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Abstract The Aden-Owen-Carlsberg triple junction is the place where Arabia, Somalia, and India meet in the Arabian Sea (NW Indian Ocean). Here we present a new seismic data set crossing a key structure of the triple junction, namely, the Beautemps-Beaupré pull-apart basin at the southern end of the Owen Fracture Zone. The seismic data set is tied to Ocean Drilling Program Leg 117 Sites at the top of the Owen Ridge, which provides a detailed tectono-stratigraphic framework since the Late Miocene. We show that the triple junction conﬁguration has been disturbed by a major kinematic change at ~8 Ma and since then experienced a series of transient structural adjustments. A major structural episode is recorded at 2.4 Ma, expressed by the opening of the Beautemps-Beaupré Basin and the uplift of its southern ﬂank (the Beautemps-Beaupré Ridge). This episode is coeval with the formation of the present-day Owen Fracture Zone and must be considered as a part of a major structural reorganization of the entire India-Arabia plate boundary up to the Makran subduction zone. This 2.4-Myr-old geological episode is unrelated to any signiﬁcant kinematic change, leaving questions over its driving mechanism.



1. Introduction In plate tectonics, triple junctions are deﬁned as places where three plates and their boundaries meet (Cronin, 1992; McKenzie & Morgan, 1969). The Aden-Owen-Carlsberg (AOC) triple junction in the NW Indian Ocean is located at the contact between Arabia, Somalia, and India (Figure 1). The AOC triple junction was initially described as a Ridge-Fault-Fault triple junction (Gordon & DeMets, 1989; McKenzie et al., 1970; Wilson, 1965), which involves the Sheba Ridge, the Owen Transform connecting the Carlsberg Ridge, and the Owen Fracture Zone (OFZ) connecting the Makran subduction zone. In detail, the present-day conﬁguration of the AOC triple junction is more complex (Fournier, Chamot-Rooke, et al., 2008; Fournier, Petit, et al., 2008; Fournier et al., 2001). Strike-slip motion along the OFZ turns into diffuse extension instead of directly connecting the Sheba spreading center (Figure 1). The area of active extension is expressed by a conspicuous pullapart basin, referred to as the Beautemps-Beaupré Basin (abbreviated below as B3; Figures 1 and 2), which is located ~280-km north of the Sheba Ridge’s axis. The present-day conﬁguration of the AOC triple junction corresponds to a transient stage from an unstable Ridge-Fault-Fault conﬁguration to a future more stable conﬁguration (Fournier et al., 2001; Fournier, Chamot-Rooke, et al., 2008; Fournier, Petit, et al., 2008). The present-day conﬁguration of the AOC triple junction is therefore similar to the Açores (Miranda et al., 2010) and the Juan Fernandez (Bird et al., 1998) triple junctions (in the Atlantic and Paciﬁc Oceans, respectively). A seismic data set acquired during the OWEN-2 cruise in 2012 revealed that the uplift of the Owen Ridge, a series of bathymetric highs identiﬁed along the OFZ, began at 8.2–8.8 Ma (Rodriguez, Chamot-Rooke, Huchon, Fournier, & Delescluse, 2014), and that major pull-apart basins of the OFZ started opening at 2.4 Ma (Rodriguez et al., 2013; Rodriguez, Chamot-Rooke, Huchon, Fournier, Lallemant, et al., 2014). Although these geological events suggest a complex evolution of the AOC triple junction since the Late Miocene, the precise timing of its changes of conﬁguration remains unconstrained (Fournier et al., 2010).
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Here we present a new set of multibeam data, echosounder, and seismic proﬁles crossing key structures formed at the AOC triple junction (mainly the Beautemps-Beaupré Basin), which allows us to build a detailed structural evolution of the area. The objectives of this study are (1) to identify the successive geological events involved in the evolution of the triple junction from the Ridge-Fault-Fault conﬁguration to the currently incipient Ridge-Ridge-Ridge conﬁguration, (2) to constrain the relative chronology of these successive geological events from ties of the seismic data set with Ocean Drilling Program (ODP) Sites and spatial
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Figure 1. (a) Simpliﬁed tectonic map of the Arabian Sea. The inset represents simply the AOC triple junction structure (modiﬁed from Fournier, Petit, et al., 2008). (b) Multibeam bathymetry of the Aden-Owen-Carlsberg (AOC) triple junction. OFZ: Owen Fracture Zone. Seismicity from CMT Harvard catalog (Mw > 4).



RODRIGUEZ ET AL.



2



Tectonics



10.1029/2017TC004687



Figure 2. (a) Enlargement of the multibeam data of the Beautemps-Beaupré Basin and Ridge. (b) Structural sketchmap of the Beautemps-Beaupré Basin and Ridge system, with locations of the seismic lines investigated in this study.



correlation of regional-scale geological markers, and (3) to identify the potential drivers of the changes of conﬁguration of the AOC triple junction since the Late Miocene.



2. Geological Background 2.1. Present-Day Conﬁguration of the Aden-Owen-Carlsberg Triple Junction The earthquake distribution in the vicinity of the AOC triple junction (Figure 1) suggests that deformation is currently occurring around the margins of a triangle-shaped microplate composed of oceanic lithosphere accreted north of the Sheba Ridge (Fournier et al., 2001; Fournier, Chamot-Rooke, et al., 2008; Fournier, Petit, et al., 2008). The microplate is being transferred from Arabia to India since the beginning of the ongoing reorganization of the triple junction (Figure 1; Fournier, Chamot-Rooke, et al., 2008; Fournier, Petit, et al., 2008). The actual triple junction lies at the Sheba Ridge, ~300 km west of the Wheatley Deep, where the Sheba Ridge joins the Owen Transform (Figure 1). According to the distribution of earthquake foci (Fournier et al., 2001; Fournier, Chamot-Rooke, et al., 2008; Fournier, Petit, et al., 2008), the OFZ and the Owen Transform (i.e., the ~250-km-long sinistral India-Somalia plate boundary) are currently disconnected. A ~200-km-long series of oceanic ridges, including the Varun Bank, on top of which peridotites have been dredged (Exon, 2011), is better imaged on the free-air gravity anomaly map on the eastern side of the B3 (Figure 3a). Their trend is oblique to the trend of the Owen Transform by 15°. A vintage seismic line (Cochran, 1978) shows a fossil fault system buried under the Indus sediments on their eastern side (Figure 3b). The origin of this series of oceanic ridges remains unknown. They may be tentatively interpreted as transpressive ridges formed along the fracture zone, similar to oceanic transverse ridges observed along the Saint-Paul and Vema Transforms in the Atlantic Ocean (Bonatti et al., 2005; Maia et al., 2016).
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Figure 3. (a) Free-air gravity anomaly map of the Aden-Owen-Carlsberg triple junction, ﬁltered for short wavelengths from DTU 13 database (Andersen et al., 2013). B3: Beautemps-Beaupré basin, R. = ridge, B. = bank, T. = transform). (b) Vintage seismic line; cruise VEMA V3502, https://doi.org/10.7284/906184 (Cochran, 1978) crossing the Aden-Owen-Carlsberg triple junction and the distal Indus fan (see location on Figure 3a).



