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Abstract 
The actively deforming Indo-Australian intraplate region off the Sumatra-Andaman trench hosted the largest strike-slip earthquake recorded by modern instruments in 2012, the MW 8.6 Wharton Basin earthquake, closely followed by a MW 8.2 aftershock. These two large events ruptured either parallel north-south trending faults or a series of north-south and nearly perpendicular east-west fault planes. No active east-west faults had been identified in the region prior to these earthquakes and the seismic rupture for these two earthquakes extended past the 800ºC isotherm for lithosphere of this age, deep into the oceanic mantle and possibly beyond the inferred transition to ductile failure. To investigate the seismic behavior of this region we calculate moment tensors with teleseismic body waves for 6.0 ≤ MW ≤ 8.0 intraplate strike-slip earthquakes. The centroid depths are located throughout the seismogenic mantle and could extend through the oceanic crust, but are generally well-constrained by the 600ºC isotherm and do not appear to rupture beyond the 800ºC isotherm. We conclude that while many earthquakes are consistent with a thermal limit to depth, large magnitude earthquakes may be able to rupture typically aseismic zones. We also perform finite fault modeling for MW ≥ 7.0 earthquakes and find a slight preference for rupture on east-west oriented faults for the 2012 MW 7.2 and 2005 MW 7.2 earthquakes. This lends support for the presence of active east-west faults in this region, consistent with the majority of previously published models of the 2012 M8+ earthquakes.
Introduction
The Indo-Australian plate is the most actively deforming intraplate oceanic lithosphere in the world and has prompted many studies, but it also remains one of the more perplexing tectonic regions. The uncertainty of our knowledge of this region was highlighted recently by the intraplate 11 April 2012 MW 8.6 earthquake and MW 8.2 aftershock two hours later. They were unexpectedly large and deep [McGuire and Beroza, 2012], and most models show they ruptured along previously unknown faults. These two earthquakes were observed to rupture along a complex arrangement of north-south (N-S) faults [Satriano et al., 2012] or along additional unidentified east-west (E-W) faults at lithospheric depths beyond the inferred limit to brittle failure [Wang et al., 2012; Duputel et al., 2012; Meng et al., 2012; Zhang et al., 2012; Ishii et al., 2013; Wei et al., 2013]. Since these events were so complex, we use moderate sized earthquakes to understand the seismic behavior in this region, both in depth extent of seismic rupture and orientation of active faulting.
The Indo-Australian plate appears to be breaking apart as a result of the collision of India against Asia in the north, along with ongoing subduction along the Sunda arc [Wiens et al., 1985]. This subduction caused an increase of seismic activity in the region following the 2004 MW 9.2 Great Sumatra-Andaman earthquake [Engdahl et al., 2007; Delescluse et al., 2012]. Wiseman and Bürgmann [2012] proposed that viscoelastic relaxation of the asthenosphere in the wake of the 2004 and 2005 subduction earthquakes may have promoted failure on the conjugate fault planes of the 11 April 2012 earthquakes.
Royer and Gordon [1997] divided this broad region of intraplate activity into three subplates: the Capricorn plate to the southwest, the Australian plate to the southeast and the Indian plate to the north, all separated by wide, diffuse boundaries of deformation. The north-south trending Ninety East Ridge [Petroy and Wiens, 1989], an inactive hotspot track [Weis et al., 1993], separates the Indian Ocean into two regions with distinct deformation styles: the Central Indian Ocean to the west and the Wharton Basin to the east (Figure 1) [Cloetingh and Wortel, 1986; Sagar et al., 2013]. In the Central Indian Ocean the compression is accommodated by reactivating E-W striking normal faults with reverse motion [Chamot-Rooke et al., 1993; Montési and Zuber, 2003]; the pressure is also accommodated through long-wavelength folding [Krishna et al., 2001]. To the east of the Ninety East Ridge, in the Wharton Basin, the earthquakes are predominantly strike-slip [Deplus et al., 1998; Abercrombie et al., 2003; Rajendran et al., 2011]. The strain field is optimally oriented to reactivate the ~15º N-S trending fossil fracture zones formed during spreading at the extinct Wharton Ridge [Delescluse and Chamot-Rooke, 2007; Ishii et al., 2013; Andrade and Rajendran, 2014], and were assumed to host the numerous strike-slip earthquakes observed here (Figure 1). These fractures zones extend thousands of kilometers and have been imaged to be continuous under the obscuring sediments of the accretionary prism and Bengal Fan [Deplus et al., 1998; Matthews et al., 2011; Franke et al., 2008]. They offset lithosphere with ages from 40-85 Ma in the south progressing to over 100 Ma to the north [Müller et al., 2008; Matthews et al., 2011]. 
Abercrombie et al. [2003] showed that the north-south fracture zones in the Wharton Basin remain active as they are subducted past the trench, and seismicity in the slab on the Investigator Fracture Zone was observed to a depth of 200 km [Fauzi et al., 1996; Lange et al., 2010]. These events can be damaging as in the case of the 2009 earthquake beneath Padang, Sumatra [Wiseman et al., 2012]. It is not known how the subducting fracture zones affect the geometry of the subduction zone earthquakes themselves, such as the great 2004 MW 9.2 earthquake and the 2005 MW 8.6 Nias earthquake. Fracture zones provide a narrow zone of structural and compositional differences in subducting oceanic lithosphere and can enhance hydration of the interface and overriding plate [Shillington et al., 2015]. The relief of fracture zones has been proposed to behave as a rupture asperity, with topographic heterogeneities affecting the coupling of the slab and the extent of subduction zone megathrust earthquakes [Müller and Landgrebe, 2012; Robinson et al., 2006; Scholz and Small, 1997]. Alternatively, the relief of a subducted irregularity has been observed as creating an area of weak coupling on the subduction interface [Wang and Bilek, 2011; Sparkes et al., 2010; Mochizuki, 2008]. Regardless of how fracture zones are interpreted, as either an inhibitor or an enhancer of rupture, numerous studies find them to influence subduction zones and their potentially damaging and tsunamigenic thrust earthquakes. 
