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Abstract

Using continuously operating Global Positioning Stations in the Pacific Northwest of the United
States, over 100 station-station baseline length changes were determined along seven West-East
transects, two North-South transects and in three localized areas to determine both the average
annual strains over the past several years, and the variation in strain over the central Cascadia
convergent margin. The North-South transects (composed of multiple baselines) show shortening.
Along West-East transects some baselines show shortening and others extension. The direction of
the principle strains calculated for two areas 100 km from the deformation front are close to per-
pendicular to the deformation front. The North-South strains are 10-8 a-1, which is an order-of-
magnitude less than the West-East strains (10-7 a-1). Along several West-East transects, the mag-
nitude of the strain increases away from the deformation front. All West-East transects showed a
change in strain 250 km inland from deformation front.
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1. Introduction

Paleoseismic work suggests that the United States Pacific Northwest (Figure 1) has episodic large earthquakes,
and is currently in an interseismic period [1] [2] when we would expect strain to be accumulating between the
descending Juan de Fuca plate to the west and the overriding North American Plate to the east (Figure 1). The
central Cascadia margin (Oregon and Washington) was chosen for this study of modern strain accumulation be-
cause 1) it represents a relatively uniform section of a shallow dipping (5° - 12°) megathrust system [3] and
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Figure 1. Location of the study area in the Pacific Northwest region of the United States
(County lines are in Oregon and Washington are shown for reference). The tectonic
provinces discussed in this paper are the Coastal Range (Coast Range and Olympic Pe-
ninsula), Fore-arc basin (Puget/Willamette lowlands), and the volcanic Cascade Moun-
tains. The locations of major volcanic centers are marked with triangles. The Cascadia
subduction zone deformation front is at the Western extent of the traces of faults and fold
axis shown offshore of Oregon and Washington [11]. Current plate convergence is NE-
SW (shown by large arrows).

2) it includes a dense network (40 - 50 km spacing) of continuously operating Global Positioning System (GPS)
stations [4] [5]. This article includes more details of methodology and strain analysis than preceding articles
[6]-[8] that have demonstrated active strain accumulation in the landward positions of the subduction zone.

The energy released during an earthquake comes from stored elastic energy (strain-energy) in the Earth’s
crust [9]. GPS Strain measurements following the 2011 Tohoku earthquake demonstrated that the distribution of
strain is not uniform in some subduction zones [10]. Understanding the variation in strain during a preceding in-
terseismic cycle is important in prediction of the distribution of energy release during an earthquake. Strain is
fundamental to evaluating the stored elastic strain energy in the Earth’s crust. These patterns in strain are helpful
in evaluating various kinematic and mechanical models of crustal deformation. Good quantitative and qualita-
tive understandings of the magnitudes and patterns of strain are important in describing the deformation of a
coseismic region. A summary of the GPS Research in the Pacific Northwest is provided in [11].

In this paper we use a fundamental approach to determine strain; for a single baseline we use the change in
length of the vector between fixed GPS stations. This avoids issues that are introduced by the removal of rigid-
body motions, as required in deriving strains from GPS velocities, thus giving a more direct picture of strain in
the Cascadia Subduction zone (Figure 1). In this paper we document present changes in baseline distances be-
tween a series of fixed, continuously operating GPS stations along seven West-East transects and two North-
South transects in the central Cascadia margin. We also present principle strain magnitudes and directions at
three locations based on measurements in braced quadrilaterals. These results give a general picture of the pat-
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tern of strain accumulation in the Pacific Northwest over the past five to seven years which raises some impor-
tant questions about the mechanisms that are generating the measured strain.

2. Methods

Strain is defined as the change in distance between the two material points [12] [13]. The fundamental differen-
tially-corrected GPS solution gives the vector between the phase centers of two GPS antenna [14] [15]. Changes
in the vector length over a given period give an accurate measure of strain, without having to consider additional
uncertainties typically involved when using station displacement vectors, or in deriving station velocities in
some arbitrary coordinate system [16]. It should be noted that whatever uncertainties are present in the baseline
determination are also present in other solutions based on variation of coordinates. The main difference between
GPS station-to-station strain (used here) and strain from GPS derived station velocities is how rigid body motion,
particularly rotation, is handled.
Strain, ¢, is defined as the normalized change in length of a line between two material points

Strain=(Final Length — Initial Length)/Initial Length @

Strain, &, will be negative if the distance between two points gets shorter (shortening), positive if the distance
increases (extension), and zero if it is unchanged.

In two-dimensions strain is usually described with two principle components [13]. If the principle components
and their direction are known then the strain can be described for any arbitrary orientation Equation (2). How-
ever, strain is a three-dimensional problem, and so if represented by an ellipsoid with three principal axes. In
measuring geodetic strain, an ellipse which is a horizontal section through the three-dimensional ellipsoid is de-
termined. These major and minor axies of the ellipse are not necessarily the true principle components; however,
they do help in describing the general state of strain in the crust and can be viewed as two-dimensional surro-
gates for the principle strains.