2.2. The Beautemps-Beaupré Basin The B3 is the key structure at the AOC triple junction. It is a 120-km-long, 50-km-wide rhomboedric pull-apart basin (Figure 2; Fournier, Chamot-Rooke, et al., 2008; Fournier, Petit, et al., 2008). The B3 is bounded to the east by the southern termination of the OFZ (Figure 2). A diffuse system of N70–N90°E trending normal faults constitutes the northern and southern boundaries of the B3, while the western boundary of the basin is loosely deﬁned on the multibeam map (Figure 2; Fournier, Chamot-Rooke, et al., 2008; Fournier, Petit, et al., 2008). A large, ~100 mGal free-air anomaly is recorded at the B3 (Figure 4; Fournier, Chamot-Rooke, et al., 2008). The subsidence of the basin over ~3 km may explain the gravity anomaly (Fournier, Chamot-Rooke, et al., 2008). The B3 only forms an ~100-m-deep depression with respect to the surrounding seaﬂoor (Fournier, Chamot-Rooke, et al., 2008). The relatively subtle bathymetric expression of the B3 results from the competition between its subsidence and the high turbiditic sedimentation rates, ranging between 137
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and 944 m/Myr at the nearby ODP Site 720 (see Figure 1b for location) since 1.1 Ma (Shipboard Scientiﬁc Party, 1989). Except for the master faults bounding the basin, most of the normal faults remain blind on the seaﬂoor (Figure 2). 2.3. The Owen Fracture Zone and the Successive Generations of the India-Arabia Plate Boundary



Figure 4. (a) Free-air gravity proﬁle crossing the Beautemps-Beaupré Basin, from Fournier, Petit, et al. (2008); see Figure 2a for location. (b) Bouguer gravity anomaly proﬁle, observed and calculated. (c) Basement geometries of the Beautemps-Beaupré Basin, derived using a density contrast between the 3 basin ﬁll and the basement of 500 and 900 kg/m . B3: Beautemps-Beaupré Basin. Marine Bouguer anomaly was calculated by correcting two types of effects: (1) local positive reliefs along the proﬁle on both sides of the B3, assumed to be mainly made of crustal shoulders (all reliefs above the mean 3 depth of the B3, that is, 4,265 m, were corrected for assuming a 2,600 kg/m 3 density or density contrast with water of 1,600 kg/m ); (2) a regional longwavelength effect depressing the gravity ﬁeld beyond the sole effect of the B3. The resulting marine Bouguer is interpreted as being due to a single 3 basement interface, with a density contrast ranging from 500 kg/m (e.g., 3 sediments versus oceanic crust) to 900 kg/m (e.g., sediments versus mantle). The basin is assumed to be uncompensated: Any compensation at depth would require a deeper basement.



The OFZ is the 800-km-long dextral strike-slip India-Arabia plate boundary connecting the AOC triple junction to the Makran Subduction Zone (Fournier et al., 2011; Rodriguez et al., 2011). Morphological offsets of the Owen Ridge on the order of 10–12 km are consistent with an age of emplacement of the OFZ around 3–6 Ma, assuming that the current motion of 3 ± 1 mm/year continued steadily for this time span (DeMets et al., 2010; Fournier et al., 2011; Rodriguez et al., 2011). The OFZ displays remarkable pull-apart basins along its strike, including the 90-km-long, 35-km-wide 20°N Basin (Fournier et al., 2011; Rodriguez et al., 2011, 2013), and the 150-km-long, 30-km-wide Dalrymple Trough (between ~22 and 23°N), which forms an horsetail structure at the northern termination of the OFZ (Edwards et al., 2000; Fournier et al., 2011; Gaedicke et al., 2002; Rodriguez, Chamot-Rooke, Huchon, Fournier, Lallemant, et al., 2014). The reﬂector marking the opening of both the 20°N Basin and the Dalrymple Trough can be tracked from line to line, as far as the top of the southern Owen Ridge, where ODP Sites (721, 722, and 731) provide detailed stratigraphic constraints (Figure 5; Shipboard Scientiﬁc Party, 1989). There, this key reﬂector is dated at 2.4 Ma, in agreement with age estimates from geological markers in the vicinity of the main pull-apart basins (Rodriguez, ChamotRooke, Huchon, Fournier, Lallemant, et al., 2014). The reﬂector recording the opening of the pull-apart basins along the OFZ can be traced to the Oman abyssal plain, in front of the Makran accretionary wedge, where it merges with the M-unconformity (Ellouz Zimmermann et al., 2007; Rodriguez, Chamot-Rooke, Huchon, Fournier, Lallemant, et al., 2014). The regional-scale seismic correlation of the key, 2.4Myr-old reﬂector marking the opening of pull-apart basins along the OFZ is provided in Figure 5.



