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centrated activity in the seismogenic zone may represent patches on the fault plane
with anomalous frictional characteristics, possibly caused by subducted topographic

features, which can affect the propagation of a large megathrust rupture.
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SEISMICITY AT THE CASCADIA PLATE BOUNDARY
BENEATH THE OREGON CONTINENTAL SHELF

1. INTRODUCTION

1.1. Earthquakes in Cascadia

In the Pacific Northwest of North America, there exists the potential of signif-
icant damage from the natural hazards of both earthquakes and volcanoes related
to the Juan de Fuca tectonic plate subducting beneath the continent. The coastal
areas are also subject to tsunami generated from local and distant sources. The Cas-
cadia subduction zone, along the western edge of the North American continent, is
one of six regions on the Earth capable of producing an earthquake of magnitude
9 or greater. For this reason, it has been the subject of extensive scientific study.
However, because the last great earthquake in Cascadia occurred before the age
of modern seismographs, little is known about the mechanism and behavior of a
large megathrust earthquake rupture in this region. Evidence of past ruptures is
historical, and restricted to what has been preserved in the natural record. In order
to better mitigate damage, improve forecasting, and learn from future earthquakes,
the emphasis of study in Cascadia from an earthquake hazard perspective has been
on gathering data on past large earthquakes and recently, studying present related

phenomena, such as slow slip.
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The exact nature of the frictional properties that control a large earthquake’s
initiation, propagation, and eventual termination is an ongoing subject of study
in the field of geophysics. Effects of temperature and pressure on the elastic and
rheological properties of the lithosphere are not well understood, especially at seis-
mogenic plate boundary depths. Displacement and strain measurements taken near
the surface must be projected to the plate boundary. Therefore earthquakes them-
selves are valuable evidence of in situ behavior on an active fault, and aside from
active source imaging, can be the best indicator of fault structure at depth.

In the following manuscript, small to medium sized earthquakes occurring in
clusters offshore of Cascadia are relocated in order to reduce the location uncertainty
and ultimately produce more accurate and precise locations. These new locations
are then briefly discussed in the context of existing datasets of the region, including
active source seismic, magnetic, gravity, and GPS surveys.

While smaller magnitude earthquakes are observed at the plate boundaries
of other subduction zones around the world, the seismogenic zone at Cascadia,
especially the central portion spanning southern Washington state and Oregon, has
been relatively quiescent. The small-scale, focused seismicity in this manuscript is
somewhat unique in this area and provides not only some small insights into micro-
earthquakes, but also has possible implications and value in the event of a large

earthquake in the future.

1.2. Organization of the Manuscript

This thesis consists of a manuscript subjected to peer review and accepted for

publication in the Bulletin of the Seismological Society of America. The abstract
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and references of the paper have been incorporated into the appropriate sections
of the thesis. The remainder of the manuscript is reproduced as accepted by the
journal, and as such, has its own Introduction, Methods, Discussion, and Conclusion

sections.
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CONTINENTAL SHELF
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2.1. Introduction

The Juan de Fuca plate subducts beneath North America at the Cascadia Sub-
duction Zone. While no large subduction megathrust earthquake has been recorded
in Cascadia, there is a large amount of historical and paleo-seismic evidence that
great earthquakes and their resulting tsunamis have occurred in this region. Based
on evidence of an “orphan” tsunami in Japan, the last great earthquake in Cas-
cadia occurred in January 1700 (Satake et al., 2003; Atwater, 2005). Records of
coastal co-seismic subsidence (Leonard et al., 2003; Nelson et al., 2006) and offshore
turbidite sequences (Adams, 1990; Goldfinger et al., 2003) indicate that the mar-
gin has ruptured numerous times in the past. Moreover, along-strike variability of
these records implies that partial ruptures, as well as ruptures of the entire margin,
have occurred. This behavior is observed in other subduction zones as well. In
fact, this may be a common characteristic of subduction zones capable of M > 9
earthquakes. The model of a magnitude 9+ earthquake as a continuous rupture
of adjacent “locked” patches relates to a fundamental seismological question: what
controls the frictional regime that causes termination or continuation of rupture in
a great earthquake?

In 2004, two moderate-sized earthquakes (M,, 4.9 on 07/12/04 and M,, 4.7 on
08/19/04) occurred in the nominally “locked” or “transitional” portion of the sub-
duction zone. These events were of interest because the epicenters were located at
the edge of a rupture segment proposed by paleo-seismic estimates of past megath-
rust ruptures (Goldfinger et al., 2008). Tréhu et al. (2008) determined that both
earthquakes were low-angle thrust events. Moreover, the initial catalog locations

were too deep to produce observed PmP and pP phases. By tracing rays through a
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2-D velocity model grid of possible source locations, they concluded the events were
at depths of 9-11 and "16 km and likely occurred on the plate boundary, which had
been previously determined based on active source seismic work (Tréhu et al., 1994;
Gerdom et al., 2000).