On 11 April 2012 a MW 8.6 earthquake, the largest strike-slip earthquake ever recorded, ruptured in the Wharton Basin, followed by a MW 8.2 aftershock two hours later. The complex faulting geometry and unexpected depths of these two earthquakes challenged our understanding of deformation in the region and the depth controls on oceanic earthquakes globally [McGuire and Beroza, 2012]. The aftershock distribution, combined with back projections of high frequency energy from these two events, revealed a complex faulting pattern. Satriano et al. [2012] determined acceptable model fits to their data using a fault geometry of only parallel N-S trending strike-slip faults, but all other studies included significant slip on additional perpendicular faults. These studies used sets of three or more orthogonal faults oriented both N-S along existing faults, and E-W along previously unidentified faults that extended from the 94ºE fracture zone to the Ninety East Ridge [e. g. Wang et al., 2012; Duputel et al., 2012; Meng et al., 2012; Zhang et al., 2012; Ishii et al., 2013; Wei et al., 2013]. The complexity of these earthquakes makes it difficult for the fault planes to be unambiguously determined using back-projection and finite-fault inversion techniques. The aftershocks of the 2012 events as located by the National Earthquake Information Center (NEIC) outline an intricate pattern supporting the existence of E-W faults (Figure 1). However many earthquake catalog locations in this region have significant error of over 20 km due to limited and non-uniform coverage by local and regional seismic stations [Pesicek et al., 2010]. Recent investigation of the subsurface faulting in the region finds no evidence for active E-W structures extending below the sediments [Geersen et al., 2015]. Carton et al. [2014] and Qin and Singh [2015] imaged faults extending deep into the mantle, but the dips are too shallow for them to have accommodated significant slip in the great earthquakes in 2012. 
The depths of oceanic earthquakes are thought to be limited by thermal structure; McKenzie et al. [2005] and Jackson et al. [2008] demonstrated how robust earthquake centroids are limited by the 600ºC isotherm, consistent with laboratory studies [Boettcher et al., 2007]. Global Centroid Moment Tensor catalog (gCMT) centroid depths for the 2012 MW > 8 events were unusually deep (46 and 55 km) implying slip up to and beyond the 800ºC isotherm [Ekström et al., 2012], necessitating novel modes of failure [McGuire and Beroza, 2012] (Figure 2). The expected depth of the 600ºC isotherm is 35-50 km, determined from the age of the oceanic lithosphere in the rupture zone. Duputel et al. [2012] performed a moment tensor analysis of the very long period waves, and found centroid depths of 30 km and 30-40 km for the MW 8.6 and 8.2 earthquakes, respectively. Deep slip in the 2012 earthquakes (40-60 km) is supported by both finite-fault inversion [Wei et al., 2013] and GPS modeling [Hill et al., 2015]. Faster strain rates may increase the depth of the brittle to ductile transition, but only by a few kilometers [e. g. Rolandone et al., 2004]. To explain the exceptional depths, McGuire and Beroza [2012] proposed a slip-velocity strengthening mechanism dependent on strain rate using a fine-grained, viscous shear zone that would temporarily increase the strength of the fault at depth within the limited temperature range of 600-800ºC [Kelemen and Hirth, 2007]. This mechanism could only take place during large magnitude earthquakes. 
Here we investigate seismic behavior in the Wharton Basin by modeling the thirteen 6.0 ≤ MW ≤ 7.5 strike-slip earthquakes that have occurred since 1990 (Table 1). These earthquakes are large enough for teleseismic data to be adequate to resolve the source processes, but usually not too large for complexity to limit our resolution. We focus on addressing the questions raised by the 2012 MW 8.6 and 8.2 earthquakes: the orientation of active faults and the depth distribution of seismic slip. We calculate moment tensors and centroid depths by modeling teleseismic body waves. Additionally, for the best-recorded events, we investigate the fault geometry and spatial distribution of slip by finite-fault inversion.  
Moment Tensors and Centroids for MW ≤ 7.0 earthquakes
We model teleseismic body waves for the ten strike-slip earthquakes of 6.0 ≤ MW ≤ 7.0 that occurred in the oceanic lithosphere along and to the east of the Ninety East Ridge in the Wharton Basin and in the Bay of Bengal since 1990 (Figure 1). We consider the earthquake in the Bay of Bengal separately because of the significant differences in local velocity structure. We follow the methods outlined in Aderhold and Abercrombie [2015], which are based on the work of Maggi et al. [2000]. Seismograms of P and S waves recorded at stations between 30º and 90º distance from the NEIC hypocenter for each earthquake are obtained from the Incorporated Research Institutions for Seismology Data Management Center (IRIS DMC). We pick phases first using the TauP arrival times [Crotwell et al., 1999]. Each arrival is then hand picked with careful attention paid to the polarity of the close to nodal P waves as well as the pP and sP depth phases. Depth phases of oceanic strike-slip earthquakes recorded at teleseismic distances are often incorrectly picked as the first arriving P waves since the take off angles are much closer to the nodal planes relative to dip-slip earthquakes of comparable magnitude [Schramm and Stein, 2009]. A poorly picked arrival can greatly impact the determination of the moment tensor and centroid depth of an earthquake. 
The length of the record that we include in the model is between 30 and 90 seconds depending on the magnitude of the earthquake and the presence of resonating late arrivals from structural complexity. Seismograms are down-sampled to 1 sample per second. We rotate records of the S waves on the two horizontal components to produce the transverse SH waves, and down-weight them in the models due to their large amplitude relative to the P waves. 
