QAGU

Journal of Geophysical Research: Solid Earth

RESEARCH ARTICLE
10.1002/2014J8011703

Key Points:

« Multiple cross faults ruptured to
depth, into the oceanic mantle

« The highest moment release was on
young faults, not the old fracture zone

« Sumatra GPS data help to constrain
the strike of the unmapped faults

Supporting Information:

- Data Set S1

- Data Set S2

« Text S1, Figures S1-S22, and Table S1-S3

Correspondence to:
E. M. Hill,
ehill@ntu.edu.sg

Citation:

Hill, E. M., et al. (2015), The 2012
M,,8.6 Wharton Basin sequence:
A cascade of great earthquakes
generated by near-orthogonal,
young, oceanic mantle faults,

J. Geophys. Res. Solid Earth,

120, doi:10.1002/2014JB011703.

Received 28 OCT 2014
Accepted 18 MAR 2015
Accepted article online 25 MAR 2015

©2015. American Geophysical Union.
All Rights Reserved.

The 2012 M, 8.6 Wharton Basin sequence: A cascade of great
earthquakes generated by near-orthogonal, young,
oceanic mantle faults

Emma M. Hill', Han Yue?, Sylvain Barbot', Thorne Lay?, Paul Tapponnier’, Iwan Hermawan',
Judith Hubbard', Paramesh Banerjee’, Lujia Feng', Danny Natawidjaja3, and Kerry Sieh'

TEarth Observatory of Singapore, Nanyang Technological University, Singapore, Singapore, 2Department of Earth and
Planetary Sciences, University of California, Santa Cruz, California, USA, 3LIPI Geoteknologi, Bandung, Indonesia

Abstract we improve constraints on the slip distribution and geometry of faults involved in the complex,
multisegment, M,, 8.6 April 2012 Wharton Basin earthquake sequence by joint inversion of high-rate

GPS data from the Sumatran GPS Array (SuGAr), teleseismic observations, source time functions from
broadband surface waves, and far-field static GPS displacements. This sequence occurred under the
Indian Ocean, ~400 km offshore Sumatra. The events are extraordinary for their unprecedented rupture of
multiple cross faults, deep slip, large strike-slip magnitude, and potential role in the formation of a discrete
plate boundary between the Indian and Australian plates. The SuGAr recorded static displacements of up
to ~22 cm, along with time-varying arrivals from the complex faulting, which indicate that the majority of
moment release was on young, WNW trending, right-lateral faults, counter to initial expectations that an
old, lithospheric, NNE trending fracture zone played the primary role. The new faults are optimally oriented
to accommodate the present-day stress field. Not only was the greatest moment released on the younger
faults, but it was these that sustained very deep slip and high stress drop (>20 MPa). The rupture may have
extended to depths of up to 60 km, suggesting that the oceanic lithosphere in the northern Wharton Basin
may be cold and strong enough to sustain brittle failure at such depths. Alternatively, the rupture may have
occurred with an alternative weakening mechanism, such as thermal runaway.

1. Introduction

The 11 April 2012 M,, 8.6 Wharton Basin earthquake sequence was both the largest strike-slip and largest
intraplate earthquake sequence that has been instrumentally recorded. The events initiated ~400 km to the
SW of northern Sumatra, Indonesia, on the oceanic side of the Sunda megathrust, within the Wharton Basin
and just west of the Investigator Fracture Zone (Figure 1). The main shock sequence was followed 2 hours later
by another great earthquake, of M,, 8.2, which initiated ~180 km to the south.

The point source centroid moment tensor (CMT) for the main shock was strike slip, with nodal planes striking
at ~20° and 289° [http://www.globalcmt.org/CMTsearch.html]. Initially, it was assumed that the event must
have ruptured one of the large, NNE trending left-lateral fracture zones that are prominent features of the
Wharton Basin seafloor (Figure 2). These are old, deep, structural boundaries left over from the Eocene-aged
Wharton spreading center [Jacob et al., 2014], and geophysical investigations have found evidence for their
active deformation [Bull and Scrutton, 1990; Petroy and Wiens, 1989; DePlus et al., 1998; Robinson et al., 2001;
Abercrombie et al., 2003; Singh et al., 2011], suggesting they have been reactivated. However, a number of pub-
lished seismological results for the 2012 event—including backprojection [Meng et al., 2012; Yue et al., 2012;
Ishii et al., 2013], W phase inversion [Duputel et al., 2012], finite fault models from seismic data [Yue et al., 2012;
Wei et al., 2013], and aftershock locations (Figure 2)—have indicated great complexity in the rupture pat-
tern, with a cascading failure of multiple faults and, surprisingly, significant slip occurring on WNW trending,
right-lateral faults that run approximately orthogonal to the NNE striking fracture zones. These WNW trend-
ing faults are likely to be much younger [e.g., Carton et al., 2014]. Whether the WNW trending faults carried
the majority of slip has been debated, with some studies [e.g., Duputel et al., 2012; Yue et al., 2012; Ishii et al.,
2013] preferring those faults, while others [e.g., Satriano et al., 2012; Wei et al., 2013] infer that the NNE trending
structures had the greater slip.
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Figure 1. Location of the 11 April 2012 M,,, 8.6 Indian Ocean earthquake with reference to its regional tectonic setting.
Vectors are representative and simply indicate the expected difference in plate rates across the Indian-Australian Plates.
Fault traces (solid black lines) were from Bird [2003] but we updated some by hand to reflect more accurate locations
and added some extra lines to represent faults that were not included in the original data set. Focal mechanisms
indicate the location of this event sequence, and its foreshock and aftershock. We plotted all > M4 strike-slip Global CMT
solutions [Ekstrém et al., 2012] from 1976 to December 2012 that occurred west of the Sunda Trench. The topography
and bathymetry are from ETOPO1 [Amante and Eakins, 2009].

The seismological results also suggest that the ruptures likely extended from the surface, through the very
thin (~4 km) [Singh et al., 2011] oceanic crust, and significantly into the uppermost mantle, with a centroid
depth of ~30 km [Duputel et al., 2012]. It is difficult to tell from seismic data alone the maximum depth to which
slip extended, but geophysical surveys do, indeed, show evidence that the NNE trending structures extend
through the Moho [Bull and Scrutton, 1990; Delescluse and Chamot-Rooke, 2008; Singh et al., 2011; Carton et al.,
2014]. Published finite-fault inversions based on teleseismic data estimate significant amounts of slip locally
extending as deep as 50-60 km [Yue et al., 2012; Wei et al., 2013].

The location of the April 2012 events, especially with potentially deep rupture of the younger, unexpected
faults, is intriguing. Scientists have long been puzzled by the nature and location of the boundary between
the Indian and Australian Plates within the Indian Ocean [Stein and Okal, 1978; Wiens et al., 1985; Petroy
and Wiens, 1989; Royer and Gordon, 1997; DePlus et al., 1998; Gordon, 1998]. Because of the resistance pro-
vided by the collision of India with Eurasia far to the north, the Indian plate is moving northward ~1 cm/yr
slower than the Australian plate, which is subject to slab pull forces along the Sunda megathrust to the east
(Figure 1); this difference in velocity creates strain between the Indian and Australian Plates, which may have
been moving together as a single plate prior to the closing of the Tethys Sea. The India-Eurasia collision
results in N-S compression in the Central Indian Basin. In the Wharton Basin, it results in NW-SE compres-
sion, while slab pull forces along the Sunda megathrust result in NE-SW extension [Cloetingh and Wortel,
1986; Delescluse et al., 2012; Andrade and Rajendran, 2014]. These forces manifest themselves as a diffuse zone
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Figure 2. The April 2012 event ruptured several near-orthogonal faults. The solid black lines indicate our optimized
geometry (as discussed in section 2). The dotted black lines indicate the geometry of Yue et al. [2012]. Faults 6a and 6b
are two alternative geometries for the westernmost fault. While both orientations may have ruptured, our results
suggest that rupture of 6b produces a slightly better fit to the late arrivals in the hrGPS data. White vectors indicate
static horizontal displacements from daily SuGAr solutions; these contain the effects of both the M 8.6 sequence and
the M, 8.2 aftershock. Colored circles at the GPS station locations indicate vertical GPS displacements from daily
solutions. Error ellipses are 95% confidence and are scaled as used in the inversions. The vertical displacements have
large uncertainties. Thin black lines are from Figure 2 of Singh et al. [2011] and represent fracture zones identified from
altimetry data. Shaded gray areas represent different plate ages, from Jacob et al. [2014], from ~38 Ma in pink through
to ~66 Ma in dark gray. Aftershocks are plotted through April 2014, with data from NEIC and the depth of the crust
extracted from the LITHO1.0 model [Pasyanos et al., 2014]. The focal mechanisms are as labeled in Figure 1.

of deformation spreading across these basins (Figure 1), with evidence for this including earthquake focal
mechanisms [Stein and Okal, 1978; Petroy and Wiens, 1989; Tinnon et al., 1995; Andrade and Rajendran, 2014],
plate spreading rates from magnetic anomalies [Singh et al., 2011; Jacob et al., 2014], geophysical surveys
[Chamot-Rooke et al., 1993; DePlus et al., 1998], basement undulations inferred from gravity data that suggest
buckling of the lithosphere in response to the compressive stresses [McAdoo and Sandwell, 1985; DePlus, 2001;
Subrahmanyam et al., 2008], stress modeling [Cloetingh and Wortel, 1986], and observations of relative plate
motion [Minster and Jordan, 1978; Royer and Gordon, 1997]. The Ninety East Ridge (NER) serves as a rela-
tively abrupt divide between differing deformation styles of the Central Indian Basin and the Wharton Basin
(Figure 1), with a pattern of predominantly reverse faulting on E-W trending faults in the Central Indian
Basin, and mostly strike-slip faulting in the Wharton Basin [DePlus, 2001; Sager et al., 2013; Andrade and
Rajendran, 2014].