The conﬁguration of the India-Arabia plate boundary prior to the inception of the OFZ is still enigmatic. Preliminary kinematic reconstructions based on magnetic anomalies from the Sheba and Carlsberg Ridges suggest about 80 km of dextral relative motion since ~20 Ma (Chamot-Rooke et al., 2009). However, the signiﬁcance of fracture zone offsets identiﬁed at the eastern edge of the Owen Ridge under the Indus turbidites remains ambiguous because of the lack of a clear sedimentary record (i.e., fanning conﬁguration of the sediments and unconformities) of their activity (Rodriguez, Chamot-Rooke, Huchon, Fournier, & Delescluse, 2014; Rodriguez, Chamot-Rooke, Huchon, Fournier, Lallemant, et al., 2014). Early Miocene to Late Miocene sediments preserved on the top of the southern segment of the Owen Ridge display a fanning conﬁguration, and a dense fault system, which may reﬂect either remnants of strike-slip tectonics prior to the Owen Ridge uplift, or differential compaction processes, distinct from plate boundary tectonics (Rodriguez, Chamot-Rooke, Huchon, Fournier, & Delescluse, 2014; Rodriguez et al., 2016). 2.4. The Owen Ridge



The Owen-Murray Ridge consists of a series of bathymetric highs running along the OFZ (Matthews, 1966). The top of the basement of the Owen Ridge is composed of Paleogene trachybasalts (Shipboard Scientiﬁc Party, 1989). The Owen Ridge basement was covered by turbidites up until the time of 15 Ma (Figure 6).
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Figure 5. Regional correlation of the reﬂector marking the structural reorganization of the entire India-Arabia plate boundary at 2.4 Ma at the edges of the Dalrymple Trough and the 20°N Basin, at the top of the Owen Ridge, and at the Beautemps-Beaupré Ridge. This key reﬂector can be easily tracked from line to line within the pelagic cover that blankets the area since the late Pliocene, except at the Beautemps-Beaupré Basin and Ridge where turbidites are inter bedded within the pelagites.



Since then, the Owen Ridge has been only covered by pelagic sediments (Figure 6; Shipboard Scientiﬁc Party, 1989). The uplift of the Owen-Murray Ridge initiated between 8.2 and 8.8 Ma (Rodriguez, Chamot-Rooke, Huchon, Fournier, & Delescluse, 2014; Rodriguez, Chamot-Rooke, Huchon, Fournier, Lallemant, et al., 2014). The uplift is recorded by an angular unconformity along the edge of the OwenMurray Ridge, a conspicuous fanning conﬁguration of Indus sediments at the southern Owen Ridge, and numerous landslide deposits (Rodriguez et al., 2012; Rodriguez, Chamot-Rooke, Huchon, Fournier, and Delescluse, 2014; Rodriguez, Chamot-Rooke, Huchon, Fournier, Lallemant, et al., 2014). A coeval episode of deformation is observed along the southeastern Oman margin (Rodriguez, Chamot-Rooke, Huchon, Fournier, and Delescluse, 2014; Rodriguez et al., 2016). The initiation of the uplift of the Owen-Murray Ridge is coincident in time with the kinematic change affecting the entire Indian Ocean around 8 Ma. This kinematic change is expressed by the onset of intraplate deformation in the Central Indian Ocean separating India from Australia (Bull et al., 2010; Bull & Scrutton, 1990, 1992; Chamot-Rooke et al., 1993; Delescluse & Chamot-Rooke, 2007; Delescluse et al., 2008; Henstock & Minshull, 2004; Krishna et al., 2009; Weissel et al., 1980, 1992; Wiens et al., 1985), and to the separation of Somalia from Nubia related to the East African Rift system (DeMets et al., 2005; DeMets & Merkouriev, 2016). The origin of this kinematic change is unclear. The most commonly invoked driver is a change of the gravitational potential energy gradient related to the growth of the Himalaya-Tibet (Molnar & Stock, 2009). Alternatively, Iaffaldano and DeMets (2016) proposed that this kinematic change could correspond to a global plate reorganization event driven by changes in the dynamics of the Paciﬁc plate. 2.5. The Sheba Ridge The Sheba Ridge is an oceanic spreading center initiated about 20 Ma (Chron 6A, 19.7 Ma) along the Owen Transform, which subsequently propagated westward into the Gulf of Aden toward the Afar Hotspot (d’Acremont et al., 2006, 2010; Fournier et al., 2010; Leroy et al., 2010). In its easternmost segment, the Sheba Ridge formed in the south of the Owen Basin (Figure 1). The nature and the age of the Owen basin
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Figure 6. (a) Multibeam bathymetry of the segment of the southern Owen Ridge, where the ODP Sites used for the stratigraphic framework of this study are located. OFZ: Owen Fracture Zone. (b) Stratigraphy from ODP sites, and correlation between the ODP seismic data set and the OWEN 2 seismic data set. The colors correspond to key seismic horizons on the seismic proﬁles. (c) Ties of ODP Site 722 with the seismic data set crossing the Owen Ridge following a W-E direction. (d) Ties of ODP Sites with the seismic data set crossing the Owen Ridge following a S-N direction. For details of the ties, the reader is referred to Shipboard Scientiﬁc Party (1989) and Rodriguez, Chamot-Rooke, Huchon, Fournier, and Delescluse (2014).



are a matter of debate due to a lack of a magnetic data capable of revealing seaﬂoor spreading anomalies less ambiguously (Gaina, van Hinsbergen, & Spakman, 2015; Mountain & Prell, 1990; Rodriguez et al., 2016). The identiﬁcation of Paleogene trachybasalts at the available drilling sites in the eastern part of the Owen Basin (Shipboard Scientiﬁc Party, 1974, 1989) suggests an oceanic lithosphere. In this framework, the ﬁrst stage of formation of the Sheba Ridge follows an intraoceanic episode of rifting and therefore constitutes a case of Ocean-Ocean Transition (Stein & Cochran, 1985). The Sheba Ridge formed shortly after a global plate reorganization event recorded at 24 Ma (chron 6C), expressed by a reorganization of all the spreading centers of the Indian Ocean (Patriat et al., 2008). After



RODRIGUEZ ET AL.



7



Tectonics



10.1029/2017TC004687



Figure 7. Classiﬁcation of the sedimentary features observed in the vicinity of the Aden-Owen-Carlsberg triple junction on seismic and subbottom proﬁles, and their criteria of identiﬁcation. The black arrows point areas where the features can be well observed.
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this episode, spreading rates gradually decreased until the plate reorganization event at ~8 Ma. Since then, seaﬂoor spreading rates have remained steady (DeMets et al., 2005; DeMets & Merkouriev, 2016; DeMets et al., 2015; Fournier et al., 2010; Merkouriev & DeMets, 2006).



