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Abstract The northern Indian Ocean has been widely recognized as an area of broadly distributed
deformation within the composite India‐Australia‐Capricorn plate, hosting several diffuse boundary zones
and a diffuse triple junction. The occurrence, along reactivated fracture zones, of the exceptionally large
(Mw = 8.6 and Mw = 8.2) 2012 Wharton Basin strike‐slip earthquakes, however, questions whether this
composite plate is breaking apart along a discrete boundary. Using recent bathymetric and seismic data, we
analyze the most prominent fracture zone (F6a), whose structural trace is particularly well expressed. We
identify 60 kilometric‐scale pull‐apart basins with geometric properties (length/width ratios) similar to those
observed along continental strike‐slip plate boundaries. Four of the pull‐aparts formed above narrow,
subvertical faults extending into the oceanic crust. Within the broad Wharton deformation zone, the
significant slip rates (0.8 to 2.5 mm/yr) and unusually large coseismic displacements recorded along F6a
suggest that it may be a nascent plate boundary.

Plain Language Summary Oceanic plates are usually rigid and aseismic, except along their
boundaries. In 2012, two extraordinary earthquakes with magnitudes M > 8, typical of plate boundary
events, occurred in the Wharton Basin, inside the India‐Australia‐Capricorn plate, slicing the seafloor along
straight, old fracture zones bearing evidence of active tectonic deformation. Using submarine relief and
seismic data, we study the freshest fracture zone (F6a) to examine whether it might qualify as a nascent plate
boundary between India and Australia. We find that localized cracks along it and narrow rectangular
basins (pull‐aparts) resemble those along large continental strike‐slip boundary faults, supporting the
inference that the composite Indo‐Australian plate is breaking apart.

1. Introduction

Since the early 1970s, the north‐central Indian Ocean, which constitutes the major part of the composite
India‐Australia‐Capricorn plate, has been identified as a region of significant intraplate deformation
challenging the concept of rigid plates that deform only along their boundaries (e.g., Bull &
Scrutton, 1990). Evidence for such deformation includes high levels of intraplate seismicity (e.g.,
Gordon, 1998; Petroy & Wiens, 1989; Stein & Okal, 1978; Tinnon et al., 1995; Wiens et al., 1985),
abnormally high heat flow (Weissel et al., 1980), significant stress field rotations (Cloetingh &
Wortel, 1986), long‐wavelength gravity undulations (e.g., Stein et al., 1989), and deformed oceanic crust
and overlying sediments both in the Central Indian Basin (e.g., Eittreim & Ewing, 1972) and in the
Wharton Basin (WB) (e.g., Deplus, 2001; Singh et al., 2017) (Figure 1a). This widely deforming region
between India and Australia has been interpreted as hosting a diffuse plate boundary zone (e.g.,
Wiens et al., 1985; Gordon et al., 1998; Stein et al., 1990; DeMets et al., 1994) to account for relative
plate motion differences (Minster and Jordan, 1978; Wiens et al., 1985), stress orientation changes
(Cloetingh & Wortel, 1986), and contrasting styles of faulting (e.g., Bull & Scrutton, 1990; Deplus
et al., 1998). Despite such overall consensus, however, the occurrence, since 2000, of very large
strike‐slip earthquakes in the Wharton Basin (e.g., Abercrombie et al., 2003; Robinson et al., 2001)
including the translithospheric, 2012, Mw = 8.2 and Mw = 8.6 events, and an increase in the seismicity
rate since the 2004 Sumatra megathrust earthquake (Delescluse et al., 2012), do suggest a possible
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Figure 1. F6a reactivated fracture zone in Indian Ocean Basin tectonic setting. (a) The composite India (IND.)‐Australia (AUS.)‐Capricorn (CAP.) plate (bold red
contour) hosts diffuse deformation zones delimited by red and white dashed lines (after Royer & Gordon, 1997), along which there are high levels of intraplate
seismicity. Colored beach balls areMw = 6 toMw > 8 earthquakes focal mechanisms from 1950 to 2019 (USGS/GCMT). Oceanic background image shows gravity
anomalies from satellite altimetry (Sandwell et al., 2014) overlaid on SRTM30 bathymetry and topography. NER: Ninety East Ridge; OFZ: Owen Fracture Zone;
CgR: Carlsberg Ridge; CIR: Central Indian Ridge; SEIR: Southeast Indian Ridge. Beige region (NF) within Wharton Basin shows extent of Nicobar fan sediments
(after McNeill et al., 2017). Thin dashed black rectangle indicates location of top right inset. Top right inset: Tectonic setting of northern Wharton Basin
showingmagnetic anomalies (color coded Chrons 20 to 33, Singh et al., 2011, Jacob et al., 2014). Red dashed lines indicate fracture zones F1 to F8, from east to west.
Thick red dashed line is F6 fracture zone. Beach balls indicate focal mechanisms of three largest earthquakes of 2012Wharton Basin sequence. Gray arrows indicate
plate motion direction and velocity from GPS data (relative to Sunda Plate) (Prawirodirdjo et al., 2010). WSC: fossil Wharton spreading center. Target symbols
indicate locations used to calculate convergence rates between India and Australia. Black rectangle indicates location of Figure 1b. (b) Shaded relief bathymetric
dataset along F6a fracture zone, colored according to depth. Pull‐apart basins 1 to 60 are targeted white. Red star is epicenter of the Mw = 8.6, 2012 Wharton
Basin earthquake (GCMT/USGS). Black boxes are locations of close‐up sections of Figure 2. Blue lines indicate seismic profile locations. (c) Tectonic interpretation
of F6a and associated normal faults. First‐order fault segments of left‐lateral, reactivated F6a FZ are shown in black. Pull‐apart basins at fault steps are dark
red. Other pull‐apart like basins are light orange. Normal faults along and alongside of F6a and F6b are shown in red. (d) Stack of bathymetric profiles highlighting
(1) detailed geometry of oceanic floor (gray), (2) seafloor offset west and east of F6a (transparent yellow), and (3) depths of 60 pull‐apart basins (transparent
orange). The two bathymetric escarpments (light yellow) likely reflect age, density, and thermomechanical contrasts in oceanic crust on opposite sides of F6a
(e.g., Hall & Gurnis, 2005; Sandwell, 1984; Sandwell & Schubert, 1982), as well as active faulting accounting for such sharp features.
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localization of deformation along a more discrete boundary, within the Wharton Basin east of the
Ninety‐East ridge (e.g., Hill et al., 2015).