In addition to these two moderate events, 37 smaller earthquakes in this area
have been detected by regional networks between 2003 and 2008. We used a double-
difference algorithm, hypoDD ( Waldhauser and Ellsworth, 2000), to precisely relo-
cate these events relative to each other. Because of the 1-D velocity model used by
the algorithm, absolute locations produced by hypoDD are subject to a significant
bias (as are the catalog locations), dependent mainly on the absolute starting depth.
The analysis of the two larger events by Tréhu et al. (2008), as well as the inde-
pendent location of 2 offshore events captured by our amphibious array, are used to
verify our choice of starting location (epicenter and depth) in hypoDD. Focal mech-
anisms for the two larger events, clusters of relocated events, and nearby stations

are mapped in Figure 2.1.
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FIGURE 2.1: Map of area showing final relocated earthquake epicenters (circles)
and seismic stations, including permanent stations (squares), temporary stations
(triangles), and borehole seismometers (diamonds). Large white symbols are sta-
tions used for hypoDD locations; five stations (inverted triangles) were also used to
compute two absolute locations of events in the southern cluster. Not all stations
were deployed during the entire period of seismicity (see Table 2.2). Focal mecha-
nisms are from Tréhu et al. (2008). Dashed lines are seismic lines by Tréhu et al.
(1994, 1995); Gerdom et al. (2000); solid line portion of the seismic surveys are spots
of high reflectivity on the subducting plate.

2.2. Data and Methods

We identified 39 events occurring from 2003 to 2008 in the area from 44° to
45°N and 125° to 124°W. Figure 2.2 gives a magnitude-time plot of events, which

are listed in Table 2.1. The earthquakes were extracted from the Pacific Northwest
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Seismic Network (PNSN) and the EarthScope USArray Network Facility (ANF)
catalogs. Five smaller earthquakes in 2006 were not detected by the PNSN; the
densely spaced USArray TA stations detected these events, resulting in a more

complete offshore micro-earthquake catalog.
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FIGURE 2.2: Magnitude vs. time plot for earthquakes occurring in the region
of study from 2003 through 2010. Several small earthquakes per year have been
occurring in this region since the M 4.9 and 4.7 events in 2004. Magnitudes for
earthquakes in 2006, detected by ANF only, are estimated by comparing waveform
amplitude to other events with known PNSN magnitude. Earthquakes occurring
after 2009 have minimal station coverage overlap with events from 2007 to 2008 and
were not included in this study.

We collected waveforms from the PNSN stations, the EarthScope USArray
(TA), Plate Boundary Observatory borehole seismic network (PBO), Central Oregon
Locked Zone Array (COLZA) FlexArray stations, and the Global Seismic Network
(GSN) station COR. Prior to 2005 only COR and PNSN stations were operating in
the region. Only seven permanent sites, installed prior to 2003, provide waveforms
for all events. Station coordinates and recording time periods are given in Table 2.2
to document the changing recording configuration.

Catalog locations for the smaller events broadly cluster around the two larger
events, with depths ranging from 15 to 35 km. However, waveform similarity, com-
bined with S-P arrival times, suggests the smaller events are not distributed through-
out the region, but occurred very close to the two M™5 earthquakes. Figure 2.3