3. Data Set and Methods 3.1. Data Set The data set presented in this study was acquired onboard the BHO Beautemps-Beaupré (a ship of the French Naval Hydrographic and Oceanographic Service) during the AOC, OWEN- FANINDIEN, and OWEN-2 surveys in 2006, 2009, and 2012, respectively. The multibeam bathymetry was collected using a Kongsberg-Simrad EM 120 echosounder, producing a DEM at 80 m grid interval. The SBP120 subbottom proﬁler provided a coincident set of high-frequency (3.5 kHz), high-resolution proﬁles with penetration down to 100 m in ﬁne grained sediments. Seismic reﬂection proﬁles were acquired using the high-speed (10 knots) seismic device designed by GENAVIR. The source consists of two GI air guns (one 105/105 c.i. and one 45/45 c.i.) ﬁred every 10 s at 160 bars in harmonic mode, resulting in frequencies ranging from 15 to 120 Hz. The receiver is a 24-channel, 300-m-long seismic streamer, allowing a common midpoint spacing of 6.25 m and a subsurface penetration of about 2 s two-way travel time (TWT). The processing consisted of geometry setting, water-velocity normal moveout, stacking, water-velocity Kirchhoff poststack time migration, band-pass ﬁltering, and automatic gain control. All proﬁles are displayed with a vertical exaggeration of ~13 at the seaﬂoor. 3.2. Seismic Interpretation of the Sedimentary Features The identiﬁcation of sedimentary features and key conﬁgurations commonly observed on the seismic and 3.5 kHz data set are based on the following criteria (summarized in Figure 7). The distal Indus turbiditic fan in the opened abyssal plain displays typical channel-levee systems (Clift et al., 2001). The axis of a channel is characterized by a typical lens-like architecture and a concave-up lower boundary, with a discontinuous, high-amplitude reﬂection at the base. The associated turbiditic levees have a wedge shape, with a highamplitude, transparent seismic facies (Figure 7). In contrast with the Indus abyssal plain, the B3 constitutes a conﬁned area of deposition, which results in a different turbidite facies (Bourget et al., 2013); hereafter referred as ponded turbidites. This seismic facies results from turbidity currents becoming trapped in the basin and repeatedly reﬂected from its walls (McHugh et al., 2006). The resulting oscillations of the turbidite plume lead to strong sediment sorting, with coarse grains at the bottom of the sequence forming the highamplitude reﬂectors and ﬁned grained coming from the muddy part of the turbiditic ﬂow at the origin of the transparent facies (Figure 7). On the other hand, pelagic deposits display well-stratiﬁed, continuous, and conformable horizons on seismic proﬁles. It is sometimes difﬁcult to discriminate between turbiditic and pelagic deposits on seismic proﬁles because of similarities of seismic facies away from the channel axis. Some contouritic deposits can be observed in places where the seaﬂoor morphology channelizes bottom currents. There, sedimentary layers display strong lateral thickness variations reﬂecting lateral variations of the bottom current intensity. As a result, the architecture of the contouritic bodies displays a sigmoid shape (Figure 7; Rebesco et al., 2014). Mass transport deposits originating from the Owen Ridge (Rodriguez et al., 2012) display chaotic to transparent seismic facies, with uneven lobes sometimes identiﬁed on the multibeam (Figure 7). Finally, a particular reﬂector, with a reverse polarity, is locally observed on seismic proﬁles on the top of the Owen Ridge, and south of the B3 (Figure 8). This particular reﬂector may be interpreted as a Bottom Simulating Reﬂector. Among the various origins proposed for Bottom Simulating Reﬂectors (Berndt et al., 2004), the diagenetic transformation from smectite to illite may be appropriate considering the context of the Indus distal fan (Shipboard Scientiﬁc Party, 1989). In tectonically active areas, Bottom Simulating Reﬂectors do not necessarily mimic the shape of the seaﬂoor due to local perturbations of the heat ﬂow through ﬂuid circulation within faults (Shedd et al., 2012). 3.3. Stratigraphy The stratigraphy is constrained from correlation of the seismic lines with ODP Sites (721, 722, and 731) located at the top of the Owen Ridge (Figure 6). These sites document the stratigraphy of the pelagic sediments lying on the Owen Ridge for the last 15 Ma (Figure 6; Rodriguez, Chamot-Rooke, Huchon, Fournier, & Delescluse,
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Figure 8. Longitudinal seismic proﬁle crossing the Beautemps-Beaupré Ridge, the Beautemps-Beaupré Basin, and the southern end of the Owen Ridge. UA to UG are the unconformities described in the text. Location of the crossing proﬁle of Figure 10 is indicated. BSR: bottom simulating reﬂector. See Figure 2b for location.



2014; Shipboard Scientiﬁc Party, 1989). There, the pelagic layers sampled at ODP sites have been tied to reﬂectors of ODP seismic lines collected during the presite survey (Shipboard Scientiﬁc Party, 1989). At ODP site 722, the correlation between the geological layers and the seismic reﬂectors is based on synthetic seismograms built after density log measurements (Shipboard Scientiﬁc Party, 1989). The ages are obtained from detailed biostratigraphic studies and the magnetic signature of the sediments, with a time resolution ranging between 0.1 and 1 Ma according to the periods (Shipboard Scientiﬁc Party, 1974, 1989). For instance, the reﬂector dated at 2.4 Ma is very well constrained from biostratigraphic analysis and its peculiar magnetostratigraphic signature, corresponding to the climate change at the beginning of the Pleistocene (Bloemendal & DeMenocal, 1989; Bloemendal et al., 1993). The age of other reﬂectors can be more ambiguous, like the reﬂector dated at 3.5–3.8 Ma (Figure 6) based on the sampling of both Reticulofenestra pseudoumbilica (3.5 Ma) and Amphirhopalum ypsilon (3.8 Ma) at the depth corresponding to this reﬂector (Shipboard Scientiﬁc Party, 1974, 1989). The Owen-2 seismic data set crosses the location of the ODP site 722. The key reﬂectors previously identiﬁed in ODP reports have been simply tied to our new seismic data set, as shown in Figure 6. Despite some local disturbances due to landslides, the correlation of reﬂectors within the pelagic layers can be easily performed from line to line on the top of the Owen Ridge.



4. Results 4.1. Structure of the Northeastern Part of the Aden-Owen-Carlsberg Triple Junction 4.1.1. Structure of the Beautemps-Beaupré Basin The structure of the B3 is dominated by normal faulting. All the normal faults are growth faults (i.e., their offsets increase with depth) whose activity is locally recorded by the fanning conﬁguration of turbidites (Figures 7–12). The normal fault systems form several negative ﬂower structures (Figures 8–10), acting as structural thresholds that affect the distribution of the turbidite inﬁll.
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Figure 9. Longitudinal seismic proﬁle crossing the Beautemps-Beaupré Ridge, the Beautemps-Beaupré Basin, and the southern end of the Owen Ridge. UA to UG as on Figure 8. Location of the crossing proﬁle of Figure 9 is shown. MTDs: mass transport deposits. See Figure 2b for location.