Itis possible that we are currently observing the slow transition from a diffuse deformation zone to a localized
plate boundary between the Indian and Australian plates; the 2012 events may have played a role in this. This
is particularly pertinent given the fact that some published results [e.g., Wei et al., 2013] indicate fault planes
that are not aligned with existing structures, suggesting the possible activation of newly formed faults.

The 2012 events were recorded by the Sumatran GPS Array (SUGAr). The SuGAr is a network of 60 continuous
GPS stations situated along the Sumatra subduction zone (Figure 2), operated and maintained by the Earth
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Observatory of Singapore (EOS) and the Indonesian Institute of Sciences (LIPI). The network observed NE static
displacements of up to ~22 cm, on the island of Simeulue, with subsidence of up to ~4 cm. The significant
distance of the main shock from land means that inversion of the static GPS displacements for distributed
slip is poorly constrained. However, the GPS data are available at 1-second sampling, thus recording both
seismic wave ground motions during the earthquake and static displacements. In this study, we combine
near-field high-rate GPS (hrGPS) observations from the SuGAr with teleseismic data from the global network,
source time functions extracted from broadband surface waves, and static GPS displacements from far-field
SuGAr stations and a network in the Andaman-Nicobar islands, in a joint inversion for kinematic earthquake
rupture. The hrGPS data for this event are unique to this study and improve the stability of inversion through
self-consistent treatment of both the seismic waveforms and static displacements contained in their time
series. For this event, the hrGPS data are recorded at regional distances, which improve sensitivity to rupture
details while avoiding problems such as clipping and limited low-frequency resolution that are common for
regional seismic recordings. We also incorporate geological and geophysical survey information, in the form
of constraints on fault geometry, and information on rupture timing from published backprojection results.

This is not a simple modeling problem. We are combining a large number of different data sets, while also
working with an inversion that contains a large number of estimated and unknown parameters (e.g., the event
involved up to six different faults with poorly known geometries) and a relatively large distance from all avail-
able data networks. We therefore focus our efforts on determining, at the big-picture level, the extent to which
we can answer a number of specific questions:

1. Do our data resolve whether the majority of moment release occurred on WNW trending faults, versus on
the more prominent NNE trending structures evident in the seafloor fabric?

2. The main shock involved rupture of up to six fault segments in a single event. Although conjugate fault-
ing has been observed in many other locations, it rarely involves so many fault segments and rarely in the
same event. Can we provide any further constraints on the rupture propagation and number of faults that
ruptured?

3. Can we provide better constraints on geometries and locations of these faults? Did the earthquake break
new faults or reactivate old existing structures? And at what angle do the cross faults intersect? Previous
studies [e.g., Meng et al., 2012] have suggested that the faults intersect at a wide angle (~80°) compared to
the expected angle of ~60° between conjugate shear faults (for a coefficient of friction of 0.6). If this wide
angle is correct, is it the result of the existing structures?

4. How deep was the slip for this event? To what extent did it rupture the oceanic mantle? From a technical
perspective, what depth resolution is achieved when we combine our various data sets?

5.The size (great strike-slip earthquakes are very rare) and location (away from major plate boundaries) of
this sequence present some challenges to previous notions about strike-slip earthquakes. Was the large
magnitude the result of high stress drop, the large number of faults involved, and/or the fact that it
ruptured mantle material, which has much higher mechanical strength than the crust? How different,
in terms of the rupture physics, was this event compared to other great earthquakes occurring in more
“conventional” locations?

2. Data

We perform a joint inversion using near-field hrGPS data from the SuGAr network, far-field GPS static displace-
ments, and teleseismic and broadband surface wave data from global networks. We also place constraints on
our inversion from geometry and timing from geological/geophysical information and backprojection results,
respectively. We here describe these data sets in more detail.

2.1. Near-Field, High-Rate GPS Time Series

We processed hrGPS data from the SuGAr network using Jet Propulsion Laboratory’s (JPL) GPS Inferred
Positioning System-Orbit Analysis Simulation Software (GIPSY-OASIS) Il software in kinematic, Precise Point
Positioning (PPP) mode [Zumberge et al., 1997]. The kinematic processing scheme included estimation of
time-varying station positions and tropospheric delays as stochastic random-walk processes, as well as res-
olution of carrier phase ambiguities [Blewitt, 1989; Bertiger et al., 2010]. We tested a range of values for the
random-walk variance to ensure that site position estimates were not biased by too loose or too tight con-
straints [Elosegui et al., 1996]. For the PPP approach, the satellite orbits and clocks were held fixed to precise val-
ues from JPL, so the station positions could be estimated independently in the ITRF2008 reference frame and
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are therefore not subject to errors inflicted by other stations in the network. A sidereal filter was tested but
not applied, as this did not seem to result in cleaner time series for this particular solution. HrGPS time series
data are provided in the supporting information.

Although the GPS were originally recorded at 1 s sampling, they were downsampled to an increment of 5 s
for the inversion after being low pass filtered using a causal filter with a period of 25 s. The low pass filter was
used because the corresponding Green'’s functions (which are computed for the preliminary reference Earth
model (PREM)) do not accurately predict the shorter period signals. The Green’s functions were treated with
an identical filter (section 3). Unfiltered time series are shown in Figure S1 in the supporting information. Data
for a 550 s time window were used in the inversion. Some stations were removed due to low signal-to-noise
ratios (SNR), leaving a total of 21 included in the inversion. The vertical component, which is particularly noisy
in kinematic solutions due to mismodeled atmospheric effects on the GPS signal propagation, was given
only 20% weight compared to the horizontal time series (the relative weights between different data sets are
described in section 3).

2.2. Far-Field, Static GPS Displacements

High-rate data from GPS stations in the SuGAr network far from the earthquake (>915 km) did not meet our
SNR cutoff criteria. (The stations for which we used high-rate data are named in Figure 2; a map with names
for all stations is given in Figure S2.) Examination of the far-field high-rate SUGAr time series confirms no dis-
cernible signal. However, daily GPS solutions have lower data noise. We were therefore able to obtain reliable
static displacements, based on daily solutions, for an additional 21 far-field SuGAr stations. Offsets are plot-
ted in Figure 2. These were estimated using 10 days of data before and after the earthquake, fit using an
offset and a linear trend. In addition, static displacements from the Andaman-Nicobar continuous network,
located ~500-1200 km north of the earthquake source, were published by Yadev et al. [2013], and we include
these in our inversion. Yadev et al. [2013] also include some International Global Navigation Satellite Systems
Service (IGS) stations, giving a total of 11 additional far-field stations from their data set. The maximum offset
from the Andaman-Nicobar network is at Campbell Bay on Great Nicobar Island, ~41 mm toward the south-
east. We use only horizontal displacements for the far-field stations (Yadev et al. [2013] did not include vertical
displacements, and these are presumably very small).

Since they were obtained from daily solutions, the far-field offsets include the effects of both the main shock
and the M,, 8.2 aftershock, as well as an early postseismic deformation. Offsets for the M,, 8.2 aftershock
were observable in the hrGPS data for a few of the closest stations; at BNON and LEWK the horizontal off-
sets are on the order of <4 cm. We did not attempt to correct the daily solutions for these effects. However,
the static GPS data were given low relative weight in the inversion (details of data weighting are given in the
supporting information).

2.3. Broadband Teleseismic Data

We downloaded broadband teleseismic P and SH records from the Global Seismographic Network (GSN) from
the Incorporated Research Institutions for Seismology (IRIS) data management center, for distances of 40 to
90°. To avoid an overabundance of data, the number of signals was then trimmed from hundreds to 63 using
both an SNR cutoff and azimuth binning, as well as visual inspection for data quality. (Figure S3 shows the
distribution of stations.) Instrument responses were deconvolved from the original data to give records of
ground displacement. The data were also bandpass filtered with a pass band of 0.005 to 0.9 Hz. Teleseismic
traces were aligned using manual picking of first arrivals and were cut to 200 s long records (following P or
SH wave first arrival) for inversion, with some traces shortened to avoid PP phases. The sampling interval was
reduced to 0.5 s.

