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SUMMARY

We combine new, well-determined GPS velocities from Clarion, Guadalupe and Socorro
islands on young seafloor in the eastern Pacific basin with newly estimated velocities for 26
GPS sites from older seafloor in the central, western and southern parts of the Pacific Plate
to test for deformation within the interior of the Pacific Plate and estimate the viscosity of
the asthenosphere below the plate. Relative to a Pacific Plate reference frame defined from
the velocities of the 26 GPS sites in other areas of the Pacific Plate, GPS sites on Clarion
and Guadalupe islands in the eastern Pacific move 1.2 & 0.6 mmyr~! (1o) towards S09°W +
38° and 1.9 + 0.3 mmyr~! towards S19°E & 10°, respectively. The two velocities, which are
consistent within their 95 per cent uncertainties, both differ significantly from Pacific Plate
motion. Transient volcanic deformation related to a 1993—1996 eruption of the Socorro Island
shield volcano renders our GPS velocity from that island unreliable for the tectonic analysis
although its motion is also southward like those of Clarion and Guadalupe islands. We test but
reject the possibilities that drift of Earth’s origin in ITRF2008 or unmodelled elastic offsets due
to large-magnitude earthquakes around the Pacific rim since 1993 can be invoked to explain
the apparent slow southward motions of Clarion and Guadalupe islands. Similarly, corrections
to the Pacific Plate GPS velocity field for possible viscoelastic deformation triggered by
large-magnitude earthquakes since 1950 also fail to explain the southward motions of the
two islands. Viscoelastic models with prescribed asthenospheric viscosities lower than 1 x
10'? Pa s instead introduce statistically significant inconsistencies into the Pacific Plate velocity
field, suggesting that the viscosity of the asthenosphere below the plate is higher than 1 x
10" Pass. Elastic deformation from locked Pacific—-North America Plate boundary faults is also
too small to explain the southward motions of the two islands. Horizontal thermal contraction
of the plate interior may explain the motion observed at Clarion and Guadalupe islands, as
might long-term tectonic deformation of the plate interior.
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1 INTRODUCTION

As the largest of the tectonic plates, the Pacific Plate has long been
recognized as a superb setting for geodetic studies of a broad range
of geophysical topics, including plate motions, the limits of the
rigid plate hypothesis, natural hazards and thermal cooling of the
lithosphere. Geodetic efforts to measure present-day Pacific—North
America Plate motion and estimate deformation within the Pacific
Plate began with satellite laser ranging (SLR) measurements in 1978
on the Pacific islands of Mauai and Huahine (Smith et al. 1990)

and were augmented in 1984 with very-long-baseline interferomet-
ric (VLBI) measurements on the islands of Kauai and Kwajalein
(Ryan et al. 1993). Analyses of these data detected no significant
deformation of the plate interior within their several millimetres per
year uncertainties (Smith et al. 1990; Ryan et al. 1993; Argus &
Gordon 1996).

By the mid 1990s, Global Positioning System (GPS) measure-
ments had largely supplanted SLR and VLBI measurements on the
Pacific Plate. In support of the earlier results from SLR and VLBI
data, studies of GPS observations that span longer time periods and

1878 © The Authors 2014. Published by Oxford University Press on behalf of The Royal Astronomical Society.

102 ‘6 JequenopN uo 1s9nb Aq /610°sjeulnopioxor1iB//:dny wouy papeojumoq


mailto:E-mail: ignorespaces chuck@geology.wisc.edu
http://gji.oxfordjournals.org/

Pacific Plate GPS — Part I~ 1879

Seafloor e

0 30 60 90
| |

120 150 180

Figure 1. Locations (open circles) and names of GPS sites used to study motion and deformation of the Pacific Plate. Seafloor ages are from Muller ef al.

(1997).

larger areas of the plate interior than did SLR and VLBI data also
found no evidence for significant internal deformation of the plate.
For example, results reported by Larson er al. (1997), DeMets &
Dixon (1999), Beavan et al. (2002), Tregoning (2002), Gonzalez-
Garcia et al. (2003), Marquez-Azua et al. (2004), Plattner et al.
(2007) and Argus et al. (2010) imply strain rates within the older
areas of the Pacific Plate of only 107! to 10~!° yr~!, consistent
with the low level of seismicity in the plate interior during much of
the past century (Wysession et al. 1991).

In this study, we present a new Pacific Plate GPS velocity field
that includes for the first time well-determined velocities from each
of Clarion, Guadalupe and Socorro islands (Fig. 1), the only three
locations on the eastern 40 per cent of the Pacific Plate interior
where GPS measurements are logistically feasible. The new ve-
locity field enables the strongest geodetic test to date for active

deformation across the entire ~10 000 km east-to-west expanse of
the Pacific Plate (Fig. 1), spanning seafloor ages from ~190 to 3 Ma.
We examine the consistency of the new velocity field with several
hypotheses for the sources of deformation within the plate, includ-
ing viscoelastic deformation from historic earthquakes (Pollitz ez al.
1998) and horizontal thermal contraction between young and old
seafloor (Kumar & Gordon 2009). We also use the new velocity field
to test for possible drift of Earth’s origin in the ITRF2008 geodetic
reference frame and to test whether offsets from large earthquakes
may bias the velocities estimated at some GPS sites (Tregoning
et al. 2013). In a companion paper (DeMets et al. 2014), we use the
results presented herein to revisit the important topic of how much
deformation occurs on slowly slipping, but seismically hazardous
faults in western California such as the Rinconada, Hosgri, San
Gregorio and San Simeon faults.
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Figure 2. Velocities of GPS sites on Clarion (CLAR), Guadalupe (GUAX) and Socorro (SOCO) islands and continuous GPS sites LPAZ and MSD1 corrected
for the motion of the Pacific Plate relative to ITRF2008 (Table 2). Velocity ellipses are 1o, 2-D. Map projection is oblique Mercator.

2 GPS DATA

Measurements from 29 GPS sites on the Pacific Plate are used for
the analysis. Important new data include campaign measurements
we collected in 2013 from GPS sites CLAR on Clarion Island
and SOCO on Socorro Islands in the eastern Pacific (Fig. 2), and
continuous and quasi-continuous measurements from sites in the
Austral, Gambier and Society Islands in Polynesia (labelled TBTG,
GAMB and PAPE in Fig. 1), and Chatham Island (CHTI also in
Fig. 1). The former data extend the GPS time-series on Clarion
and Socorro islands by 13 yr relative to the still-immature 3-yr-
long time-series that were previously reported by Marquez-Azua
et al. (2004). Data from the latter four sites provide much needed
redundancy in the central and southern areas of the Pacific Plate
and have not to our knowledge been used in a study such as this.

2.1 Campaign data

Clarion Island is located ~1000 km west of Mexico on 13.5-Myr-
old Pacific Plate seafloor (Klitgord & Mammerickx 1982). Socorro
Island, an active shield volcano on the extinct Mathematician rise
(Fig. 2), is located ~650km west of Mexico on ~3.2-Myr-old
seafloor (Mammerickx et al. 1988). Our GPS monuments on both
islands consist of 9-inch stainless steel pins that are epoxied into
basalt, the former in a basalt flow and the latter in a large, buried
basalt boulder. Guadalupe Island, the other island in the eastern
Pacific from which we use GPS data, is located on the extinct
Guadalupe rift, which ceased spreading at ~12.5 Ma (Lonsdale
1991). These are the only three islands on the eastern 40 per cent
of the Pacific Plate that are accessible for GPS measurements and,
moreover, are the only Pacific Plate islands that are located on
seafloor younger than 20 Myr.

The Clarion Island GPS site was occupied for 14d in 1997,
5d in 1999, 7d in 2000 and 11d in 2013, spanning 15.6 yr. The
Socorro island site was occupied for 16 d in 1997, 12 d during two
occupations in 1999, 7d in 2000 and 12d in 2013, also spanning

15.6 yr. Both sites were occupied with Trimble GPS receivers and
choke-ring or Zephyr geodetic antennas.

The velocity for station GUAX on Guadalupe Island is based on
two occupations of campaign site GAIR (in 1993 and 1999) and
4.2 yr of nearly continuous measurements at site GUAX from 2001
to 2005. Following Plattner et al. (2007), we linked the motions
of GAIR and GUAX using a precise tie that was estimated from
three days of overlapping observations at the two sites (Table 1 and
R. Malservisi personal communication, 2013). We retain the station
name GUAX for this hybrid time-series, but note that Plattner et al.
(2007) named this hybrid site GUAZ. Gonzalez-Garcia et al. (2003)
describe velocities for two other campaign sites on Guadalupe Is-
land (RGMU and GUAD); however, the data for those sites were
unavailable for this study.