shows normalized vertical component waveforms for events picked at station COR,



Earthquakes Selected from Regional Catalogs between 2003 and 2008

ID Date Time Latitude Longitude Depth Mag Nst Nph Networks

1 1/19/2003 22:00:32.80 44.3912 -124.5258 13.04 2.1 7 11 IU UO UW

2% 10/25/2003  02:08:54.89 2.6 5 8 1IU UO UW

3 12/7/2003 17:37:36.35 44.6238 -124.3469 17.17 1.2 5 9 1IU UO UW

4 1/28/2004  23:03:42.30  44.6211 -124.3397 16.93 1.8 6 9 IU UO UW

5% 2/6,/2004 06:12:36.10 - - - 2.4 6 8 IU UO UW

6% 3/21/2004  22:35:08.90 - - - 2.2 3 4 1IU UW

7 7/12/2004  16:41:19.24  44.2968 -124.4901 12.14 29 8 12 IU UO UW

8 7/12/2004  16:44:59.34  44.2977 -124.4869 1292 4.9 8 13 IU UO UW

9 7/13/2004  00:26:31.43  44.3180 -124.4658 1290 2.7 8 11 IU UO UW

10 7/13/2004  03:56:11.61  44.3115 -124.4676 13.03 3.3 8 12 IU UO UW

11 7/13/2004 15:00:36.93 44.3150 -124.4431 13.07 2.2 4 6 IU UW

12 7/14,/2004 07:44:37.88 44.3153 -124.5040 12.04 2.3 5 9 1IU UO UW

13 7/17/2004  14:54:55.92 - - - 1.7 5 7 IU UO UW

14 7/17/2004 16:54:53.64 44.3406 -124.4537 11.89 1.8 4 6 1IU UO UW

15 7/20/2004  15:58:48.67  44.3051 -124.4675 11.96 2.5 6 10 IU UO UW

16 7/27/2004 23:28:27.18 44.3101 -124.4765 12.02 2.3 6 12 1IU UO UW

17 8/19/2004  06:06:03.92  44.6677 -124.3201 18.09 4.7 7 13 IU UO UW

18 8/19/2004  06:26:00.03  44.6751 -124.2882 18.23 2.0 6 9 IU UO UW

19 8/19/2004  07:54:10.71  44.6781 -124.2995 18.85 2.5 6 12 IU UO UW

20 8/23/2004 08:04:44.36 44.6811 -124.2927 18.52 2.3 6 11 IU UO UW
21% 4/13/2005 04:51:05.92 - - - 2.5 6 10 IU U0 UW
22%* 4/23/2005 01:38:01.91 44.3517 -124.5581 14.34 1.4 5 7 1IU UO UW

23 6/1,/2005 07:20:00.92 44.3048 -124.4560 10.64 1.8 5 8 1IU UO UW

24 8/13/2005 17:41:13.42  44.3528 -124.4381 13.93 2.2 6 8 IU UO UW
25%  9/26,/2005 18:11:04.97 - - - 2.1 6 10 IU UO UW
26*%  4/25/2006  06:56:35.00 - - - 1.5¢ 10 14 IU TA UO UW
27 5/1,/2006 04:10:14.17  44.6022 -124.3656 16.42 1.5 9 14 IU TA UO UW
28* 6/14/2006 14:16:22.00 - - - n/d 5 5 TA UW

29 6/19/2006  00:53:54.85  44.6064 -124.3659 16.62 1.3 5 10 IU TA UW

30 7/3,/2006 04:45:15.48  44.5969 -124.3513 17.09 1.2f 5 9 IU TA UW
31* 4/8/2007 09:34:32.42 - - - 1.8 14 21 IU PB TA UO UW
32 5/17/2007  09:35:09.43  44.3307 -124.4300 12.53 1.7 10 16 IU TA UO UW
33 8/23/2007  22:31:00.35  44.6269 -124.3584 17.13 2.8 12 19 IU TA UO UW
34 8/24,/2007 03:30:24.24 44.6144 -124.3490 16.99 1.3 10 16 IU PB TA UW
35 8/24/2007 12:22:39.69 44.6220 -124.3516 16.72 1.1 13 21 IU PB TA UO UW
36 8/25/2007 01:09:41.60 44.3245 -124.4136 13.17 1.3 9 13 1IU PB TA UW
37 1/24/2008 09:40:41.88 44.3118 -124.4903 10.70 2.0 18 30 IU TA UO UW XA
38 4/29/2008 17:18:45.47 44.3022 -124.4734 13.69 2.1 19 34 1U PB UO UW XA
39 5/1/2008 16:20:44.37 44.2923 -124.4666 13.04 2.9 22 38 IU PB UO UW XA

TABLE 2.1: These events were selected from the regional catalogs of PNSN and
ANF. Hypocenters of relocated earthquakes are listed, including the number of
stations and phases for which arrivals were picked. For non-relocated events, the
catalog date and time are listed. An asterisk (*) denotes ID numbers of earthquakes
that were not relocated. A dagger (1) denotes magnitudes estimated by waveform
comparison with similar events of known magnitude; these events were detected by
ANF, which does not report magnitude.