2.4. Source Time Functions From Broadband Surface Waves

Broadband surface waves that have traveled along the great circle arc from source to station can be used
to image variations in seismic moment release, once surface wave propagation effects are accounted for. In
other words, the broadband surface wave recordings can be used to produce source time functions (STFs).
For this study, we used global recordings of short-arc Rayleigh (R1) and Love (G1) waves to produce STFs.
To remove propagation effects, Empirical Greens Functions (EGFs) were deconvolved from the main shock
records. The EGFs were based on global R1 and G1 recordings for a foreshock event at a similar location
(the 10 January 2012 M,, 7.2 event, with a source location at 2.45°N, 93.21°E, ~20 km NE of the April 2012
main shock location—Figure 2). The data are the same as those used in Yue et al. [2012], and more details
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on the preprocessing and deconvolution are available in that paper. We used 21 R1 and 15 G1 STF traces in
the inversion.

2.5. Fault Geometry

The initial fault geometry for the WNW trending right-lateral faults in our model (Faults 1, 2, and 5 in Figure 2)
was based solely on the locations of aftershocks and published backprojection results [Meng et al., 2012; Yue
etal., 2012; Ishii et al., 2013], since there are no locally visible structures in the local bathymetry. Our original
geometry had a strike of 286°, but we later adjusted this to 292° based on model fits to our data. The near-field
GPS static displacements are particularly helpful for constraining the strike of the faults.

To determine the geometry of the NNE trending left-lateral faults, we examined published interpretations of
seafloor bathymetry and magnetic anomalies [Singh et al., 2011]. These mapped structures (Figure 2) have a
strike of ~ 7°, and their location is difficult to reconcile with the aftershock and backprojection results. This
suggests that the bathymetric and magnetic information may not be accurate enough; a proposed cruise
will help with this (S. Singh, personal communication, 2014). We therefore place the NNE trending faults at
the location determined by seismological results and set the strike of these faults to that of the Investigator
Fracture Zone (IFZ), which can be more accurately defined to be ~12° based on available high-resolution
bathymetry. We here assume that the Eocene Wharton spreading Euler pole was far enough away that there
was negligible difference between the IFZ strikes and that of the NNE trending fracture zone at the location
of the 2012 main shock.

We also test models using the geometry of Yue et al. [2012]. Their faults were placed by examination solely of
the backprojection and aftershock data. Their WNW trending faults have a strike of 286°, and the NNE faults
strike at 16°. A comparison of the geometries is shown in Figure 2.

Our geometry differs considerably from the geometry of Wei et al. [2013], who used only three fault strands
for their finite-fault inversion: a NNE trending fault striking 20°, a WNW fault striking 289°, and a single-fault
striking 310° that runs approximately from the south end of our Fault 3 to the location of our Fault 6.

A strike of 16-20° is inconsistent with any mapped fracture zone strike on a large scale. This apparent strike
could be accounted for by faulting on a set of en-echelon, right-stepping subsegments, each possibly with a
transpressive component, along the fracture zone. This is not impossible and has been previously observed
on ancient faults reactivated in a new stress field.

2.6. Timing Information From Backprojection Results

Kinematic inversion for so many fault segments involves many unknown parameters; in our case we estimate
the moment of seven source time functions per patch, with six faults and a total of 120 patches in our full
model. We therefore constrained the rupture initiation times in the inversion to results previously obtained
using the backprojection technique [Yue et al., 2012]. Specifically, fault segments were constrained to start
rupturing at the times indicated in their text, and the rupture velocity was initially set to their estimate of
2.0 km/s. In initial tests we began the rupture at each fault segment at hypocenters determined in Yue et al.
[2012] (projected to the nearest fault patch in our model), and a hypocenter depth of 22.5 km, which includes
a water depth of 5 km (the U.S. Geological Survey-National Earthquake Information Center (NEIC) hypocenter
depth is 20 km below Earth’s surface, and 22.5 km is the nearest subfault midpoint depth in our fault mesh).
However, we later made adjustments to the hypocenter depth as we explored the model space and modified
the start time of Fault 2 (Figure 2) since our location is slightly different to that of Yue et al. [2012].

Published results [e.g., Yue et al., 2012; Ishii et al., 2013; Wei et al., 2013] tell a reasonably consistent story that
the rupture initiated on a WNW trending fault (approximately Faults 1 and 2 in Figure 2), then propagated to
bilateral rupture of a NNE trending fault (Faults 3 and 4 in Figure 2). The rupture then jumped to an additional
fault, or several, to the SW of these main faults (Faults 5 and 6 in Figure 2), accounting for the late arrivals seen
in the high-rate and teleseismic data traces, and also for the early arrival of tsunami waves at stations located
to the NW [Ishii et al., 2013]. The start and stop times described in Yue et al. [2012] are reasonably consistent
with values estimated in other studies [e.g., Meng et al., 2012].

3. Modeling Strategy and Inversion

We discretized the faults into a number of rectangular patches (subfaults), with dimensions of ~15 km in
the dip direction and ~30 km along strike. We also created model faults with single NNE and WNW trending
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dt

Time Time

Figure 3. Example of how the source time function for each subfault is parameterized by a series of overlapping
triangles. We start with a series of unit-moment triangles, then estimate the amplitudes of these in the inversion.

fault planes, for simple tests of which orientation bore the majority of moment release. These were, similarly,
discretized into ~ 20 x 30 km subfault patches. Unless otherwise stated, the faults were allowed to rupture to
a depth of 60 km.

Ourinversion technique uses a multi-time window approach [Olsen and Apsel, 1982; Hartzell and Heaton, 1983]
and is similar to that described by Yue and Lay [2011] and Yue et al. [2013]. In this, a source time function (STF)
is estimated for each subfault patch. The STF is parameterized by a series of overlapping triangles (Figure 3),
and the estimated model parameters are the seismic moments of these triangles. For our inversion, we used
seven STF triangles per subfault, with a half width (see Figure 3 for definition) of 3 s. This means that each sub-
fault can rupture for a total of 24 s. (We did test many other combinations and concluded that these choices
adequately capture the rupture; modifications do not significantly change our results.) We fixed fault tim-
ing, rupture velocity, rake, hypocenter location, and geometry for each inversion, based on prior information
as described in section 2, but explored other values to either conclude that they did not affect our overall
conclusions or have results as described below.

Green'’s functions used to model the hrGPS must include both static and dynamic ground displacements.
These were obtained by summing all normal modes for the PREM velocity structure [Dziewonski and Anderson,
1981] up to 80 mHz and were provided as a mode set for a spherical, layered, anelastic Earth by Luis Rivera
(Université de Strasbourg/Centre National de la Recherche Scientifique). The Green’s functions are reliable
for longer period (>20 s) signals and epicentral distances >100 km [Yue and Lay, 2011; Yue et al., 2013]. To
facilitate dealing with a large number of subfaults and wide range of model geometries, we used a precalcu-
lated database. This database contains Green’s functions for 10 km epicentral spacing and 1 km source-depth
spacing, and we selected the nearest Green’s function for each subfault/station configuration. Any errors
due to differences between station distance and database distance are insignificant, given our frequency
cutoff for the normal mode summation and the timing flexibility afforded by the multiple time window
parameterization.

Prior to inversion, both hrGPS data and Green'’s functions were filtered using a low-pass filter with a period of
25 s. This reduces noise in the GPS data, mode truncation ringing in the Green’s functions, and short-period
signals that would be poorly predicted due to our use of a simple, 1-D, velocity structure. (Although the results
are somewhat sensitive to the filter parameters, the basic results remain the same regardless of filter period.)

We used the same Green'’s function database for modeling the far-field static GPS displacements, but esti-
mated the total static displacements from the Greens function time series and used these in the inversion.
These have the advantage of being consistent with the high-rate functions and explicitly include spherical
Earth effects.

To calculate the teleseismic Green’s functions we used the reflectivity method procedure [Kikuchi et al., 1993],
which accounts for interaction in 1-D layered structures on both the source and receiver sides. For consistency
with the other Green’s functions we used the PREM velocity model for our calculations, but modified the
water layer to a thickness of 5 km so as not to neglect the prolonged coda from water reverberations in this
deepwater location. (We also tested models using a more local velocity model, obtaining similar results.) The
Green'’s functions are band pass filtered using the same parameters as used for the data.

