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zone ruptured with left-lateral displacements in each event along the northern margin of the South
Orkney micro-continent near 60°S. Slip distributions for the two events are determined using teleseismic
body and surface wave recordings along with constraints from GPS ground motion recordings at station

Keywords: BORC on Laurie Island (South Orkney Islands), just south of the SSRT. The aftershock distributions,
Scotia Plate earthquakes high-frequency back-projections, and unconstrained body wave finite-fault inversions permit significant
strike-slip faulting overlap of the 2003 and 2013 slip zones; however, the GPS static displacements resolve differences in
finite-fault models the large-slip regions of the two ruptures. The 2013 earthquake sequence along the SSRT initiated with
fault asperities My 6.1 (November 13) and My, 6.8 (November 16) foreshocks located ~50 km west of the mainshock

high-rate GPS hypocenter, and had aftershocks extending ~250 km eastward. The rupture spread primarily eastward at

~2.5 km/s with a total rupture duration of about 120 s, with two distinct patches of large-slip located
northwest and northeast of the South Orkney Islands. The rupture swept past BORC, with high-rate GPS
(HRGPS) ground motion recordings capturing the time-varying slip history of the faulting. Traditional GPS
data require that the largest-slip region of the shorter rupture in 2003 is located in the gap NNE of BORC
between the two patches that ruptured in 2013. There appears to be some overlap of lower slip regions.
The complementary slip distributions comprise a relatively uniform offset along this portion of the SSRT,
which is one of the most seismically active regions of the entire Antarctic plate boundary.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction from southern South America and the Antarctic Peninsula dur-

ing the past ~6-40 Ma. The eastern margin of the Scotia plate is

Reconstruction of Scotia plate tectonic evolution includes a the East Scotia Ridge (ESR). The ESR is an active back-arc spread-

complicated tectonic history dating back to ~120 Ma, when frag-  ing ridge associated with subduction of the South American plate

mentation of Gondwanaland initiated differential motion between beneath the South Sandwich plate along the South Sandwich sub-

the South America and Antarctic plates (Dalziel et al, 2013).  quction zone (Fig. 1). The North and South Scotia Ridge transforms

Subsequent seafloor spreading within what is now the Scotia (NSRT and SSRT), now trending roughly EW for ~1000-1500 km,

plate dispersed and stretched continental fragments separated formed at ~20-30 Ma, and are closely associated with spread-

ing of the West Scotia Ridge (WSR), which ended ~6.6 Ma. These

boundaries contain a mix of continental and oceanic crust (Civile
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Fig. 1. Large earthquakes around the Scotia Plate with tectonic structures (after Dalziel et al., 2013). Gray circles indicate epicenters of My, > 7.0 events from 1900 to 1975
from PAGER-CAT (Allen et al., 2009). Gray focal mechanisms for 1970 and 1971 events are from Pelayo and Wiens (1989) and that for the 1929 event is from Okal and
Hartnady (2009). Brown focal mechanisms are global Centroid Moment Tensor (gCMT) solutions for My, > 6.5 events from 1976 to 2014 plotted at the USGS/NEIC epicenters.
The red mechanisms are the gCMT solution for the November 17, 2013 My, 7.8 and August 4, 2003 M,, 7.6 events. Arrows indicate the plate motion directions and rates
relative to a fixed Scotia Plate computed using model MORVEL (DeMets et al., 2010). Relative to the Scotia plate, the Antarctic Plate is moving at ~6-7 mm/yr eastward with
minor tensional obliquity along the South Scotia Ridge transform (SSRT), and the South American Plate at ~8-9 mm/yr westward with minor compressional obliquity along
the North Scotia Ridge transform (NSRT). The purple curves indicate subduction zones; orange lines show transforms and fracture zones; double red lines indicate the active
spreading centers; and black double lines show extinct spreading centers. The West Scotia Ridge (WSR) and the Phoenix Ridge (Livermore et al., 1994, 2000) ceased spreading
at approximate 6.5 Ma and 3.3 Ma, respectively. The East Scotia Ridge (ESR) initializes at ~9 Ma B.P,, and its spreading rate is estimated to be ~6-7 cm/yr (Smalley et al.,
2007; Thomas et al., 2003). The red box indicates the main study region (Fig. 8). Other abbreviations: CT, Chile Trench; SFZ, Shackleton Fracture Zone; SST, South Shetlands
Trench; SSMP, South Shetlands microplate; SSP, South Sandwich Plate.

Kinematics of the Scotia plate, determined from magnetic html) and our own W-phase inversions noted below indicate left-
lineations, earthquake slip vectors, transform azimuths, gravity lateral strike-slip displacements on faults striking 97°-102° and

anomalies, and GPS crustal velocities indicate that, with its inter- dipping 36°-63° southward for both events (Figs. 1 and S3). There
nal structure now stabilized, the Scotia plate essentially serves as a are two unusual and surprising aspects of the earthquake: the
large shear zone between the South America and Antarctic plates. shallow dip of the strike-slip faulting suggests reactivation of a

The SSRT and NSRT, with left-lateral motions of ~6-7 mm/yr and thrust fault which may have formed due to compression from past
~8-9 mm/yr respectively, partition the total relative movement convergence or continental fragmentation along the SSRT, and the
between the two large plates (DeMets et al., 2010; Forsyth, 1975; short apparent time for re-rupture of the segment of the plate
Pelayo and Wiens, 1989; Livermore et al., 1994; Smalley et al., boundary that failed in 2003 (Vallée and Satriano, 2014). We ana-
2007; Thomas et al., 2003). The SSRT is the most seismically active lyze the rupture characteristics of these two large events to quan-
portion of the entire Antarctic plate boundary, having experienced tify the slip distribution and faulting processes along this complex
about ten My, 7+ events since 1908, whereas less seismicity and plate boundary.