Stations used for locations

Net Sta Ondate  Offdate Lat Lon Elev

U COR 1995133 - 44.5855 -123.3046  0.110
PB B026 2007055 - 45.3094 -123.8230 0.107
PB B028 2007078 - 44.4937 -122.9638 0.140
PB B030 2007295 - 43.9713 -122.7717  0.264
PB B031 2007334 - 43.6643 -123.3967 0.689
PB B032 2007336 - 43.6680 -123.3923 0.064
PB B033 2007347 - 43.2917 -123.1245 0.312
TA 102A 2005321 - 44.0035 -123.8299 0.170
TA 103A 2005322 - 43.9726 -123.2777  0.206
TA  GO3A 2006196 - 45.3153 -123.2811  0.208
TA  HO02A 2005319 - 44.6764 -123.9997  0.209
TA  HO03A 2005314 - 44.6765 -123.2923 0.214
TA JO3A 2005349 2007304 43.3717 -122.9646 0.292
TA JO2A 2005320 - 43.3654 -123.5747 0.136
UO DBO 1994032 - 43.1190 -123.2439 0.984
Uo EUO 2001108 - 44.0292 -123.0701  0.160
UW HEBO 2001304 - 45.2135 -123.7554  0.875
UW MPO 1990242 - 44.5047 -123.5514  1.249
UW RNO 1991268 - 43.9162 -123.7250 0.850
UW TOLO 2001296 - 44.6219 -123.9225 0.021
XA ALSO 2008023 2009365 44.4104 -123.5952 0.315
XA MAPO 2008025 2009365 44.0035 -123.8298 0.143
XA TOLO 2008023 2009365 44.6764 -123.9997 0.191
XA YACO 2008022 2008137 44.2982 -124.0932 0.320
XA OBS07 2007250 2008189 44.6313 -124.7412 -0.270
XA OBS09 2007252 2008189 44.2755 -125.5627 -2.985
XA OBS12 2007251 2008189 44.2000 -124.4597 -0.097
XA OBS14 2007251 2008189 44.0010 -125.1490 -1.531
XA OBS15 2007251 2008189 44.0002 -124.7748 -0.123
XA OBS16 2007251 2008189 44.4917 -124.6289 -0.163

TABLE 2.2: Stations with picked arrivals used in hypoDD

10
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divided into northern and southern clusters, accompanied by correlation matrices.
The strong similarity between some groups of events suggests not only close spatial
proximity, but also a similar source mechanism.

We manually picked P and S arrivals for all 39 events and assigned an arrival
time uncertainty for each pick. The uncertainties were binned into weights and
entered into hypoDD. At some stations, small events were not recorded well enough
to pick distinct arrivals accurately. Two events were a prior: excluded due to lack
of arrival information; seven events that lacked a sufficient number of arrivals, or
produced unrealistic residuals (reflecting large pick uncertainties at noisy stations)
were not relocated by hypoDD based on user specifications. Our arrival-time dataset
also includes cross-correlation P arrival time differences. Cross-correlations were
calculated over 2-second windows around the P arrival in the frequency domain,
using the method of West (see Data and Resources). Weights for the differential
times are based on the correlation value and are used as a priori weights for those
inputs. During hypoDD iterations, the cross-correlation data are weighed based on
inter-event distance, and used only between pairs of events within the same cluster.
Table 2.1 shows the entire catalog of events, including number of stations, picks,
and networks used in the relocation.

Using the hypoDD algorithm and a velocity model derived from Gerdom et al.
(2000), we ran a relocation consisting of 4 sets of iterations (31 iterations total).
Each set of iterations utilized a different weighting scheme that progressively up-
weighted data for event pairs that were closer to one another, and preferentially used
cross-correlation data for event pairs within a distance of 2 km (for details on the
weighting approach see Waldhauser and Ellsworth (2000)). The root mean squared

(RMS) residual was calculated separately for both the manually picked data and
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FIGURE 2.3: Waveforms and correlation matrices for picked events on the vertical
channel at station COR for (a) northern cluster and (b) southern cluster earth-
quakes. Waveforms are normalized and filtered from 2 to 5 Hz, aligned to first
arrival. The largest event in each cluster is indicated by an arrow. Note the wave-
form similarity in (a) between the main event and the subsequent aftershocks, and in
comparison, the similarity within the 2003, 2006, and 2007 event group. These two
groups of earthquakes are distinctly separated in the relocation. Southern cluster
events in (b) have similar S—P times, but larger waveform variability.

the cross-correlation data, and we considered that the solution had converged when

the RMS for each dataset was below 0.1 and stable. Figure 2.4 shows the residual

of each dataset as a function of iteration. The sharper drops in residual reflect the

points at which a more selective weighting scheme was implemented. At the end of

the relocation process, there were 30 earthquakes with sufficient event-pair data to
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FIGURE 2.4: Weighted rms error as a function of iteration number, for manual
(picked) and cross-correlation data of relocated earthquakes. The relocation is stable
at an rms of 0.1. Four sets of iterations, each with a different weighting criteria,
were used, after the method of Waldhauser and Ellsworth (2000).

be relocated in three dimensions. Events not relocated are indicated by an asterisk
in Table 2.1. Selection of an absolute starting depth for the earthquakes is discussed

in the following section.