The strain, |, in a direction ¢ to the greatest strain (Figure 2) is given by:

I=(1-¢)" =(1-¢), cos’+(1-¢,) sin%0 ).

Using Equation (2) the major (e1) and minor (&,) axis of the ellipse can be solved, given several strains (g) in

different directions ().

—>
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@
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Figure 2. (a) A circle prior to any deformation is transformed into an ellipse
during deformation. All radii of the circle were originally the same length.
One of the radii will become the major axis of the ellipse, and a radius
perpendicular to that would become the minor axis; (b) The length of any
arbitrary line, | will be a function of the length of the major and minor axis,
which represent the maximum (g;) and minimum strains (g,) (the principle
strains), and the orientation of the line relative to the major axis (6).

®
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2.1. Baseline Length Determination

From the fixed GPS network in the Pacific Northwest (Oregon and Washington, see Figure 3) a series of West-
East transects was selected to give strain profiles lines that extended from the coastline to the Cascade Moun-
tains.

Daily RINEX files from Pacific Northwest Geodetic Array [5] and NOAA Continually Operating Reference
stations [4], along with the precise ephemeris files from the International GPS Service (IGS) [17] are processed
with vecsol, [18], which is part of the GPSTK toolkit [19]. Vecsol solves for the baseline vector between two
stations. During processing, one station is designated as the start of the vector, and the other as the end. The
baselines are processed twice, using each end as the starting point of the vector and the other as the end point.
The two baselines are compared for consistency. Typically, solutions are calculated for several years to look for
the long term trends in changes in the baseline. At least two years of data are needed to ensure the trend is not
influenced by annual variations in baseline lengths [20]. The baseline vectors are stored in a database and ana-
lyzed using R [21]. Scatter plots are examined for outliers. Sometimes, due to a GPS solution that failed to con-
verge, the data are not discarded but flagged in the database as problematical. To look for a trend in the data, the
R function rIm (part of the MASS package) is used; this regression includes the ability to minimize the effect of
outliers. If a significant trend is found in the data (as determined by the t-and F-test results generated by rim),
the slope of the line is expressed as the average change of length per year. This is converted to a strain to calcu-
late the average strain per year. An example of baselines is shown in Figure 4. The plots show the variation in
baseline lengths for two representative lines. Variations in baseline length between stations ARLN (Arlington,
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Figure 3. Map showing global positioning system fixed reference stations in the pacific northwest,
strain transects, and strain ellipses presented in this paper.
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Figure 4. Plots showing the variation in baseline lengths and the best-fit trend for two representative lines. The horizontal
axis is time, and the vertical axis is distance (in meters), with decimeter divisions. (a) Variations in baseline length between
stations ARLN (Arlington, Oregon) and P445 (Wasco Airport, Oregon) from 2008 to 2014; (b) Variations in baseline length
between stations P402 (near Forks, Washington) and P403 (Sappho, Washington) from 2008 to 2012. Station Positions are
shown in Figure 3.

Oregon) and P445 (Wasco Airport, Oregon) are from 2008 to 2014. There are 3274 baseline lengths used in the
regression. The baseline length is 40.3 km, and the regression indicates the baseline is getting shorter by 4.28
mm per year, which is an average strain of —1.14 x 10~ each year in an almost West-East direction (the direc-
tion from ARLN to P445 is 251°, or 19° South of West). The variation in baseline length between stations P402
(near Forks, Washington) and P403 (Sappho, Washington) from 2008 to 2012. There are 2764 baseline lengths
used in the regression. The baseline length is 35.1 km, and the regression shows the baseline is getting shorter
by 5.2 mm per year, which is an average strain of —1.47 x 10" each year in nearly a North-South direction (the
direction from P402 to P403 is 20°, or 20° East of North). Station Positions are shown in Figure 3.

Because strain is the change in distance between to material points, it describes the average strain in the ma-
terial between the two material points. It is possible that strain could be non-uniform in the interval between two
GPS stations. The test for significance of regression is that the slope of the best-fit line is significantly different
from a horizontal line [22], therefore a smaller strain magnitude would indicate a less significant trend. Some of
the “Not significant” lines in Table 1 could represent areas of little or no strain.

2.2, Strain Ellipse Determination

In selected areas, baseline strains were used to compute the best-fit strain ellipsoid over an area (Figure 2). Just
as the strain measurements are an average of the change in distance between two points, the strain ellipse
represents an average strain over the area covered by the lines. A series of stations forming a braced quadrilater-
al were used [23]. The directions of lines between stations were computed using the Vincenty method [24].

In obtaining a solution a direction for the major axis of the ellipse is assumed and then the magnitude of the
axes is solved for using least squares. From these solutions the predicted strains are computed for a baseline us-
ing its orientation (Equation (2)). The predicted strains are then compared with the observed strains and a sum of
the differences (the residual) is computed. The best orientation of the major axis and strain corresponding mag-
nitudes is the solution that minimizes the residuals. This is the best fit strain (Figure 2).