We use the program MT5 [McCaffrey et al., 1991] to determine double couple moment tensors and centroid depths. All depths are reported with respect to the seafloor. We investigate the uncertainty of our models by performing a grid search in 3km increments around centroid depth and note how mechanism parameters of strike, dip, and rake are affected. Best-fit point source models for all earthquakes are available in Figures S4-S16 in the Supporting Information. We also investigate whether significant rupture directivity can identify which nodal plane hosted the earthquake. We model possible directivity for the largest events by fixing a horizontal line source along each nodal plane, and solving for the best-fitting source time function and depth at range of rupture velocities. Using a line source did not significantly improve the fit for any of these earthquakes, so we do not observe resolvable directivity and cannot distinguish the fault plane. 
Wharton Basin and Ninety East Ridge
For the nine MW ≤ 7.0 earthquakes in the Wharton Basin and along the Ninety East Ridge, we use a one dimensional velocity model at the source with a water layer based on global bathymetry between 2 and 5 km, a crustal layer of 7 km (VP of 6.5 km/s) and a mantle half-space (VP 8.1 km/s). Thinner crust (3.5-4.5 km) has been observed by Singh et al. [2011] in the basin east of the Ninety East Ridge, but substituting thin crust has a minimal effect on our modeling. The preferred centroid depths would shallow by less than 1 km if we replace several kilometers of slower crust with faster mantle in our velocity model. A 1D source structure velocity model is appropriate as the teleseismic waves arrive at near vertical incidence.
For earthquakes near the trench, we consider the additional complexity that comes from the dipping seafloor interface. Wiens [1989] modeled the effect that this interface can have by producing significantly different P waveforms than simple horizontal layers due to the varying take off angles for later arriving water phases. The dipping seafloor affects strike-slip earthquake seismograms more than those of thrust or normal earthquakes because most ray paths are taking off very near to a nodal plane. The P wave water reverberations produced by dipping layers can be mistaken for source and velocity structure complexity. The S waves do not enter the water layer and are unaffected by the dipping seafloor so we use them to distinguish between complexity in the waveforms caused by source and structure. We do not explicitly model the dipping seafloor, but for the earthquakes near the trench we only model complexity in the P waves with additional source parameters if it is also present in the SH transverse waves. The effect of dipping sea floor and water multiples is considered in more detail in the text and figures S1-S2 in the Supporting Information. 
The earthquake centroids that we calculate are distributed throughout the seismogenic zone, with the deepest edging the 600ºC isotherm as calculated using a half-space cooling model (Figure 2). We use an ambient mantle temperature of 1350ºC and a thermal diffusivity of 1e6 m2/s in our half-space cooling model. There is a tradeoff between increasingly shallow dips and shallow centroid depth for some events. Depth also trades off with the source time function; possible depth phases are fit instead by a longer and more complex source. The minimum depths of the two shallowest events, (1999 MW 6.4 and 2005 MW 6.7), are not well-constrained, with little difference in variance from the best-fitting depths (8 and 14 km respectively) to the shallowest tested depth of 2 km. We report the centroids of these two earthquakes as a maximum depth, with slip possible through the oceanic crust. This would be expected assuming a circular fault and constant stress drop of 5 MPa where the MW 6.4 would have a rupture radius of 7.4 km and the MW 6.7 would have a radius of 10.1 km. The depths of the seven other events show clear minima in Figure S3 in the Supporting Information. The error bars are determined by grid search, based on the depth range where the variance increases by 3% or less over the best-fit solution, and also where there is no clear visible decline in fit to small phases. The uncertainty in centroid depth on average is ± 3 km. This is similar to the uncertainty in centroid depth found by Buchanan [1998] for earthquakes primarily in the Central Indian Ocean Basin. We obtain consistent results for the only earthquake in both studies, 1990 MW 6.7 (32 and 37 km with overlapping error bars) lending confidence that these methods and results are sound. 
The earthquake centroids do not show a direct positive relationship between older lithosphere and deeper centroids, nor do they follow a relationship of the largest earthquakes having the deepest centroids. However, the deepest earthquake centroids, the 1999 MW 6.9, the 1990 MW 6.7, the 2012 MW 6.3, and the 2014 MW 6.1, lie along the 600ºC isotherm (Figure 2). 
The 2014 MW 6.0 Bay of Bengal Earthquake
The 2014 MW 6.0 earthquake in the Bay of Bengal is much further north than the other events, on the edge of the thickest part of the Bengal Fan. Sediments in this region vary between 5 to 16 km, with steep slopes on the edges where active deposition is occurring, supplied by the Ganges and Brahmaputra rivers [Curray et al., 2002]. The source structure is very different from the Wharton Basin to the south and the teleseismic P waves show additional phase arrivals that we associate with the thick sediments and dipping seafloor bathymetry. We use a velocity model at the source consisting of a 2 km water layer, an averaged 10 km layer of sediments (VP 3 km/s), and a 7 km oceanic crust (VP of 6.5 km/s) over a mantle half-space (VP 8.1 km/s) [Curray, 1991]. Our preferred centroid depth 53 km (±3 km) is the deepest of the events that we study, consistent with it rupturing within the oldest lithosphere (Figure 2). Varying the velocity structure here would only change the depth by a few kilometers, similar to varying the crustal thickness for the earthquakes in the Wharton Basin. 
Rao et al. [2015] used regional waveforms to invert for a more complex structure reflective of the region, and favored a centroid depth for the 2014 Bay of Bengal earthquake between 50-54 km, a range that agrees with our preferred depth. The SCARDEC solution preferred a depth between 44-53 km and the NEIC body-wave moment tensor solution has a depth of 47 km, both similar to our preferred depth. Singh et al. [2015] used P waves to obtain a depth range of 60-85 km. The shallower end of this depth range overlaps with our models, taking into account the differences in velocity structure. We attempt to fit the seismograms of this earthquake using the greater centroid depths, but we cannot fit the SH waves or pP depth phases that were not considered in Singh et al. [2015].