4.1.1.1. Longitudinal (S-N) Proﬁles The master normal faults bounding the B3 are identiﬁed on the longitudinal seismic proﬁles and have ﬁnite vertical offsets reaching ~0.25 s (TWT; Figures 8 and 9). At depth, the master faults display chaotic reﬂections that may correspond to ﬂuid circulation (Figures 8 and 9). The southern part of the basin consists in an ~E-W trending negative ﬂower structure (Figures 2, 8, and 9). The negative ﬂower structure is the main subsiding area, where the most conspicuous fanning conﬁguration of the turbidites is observed (Figure 9). A central graben is identiﬁed between the negative ﬂower structure and the northern boundary of the B3 (Figures 8 and 9). This central graben is ~18-km-wide close to the OFZ (Figure 8) and becomes narrower westward (~8-km-wide on Figure 9). 4.1.1.2. Transverse (SW-NE and W-E) Proﬁles On the transverse section (Figure 10), the B3 consists in a series of three synforms dissected by a complex pattern of normal faulting. Here we describe the successive synforms from west to east. The ﬁrst synform forms an ~20-km-wide subbasin located to the southwest of the main subsiding area of the B3. Northwest dipping faults affect this subbassin. The growth of the faults is well recorded by the fanning conﬁguration of turbidites (Figure 10). The thickness of the sedimentary layers increases toward the center of the synform.
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Figure 10. Transverse seismic proﬁle crossing the Beautemps-Beaupré Basin. UA to UG as on Figure 8. Locations of the crossing proﬁles of Figures 8 and 9 are shown. OFZ: Owen Fracture Zone. See Figure 2b for location.



The main normal fault bounding the southern ﬂank of the B3 (cut obliquely by the proﬁle, Figure 2) constitutes a major structural threshold that marks the transition with the second, ~17-km-wide synform. This structural threshold is characterized by an area of reversal in the fault dip (from west to east; Figure 10). The second synform is asymmetric, with the main area of subsidence (in the uppermost ~0.5 s TWT) located in its western part (Figure 10). On this transverse section (Figure 10), a second structural threshold marks the boundary with the third, ~30-km-wide synform (Figure 10). The latter constitutes the area of maximal subsidence of the B3, with a thickness of the sedimentary inﬁll on the order of 1-s TWT. A negative ﬂower structure demarcates the area of maximal subsidence (Figure 10). Overall, the thickness of the deposits increases toward the ﬂower structure. Finally, this transverse proﬁle reveals that the OFZ is the master fault of the basin, accommodating most of the subsidence (Figure 10). A second transverse proﬁle (Figure 11) crosscuts the northern tip of the B3, and the southern extremity of the Owen Ridge. There, the B3 is simply expressed as a graben tilted to the west along the OFZ. 4.1.2. Structure of the Beautemps-Beaupré Ridge The B3 is bounded to the south by a series of SW-NE trending, up to 750-m-high bathymetric ridges hereafter referred as the Beautemps-Beaupré Ridge (Figure 2). Seismic proﬁles reveal the Beautemps-Beaupré Ridge is a fold system deforming turbidites from the Indus fan (Figures 8, 9, and 12). On the proﬁle close to the OFZ (Figure 8), the Beautemps-Beaupré Ridge appears as a tilted panel of Indus sediments (Figures 8 and 12). To the west, in Figure 9, the Beautemps-Beaupré Ridge consists of a fold system composed of three antiforms and two synforms. There, large mass transport deposits are trapped within the synform domains (Figure 9). Some north dipping normal faults observed on both the multibeam (Figure 2) and the seismic proﬁles crosscut the fold system (Figures 8 and 9). These normal faults are related to the opening of the B3. 4.1.3. Identiﬁcation of a Beautemps-Beaupré Fracture Zone A strike slip fault system is observed on the multibeam between the Owen Transform and the OFZ (Figure 13). It is hereafter mentioned as the “Beautemps-Beaupré Fracture Zone.” These traces of strike-slip tectonics are encountered in places where turbidite sedimentation shifted to pelagic sedimentation, allowing a good
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Figure 11. Transverse seismic proﬁle: (b) data and (c) interpretation, crossing the northern end of the Beautemps-Beaupré Basin, the Owen Fracture Zone, and the southern end of the Owen Ridge. Figure 10a is a 3.5 kHz proﬁle of part of the proﬁle. UA to UG as in Figure 8. OFZ: Owen Fracture Zone. See Figure 2b for location.



preservation of the morphology on the seaﬂoor. This strike slip fault system is composed of two 120-kmlong and 65-km-long main segments, separated by one major bend at ~14°N (Figure 12). The southern segment consists of an en-échelon fault system composed of SW-NE trending splays (Figure 13). Several small-scale pressure ridges and pull-apart basins are observed along the bend (Figure 13). The northern segment displays a very simple, linear fault structure. This strike-slip system is not associated with any recorded seismicity. 4.2. Tectono-Stratigraphic Framework 4.2.1. The Signiﬁcance of the Angular Unconformities Interactions between tectonics and the dynamics of the Indus turbiditic system result in a complex succession of angular unconformities observed along the borders of the B3 and on the southern ﬂank of the Beautemps-Beaupré Ridge (Figures 8–12). Investigating the signiﬁcance of these unconformities raises numerous difﬁculties.
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Figure 12. (a) Correlation of a subbottom proﬁle at the top of the Owen ridge with a proﬁle on the southern ﬂank of the Beautemps-Beaupré Ridge (inset of ﬁgure b). (b and c) Subbottom proﬁles (3.5 kHz) crossing the Beautemps-Beaupré Basin and Ridge. See the bold lines on Figure 2b for location.