3. Results

Our results are presented in Tables 1-3, and in Figure 5. There strains are computed for 81 baselines along 9
transects with 166,300 individual baseline computations. For the three strain ellipses 26 baselines were used,
with 39,000 individual baselines length calculations. The data records cover the period from 2006 to 2014

@
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Table 1. Station ID, locations, and range of dates used in obtaining the strains.

Sta_rt En_d _Start . S_tart . Start Date End Date Data Points . Trench Di_rectionu length dli1 Average Significant
Station Station Latitude (*) Longitude () (Y-M-D) (Y-M-D) Distance(km) (Azimuth, °) (m) (m-a™) Strain per year Trend?
Northern Olympic E-W Line
neah p403  48.297727 —124.624576 2006-01-07 2011-11-15 4549 130 164 44517.349  0.000 7.85x107° Yes
p403 p435  48.061986 —124.140421 2007-04-13 2011-01-18 1845 175 91 47527.439 -0.005 -1.20x107 Yes
p435 p436  48.059501 —123.503043 2007-04-13 2013-09-29 2256 222 91 27549.599  0.004 1.33x107 Yes
p436 blyn 48.045160 —123.134062 2007-04-13 2013-09-29 2004 250 91 15769.350 —0.005 —3.15x107" Yes
blyn chcm  48.015826 —122.927380 2007-05-05 2013-12-03 923 265 94 11347.991 —0.006 —5.47x107" Yes
chem p437  48.010542 —122.775675 2007-12-20 2013-10-31 - 277 91 23653.051 Insufficient Data
p437 weez  48.001731 -—122.458999 2008-10-14 2010-08-05 598 300 93 19192.069 —0.004 -1.95x107 Yes
weez lkep 47.976746 —122.204463 2008-10-11 2010-08-05 565 320 103 28155.483 -0.009 -3.37x107 Yes
Ikep gmar  47.944342 —-121.830678 2007-12-20 2013-10-31 - 348 96 67434.135 Insufficient Data
Tacoma E-W Line
pabh p4l8  47.212800 —124.204581 2007-04-21 2013-09-29 674 140 88 60402.292  0.017 2.79x 107 Yes
p418 p423  47.236345 —123.407376 2007-04-21 2013-09-29 763 200 81 35771.168  0.000 1.20x10°° No
p423 Ingb 47.287604 —122.940773 2005-04-22 2013-09-29 4214 236 119 15834.354 —0.002 -1.39x107 Yes
Ingb pcol 47.218786 —122.758316 2013-09-05 2013-09-29 - 252 110 15129.325 Insufficient Data
pcol enum  47.171700 -122.570449 2007-05-15 2013-09-29 357 267 95 46781399 -0.003 -5.69x10° Yes
enum htch 2005-04-22  2013-09-29 - 314 91 75010.234 Insufficient Data
Olympia E-W Line
p430 hgpl  47.003545 —123.435823 2007-08-06 2011-09-28 2244 180 88 39210.888 —0.004 —9.71x10° Yes
hpgl cpxf  47.019144 -122.920681 Insufficient Data
cpxf mrsd  46.840000 -122.256518 2008-06-14 2013-12-03 2440 235 90 39758.150  0.011 2.75x 107 Yes
mrsd p065  46.785197 —121.741754 2008-06-14 2013-12-03 2349 275 90 62096.229 -0.002 -3.36x10° Yes
cpxf muir  46.840000 —122.256518 2008-06-09 2013-12-03 - 235 87 40022.413 Insufficient Data
muir p065  46.835493 —121.732933 2008-06-09 2013-12-03 2260 275 93 61091.939 -0.001 -9.13x107° No
p430 tumw  47.003545 —123.435823 2007-05-14 2013-09-28 2872 180 89 39954.273  0.001 1.38x10°° No
p430 twhl 47.003545 —123.435823 2005-04-12 2013-09-29 4419 180 93 39059.171 -0.003 -8.74x10° Yes
Willipa Bay E-W Line