The Wharton Basin seafloor is shaped by the elongated, continuous, north‐south (NS) trending fossil frac-
ture zone (FZs) of the Wharton Spreading Centre (WSC), which are reactivated as left‐lateral strike‐slip
faults in the present‐day stress field (e.g., Deplus et al., 1998; Graindorge et al., 2008; Singh et al., 2017;
Hananto et al., 2018; Figure 1a). Among the well‐identified FZ (F2–F8; Singh et al., 2011; Jacob et al., 2014),
and more specifically among those whose seafloor traces have been mapped with multibeam bathymetry
(Deplus et al., 1998; Hananto et al., 2018; Singh et al., 2017), the F6a FZ displays the clearest morphologic
expression with en échelon structures, tensile cracks, and pull‐apart basins, which implies that it is the most
active one (Deplus et al., 1998; Hananto et al., 2018; Singh et al., 2017). Seismological and geodetic investiga-
tions of the Mw = 8.6, 2012 Indian Ocean earthquake (e.g., Hill et al., 2015; Meng et al., 2012; Satriano
et al., 2012; Wei et al., 2013) have suggested that several of the NS reactivated FZ, particularly F6a, hosted
a large part of the complex 2012 rupture, an interpretation further refined with high‐resolution bathymetric
and seismic data acquisition into a model of en échelon rupturing of stepping NS fault strands (Singh
et al., 2017). The F6a FZ extends over a length of at least 1,000 km; in the 2012 rupture area, it forms the
western boundary of the 4 ± 0.5 km thick Late Paleocene‐Early Eocene oceanic crust (Chrons 24–25;
Figure 1) and truncates the overlying pelagic sediments and the 1.5 to ≈4‐km‐thick Late Miocene Nicobar
Fan sediments (e.g., Carton et al., 2014; Hananto et al., 2018; Hüpers et al., 2017; McNeill et al., 2017;
Singh et al., 2011).