few large events have been recorded on the NSRT (Figs. 1, S1,

S2 and S3). The NSRT and SSRT continue eastward past the ESR 2. Rupture characteristics of the 2003 and 2013 events

forming the northern and southern boundaries of the “D” shaped

South Sandwich plate. The NSRT continuation turns southward and The first-order characteristics of the faulting processes for the
changes into the South Sandwich trench (SST) on the north, while two large South Scotia Ridge earthquakes are determined using
the SSRT continuation bifurcates into the SST from the south and long-period point-source solutions, back-projection of short-period
a further eastward continuation to form a strike-slip boundary be- teleseismic P wave recordings, and surface wave directivity analy-
tween the Antarctic and South America plates. Additional large sis for globally recorded digital seismograms.

events are found on the continuation of the SSRT on the bound-

aries between the Antarctic and the South Sandwich and South 2.1. Long-period point-source solutions

American plates.

On November 17, 2013 (09:04:55 UTC, 60.27°S, 46.40°W; USGS- The long-period point-source moment-tensor best-double-
NEIC), an My 7.8 strike-slip earthquake occurred on the SSRT; the couple solutions from gCMT and our W-phase inversions for both
largest earthquake yet recorded along this plate boundary. The August 4, 2003 and November 17, 2013 events are listed in Ta-
rupture initiated about 150 km west of the previous largest earth- ble 1. The W-phase inversions use three-component long-period
quake, an M,y 7.6 event on August 4, 2003 (04:37:23 UTC, 60.57°S, signals in the 1.67-5.0 mHz pasband from 29 stations with 50 to-
43.50°W; USGS-NEIC). The eastern half of the 2013 aftershock zone tal channels for the 2003 event, and 28 stations with 53 total
overlaps that of the 2003 event (Fig. S1). Inversions of long-period channels for the 2013 event. Centroid depths less than 16 km
seismic waves from gCMT (http://www.globalcmt.org/CMTsearch. are preferred for both events in the W-phase inversions. The
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Table 1
Long-period point-source solutions.
Event Type My Centroid time Depth Strike Dip Rake
(N-m) (s) (km) (°) (°) (°)
08/04/2003 Scotia event gCMT 2.73 x 10%0 224 15.0 101 36 -23
W-phase 1.85 x 1020 15.0 15.5 103 63 —32
11/17/2013 Scotia event gCMT 5.82 x 10%0 455 23.8 102 44 3
W-phase 6.45 x 1020 44.4 115 97 46 -3
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Fig. 2. Constraints on rupture velocity and rupture length from P wave back-projection. Teleseismic P waves (top panel inset) in the frequency band from 0.5 to 2.0 Hz from
large networks (top panel) of stations in the Americas (gold) and Australia (AU) (blue), with the threshold of cross-correlation coefficient for the signals in inset of top panel
of 0.6, were used to image the space-time history of coherent high frequency seismic radiation from the November 17, 2013 M, 7.8 Scotia earthquake. The time-integrated
power stacked on a source region grid from each network is shown in the lower panels relative to the mainshock epicenter (red star) and aftershock sequence (black
circles). The time sequences of peak beam power are shown in the central panels. The darker blue and light purple colors indicate higher power of coherent energy release
with eastward rupture expansion for over 250 km in the images from both networks. A rupture velocity of ~2.0-2.5 km/s is estimated from the space-time history of
high-frequency radiation (see supplementary Fig. S4). Supplementary animations, Movies S1 and S2, show the time varying images throughout the rupture process for each
network. The green triangles in the map show the location of the GPS sites used for calibrating the co-seismic HRGPS recording at BORC.

¢CMT and W-phase solutions are very consistent for the 2013
event but differ by 27° in dip for the 2003 event. Differences in
predicted W-phase waveforms and following fundamental mode
surface wave arrivals are small for the range of dips listed in Ta-

ble 1, so we prefer the gCMT dip for the 2003 event because more
data are available for that inversion. Very steep dips, as might be
expected for strike-slip events, are not consistent with the long-
period data.
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Fig. 3. The distribution of coherent teleseismic high-frequency (0.5-2.0 Hz) P wave energy obtained by deconvolving the P wave back-projection images from networks in
the Americas and Australia (AU) by the corresponding array response functions at 1 Hz for the November 17, 2013 M, 7.8 Scotia earthquake (a and b) and August 4, 2003
My, 7.6 Scotia earthquake (c) constrained to rupture along the plate boundary (dashed black line). This procedure results in images of discrete bursts of coherent-energy
radiation in time and space that are free of the smearing created by the array limitations. The networks used for the 2013 event are shown in Fig. 2, and the network in the
Americas used for the 2003 event is shown in (d). The size of circles in (a), (b) and (c) indicates the relative amplitude after deconvolution, color-coded with the time after
origin time. The dashed red box emphasizes the relative location of the coherent energy release of the 2013 and 2003 events. A rupture velocity along the plate boundary of

~2.0-3.0 km/s, is estimated for the 2013 event (see supplementary Fig. S5).