p415 p4l7  46.655991 —123.729865 2005-07-20 2014-06-01 1129 135 96 34297295 -0.007 -1.98x107" Yes
pa17 p420  46.574452 —123.297505 2010-01-05 2014-06-01 978 169 89 33117.195 -0.004 -1.36x10" Yes
p420 p421  46.588603 —122.866331 2010-01-05 2014-06-01 1086 202 93 34105.497 —0.005 -1.34x10" Yes
p421 p431  46.531488 —122.428789 2007-05-15 2014-06-01 954 237 89 34122.783 -0.002 —4.76x10° Yes
p431 p432  46.571741 —121.988085 2010-01-01 2014-06-01 800 271 85 24087.731 -0.004 -1.72x10" Yes
p432 yaki 46.622856 —121.683229 2010-01-01 2014-06-01 1024 295 90 90274.792 -0.005 -5.08x10° Yes
yaki vrnt 46.604818 —120.504881 2007-05-15 2014-06-01 493 385 94 59316.314 -0.005 -8.34x10° Yes
Portland E-W Line
p405 p4ll 45629181 —123.643561 2007-05-04 2013-12-03 5546 140 96 39301.757 -0.004 —9.13x10-8 Yes
p4l1 p427 45537979 —123.157104 2007-04-13 2013-10-31 4844 179 94 64971.415 -0.005 —7.56 x 108 Yes
p427 pkdl 45.430042 —122.340479 2009-01-23 2013-10-31 3174 244 87 61540.855 0.000 -2.56x10° No
pkdl tdls 45518186 —121.563453 2009-01-23 2013-10-31 3141 306 84 35305.048 -0.009 -2.68x107" Yes
tdls p4d5 45608531 —121.129506 2008-09-23 2013-10-31 3345 341 96 35733.014 -0.004 -1.10x107" Yes
p445 arln 45.589974 —120.672068 2008-09-23 2013-10-31 3274 377 60 40324545 —0.005 —1.14x107 Yes
arln p450 45708084 —120.183070 2008-09-23 2013-10-31 3289 417 60 56640.020 -0.004 —6.62x10° Yes
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Continued
p450 pndl 45.953175 —119.543985 2010-05-24 2011-03-01 - 474 119 66463.530 Insufficient Data
p445 p447 45589974 —120.672068 2008-10-14 2013-10-31 3485 540 7 78238.682 —0.006 —7.30x10° Yes
Newport E-W Lin
p367 p374 44585246 —124.061570 2007-04-13 2013-12-03 3286 90 120 43749.157 —0.009 -1.98x107" Yes
p374 hlsy 44.381649 —123.590234 2007-05-16 2013-12-03 1889 134 90 38377.317 -0.004 -1.01x10" Yes
hlsy sthm  44.377605 -123.108683 2006-12-27 2013-09-29 1914 172 84 29944512 -0.002 -7.85x10° Yes
sthm p383  44.395814 —122.733790 2007-10-22 2013-09-29 2061 202 95 41664.046 —0.008 -1.96x10" Yes
p383 p385  44.341999 —122.216900 2007-10-23 2013-12-03 43 244 50 23955798  0.000 -5.91x107° No
p385 p387  44.434848 —121.945834 2007-08-23 2013-12-03 110 268 130 33348.023  0.003 1.00x 107" Yes
p387 rmdb  44.296630 —121.574288 2007-04-13 2013-09-29 3323 301 100 34307.396 —0.005 -1.32x107" Yes
Cape Blanco E-W Line
p364 p061  43.090243 —124.409079 2008-10-16 2013-12-03 591 60 110 34992646 —0.002 -524x10° Yes
po61 p369 42967386 —124.013791 2007-04-20 2013-12-03 669 95 70 51345244 -0.006 -1.14x107" Yes
p369 ddsn 43.139753 —123.429036 2006-01-11 2013-12-03 762 146 92 15276.403 —0.002 -1.10x107" Yes
ddsn chem 43118792 -123.244241 2008-12-21 2013-12-03 468 162 88 119187.061 —0.021 -1.79x107" Yes
chem p062  43.224232 —121.785624 2008-12-21 2013-12-03 474 281 100 57890.538  0.002 3.79x10°° No
p062 p381  43.112236 —121.090550 2008-10-16 2013-12-03 486 339 100 93611.954  0.002 251x10° No
p381 p390  43.001618 —119.951646 2008-10-16 2013-12-03 496 432 90 83513.770  0.004 511x10° No