2.3. Relocations and Analysis

Locations of closely spaced earthquakes can be considered in terms of the
absolute location of each event, or the relative distances between pairs of events. The
uncertainties (RMS < 0.1) from double-difference location reflect uncertainties in
the relative inter-event distances. Absolute hypoDD locations (depths in particular)

include uncertainty and bias due to station coverage, use of a 1-D velocity model,
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and starting location. To address this, we used the locations of Tréhu et al. (2008)
and two of our own independent locations to determine a realistic average starting

depth, and then ran hypoDD to obtain relative location between events.
2.3.1 Absolute cluster depth location

The accuracy of absolute depths of earthquakes produced by seismic networks
in this area is difficult to determine, due to the fact that a single 1-D velocity model
does not accurately represent the velocity structure at a regional scale. Geological
features, including the subducting plate itself, the lateral contrast in mid-crustal ve-
locity between accreted sediments and the Siletz terrane, and the variable thickness
of basin sediments, are not well-represented by a flat-layer model.

Tréhu et al. (2008) located the two largest events using teleseismic pP and local
PmP arrivals. By raytracing PmP and pP paths through a 2-D model obtained from
active source seismic data (Tréhu et al., 1994; Gerdom et al., 2000), they determined
a well-constrained depth of 16 km for the 08/19/04 earthquake. Teleseismic pP
arrival times were used to locate the 07/12/04 event at a depth of 9-11 km, which
is less well-constrained because the event occurred south of the active source line,
and no PmP phases were readily observed. These depths for the July and August
events are 15 and 10 km shallower, respectively, than the 26 km average depth of

the clusters as located by PNSN.
2.3.2 Location of two earthquakes with COLZA stations

We deployed an onshore/offshore seismic array, beginning in September 2007,
to better observe earthquakes offshore central Oregon. The array consisted of 6
onshore seismic stations from the USArray FlexArray, as well as two one-year-long

deployments of (15 and 18) ocean-bottom seismometers (OBS) from the Ocean Bot-
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tom Seismograph Instrument Pool (OBSIP). Instrument coordinates and recording
time periods for the stations used for relocation are listed in Table 2.2. (All stations
are shown in Figure 2.1.)

Two earthquakes in the southern cluster were recorded by this network on
29 April (M, 2.1) and 1 May 2008 (M, 2.9). In order to verify the Tréhu et al.
(2008) conclusion that the hypocenters in this cluster were located much shallower
than indicated by the regional networks, we located these two events independently
using stations that were closest to the event (inverted triangles in Figure 2.1) and
a velocity model (described below) that best represented the structure between the
earthquakes and the close-by stations. To maintain a consistent approach, only the
five closest stations, which recorded clear P- and S-arrivals for both events, were
used in the locations.

In locating these two earthquakes, we used a Levenberg-Marquardt least-
squares inversion, implemented in the GENLOC library (Pavlis et al., 2004), using
a 1-D travel-time calculator. We repeated the inversion for several velocity models,
including the O0 model used by the PNSN for this area, and performed additional
tests with slight modifications in the travel time data set to test epicenter and
depth sensitivity of the results. For all tests, epicenters were very stable (within
3 km within each other) and depths were generally much shallower than given by
PNSN. Figure 2.5 summarizes the results for the O0-model used by PNSN (2.5a)
and our preferred model (2.5b), derived from the 2-D velocity model of Gerdom
et al. (2000). The O0 model produced depths of "22 km for both events, while the
preferred model produced depths of 13 and 16 km, which are "19 km shallower than
the catalog depths reported by the PNSN. The results for these two events rein-

force the shallower depth determined by Tréhu et al. (2008) for the main 07/12/04
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southern cluster event. Given the northern cluster earthquake depth of 16 km from
Tréhu et al. (2008) and the southern cluster earthquake depths of 13 and 16 km, we
seeded the hypoDD runs with initial starting epicenters as reported in the catalogs