2.2. Back-projection analysis

Teleseismic short-period, 0.5-2.0 s, P wave recordings for the
November 17, 2013 event from two large networks of stations
in Australia (AU) and the Americas (Fig. 2) are used for back-
projections to estimate the rupture speed (V) and length follow-
ing the procedure described by Xu et al. (2009). While there are
some differences in the back-projections for the two networks,
both produce images with two loci of coherent short-period ra-
diation eastward from the hypocenter. The first patch of radiation
was released from 10-50 s after the origin time as the rupture ex-
tended ~100 km to the east and the secondary patch was released
from ~70-100 s after the origin time as the rupture continued
eastward another ~150-250 km (Fig. 2, Supplementary Anima-
tions S1, S2). There is a gap between the two regions of coherent
short-period emissions. The AU data indicate somewhat longer du-
ration of source radiation, with coherent energy out to ~130 s.
The space-time patterns of the short-period radiation indicate a
rupture velocity of about 2.0-2.5 km/s (Fig. S4). The image from
the AU network is spatially less-well resolved overall in the north-
south direction than that from the Americas, but provides better
east-west separation of the two patches of strong radiation due
to more favorable imaging geometry, and both images are blurred
by typical network response distortion of the back-projection. Joint
back-projection was not performed because the signal energy dis-
tribution differs for the events due to radiation pattern and differ-
ent depth phase interference effects.

To suppress the blurring effects from the network limitations,
we perform an iterative deconvolution of the back-projection im-

ages by the corresponding array response functions for a 1 s
period impulse, constraining the solution to lie along the SSRT
boundary. This deconvolution procedure follows that of Lay et al.
(2009), and provides a parsimonious characterization of the coher-
ent short-period space-time energy release. The resulting images
of the discrete coherent-energy distribution (Fig. 3) are qualita-
tively similar to the initial back-projection images, but differences
between the two network images are reduced. Estimates of the
rupture velocity using the along-boundary length are in the range
2.0-3.0 km/s (Fig. S5). The total duration of radiation is about
120 s, with the deconvolved images favoring rupture extending to
—41°W, about 300 km eastward from the epicenter, somewhat be-
yond the 250 km extent of the aftershocks (Fig. S1).

We apply the same procedure to the August 4, 2003 earth-
quake using short-period (0.5-2 s) P recordings from stations in
the Americas (Fig. 3(d)), giving the deconvolved distribution of
coherent high-frequency radiation locations shown in Fig. 3(c).
This image suggests bi-lateral rupture expansion with a total rup-
ture length of ~80-100 km. The rupture velocity is not well
constrained, but 2.5 km/s is consistent with the data. Compar-
ison of the images for the 2003 and 2013 events from the
Americas network indicates strong overlap between the east-
ern portion of the 2013 event and the 2003 event (Fig. 3).
The westernmost short-period radiation for the 2003 event does
lie in the gap between the main high-frequency radiation re-
gions for the 2013 event. The image for the 2013 event ex-
tends eastward of the 2003 image, suggesting that the 2013 rup-
ture managed to propagate across the 2003 failure zone. These
back-projection images are generally compatible with results in
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Fig. 4. Effective source time functions (normalized) for R1 Rayleigh waves and G1 Love waves for the November 17, 2013 M,, 7.8 Scotia earthquake, plotted as a function of
directivity parameter, gamma = cos(¢ — ¢;)/V, for a rupture azimuth ¢, of 98° and azimuth of station ¢, assuming phase velocities V of 4.0 km/s (R1) and 4.6 km/s (G1).
Each source time function is obtained by deconvolving the group-velocity windowed surface waves by corresponding point-source synthetics from normal model summation
using the global Centroid moment tensor source. This removes most propagation effects and allows azimuthal patterns in the source functions to be analyzed for rupture
directivity. The red lines are predicted source functions from our preferred finite fault model (Fig. 5(a)) at corresponding azimuths. The black dash lines indicate the estimation
of the rupture length and rupture velocity. The source functions narrow toward the east due to the eastward rupture directivity.

Vallée and Satriano (2014) and those posted on the IRIS website
(http://www.iris.edu/spud/backprojection). Given the limited reso-
lution of the back-projections, and the uncertain relation between
slip and coherent short-period radiation (Lay et al., 2012), we can-
not confidently establish whether the 2013 event re-ruptured the
large-slip area of the 2003 event using back-projection analysis,
but the 2013 rupture certainly at least bracketed the 2003 rupture.

2.3. Surface wave directivity analysis

To provide further constraint on the rupture directivity, we de-
convolve global, teleseismic group-velocity-windowed R1 Rayleigh
waves and G1 Love waves for the November 17, 2013 M,, 7.8
earthquake by point-source normal-mode synthetic seismograms
computed using the gCMT moment tensor for the PREM Earth
model, following the method described by Ammon et al. (2006).
The resulting propagation-corrected surface wave source time
functions (STFs), aligned using the directivity parameter assum-
ing an along-plate boundary rupture azimuth of 98°, show an
approximately linear trend for the total durations and two primary
intervals of large moment rate (Fig. 4). This supports the strong

unilateral eastward rupture expansion. The STF total durations
range from about 60-180 s and about 70-180 s for R1 and G1,
respectively. The estimated rupture length is ~240-250 km, and
the rupture velocity is ~2.5 km/s, assuming a unilateral rupture
model and reference phase velocities of 4 km/s for R1 and 4.6 km/s
for G1. These results are compatible with the back-projection es-
timates. The STFs show some variations that suggest non-uniform
slip, and provide first-order long period source characteristics that
we use to constrain the finite-fault modeling below.