(Tables 1-3). Not all stations were active for this entire period.

The distances between many of the GPS stations are on the order of 40 km (Figure 3). Strain over shorter
distances cannot be resolved. The spatial variations in strain are probably accurate at a scale of 80 km. This is
treating resolution as being limited by the Nyquist frequency based on the data spacing [25]. The distances in all
of the plots have been adjusted to be 0 km at the western (offshore) extent of the deformation front (Figure 1).
The granularity in the strain measurements require that strain analyses and interpretations are conducted at the
regional scale rather than for discrete (tens of kilometer scale) faults or folds.

3.1. Transects

The West-East lines indicate that strain varies in magnitude changing from shortening to extension between the
coast and the Cascade Mountains (Table 2 and Figure 5(a)). The two north-south lines show relatively uniform
shortening (Table 4 and Figure 5(b)), although, it is on average an order of magnitude less than strains along
West-East transects (10 ® a™* for N-S, with many W-E strains being 10" a ).

3.2. West-East Transects Descriptions (North to South)

In some transects there were insufficient data to establish a significant baseline. These baselines are identified in
Tables 1-3. They show up as gaps along transects in Figure 5(a).

There are 9 baselines in the Northern Olympic transect. The measured strains range from —5.47 x 10 " a * to
+1.33 x 10" a”*. Two baselines did not contain sufficient data for a trend. Some baselines near the coast show
extension while other baselines show and a small amount of shortening (Table 1). At 250 km distance landward
from the deformation front the strains increase and become all shortening. There are 6 baselines in the Tacoma
transect. The measured strains range from —1.39 x 10" a * to +2.79 x 10" a™*. Two baselines did not contain
sufficient data for a trend. The strains nearest the coast are extension; further inland the strain magnitudes be-
come smaller, and at 250 km from the deformation front they indicate a small magnitude of shortening. There
are 8 baselines in the Olympia transect. The measured strains range from —9.71 x 10 ®a™* to +2.75 x 10" a ™.
Two baselines did not contain sufficient data for a trend. Baselines nearest the coast show shortening, but 235
km from the deformation front baselines show extension, while baselines further inland show shortening. There
are 7 baselines in the Willipa Bay transect. The measured strains range from —1.98 x 10 " a * to —4.76 x 10 ®a .
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Table 2. Data for North-South Lines, similar to that in Table 1.

Sta_rt En_d start ) S_tart ) Start Date  End Date Data Points _Trench Di_rectiono length DIi1 Average Significant
Station Station Latitude (*) Longitude (*) (Y-M-D) (Y-M-D) Distance (km) (Azimuth, °) (m) (m-a™)  Strain per year  Trend?
North South-Coast Range
p436 cush 48.045160 —123.134062 2009-01-01 2013-09-29 963 0 181 69451.589 —0.005 -7.20x10°° Yes
cush p418 47.423303 —123.219685 2009-01-01 2013-09-29 970 69 190 25151.002 0.000 8.67x10°° No
p418 p430 47.236345 —123.407376 2007-04-13 2013-09-29 2950 95 180 25971.305 —0.001 -5.12x10°° Yes
p430 pal7 47.003545 —123.435823 2005-06-28 2013-09-29 3969 121 170 48857.553 —0.006 -1.15x 107" Yes
pal7 p408 46.574452 —123.297505 2005-06-30 2013-09-29 3824 169 185 42037.721 —0.002 -4.51x10°° Yes
p408 p409 46.200451 —123.376223 2005-09-08 2013-12-03 3397 211 170 40241.324 —0.003 -7.94x10°° Yes
p409 p4ll 45851314 —123.239169 2006-04-10 2013-09-29 1619 252 172 35404.390 —0.002 —6.66 x 10°° Yes
p411 p406 45537979 —123.157104 2007-04-13 2013-12-03 3077 287 181 38636.523 —0.002 -6.23x10°° Yes
p406 p376 45190386 —123.151974 2005-07-08 2013-12-03 4014 326 170 27970.244 —0.002 —6.45 x 10°° Yes
p376 Icso 44941203 —123.102266 2006-04-10 2013-09-29 1784 354 180 34102.610 —0.002 -5.04 x 10°° No
Icso hlsy 44633997 —123.106207 2007-05-16 2013-09-29 1150 388 180 28536.010 —0.004 -1.41x107 Yes
hlsy p373 44377605 —123.108683 2007-05-16 2013-09-29 1626 416 190 85800.351 —0.003 -3.68 x 10°° Yes
p373 p369 43.622157 —123.332876 2006-01-07 2013-09-29 3549 502 190 54161.381 —0.002 -3.72x10° Yes
p369 p191 43.139753 —123.429036 2007-08-14 2013-09-29 2416 556 195 97491.955 —0.002 -2.16x10°° Yes
p191 p179 42275220 —123.632060 2007-08-14 2013-09-29 2622 654 195 20082.172 —0.002 -9.59 x 10°° Yes
hlsy obec 44377605 —123.108683 2009-03-24 2013-09-29 888 416 175 34635.270 —0.008 -2.20x 107 Yes
p369 p368 43.139753 —123.429036 2007-04-13 2013-09-29 2700 556 180 70819.849 —0.005 —6.49 x 10°° Yes
p368 p191 42503331 —123.383210 2007-08-14 2013-09-29 2520 627 210 32593.770 —0.002 —6.45 x 10°° Yes
North-South-East of Cascades
p021 p453 48.674580 —118.730067 2007-01-01 2014-04-25 5655 0 175 101826.050  —0.006 —6.34 x 10°° Yes
p453 p020 47.759026 —118.745245 2007-01-01 2013-10-31 4730 102 170 85247.283 —0.006 -6.92 x 10°° Yes