1. First, it is difﬁcult to discriminate whether the angular unconformities at the edge of active structures reﬂect tectonic changes (e.g., opening of a basin or uplift of a ridge, changes in subsidence or uplift rates, and changes in fault slip rates) or changes in the sedimentary record of the deformation (i.e., changes in the dynamics of the Indus turbidite fan in response to avulsion processes and/or climatic and sea level changes (Bourget et al., 2013; Clift et al., 2001, 2008, 2014; Rodriguez et al., 2011, 2013). 2. Second, the opening of the B3 is not clearly recorded by any remarkable unconformity within the core of the basin, which displays conformable reﬂectors in most areas (Figures 8, 9, and 10). The similar conﬁguration of the numerous unconformities (either related to tectonic or sedimentary processes) makes it difﬁcult to discriminate which one marks the opening of the B3. The onset of fanning conﬁguration of the turbidite inﬁll is an ambiguous marker of the onset of normal fault activity because the basin emplaced in an area that also recorded the uplift of the Owen Ridge (Rodriguez, Chamot-Rooke, Huchon, Fournier, and Delescluse, 2014).
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Figure 13. Multibeam bathymetry of the Beautemps-Beaupré Fracture Zone, and the interpreted structure (see Figure 1b for location).



3. Third, the evolution of the AOC triple junction spans periods where sedimentation rates were much greater than fault slip rates. Larger sedimentation rates are not a priori favorable for accurate fault activity record, and for identiﬁcation of the reﬂector marking their emplacement, because they permanently ﬂood the fault scarp (Barnes & Pondard, 2010; Pondard & Barnes, 2010). All these difﬁculties can, however, be overcome from the detailed structural analysis of the area and correlation of the proﬁles with drilling sites located on the top of the Owen Ridge (Figures 14a and 14b). 4.2.2. Ties of Seismic Lines Crossing the Beautemps-Beaupré Basin and Ridge With ODP Sites Located at the Top of the Owen Ridge The sedimentary series that record the uplift of the southern side of the Beautemps-Beaupré Ridge consists of a succession of turbidites and pelagites (Figures 14a and 14b). Some unconformities result from the progressive shift from turbidite to pelagite along the uplifted panel, which occurs in areas gradually uplifted above the level of turbidite deposition. Other unconformities (e.g., UF) result from the pelagic layers that are progressively buried by increased turbidite sedimentation catching-up the uplifted seaﬂoor (Figure 14b). Consequently, a sequence of pelagites has been isolated on the top of the Beautemps-Beaupré Ridge since seaﬂoor uplift began in this area. This series of pelagites can be fairly correlated with the pelagic series on the top of the Owen Ridge, based on the striking similarity of the amplitude pattern of the reﬂectors (Figure 14). Figure 14 displays side by side enlargements of the seismic proﬁles from the southern side of the BeautempsBeaupré Ridge and the top of the Owen Ridge. This correlation provides valuable stratigraphic constraints from 8.8 Ma (i.e., the onset of the Owen Ridge uplift; Rodriguez, Chamot-Rooke, Huchon, Fournier, and Delescluse, 2014), to 2.5–2.6 Ma. The sediments varying in age from recent to 2.5–2.6 Ma on the southern ﬂank of the Beautemps-Beaupré Ridge display a fanning conﬁguration. The fanning pattern is mainly formed by turbidites (but the resolution of seismic data set makes it difﬁcult to precisely discriminate the pelagic layers among the turbiditic ones; Figures 8 and 14b). Fortunately, the subbottom proﬁles provide a better imaging of the sedimentary series for the top of the fanning sequence and allow us to safely identify the pelagic intervals (Figure 12). Figure 12a displays a side-by-side view of a 3.5 kHz proﬁle collected along the southern ﬂank of the RODRIGUEZ ET AL.
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Figure 14. Ages assigned to the stratigraphic sequence of the Beautemps-Beaupré Basin and Ridge system. (a) Line drawing of the proﬁle displayed in Figure 8, showing the location of the segments used to build the ﬁrst part of the stratigraphic framework (southern Beautemps Beaupré Ridge). (b) Side-by-side view of a segment of the proﬁle from the southern ﬂank of the Beautemps Beaupré Ridge and (c) a segment of the proﬁle from the top of the Owen Ridge. Note the similarity of the pelagic sequences between both locations. (d) Line drawing of the proﬁle displayed in Figure 8, showing the location of the segments used to build the second part of the stratigraphy (correlation of the southern part of the basin with its northern part). (e) Side-by-side view of a segment of the proﬁle at the northern border of the BeautempsBeaupré Basin and (f) the segment from the southern ﬂank of the Beautemps-Beaupré Ridge, highlighting the similarities between the sedimentary sequences. BSR: bottom simulating reﬂector.



Beautemps-Beaupré Ridge and one collected at the top of the Owen Ridge. Although bottom currents locally induce lateral thickness variations of the pelagic layers on the southern side of the Beautemps-Beaupré Ridge (Figure 12), the pelagic series can be fairly correlated with the ones imaged by subbottom proﬁles at the top of the Owen Ridge, close to the location of the ODP Sites (Figure 6). Here again, the correlation is based on the amplitude pattern of the reﬂectors on subbottom proﬁles. The uppermost transition from turbidites to pelagites observed south of the Beautemps-Beaupré Ridge is dated at ~0.8–0.9 Ma (Figure 12). This age is consistent with the age of the last unconformity recorded within the Indus fan at ODP Site 720, estimated at 0.75–0.8 Ma (Shipboard Scientiﬁc Party, 1989). It corresponds to a major episode of avulsion of the Indus turbiditic system, recognized all along the strike of the OFZ (Rodriguez et al., 2011). A second, deeper unconformity corresponding to a shift from turbidites to pelagites can be dated at ~2.4 Ma from the correlation of the sequence of reﬂectors with that from the top of the Owen Ridge (Figure 12a). The combined seismic stratigraphy worked-out from these correlations is shown in Figure 14. Figures 14d– 14f present a side-by-side view of a seismic section from the Beautemps-Beaupré Ridge and a seismic section
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Figure 14. (continued)