3. Finite-fault modeling

Finite-fault rupture models for the August 4, 2003 and Novem-
ber 17, 2013 South Scotia Ridge earthquakes are obtained by
inverting teleseismic broadband P and SH wave ground displace-
ments in the passband 0.005-0.9 Hz (Figs. S6, S7). We use the
least-squares kinematic inversion method with positivity con-
straint for constant rupture expansion velocity (V;), specified fault
geometry, and subfault source time functions parameterized by
several overlapping triangles developed by Kikuchi and Kanamori
(1991). We modify the code to allow for several fault segments
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Fig. 5. Forward modeling predictions of 1-Hz sampled GPS ground motion recordings for the November 17, 2013 M, 7.8 Scotia earthquake (a) and static displacement offsets
for the August 4, 2003 M, 7.6 Scotia earthquake (b) at station BORC on Laurie Island (South Orkney Islands) (Figs. 5, 9). The red curves are the predicted displacement from

our preferred finite fault models (Fig. 7).

with different geometries and rupture parameters to explore the
complex rupture process of the 2013 event.

In addition to global seismic observations, we model ground
motion recordings (Fig. 5) from GPS station BORC on Laurie Island
(South Orkney Islands), just south of the SSRT. We first use the
GAMIT/GLOBK daily processing to calculate the co-seismic static
offsets for both 2003 and 2013 events. To obtain 2013 high-rate
GPS ground motions, we calculate the GPS time series relative to
each of 6 regional 1-Hz GPS stations (OHIX, PAL2, FALK, AUTF,
UNPA and KEPA, Fig. 2) which are held fixed, remove the pre-
and post-event averages, scale the final co-seismic displacement
for each component by the static offsets from GAMIT/GLOBK pro-
cessing, and average the kinematic estimates to give the HRGPS
recordings shown in Fig. 5(a). After scaling, differences between
both the individual and average, and raw and sidereally filtered
seismograms, for both the horizontals and verticals, are negligible
at the noise level for HRGPS (~5 mm). The final static offsets are
~0.63 m east, 0.22 m south, and 0.003 m vertical (Fig. 5(a)). High-
rate data are not available from BORC for the 2003 event, but the
static offsets are ~0.25 m east, ~0.10 m south, and 0.03 m down-
ward, giving a similar ESE overall displacement direction (Fig. 5(b)).
The three-component 1-s sampled co-seismic displacements are
modeled for the 2013 event; and the static displacement offset is
modeled for the 2003 event.

The crustal structure along the SSRT and under the South
Orkney micro-continent is not well-known, so we assume a sim-
ple two-layer 25-km thick continental crust (Busetti et al., 2000;
Vuan et al.,, 2000) overlain by a thin oceanic layer (1.5 km) for
computing Green functions for both teleseismic and regional mod-
eling. Complete ground motions including time-varying and static
offsets are computed using a frequency-wavenumber (F-K) integra-
tion method (Computer Programs in Seismology, Robert Herrmann)

for modeling the BORC recordings. Given that the crustal structure
is uncertain, we also perform modeling using regional Green func-
tions for other layered structures, finding that the HRGPS wave-
forms for the 2013 event are primarily dependent on the space-
time rupture history, with only secondary dependence on the pre-
cise crustal velocity structure used. Changes in source structure
mainly give rise to small variations in seismic moment, as rupture
velocity trades-off with local wave velocities for aligning arrivals at
BORC.

The BORC static offsets provide valuable constraints on the slip
distributions for both events due to the proximity of the station to
the ruptures. Fig. 6 indicates initial finite-fault model geometries
considered for the 2003 and 2013 events, with the fault planes
having the strike and dip of the corresponding gCMT inversions.
The grid depicts the centers of subfaults. For assumed uniform slip
at each subfault the vectors at the gridpoints indicate the corre-
sponding contribution to the static offset at BORC. These vectors
would be weighted by relative slip on each subfault and summed
to match the BORC data. If the slip for 2003 were located within
the —44.5° to —42° longitude range indicated by back-projection
(Fig. 3), it would not be possible to match the BORC displacements
which are toward the ESE. The only way to match those offsets
is to have rupture extend further to the west, and to have the
southerly offsets from the western slip dominate the northerly off-
sets from the eastern slip. This holds for different choices of dip or
strike of the 2003 segment. Similarly, the 2013 event must involve
some balance of western and eastern rupture to match the BORC
static motions.

Given only the single HRGPS recording for 2013 and only static
offsets for 2003, we adopted a strategy of inverting the teleseis-
mic observations for finite-source models with different parame-
ters (V;, fault strike and dip, subfault source durations), and then
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Fig. 6. Initial finite-fault model framework for the 2003 and 2013 earthquakes, with uniform fault models specified by the gCMT best-double couple solutions. The model
grids indicate the center of subfaults in the model representations. The GPS station BORC on Laurie Island is indicated, along with the co-seismic static displacement observed
for each event, shown with the blue vector. The red vectors indicate the predicted static motion at BORC for a model with uniform slip of 2 m over each fault model with
the indicated strike (¢), dip (§) and rake (A). For the 2003 event (a), the actual slip on the fault must involve significant slip west of longitude —44°, in order to match the
ESE motion at BORC, given that the rupture begins to the east (star). For the 2013 event (b), the actual slip on the fault must involve significant slip east of —44° to reduce

the southerly motion caused by expected large slip west of —44°.

forward modeling the BORC observations for the resulting mod-
els. We then iteratively constrain the choice of faulting parameters
used in the finite-source inversions to those matching the salient
features of the BORC observations; relative timing and shape of the
time-varying displacements and final static offsets (only the latter
for the 2003 event). This iterative inversion/modeling procedure
yields good constraints on slip distribution along strike, with much
better spatial resolution than the teleseismic inversions on their
own. The relatively coarse spatial grid appropriate for the teleseis-
mic inversion produces some roughness in the predicted motions
for the portion of the fault where rupture moves away from BORC,
but the overall character of the signals is modeled reliably.