2.2 Continuous data

Continuous data from the other 26 Pacific Plate stations used for our
analysis were procured from the Scripps Orbit and Permanent Array
Center (SOPAC), the National Geodetic Survey CORS archive, the
U.S. Defense Mapping Agency, Geoscience Australia, and SONEL,
an archiving facility for GPS sites that are colocated with tide gauges
(www.sonel.org). The observations span 10.1-17.3 yr for 21 of the
26 sites and 4.8—6.8 yr for the remaining sites (Table 1).

3 GPS DATA ANALYSIS, COORDINATE
TIME-SERIES AND VELOCITIES

3.1 Analysis methods

All of the GPS data described above were processed with re-
lease 6.2 of the GIPSY software suite from the Jet Propul-
sion Laboratory (JPL). Daily GPS station coordinates were
first estimated in a no-fiducial reference frame using a precise
point-positioning strategy (Zumberge et al. 1997). The analysis
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Table 1. Pacific Plate GPS site motions in ITRF2008.

Site Lat. Long. Ve Va Corr. Time
code (°N) (°E) (mm yr~1) (mm yr—!) coeff. (yr)
ASPA —14.326 189278 —63.5+03 341+£03 —0.7166 12.452
CHAT —43.956 183434 —405+03 33.0+03 0.1171  16.421
CHTI —43.736 183383 —4124+0.5 32105 0.0692 6.090
CKIS —21.201  200.199 —62.7+£04 353+£03 —0.0681 12.392
CLAR 18.341 245265 —563+08 23.7£0.6 0.0000  15.567
FALE —13.832  188.000 —63.7+£03 334+03 0.4346  16.123
GMBI —23.130  225.035 —67.5+04 32004 0.0951  10.488
GUAX! 28.884 241.710 —473+£03 246+£03 0.0106  11.959
HILO 19.719 204947 —-624+£03 356=+03 0.1881  12.896
HNLC 21.303  202.135 —62.6+03 34.6+03 0.3373  16.616
KIRI 1.355 172923 —679+03 31.3+£03 0.0548  11.501
KOK1 21.984 200.242 —62.1+£04 352+03 0.1502  11.748
KOKB 22.126 200335 —62.1£03 347403 0.1232  14.082
KWIJ1 8722 167730 —-688+0.6 29.5+0.5 0.1503 6.348
LPAZ 24.139  249.681 —-483+£05 21.1+03 0.0061  18.663
MAJU 7.119 171365 —69.0+0.5 305+04 0.0207 6.696
MAUI 20.707  203.743 —-619+£03 347403 0.1247  15.082
MCIL 24290 153979 —71.7+£03 23.8+03 —0.0563 11.148
MKEA 19.801  204.544 —-624+£03 349+03 0.0918  17.331
MSDI1 23.160 250.282 —49.8+0.5 21.9+0.6 —0.3468 5.776
NAUR —0.552 166926 —67.0£0.3 29.6+04 —0.0442 10.592
PAPE —17.533 210427 —66.6£0.5 342+04 0.0717  10.140
POHN 6.960 158210 —-702+03 26.1+£04 0.0774  10.748
SAMO —13.849  188.262 —63.8+£03 334+03 0.6439  12.586
SOCO 18.728  249.055 —-532+£08 19.5+0.6 0.0000  15.570
TAHT —17.577 210394 —658+04 343+03 0.0879  13.386
TBTG —23.342 210524 —645+0.7 337+06 —0.0323 4.430
THTI —17.577 210394 —658+£03 345+03 0.0746  15.192
TRUK 7.447 151887 —69.6+0.5 23.8+0.5 0.1142 6.819
TUVA —8.525 179.197 —63.8+£03 325+03 0.1451  12.175
UPO1 20.246  204.116 —61.5+£0.7 349+0.6 —0.1086 11.929

Notes: Uncertainties in the north and east velocity components ¥, and V, are lo.
Column 6 gives the correlation coefficient between the north and east velocity variances.
Time specifies the interval spanned by the GPS data. Site motions are given relative to
ITRF2008. 1 - Time-series for GUAX consists of 3-d and 5-d occupations of campaign
site GAIR in 1993 and 1999, respectively, and continuous observations at GUAX from
2001 to 2005. The GAIR and GUAX time-series are linked via a site tie determined
from 3 d of simultaneous occupation of the two sites, as follows: X = —5111.162 £+
0.003 m, ¥ = —5371.582 + 0.007 m and Z = —14004.189 + 0.003 m (R. Malservisi

personal communication, 2013).

incorporated constraints on a priori tropospheric hydrostatic
and wet delays from Vienna Mapping Function (VMF1)
parameters (http://ggosatm.hg.tuwien.ac.at), elevation- and az-
imuthally dependent GPS and satellite antenna phase center
corrections from IGSO08 ANTEX files (available via ftp from
sideshow.jpl.nasa.gov), FES2004 corrections for ocean tidal load-
ing (http://holt.oso.chalmers.se) and resolution of phase ambiguities
via GIPSY’s single-station ambiguity resolution feature.

Daily seven-parameter Helmert transformations from JPL
were used to transform all daily no-fiducial GPS station po-
sitions to IGSO8, a GPS-based terrestrial reference frame for
which geodetic station velocities map identically into ITRF08
(www.geodesy.noaa.gov/CORS/coords.shtml). For reader conve-
nience, we refer hereafter to the more widely used ITRFO8
(Altamimi e al. 2011) when we describe the relevant geodetic
reference frame. Day-to-day variations in the Pacific Plate station
coordinates average 2.2 and 2.4 mm (1o') in the northing and easting
components, respectively.

Best-fitting site velocities (Table 1) and offsets caused by earth-
quakes or other factors such as GPS hardware changes (Table
S1) were estimated via a weighted linear regression of the station

position time series. The 2009 September 29 M,, = 8.0 Tonga trench
earthquakes (Beavan et al. 2010; Lay et al. 2010) triggered strong
transient deformation at GPS stations ASPA, FALE, SAMO and
TUVA, and the 2011 March 11 M,, = 9.0 Tohoku-Oki earthquake
(Miyazaki et al. 2011) triggered strong post-seismic deformation at
site MCIL. To avoid complications introduced by their post-seismic
deformations, we estimated the velocities at those five sites solely
from the observations that preceded these earthquakes.

Uncertainties in all of the site velocities are estimated using the
method of Mao et al. (1999), which uses information about the
length of a station time-series and the magnitudes of its white,
flicker and random walk noise to estimate realistic site velocity
uncertainties. Estimates for the magnitudes of white and flicker
noise are taken from our post-processing software. We assume that
random walk noise averages 1 mm (\/}Tr)*1 at all the sites.

3.2 Clarion and Guadalupe Island coordinate time-series

Fig. 3 shows the daily 3-D station position estimates for the Clarion
Island GPS site for 1997-2013 reduced by the motion of the Pacific
Plate. The four site occupations are consistent with linear station
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Figure 3. Evolution of daily 3-D positions, 1993—2013, for GPS sites CLAR, GUAX and SOCO on Clarion, Socorro and Guadalupe islands, respectively.
Changes in the site latitudes (a) and longitudes (b) are reduced by the motion of the Pacific Plate predicted at each site location (see text), leaving only the
movement of each site relative to the plate interior. Panel (c) shows variations in the site elevations. Circles indicate the site positions estimated from 24 hr or
less of GPS observations. Solid lines show the slopes that best fit each station’s coordinate time-series. The best-fitting site rates and their 1o uncertainties,

both in units of millimetres per year, are listed within parentheses.

motion and reveal 15 mm of southward movement relative to the
plate interior during the 15.6 yr spanned by the data (Fig. 3a). Due to
the long period spanned by the data and the presence of only 2 and
3 mm of scatter in the east and north components of the daily site

positions, the estimated 1o site velocity uncertainties are relatively
small, £0.6 and +-0.8 mmyr~! in the north and east components,
respectively (Table 1). The site elevations we estimated for each of
the four occupations are remarkably consistent (Fig. 3¢), indicating
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that our antenna height measurements were reliable and that the
antenna phase centres were modelled correctly. By implication, the
estimated horizontal components for the station location are also
reliable. No significant vertical movement occurred between 1997
and 2013.

The daily positions of the well-behaved GPS sites GAIR/GUAX
on Guadalupe island change linearly during the 12 yr spanned by
the observations (Fig. 3) and are scattered by only 1.3 and 1.1 mm
in their north and east components relative to the monthly average
positions. The site velocity uncertainties, 0.4 and £0.3 mm yr~' in
the north and east components, respectively (Table 1), are smaller
than the velocity uncertainties for the campaign site on Clarion
Island site, as expected given that the site on Guadalupe Island ran
continuously for ~3 yr.