Here, we investigate whether or not the F6a fracture zone might represent a nascent plate boundary. To do
so, we use (1) the high‐resolution multibeam bathymetric data acquired in 2016 during the MIRAGE
(Marine Investigation of the Rupture Anatomy of the 2012 Great Earthquake) experiment in the Wharton
basin (Hananto et al., 2018; Figure S1) to better document the distribution and geometric characteristics
of pull‐apart basins along the F6a fracture zone, and (2) seismic profiles from the 2015 MEGATERA
(Mentawai Gap—Tsunami Earthquake Risk Assessment) experiment (Singh et al., 2017; Figure S1 in the
supporting information) to constrain the mode and timing of deformation recorded in the pull‐apart basins.
We finally discuss how our morphologically and kinematically constrained slip rates compare with
strike‐slip plate boundary examples worldwide.

2. Pull‐Apart Basins Along the Reactivated F6a Fracture Zone

Using the high‐resolution (28‐m horizontal grid spacing) MIRAGE bathymetry dataset, and following the
interpretation (e.g., SAMUDRA survey, Deplus et al., 1998; MEGATERA experiment, Singh et al., 2017) of
a few pull‐apart basins along F6a as markers of left‐lateral reactivation of that fracture zone, we mapped,
between 0°15′S to 2°30′N, and characterized in much greater detail 60 such basins (numbered 1 to 60;
Figure 1b) and their bounding normal faults. These basins show the clearest bathymetric expression in the
central and southern sections of F6a, where they are bounded by normal faults nearly aligned with F6a, in
contrast with the northernmost section, where such faults stand within a graben‐like depression and are
significantly oblique to the F6a azimuth (N8E on average; Figure 1c). The strike of these normal faults
(≈N 140°E) is parallel to the regional direction of maximum compression (Figure S1; Singh et al., 2017;
Hananto et al., 2018). To the south, we identify eight left step‐overs between tens of kilometers long segments
arranged in an en échelon pattern, and separated by clear rhomboidal pull‐apart basins (dark red basins on
Figure 1c). The 52 other basins aremainly bounded on one side by onemajor normal fault (light red basins in
Figures 1c and 1d) along which we also identified six compressive, push up features in the southern stretch of
F6a (Figure S2). Although they are not pull‐apart basins sensu stricto (i.e., associated with clear fault
step‐overs), we also refer to them as pull‐aparts (PA) since they are local deeps along a strike‐slip fault.

We measured the length, depth, and maximum width of these pull‐aparts directly from the bathymetric
dataset. The length range between 350 and almost 8,000 m. They tend to be consistently greater than
3,500 m in the northern section (PA53 to PA60; Figure S3). The basin width distribution also shows wide dis-
persion, especially in the southern and central sections, with maximum widths ranging between 300 and
2,750 m (Figure S3). We quantify the maximum depth (i.e., bathymetric relief) of each basin by measuring
the difference between the average depth of the seafloor (west of F6a) over distances of 2 to 5 km, and the
maximum basin depth across profiles orthogonal to F6a. The bathymetric stack (Coudurier‐Curveur,
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2012; Armijo et al., 2015) along F6a (Figures 1d and S2) shows that the deepest basins (up to ≈120 m) are
located in the southern part of F6a and that the basin depths decrease almost linearly northwards to a
minimum of ≈45 m in the northernmost stretch of F6a (i.e., PA48 to PA60).

3. Mode and Timing of Crustal‐Scale Deformation Along the Reactivated F6a
Fracture Zone

The reactivation of the N8°E‐trending fracture zones F6a,b and F7a,b and the structural characteristics of
the Wharton Basin (basement depth, crustal and overlying sedimentary thicknesses, first‐order fault
identification, and associated deformation) have been highlighted in recent studies (Hananto et al., 2018;
Singh et al., 2017). To characterize further the deep structure of the 350‐km‐long F6a FZ in our study area,
we interpreted and correlated in greater detail the high‐resolution airgun seismic reflection profiles WB02,
WB03, WB10, and WB16 (Singh et al., 2017) that cross the four particularly well‐expressed pull‐apart basins
PA23, PA24, PA27, and PA28 (Figures 2 and S1). We identify andmap 15 reflectors in a consistent fashion on
all four profiles. The reactivated F6a faults clearly cut and offset both the basement and sediment layers
(Figure 2). On either sides of fracture zone F6a, the sedimentary cover reflectors are only mildly disturbed
by smaller faults (Figure S4).