The oceanic lithosphere at this location is about 110 Ma, with relatively thin crust confirmed by high P wave velocities [Rao et al., 2015; Mitra et al., 2011; Radhakrishna et al., 2010; Brune et al., 1992]. The 600ºC isotherm from a simple half-space cooling model is at a depth of 50 km for 110 Ma oceanic lithosphere (Figure 2), but it is also comparable to a plate-cooling model that takes into account temperature-dependent thermal parameters with plate thickness of 106 km and mantle potential temperature of 1315ºC [McKenzie et al., 2005, Craig et al., 2014]. The centroid of this earthquake, therefore, appears to be at the brittle-ductile transition within the uncertainties in velocity structure, waveform modeling, and thermal structure. 
MW ≥ 7.0 Earthquakes
We begin by performing the same point source analysis as above for the three largest earthquakes to obtain centroid depths and orientation of the nodal planes. The largest earthquake (2010 MW 7.5) has complex rupture that makes it difficult to determine fault planes unambiguously, but the nodal planes and centroid depths of the 2005 and 2012 MW 7.2 earthquakes are sufficiently well-resolved to investigate the spatial distribution of slip using finite fault inversion. We follow the approach of Aderhold and Abercrombie [2015] and Antolik et al. [2000; 2004; 2006]. Green’s functions are calculated through a modified reflectivity algorithm [Saikia, 1994] using the same oceanic source structure as in the point source models, the IASP91 model for the mantle [Kennett and Engdahl, 1991], and the QL6 model to account for attenuation [Durek and Ekström, 1996]. The linearized inversion method we use minimizes seismic moment, constrains slip to be positive, and is spatially smoothed. Both nodal planes are tested with a range of rupture velocities and spatial dimensions to acquire reliable constraints. 
The 2010 MW 7.5 Nicobar Earthquake
The 2010 earthquake had no recorded foreshocks, but was followed by 45 earthquakes (M 4.0-5.5) within 200 km and 30 days of the mainshock. The NEIC locations of these events cluster in a N-S striking linear formation proximal to a fossilized fracture zone [Matthews et al., 2011, Rajendran et al., 2011] in Figure 3. Five of the largest earthquakes (MW 4.9-5.5) have strike-slip mechanisms in the gCMT catalog. The deepest aftershock (mb 5.2) in the NEIC catalog has a hypocenter at a depth of 42.8 km. 
The first-motion polarities at stations recording the 2010 mainshock require a mechanism with a steeper dip than the gCMT moment tensor and one nodal plane with a strike that matches that of the nearby N-S fracture zone as it bends into the trench (Figure 1). A single fault is not enough to represent the rupture of this earthquake. Stations on either side of the 30º azimuth (TLY and SSE) have different polarities of first motions, yet less than five seconds later they have waveforms very similar to one another (Figure 4). This implies that these stations are in different quadrants for the first strike-slip subevent and the same quadrant for a later subevent. The most notable feature is the pervasive negative phase arriving ~25 s after the initial P picks observed at nearly all stations. We proceed to model the earthquake by constraining the first sub-event to the first-motion solution and inverting for the orientation of a second subevent, leaving the depths of both free. The best-fitting solutions are a combination of rupture on a strike-slip and a thrust fault. 
The 2010 earthquake is located near the Sunda trench. If the second sub-event occurred on the slab interface, it should have a similar mechanism to past seismicity on the slab interface. The nearest earthquake in the gCMT catalog after 1990 with a thrust mechanism is the 8 January 2007, MW 6.1 earthquake with a centroid just under 75 km from the centroid of the 2010 earthquake. The 32º dip of the moment tensor is steeper than the slab dip in this area of 13-15º and the strike is 317º, which is rotated from the slab strike of 333º [Hayes et al., 2012]. Fixing a second subevent with this mechanism improves the fit to seismograms over a single event solution. However, a better fit is achieved by allowing the second mechanism to be free to rotate counterclockwise off the strike of the subduction zone by ~43º. 
We perform a grid search for the orientation of the second subevent, but solutions would not converge and the orientation could not be well resolved. We therefore adopt a compromise second subevent mechanism that fits the seismograms; this mechanism is ~34º rotated off the expected strike and at a ~27º dip for a better fit to the slab interface of the subduction zone at this location. Fixing the first subevent on the first motion mechanism (127º/75º/176º) and the second subevent on the compromise mechanism (119º/64º/98º) results in nearly equal moment on the two subfaults, each hosting slip equivalent to a ~ MW 7.25 earthquake. The strike-slip subevent prefers a centroid depth 23 km shallower than the thrust subevent, with the 29.5 km average centroid depth of the two subevents in agreement with the gCMT centroid depth of 33.1 km. The depth and duration of both subevents are difficult to constrain due to the necessary overlapping source time functions, with the depth phases of the first subevent masked by the initial phases of the second subevent. 
The complexity and uncertainty in the fault orientations of this earthquake render it unsuitable for finite-fault inversion. Instead, we perform forward modeling to test our two subevent interpretation. Placing the second subevent to be 25 km in each cardinal direction from the first event, the most improvement (3.3%) is achieved in the northeast direction. With depth remaining free, the first subevent remains at about 20 km and the second subevent varies between 33-43 km. The slab interface in this area should be about 20 km deep (Figure 1). The second event would have to be about 60 km to the northeast for a depth to slab interface of 35 km. Placing the subevent at larger distances than 25 km results in a worse fit. Pesicek et al., [2010] identified a westward bias in catalog locations in this region that could account for the discrepancy and would push the locations of both events further west where the subevent could occur on the deeper slab interface. 