3.3 Socorro Island coordinate time-series and volcanic
deformation

Between 1997 and 2013, the GPS site SOCO on Socorro Island
moved 55 mm to the south and 30 mm to the east relative to the
Pacific Plate interior (red circles in Fig. 3), several times more than
was measured at nearby Clarion Island during the same 15.6-yr-long
period. The site elevations record slow subsidence of the site during
the same period (Fig. 3c), similar to the vertical motion measured
at a nearby DORIS site (Fig. 4c).

From weekly DORIS measurements between early 1990 and mid
2005 at a beacon located only 750 m from GPS site SOCO, Briole
et al. (2009) conclude that the motion of the DORIS beacon is
strongly influenced by volcanic deformation associated with the
Socorro Island shield volcano. In particular, after correcting the
motion of the DORIS beacon for movement of the Pacific Plate,
Briole et al. (2009) find that the DORIS beacon moved ~300 mm to
the northwest and subsided by ~300 mm between 1993 and 1996,
during a 3-yr-long submarine eruption that was focused ~15km
northwest of the beacon (see inset to Fig. 4). Between 1996 and
2002, the DORIS monument reversed its motion and moved directly
away from the 1993-1996 submarine eruption (red arrow in map
inset of Fig. 4). Briole et al. (2009) interpret this as evidence for re-
inflation of the magma chamber that was vacated by the 1993—-1996
eruption.

In late September of 2002, the DORIS weekly solutions reveal a
sudden, ESE-directed ~100 mm horizontal offset (Fig. 4) that was
not associated with an earthquake, a known eruption, or any change
in hardware at the site (Briole et al. 2009). The offset initiated
another reversal in the direction of site motion, such that the DORIS
beacon began moving back towards the 1993—1996 eruption centre
(Fig. 4). Although the observations reported by Briole et al. (2009)
end in mid 2005, we procured and augmented their time-series
with additional weekly solutions that continued until the beacon
failed in late 2009 (http://ids-doris.org and Willis et al. 2010). The
updated position time-series shows a steady continuation of the
motion measured after the offset in September of 2002, consisting
of slow subsidence (Fig. 4c) and horizontal motion towards N65°W
(blue arrow in map inset of Fig. 4). We interpret the slow subsidence
and movement of the DORIS beacon towards the eruption center
during this period as evidence for deflation of the magma chamber
or possible viscoleastic deformation associated with the 1993—-1996
eruption.

Although our GPS measurements at SOCO are too infre-
quent to detect the transient deformation that is indicated by the
weekly DORIS solutions (Fig. 4), the SOCO position time-series is

Pacific Plate GPS — Part I 1883

nonetheless consistent to first-order with the deformation measured
by the nearby DORIS beacon. We thus infer that the GPS site is also
influenced by discharge and recharge of magma beneath the shield
volcano and exclude measurements from SOCO from our ensuing
analysis of plate-scale deformation.

4 RESULTS

Our analysis is presented in multiple stages. We first invert the
velocities of all 26 GPS sites from the central, southern and western
areas of the Pacific Plate to find their best-fitting angular velocity
and evaluate the residual velocity field for evidence of possible
distributed deformation within the Pacific Plate. We then determine
the motions of Clarion and Guadalupe islands relative to the newly
defined Pacific Plate reference frame and test five hypotheses for
their apparently significant motions. Three of these postulate that
the slow movements of the two sites are artifacts of possible errors
in our estimate of the Pacific Plate angular velocity due to possible
slow drift of Earth’s geocentre in ITRFO08, small but cumulative
elastic offsets from large-magnitude earthquakes around the Pacific
rim (Tregoning et al. 2013), or viscoelastic deformation triggered
by large-magnitude earthquakes within and near the Pacific basin
since 1950 (Pollitz et al. 1998). We also test whether elastic plate
deformation due to locked plate boundary faults in the Gulf of
California or distributed tectonic deformation across some or all of
the several thousand km of oceanic lithosphere that separates the
two islands from the rest of the Pacific Plate might explain the slow
motions of Clarion and Guadalupe Islands.

4.1 Best-fitting angular velocity and residual site motions

Using fitting functions described by Ward (1990), we inverted the
velocities and uncertainties for 26 continuous GPS stations from
the central, western and southern Pacific Plate to find their best-
fitting Pacific Plate angular velocity and its uncertainties (Table 2).
The new Pacific-ITRFO8 angular velocity fits the station velocities
well (Figs 5, 6, and 7) and confirms the good fits reported by pre-
vious authors from earlier realizations of the Pacific Plate velocity
field (e.g. Larson et al. 1997; DeMets & Dixon 1999; Beavan et al.
2002; Marquez-Azua et al. 2004; Plattner et al. 2007). The weighted
rms misfits for the new angular velocity are 0.44 and 0.41 mm yr~!
for the north and east velocity components, respectively, consistent
with the average misfits that are suggested by a visual examination
of the residual velocities (red arrows in Fig. 7b). The least-squares
misfit normalized by the degrees of freedom (i.e. x2,) is 1.36,
indicating that the velocity misfits are 17 per cent larger on aver-
age than the estimated velocity uncertainties. Below, we investigate
whether any of several possible a priori corrections to the 26 site
velocities reduces the misfits such that x2, is closer to its expected
value of 1.0.

Fig. 6 shows the misfits of the new best-fitting angular velocity
for all 26 Pacific Plate sites and sites CLAR, GUAX and SOCO as a
function of location (Fig. 6a) and seafloor age (Fig. 6b). Excluding
the latter three sites, whose misfits are discussed in the following
section, only one of the 26 site velocities, that for site CHTI, is misfit
by more than 1 mmyr~! (Fig. 7d). An examination of the regional
velocity misfits (Figs 7c—f) suggests that Micronesia is the only
region where the misfits exhibit a semi-coherent pattern (Figs 6a
and 7f). There, five of the seven velocity misfits, all for sites located
on the oldest seafloor in the Pacific, include a northward component
(Fig. 7f). As a test, we inverted the velocities from the seven sites
in Micronesia separately from 19 velocities for sites elsewhere on
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Figure 4. Evolution of daily 3-D positions, 1997-2013, for GPS site SOCO (red circles) and weekly positions for DORIS site SODB (gray circles), both
on Socorro Island. Changes in the site latitudes (a) and longitudes (b) are reduced by the motion of the Pacific Plate predicted at each site location. Black
lines best fit the GPS station coordinates. Blue lines best fit the weekly DORIS solutions, including a sudden offset in late September of 2002 (marked by the
vertical arrows). Inset map of Socorro Island shows the estimated location (diamond) of the 1993—1996 submarine eruption (Briole ef al. 2009) and-fitting best
velocities from 1996 to 10/2002 from Briole ef al. (2009) and 10/2002 to late 2009 (this study).

the Pacific Plate to find best-fitting angular velocities for each data 66.7). The more complex, two-plate model improves the fit at the
subset. We then compared the summed, least-squares misfit for the 97.5 per cent confidence level, which we consider to be marginally
two angular velocities (x> = 54.8) to the misfit for the angular significant. The average motion of the seven Micronesian sites with

velocity that simultaneously best fits all 26 site velocities (x> = respect to the remainder of the Pacific Plate is 0.6 & 0.4 mm yr™!
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Table 2. Best-fitting Pacific Plate angular velocity.
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x> Angular velocity

Covariances

Wy wy, wz

Oy Oy 02 Oxy Oz 0yz

136 —0.001946  0.005117  —0.010536

5.27 1.32 1.27 094 008 0.13

Notes: The best-fitting angular velocity specifies Pacific Plate motion relative to ITRF2008 and is
determined from 26 of the 29 GPS site velocities from Table 1, excluding the velocities for sites
CLAR, GUAX and SOCO. x2, is the weighted least-squares fit normalized by the degrees of freedom.
The Cartesian components of the angular velocity, which have units of radians per Myr, correspond to
an angular velocity of 62.544°S, 110.817°E 0.680° per Myr. The covariances, which are propagated
linearly from the GPS site velocity uncertainties, have units of 10~ radians® per Myr?.

towards N20°W =4 30° (95 per cent limits). In Sections 4.5 and 4.6,
we test whether this slow northward movement might be a regional
elastic or viscoelastic response to large historic earthquakes.