The four basins have sediment thicknesses between 2.4 and 3 km and widths between 1.5 and 2.5 km. The
shallowest parts of pull‐apart basins 27 and 28 are bounded by three main faults (F6a1, F6a2, and F6a3) with
dip‐slip components, which connect with two main, parallel, subvertical faults at basement depth (≈7 km
bsf). For pull‐apart basins 23 and 24, a single, subvertical F6a structure is predominant. In the bathymetry,
PA27 and PA28 are better expressed than PA23 and PA24. On all four profiles, the sedimentary reflectors
offsets increase with depth from tens of meters to a few hundreds of meters (Figures 2 and S5–S8), which
confirms syntectonic deposition of the Nicobar Fan turbidites (Singh et al., 2017), with a maximum top
basement total offset of ≈0.4 km (PA28, profile WB03; Figures 2 and S6). Note as well that the total offsets
measured in PA23 and 24 are likely increased by local scale folding (Figure 2).

Constraining the rates of deformation and onset of reactivation of the fracture zones in the Wharton Basin
has been challenging due to the limited geophysical data across such large‐scale offshore structures. The
recent results from IODP drilling sites U1480 and U1481 offshore Sumatra (Figures S1 and S4) indicate that
deposition of the Nicobar Fan began ≈9.5 million years ago and stopped at ≈2 Ma (Dugan et al., 2017;
Hüpers et al., 2017;McNeill et al., 2017) with fluctuating sediment accumulation rates (Backman et al., 2019).
Although the two drilling sites are somewhat distant (≈150 km west) from the F6a FZ, they may be reason-
ably used to infer first‐order constraints on the timing of deformation/reactivation of F6a.

Figure 2 shows plots of the depth‐increasing cumulative vertical offsets (in meters) measured for the 15
reflectors as a function of time (Ma) across the F6a system, for PA23, PA24, PA27, and PA28, with
age‐depth relationships derived from the age constraints at site IODP U1480 (see Figure S4 for details).
These plots show clear, consistent changes in slope and highlight at least two main, contemporary
reactivation phases, at≈5.7 and≈2.3 Ma, across most of the fault splays in all four basins. We infer that most
of the clearest, well preserved pull‐apart basins in the oceanic floor along F6a likely formed during the last
reactivation phase and hence are younger than 2.3 Ma. This recent phase may be coeval with that identified
along F6b1, west of F6a (Figure 6 in Singh et al., 2017), previously assumed to be 7 million years old, based
on an age estimate preceding that based on IODP drilling (Backman et al., 2019; McNeill et al., 2017).

4. Discussion: F6a, a Possible Nascent Plate Boundary?
4.1. Fault Behavior and Localization of Deformation

The diversity of the pull‐apart basin sizes (Figures 1 and S3) suggests that not all of them formed at the onset
of the last reactivation of F6a (2.3 Ma), but later on, as new strands of the fault formed with increasing slip
(e.g., Aydın & Nur, 1982). Such behavior is highlighted by the development of younger normal faults within
the basins, as observed on the seismic profiles (Figure 2). Consequently, several short pull‐apart basins asso-
ciated with the en échelon geometry of F6a might coalesce to form longer basins over time. The “mega‐pull
apart” 41–44 may yield evidence of that ongoing process (Figure 1c). Additionally, the clear southward
increase of basin depths (Figures 1d and S3) likely indicates earlier localization of strike‐slip sheer along
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Figure 2. Interpreted bathymetry and seismic reflection profile close‐ups across reactivated fracture zone F6a, and
associated vertical offset of reflectors as a function of age (Ma). (Left) Block diagrams integrating seismic profiles and
bathymetric sections across pull‐apart basins PA28, PA27, PA24, PA23 (from north to south). PA27 and PA28 have clear
bathymetric signatures associated with well‐defined sets of parallel, subvertical faults cutting through Nicobar Fan
deposits. The two pull‐apart like basins PA23 and PA24 have slightly less clear basin morphologies and pull‐apart
geometry and are mostly bounded by one single fault reaching the oceanic floor. (Right) Variations with time of vertical
offsets of mapped reflectors across F6a fault splays for PA28, PA27, PA24, and PA23 (see Figure S4 for details on depth/age
conversion of reflectors). Most fault splays show acceleration phases (segments with increased slopes) in the last 9 Ma.
The slope changes around 2.3 Ma on all profiles likely mark the most recent, still ongoing, F6a reactivation.
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F6a, as also suggested by (1) the location of the eight largest left‐stepping
pull‐aparts in its southern and central sections (Figure 1c) and (2) the dif-
ferent style of active faulting in its northernmost section. There, normal
faults oblique to F6a, limiting graben structures, contrast with faults
aligned with F6a in the southern and central sections (Figure 1c). The
northern, shallow pull‐apart basins within the grabens likely indicate an
incipient stage of pull‐apart development with smaller bounding faults
(Rahe et al., 1998). It is also possible that, due to the proximity to the
Sunda subduction zone, bending stresses enhance the development of gra-
bens in the northern, flexed crust.