An expected half duration of 13.1 seconds and a centroid time minus hypocenter time of 9.9 seconds implies that this was a relatively fast earthquake, perhaps due to simultaneous rupture of two fault planes [Duputel et al., 2013]. This behavior is most similar to the observations of the 18 June 2000 MW 7.9 Wharton Basin strike-slip earthquakes, which was fit well with an initial strike-slip subevent and followed by synchronous rupture on a second thrust subevent [Abercrombie et al., 2003]. The 4 June 2000 MW 7.9 Enggano was also fit well with a second thrust subevent, but it had a longer duration than the initial strike-slip subevent, allowing it to be better resolved [Abercrombie et al., 2003]. Our modeling indicates that the highly oblique subduction where both the 2005 and 2010 earthquakes occurred is undergoing complex deformation, with active strike-slip faults in the downgoing slab and a thrust fault consistent with slip on the interface of the downgoing plate. 
The 2005 MW 7.2 Nicobar Earthquake
The 2005 strike-slip earthquake occurred on 24 July 2005, less than a year after the 2004 MW 9.2 Sumatra-Andaman subduction earthquake that ruptured a continuous 1300 km segment of the trench from 2ºN and ending at 14ºN [Chlieh et al., 2007]. The NEIC hypocenter of the 2005 strike-slip earthquake is within 50 kilometers of the subduction zone trench and at the same latitude as the northern portion of the subduction zone that experienced up to 16 meters of slip during the 2004 earthquake (Figure 1a). The 2005 and 2010 earthquakes gCMT centroids are only 26 km apart.
It is challenging to separate seismicity related to the 2005 MW 7.2 earthquake from the ongoing and prolific aftershock sequence of the 2004 MW 9.2 earthquake, only 7 months before. Within 30 days, and 100 km of the NEIC epicenter of the 2005 earthquake, there were five earthquakes before (M4-4.9, the largest has a strike-slip mechanism in the gCMT catalog) and 52 after (M3.7–5.6) (Figure 3). The depth of the seismicity following the mainshock ranged from 9.7 to 43 km. This sequence of seismicity is more diffuse than that following the 2010 Nicobar earthquake, but this is likely an artifact of being superimposed on the aftershock sequence of the 2004 Great Sumatra-Andaman earthquake. 
We calculate the best-fitting moment tensor to determine the nodal planes to use for the finite-fault inversion of the 2005 earthquake. The effect of a dipping seafloor can be seen in the teleseismic P waves with the relatively large amplitude later arriving negative and positive phases that are not fit by the synthetics at stations in the up-dip direction like TAM (Figure 4). Including a 3 km water layer produces phase arrivals with the correct polarity and timing, however the amplitudes are much smaller than in the recorded data. The SH waves are well-fit by a simple one source mechanism, leading us to believe the complexity in the P waves is simply from the structure and would be fit if a dipping seafloor was included in the model. 
We test line source models to investigate directivity for the 2005 earthquake. A slight improvement in fit is achieved with a rupture velocity of 3 km/s at an azimuth of 297º. Since rupture directivity in the 2005 earthquake can be observed using a line source, we use this best-fit mechanism to define faults along the two nodal planes and perform finite fault modeling (Figure 1). The faults planes are made purposely large at first to test high rupture velocities, starting at 200 km long and 50 km wide with the hypocenter at the center of the fault. A rupture velocity of 2 km/s results in the best fits to seismograms, with the E-W fault plane performing better than the N-S plane except at the lowest rupture velocity (Figure 5). 
We reduce the fault plane for the 2005 earthquake to determine if the fit is affected by removing all but the largest slip asperity. The constrained fault plane is 105 km in length and 35 km wide with the top of the fault extending to 5 km below the seafloor and a dip of 72º. The hypocenter is positioned at 20 km depth from the seafloor and centered horizontally. Slip is predominantly unilateral to the west and very compact (Figure 5). This agrees with the gCMT catalog that reported a similar half duration and centroid time minus hypocenter time, implying this earthquake rupture is not unusually long for its magnitude. An average slip of 8.4 m is distributed over a fault area of 330 km2 with a moment of 10.0e19 Nm that is larger than the point source model. The depth distribution of slip extends primarily between 10 km and 30 km, with the peak at 20 km, close to the centroid depth of our point source modeling. Limiting the slip to occur at least 15 km below the seafloor does not affect the fit to data, leading us to conclude that surface rupture did not occur during the coseismic slip of this event (Figure 6). Restricting the slip to occur only above 20 km results in a worse fit, strengthening the argument for deep (>20 km) slip (Figure 6). Restricting the slip of this fault to strictly unilateral rupture along each direction of the conjugate fault planes of the preferred mechanism results in a better fit with rupture to the north at 1 km/s, but a significant preference of rupture to the west at all higher rupture velocities (Figure 5).
The 2012 MW 7.2 Wharton Basin Earthquake
On 10 January 2012, three months before the great MW 8.6 earthquake, a MW 7.2 strike-slip earthquake occurred near a N-S trending fracture zone. Within 30 days and 100 km, there were no recorded earthquakes prior to the January 2012 event, and 23 earthquakes (M 4.0-5.2) afterward (Figure 3). The two largest aftershocks, one on 11 January 2012 and the other on 27 January 2012, both have strike-slip mechanisms in the gCMT catalog but with a shallower dip than the mainshock. The aftershock hypocenters are relatively distributed in the area between two N-S fracture zones and do not fall on a single, well-defined fault plane.  
The USGS preliminary finite fault solution for the 2012 earthquake fits the later part of the seismograms well, but the first arriving phase polarity is not fit by stations from azimuths 103-149º (see Data and Resources). We try to improve on these fits with our preferred mechanism calculated on our new phase picks. Our mechanism has a similar strike and dip to the gCMT moment tensor, and a relatively long duration of ~25 seconds (Figure 4). One nodal plane of this mechanism aligns with the strike of the N-S oriented fracture zones (Figure 1). The quantitative best-fit point source model has a minimum in variance with shallow slip along this fault above 20 km. However, the beginning of waveforms on some stations to the southeast like CTAO were fit much better with a centroid depth of 25 km. Here we prefer a centroid depth of 12 km to reconcile correct polarity and overall fit. Though the fit to seismograms is not perfect, our model shows an improvement over the preliminary USGS model by fitting the polarity of the first arriving phases at stations to the southeast. All of these modeled depths are well above the 600ºC.