Green'’s functions for the surface wave STFs are a simple Gaussian curve that matches the averaging filter of
the EGF deconvolution. Since both data and model estimates are STFs, the model relationship for these data
is a simple scaling.
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Figure 4. Comparison of predicted static displacements for (a) a single WNW trending, right-lateral and (b) a NNE
trending, left-lateral fault. Data and model predictions are shown for both high-rate (blue) and daily (purple/red) GPS
solutions. The red lines illustrate the surface projection of the faults, and the white stars the hypocenters used for the
inversion. Error ellipses are 99% confidence and represent those used in the inversion, scaled as described in the
supporting information. They do not show additional relative weighting between data sets as used in the inversions.
Data-model residual vectors are shown in Figure S4. Although only the GPS static displacements are shown, all data sets
(including hrGPS and teleseismic) were included in the inversions. We do not show slip distributions for these models,
since we do not believe them to be accurately representative of this complex event. The red vectors (north of Sumatra)
are from Yadev et al. [2013].

We normalized all data and Green'’s functions to achieve approximately unit variance for the data [Harris and
Segall, 1987], and then individually weighted the data sets to achieve desired relative weights. For the final
models, the hrGPS, teleseismic, and broadband surface wave data should receive approximately equal weight
in the inversions. The static GPS displacements have little weight, given that they also contain the effects of the
M,, 8.2 aftershock and postseismic deformation. A more detailed discussion of how the data were weighted
is available in the supporting information.

We used spatial smoothing but not temporal smoothing. For most models we selected the smoothing weight
using Akaike’s Bayesian Information Criteria (ABIC) [Akaike, 1980], as outlined for earthquake slip inversions in
Sekiguchietal.[2000], although we explore alternative levels of smoothing in the supporting information. ABIC
will select a smoothing weight based on the tradeoff between the norms of the data residuals and smoothed
model parameters. The model fit to the teleseismic data is particularly sensitive to the level of smoothing.

After we estimated the model parameters (using a nonnegative least squares algorithm to constrain the rake
[Lawson and Hanson, 1974]), we estimated predicted model time series for comparison with the data and
converted the moment estimates to a slip distribution. In converting to slip, we used values for shear modulus
at different subfault depths based on our layered Earth model (PREM). Since this is a kinematic model, we are
able to visualize both cumulative slip and rupture propagation over time, although the rupture propagation
is highly constrained by our a priori inputs on fault timing and rupture velocity.

We use estimates of “normalized, reduced chi-square” ()(f: in our case this value is actually the weighted mean
of the sum of the squares of the residuals, rather than a true chi-square value) to compare the models for
different joint inversion setups. We are aware that this statistic is imperfect as a way to describe the fit of the
models to the data. For example, certain features of the waveforms are more important to fit than others, but
this is not captured in the statistic. However, we need some quantitative way to easily compare the results of
changing the many user-defined parameters in the inversion.

4, Results

Although we combine several high-rate data sets, the large number of faults involved and distance from land
means that inversion for the slip distribution of this earthquake is a poorly posed problem, and there are many
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—Data

—— Model 6a: Fault geometry from Yue et al., 2012

——Model 6b: Optimized geometry, with vertical strike-slip faults
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Figure 5. hrGPS time series for data and various models, for the closest GPS stations (additional stations are shown in
Figure S5). The data are shown in black. Stations are ordered from closest to furthest from the main shock hypocenter,
and station locations are given in Figure 2. Models are numbered (through the paper) according to the figure number
for their slip distribution (Figure 6). Red lines indicate model predictions based on the fault geometry, rakes, and dips of
Yue et al. [2012]. Green lines are for our optimized fault strikes, but with vertical, pure strike-slip faulting. Purple lines
indicate predictions for a model that uses our optimized strikes, rakes, and dips. The data and Green’s functions were
low pass filtered prior to inversion (original time series are shown in Figure S1).

tradeoffs. Many parameters influence the results, including the fault geometry, the specified rupture velocity,
the fault start times, the station distribution, uncertainties in Green'’s functions (e.g., from the seismic veloc-
ity model), the width and number of STF triangles used to parameterize the STF, the regularization technique
and smoothing weight, and the relative weights given to different data sets. With these caveats, it is not pos-
sible to place reliable constraints on parameters such as the peak slip. However, we have explored the many
controlling parameters in detail, and here discuss the results with a goal of identifying the key conclusions
that remain robust and reliable. We include a discussion of model resolution in the supporting information.

4.1. Fault Geometry and Slip Distributions

As a first cut at assessing the relative amounts of slip on the WNW versus NNE trending fault structures, we
performed single-fault inversions. The traces of these faults are shown in Figure 4. We chose the strike of the
WNW trending fault to align with backprojection and aftershock data, and the strike of the NNE trending fault
to align with the azimuth of the CMT solution, but later tested many other strikes with similar conclusions.
Similarly, we initially set the faults to be vertical, with pure left-lateral and right-lateral strikes for the NNE
and WNW trending planes, respectively, but later explored alternative rakes and dips with no changes to the
overall conclusions.

When all data sets are included in these single-fault inversions, all have postfit residuals that are smaller
for the WNW trending fault solution. The ;(,2 misfit statistics for the hrGPS time series, static displacements
from the hrGPS data, and teleseismic waveforms are 1.4, 2.0, and 1.4, respectively, for joint inversion of all
data for the WNW model, compared to 2.2, 5.1, and 2.4 for the NNE trending fault model. The GPS static
displacements are particularly sensitive to fault strike; note the significant increase in the misfit for the GPS
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THE 2012 WHARTON BASIN EARTHQUAKE 9



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2014JB011703

88° 90° 92° 94°
4° N | s L
Mw=7.9,S=8m
4
=
Mw=8.1,S=15m~ E /‘ Mw=8.3,S=47m
R . B
2" 1
(@) 2 /é
My = 8.1, S =26 m
Geometry of \’\
Yue et al, 2012
4° . s s L
Mw 8.0,S=8m
Mw=8.2,S=31m 6/ Mw-BZS 37m
“ Mw 8.3,S=52m
\#
2° [
b) Mw 8.0, s 13 m
(
_— . Mu = 8.1, sm 3
Optimized strikes, 5
vertical faults
4° 1 1
Mw=80,S=13m
M“ﬂm S=20m 7 Mw=8.2,S= 42m4“
Mw 8.4,S=50m
\#\
2° 1 r
Mw 8.0 s 10 m
(c) 3
Optimized strikes, — Mu=8d s%

T T T T

100 km along strike

E‘!% | Scale for
éc fault planes 0 5 . 10 15+

E Slip (m)

Figure 6. Slip distributions for models that use (a) the fault geometry of Yue et al. [2012], (b) our optimized strikes, with
vertical faults and pure strike-slip motion, and (c) our optimized strikes, rakes, and dips. Slip on the bottom row of
patches was penalized for all three models. The figure combines the faults (red lines) in map view, with the fault planes
plotted next to each fault in planar view. The fault plans all have a bottom depth of 60 km but are plotted as distance
along dip (as indicated in scale). The white stars and white dots indicate the hypocenter locations used in the inversion.
These were derived from backprojection studies. Chi-square statistics for data and model predictions based on these
models are shown in Figure 10. The color bar is saturated at 15 m slip, but maximum slip and moment magnitude are
given above each fault plane. Figure S6 shows the same results plotted with a color bar saturated at 30 m.

static displacements, as illustrated in Figure 4. If the teleseismic data are inverted by themselves, either fault
plane works fine, with similar ;(f values. However, if the hrGPS data are inverted by themselves, the preference
for a WNW oriented plane remains pronounced.

The model for a single, WNW trending structure fits the data surprisingly well, given the known complexity
of the rupture. However, the time series predictions for the hrGPS data are flat at the times of the late arrivals
seen in the data (after ~300 s in Figure 5). Faults further to the west are required to fit these waveforms.

Inversions produced using more complex geometries (as described in section 2.5) also place the majority of
slip on the WNW trending faults (Figure 6). The modeled rupture on the WNW trending faults is deep, with
patches of slip of 10-15 m as deep as 45 km and 5-10 m slip even deeper than this. The hrGPS (Figure 5),
teleseismic (Figure 7), and EGF data (Figure 8) are generally well fit. The late arrivals in the hrGPS data are
slightly better fit when the westernmost fault has left-lateral slip on a fault with a NNE orientation (i.e., aligned
along the NER; Fault 6b in Figure 2), rather than right-lateral slip on a WNW trending fault (Fault 6a in Figure 2);
this can be seen by comparing the traces for Model 1 and Model 3 at >300 s in Figure 5.
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—— Data: Broadband vertical component P waves

—— Model 6a: Fault geometry from Yue et al., 2012

—— Model 6b: Optimized geometry, with vertical strike-slip faults
— Model 6¢: Optimized geometry, dips, and rakes
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Figure 7. Teleseismic time series for data and various models, as described in the caption for Figure 5. Models are
numbered according to the figure number for their slip distribution (Figure 6). The figure shows vertical component
P wave data for only approximately one third of the stations. Additional stations and SH wave data are shown in
Figures S6 and S7. The data and Green’s functions were low pass filtered prior to inversion. The text shows the station
name, the angular distance, and the azimuth from the source.

