the
basin. While the seismicity rate appears to be significantly
higher south of Moses Lake, we can think of no physical
reason why the direction of flow relative to Moses Lake
should affect the seismicity rate. Moreover, the seismicity
rate is high southwest of the Columbia River, beyond the
reaches of the Columbia Basin Project canal network. We
also visually compared the distribution of earthquakes with
vegetated areas apparent in Google-Earth imagery, assuming
that the latter indicates irrigated lands given the arid climate of
eastern Washington. While higher rates of activity occur
within pockets of irrigated lands, they also occur where the
imagery indicates the land is not vegetated.

Faults, Folds, and Seismicity

As has been noted previously (Wong et al., 2008), our
own visual inspection of the distribution of earthquakes, both
clusters and background activity, reveals no clear correla-
tions between seismicity and fault traces or fold axes or pre-
ferential occurrence for clusters to occur in the synclines
(Fig. 2c¢), contrary to the aforementioned lore about swarms
preferentially occurring beneath synclines. However, this
lack of correlation is probably not surprising or necessarily
meaningful, given that most of the faults dip at uncertain
angles and given the uncertainties in earthquake hypocenters.
A hint of the same northwesterly trend that dominates the
regional faults and folds may be seen in the distribution
of earthquakes overall (Fig. 2c,d) and within individual clus-
ters, suggestive of a causal connection. In addition, as noted
in the Introduction, features of the Wooded Island swarm and
aseismic slip plausibly are causally linked to the Yakima
Ridge and other faults imaged in potential field data sur-
rounding the deformation (Blakely et al., 2011).

Discussion

Our investigation results indicate that one-third to one-
half of the cataloged earthquakes in eastern Washington
since 1970 occur within the CRB, and these CRB earthquakes
exhibit significantly greater swarmlike behavior than those
beneath the CRB. The only published account of swarmlike
activity in eastern Washington prior to the 2009 Wooded
Island sequence describes swarms that occurred in late
1972 to early 1974 (Malone et al., 1975). Although precise
locations were not reported in Malone et al. (1975), epicen-
ters estimated for > 100 earthquakes from a temporary net-
work surrounding the swarms concentrated outside and to
the northeast and east of the Hanford reservation. Like the
Wooded Island earthquakes, focal depths all were shallow,
from the surface to just a few kilometers depth. Malone e al.
(1975) concluded that the earthquakes occurred on multiple
faults within the CRB, which was a clear feature of the
Wooded Island swarm as well. The activity documented in
Malone et al. (1975) does not appear in the PNSN catalog.

Starting in January 2009 a swarm of ~1500 earthquakes
occurred in the Wooded Island area of the Hanford nuclear
site. It is the only earthquake sequence in the region for
which geodetic measurements of surface deformation and
high-precision earthquake locations are available. Analyses
of InSAR data showed that surface deformation resulted
dominantly from aseismic slip along a shallow thrust fault
(top 2—4 km) and a near-horizontal bedding plane fault of
the CRB (Wicks ef al., 2011). Blakely et al. (2011) suggested
that the Wooded Island earthquakes and aseismic slip were
caused by flexing of shallow strata associated with move-
ment on underlying, larger structures that form the concealed
Yakima Ridge. Notably the geodetic moment of the inferred
deformation sources was significantly larger (eight times)
than the cumulative seismic moment of the swarm, a feature
observed in swarms elsewhere (Roland and McGuire, 2009).

We infer that hydrologic processes may play a role in
CRB seismicity based on its greater degree of clustering and
previous studies that have correlated clustered and swarmlike
seismicity with greater short-wavelength structural heteroge-
neity, changing and elevated fluid pressures, higher tempera-
tures, sediments, and aseismic deformation transients
sometimes initiated or driven by fluid flow (Vidale and
Shearer, 2006; Ben-Zion and Lyakhovsky, 2006; Enescu
et al., 2009; Roland and McGuire, 2009; Z. Peng, unpub-
lished manuscript, 2010). In addition, the clustering
suggests a localization of stress release over distances of
10-30 km or less that persists over decades in some cases,
and in some places migrates within these volumes. For
example, the map in Figure 2c shows multiple overlapping
clusters within areas with radii of ~10 km but separated by
decades, as in the region surrounding the 2009 Wooded
Island swarm, the very northernmost clusters (clusters in late
1970 and again in 1979), and elsewhere. While alternatives
exist, we suggest that fluids migrating through a persistent
crack network within the CRB are a plausible source of the
aforementioned localized stressing. Wicks ef al. (2011) sug-
gested that the 2009 Wooded Island deformation event might
have been initiated by a pressure pulse caused by changing
irrigation practices in the heavily developed agricultural
areas surrounding Hanford, or from recent landslides on the
bluffs of the nearby Columbia River. While these are plau-
sible explanations for this particular swarm, landslides or
direct connections with the Columbia River cannot explain
many of the numerous other clusters in the region, which are
located far from surficial bodies of water or landslide-prone
areas. Our qualitative examinations of seismicity patterns
and long-term changes in groundwater levels and present-
day irrigation neither support nor refute a hypothesized
causal link between seismicity in the CRB and hydrologic
changes.

Conclusion

We have examined the characteristics of seismicity in
the YFTB that can be gleaned from the PNSN earthquake
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catalog between 1970 to present. Our primary goal was to
determine if the distribution and characteristics of contem-
porary seismicity provided clues about the regional-scale
active tectonics or about more localized, near-surface pro-
cesses. We conclude that CRB earthquakes may be controlled
by both regional-scale geologic structures and hydrologic
processes. The prevalence of clustering within the CRB,
relative to the seismicity below, and the characteristics of the
clusters provide the primary evidence for a causal connection
with hydrologic processes.