The source time function of the 2012 point source model is longer than that of the 2005 event, so we extend our initial fault plane to allow for a longer duration rupture. Our starting geometry is a fault plane of 300 km by 50 km. The E-W fault plane is preferred over the N-S fault plane and the best-fit model at a rupture velocity of 2 km/s (Figure 5). Slip is distributed across much of the fault, but with a larger amount of slip to the west of the hypocenter. Multiple phases in the first 20 seconds of the seismograms manifest as slip asperities along strike. The repetitive and evenly spaced vertical slip patches greater than 50 km from the hypocenter to the east are likely from using spurious slip in the model to fit water phases. Since a water layer is not included in the source structure, we reduce the fault plane along-strike to omit this spurious slip. Our reduced fault geometry does not have a significant impact on the fit to the earlier part of the seismograms.
The fault geometry of the constrained solution for this earthquake is 102 km long and 25 km wide extending from the seafloor nearly vertically with a dip of 88º. The hypocenter is fit best at a depth of 15 km and is centered in the fault plane along strike. The best solution has a rupture velocity of 2 km/s, resulting in a moment of 7.7e19 Nm that is approximately the same as the point source model. Slip is bilateral with more slip toward the west than the east (Figure 5). The slip is more distributed than the 2005 earthquake, with an average slip of 2.9 m over an area of 750 km2. The longer rupture duration of the 2012 earthquake relative to the 2005 earthquake is confirmed by the expected half duration of 9.6 seconds and a gCMT centroid time minus hypocenter time of 14.2 seconds, implying that this is a longer than average earthquake rupture duration. The slip distribution with depth peaks at 10 km, but with some slip concentrated on the bottom edge of the fault at ~25 km. Limiting slip to only 20 km in depth results in a larger amount of slip at the 20 km bottom edge of the fault plane but no reduction in fit (Figure 6). Allowing slip to only go in one direction at a time along each of the two nodal planes in turn shows a preference for the western fault plane (Figure 5). The maximum slip is less than that of the 2005 earthquake, but the fault area experiencing significant slip is larger resulting in the same magnitude of 7.2.
Results and Discussion
We calculate point source moment tensors and centroid depths for thirteen earthquakes along the Ninety East Ridge, and in the Wharton Basin and Bay of Bengal; the depth distribution is shown in Figure 2. We investigate the source processes of the three largest earthquakes in more detail, finding one to be a complex earthquake including both strike-slip and thrust subevents (Figure 4), and calculating the preferred fault plane and slip distribution of the other two that are modeled well with a single fault plane (Figures 5 and 6). 
Depth distribution and extent of seismic slip 
The centroid depths that we obtain are distributed throughout the predicted seismogenic depth range, with the deepest clustering around the 600ºC isotherm. Our centroids and finite fault inversions show that the crust is slipping in some of these large earthquakes, but the majority of the seismic slip is occurring within the mantle. Significant slip from shallow crustal depths down to at least the 600ºC isotherm shows that a large portion of the depth range of these faults can be seismogenic. Whether there is any along-strike, or downdip variation in seismic-coupling is completely unknown. For ~M6 earthquakes, the total depth range of large slip is likely to be little more than the error bars in Figure 2. The depth range of slip of the larger earthquakes is more extensive, however, due to the larger area ruptured. The maximum depth of earthquakes increases with age, with both the October 1990 earthquake (32 km, 45-65 Ma lithosphere) and the Bay of Bengal earthquake (52 km, 110 Ma lithosphere) centroids being at or close to the expected depth of transition from brittle to ductile failure. The centroid of the 2012 MW 8.6 (38 km) is also at a similar temperature, but the greater size of this earthquake means it is likely that the slip extended further below the predicted brittle-ductile transition. The MW 8.2 aftershock ruptures deepest into the mantle due to a combination of relatively young lithosphere and large centroid depth. This along with the fact that the 2012 MW 6.3 aftershock is the deepest event in the Wharton Basin suggests that the depth of the brittle-ductile transition is increased by strain rate. 
We find that the depth of seismic rupture on oceanic strike-slip faults in the Wharton Basin is primarily thermally controlled and limited by the 600ºC isotherm, consistent with the global observations of McKenzie et al. [2005], Jackson et al. [2008] and observations of outer rise seismicity [Craig et al., 2014]. 
The depth of coseismic slip during large events is proposed to extend below the usual seismogenic limit due to rupture into a velocity-strengthening lower layer [Shaw and Wesnousky, 2008]. This mechanism could be behind the unexpectedly deep centroids of the MW 8+ 11 April 2012 earthquakes [gCMT Catalog], as well as the deep slip (50 km) modeled by Yue et al., [2012] and Wei et al., [2013]. The constraints on this deep slip are not ideal with teleseismic and regional waves alone due to the complex nature of the rupture and the timing of the deepest slip in the middle of the wave train of earlier subevents. However, significant slip at depths of at least 60 km are also required to fit geodetic data [Hill et al., 2015]. Duputel et al. [2012] obtained centroids more consistent with the expected thermal limit to brittle failure, but significant slip is still likely to have extended deeper than the centroid and below the predicted brittle-ductile transition. A seismic reflection study imaged faults extending down to at least 45 km in this region, showing that deformation is possible to these expected depths [Carton et al., 2014], but the shallow dip of these faults is inconsistent with the rupture of the great 2012 earthquakes. 