p020 kahl ~ 47.002208 —118.565770 2007-05-11 2011-10-11 - 187 180 42068.551 '”Slg‘:f;e”t
kahl pndl 46641066 118557222 2010-05-24 2011-03-01 - 229 185 109499.892 '”Slg‘:f;e”t
pndl p386 45669631 —118.790797 2010-05-24 2011-03-01 436 339 185 141474.352  —0.009 —-6.59 x 10°° Yes
p386 orsl 44.402658 —118.967597 2007-08-14 2013-10-31 4319 480 200 27493.895 —0.001 —2.22x10°° Yes
orsl p392 44.164247 —119.058800 2007-08-14 2013-10-31 4448 508 180 79871.042 —0.006 -7.82x10° Yes
p392 p390 43.446599 —119.000837 2008-10-14 2013-10-31 7130 587 170 46243.085 —0.005 -1.12x107 Yes
p390 shid 43.033886 —118.928351 2008-10-14 2013-10-31 3658 634 190 129708.466  —0.011 -8.42x10°° Yes
p386 ors2 44.402658 —118.967597 2007-08-25 2013-10-29 3438 480 200 27499.105 0.005 1.89x107 Yes

Two baselines did not contain sufficient data for a trend. All the strains along this transect show shortening. The
amount of shortening decreases inland from the coast.

There are 9 baselines in the Portland transect. The measured strains range from —2.68 x 10 a* to —2.56 x
10° a %, One baseline did not contain sufficient data for a trend, and one was not a significant trend (Table 1).
The individual baseline strains along this transect are all shortening. The greatest amount of shortening occurs at
350 to 400 km from the deformation front. There are 7 baselines in the Newport transect. The measured strains
range from —1.98 x 10 " a * to —4.76 x 10 ® a*. The baseline strains nearest the deformation front are shortening,
but the baselines show extension 250 km from the deformation front. In the Cape Blanco transect, there are 97
baselines. The measured strains range from —1.79 x 10 to + 5.11 x 10°%. Three baselines did not give a signifi-
cant trend. The strains near the deformation front are shortening, and the amount of shortening increases to the
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Table 3. Data used for the strain ellipsoid determinations.

Sta}rt En_d :‘Start ) S_tart ) Start Date End Date Data Points Di'rectionn DI dli1 Average Significant
Station  Station  Latitude (°) Longitude (*) (Y-M-D) (Y-M-D) (Azimuth, °) (m) (ma™) Strain per year Trend?
Olympic Quadrangle
p401 p402 47.93705 —124.55682 1/1/2008 11/15/2011 2822 135 —0.003 26731.265 -1.30x 1077 Yes
p401 p403 47.93705 —124.55682 1/1/2008 11/15/2011 2764 66 —0.007 34031.164 -2.33x107 Yes
p402 sc03 47.766113 —124.305714 1/1/2008 11/15/2011 2778 83 —0.004 45365.495 -8.89 x 10°° Yes
p403 sc03 48.061986 —124.140421 1/1/2008 11/15/2011 2720 130 —0.007 42509.902 -1.82x 107 Yes
p401 sc03 47.93705 —124.55682 1/1/2008 12/3/2013 3445 102 0.001 65114.528 2.05x10°® Yes
p402 p403 47.766113 —124.305714 1/1/2008 11/15/2011 2764 20 —0.005 35159.696 -1.48x 1077 Yes
neah p403 48.297727 —124.624576 1/7/2006 11/15/2011 4549 126 0.001 44517.347 7.73x10°° Yes
neah p401 48.297727 —124.624576 1/1/2008 12/3/2013 3423 172 —0.003 40424.468 -9.85x 10°® Yes
Vernonia Strain Ellipse
p405 p407 45.629181 —123.643561 5/4/2007 12/3/2013 1933 329 —0.005 42514.293 -114x 107 Yes
p407 p408 45.954651 —123.930828 4/13/2007 12/3/2013 2859 57 —0.005 50853.212 -111x107 Yes
p407 p409 45.954651 —123.930828 4/13/2007 12/3/2013 2966 102 —0.007 54878.087 -1.32x 107 Yes
p408 p409 46.200451 —123.376223 9/8/2005 12/3/2013 3397 164 —0.003 40241.323 —7.94x10°® Yes
p405 p409 45.629181 —123.643561 5/4/2007 12/3/2013 2065 52 —0.001 39992.972 -2.37x10°® Yes
p405 p4ll 45.629181 —123.643561 5/4/2007 12/3/2013 5546 105 —0.002 39301.756 —-6.21x10°® Yes
p409 p4ll 45.851314 —123.239169 4/13/2007 12/3/2013 3243 169 —0.002 35404.389 —6.66 x 10°° Yes
p409 p4la 45.851314 —123.239169 1/31/2008 12/3/2013 564 92 —0.004 42503.292 -9.47 x 10°® Yes
p411 p4la 45.537979 —123.157104 1/31/2008 12/3/2013 570 47 —0.001 48974.992 —2.25x10°® No
p408 p446 46.200451 —123.376223 4/9/2008 12/3/2013 2300 104 —0.003 38541.176 -8.81x10°° Yes
p409 p446 45.851314 —123.239169 4/9/2008 12/3/2013 2370 42 —0.006 39814.448 -153x 107 Yes
pal4 p446 45.834868 —122.692838 5/13/2008 12/3/2013 472 334 —0.021 34848.061 —6.08 x 1077 Yes
SE Oregon Strain Ellipse
p390 p392 43.033886 —118.928351 10/14/2008 10/31/2013 7130 353 —0.005 46243.085 -112x107 Yes
p392 p393 43.446599 —119.000837 10/14/2008 10/31/2013 3485 105 —0.006 92982.354 —-6.52 x10°® Yes
burn p392 42.7795 —117.843529 8/14/2007 10/31/2013 4232 308 —0.007  119895.345 —6.46 x 10°° Yes
burn p390 42.7795 —117.843529 10/14/2008 10/31/2013 3391 288 —0.006 93022.909 —7.42x10°° Yes
burn p393 42.7795 —117.843529 10/14/2008 10/31/2013 3404 356 —0.004 50710.530 -9.64 x 10°® Yes
p390 p393 43.033886 —118.928351 10/14/2008 10/31/2013 3466 75 —0.004 87239.021 -4.85x10°° Yes