The body wave inversion model parameterizations are guided
by the gCMT best double couple solutions, aftershock sequences,
back-projection images, STF observations, and orientation of the
plate boundary. The teleseismic data for the 2013 event can largely
be reconciled with a single fault orientation throughout the rup-
ture other than for energy after about 110 s, which indicates a
change in fault strike on the eastern end of the rupture. In mod-
eling the static offset at BORC for 2003, we found the shallower
dip of the gCMT solution provided better fit, so we adopt a two-
dip, three-segment model for the 2013 rupture with the western
segment having the 45° dip of the gCMT solution for 2013, and
the eastern segments having the 36° dip of the gCMT solution for
2003. Dip is not tightly resolved, and has uncertainty of 10° or so,
but this choice ensures consistency with the long-period mecha-

nisms on average. The V., initial timing, source time function, and
geometry for each segment are explored over a large range of pa-
rameters, under the constraint of matching the HRGPS recordings.
This results in a final model with three fault segments (Fig. 7(a))
with minor changes in strike and dip from west to east. The HRGPS
observations are particularly valuable for constraining the timing
and geometry of the first two segments, with little constraint on
the remote third segment to the east. In order to match the total
seismic moment and geodetic measurements we have to use short
source time functions for each subfault, comprised of 3 overlapping
triangles with rise times of 3.5 s (western segment), 2.0 s (central
segment) and 1.5 s (eastern segment), giving maximum subfault
rupture durations of 14-6 s. A rupture velocity of 2.5 km/s is used
for the preferred model, as indicated by the surface wave STF di-
rectivity and short-period back-projection observations. This value
is also preferred from a range of choices considered in modeling
the HRGPS recordings.

Given the horizontal grid spacing of 22.5 km for the first two
segments and the specified rupture velocity, the rupture behaves
as a slip-pulse sweeping unilaterally toward the east; longer sliding
of initially ruptured subfaults is not compatible with the HRGPS
data. There is an initial interval of very weak radiation in the
P waves, extending for about 10 s prior to onset of strong ar-
rivals. We delay rupture expansion for the first 4.5 s after the
origin time based on lack of any offset from the epicenter in the
P wave back-projections. The fits to teleseismic data are not af-
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Fig. 7. Finite-fault slip models from inversion of teleseismic body waves (P and SH) for (a) November, 17, 2013, and (b) August 4, 2003 Scotia earthquakes. The slip distribution
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positions sampled by teleseismic P waves used in the inversions. Observed and synthetic waveform comparisons are shown in the supplementary Fig. S6 and Fig. S7.

fected by this, but the HRGPS observations are very sensitive to
absolute space-time placement of the slip, and a lower rupture
velocity would be required if this delay in rupture expansion were
not imposed.

The E-W HRGPS recording for the 2013 event shows two clear
steps in the development of the total static offset (Fig. 5(a)). Time-
varying motions began about 30 s after the origin time, with initial
southward, eastward and downward displacements of 0.7 m, 0.5 m,
and 0.2 m, respectively. The rupture begins about 100 km west of
the station and sweeps past about 40 km to the north at around
55 s after the origin time. At that time, a second 10-s duration
pulse of eastward motion begins with no motion on the N-S and
vertical components, followed by about 20 s of minor time-varying
motion. At around 85 s, a second eastward step commences, again
with minor motions on the N-S and vertical components. The rup-
ture is located well to the east of the station at this time.

The final model for the 2013 event (Fig. 7(a)) has several key
attributes. (1) The seismic moment of the first segment (5.8 x
10%° Nm) involves up to ~8 m of slip with a strike of 98° and
southward dip of 45°, with rupture extending ~79 km westward
and ~124 km eastward from the epicenter. S and Rayleigh waves
from near the hypocenter produce the initial large southeast-
ward motions at BORC with slip near the eastern end producing
strong eastward Love waves displacements at BORC. (2) The sec-
ond segment ruptures from ~70-100 s with a seismic moment
(4.3 x 102° Nm) produced by up to 7.5 m of slip with a strike
of 103° and southward dip of 36°. This rupture extends ~100 km
eastward of the first segment, and produces ENE displacement at
BORC that reduces the total southward static motion. The shal-
lower dip of this segment helped to match the total static offset
on the N-S GPS record, which is controlled by interference of
the contribution from the slip on the first two segments. (3) Mi-

nor seismic moment (0.4 x 102° Nm) is found on the easternmost
segment with strike 118° and southward dip of 36°, from model-
ing late (110-120 s after origin) P wave signals in the azimuthal
range of 100°-200° (observed and final model waveform compar-
isons are shown in Fig. S6). (4) The two large moment rate pulses
are compatible with the high-frequency coherent bursts from the
back-projections both temporally and spatially. Forward prediction
of the surface wave STFs for this model generally matches the di-
rectivity and two-pulse character of the data, as seen in Fig. 4.
(5) The average slip on the first segment is ~3.4 m and the av-
erage stress drop is 3.9 MPa, with the corresponding values for
the second segment being ~4.0 m and ~5.8 MPa, with these be-
ing computed for the subfaults with moment larger than 15% of
the peak subfault moment. The total moment of the finite fault in-
version with constraint from modeling the GPS recording at BORC
is ~1.1 x 102! Nm, which is ~89% higher than the moment from
long-period point source inversion. This discrepancy may be due
to differences in precise fault geometry as well as uncertainty in
the absolute location of the fault model relative to the GPS sta-
tion.