from the northern edge of the B3. Figures 14e and 14f highlight a similar succession of unconformities in both areas. The numerous angular unconformities identiﬁed on the southern limb of the Beautemps-Beaupré Ridge can be fairly correlated from line to line with the angular unconformities observed on the northern border of the B3 (Figures 14e and 14f). 4.3. Signiﬁcance of the Angular Unconformities, Relative Chronology, and Age Estimates of the Deformation 4.3.1. Sequence Sealed by the 8.7–8.8-Myr-Old Unconformity (Labeled UG): The oldest dated key horizon is the unconformity corresponding to the uplift of the Owen Ridge (labeled UG; Figures 8–11). In the northern part of the B3, the unconformity is marked by onlap terminations of the Indus turbidites over the mass transport deposits resulting from landslides triggered subsequent to the uplift of the Owen Ridge (Figure 8; Rodriguez et al., 2012; Rodriguez, Chamot-Rooke, Huchon, Fournier, & Delescluse, 2014). This unconformity can be identiﬁed almost continuously within the B3 (Figures 8–11). On the southern side of the Beautemps-Beaupré Ridge, the unconformity UG marking the onset of uplift is dated at 8.8 Ma (Figures 8 and 14b). It corresponds to the ﬁrst unconformity characterized by the lateral shift from turbidites to pelagites. The record of the southern ﬂank of the Beautemps-Beaupré Ridge provides a more precise age of the onset of uplift of the Owen Ridge at 8.7–8.8 Ma, compared to previous age estimated bracketed between 8.2 and 8.8 Ma (Rodriguez, Chamot-Rooke, Huchon, Fournier, & Delescluse, 2014). The sedimentary sequence beneath the 8.7–8.8-Myr-old unconformity displays some traces of turbidite current channel axis in the part of the Beautemps-Beaupré Ridge affected by normal faulting and eroded at the
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top of the Beautemps-Beaupré Ridge (Figure 8). This sequence is tilted toward the Owen Ridge, which indicates that it was not uplifting at that time (Figures 8 and 14b). The minor angular unconformities observed within this sequence can be interpreted either as the result of the sedimentary levees of the turbidite channels, or the result of nearby active tectonics. 4.3.2. The 8.7 to 2.5–2.6-Myr-Old Unconformities (Between UG and UF): Record of the Progressive Uplift of the Owen Ridge These unconformities are only observed in the southern ﬂank of the Beautemps-Beaupré Ridge (Figures 8 and 14). They correspond to lateral shifts of sedimentation (from turbidite to pelagite) in response to the progressive uplift of the Owen Ridge. The succession of several of these unconformities during the 8.7–2.5 Ma interval indicates a tight competition between seaﬂoor uplift in this area (edge of the Owen Ridge) and the turbiditic sedimentation. 4.3.3. The 2.6–2.4-Myr-Old Unconformities: Increase in the Indus Sedimentation Rates, Major Uplift of the Beautemps-Beaupré Ridge, and Opening of the Beautemps-Beaupré Basin. According to our proposed stratigraphy, all the angular unconformities from UE to UB (Figures 8–11 and 14) were formed in a very short time interval of 0.1–0.2 Ma, between 2.4 and 2.5–2.6 Ma. This interval corresponds to a pulse of turbidites, with rates >1.5 km/Ma south of the Beautemps-Beaupré Ridge (Figures 8 and 9). This pulse of turbidites may have been triggered by the coeval episode of intensiﬁcation of the Indian monsoon (An et al., 2001; Clift et al., 2008). The 2.5- to 2.6Myr-old unconformity (UF) displays the same dip as all the layers lying underneath, indicating that all the sequences deposited prior to 2.5– 2.6 Ma have been tilted as a single panel during the same event. Moreover, the angle between UF and the onlap UE is the largest among all the observed unconformities (Figures 8 and 14). This unconformity UF therefore indicates abrupt tilting shortly after 2.5–2.6 Ma. This reﬂector UF also marks the base of the fanning conﬁguration of the sediments at the western edge of the B3 (transverse proﬁle; Figure 10). However, in the inner parts of the basin, the sedimentary units overlying the reﬂector UF do not show the expected thickening between the borders and the core of the basin. These units also locally display some remnants of turbidite current channels, observed on several seismic lines (Figures 9 and 10), which is not consistent with a deep basin. The sedimentation rates were probably so high that turbidites totally ﬂooded the incipient basin. 4.3.4. Since 2.4 Ma: Subsidence of the Beautemps-Beaupré Basin The units above the unconformity UB clearly show the deepening of the B3, at a mean rate of ~500 m/Ma since 0.8–0.9 Ma in the area of maximal subsidence (Figures 8 and 10). These units cap the youngest turbidite current channel within the basin and are composed of ponded turbidites captured by the basin (Figures 8–12). These units also clearly display the fanning conﬁguration of the turbidites at the edge of the normal faults.