and all starting depths set to 15 km.
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FIGURE 2.5: Locations (white circles) of the 29 April 2008 (M 2.1) and 1 May 2008
(M 2.9) events with onshore/offshore COLZA stations, using (a) the general offshore
velocity model used by PNSN, and (b) an offshore velocity model derived from
Gerdom et al. (2000). The amphibious network locates the earthquakes at a depth
of 715 km using the model in (b), and the uncertainties are greatly reduced using
this more realistic model. The rms residual for our arrival-time dataset, calculated
for fixed-depth locations at 2 km depth intervals, is plotted for both models (solid
line is the May event; dotted line is the April event). In model (a), from 17 to 30
km, rms minima are not well defined. Using the same dataset, model (b) shows
clear rms minima for both events, with values decreased by ~40% from model (a).
Error bars for events located in this paper are maximum velocity model uncertainty
after Pavlis (1986). Black circles in (a) are the original PNSN catalog locations,
with corresponding error bars.
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2.3.3 Relative Relocations

Double-difference relocation confirms that the earthquakes occurred in distinct
clusters around the two largest events (Figure 2.6). The northern cluster, at “44.6°N,
appears to be split into two separate subsets, with the main 08/19/04 event and
three immediate aftershocks occurring “5 km north-northeast of the tightly clus-
tered group of 2003, 2006, and 2007 events. The three 2006 earthquakes were not
originally detected by the PNSN, and the ANF catalog epicenters (the three eastern-
most events south of 44.5°N in Figure 2.6) are 25 km southeast of their relocated
epicenters. The southern cluster, at "44.3°N, remains slightly elongated and more
dispersed. This is consistent with the waveform data as seen in Figure 2.3, where
waveforms from southern cluster events show more variability, including S-P ampli-
tude ratios. Thus, we would expect southern cluster earthquakes to be somewhat
separated in space and/or to have different source mechanisms.

In terms of epicenter, the absolute locations of the two 2008 events from this
paper are consistent with the eastern shift of the hypoDD relocations of the southern
cluster relative to the catalog locations. Both events were relocated “5 km east of
their locations as determined by the PNSN network. Due to the larger azimuthal
gap and lower number of nearby stations for the southern cluster, we would expect
the longitudinal component of the epicenters to be the least well-constrained in the
catalog locations.

The new hypocenter distribution decreases the depth range significantly within
each cluster; events are located within a ~3 km vertical range and define a landward-
dipping plane (Figure 2.7). The epicenter of the 08/19/04 M, 4.7 event does not

change significantly; however, the southern 07/12/04 event is shifted to the east.
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FIGURE 2.6: (a) Before and (b) after epicenter maps of the relative relocations.
Events are more tightly clustered after relocation. Subclusters within the north-
ern cluster are a stable result and are consistent with subclustering indicated by
waveform cross-correlation in Figure 2.3. Black circles are events not relocated (by

hypoDD) due to lack of a sufficient number of nearby event pairs.

In order to test the robustness of the relative event clustering, we performed
relocations at alternate starting depths of 5, 10, 20 and 25 km. These results
are summarized in Figure 2.7c. For shallower starting depths of 5 and 10 km, an

increasing number of “airquakes” are located above the seafloor and discarded in

the relocation process. At deeper starting depths of 20 and 25 km, the higher

velocities of the subducting plate cause events to diverge away from each other
and locate outside of the clusters, thus reducing the number of relocated events.
The overall shape of the clusters is similar to those using a 15 km starting depth,

but the absolute location is deeper, confirming that hypoDD depths are biased by

the starting configuration. During multiple runs, the most consistent and tightly
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clustered results were at a starting depth of 15 km. This is expected, as the local

velocity between events should the most accurate at the true earthquake depth.
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FIGURE 2.7: Depth relocations, in a west-to-east cross-section, showing (a) orig-
inal and (b) relocated hypocenters using a starting depth of 15 km. Error bars in
a) are given catalog uncertainties; error bars in (b) are as calculated by hypoDD
most are smaller than the symbol width). (c) Results of relative relocations us-
ing alternate starting depths, with number of events and relative rms of the catalog
data. Shallower starting depths result in increasing numbers of events located above
ground and discarded. Deeper starting depths result in divergence (and discarding)
of events from the cluster due to the increased velocity at those depths. The largest
number of events is retained, and the earthquakes are most closely clustered for our
preferred starting depth of 15 km. X axis is UTM easting shifted by -350 km.
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2.4. Discussion

Figure 2.8 shows relocated hypocenters from this paper superimposed on the
velocity model determined by Gerdom et al. (2000). The northern cluster, which
occurred at the latitude of the velocity model, is directly located over a “bright spot”
of strong reflectivity on the plate boundary, which Gerdom et al. (2000) interpret as
an area of high fluid content due to a metamorphic facies transition. The presence
of fluids trapped at the plate interface may explain the increased seismicity in this
spot; however, a similar “bright spot” observed by Tréhu et al. (1994, 1995) about 25
km north of the Gerdom et al. (2000) line (see Figure 2.1) produces no earthquake
activity.