east until 250 km from the deformation front, where they decrease in magnitude showing a small amount of ex-
tension.

There are 9 baselines in the Coast Range North-South transect (Table 2). The measured strains range from
—2.20x 10 "a*to—2.16 x 10 ® a*. Two baselines did not give a significant trend. The strains are shortening,
with the magnitude generally decreasing to the south. There are 18 baselines in the East of Cascades transect.
The measured strains range from —1.11 x 10" a* to +1.98 x 10" a *. Two baselines did not contain sufficient
data for a trend. The strains are shortening, with less variation than the Coast Range transect. Within transects,
most of the variability is in the south.

Overall West-East lines show that strain varies in magnitude, and changes from shortening to extension be-
tween the coast and the Cascade Mountains (Table 2 and Figure 5(a)). The two north-south lines show rela-
tively uniform shortening (Table 4 and Figure 5(b)), although it is on average an order of magnitude less than
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Table 4. Principle strain directions and magnitudes. Both principle strains are shortening. Locations of the stations used for
those strains are shown in Figure 3.

Area Azimuth of Maximum Maximum Minimum Margin Perpendicular
Shortening Shortening a™ Shortening a™* Orientation to Margin
NW Olympic Peninsula 40° -152x107 -9.00x10°° 330° 60°
Vernonia, OR 70° -152 %107 -1.14 x 1077 345° 75°
SE Oregon 50° -9.50 x 10°® -5.44x10°®
Northern Olympic Transect
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Figure 5. Changes in strain along GPS station transects. All West-East transects are to the same scale, the North-South tran-
sects are an expanded scale show variation. The reader should refer to Table 1 and Table 2 for actual strain values. (a)
Changes in strain along W-E transects. Top of plot is North, bottom is South. The horizontal gridlines for any transect
represents zero strain. Line segments above a reference line represents extension (positive strain), and segments below the
line represent shortening (negative strain); (b) Changes of strain along N-S transects. Line on left is along Coast Range, and
the line on the right is to the east of the Cascade Mountains, 300 km east of the Coast Range Line. The vertical reference
lines represent zero strain. Line segments to the right of a reference line represents extension (positive strain), and segments
left of the reference line represent shortening (negative strain).

strains that are seen West-East (10 ® a* for N-S, with many W-E strains being 10 7 a ™).

The more northerly transects show extension near the coast with shortening further inland, whereas the more
southerly transects show the largest amount of shortening nearest the deformation front, with decreasing strain
to the east. Some of the more easterly strains on the Oregon transects show extension.

3.3. Strain Ellipse Results

Strains were computed for three ellipses. The Northernmost ellipse is in the Northwest of the Olympic Peninsula
(Figure 3 and Table 3). Eight baselines were used to calculate the ellipse. A second ellipse, the Vernonia ellipse,
is in the Coast Range in Northern Oregon. Here, 12 baselines were used to determine the best-fit ellipse. The
third ellipse is located in Southeast Oregon. Six baselines were used to compute the best-fit ellipse.

The West-East transects show shortening the Coast Range. In the North-South transects there is also shorten-
ing (although an order of magnitude less than West-East). This result also shows in the strain ellipse results
(Table 4), where both major axis of the ellipse represent shortening, with the maximum shortening oriented
ENE-WSW. The fact that both major axis are shortening would suggest that the material being deformed may be

O,
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reducing in volume, or thickening or that the computed ellipse is an oblique view of the actual three-dimensional
strain ellipse. The dominant strain is West-East as expected in a convergent margin and measured strain is found
to extend 450 km inland from the deformation front in the study area.

The principle strain directions in the Vernonia and Olympics ellipses are different by 30° with the Vernonia
principle shortening orientation being clockwise relative to the NW Olympic Peninsula. The orientation of the
deformation front rotates at least 15° in this area (Figure 1). Therefore the trend in the principle strain orienta-
tions remains close to perpendicular to the deformation front. In general the direction of maximum shortening is
perpendicular to the margin as expected in a convergent margin.