The lack of clear directivity yields fewer constraints on the
finite-fault inversion for the 2003 event. The ESE static offset at
BORC indicates that the main slip during the 2003 event must
be different from the slip in the second segment of the 2013
event, which produced ENE contributions to the total BORC dis-
placement for that event (Fig. 6). This proves to be a very in-
fluential observation for constructing our preferred model; if we
adopt the gCMT focal mechanism and allow a bilateral rupture
from the 2003 hypocenter, we cannot match the BORC observa-
tion although the fit to teleseismic P and SH data is acceptable.
By iteratively performing inversions of the seismic data with vary-
ing fault orientations, rupture velocity and lateral fault extent and
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then predicting the BORC static offsets for the resulting models,
we established that the main slip during the 2003 event must lo-
cate relatively close to BORC, westward of the hypocenter, with a
shallow dipping fault (we obtain good fits using the 36° dip of the
gCMT solution). The preferred model gives a good fit to teleseis-
mic body waves (Fig. S7) and satisfactory match of the GPS offsets
(Fig. 5(b)), for a fault geometry with strike 103° and southward
dip of 36° (Fig. 7(b)). This geometry is the same as for the second
segment in the 2013 model, thus it is plausibly the same fault sur-
face that ruptured, but the peak slip in 2003 locates further west
than in 2013. The seismic moment is 4.0 x 102° Nm, the total du-
ration is ~60 s, the average slip is 2.2 m, and average stress drop
is 2.5 MPa. The slip and stress drop are similar to the values for
the two main segments in the 2013 event. The contributions to the
static offsets at BORC for the subfaults in the final finite-fault mod-
els are shown in Fig. S8. The large-slip region in the 2003 model
thus locates in the region of low slip between the two patches that
ruptured in 2013 (see Fig. S9), and this is strongly constrained by
the ESE static offset observed at BORC.

4. Radiated seismic energy

Slip-pulse rupture processes are indicated for the 2003 and
2013 strike-slip events, with rise-times less than 14 s, much
shorter than the total durations of the sources. We calculated the
azimuthally-averaged far-field source spectra and seismic moment-
scaled radiated energy (Er/Mp) for both events. The average
broadband source spectra (Fig. 8) were obtained by combining the
spectra of the moment-rate functions for the preferred finite-fault
models in Fig. 7 for frequencies less than ~0.05 Hz with averaged
P wave spectra for frequencies from 0.05-1.5 Hz. Average radiated
energy from individual P wave spectra was estimated following
the procedure of Venkataraman and Kanamori (2004), and then
the energy distribution across the entire spectrum was scaled up
based on the composite spectra in Fig. 8. Most of the energy is
from frequencies >0.05 Hz. For the 2003 event, the radiated en-
ergy is 9.1 x 10'° J, and for the 2013 event it is 1.4 x 106 J.
There is at least a factor of two uncertainty in radiated energy es-
timates, but these values can be compared with those reported in
Lay et al. (2012), which were determined by the same procedure.
The source spectrum for the 2003 event is similar to the reference
w-squared source spectrum with 3 MPa stress parameter, whereas
the source spectrum for the 2013 event is somewhat depleted
in high-frequency (>0.5 Hz) radiation. The individual station es-
timates of P wave radiated energy for the 2013 event show strong
azimuthal variation (Fig. S10), as expected given the ~250 km
long unilateral rupture. The seismic moment-scaled radiated en-
ergy (Er/Mg) is ~3.3 x 10~ for the 2003 event and ~2.5 x 10~
for the 2013 event, using the gCMT Mg values. These ratios are
comparable to values for intraplate earthquakes (Lay et al., 2012).
The relatively high moment-scaled energy values may be associ-
ated with the shallow-dipping strike-slip geometry on which there
is not large lateral offset.

5. Discussion

The finite-fault slip distributions for the 2003 and 2013 events
are shown in map view in Fig. 9, along with their foreshock and af-
tershock sequences. The GPS static motions and model predictions
at station BORC are also shown, illustrating the sensitive location
of the station to the two slip distributions. The My, 7.6 2003 event
(Fig. 9(a)) appears to have some bilateral character, compatible
with the aftershocks and back-projection images, but the primary
large slip region is concentrated to the west of the epicenter, NNE
of BORC, based on the ESE static motion at that station. The shal-
low dipping rupture plane is consistent with the gCMT solution,
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Fig. 8. The average source spectra for (a) November 17, 2013 M,, 7.8 Scotia earth-
quake, and (b) August 4, 2003 My, 7.6 Scotia earthquake. The black lines indicate the
observed spectra, estimated at frequencies less than ~0.05 Hz from the moment-
rate functions inverted from teleseismic body wave observations (Fig. 7) scaled
to gCMT seismic moment values, and at frequencies >~0.05 Hz from stacking of
broadband teleseismic P wave spectra. The dashed red lines are reference source
spectra for an w~2 model with 3 MPa stress parameter, shear velocity 3.75 km/s,
and seismic moments from gCMT solutions. The radiated energy over the full fre-
quency band, E;, is estimated based on average source spectra and the average
radiated energy from 0.05 to 1.5 Hz from teleseismic P waves (see supplementary
Fig. $10). The high seismic moment scaled radiated energy, ~2.5-3.3 x 1072, is sim-
ilar to the level for intraplate earthquakes near subduction zones (Lay et al.,, 2012).