Due to the vast area that is spanned by the 26 Pacific Plate
site velocities and the small uncertainties in the site velocities, the
best-fitting angular velocity is well determined. The small angular
velocity covariances (given in Table 2) propagate into formal 1o un-
certainties of only 0.1 mm yr~! and 4-0.1° in the linear velocities
that are predicted at most locations in and around the Pacific basin.
The formal angular velocity uncertainties almost surely understate
the actual uncertainties because they exclude sources of possible
systematic biases in the GPS site velocities described later.

4.2 Evidence for anomalous motions of Clarion and
Guadalupe islands

Relative to the Pacific Plate, Clarion Island moves 1.2 4 0.6 mm yr*1

towards S09°W =+ 38° and Guadalupe Island moves 1.9 =+
0.3 mm yr~! towards S19°E =% 10° (Figs 2 and 7a). GPS site SOCO
on Socorro Island moves 4.3 & 0.7 mmyr~! towards S29°FE &+ 10°
relative to the plate interior (Fig. 2), more rapidly than but in the
same direction as the sites at CLAR and GUAX. Evidence described
in Section 3.3 indicates that SOCO’s motion is affected by volcanic
deformation; its velocity is thus discounted in the analysis later.
We evaluated the statistical significance of the motions of Clarion
and Guadalupe islands relative to the plate interior via an F-ratio
comparison of the fits of one-plate and two-plate models (Stein &
Gordon 1984) to the velocities for the 26 Pacific Plate sites
and CLAR and GUAX. We first jointly inverted the velocities
of CLAR, GUAX and the 26 Pacific Plate sites to find their
best-fitting angular velocity and its weighted least-squares misfit
(x> = 100.0). We then inverted the two velocity subsets sepa-
rately to find their best-fitting angular velocities and summed misfit
(x> = 67.9). A comparison of the two misfits using the F-ratio
test gives /' = 7.9. For 3 degrees of freedom versus 50 degrees of
freedom, the probability is only 0.002 per cent that the superior fit
of the two-plate model is a random outcome of fitting the obser-
vations with 3 additional parameters. The motions of Clarion and
Guadalupe islands relative to the Pacific Plate are thus significant
at the 99.99 per cent confidence level. We note that the velocities of
the two sites are estimated from GPS measurements that were made
at different times and at locations that are separated by 1225 km. It
therefore seems unlikely that the motions of both sites relative to
the plate interior could be an artifact of correlated errors in their
estimated velocities due to correlations in one or more of the various
sources of noise that can affect estimates of GPS station positions.
As an extra precaution, we tested how the uncertainties that we
assigned to the velocities for sites CLAR and GUAX influence the
significance level of their apparent motions relative to the Pacific

Plate. In general, the velocity uncertainty for a site with a long time-
series (such as sites CLAR and GUAX) depends primarily on the
magnitude of the random-walk noise that affects its position time-
series (Mao et al. 1999). As a test, we doubled to 2 mm (,/yT)~" the
random-walk noise that we assumed when estimating uncertainties
for sites CLAR and GUAX. This roughly doubled their estimated
velocity uncertainties. We then repeated the one- versus two-plate
test described in the previous paragraph. Even with these more con-
servative uncertainties, the two-plate model improves on the fit of
the one-plate model at the 99 per cent confidence level. The motions
of sites CLAR and GUAX relative to the plate interior are thus still
statistically significant even if more pessimistic uncertainties are
assigned to both site velocities.

The slow southward motions of sites CLAR and GUAX relative
to the plate interior are unexpected given that both islands should be
relatively immune to earthquake cycle effects and distributed defor-
mation associated with the Pacific—North America Plate boundary,
which is ~450 km or more east of the islands. Although GPS sites in
the nearby Baja California peninsula also move slowly to the SSE-
to-SE (e.g. sites LPAZ and MSD1 in Fig. 2), their motions are more
easily attributed to detachment of the Baja sliver Plate from the Pa-
cific Plate and complexities associated with nearby plate boundary
faults (Dixon et al. 2000; Plattner et al. 2007).

We next test a series of hypotheses for the slow motions of sites
CLAR and GUAX relative to the plate interior.

4.3 Effect of unmodelled geocentral translations

All realizations of the international terrestrial reference frame
(ITRF) include uncertainties in the motion of Earth’s centre of
mass (Argus 1996; Heki 1996), such that every realization of ITRF
suffers from some drift of Earth’s origin that maps one-to-one into
systematic biases in GPS site velocities. For example, a hypotheti-
cal  mm yr~! drift of Earth’s origin along the positive Z-axis would
impart a ~1 mm yr~! vertical (upward) bias to geodetic sites at high
northern latitudes and a systematic ~1 mm yr~! north-directed bias
in the velocities of GPS sites at or near the equator. For large plates
such as the Pacific Plate, these location-dependent biases in GPS
site velocities may degrade estimates of plate angular velocities
and give rise to apparent internal plate deformation where none
exists.

Realizations of ITRF are designed in part to minimize drift of
Earth’s origin (e.g. Altamimi ef al. 2002). For example, from a
simultaneous inversion of geodetic, gravity, and ocean bottom pres-
sure observations, Wu et al. (2011) estimate that origin drift in
ITRFO08, the geodetic frame of reference used in this study, is —0.4 =
0.1, —=0.2 & 0.1 and —0.5 & 0.2 mmyr~" in the X, ¥ and Z direc-
tions, respectively. Although these are small in relation to tectonic
plate motions of tens of millimetres per year or more, they are large
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Figure 5. Observed (circles) and predicted (red lines) velocities at Pacific Plate GPS sites relative to ITRF08. Predicted velocities are from the best-fitting
angular velocity in Table 2, which is determined from 26 of the 29 GPS site velocities in Table 1 excluding only the velocities of sites CLAR, GUAX and
SOCO in the eastern Pacific. The colour coding indicated in the legend defines geographic site groupings that are used in the text and later figures. Arrows on
the inset globe show the GPS station velocities relative to ITRF08. The dotted lines on the inset globe are small circles that are spaced every 20 angular degrees
from the Pacific-ITRFOS rotation pole (Table 2); these define the angular distances that are indicated on the horizontal axes of (a) and (b). (a) Component of
GPS site motion parallel to the small circles around the best-fitting pole (the tangential component). (b) Radial component of GPS site motion, defined as the
component of a site’s motion towards (negative values) or away from the pole. Vertical bars in (a) and (b) show the 1o site velocity uncertainties. Shaded areas

show the 95 per cent velocity prediction uncertainties.

enough to potentially affect our interpretation of the movements of
Clarion and Guadalupe islands, which are only 1-2 mm yr~! relative
to the Pacific Plate interior.

We therefore tested whether some or possibly all of the slow
southward motions of sites CLAR and GUAX relative to the plate
interior might be artifacts of possible drift of Earth’s origin in
ITRF08. We corrected the Cartesian velocity components of all
28 Pacific Plate GPS sites, including CLAR and GUAX, by the
ITRFO8 origin drift values estimated by Wu et al. (2011). We
then inverted 26 of the 28 modified station velocities (excluding

CLAR and GUAX) to estimate a new angular velocity for the Pacific
Plate. The least-squares misfit for the 26 modified velocities, x> =
65.3, is modestly smaller than for the 26 unmodified site velocities
(x> = 66.9) and the WRMS misfits for the two sets of velocities
differ negligibly. With respect to the modified frame of reference,
sites CLAR and GUAX move even more rapidly towards the south,
at respective rates of 1.6 & 0.6 and 2.1 & 0.3 mmyr~!, than was
previously the case. The Wu ef al. corrections thus strengthen the
evidence for significant motions of CLAR and GUAX relative to
the plate interior.
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Figure 6. (a) Residual GPS site velocities determined by subtracting the Pacific Plate velocity predicted at each site (Table 2) from the observed station velocity
in ITRFO8 (Table 1). Black arrows show residual velocities for the 26 GPS stations that were used to estimate the best-fitting Pacific Plate angular velocity in
Table 2. White arrows show the residual motions of the Clarion, Guadalupe, and Socorro Island GPS sites. Ellipses show the 2-D, 1o velocity uncertainties.
The seafloor age colour scale is shown in Fig. 1. (b) Residual motions of Pacific Plate sites from (a) as a function of the age of the seafloor on which each GPS
site is situated. Dotted ellipses show the 2-D, 1o uncertainties. Arrow are colour coded based on geographic groupings defined in the legend to Fig. 5(a).

We also evaluated a range of other estimates for origin drift in
ITRFO08 to determine whether any reduces the misfit to the 26 Pacific
Plate velocities and reduces or eliminates the apparent motions of
sites CLAR and GUAX. Inversions of the 26 Pacific Plate GPS

station velocities using all possible permutations of hypothetical
origin drift values between —1.0 and 1.0 mm yr~! for the X-, Y- and
Z-axes failed to produce any combination of assumed drift values
that significantly reduces both the residual velocities of CLAR and
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GUAX and the least-squares misfit to the 26 Pacific Plate GPS
station velocities.