The SE Oregon ellipse is located NW of Burns Junction which is 450 km landward of the Cascade margin
(Figure 1). Here the ellipse is not as well defined as those computed for the Coast Range. The principle strains
are closer in magnitude and they are an order of magnitude less than those of the Coast Range. West-East strains
decline substantially east of the Cascades volcanic arc.

4. Discussion

The coastal strain ellipses indicate that the direction of maximum shortening is generally perpendicular to the
deformation front, as expected. However, the West-East transects are not as straightforward as one might im-
agine; it is generally assumed that there would more widespread West-East shortening with the amount of strain
decreasing to the East. This behavior is only seen in the four Oregon transects. The northern two transects show
extension nearest the coast with shortening further inland.

The North-South and West-East transects and the strain ellipse solutions all document both North-South and
West-East shortening. Previous studies in the northern Cascadia forearc [26] have documented North-South
shortening. The stresses in the Pacific Northwest show the principle stress direction being roughly North-South
[27]-[29]. This study shows the principle strain direction to be roughly West-East. It is unclear how these results
reconcile, but the North-South maximum stress may help explain the North-South shortening that is measured. It
is expected that the West-East principle stress would also be compressive, but it is unclear why the lesser of the
two stresses results in the greater strain.

From a hazards perspective, the strains are important because they give insights into the spatial variation of
strain energy accumulation. A suitable surrogate for looking at patterns of accumulating strain energy are the
absolute values of the strains. Following linear elastic mechanics the stored energy is proportional to the strain.
Once the principle strains (g1, &, €3) are known, the elastic strain energy is given by [30]:

e:%[l(a‘l+52+£3)2+ZG(£12+522+532)J (32)

where G and 1 are material parameters that are a function of Poisson’s Ratio (v) and Young’s modulus (E):

Ge—F and 1=— EV (3b)
2(1+v) (1+V)(1—2v)

The strains in the energy equation are all squared, so the values of the squares will be positive numbers. The
energy is proportional to the square of the absolute value of the strains, which are shown in Figure 6.

There is no way of knowing if an area of extension, for example, is increasing its stored energy or losing it to
relaxation. The same is true for areas under shortening. Which will only become apparent when the interseismic
strain is compared to change in strains in an actual earthquake. For example, if Episodic Tremor Slip (ETS) [31]
events are releasing stored energy, it is expected that the strains during an ETS event will be the opposite of the
long-term interseismic change in strain. Such ETS events might only represent the transfer of stored elastic
strain from one area to another.

The Northern Olympics transect shows that the stored energy is increasing away from the deformation front.
It reaches a maximum at 250 km from the deformation front. The Tacoma transect shows the opposite with the
amount of stored energy decreasing from the coast. The energy of the Olympic Transect is at a maximum at 250 -
300 km from the deformation front. The stored elastic energy decreases from the coast as demonstrated by
strains along the Willipa Bay, Portland, and Newport transects. The Willipa Bay and Portland Transects show an
increase in stored energy 250 km from the deformation front on the east side of the forearc valley (Willamette
Valley). The Cape Blanco transect is more similar to the Northern Olympic transect in that it shows an increase

O,
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Figure 6. Absolute value of the strain (strain magnitude). Strain energy is proportional to the abso-
lute value of strain. The lines represent the magnitude of strain energy accumulation along the tran-
sects. These plots are similar to Figure 5, and the data are from Table 1 and Table 2. The same
scale is used for all West-East transects. A constant, but different, scale is used for all the North-
South transects.

in strain energy up to 250 km from the deformation front. Due to a lack of GPS stations located in the Pacific
Ocean between the coast and the deformation front (Figure 1) the modern strains accumulating in the strongly
coupled zone [8] are not established.

5. Conclusions

The value of the description of the strain presented here is that it gives observations against which models of the
landward part of the Cascadia zone, including the transition zone, can be compared. Models should be able to
generate “expected” strains which can now be compared against observed strain patterns. A model that relies on
dislocation fit solutions should be able to account for the observed distribution of strain. The strain distribution
provides constraints for models (e.g., how far inland does the locked zone extend in a dislocation model). These
short-term strains can also tie in with longer term strain indicators, such as uplift of the Coast Range, uplift of
the western flank of the Cascades, and neotectonic features.

West-East GPS transects of station-station baselines show both shortening and extension along the same tran-
sects. The direction of principle shortening near the coast, as determined at two sites, is generally perpendicular
to the deformation front. North-South transects show shortening strains along the length of the study area. Most
West-East Transects show an increase in strain 250 km from the deformation front which represents the Western
flank of the Cascades. Many West-East Transects show a decrease in strain energy from 300 to 550 km east of
the deformation front. The pattern of strains along transects are spatially variable, possibly indicating important
asperities within the transition zone.
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