and the sinistral motion parallels the relative motion of the plates
closely. The My, 7.8 2013 earthquake sequence initiated with two
left-lateral strike-slip foreshocks with magnitudes M,y 6.1 (Novem-
ber 13) and My 6.8 (November 16), located up to ~50 km west
of the mainshock. Aftershocks of the mainshock extend ~250 km
eastward along the SSRT, extending across the 2003 slip zone and
aftershock area. There is minor change in geometry along strike
with shallower dip in the eastern segments, but aftershocks tend
to cluster around the large slip regions of the 2013 event. The large
slip zone for the 2003 event thus lies in between the two main slip
patches of the 2013 event, suggesting that while the aftershock
zones may overlap, the peak slip patterns are largely complemen-
tary and this is not a simple re-rupture of a previously slipped
region just ten years later as has been suggested by Vallée and Sa-
triano (2014). The finite-fault models do have overlapping slip in
the 2003 rupture area with lower slip, so some re-rupture cannot
be excluded, but the peak slip is largely complementary (Figs. 9
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and S9). Modeling the GPS data at BORC is critical for coming to
this conclusion.

The 2003 peak slip area may have been delimited between
two strongly coupled zones (asperities) that subsequently rup-
tured in 2013. The latter event may have re-ruptured continu-
ously through the 2003 peak slip zone with low displacement,
or the easternmost region may have been dynamically triggered
in 2013 by strong shear waves from the western asperity. Our
slip models do not have the resolution to establish that there
was no slip between the two 2013 asperities. Given the strong
eastward directivity of seismic wave radiation evident in the GPS
recording at BORC for the western portion of the 2013 rupture,
either seismic release of residual or newly accumulated stress in
the 2003 zone or jumping of slip across that zone may have oc-
curred.

Dynamic triggering is a possible factor in the occurrence of the
November 25, 2013 (06:27:33 UTC, 53.945°S, 55.003°W) M,y 7.0
event on the NSRT (Fig. 1), which was preceded by magnitude 5.4
and 5.6 earthquakes on November 24, 2013. Examination of broad-
band recording at station EFI [East Falkland Island (Malvinas)] for
the November 17 mainshock could not establish whether any small
events were immediately activated in the vicinity of the Novem-

ber 25, 2013 event along the NSRT, though they could have been
obscured by observed prolonged T-phase arrivals from the main-
shock. The relatively low rate of seismicity along the NSRT suggests
that this event was triggered (time advanced). Calculation of the
November 17, 2013 Rayleigh wave amplitude at the location of
November 25 event indicates that the dynamic strain was about
2 x 107, which is near the threshold for statistically significant
levels of dynamic triggering.

These large South Scotia Ridge events are located at the
northern margin of the South Orkney micro-continent, spanning
longitudes from ~48°W to 42°W. This continental fragment has
~25 km thick crust based on gravity modeling. To the north lies
an east-west trending depression called the South Orkney trough
(Busetti et al., 2000; Civile et al., 2012; Vuan et al., 2000) along
which the main slip patches in the 2003 and 2013 events are
located. While the current plate motions are largely left-lateral
shear along this ~350 km long east-west segment, a minor con-
vergent component, involving underthrusting of the Scotia plate
below the Antarctic Plate is suggested by presence in the west
of an accretionary prism. This accretionary prism is manifested
in a smooth step morphology, by abrupt change in the seismic
characteristics at the outer deformation front, and by continent-
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ward dipping reflectors in seismic profile (Busetti et al., 2000;
Civile et al., 2012; Kavoun and Vinnikovskaya, 1994; Lodolo et
al., 2010; Maldonado et al., 1998). This region is distinct from
the western SSRT, the Bransfield basin, which appears to be re-
lated to back-arc spreading associated with subduction along the
South Shetlands Trench (Fig. 1); and from the eastern SSRT along
the boundary of the Brune deep and extending to the Discovery
Bank which may be associated with the subduction of the Wed-
dell Sea under the Scotia plate. Earthquake mechanisms along the
SSRT include normal fault solutions in small pull-apart basins and
some oblique motions, but the purely sinistral motion of the two
largest events in the region in 2003 and 2013 indicates that this
is the dominant strain release process operating along the central
SSRT.

Both the 2003 My, 7.6 and 2013 M,, 7.8 events have pre-
dominantly strike-slip motion on shallow-dipping faults, whereas
strike-slip transform faults are typically steeply dipping, as that
is energetically more favored. We infer that the fault planes are
inherited underthrusting fault geometries from past convergence.
The SSRT is predominantly transtensional at present, with restrain-
ing and releasing bend structures. The thrust faults along the South
Orkney micro-continent are likely to be relic structures from con-
tinental break-up that transported to their current configuration.
It is not clear how the primarily sinistral relative motion devel-
oped, but the current rate of deformation and total offsets on the
faults are modest, and one explanation is that the change in plate
motion along the SSRT occurred rapidly enough that slip parti-
tioning did not lead to development of an upper plate vertical
strike-slip fault. This has some similarity to the September 24,
2013 My 7.6 Pakistan earthquake, which has a purely strike-slip
motion on a 45° dipping fault plane that likely originally formed
as a thrust fault within the Makran accretionary prism, activated
by subsequent left-lateral shear along the Chaman fault system
due to India colliding with Eurasia to the east (Avouac et al,
2014). For the slow relative plate rate of ~6-7 mm/yr of sinis-
tral motion along the SSRT (DeMets et al., 2010; Smalley et al.,
2007), the recurrence time for the 2003 and 2013 earthquakes
with peak slip of ~8 m and average slip of ~4 m, is estimated
to be ~600-1300 yrs.