We conclude that the movements of Clarion, Guadalupe or So-
corro islands relative to the Pacific Plate are not artifacts of possible
drift of Earth’s origin in ITRF08.

4.4 Interseismic elastic effects of faults in the Gulf of
California

We next tested whether elastic deformation due to interseismic cou-
pling of Pacific—North America Plate boundary faults ~450 km or
more east of Guadalupe and Clarion islands may affect the motions
of'the two islands. We constructed a homogeneous elastic half-space
model in which we embedded vertical strike-slip faults that repro-
duce the geometry of the Pacific-North America Plate boundary in
the Gulf of California and southern California (23°-35°N). For a
long-term fault slip rate of 48 mmyr~' (DeMets et al. 2010) and
assumed fault locking depth of 10 km, the half-space model predicts
a southeast-directed elastic slip deficit of 0.2 mm yr~! at Guadalupe
Island and a slip deficit less than 0.1 mm yr~! at Clarion Island, both
relative to the Pacific Plate. Increasing the prescribed fault locking
depth to 20 km increases the predicted elastic slip deficit at GUAX
to 0.3 mmyr~'.

The predicted elastic slip deficits are too small to explain the
observed southward motions of Guadalupe and Clarion islands,
although elastic deformation could be responsible for as much as
0.3mmyr~! of the 1.9 & 0.3 mm yr~' motion observed at GUAX.

4.5 Coseismic elastic effects of large-magnitude Pacific
basin earthquakes

Tregoning et al. (2013) propose that the cumulative effects of large
earthquakes in the Indian Ocean and Pacific basin may degrade
velocity estimates at distant GPS sites by enough to influence the
realization of a plate reference frame, even if the offset caused by
any one earthquake is too small to detect within the noise that is
typical of most continuous GPS position time-series. From forward
calculations of the elastic offsets that were caused by seventeen
M,, >8 earthquakes since 2000, they demonstrate that those earth-
quakes have perturbed GPS site velocities across most of Earth’s
surface by 0.1-0.3 mm yr~!, including locations throughout the Pa-
cific basin.

If Tregoning et al.’s hypothesis is correct, then the velocities
we estimate for some or possibly all of the 29 Pacific Plate GPS
stations that are used in this study are biased to varying degrees by
coseismic offsets that were ignored while estimating the GPS site
velocities. It follows that correcting the position time-series of the
29 stations for the effects of these earthquakes prior to estimating
the site velocities should yield a set of corrected site velocities with
a smaller rms scatter relative to the predictions of their best-fitting
angular velocity than for the uncorrected site velocities.

We therefore calculated coseismic offsets at all 29 GPS sites
listed in Table 1 for all 17 earthquakes that were considered
by Tregoning et al. (2013) (http://rses.anu.edu.au/geodynamics/
Great_earthquake_deformation/) and applied the offsets at each
GPS site while re-estimating its best-fitting velocity. Doing so
changed the velocities at 26 of the 29 GPS sites by less than
0.1 mmyr~!, too small to affect any of our results. The velocities
of only three of the 29 sites changed at levels comparable to their
assigned uncertainties, namely, sites ASPA, SAMO and TRUK. The
velocities at ASPA and SAMO changed by 0.3 mmyr~' upon cor-
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Figure 8. Comparison of velocity misfits from an inversion of Pacific Plate
GPS site velocities that were derived from coordinate time-series that were
corrected for calculated offsets from M > 8 Pacific basin earthquakes (red
arrows) and misfits for the best-fitting Pacific Plate angular velocity (black
arrows) from Table 2. Further details are given in Section 4.5.

recting their time-series for the coseismic offset from the M = 8.1
09.29.2009 Samoa earthquake. The velocity for TRUK changed
by 0.4mmyr~' due to coseismic offsets from the M = 8.0 2000
November 16 New Ireland earthquake and the M = 9.3 2004 Decem-
ber 26 Sumatra earthquake. Our results validate Tregoning et al.’s
assertion that individual site velocities may be affected at levels
close to their assigned uncertainties.

An inversion of the corrected velocities for the 26 Pacific Plate
sites gives reduced chi-square (x?,) of 1.33, corresponding to
WRMS misfits of 0.45 and 0.39mmyr~! for the north and east
velocity components, respectively. For comparison, our inversion
of the uncorrected velocities (Section 4.1) gives x2, of 1.36 and
respective north and east WRMS velocity misfits of 0.44 and
0.41 mmyr~'. A visual comparison of the residual fits for the orig-
inal and offset-corrected velocities (red and black arrows in Fig. 8,
respectively) shows that the principal improvements in fit are at sites
POHN and TRUK in Micronesia, where the fits improved by 0.2 and
0.3 mm yr~!, respectively. In Micronesia, where the original residual
site velocities include a slow but significant northward component
of motion (Section 4.1 and Fig. 7f), the modified residual velocities
(red arrows in Fig. 8) still include a significant northward compo-
nent, albeit at a modestly lower significance level (94.8 per cent)
than was the case for the uncorrected velocities (97.5 per cent).

The improvement in fit upon correcting the GPS velocity field
for the effects of distant earthquakes, though small, validates the
concept that coseismic effects of distant earthquakes that are too
small to discriminate from the noise in GPS coordinate time-series
can nonetheless have a cumulative effect that is large enough to
warrant a priori corrections to GPS coordinate time-series.

In a Pacific Plate frame of reference that is defined by an in-
version of the 26 site velocities that are corrected for earthquake
offsets, the GPS sites on Clarion and Guadalupe islands move 1.2 +
0.6 mmyr~! towards S11°W 4 37° and 1.8 & 0.3 mmyr~! towards
S18°E & 10°. These differ insignificantly from the residual veloc-
ities that were determined without any corrections for earthquake
offsets (compare red and black arrows at Clarion and Guadalupe
Islands in Fig. 8). The southward motions of the two islands relative
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to the plate interior are thus robust with respect to corrections for
the elastic effects of large earthquakes.

4.6 Viscoelastic effects of large-magnitude earthquakes
from 1950 to present

Pollitz et al. (1998) propose that a series of large subduction earth-
quakes between 1952 and 1965 along the Alaska, Aleutian and
Kuril-Kamchatka trenches triggered viscoelastic relaxation of the
asthenosphere below the Pacific Plate, resulting in transient defor-
mation as fast as several millimetres per year until at least the late
1980s throughout much of the Pacific and Arctic basins. To test their
hypothesis, Pollitz et al. used rupture locations and slip solutions
for twelve large-magnitude Pacific basin earthquakes between 1952
and 1986 to predict the evolution of viscoelastic deformation in the
Pacific and Arctic basins through the mid-1990s. They concluded
that a viscosity of 5 x 10'7 Pas for the asthenosphere below the
Pacific Plate is the most consistent with the spatiotemporal evolu-
tion of seismicity in western North America and the eastern Arctic
Basin. In support of this conclusion, they found that correcting
the geodetic velocities of sites on four mid-Pacific islands for the
viscoelastic deformation corresponding to an asthenospheric vis-
cosity of 5 x 10'7 reduced by 75 per cent the variance of those
velocities with respect to their best-fitting Pacific Plate angular
velocity.

Based on their encouraging results, we investigated whether vis-
coelastic deformation of the Pacific Plate provides a useful frame-
work for understanding our new GPS velocity field, including the
hard-to-explain southward motions of Clarion and Guadalupe is-
lands relative to the plate interior. Between 1950 and early 2014, 40
earthquakes with moment-magnitudes of 8 or larger occurred close
enough to the Pacific basin to cause possible viscoelastic deforma-
tion within the basin, including five earthquakes with magnitudes
equal to or larger than 9 (Table 3 and Fig. 9). We compiled a coseis-
mic slip solution for each earthquake and used Visco-1D (version 3)
(Pollitz 1997) to estimate viscoelastic deformation at daily intervals
for each earthquake from the time of the earthquake to the present
at locations throughout the Pacific basin (including each GPS site
in Table 1).