5. Discussion 5.1. Detailed Reconstruction of the Evolution of the Aden-Owen-Carlsberg Triple Junction Figure 15. Reconstructed evolution of the Aden-Owen-Carlsberg triple junction since 11 ma. Modiﬁed from Fournier et al. (2010). See the discussion for detailed comments.
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The new tectonic evolution of the AOC triple junction deduced from the analysis of the seismic data set is summarized in Figure 15.
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The precise conﬁguration of the triple junction prior to 11 Ma remains unknown. We assume that the triple junction had a Ridge-Fault-Fault conﬁguration, although evidences for the prolongation of the Owen Transform are scarce. The seismic data set in the vicinity of the B3 conﬁrms the onset of the uplift of the Owen Ridge at 8.7–8.8 Ma as previously proposed by Rodriguez, Chamot-Rooke, Huchon, Fournier, and Delescluse (2014) and Rodriguez, Chamot-Rooke, Huchon, Fournier, Lallemant, et al. (2014). The Owen Ridge uplift is recorded at the Beautemps-Beaupré Ridge. The timing and mode of uplift of the transverse ridges identiﬁed east of the B3, including the Varun Bank (Figure 3), remain unclear because of the lack of available seismic data. Either the Varun Bank reﬂects the diffuse conﬁguration of the plate boundary at the time of the uplift of the Owen Ridge, or it constitutes a remnant of an older, pre-Miocene geological event related to the complex dynamics of the India-Arabia plate boundary (Rodriguez et al., 2016). The timing of emplacement of the Beautemps-Beaupré Fracture Zone identiﬁed in this study (Figure 13) is difﬁcult to constrain. The vintage proﬁle in Figure 3 shows offset of recent, uppermost reﬂectors of the section. The shift to pelagic deposition has preserved the seaﬂoor signature of the fault, even after its deactivation, as observed elsewhere along the OFZ (Rodriguez et al., 2011). The seaﬂoor signature of the Beautemps-Beaupré Fracture Zone would have been erased by the pulse of turbidites recorded at 2.4–2.5 Ma. This fault-system was probably still active during this detritic pulse, and deactivated soon after, when the B3 opened 2.4 Ma. This fault system is interpreted as a transient stage active between the end of the uplift of the Owen Ridge and the opening of the B3. We consider this structure as a short-lived strikeslip fault (Figure 14). The uplift of the Beautemps-Beaupré Ridge then started at 2.5–2.6 Ma, followed soon after by the emplacement of the B3 at 2.4 Ma. During its ﬁrst stage of opening, the B3 was not deep enough to signiﬁcantly affect the behavior of the distal Indus fan, characterized by huge sedimentation rates at that time. During this time span, the Indus fan has continued to develop turbidite current channels despite the incipient normal fault systems related to the opening of the basin. A major episode of subsidence of the basin occurred at 0.8–0.9 Ma. The major outcome of this new tectono-stratigraphic framework is the emplacement of the present-day conﬁguration of the AOC triple junction at 2.4 Ma and not in the Late Miocene as previously inferred (Fournier et al., 2010). Considering that the 10–12 km morphological offsets of the OFZ were formed during the last 2.4 Myr implies a revised dextral rate of India-Arabia relative motion at ~4.2–5 mm/year. 5.2. Mode of Opening of the Beautemps-Beaupré Basin The 120-km-long, 50-km-wide B3 opened in only 2.4 Ma, which corresponds to 10–12 km of dextral offset along the OFZ. In contrast with other oceanic pull-apart basins (for instance, the Cayman Trough in the Caribbean; Hayman et al., 2011; or pull-apart basins along the Blanco Transform in the Paciﬁc; Embley & Wilson, 1992), the mode of opening of the B3 cannot be explained by a continuous growth of the basin with increasing relative motion (Aydin & Nur, 1982; Mann, 2007; Mann et al., 1983). The size of the B3 may be explained by the isolation of a large ~110-km-long subsiding block, subsequently affected by 10–12-km of distributed extension (Figure 16). The formation of a half graben involves a 3-block system, where the subsiding block is bounded by a main normal fault and its antithetic, which is consistent with analog models (Brun & Mauduit, 2008). The main bounding fault induced the uplift of the Beautemps-Beaupré Ridge. The distance between the main normal fault and its antithetic deﬁnes the dimensions of the subsiding block. Because the B3 emplaced at the southern termination of the OFZ, the structure shares similarities with horsetail structures; that is, oblique fault splays rooting on the main strike-slip fault on one side, and a loosely deﬁned boundary on the other side (Figure 16). The turbiditic inﬁll has smoothed the seaﬂoor signature of the splays, which makes difﬁcult the reconstruction of their precise arrangement. A limit of our data set, and hence of this model of opening, is the lack of identiﬁcation of any décollement layer at depth, supporting the opening of the pull-apart basin. Shales within the Indus fan may act as potential décollement levels (Calvès et al., 2008), but it is also possible that the décollement roots within the basement. The subsidence related to the opening of the B3 is on the order of 1.2 km according to our interpretation (Figure 8). This value is less than the ~3 km expected from modeling of the gravity ﬁeld (Figure 4; Fournier, Chamot-Rooke, et al., 2008; Fournier, Petit, et al., 2008). Therefore, an episode of extension might have
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Figure 16. Isometric 3-D view of the structure of the Beautemps-Beaupré Basin, highlighting its mode of opening as a fault termination basin at the end of the OFZ.



affected the basement prior to the opening of the B3. The origin and the timing of such episode are unknown. No such gravity anomaly is identiﬁed along the oceanic seaﬂoor formed at the Sheba spreading center (Fournier, Chamot-Rooke, et al., 2008; Fournier, Petit, et al., 2008). It may be tentatively related to a previous episode of pull-apart basin formation along the India-Arabia plate boundary. The gravity ﬁeld indicates that this hypothetic episode formed a heterogeneity in the basement, which may have controlled the location of the southern termination of the OFZ during the reorganization of the system 2.4 Ma. A similar mode of opening has been proposed for the 20°N pull-apart Basin and the Dalrymple Trough along the OFZ (Rodriguez et al., 2013; Rodriguez, Chamot-Rooke, Huchon, Fournier, Lallemant, et al., 2014). The isolation of a subsiding block bounded by conjugate normal fault has also been commonly invoked to explain the narrowness of pull-apart basins or some continental rifts (Dead Sea pull-apart basin, Brun & Gutscher, 1992; Corinth Rift, Lambotte et al., 2014; ten Brink & Ben-Avraham, 1989; ten Brink & Flores, 2012; and Rhine graben). 5.3. Do the Successive Reorganizations of the Aden-Owen-Carlsberg Triple Junction Mark a Series of Kinematic Changes? The 8.8 Ma change in conﬁguration of the AOC triple junction is coeval with the last major kinematic change affecting the Indian Ocean around 8 Ma. Kinematics studies at the scale of the Indian Ocean do not document any signiﬁcant kinematic change for the last 5.2 Ma (DeMets et al., 2017; DeMets & Merkouriev, 2016). Even if the precise kinematics of Arabia for the last 3.14 Ma remain to be constrained (Fournier et al., 2010), these kinematic reconstructions are locally constrained by the magnetic chron 1n at 0.78 Ma. In the lack of any detected kinematic change, the driver of the 2.4 Ma reorganization of the entire India-Arabia boundary, from the AOC triple junction to the Makran subduction zone (Rodriguez et al., 2014), is unclear.
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One may consider that the successive changes in conﬁguration of the AOC triple junction simply reﬂect a series of transient adjustments since ~8 Ma unrelated to kinematic changes, as observed for many triple junctions (Ligi et al., 1999). However, some processes at the origin of slight changes in the stress ﬁeld may be considered as potential drivers of the formation of the OFZ and the reorganization of the AOC triple junction at 2.4 Ma. A possible driver may be the accretion of oceanic crust along the northern segments of the Red Sea between 2–3 Ma (Thetis and Nereus segments; Ligi et al., 2011, 2012, 2018), a period when intense mantle upwelling is expected, which may have potentially affected the stress ﬁeld of Arabia as far as its eastern boundary. Another possible driver may be the 2.4 Ma major monsoon intensiﬁcation (An et al., 2001). Variations in sedimentation rates within the Indus fan in response to a monsoon intensiﬁcation can affect the load applied on the plate boundary, as well as the heat ﬂux, and therefore the distribution of stress and friction along the fault. The intensiﬁcation of the monsoon may have also affected the force balance at the Himalayan belt (Iaffaldano et al., 2006, 2011; Molnar & Stock, 2009). Because all these potential drivers are extremely difﬁcult to quantify, the origin of the abrupt reorganization of the India-Arabia plate boundary at 2.4 Ma in the lack of any signiﬁcant kinematic change remains an opened question.
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