The static displacements (from the hrGPS data) are only fit well if the orientations of the WNW trending faults
are optimized according to the nodal plane they require. The nodal plane is not optimal in the fault geometry
of Yue et al. [2012], as demonstrated in Figure 9a by the fact that the model and data vectors are rotated
relative to each other. Changing geometrical parameters such as rake and dip does not solve the problem of
a misaligned nodal plane. We therefore ran a large collection of model tests aimed at optimizing the strike
and location of the various faults in order to better fit the static displacements. The new geometry, as shown
in Figure 2, has strikes for Faults 1 and 2 of 292°, compared with 286° for the model of Yue et al. [2012]. Since
there is much less slip on the NNE trending faults, their strike did not significantly impact the displacements,
so we left that at the strike determined by bathymetric mapping. The considerable improvement to the fits
for the static displacements, when using the optimized fault strikes, is illustrated in Figures 9b and 10. (Note
that Tables S1-S3 contain a summary of geometric parameters (fault coordinates, strikes, dips, rakes, and
chi-square fits) for all models illustrated in this paper. We number the models by the figure number for their
slip distribution, for easy reference.)

We ran the optimization for fault strike using vertical fault planes with pure strike-slip motion. However, this
results in a degradation of the fits to the teleseismic data (Figure 10, models 6a and 6b), compared to those
from models based on the Yue et al. [2012] geometry. We therefore performed a simple grid search to optimize
the rakes and dips. We tested faults that had dips of +70° or 90°, and rakes of either pure strike slip or strike
slip with 10° of thrust or normal motion. We tested only this limited set of geometries and rakes because these
parameters are poorly constrained by the data, and many combinations are equally viable in terms of data fit.
For similar reasons, we did not try to optimize the rakes and dips for Faults 5 and 6, since these are far from the
observing networks. The different data sets prefer different rake and dip combinations, so for the “preferred”
model (model 6¢) we selected those that work best for the teleseismic data, given that these are the most
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Figure 8. Source time functions from broadband surface waves for data and various models, as described in the caption
for Figure 5. The STF data are stacked in 10° azimuthal bins and labeled with the central azimuth from the source for
each stacking bin.

sensitive to these parameters. This model places Fault 1 as a north dipping thrust fault, keeps Fault 2 as vertical
but gives it a rake of 170°, and puts Faults 3 and 4 as pure left-lateral motion on a fault that dips toward the
west. Figures 6b and 6¢ compare slip distributions for a model with vertical faults and pure strike-slip motion,
and a model using the optimized rakes and dips, respectively; optimizing the dips reduces the amount of
very deep slip. Figures 7 and 10 illustrate that the fits to the teleseismic data are significantly improved with
this simple optimization of rakes and dips, but we stress that many other combinations of rakes and dips are
also viable.

Since the fault rakes and dips are not well constrained, we also show slip distributions for various alternatives
in Figure 11, with associated model-data misfits shown in Figure 10. In Figure 11a, we selected a model with
east dipping NNE trending faults, compared with west dipping as in our optimized model. We show this test
because Singh etal.[2011] image the NNE trending faults to be east dipping further to the north of our rupture
(but the dips may change along strike). In Figure 11b we show a model in which we use our optimized fault
strikes, but the rakes and dips of Yue et al. [2012]. In Figure 11¢c we remove Fault 2, because there is ambiguity
as to whether this fault shows up in backprojection results [Meng et al., 2012; Yue et al., 2012; Ishii et al., 2013],
although it is highlighted by aftershocks (Figure 2). In Figure 11d, Fault 1 is a south dipping normal fault. As
shown in Figure 10, the only change that significantly affects the data fits is the removal of Fault 2.

Unfortunately, there is a remaining trade-off between fitting the first arrivals at the three closest GPS stations,
and fitting the static GPS displacements. These first arrivals are better fit by the geometry from Yue et al. [2012]
than with our new optimized geometry (Figure 5). Although we explored a large model space, we were unable
to resolve these trade-offs. It is possible that they are the result of uncertainties in the velocity model.

The question of whether the rupture involved deep slip is an important one. We tackled this question by
running a number of tests that encourage or penalize deep slip. The results are shown in Figures 12 and 10.
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Figure 9. Comparison of predicted static displacements based on slip distributions for (a) the fault geometry of Yue et al.
[2012] (Figures 2 and 6a) and (b) a geometry with optimized strikes, rakes, and dips (Figures 2 and 6c¢). Error ellipses are
99% confidence and represent those used in the inversion, scaled as described in the supporting information. They do
not show additional relative weighting between data sets as used in the inversions. The red lines illustrate the surface
projection of the faults, and the white stars the surface projection of the hypocenters used in the inversion. Data-model
residual vectors are shown in Figure S9 and a figure that includes daily solution offsets for all stations in Figure S10.

In general, the data are fit as well by our “preferred” model (Figure 6¢) as by any of the tests that allow deeper
slip. The teleseismic data are the most sensitive to the depth of slip. They do not prefer more shallow or more
deep hypocenters, that encourage shallower or deeper slip, but do slightly prefer a model in which slip is
not penalized on the bottom row of fault patches (from 45-60 km depth). Our models do not rule out slip to
depths of >80 km. We note also that the depth of slip is affected by the fault strike and geometry (Figure 6),
which remains difficult to properly constrain.

As already stated, kinematic, finite-fault models always have a large number of tradeoffs between the large
number of parameters that can be tweaked in the inversion, and this is particularly true for this event since

2 T T T T T T T T
—o—hrGPS time series
—o—hrGPS vectors
—=—Teleseismic
—e—Surface waves

191

1.8

16

15

Reduced chi square
N

121

6a 6b *6c* 11a 11b 11c 11d 12a 12b 12c 12d
Model

Figure 10. Differences in the reduced chi-square fit between data and model predictions. The models are numbered
according to the figure number for their slip distribution, as indicated on the x axis. Tables S1-S3 summarize the
differences between the models. Our preferred model is 6¢, as highlighted by asterisks. Note the significant

improvement to fit when using the optimized fault strikes (from 6a to 6c). Note also the increased misfit when Fault 2 is
removed (11¢).
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Figure 11. Slip distributions for models exploring a range of different fault
dip and rake combinations. All strikes are fixed to the optimized values.

(a) We switch the NNE trending faults to dip to the east instead of to the
west. (b) We use our optimized geometry but the rakes and dips of Yue

et al. [2012]. (c) We remove Fault 2. (d) Fault 1 is a south dipping normal
(instead of thrust) fault. The data are not strongly sensitive to the variations
in rake and dip. However, the removal of Fault 2 (Figure 11c) negatively
impacts the model-data fits (Figure 10). The color bar is saturated at slip of
15 m. Slip on the bottom row of patches was penalized. The white stars
and white dots indicate the hypocenter locations used in the inversion.
Figure S11 shows the same results plotted with a color bar saturated

at 30 m.

it involved such a large number of
faults. For example, in this inversion
technique the user predefines the
hypocenter locations, fault start times,
and rupture velocities. These all trade
off each other; for example, a faster
rupture velocity can accommodate
misplacing of a hypocenter or an
incorrect fault start time. It is there-
fore difficult to say anything defini-
tive about parameters such as rupture
velocity from our results. Similarly, the
maximum fault slip and stress drop
are highly susceptible to changes in
the smoothing technique and weights
used, so these parameters are not well
constrained. We explore the effects
of varying these types of parame-
ters, as well as the effects of invert-
ing the different data sets individu-
ally, in the supporting information.
In all of these tests, the general fea-
tures of the slip distribution remain
similar. The most significant differ-
ence (beyond obvious effects such as
changing slip amplitude with changes
in spatial smoothing weight) is that
moving the hypocenters can reduce
the amount of deep slip.

4.2. Vertical Deformation Field

GPS and model estimates of vertical
displacement are shown in Figure S13.
Northern Sumatra experienced subsi-
dence of <4 cm as aresult of the earth-
quake. Although the vertical displace-
ments were given very little weight in
theinversion, the preferred model also
predicts subsidence (albeit very small).

4.3. Stress Drop

We calculate the average stress drop
Az for this event using the following
methodology. We first compute the
coseismic change in shear traction t at
the center of each fault patch based
on the finite slip distribution using the
formulation of Okada [1992]. We use
a uniform fault discretization, so the
stress singularity at the termination of
each fault patch has a minimal impact
on this calculation. Nevertheless, we
perform the stress change calculation
using dc3dm, the numerical method
of Bradley [2014], that produces results
that are comparably accurate for both
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Figure 12, Slip distributions for a collection of models that investigate the effects of allowing or penalizing deep slip.
The white stars and white dots indicate the hypocenter locations used in the inversion. (a) The hypocenters are adjusted
to 7.5 km depth (compared to a depth of 22.5 km as used in other models). (b) The model is equivalent to that shown in
Figure 6¢, but slip on the bottom row is not penalized. (c) The hypocenters are adjusted to 37.5 km depth. (d) The faults
are adjusted to have a bottom depth of 80 km and the hypocenters are deep. The color bar is saturated at slip of 15 m.
Figure S12 shows the same results plotted with a color bar saturated at 30 m. The chi-square model to data fits for these
slip distributions are shown in Figure 10.

do

uniform and nonuniform meshes. We then express the average stress drop using the formulation of Noda
etal.[2013],

_ oS-t

Joa V5

where s represents coseismic slip and the integration is performed over the entire fault area 9Q.