We test Pollitz et al.’s hypothesis as follows. If the viscoelastic
surface deformation that is predicted for a series of earthquakes
and a prescribed mantle viscosity structure is approximately cor-
rect, then a well-distributed set of Pacific Plate GPS site velocities
that are corrected for the viscoelastic deformation and inverted to
find their best-fitting angular velocity should have a smaller WRMS
misfit than for the uncorrected GPS site velocities. Several factors
complicate such a test. In particular, the mantle viscosity structure
and rheological behaviour that are required for the viscoelastic cal-
culation are imperfectly known, as are the earthquake slip solutions,
which include the depth, location and extent of a rupture and the
direction and magnitude of slip along the fault. The former are im-
portant and are discussed in the following section. The latter are less
important for our analysis because most of the GPS sites we use are
located hundreds to thousands of kilometres from the earthquakes
for which we estimate viscoelastic deformation. At these distances,
the viscoelastic response is well approximated from the first-order
attributes of a coseismic slip solution, including its moment, its
rupture location and extent, and its average rake. The viscoelastic
effects of local variations in the magnitude and/or rake of slip along
the fault plane are attenuated at large distances from an earthquake
and can be ignored for this analysis.

4.6.1 Prescribed viscoelastic models

We estimate viscoelastic deformation using the layered ‘Rheol-
ogy 1’ viscoelastic structure for oceanic lithosphere and mantle
described by Pollitz et al. (2006). This consists of an elastic litho-
sphere from the surface to a depth of 62 km, a Maxwell rheology
asthenosphere between depths of 62 and 220 km, and Maxwell-
rheology upper and lower mantles with respective viscosities of
10?° and 10?' Pas. The top and bottom depths for the asthenosphere
correspond approximately to the limits determined from indepen-
dent analyses of seismic data (Gaherty et al. 1996; Tan & Helm-
berger 2007). The mantle density structure follows that of PREM
(Dziewonski & Anderson 1981) and the asthenopheric viscosities
that we evaluate (5 x 10'7, 3 x 10" and 1 x 10" Pas) span the
viscosity range estimated by Hirth & Kohlstedt (1996) for olivine
aggregates in the presence of water at temperatures and pressures
in the upper oceanic mantle (see also Pollitz e al. 1998).

We do not estimate deformation for two other mantle rheologies,
namely, the biviscous Burger body rheology described and used
by Pollitz et al. (2006) to model transient, near-field deformation
after the 2004 Sumatra and 2005 Nias earthquakes or the power-law
rheology successfully used to describe transient deformation after
the 1992 Landers, 1999 Hector Mine and 2002 Denali earthquakes
(Freed & Burgmann 2004; Freed et al. 2006; Freed et al. 2010).
These rheologies are tailored to simulate both the rapid post-seismic
deformation that occurs within weeks to years of an earthquake and
the slower deformation that persists for years or decades afterwards.
In this study, GPS observations that exhibit rapid transient post-
seismic deformation are excluded from our data and most of our
GPS stations are located thousands of kilometres from seismically
active areas (Fig. 9). Our observations are well suited for detecting
long-term deformation that should be well approximated by the
simpler Maxwell rheology that we employ. They are poorly suited
for discriminating between alternative mantle rheologies, which are
better tested with observations that are close to a given earthquake
in both space and time.

4.6.2 Example: effect of My, = 9.2 1964 Alaska earthquake

Figs 10(a)—(c) show predictions of the viscoelastic deformation
from the 1964 M = 9.2 Alaska earthquake, the largest earthquake to
occur on a Pacific Plate boundary since 1950, for asthenospheric vis-
cosities of 5 x 10'7,3 x 10'® and 1 x 10'° Pas. For convenience, we
depict the predicted viscoelastic deformation as velocities averaged
over a twenty-year period from 1994 to 2014, spanning most of the
period of modern GPS measurements. As expected, the directions
of surface deformation at locations south of the 1964 earthquake
rupture zone generally point northward towards the rupture zone,
representing viscous flow in the mantle (dominantly within the low-
viscosity asthenosphere) that relaxes stress that propagated slowly
outward from the rupture zone during the years and decades after the
earthquake. The predicted velocities range from several millimetres
per year for an asthenospheric viscosity  of 5 x 10'7 Pas to less
than 0.2mmyr~! forn =1 x 10" Pas.

The black and red arrows in Fig. 10(d), respectively show the
original GPS station velocities relative to the Pacific Plate and
the same velocities after correcting for the viscoelastic velocity
perturbation calculated for the asthenospheric viscosity of 5 x
10'7 Pa's (shown in Fig. 10a). The latter velocities were determined
in three stages. We first subtracted the daily viscoelastic deforma-
tion predicted at each GPS site from each GPS site’s observed daily
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Table 3. Earthquake information for viscoelastic modelling.

Date My, M, Lat. Long. Reference

(Mo.Dy.Yr) (dyne cm) (°N) (°E)

11.04.1952 9.0 3.5 x 10¥ 52.76 160.06 Kanamori (1976)
03.09.1957 8.6 88 x 1028 51.63 —175.41 Johnson & Satake (1993)
11.06.1958 84 44 x 103 4438 148.58 Fukao & Furumoto (1979)
05.22.1960 9.5 2.0 x 103 —3829  —73.05 Fujii & Satake (2013)
10.13.1963 8.6 7.5 x 10?8 445 149.5 Kanamori (1970)
03.27.1964 92 7.5 x 10 61.0  —147.63 Kanamori (1970)
02.24.1965 8.7 1.4 x 10% 51.40 179.56  Beck & Christensen (1991)
10.17.1966 83 29 x 10% -1092  —78.79 Beck & Ruff (1989)
05.16.1968 83 2.8 x 1028 40.84 143.22 Kanamori (1971)
08.11.1969 83 22 x 10% 43.18 147.48 Abe (1973)
07.14.1971 81 1.2 x 10%8 —5.52 153.90 Schwartz et al. (1989)
07.25.1971 82 1.8 x 1028 —4.89 153.18 Schwartz ef al. (1989)
06.17.1973 79 6.7 x 107 43.05 145.76 Shimazaki (1974)
10.03.1974 81 1.5 x 10?8 —1239  —77.66 Beck & Ruff (1989)
12.12.1979 83 29 x 102 160  —79.36 Beck & Ruff (1984)
03.03.1985 8.1 1.5 x 1028 -33.14  —71.76 Mendoza ef al. (1994)
09.19.1985 8.1 1.5 x 102 18.18  —102.57  Mendoza & Hartzell (1989)
05.07.1986 8.1 13 x 1028 5141 —174.83  Hwang & Kanamori (1986)
05.23.1989 8.1 1.4 x 102 —52.34 160.57 Velasco et al. (1995)
10.04.1994 83 2.6 x 10% 43.37 147.66  Kikuchi & Kanamori (1995)
07.30.1995 83 2.4 x 1028 —2334  —70.26 Pritchard ez al. (2002)
10.09.1995 7.9 7.5 x 10%7 19.05 —104.21 Hutton ez al. (2001)
12.03.1995 83 3.1 x 10%8 44.62 149.32 Shao & Ji (1995)°
02.17.1996 83 2.7 x 102 —0.92 136.98 Henry & Das (2002)
11.152000 81 12 x 10% —3.99 152.26 Geist & Parsons (2005)
06.23.2001 85 63 x 1028 —1638  —73.50 Pritchard ez al. (2007)
09.26.2003 82 22 x 1028 41.78 144.08 Koketsu ef al. (2004)
12.23.2004 8.2 2 x 10%8 —49.33 161.42 Tregoning et al. (2013)
12252004 92 6.5 x 10%° 3.30 95.98 Banerjee et al. (2007)
03.28.2005 87 1.1 x 10% 2.05 97.06 Banerjee et al. (2007)
05.04.2006 80 1.1 x 10% —20.09 —174.22 Tang et al. (2008)
11.15.2006 85 5.0 x 10%8 46.59 153.27 Lay et al. (2009)
01.13.2007 83 2.6 x 1028 46.24 154.52 Lay et al. (2009)
04.01.2007 82 1.9 x 10% —8.47 157.04 Furlong ef al. (2009)
08.15.2007 82 1.1 x 1028 —1335  —76.51 Sladen et al. (2010)
09.12.2007 85 5.0 x 1028 —4.44 101.37 Konca et al. (2008)
09.29.2009! 8.1 1.4 x 10% —1596 —172.84 Beavan et al. (2010)
09.29.2009> 8.0 1.0 x 102 —1551 —172.16 Beavan ef al. (2010)
02272010 88 1.7 x 10% —36.12  —72.90 Lorito ef al. (2011)
03.11.2011 9.0 3.8 x 10¥ 38.30 142.37 WI2/K13*

Notes: Columns labelled ‘Lat.” and ‘Long.” give the earthquake epicentral coordinates. Complete
information about the slip solution for each earthquake is found in the supplementary documen-
tation. 1 — Thrust faulting sub-event for the 09.29.2009 Tonga trench earthquake. 2 — Normal
faulting subevent for the 09.29.2009 Tonga trench earthquake. 3 — The Shao and Ji slip solution
is located at http://geol.ucsd.edu/faculty/ji/big_earthquakes/1995/12/smooth/1995kuri.html. 4

- See Wang et al. (2012) (W12) and Kyriakopoulos et al. (2013) (K13).

positions. We then regressed the modified position time-series to
find its best-fitting velocity. Finally, we inverted the modified ve-
locities for all 26 Pacific Plate GPS stations to find their best-fitting
angular velocity and its corresponding misfits (i.e. the residual GPS
site velocities). Correcting the present-day GPS velocity field for
the viscoelastic effect of the 1964 Alaska earthquake assuming an
asthenospheric viscosity of 5 x 10'7 Pa s increases the WRMS mis-
fit to 0.97 mmyr~! relative to that for the original GPS velocities
(0.60mmyr~') and increases the apparent southward motions of
sites CLAR and GUAX relative to the plate interior. The correction
thus makes the velocity field more inconsistent.