Figure 3 shows the length‐to‐width ratios, in log‐log coordinates (after
Aydın & Nur, 1982, and Meyer et al., 1998, comparable plot for compres-
sional push‐ups), of the 60 pull‐apart basins identified in this study. In
addition, it also shows data for 62 pull‐apart basins or rhomb‐shaped gra-
bens associated with major strike‐slip faults and plate boundaries world-
wide, largely extracted from Aydın and Nur (1982), and complemented
with five pull‐apart basins from oceanic setting (Owen fracture zone)
and from Tibetan faults (Altyn Tagh, Karakax, and Beng Co faults;
Armijo et al., 1989; Peltzer et al., 1989; Figure S9) (Table S1). The
pull‐apart basins along F6a are as large as those along the San Andreas
and Dead Sea faults, with a maximum “cut‐off” width of 3 km, likely con-
trolled by rheological boundaries within the oceanic crust/lithosphere
(e.g., Meyer et al., 1998). In support of this inference, note that the maxi-
mum depth of normal faulting along the boundaries of the largest/longest
pull‐aparts is ≈3 km, coinciding with the depth of the basement. Despite
the range of dimensions (Figure 3), our dataset is fairly consistent with
the linear correlation linking length (l) and width (w), following the
equation l≃ 3.2 w (Aydın &Nur, 1982), with absolute minimum andmax-

imum l/w ratios of 1 and 10, respectively. This suggests that the reactivated F6a fracture zone behaves like
crustal‐scale, localized, plate boundary strike‐slip faults, not only for secondary extensional structures
dimensions but also for slip amounts. The scale invariant aspect ratios highlighted by the length/width plot,
which reflect self‐similar growth (Meyer et al., 1998), likely imply that the pull‐apart sizes are proportional to
the cumulative strike‐slip displacements along F6a (e.g., Aydın & Nur, 1982; McCaffrey & Petford, 1997).

4.2. Slip Rate Estimates

Following the above interpretations, we use the geometric dimensions of the longest and presumably oldest
pull‐apart along F6a (PA5) to constrain and bound the total cumulative horizontal displacement accrued
across that reactivated fracture zone during the last 2.3 Ma. We take into account two distinct markers
and plausible models (Figure 4). The first one, dubbed “void‐crack model,” is based on the extreme assump-
tion of the simple opening of a dilatational jog. The present size of the PA5 basin is restored to an initial
orthogonal crack by closing the entire basin with a horizontal displacement equal to its length parallel to
F6a. Such a reconstruction yields a maximum bound for cumulative Quaternary slip (dmax) of
5.8 ± 0.2 km along the southern part of F6a (Figure 4b). Analog experiments (e.g., Rahe et al., 1998;
Sugan et al., 2014), however, show that oblique dip‐slip faults form progressively to accommodate subsi-
dence within releasing bends. To take this into account, we consider a second, alternative “graben model”
(Figure 4c). In this model, we simply estimate the horizontal extension consistent with seafloor subsidence
across PA5. As observed in the four pull‐apart basins PA23, PA24, PA27, and PA28, sedimentation appears to
have been syntectonic; hence, restoring the bathymetric shape of the basin may be taken to provide a mini-
mum slip estimate (dmin). Such a restoration, almost parallel to PA5 yields a minimum strike‐slip offset on
order of ≈1.9 km (Figure 4d).