The southern cluster also appears on or near the plate boundary in Figure
2.8, although the along-strike extension of this velocity model to the south is ap-
proximate, and the plate boundary reflectivity here is unknown. Current data are
not adequate to evaluate whether the “bright spot” observed further north is later-
ally continuous and present at the southern cluster location. Tréhu et al. (A. M.
Tréhu, R. J. Blakely, and M. C. Williams, in review, 2011) associate these southern
cluster earthquakes with a collision between a subducted seamount on the Juan
de Fuca plate with crystalline rocks of the Siletz terrane. Topographic features on
the downgoing plate have been identified at various stages of subduction at con-
vergent margins around the world (Fleming and Tréhu, 1999; Kodaira et al., 2000;
Husen et al., 2002; Waltts et al., 2010). However, the mechanism of how they affect
earthquake rupture is not well understood, and may differ from zone to zone (Cum-
mins et al., 2002; Watts et al., 2010). In a frictional model of long-term rupture

cycles at Nankai, which included a known subducted seamount imaged by active
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source seismic work, Kodaira et al. (2006) found that the frictional properties of
the seamount affected the propagation of rupture over multiple earthquake cycles.
Their model produced small earthquakes and/or slow slip adjacent to the seamount
before a full rupture. In Cascadia, segmented rupture could similarly be affected by
subducted features on the plate interface, which may conditionally impede or allow

a through-going large earthquake rupture.
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FIGURE 2.8: Final event locations superimposed on the Gerdom et al. (2000) ve-
locity model, which corresponds to the latitude of the northern (downdip) cluster.
This cluster occurs on the plate boundary (dashed line) at a highly reflective area
(yellow line), identified from the active seismic survey by Gerdom et al. (2000).
Approximate extent of the nominally locked, transitional, and episodic tremor and
slip sections of the plate boundary are also indicated for reference. X axis is UTM
easting shifted by -350 km.

The earthquakes in this study occurred at one of the segment boundaries pro-
posed for this margin based on paleoseismic (Goldfinger et al., 2008) and potential
field (Wells et al., 2003) studies, and may therefore provide insight to understanding
rupture propagation in Cascadia during a great megathust earthquake. Correlation
of paleohistoric evidence of co-seismic subsidence, tsunami inundation (Nelson et al.,

2006), and offshore turbidites (Goldfinger et al., 2008) produce different earthquake
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records for the Washington /Northern Oregon and Southern Oregon/California parts
of the subduction zone. Goldfinger et al. (2008) posit several partial rupture areas.
Their approximate boundary separating a long segment to the north and multi-
ple segments to the south occurs at 44.5°N, midway between the two clusters in
this study. Over half of their partial-rupture events appear not to have propagated
northward past this point. Wells et al. (2003) have proposed a correlation between
segmentation of slip along subduction zone margins and forearc basin structure, as
evidenced by gravity lows. In Cascadia there are no modern rupture limits to com-
pare to structure; however, the earthquakes in this study occurred on a gravity high
located between two major forearc gravity lows (Wells et al., 2003). Slip deficit
models obtained from inversion of regional GPS data by McCaffrey et al. (2007)
reveal an along-strike change in slip deficit at “44.5°N, which is more marked in
models with less along-strike smoothing.

Interface earthquakes in the “locked” or “transitional” parts of the subduction
zone are rarely seen in central Cascadia. There are only two other cases of low-
angle thrust events of moderate magnitude potentially located on the megathust.
One occurred in 1996, off of Cape Blanco, near 42.5°N (J. Nabelek and J. Braun-
miller, unpublished) and the other in 2008, near 41°N (UC Berkeley Moment Tensor
Catalog, see Data and Resources). As seen in Figure 2.2, there has been persistent
earthquake activity (several events per year) at these two clusters near 44.5°N off-
shore central Oregon since 2003. This area of the subduction zone is unique in
Cascadia, having seismicity on the plate boundary in a region that divides segments
of the subduction zone with different earthquake histories, gravity signatures, and

apparent degrees of plate coupling.
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2.5. Conclusions

The relocation of the micro-seismicity at ~44.5°N at the locked zone in Casca-
dia suggests that seismic slip is occurring in small concentrated areas, or “patches”
on or above the plate boundary, not in the Juan de Fuca mantle as indicated by
regional catalog locations. Due to the sparse station coverage, the asymmetry of
crustal structure in the region, and the use of simplified velocity models for regional
network locations, there is a systematic bias in the location of offshore subduc-
tion zone earthquakes by regional networks. Our locations are on average 13 km
shallower in depth. In terms of epicenter, the largest uncertainty is perpendicu-
lar (longitudinal) to the coast due to the geometry of seismic stations: the farther
offshore the earthquake, the more uncertain its epicentral location. While the epi-
central uncertainty for the northern cluster is small, on the order of a few kilometers,
uncertainty for the southern cluster is likely greater; our absolute locations using
OBS data were > 5 km southeast of the original cluster location.