At (1)
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is 14 MPa.

Perhaps more revealing are the relative differences in stress drops for individual fault segments. These are
given, for the model shown in Figure 6¢, in Table 1. The stress drop estimated for Faults 1 and 2 is considerably
higher than for other fault segments.

4.4. Source Time Functions

Figure 14 shows estimated source time functions for each fault, for our preferred model. The rupture starts on
Fault 1 with alarge punch of initial energy, followed closely after by large peaks of energy release along Fault 2.
Fault 3 begins rupturing just around the time that the large peak in moment release is ending on Fault 1, with
bilateral rupture of Fault 4 beginning soon after. A final peak in moment release is displayed by Fault 6 (on the
NER), from ~120to 170 s.

Our preferred model has a total moment of 1.2 x 10?2 N m, assuming a PREM rigidity model. This compares
to values such as 9.2 x 102" N m [Duputel et al., 2012] and 1.3 x 10?2 N m [Wei et al., 2013].

5. Discussion

Our results show that the majority of moment for this event was released on WNW trending, right-lateral
faults, with the primary two WNW trending faults (Faults 1 and 2 in Figure 2) bearing subevents of M,, ~8.4
and 8.2 (Figure 6). Although previously published results from teleseismic data were ambiguous as to the
relative importance of the WNW trending faults, our GPS data (especially the static displacements) confirm
that they played a key role. The GPS data also help us to place better constraints on the strike of these faults,
estimated to be ~292°. We estimate that peak slip was on our Fault 1 (the closest WNW trending fault to
the Sunda megathrust), and although we recognize that peak slip is an unstable parameter in these types of
inversions, our results regularly place >50 m slip on this fault. The NNE trending, left-lateral fault (Faults 3 and
4 in Figure 2 (which lie along the same fault trace but were divided for timing purposes in the inversion)) was
originally expected to be the main player in this event. This also accommodated significant slip, but with two
smaller subevents of M,, <8.0 and peak slip estimated to be <20 m. The results further show that at least 5

Table 1. Stress Drop for Each Fault Segment, Based on the Preferred Model (Figure 6¢)?

Fault Number 1 2 3 4 5 6
Stress drop (MPa) 25 19 4 5 9 11

aThe mean stress drop for all faults is 17 MPa. These values were estimated using a constant shear modulus of 30 GPa.
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Figure 14. Source time functions for model 6¢, which uses optimized strikes, dips, and rakes.

near-orthogonal faults ruptured over the course of this ~180 s event, with faults to the west of the main shock
necessary for fitting late arrivals in the hrGPS time series. These western faults include a fault (or set of faults)
along the NER (Fault 6 in Figure 2).

Our results consistently show slip to a depth of >45 km, particularly on the WNW trending faults. There are
tradeoffs between fault dip/strike and the depth of rupture; previous results that did not have optimal fault
locations may have overestimated the amount of deep slip because of this. There are also tradeoffs between
depth andinaccuracies in the simplified velocity model we used. Regardless, our results confirm that the event
ruptured deep into the lithosphere, through the thin crust and into the upper mantle. These results are con-
sistent with the deep (~30 km) rupture centroid estimated by Duputel et al. [2012] for both the main shock
and the M,, 8.2 aftershock.

There remains the question as to whether this event broke the seafloor. Based on the high levels of shallow
slip, the answer seems likely to be yes. A planned cruise (S. Singh, personal communication, 2014) may answer
this question more conclusively, as well as confirm the location and geometry of the faults.

In the following subsections we discuss the implications of these results.

5.1. Complexity of Rupture and Breaking of Young Faults

Although the faults involved in this rupture were not previously mapped, the seafloor fabric in this region
is known to be a complex mixture of structures inherited from past geological epochs, and the majority of
seismicity in the Wharton Basin has been inferred to be related to reactivation of the ocean fabric [Delescluse
etal., 2012]. Delescluse et al. [2008] suggest that reactivation is selective, with evidence that some structures
have been abandoned.

Seismic reflection profiles acquired ~110 km north of the epicenter show a mixture of structures that include
fracture zones, pull-apart basins, flower structures, and some faults that have dip-slip motion on strike-slip
faults [Carton et al., 2014]. Average fault spacing is ~10-20 km. These survey results include evidence for WNW
striking structures to the west of the NNE trending fracture zone. The WNW striking mapped structures extend
>7 km into oceanic mantle, are estimated to have a maximum depth of ~37 km below sea level, and appear to
be dip slip [Carton et al., 2014]. Surveys in the area of the northern NER also show a complex pattern of faults,
including faults that were originally normal reactivated as strike slip with a component of compression [Sager
etal.,, 2013]. The diffuse pattern of aftershocks (Figure 2), albeit likely with location errors, suggest activation
of many unmapped faults and not only those on which we model slip. (The band of aftershocks parallel to
the Sunda trench, for example, may represent a process related to plate bending along the subduction zone
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[Masson, 1991; Ranero et al., 2005].) The majority of aftershocks with focal mechanisms in the Global Centroid
Moment Tensor (GCMT) catalog are strike slip, but some are extensional/oblique.

Given the complexity in rakes and dips observed by the geophysical surveys, it is difficult to infer what rakes
and dips we should expect on our faults. Our preferred model has north dipping thrust motion on Fault 1,
thrust motion on a vertical Fault 2, and pure strike-slip motion on west dipping NNE faults (Figure 6). However,
the many tradeoffs in our inversion mean that we do not necessarily believe these to be the physical geometry.
Many other variations of rake and dip will also fit the data well, and the general conclusions of the paper are
robust with alternate geometries. For example, we know that the NNE trending faults north of this rupture
dip to the east, as imaged by Carton et al. [2014]. Either the dip of the fault changes along strike (which would
not be unexpected, given that this originated as a fracture zone), or our estimated dip is incorrect. To test
the sensitivity of our results, we therefore tested our model with an east dipping NNE fault. The change does
not significantly impair the model fits (Figure 11). All we can say conclusively about the fault geometry is that
vertical, pure strike-slip faults are unlikely, as this does not result in a good model fit to the data.

We should not be too surprised by complexity in this rupture. Although rare, oceanic lithosphere events have
a history of being so; past oceanic earthquakes include examples of cross faulting (in the same event), rupture
across different fault segments separated by large distances, reactivation of old structures with new senses of
slip, and rupture of unmapped fault traces despite the existence of more prominent seafloor features:

1. As an example of cross faulting of oceanic lithosphere, the 18 June 2000 M,, 7.8 Wharton Basin earthquake
possibly involved rupture of both N-S and E-W trending fault planes during the same event [Robinson et al.,
2001; Abercrombie et al., 2003].

2.The 1998 M,, 8.1 Balleny Islands (Antarctic Plate) earthquake is an example of an event that ruptured faults
that did not coincide with any known features on the ocean floor, ruptured at high angle to existing fracture
zones, and may have had several subevents on different fault planes. Although debated, it may have jumped
an unbroken barrier >70 km long [Henry et al., 2000; Hjérleifsdéttir et al., 2009].

3.The 1994 M,, 7.0 Romanche (mid-Atlantic Ridge) earthquake was also complex, may have involved jump-
ing to another fault and had a rupture strike that was not parallel to lineations visible in gravity, to the
trend of propagating rift trails or to predicted magnetic anomalies [McGuire et al., 1996; Abercrombie and
Ekstrém, 2001].

4.The 2004 M, 8.1 Tasman Sea earthquake demonstrated the reactivation of old structures with a new
mechanism, rupturing an old spreading ridge as a strike-slip rupture [Robinson, 2011].

5. Even on land, we know that it is not uncommon to generate large earthquakes on faults that were not
previously mapped, even in the presence of well-mapped and important neighboring faults. Well-known
examples include the 1999 M,, 7.1 Hector Mine [e.g., Jachens et al., 2002] and the 2010 M,, 7.0 Haiti [Calais
etal., 2010] earthquakes.

An obvious reason for complexity in these types of events is that the inherited plate fabric from seafloor
spreading is complex, and the inherited structures are often not optimally oriented for the present-day stress
field, as with the NNE trending faults in this earthquake. In the case of the 2012 sequence, however, the
number of distinct faults involved seems truly exceptional.

Also exceptional is the high level of slip on these many distinct faults. As a thought experiment, take a rate of
1 cm/yr on a single fault; the time needed to build up enough stress for the levels of slip we observe would
be ~4000 years. With more faults involved, the recurrence time must be considerably longer than this. Hence,
this might be a very rare sequence.