We next expand the analysis to all 40 earthquakes in
Table 3 in order to test rigorously whether the Pacific Plate velocity
field contains resolvable information about viscoelastic deforma-

tion and whether some or all of the southward motions of the GPS
sites on Clarion and Guadalupe islands is attributable to viscoelastic
deformation,

4.6.3 Summed viscoelastic effects

Fig. 11 shows the cumulative viscoelastic deformation averaged
between 1994 and 2014 for three assumed asthenospheric vis-
cosities and two possible groupings of the 40 earthquakes. One
group consists of all 25 earthquakes that occurred on the bound-
aries of the Pacific Plate. By definition, the stress pulses that mi-
grate towards the plate interior from these earthquakes neither pass
through any mantle beneath a mid-ocean ridge nor encounter a
subducting slab. They should thus be relatively unaffected by any
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Figure 9. Locations of all 280 fault patches (blue and red squares) that are used to estimate the viscoelastic deformation shown in Figs 11(b), (d) and (f). Red
symbols show the fault patches that were used to determine net viscoelastic deformation from earthquakes along only the Pacific Plate boundaries (Figs 11a, ¢
and e). Black circles show locations of GPS sites from Fig. 1. Further information about the earthquakes is given in Table 3.

variations or discontinuities in the viscoelastic mantle that are re-
lated to these features. The second group consists of all 40 earth-
quakes in Table 3, including 15 earthquakes that occurred in the
Indian Ocean, the far western Pacific, or along the Peru-Chile trench
and Mexico subduction zone. The stress pulses that migrated out-
ward from those earthquakes encountered one or more subducting
slabs or the mantle below the East Pacific Rise, with unknown ef-
fects on the viscoelastic response.

The globes in the left- and right-hand columns of Fig. 11, respec-
tively show the cumulative viscoelastic deformation for the earth-
quakes from these two groups. The predicted deformation patterns
are sensitive to both the assumed viscosity of the asthenosphere
and the group of earthquakes that are used for the calculation. For
example, for earthquakes only from the Pacific Plate boundaries,
the deformation velocities that are predicted for an asthenospheric
viscosity of 5 x 10! Pas (Fig. 11a) range from 2 to 5mmyr!
and point dominantly to the NNW. These reflect the large cumu-
lative moment release of the 1964 Alaska earthquake and addi-
tional effects of large-magnitude Aleutian, Kamchatka, and Kuril
trench earthquakes since the 1950s (Pollitz et al. 1998). In contrast,
the deformation pattern for all 40 earthquakes varies significantly
with location, particularly for an asthenospheric viscosity of 5 x
10" Pas (Fig. 11b). Viscoelastic deformation in the southeastern
Pacific is dominated by eastward relaxation towards the M,, = 9.5
1960 Chile earthquake, whereas deformation in the central and west-
ern Pacific is a complex superposition of the viscoelastic effects of
the 1964 Alaska earthquake, the large Aleutian-Kuril-Kamchatka
earthquakes in the 1950s and 1960s, and the more recent 2004 M,,
= 9.2 Sumatra and 2011 M,, = 9.0 Tohuku earthquakes.

As expected, much slower deformation is predicted for higher
viscosities of n = 3 x 10'® Pas (Figs 1lc and d) and n = 1 x
10" Pas (Figs 1le and f) than by the lowest viscosity model.
The higher viscosity models also predict a different deformation
pattern. At higher viscosities, the predicted deformation is de-
termined mainly by the summed viscoelastic responses for the
1960 Chile and 1964 Alaska earthquakes, whereas the defor-
mation attributable to the more recent 2004 Sumatra and 2011

Tohuku earthquakes is still small as of mid 2014. In contrast, all
of the largest earthquakes contribute significantly to the cumulative
deformation for the lowest viscosity model because of the more
rapid asthenospheric viscoelastic response. Interestingly, the pre-
dicted relaxation directions for the two highest viscosity models
are nearly orthogonal for the two groups of earthquakes (compare
panels C to D and E to F in Fig. 11). Sufficiently accurate geode-
tic observations might eventually discriminate between these two
possibilities.

4.6.4 Tests of proposed models

We tested the consistency of each of the six viscoelastic models
depicted in Fig. 11 with the Pacific Plate GPS velocity field as
follows. For each of the six models, we subtracted the daily defor-
mation predicted by the relevant viscoelastic model from the daily
GPS position time-series for each of the Pacific Plate GPS sites. We
then determined a new, best-fitting site velocity for each corrected
GPS position time-series and inverted the corrected site velocities
to find their best-fitting Pacific Plate angular velocity. Finally, we
compared the least-squares misfit for each model to the misfit for
the 26 original Pacific Plate GPS velocities (Fig. 12).

Both models that correspond to asthenospheric viscosities of 5 x
10" Pas fit the velocities poorly. Values of x2, from inversions
of the GPS velocities that were either modified for the effects of
all 40 earthquakes or for the 25 Pacific basin earthquakes are 16.6
and 9.4, respectively, corresponding to respective weighted rms
misfits of 2.8 and 1.5mmyr~'. For comparison, x2, and WRMS
from the inversion of the 26 original GPS site velocities are 1.36
and 0.60 mm yr—!, respectively. The increases in the least-squares
misfits for both models are significant at confidence levels far above
99.99 per cent.

For an assumed viscosity of 3 x 10'® Pas, the WRMS misfits for
both groups of earthquake are 50 per cent higher than the WRMS
misfit to the original 26 site velocities (Figs 12a,b,f). The degra-
dation in the fits is most apparent at the GPS sites in the western
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Figure 10. Average velocities from 1994 to 2014 for the horizontal viscoelastic deformation triggered by the M = 9.0 1964 Alaska earthquake for assumed
asthenospheric viscosities of (a) 5 x 1017 Pas, (b) 3 x 10'8 Pasand (c) 1 x 10'? Pas. Frame of reference is an undeforming Pacific Plate interior. (d) Velocities
of GPS sites relative to the Pacific Plate absent any correction for assumed viscoelastic deformation (black arrows — also see Fig. 6) and after correcting for
transient viscoelastic deformation from the 1964 Alaska earthquake predicted for an assumed asthenospheric viscosity of 5 x 10'7 Pass (red arrows). Sections
4.6.1 and 4.6.2 describe in more detail the prescribed viscosity structure and the method for correcting the GPS coordinate time-series for the predicted

viscoelastic deformation.

Pacific, where the viscoelastic corrections introduce velocity field
inconsistencies that were not present in the original velocity field
(compare Figs 12a and b to Fig. 12¢). In addition, the motions of
Clarion and Guadalupe Islands relative to the plate interior are also
faster than for the original velocity field. The increases in misfit
associated with both models are significant at levels much greater
than 99.99 per cent.

For an assigned viscosity of 1 x 10'° Pass, the misfits to the Pacific
Plate site velocities are also larger than for the unmodified velocity
field (Figs 12c¢, d and f), but are smaller than the misfits associated
with the lower viscosity of 3 x 10' Pas (Fig. 12f). The small
differences between the fits for the unmodified velocities and those
modified assuming an asthenospheric viscosity of 1 x 10" Pas
(Fig. 12f) are unsurprising given the slow viscoelastic deformation
rates that are predicted for this viscosity (Figs 11e and f).