6. Conclusions

The 2003 My 7.6 and 2013 M,, 7.8 South Scotia Ridge earth-
quakes ruptured the plate boundary along the South Orkney
micro-continent with the sinistral strike-slip motion on a ~36-45°
shallow-dipping fault plate. Using constraints on the faulting ge-
ometry and rupture velocity provided by long-period surface wave
source time functions and short-period P wave back-projection
images, a finite-fault solution for the 2013 event is obtained by
iterative inversion of broadband P and SH waves and forward mod-
eling of 1-Hz HRGPS recordings at station BORC, located near the
middle of the rupture. The main slip areas for the 2013 event
bracket the main slip area for the 2003 event inferred from in-
verting teleseismic body waves and modeling the static offset at
BORC. Thus, the 2013 event appears to have ruptured or trig-
gered across the 2003 zone, yielding largely complementary large
slip regions that combine to give relatively uniform slip along the
fault strike. The almost purely strike-slip motion of the 2003 and
2013 events may be associated with reactivation of an inherited
thrust fault that originally formed from compression across the
boundary during continental fragmentation or possibly seafloor
spreading of the Scotia plate as it developed its current config-
uration.
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Fig. S1. Seismicity around the Scotia Plate. The black circles indicate epicenters of M >
4.0 events from 1900 to 1975 from PAGER-CAT (Allen et al., 2009) and USGS/NEIC
catalog from 1976 to 2014 along the South Scotia Ridge plate boundary between the
Scotia plate and Antarctica plate. The color-coded circles show the epicenters of M > 4.0
events commencing with the August 4, 2003 My, 7.6 event following the time line shown
in Fig. S2. Yellow symbols are local aftershocks of 2003, green symbols are activity
along the North Scotia Ridge up until the 2013 mainshock, magenta symbols are events
west of the 2013 rupture from 2003-2013, cyan symbols are the 2013 foreshock
sequence, red symbols are the 2013 aftershocks, blue symbols are the 2013 activity along
the North Scotia Ridge transform including the November 25, 2013 M,, 7.0 event.
Arrows indicate the plate motion directions and rates relative to a fixed Scotia plate
computed using model MORVEL (DeMets et al., 2010). Other symbols are same as Fig.
1.
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Fig. S2. Time series for the seismicity color-coded as Fig. S1: (a) M > 4.0 events along
the South Scotia Ridge plate boundary between the Scotia plate and Antarctic plate; (b)
seismicity from the August 4, 2003 M,, 7.6 event to November 2013; and (c) the
foreshock and aftershock sequences for November 17, 2013 M,, 7.8 event.
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Fig. S3. Maps of gCMT focal mechanisms from 1976 to 2014 for earthquakes around the Scotia Sea plate on regional scale (left) and
zoomed in on the region around the 2013 event (right). The red star indicates the epicenter for the November 17, 2013 M, 7.8 event
from USGS/NEIC catalog. Other symbols are same as Fig. 1.
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Fig. S4. The space-time sequence of coherent high frequency seismic radiation from the November 17, 2013 M,, 7.8 Scotia earthquake
from P wave back-projection (Fig. 2), plotted as distance from the epicenter with positive values eastward. The color-coded lines
indicate the slope of different average rupture velocities. A rupture velocity of ~2.0- 2.5 km/s is estimated for back-projections of both
Americas and Australia (AU) networks.
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Fig. SS. The space-time sequence of coherent high frequency seismic radiation from the November 17, 2013 M,, 7.8 Scotia earthquake
obtained by deconvolving array response functions at 1Hz (Fig. 3), plotted as distance along the plate boundary with positive values
eastward. The dashed lines indicate slopes for different rupture velocities. A rupture velocity of ~2.0- 3.0 km/s is estimated for both
Americas and Australia (AU) networks.
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Fig. S6. Comparison of observed (black lines) and modeled (red lines) teleseismic body waves for the November 17, 2013 My, 7.8
Scotia earthquake. The model shown in Fig. 7a is used for the computations. The signals are broadband ground displacements in the
passband 0.005-0.9 Hz. The data and synthetics are normalized by the peak-to-peak amplitude, blue number in unit of 10° m.
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Fig. S7. Comparison of observed (black lines) and modeled (red lines) teleseismic body waves for the August 4, 2003 M,, 7.6 Scotia
earthquake. The model shown in Fig. 7b is used for the computations. The signals are broadband ground displacements in the
passband 0.005-0.9 Hz. The data and synthetics are normalized by the peak-to-peak amplitude, blue number in unit of 10° m.
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Fig. S8. Maps similar to Fig. 6, but for the final faulting geometries and slip distributions in Fig. 7, with the contribution to the BORC
displacement from each subfault being shown by the red arrows on the subfault grid. The observed (blue) and predicted (red)
cumulative displacement at BORC are shown.
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Fig. S9. Overlapping comparison of the slip distributions for the 2003 event (contour map with slip magnitudes indicated by the green
numbers, and the 2013 event (color slip model). The peak slip of the 2003 event, is located in the low slip area of the 2013 event near
a longitude of -44°. There is overlap of slip in the two events further to the East, but the 2013 rupture extends further eastward than the

2003 event.
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Fig. S10. Azimuthal distribution of the radiated energy estimates (Venkataraman and
Kanamori, 2004) in the frequency band of ~0.05-1.5 Hz from teleseismic P wave
recordings for (a) November 17, 2013 M,, 7.8 Scotia earthquake and (b) August 4, 2003
My, 7.6 Scotia earthquake. The individual station estimates of P wave radiated energy for
the 2013 event show strong azimuthal variation, typical of strike-slip events.
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