The NNE trending faults are old, deep, lithospheric fracture zones, and prominent features of the seafloor.
It is generally assumed that fracture will follow the path of least resistance and rupture existing structures,
even when they are not optimally oriented for the present-day stress field. It could, therefore, be seen as
surprising that the younger, unmapped, WNW trending faults ruptured with more moment, and also perhaps
surprising that it is these young faults that seem to have accommodated the deepest slip, rather than the old
faults that are recognized to cut through the entire lithosphere. However, it may simply be the case that the
WNW trending faults are more optimally oriented for the present-day stress field than the NNE trending faults.

The angle between the NNE and WNW trending faults in our optimized geometry is 80°. This is wider than
the ~60° which is commonly observed between conjugate shear faults. One explanation for this is that the
NNE trending faults were preexisting structures, the WNW trending faults perhaps also so (e.g., born along
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slightly oblique initial Wharton spreading center crustal normal faults), and the wide angle is simply a result
of the preexisting structures. Alternatively, that this angle is ~80° may reflect the fact that the driving stresses
are deep.

The common 60° angle for conjugate faults is associated with failure under the linear Mohr-Coulomb failure
criterion with Byerlee friction values (0.6-0.85). Such failure requires significant dilatancy; frictional sliding
involves breaking microcracks and small asperities between the two surfaces, which requires some amount
of volume change. Upper crustal faults experience relatively low confining pressure and can accommodate
dilatancy. However, at the depths of estimated slip for this event we would expect high confining pressure,
and negligible dilatancy; it would be difficult to deform rocks with any volume increase at such depth [Brace
etal., 1966; Cherry et al., 1975; Tapponnier and Brace, 1976]. With no volume change, linear Mohr-Coulomb fail-
ure is no longer appropriate. Under these conditions, the failure envelope as plotted on a Mohr stress diagram
flattens (e.g., by the Von Mises criterion [e.g., van Der Pluijm and Marshak, 2004]), implying predominantly
grain boundary sliding rather than dilatant cracking as the main mechanism of brittle deformation and giving
an angle of 90° between optimally oriented conjugate shear zones [van Der Pluijm and Marshak, 2004;
Eberhardt, 2012]. As a consequence, our observed value of 80° may reflect the formation of these deep faults
in an environment that requires a significant level of grain boundary sliding.

If we then assume, for the sake of argument, that the WNW trending faults formed due to the present-day
stress field we can estimate that the o, principal stress direction should be ~30-40° from the orientation
of these faults. Our results imply that these faults have an orientation of ~292°, placing estimates for the
orientation of o, at ~322-332°.

The above reasoning results in a ~50-60° angle between ¢, and the NNE trending fracture zones. Depending
on what is the optimal orientation between faults and the ¢, direction for this case, as discussed above, this
represents a ~10-20° divergence from the optimal orientation. Although in these assumptions the WNW
faults are better oriented for the present-day stress field, a 20° divergence is not so large that the existing NNE
trending structures are not reactivated [Sibson, 1985, 1990; Masson, 1991; Henza et al., 2010].

The present-day stress field for the Wharton Basin has not been well-resolved by other methods, but we do
know that the Australian plate is moving toward the Indian Plate at ~316° [DeMets et al., 2010; Duputel et al.,
2012]. If we assume that this also reflects the orientation of ¢, our estimate (based on the very simple assump-
tions described above) would be a little high. This could confirm the existence of the WNW trending faults as
also being preexisting structures that are not optimally aligned with the present-day stress field. Alternatively,
the assumption that the rate of plate convergence reflects the orientation of ¢, is oversimplified.

5.2. Deep Rupture of the Younger Faults
As with the complexity of rupture, we should not be too surprised that the event ruptured into the mantle,
below the ~12 km deep Moho:

1. Geophysical surveys in the Wharton Basin have shown evidence of faulting that extends beneath the
oceanic Moho [e.g., Bull and Scrutton, 1990; Carton et al., 2014].

2. Other oceanic earthquakes have also been deep. For example, the 1989 M, 8.2 Macquerie Ridge earth-
quake (deepest slip 12-16 km) [Anderson and Zhang, 1991], the 1998 M 8.1 Antarctic Plate (centroid depths
16-26 km) [Henry et al., 2000], the 2003 M, 7.6 Mid-Indian Ocean (large slip >20 km depths) [Antolik et al.,
2006]. and various events on the Romanche transform (centroid depths of 7-20 km) [Abercrombie and
Ekstrom, 2001] have been estimated to rupture below the Moho to various extents.

3. Unlike continental earthquakes, slip in oceanic earthquakes is expected to rupture into the mantle based on
the composition of the oceanic mantle and its thermal profile. The brittle-ductile transition may be around
50 km depth. Experimental data indicate that olivine-rich materials will transition from velocity weakening
to velocity strengthening at ~600°C when subjected to the geological conditions expected at the base of
the oceanic lithosphere [Boettcher et al., 2007] (with this geotherm usually located at depths of 20—-40 km
in oceanic lithosphere).

4.The 600°C geotherm has also been estimated as an approximate limit for seismic rupture by analysis of
oceanic transform fault earthquakes using broadband seismic data [Abercrombie and Ekstrém, 2001].

We might, however, be surprised that the rupture extended deeper than the estimated depth of the 600°C
geotherm. At the location of our faults, the 600°C geotherm is estimated to be at ~30 km depth based on
a diffusion model [Stein and Stein, 1992] and plate ages from Miiller et al. [1997]. The geotherm is estimated
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to be at a depth of ~35 km in the vicinity of the NER to the west, and shallows to <30 km to the east of our
faults. (The plate gets younger from west to east, and the fracture zones represent jumps in plate age and
therefore thickness.) The 1125°C geotherm depth at the location of the faults is estimated to be ~70-75 km.
To compare with these numbers, slip on Faults 1 and 2 decays fairly smoothly from the surface to depths of at
least 60 km (Figure 6). The largest slip estimates are shallower than 30 km, but there is still >8 m slip estimated
between 30 and 60 km.

The frictional properties of the oceanic lithosphere are poorly known. However, it is generally agreed that
frictional failure becomes increasingly unlikely at temperatures > 600 + 100°C [Chen and Molnar, 1983; Kirby
and Kronenberg, 1987; Abercrombie and Ekstrdm, 2001; McGuire and Beroza, 2012] and under the high-pressure
conditions at the depths associated with these temperatures [McGuire and Beroza, 2012]. The fact that the
cross faults are at a wide angle may, as discussed in section 5.1, also reflect the high-pressure, low-dilatancy
environment, implying failure is toward the more ductile side of the spectrum. The significant depth of the
April 2012 ruptures, therefore, suggests either that an alternative mechanism for rupture may be necessary,
or that the geotherm and brittle-ductile transition are considerably deeper than previously thought.

In the case of an alternative mechanism, it is possible that deep slip was generated by a process of thermal
weakening [Kanamori et al., 1998; Di Toro et al., 2006; Keleman and Hirth, 2007; Brown and Fialko, 2012], as sug-
gested by McGuire and Beroza [2012]. By this process, heat generated in a fine-grained shear zone generates
a thermal runaway feedback system, resulting in localized zones of viscous failure [e.g., Keleman and Hirth,
20071. When the rupture is particularly deep (i.e., high pressure), and the slip is large enough, the fault will
melt [Kanamori et al., 1998; McGuire and Beroza, 2012].

Supporting this idea, we note that 72% of the aftershocks from this earthquake were crustal (Figure 2). Pre-
vious authors have raised the question of whether aftershocks for oceanic earthquakes behave like their
continental counterparts (i.e., cluster outside the areas of largest coseismic rupture), or whether they are
somehow different [Antolik et al., 2006]. In the case of this earthquake, the relative absence of deep aftershocks
may support the idea that while slip can propagate into the deeper fault in certain conditions, this part of the
fault is velocity strengthening at plate rate, and unable to initiate seismic slip.

However, it is also possible that no unusual rupture mechanism is required and that the brittle-ductile tran-
sition is simply deeper than (or, indeed, at) the bottom of our estimated rupture patch. The brittle-ductile
transition can be affected by factors such as the stress regime and strain rate and may be as deep as 750°C
in the Indian Ocean region [Weins and Stein, 1984]. Furthermore, the oceanic mantle lithosphere thickens
away with distance from the ridge axis in a simple, thermally driven cooling process and becomes older,
colder, and stronger between fracture zones; it would not be too surprising that the geotherm depths are
underestimated.

The old NNE trending faults were born as translithospheric, while the WNW trending faults are assumed to
have been born as crustal faults that have propagated into the lithospheric mantle. It could also, therefore,
be seen as puzzling that it was the WNW trending faults that have the deep slip, not the NNE trending faults.
This could be connected to the thermal weakening process. Alternatively, this could be representative of the
fact that it is difficult to break the old, cold, strong lithosphere between fracture zones, and therefore, when
these faults do rupture they do so spectacularly.