Assuming that such minimum and maximum left‐lateral offsets accrued during the last 2.3 Ma would imply
slip rates along F6a of ≈0.8 to ≈2.5 mm/yr, about a mean of ≈1.7 mm/yr. Such slip rate estimates are about
one order of magnitude slower than those along well‐known strike‐slip plate boundaries such as the San

Figure 3. Pull‐apart characteristic aspect ratio. Log length vs. log width plot
(after Aydın & Nur, 1982) for pull‐apart basins and rhomb‐shaped
grabens associated with major worldwide strike‐slip faults (green symbols:
data from Aydın & Nur, 1982; other colored symbols: oceanic (Owen FZ,
Fournier et al., 2011) and Tibetan plateau examples (Armijo et al., 1989;
Peltzer et al., 1989; this study, Figure S9) combined with measurements of
60 pull‐apart basins identified along F6a (red squares) (Table S1). Most of the
F6a pull‐apart basin length‐to‐width ratios fall within the l/w = [2–5] range.
See the Supporting Information for more details.
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Andreas (e.g., 1.8 cm/yr, Lindsey & Fialko, 2013) or other large continental strike‐slip faults (e.g., North
Anatolian fault, 2.5 cm/yr, Reilinger et al., 2006; Altyn Tagh fault, 1 to 2 cm/yr, e.g., Mériaux
et al., 2005, 2012; Tapponnier et al., 2001), but only about half those along other plate boundary faults
such as the Dead Sea Fault (0.4 cm/yr, Klinger et al., 2000), or the Owen Fracture Zone (3 ± 1 mm/yr in
the last 3–6 Ma, Fournier et al., 2011) on the northwest side of the Indian Ocean (Figure 1a). The mean
PA5 slip rate is also less than the relative Australia/India plate motion (≈1 cm/yr, MORVEL 2010 and
NUVEL‐1A models, www.unavco.org, DeMets et al., 1994; Table S2).

As highlighted by the occurrence of the 2012Mw = 8+ earthquake sequence, however, which coinvolved the
rupture of additional faults within the Wharton basin (e.g., Hill et al., 2015; Satriano et al., 2012), slip parti-
tioning alongmore than one reactivated fracture zone (e.g., F7 and F5, Graindorge et al., 2008), for which we
have little or no constraints, likely takes up the missing, more distributed, shear strain between India and
Australia. On the other hand, the 30‐ to 50‐m coseismic slip estimated for the largest, Mw = 8.6, 11 April

Figure 4. Constraining maximum and minimum slip amounts across PA5. (a) Pull‐apart evolution considering
“void‐crack model.” Final displacement is directly linked to lateral length of pull‐apart. (b) Bathymetric dataset and
morphotectonic map of PA5. Lateral length of pull‐apart is 5.8 ± 0.2 km. AA′ black line indicates location of profile shown
in (d). (c) Pull‐apart evolution considering “graben model.” Final displacement corresponds to sum of horizontal
offsets along each dip‐slip fault (d1 and d2) of the graben‐type basin. (d) Topographic profile across PA5 and horizontal
offset measurements (d1 = 1,145 m, d2 = 770 m). Total slip (d) is 1,915 m.
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2012 event rupture (Hill et al., 2015; Meng et al., 2012; Wei et al., 2013) would yield recurrence times of such
very large events on order of ≈20,000 years, much longer than along classic plate boundary faults.

5. Conclusions

The Wharton Basin hosts particularly long, reactivated fracture zones, thick sedimentary deposits from the
Nicobar Fan that recorded Miocene to Pleistocene deformation, and it is the site of some of the greatest
oceanic “intraplate” earthquakes. The F6a fracture zone has the most prominent and fresh bathymetric
expression, with markers of left‐lateral reactivation represented by as many as 60 very clear,
kilometer‐size pull‐apart basins. That the characteristic dimensions of such basins are in line with those
observed along major strike‐slip plate boundaries indicates that F6a behaves as a localized,
lithospheric‐scale strike‐slip fault. Vertical offsets that increase with depth along the pull‐apart basin's
bounding faults reveal distinct syntectonic deposition episodes implying different reactivation phases, the
most recent of which started ≈2.3 million years ago. A ≈2 mm/yr left‐lateral slip‐rate is consistent with
the opening of the largest Quaternary pull‐apart (PA5) along F6a. This suggests that F6a is already the
dominant shear zone accommodating the differential motion between the Indian and Australian plates,
and hence a nascent plate boundary between the two.
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