We have estimated that between one-half and two-thirds
of the earthquakes in eastern Washington occur below the
CRB and thus are likely not related to processes confined to
the CRB and its interface, but rather to slip on more deep-
seated faults responding to regional-scale tectonic deforma-
tion. Control provided by regional-scale geologic structure is
most clearly suggested for the Wooded Island swarm and
associated aseismic slip, which is the only individual swarm
with sufficiently well-resolved characteristics to justify infer-
ences about causal connection with geologic structures.
Greater precision on both the locations of faults and earth-
quake sources at depth than are currently available will be
required to characterize and understand these relationships.

Data and Resources

All seismic data used in this study were collected and
provided by the Pacific Northwest Seismic Network (PNSN).
Information about the PNSN and links to its catalog can be
found at http://www.pnsn.org (last accessed July 2010). The
PNSN catalog used in this study was obtained from the inter-
nal archives of the PNSN, and the relocated Wooded Island
catalog was obtained from the authors of Wicks ez al. (2011).
All other sources of data are referenced in the text.
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Appendix

Seismicity Patterns and Clustering
in Regions Elsewhere

Seismicity patterns have long been studied to better
understand the budgeting and underlying processes of stress
build-up and release via rapid slip on faults. In most studies
earthquakes are assumed to result from a combination of
tectonic loading, from stress changes arising from other
earthquakes, and sometimes from nontectonic processes that
perturb the stress field (e.g., mining, irrigation, rainfall, etc.).
The time-varying rate of seismicity, A(¢), triggered by a
mainshock of magnitude M,, that occurs at time z,, is often
modeled by an equation of the form

A1) = K[(t = t,,) + |77 explaM,, — Myi)] - (Al)
(see Utsu et al., 1995). Parameters K, ¢, p, and « are
empirical and assumed to be properties of the region, and
M ;. is the smallest magnitude in the catalog. Equation (A1)
shows that the frequency of aftershocks increases with the
magnitude of the mainshock and decreases with time after
the event.

The stress-transfer from an earthquake also decays
with distance from the hypocenter, such that the spatial
region in which the subsequent seismicity rate experiences

a transient increase scales with the length of the fault that
ruptured. In most cases this increase is readily detectable
within a distance range comparable to a few rupture lengths,
and typically referred to as the aftershock zone. For typical
mainshock—aftershock behavior, parameter cvin equation (A1)
ranges between 1.2 and 3.1 and p~1 (Ogata, 1992).
However, while still clustered, earthquake-earthquake stress-
transfer sometimes appears either less important or predict-
able and may be characterized as swarms. In these the
temporal and spatial developments of the cluster appear
independent of the magnitude of its members, such that the
sequence does not begin with the single largest event or an
abrupt rate increase that monotonically decreases. Hainzl
and Ogata (2005), Ogata (1992), and Enescu et al. (2009)
all characterized bursts of activity using the parameterization
of equation (A1) and found consistently lower « values for
swarmlike activity (e.g., 0.35 to 0.85 relative to nonswarm
values of 1.2 to 3.1), implying lesser dependence of aftershock
activity on the mainshock magnitude.

Southern California has been a popular place to study
seismicity patterns, presumably because of the high activity
rates and availability of high-precision earthquake catalogs.
Vidale and Shearer (2006) conducted one of the first studies
focused on bursts there, which they defined as an increased
rate of earthquakes striking in a limited time and space. They
noted that only 20% of bursts exhibited classic mainshock—
aftershock characteristics (i.e., the first event being the
largest, followed by a decreasing seismicity rate), with the
others being more swarmlike. Z. Peng (unpublished manu-
script, 2010) used different criteria to identify clusters of
increased activity and found that ~57% of these might be
considered mainshock—aftershock sequences.

Both Z. Peng (unpublished manuscript, 2010) and
Vidale and Shearer (2006) found that classic mainshock—
aftershock sequences tended to have thrust-type focal mech-
anisms, greater depths, and locate in regions of low heat flow.
They and Enescu et al. (2009) all found that swarms are often
associated with high heat flow regions, strike-slip to normal
faulting environments, and shallower depths. Vidale and
Shearer (2006) suggested that pore fluid pressure fluctua-
tions likely drive swarmlike sequences, but noted that aseis-
mic slip may also be responsible. Z. Peng, unpublished
manuscript (2010) inferred that with increasing depth and
in regions more favorable for thrust faulting normal stress
and crack closure increase, decreasing small-scale heteroge-
neities and swarmlike activity. Enescu et al. (2009) explained
swarm activity in terms of a viscoelastic damage rheology
model (Ben-Zion and Lyakhovsky, 2006), which predicts
that conditions that reduce material viscosity also reduce
mainshock—aftershock behavior; conditions may include
high temperature and fluid content, and the presence of thick
sediments. Correlations of swarms with high heat flow,
particularly in geothermal areas, have long been made
(Mogi, 1963).

Most studies outside California have concluded that
external, often geodetically observable, deformation drives
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swarm activity. Lohman and McGuire (2007) and Roland
and McGuire (2009) studied swarms on transform boundary
fault systems and found unique, distinctive characteristics
common to them all include particularly high migration rates
and low effective stress drops. These and geodetic observa-
tions in a few cases, led them to conclude that swarms are
driven by shallow, aseismic, fault slip. Llenos et al. (2009)
examined four earthquake swarms for which geodetic data
were available and linked swarm activity with changes in
stressing rate. However, Hainzl and Ogata (2005) reached
quite different conclusions and inferred that fluids and pore
pressure changes likely initiated the swarms they studied but
only a few percent were driven by pore pressure changes,
with most resulting from earthquake-generated stress trigger-
ing (i.e., cascading activity).
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