5.3. Rupture of Faults Along the Ninety East Ridge

The late arrivals in the hrGPS waveforms are best fit by rupture along a structure that lies along the trace of the
NER.Itis possible thata perpendicular structure (Fault 6ain Figure 2) also ruptured, but these faults are far from
our networks, and we do not have the resolution to tell. Results from backprojection and previous inversions
have also been ambiguous, for example, Yue et al. [2012] invert for slip on a WNW trending geometry, but say
it could be either this or a NNE trending structure.

The modern consensus is that the NER was created by hot spot volcanism that emplaced a ridge on the north-
ward drifting Indian plate from Late Cretaceous to early Cenozoic times [Krishna et al., 2012]. The nature of
deformation along this ridge is poorly understood, but it seems to represent a mechanical boundary between
the different styles of deformation in the Central Indian Basin and the Wharton Basin [Sager et al., 2013]. For
this ridge to serve as this boundary there would have to be a complex system of faults; seismic reflection sur-
veys have shown that the fault pattern is highly variable along its length [Tinnon et al., 1995; Delescluse and
Chamot-Rooke, 2007; Sager et al., 2013; Andrade and Rajendran, 2014]. The NER is cut along its length by E-W
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lineations and horst-and-graben features, and some sections do not show evidence of strike-slip faults with
N-S orientations [Sager et al., 2013; Andrade and Rajendran, 2014]. Our interpretation of slip on this feature is
therefore likely to be highly simplified and may represent the cumulative rupture of a number of small faults.
Indeed, our “optimized” fault does not seem to line up well with the NNE trending aftershocks (Figure 2),
possibly because we are modeling slip on some combination of smaller faults.

5.4. Large Variations in Stress Drop

The large magnitude of the event was due to a combination of the large number of faults involved, and the
fact that it ruptured high-rigidity mantle material. Whether it was also due to a high stress drop, however,
is less clear. Past studies have hypothesized that high stress drops may be expected for ruptures on oceanic
transform faults [e.g., Anderson and Zhang, 1991; Robinson et al., 2001; Antolik et al., 2006; Robinson, 2011] and,
indeed, previous publications have suggested high stress drop for this event [e.g., Meng et al., 2012].In a global
survey Choy and Boatwright [1995] concluded that oceanic strike-slip events have the highest apparent stress
of all the events they studied. Antolik et al. [2006] discuss observations that large earthquakes occurring in
oceanic lithosphere have often exhibited low aftershock to main shock energy ratios, which could suggest
that complete stress drop is common for these types of events.

Our estimate for total event stress drop of ~14—17 MPa suggests a value for this event that is on the high
side but not extremely high. To reach this conclusion, we recalculated stress drops for a collection of other
strike-slip events, using the same stress drop calculations (section 4) and published slip distributions. Unlike
comparisons where scientists have had to (often rather arbitrarily) decide on the rupture area to use in analyt-
ical calculations of stress drop, this technique allows for a more robust comparison. Examples include 24 MPa
(Landers M,, 7.3 1992, [Fialko, 2004]), 13 MPa (Hector Mine M,, 7.1 1999 [Simons et al., 2002]), and 8 MPa
(El Mayor M,, 7.2 2010, [Fialko et al., 2010]). We also recalculated the stress drop for this event using the slip dis-
tribution of Wei et al. [2013] and obtained a slightly lower but similar value to ours, at 12 MPa. We make these
comparisons with the caveat that stress drop in finite-fault inversions is poorly constrained, has an inverse cor-
relation with smoothing weight, and is often a function of the level of analysis and volume of data available.
We also note that we used a shear modulus of 30 GPa for all events, to enable comparison, but the rigidity of
the oceanic lithosphere is likely to be considerably higher.

This said, our Fault 1 (the primary WNW trending fault) has a very high stress drop of ~25 MPa, considerably
higher than the other faults and high relative to other events. Fault 2 also had higher stress drop than the
other faults. In addition to exhibiting the highest levels of slip, these faults also accommodated the deepest
slip. These results differ from those of Weij et al. [2013], who placed their high stress drops on the NNE trending
fault. (Their model uses regional and telseismic waveform data, and a different fault geometry.)

If a fault is more mature, it may be less segmented. With less segmentation, rupture can propagate
with less obstacles and generate more slip. With a more segmented fault, the rupture propagates across
velocity-strengthening barriers or geometrical obstacles that impede slip; the overall coseismic slip is
decreased for the same rupture distance, leading to a lower stress drop. Since they are such prominent fea-
tures of the seafloor, it is tempting to think of the NNE trending fracture zones as well-established faults.
However, these are actually reactivated structural boundaries between older and younger crust (rather than
well-established faults), and thus may have many steps and barriers. Thus, we would not necessarily expect
high stress drop on these structures, as observed. Furthermore, it is common that fracture zones are lubri-
cated with serpentinite [e.g., Francis, 1981], which could make them weaker and cause rupture with less
high-frequency seismic radiation (as with the shallow areas of subduction megathrusts) [Dengo and Logan,
1981; Reinen et al., 1991; Katayama et al., 2013].

On the younger faults, however, we do observe high stress drop. One explanation for this is to invoke—as
discussed in section 5.2 —an alternative failure mechanism such as thermal weakening, which could produce
high stress drop through strong weakening [e.g., Fialko and Khazan, 2005; Di Toro et al., 2006; Beeler et al., 2008;
DiToroetal., 2011]. Alternatively, the high stress drops (and deep slip) on the young faults are simply because
they are strong and difficult to break.

5.5. Long Event Duration

Some studies have suggested that the event involved supershear rupture on some segments [Wang et al.,
2012], while others have suggested relatively slow rupture speeds, given the location of the event below
the oceanic Moho [Meng et al., 2012]. Having a better knowledge of rupture velocity would lead to a better
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understanding of the physics and friction parameters of this unusual earthquake. Unfortunately, however, we
cannot provide additional constraints on the rupture velocity. The rupture velocity trades off with parameters
such as hypocenter location, so an exploration of different velocities does not yield conclusive results. We do,
however, show that models produced using a rupture velocity of 2.0 km/s (as suggested in previous studies
such as Yue et al. [2012]; Wei et al. [2013]) will fit the data well. The data also confirm, unsurprisingly, the long
duration of the event, with rupture of the final fault segment ending at ~180 s. Long durations are common
for oceanic earthquakes [Antolik et al., 2006; Perez-Campos et al., 2003; Ekstrom et al., 1992], perhaps in part
due to relatively slow rupture speeds but also simply as a result of the long stretches of fault that rupture.

6. Conclusions

In our introduction we posed a number of questions. To summarize our findings with respect to these
questions we found that

1. The majority of moment release for this event occurred on WNW trending faults, rather than on the more
prominent NNE trending faults that are evident in the seafloor fabric. Our results indicate the value in includ-
ing, for the first time, high-rate GPS observations from the nearby region in analysis of this complicated
event; if we invert only the teleseismic data there is remaining ambiguity in the relative importance of the
NNE versus WNW trending faults, but the GPS data show a strong preference for the WNW trending faults.

2. Many different fault sections ruptured in this event. These include a fault ~400 km to the west of the
hypocenter, in the location of the Ninety East Ridge, as evidenced by late-arriving waveforms in the high-rate
GPS data.

3.The GPS data also provide—particularly through examination of the nodal plane of the static
displacements—new constraints on the strike of the WNW trending faults. The WNW and NNE trending
faults are at a wide angle. This may be the simple result of either or both sets being preexisting structures
left over from the Eocene spreading center. Alternatively, this angle may be a result of their formation at
depth, optimal within the present-day stress field and in a high-pressure, low-dilatancy environment.

4, The slip was deep and extended into the oceanic mantle. While our resolution of the exact depth extent
remains relatively poor, we reliably see slip down to at least 60 km.

5. The event had such a large magnitude because so many segments were involved and because some faults
experienced very large slip in high-rigidity material. The young, WNW trending faults experienced the
largest slip and high stress drops.

The 2012 Wharton Basin earthquake sequence illuminates a deformation zone that may represent the forma-
tion of a new, localized, plate boundary between the Indian and Australian Plates. That so many faults ruptured
in a cascade during this event sequence is an indication that no kinematically acceptable single large fault yet
exists to relieve the stress imparted by the relative plate motion; many more events like this would be needed
to create a distinct plate boundary, and it will be a long time before scientists know the extent to which the
boundary remains diffuse by nature.

The oceanic lithosphere between the fracture zones is older, colder, stronger, and while the crust is pervaded
with faults and preexisting structures the mantle should not be. Hence, the strongest faults should be any that
are transverse to the fracture zones. That it is difficult to break the mantle in between the fracture zones may
be the reason that there is not yet a throughgoing plate boundary between the India and Australia Plates,
and why recurrence times are very long; the fracture zones are not optimally oriented for the present-day
stress field, but breaking new faults here is not easy. A combination of this strength and a deep brittle-ductile
transition (or the triggering of an alternative rupture mechanism such as thermal weakening) may explain the
fact that the highest and deepest slip, and highest stress drop, was observed on the WNW trending faults.
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