The deepest centroid in the Wharton Basin was the MW 6.3 aftershock that occurred 4 days after the MW 8.6 earthquake. It ruptured to a depth of at least 38 km in the same area where the final subevent of the MW 8.6 earthquake likely occurred [Duputel et al., 2012]. This significant depth could be driven by the deepening of the brittle failure limit by postseismic slip and an increase in strain rate in the immediate aftermath of the larger earthquake [Rolandone et al., 2004]. 
Along oceanic transforms, slip is distributed throughout the thermally controlled seismogenic zone [Abercrombie and Ekström, 2001; Braunmiller and Nábělek, 2008]. We know that there is significant aseismic slip on oceanic transform faults by using the known slip rate and the cumulative seismic moment to determine the expected coupled area [Brune, 1968; Boettcher and Jordan, 2004]. Intraplate earthquakes also appear to be distributed throughout the thermally controlled seismogenic zone, but as there are no good constraints on the slip rate of intraplate faulting, we do not know if significant slip is accommodated aseismically.
Our model places the slip of the 10 January 2012 earthquake shallower than most catalog depths. Due to the well-constrained dip and our preferred shallow depth, we do not believe this earthquake ruptured along the shallow dipping and deep faults imaged by Qin and Singh [2015]. This highlights the need for more seismic imaging and studies of microseismicity in this region.
Active faults in the Wharton Basin
Nine of the moment tensors have a nodal plane striking within 7º (average of 3º) of the mapped N-S trending fracture zones, and are consistent with left-lateral slip along these faults. There is a positive trend of higher strike rotations with earthquakes located at higher latitudes, with the maximum rotation for the furthest north Bay of Bengal earthquake (Figure S17 in Supporting Information). The Bay of Bengal earthquake could be hosted on the same N-S trending fracture zones proposed for the southern events [Rao et al., 2015], however it is difficult to determine if the orientation of these faults changes beneath the thick sediment layer. The remaining three events all occur near the trench and their orientations are likely affected by bending as the slab descends.
The 11 April 2012 earthquakes were the largest oceanic intraplate events ever recorded. With greater research capabilities made possible by large seismometer arrays such as Hi-net in Japan and new techniques developed around them such as back projection [Ishii et al., 2005] as well as enhanced aftershock detection from the greater station coverage, different groups were able to make observations of these events that suggest a complex strike-slip rupture pattern along both N-S fracture zones and approximately orthogonally orientated E-W faults [Wang et al., 2012; Duputel et al., 2012; Meng et al., 2012; Zhang et al., 2012; Ishii et al., 2013; Wei et al., 2013; Yadav et al., 2013]. Along the Ninety East Ridge, seismic reflection profiles reveal a change in faulting from transpressional WNW-ESE faults (0-5ºN) to thrust/strike-slip WNW-ESE faults (5-8ºS) [Sagar et al., 2013]. This changes again to the south, implying that the northern portion of the Ninety East Ridge is controlled by the motion of India-Australia plates and the southern is controlled by motion of the India-Capricorn plates [Sagar et al., 2013]. In a detailed survey of the southern part of the Wharton Basin around 93ºE, E-W oriented oceanic fabric associated with the fossilized ridge was mapped [Deplus et al., 1998]. Despite this, prior to the 11 April 2012 earthquakes strike-slip rupture in the Wharton Basin was assumed to follow the prominent N-S trending fracture zones. 
Finite fault inversion of the 10 January 2012 foreshock to the 11 April 2012 events has a better fit for bilateral rupture along an E-W fault, with more slip to the west than the east. This would match the strike of the northern linear E-W aftershock sequence of the 2012 events (grey dots in Figure 1), corresponding to the fault that hosted the first subevent of the MW 8.6 event [Meng et al. 2012; Yue et al., 2012; Duputel et al., 2012; Zhang et al., 2012; Ishii et al., 2013; Wei et al., 2013]. This study shows that slip is not limited to the E-W fracture zones in the Wharton Basin only in large magnitude events, but that rupture is also hosted on E-W faults during smaller magnitude events.  
The 2005 and 2012 earthquakes both prefer westward rupture, however the directivity is not strongly observed and north-south rupture cannot be ruled out. Our preferred models of these events have very different characteristics otherwise. The slip model of the 2005 earthquake has compact unilateral slip concentrated deeper at 20 km depth, extending 24 km to the west. The model of the 2012 earthquake has dispersed bilateral slip along the entire 100 km length of the fault, concentrated slightly shallower at 10 km. Despite the differences in slip behavior, the models of these two events had the same magnitude of 7.2. 
The preferred model of the 2010 MW 7.5 earthquake is comprised of two sub-events, the first is a strike-slip and the second is a thrust with a mechanism consistent with the subduction zone interface.  Both subevents were of equal moment, each equivalent to a MW 7.3 earthquake. The greater depth of the reverse subevent is consistent with the global distribution observed by Craig et al. [2014] for outer rise earthquakes related to plate bending. The combination of strike-slip and reverse subevents would be similar to the two MW 7.9 2000 earthquakes in this region, where a strike-slip subevent initiated rupture along an adjacent thrust fault [Abercrombie et al., 2003].  The 4 June 2000 Enggano earthquake ruptured a strike-slip fault for at least 30 seconds, with a second reverse fault activated 13 seconds into the main rupture. In the case of the Enggano earthquake the total duration was ~100 seconds and rupture extended to a depth of 57 km, much longer and deeper than the smaller magnitude 2010 earthquake in this study. Aftershocks of the 2010 earthquake cluster closely on the strike of the N-S fracture zone that coincides with the centroid location, extending for a distance of ~100 km and consisting of both strike-slip and normal faulting events. This distribution suggests that the earthquake probably ruptured the N-S fracture zone before proceeding to rupture a thrust fault either coincident with the subduction zone interface or at a greater depth driven by plate bending.  