The proximity of the earthquakes to the plate boundary, as well as the source
mechanisms of the two largest quakes, suggest they most likely represent seismicity
on the megathrust plate interface. The rarity of interface earthquakes in Casca-
dia makes these events significant, since they provide further evidence for plate
boundary heterogeneities near proposed partial rupture limits for great Cascadia

earthquakes.
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2.6. Data and Resources

Earthquake catalogs were obtained from the Pacific Northwest Seismic Net-
work (www.pnsn.org/CATDAT/catalog.html). EarthScope Array Network Facility
events were obtained by personal communication, but catalogs are available (http:
//anf .ucsd.edu/tools/events/download.php). Seismograms were obtained from
the IRIS Data Management Center at www.iris.edu. Seismograms were also col-
lected as part of the COLZA experiment (IRIS network code XA2008-2009), using
EarthScope FlexArray PASSCAL instruments; these data will become available
in mid-2011 from the IRIS DMC. Seismic data were processed using the PAS-
SOFT software developed and made available by PASSCAL (ftp://ftp.passcal.
nmt . edu/passcal/software/). For further processing, we used Antelope software
from Boulder Real Time Technologies, contributed software and libraries from the
Antelope Users Group (www.indiana.edu/~aug/), and the MATLAB object tool-
boxes developed by Celso Reyes and Michael West available from the Geophysical
Institute of the Alaska Volcano Observatory (www.giseis.alaska.edu/Seis/EQ/
tools/GISMO/) The Moment Tensor Catalog of the Berkeley Seismological Labo-
ratory is available (http://seismo.berkeley.edu). Some figures were made using

the Generic Mapping Tools, version 4.5 ( Wessel and Smith, 1998).
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3. CONCLUSIONS

In addition to the inherent value of containing more accurate locations of the
earthquakes themselves, the results of this manuscript produce several conclusions
related to earthquake study in Cascadia, which are further discussed in the following

sections.

3.1. Suitability of the hazard earthquake catalog for offshore
scientific research

The earthquake catalogs produced by the regional networks for the offshore
area of Cascadia lack the accuracy needed to study offshore faults. Offshore stations
and a more accurate velocity model can improve the catalog significantly. Addition-
ally, incorporating double-difference relocation into an automatic process, as has
been tested in California ( Waldhauser, 2009), would not only make offshore his-
torical catalogs much more useful in seismological research, but also improve the

accuracy of new locations.

3.2. Co-located static and kinematic evidence for frictional
anomalies

The new locations indicate that the earthquakes cluster tightly in spots on
the subducting plate interface. One cluster occurs at a spot of strong reflectivity

on the plate. The other occurs adjacent to a proposed subducted seamount (A. M.
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Tréhu, R. J. Blakely, and M. C. Williams, in review, 2011). Both of these spots
are now sites which exhibit structural (based on seismic and magnetic imaging) and

behavioral (based on the earthquakes) evidence of frictional anomalies.

3.3. Possible implications for rupture segmentation

The sheer area that must be displaced to produce an earthquake of magni-
tude 9 sometimes requires that slip occur on more than one large seismic asperity.
Whether multiple asperities repeatedly slip simultaneously over multiple seismic cy-
cles is another uncertainty in the study of megathrust earthquakes, and has made
such events extremely difficult to forecast.

While no large earthquake has been recorded on modern sensors in Cascadia,
there have been several magnitude 9 earthquakes recorded at other subduction zones
within the past century. Identifying analogous or similar frictional anomalies at
these other megathrust boundaries and noting their effect on rupture propagation
may provide insight on how these anomalies will affect a Cascadia rupture.

Additionally of course, in the event of a full or partial seismic rupture of
the Cascadia margin, comparing the location of these clusters to the extent of the
rupture, and noting whether or not rupture was slowed or impeded in any way over
these frictionally anomalous areas of the plate boundary could provide invaluable

clues to the nature of large-scale seismic behavior, in Cascadia and elsewhere.
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