We conclude that our new Pacific Plate GPS velocity field is
highly inconsistent with a long-term asthenospheric viscosity as low
as 5 x 10" Pas and is also inconsistent with an assumed viscosity
of 3 x 10'8 Pas. That the WRMS misfit to the original, unmodified
GPS velocity field becomes worse upon applying the velocity field
corrections for any of the three asthenospheric viscosities described
above suggests that the long-term viscosity of the asthenosphere
below the Pacific Plate is higher than 1 x 10'° Pas. This agrees
well with an independent estimate of ~10'° Pas for the viscosity
of oceanic asthenosphere based on fitting of depth anomalies along
the East Pacific Rise and Australia—Antarctic Discordance (Buck
et al. 2009). Both argue against the existence of long-term, long-
wavelength viscoelastic perturbations of geodetic velocity fields in
oceanic regions, at least at levels presently detectable with GPS
measurements.
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Figure 11. Average velocities from 1994 to 2014 of the horizontal viscoelastic surface deformation for three assumed asthenospheric viscosities n and two
possible earthquake groupings, consisting of either all the earthquakes listed in Table 3 and shown in in Fig. 9 or only those earthquakes from the boundaries
of the Pacific Plate (red squares in Fig. 9). The velocity at a given grid node is determined by summing the daily viscoelastic motion predicted at the node for
each earthquake during the period 1994 January 1 and 2014 January 1. Differences between the patterns for the six models are discussed in Section 4.6.3.

4.7 Testing for tectonic deformation within the Pacific
Plate

Finally, we considered alternative geometries for the Pacific Plate
that include a deforming zone that subdivides the plate into two

smaller, non-deforming plates. We defined seven alternative two-
plate geometries that are based on plausible groupings of the 28
GPS sites on the Pacific Plate and compared the relative fits of these
geometries from inversions of the GPS velocities. These included
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Figure 12. GPS site velocities relative to the Pacific Plate (a—¢) and WRMS misfit summary (f). Globes (a) and (b) show residual GPS site velocities after
correcting the Pacific Plate GPS velocity field for viscoelastic deformation calculated for an assumed asthenospheric viscosity of 3 x 10'8 Pas. Globes (c) and
(d) similarly show residual velocities for an assumed asthenospheric viscosity of 1 x 10'. In (a) and (c), corrections are made only for the 25 Pacific basin
earthquakes indicated by the red symbols in Fig. 9. In (b) and (d), corrections are made for all 40 earthquakes in Table 3 and Fig. 9. Globe (e) shows the GPS
velocities relative to the Pacific Plate interior absent any correction for viscoelastic deformation (also see Fig. 6). Panel (f) summarizes the WRMS misfits for
the residual velocities shown in Globes (a) to (¢). The WRMS misfits for corrections that are based on an assumed asthenospheric viscosity of 5 x 10!7 Pas
are not shown, but are 2.8 and 1.5 mm yr~! for the two earthquake groupings (Section 4.6.4), much worse than for the other five models.
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one geometry already described and tested above (Section 4.2),
in which the velocities for Clarion and Guadalupe islands in the
eastern Pacific basin are fit separately from the velocities of the 26
sites elsewhere on the Pacific Plate.

Of the seven two-plate geometries that we tested, only one passes
the F-ratio test for an additional plate at the 99 per cent confidence
level, namely, the geometry that isolates Clarion and Guadalupe
islands from the remaining 26 Pacific Plate sites. Distributing
~1mmyr~! of deformation across the 4000-9000km distances
between Clarion/Guadalupe islands and the remaining Pacific Plate
sites would require an intraplate strain rate of only ~2 x 1071

strain yr—!.

5 DISCUSSION

Our new GPS velocity field imposes useful new limits on strain rates
within the Pacific Plate. The 26 Pacific Plate sites whose velocities
are used to estimate the Pacific Plate angular velocity (Section 4.1)
span a maximum distance of 9000 km in any direction and are all
located on seafloor older than 30 Myr. Their WRMS velocity misfit
of 0.6 mmyr~! implies an approximate 1o limit of 7 x 10! yr~!
for strain rates within the areas of the Pacific Plate that are older than
~30 Myr. The low strain rate agrees well with estimates for other
plates (Gordon 1998) and is consistent with the low rate of seismicity
within the Pacific Plate during the past century (Wysession et al.
1991).

The motions of Clarion and Guadalupe Islands, which move with
an average weighted velocity of 1.7 0.5 mm yr~! towards S17°E +
11° relative to the plate interior, give an upper (95 per cent) limit of
~2 x 1071 yr~! for intraplate strain along a great circle that spans
the Pacific Plate from east to west (Fig. 1). Their southward motions
towards older seafloor in the southern and central Pacific suggest that
intraplate strain is predominantly contractional and south-to-north.
Any east—west contractional (or extensional) component across the
Pacific is below the resolution of our velocity field.

Horizontal thermal contraction that accompanies cooling of
oceanic plates may explain the southward motions of Clarion and
Guadalupe islands (Kumar & Gordon 2009). Widely accepted as the
cause of age-dependent seafloor subsidence (e.g. Parsons & Sclater
1977; Stein & Stein 1992), conductive cooling of oceanic plates
may also cause measurable, isotropic horizontal seafloor contrac-
tion given a large-enough expanse of young seafloor such as exists
in the eastern Pacific basin (Kumar & Gordon 2009). In particu-
lar, an integration of age-dependent, thermal contractional strain
rates along a 9000-km-long great circle that follows a ~5-Myr-old
seafloor isochron west of the East Pacific and Pacific-Antarctica
rises suggests that young seafloor in the eastern Pacific basin adja-
cent to North America could move several millimetres per year to
the south relative to older seafloor in the southern Pacific (Kumar &
Gordon 2009).

The southward movements of Clarion and Guadalupe Islands
(e.g. Fig. 2) are qualitatively consistent with ridge-parallel con-
traction of young seafloor along the East Pacific Rise and Pacific—
Antarctic rise, as predicted by Kumar & Gordon (2009). A more
rigourous determination of the expected rate and direction of ther-
mal contraction at 12.5-Myr-old Guadalupe Island and 13.5-Myr-
old Clarion Island will require modeling of the 2-D pattern of ther-
mal contraction for the whole Pacific Plate based on its dimensions,
geometry and seafloor age distribution. Such a calculation is beyond
the scope of this paper.

6 CONCLUSIONS

Our synthesis of new and existing observations from Clarion,
Guadalupe and Socorro islands, the only three locations on the
Pacific Plate where GPS observations sample the motion of seafloor
younger than 20 Myr, yields several useful new results. Weekly po-
sitions from 1993 to late 2009 of a DORIS beacon located only
0.75km from our GPS site on Socorro Island indicate that the site
motion is dominated by transient volcanic deformation associated
with a 1993-1996 eruption of the island’s shield volcano (Fig. 4).
By implication, our Socorro Island GPS site velocity is unsuitable
for tectonic studies. In contrast, measurements that span 15.6 yr at
Clarion Island and 12.0 yr at Guadalupe Island, which are separated
by 1225 km, give remarkably similar velocities (Figs 2 and 3) that
differ at high confidence level from the motions expected if they
moved with the Pacific Plate. With respect to plate motion that is
defined from the velocities of 26 stations that are well distributed
in the central, southern, and western Pacific, the average weighted
velocity for Clarion and Guadalupe islands is 1.7 £ 0.5 mmyr™!
towards S17°E &£ 11°.

Tests of alternative hypotheses for the apparent motions of both
islands, including possible drift of Earth’s origin in ITRFO08, the
influence of fault locking along the Pacific-North America Plate
boundary, possible biases in our GPS site velocities due to un-
modelled, small offsets from large earthquakes since 2000, and
viscoelastic deformation from 40 M > 8 earthquakes in and near
the Pacific basin since 1950, all fail to explain the southward mo-
tions of Clarion and Guadalupe islands relative to the Pacific Plate
interior and in some cases degrade the fit of a best-fitting angular
velocity to the new Pacific Plate velocity field. Our viscoelastic
modelling strongly excludes viscosities lower than 1 x 10" Pas
for the asthenosphere below the Pacific Plate over time scales of
several years or longer; stated differently, we find no evidence
for long-wavelength viscoelastic perturbations in the present-day
Pacific Plate GPS velocity field from large historic earthquakes at
an approximate threshold of 0.3—0.5 mm yr~!.

The southward motions of Clarion and Guadalupe islands are
qualitatively consistent with the expectation that horizontal thermal
contraction of the Pacific Plate should include a contractional com-
ponent parallel to the East Pacific and Pacific—Antarctic rises, such
that young seafloor adjacent to western North America should move
southward towards older seafloor in the southern Pacific (Kumar &
Gordon 2009). Our results call for a more rigourous test of this
hypothesis. Alternatively, the motions of Clarion and Guadalupe
islands may be caused by slow, distributed intraplate deformation
due to tectonic forces. Misfits within areas of the Pacific Plate that
are spanned by the 26 GPS sites whose velocities define its motion
suggest an approximate 95 per cent upper bound on the intraplate
strain rate of 1 x 107'* yr~!, comparable to that estimated for other
plate interiors.
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