On 2 March 2016 a MW 7.8 earthquake ruptured a fault near the 94º Fracture Zone while this paper was in revision. This earthquake had a short (≤ 50 km) and compact rupture for its size, evidenced by rapid finite fault modeling (see Data and Resources) and preliminary back projection [Trabant et al., 2012]. It is difficult to discern directivity of a rupture of this length, and the rapid finite fault modeling was unable to identify the fault plane. The aftershocks (mb ≤ 5.5) are primarily located to the north of the mainshock hypocenter, but uncertainties are large (Figure 1). The occurrence of this earthquake demonstrates that routine procedures are unable to determine the fault planes of earthquakes in this region. Further work of the kind performed here is needed to resolve the source characteristics and active structures within the enigmatic Wharton Basin.
Conclusions
We model strike-slip earthquakes of magnitude 6 ≤ MW ≤ 8 in the Indian Ocean to investigate the depth distribution of slip, and orientation of active faults in this region of complex deformation. We determine double couple moment tensors and centroid depths for thirteen earthquakes, and resolve the slip distribution of two of the largest events. 
1. Seismic slip extends throughout the seismogenic zone, rupturing both the crust and mantle. Earthquake centroid depths near to the expected brittle-ductile transition imply seismic slip may extend into the usually ductile zone during large earthquakes. None of the earthquakes had slip that extended to such high isotherms as the great earthquakes of 11 April 2012. 
2. The 2014 Bay of Bengal earthquake is consistent with slip near the brittle-ductile transition within oceanic lithosphere of 110 Ma, despite having the greatest centroid depth. 
3. The 2010 MW 7.5 earthquake in the Wharton Basin ruptured along two faults, initiating along a strike-slip fault in the subducting oceanic lithosphere and triggering slip on a thrust fault, consistent with the subduction interface.
4. All of the earthquakes except the 2014 Bay of Bengal earthquake have a nodal plane between 0-22º (average of 6º) off of the N-S trending fossil fracture zones. The best-fit finite-fault models for the 2005 and 2012 MW 7.2 earthquakes both involved slip on the E-W oriented nodal plane. There was only a slight difference in fit between the two nodal planes. Although this provides some support for the existence of active E-W faults in the region, stronger evidence would be preferred. More studies to image the faults are needed to confirm the existence of active E-W faulting in this location. However teleseismic observations remain the only viable option for characterizing the majority of oceanic strike-slip faults in the world. 
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Figure 1. a) Bathymetry of the Central Indian Ocean and Wharton Basin.  Background is GEBCO bathymetry. Solid black lines-plate boundaries [Bird et al., 2003], white dashed lines-fracture zones [Matthews et al., 2011], grey lines-1 km sediment thickness contours [Whittaker et al., 2013], orange lines-2 m slip contours of the 2004 MW 9.2 earthquake [Chlieh et al., 2007], pink lines-2 m slip contours of the 2005 MW 8.5 earthquake [Konca et al., 2007], turquoise lines-fault planes for finite fault modeling of the 2005 and 2012 earthquakes, black circles-centroid locations of earthquakes from Buchanan [1998], white circles-gCMT centroid locations of the earthquake modeled in this study, small grey circles-earthquakes from the NEIC catalog in the 30 days following the 2012 MW 8.6 earthquake, small orange circles-earthquakes from the NEIC catalog in the two weeks following the 2016 MW 7.8 earthquake, grey and orange moment tensors from gCMT catalog. b) Lithospheric age of the Central Indian Ocean and Wharton Basin. Background is age of lithosphere [Müller et al., 2008]. White lines are same features in left figure. Circles are same earthquake centroids as in left figure. Double couple moment tensors are from this study and color denotes the centroid depth.
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Figure 2.  Depth of earthquakes versus lithospheric age. Labeled isotherms are shown in black for a half-space cooling model, and corresponding 400º, 600º, and 800º isotherms in blue for a plate cooling model [McKenzie et al., 2005]. Slip depth extents for MW ≤ 8.0 events are based on the seismic moment of the point source model assuming circular rupture and constant stress drop of 5MPa. Depth sensitivity testing results of the 21 May 2014 Bay of Bengal earthquake are on the right.
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Figure 3. Foreshock and aftershock activity for 2005 MW 7.2 (top), MW 2010 7.5 (middle) and 2012 MW 7.2 (bottom).  Circles mark the 100 and 200 km radius from the gCMT centroid for each mainshock. Foreshocks (red) and aftershocks (yellow) from the ISC catalog are defined respectively as occurring 30 days before and after the mainshock. gCMT solutions are shown for the mainshock (black) and the largest of the fore/aftershocks. White stars show the NEIC hypocenter of the mainshocks.  Solid black lines are plate boundaries [Bird et al., 2003], white dashed lines are fracture zones [Matthews et al., 2011], and solid grey lines are 2 m slip contours of the 2004 MW 9.2 earthquake [Chlieh et al., 2007].
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Figure 4. Best-fit model of the MW 7.2 earthquake on 24 July 2005 (left), the MW 7.5 earthquake on 12 June 2010 (center), and the MW 7.2 earthquake on 10 January 2012 (right). P wave mechanism is on top with the SH wave mechanism underneath. Recorded seismograms are solid lines and synthetics are dashed. The letter next to the station name corresponds to the location on the focal sphere. First motions are determined by handpicked P wave polarities at stations between 30º and 90º. The second subevent of the 2010 earthquake is a compromise mechanism between the nearest thrust event, the slab orientation, and the best-fit free mechanism.

[image: ]
Figure 5. Finite fault model of the MW 7.2 earthquake on 24 July 2005 (left) and the MW 7.2 earthquake on 10 January 2012  (right). Slip distribution for the best-fit, constrained models are on top. The seismograms of P and SH waves for each model are on the bottom with synthetics in red and data in black. Inset plots at the bottom show bilateral directivity testing and unilateral directivity testing for the 2005 and 2012 earthquakes.
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Figure 6. Fault area sensitivity testing for a) 2005 and b) 2012 earthquakes. All numbers correspond to the variance reduction for each model.
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