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Abstract 16 

 The Owen Fracture Zone is a 800 km-long fault system that accommodates the 17 

dextral strike-slip motion between India and Arabia plates. Because of slow pelagic 18 

sedimentation rates that preserve the seafloor expression of the fault since the Early 19 

Pliocene, the fault is clearly observed on bathymetric data. It is made up of a series of 20 

fault segments separated by releasing and restraining bends, including a major pull-21 

apart basin at latitude 20°N. Some distal turbiditic channels from the Indus deep-sea fan 22 

overlap the fault system and are disturbed by its activity, thus providing landmarks to 23 

date successive stages of fault activity and structural evolution of the Owen Fracture 24 

Zone from Pliocene to Present. We determine the durability of relay structures and the 25 

timing of their evolution along the principal displacement zone, from their inception to 26 

their extinction. We observe subsidence migration in the 20°N basin, and alternate 27 

activation of fault splays in the vicinity of the Qalhat seamount. The present-day Owen 28 

Fracture Zone is the latest stage of structural evolution of the 20-Myr-old strike-slip 29 

fault system buried under Indus turbiditic deposits whose activity started at the eastern 30 

foot of the Owen Ridge when the Gulf of Aden opened. The evolution of the Owen 31 

Fracture Zone since 3-6 Myr reflects a steady state plate motion between Arabia and 32 

India, such as inferred by kinematics for the last 20 Myr period. The structural 33 

evolution of the Owen Fracture Zone since 20 Myr– including fault segments 34 
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propagation and migration, pull-apart basin opening and extinction - seems to be 35 

characterized by a progressive reorganisation of the fault system, and does not require 36 

any major kinematics change. 37 

  38 

1. Introduction 39 

 Large strike-slip faults in continental or oceanic domains display a variety of 40 

geological features that received considerable attention from researchers [see Mann, 2007 for 41 

a synthesis]. Of particular interest are structures transverse to the main strike-slip fault that 42 

take place in areas where the layout of the principal displacement zone is discontinuous or 43 

curved. These relay structures accommodate the transfer of slip between adjacent fault 44 

segments on both sides of the stepover region. Depending on fault geometry and local stress 45 

field, these discontinuities may undergo compression or extension, leading to the formation of 46 

a positive relief or a basin, forming a restraining bend or a releasing bend, respectively 47 

[Sylvester, 1988; Cunningham and Mann, 2007]. Strike-slip stepover regions are often 48 

considered as progressively increasing in structural relief (subsidence or uplift) with 49 

increasing slip along the principal displacement zone [Aydin and Nur, 1982; Mann et al., 50 

1983].  51 

 In contrast, recent studies of the San Andreas fault system [Wakabayashi et al. (2004) 52 

and Wakabayashi (2007)] showed that some stepover regions may migrate along the main 53 

strike-slip fault. Further evidence of migration is found in the narrow, elongated Dead Sea 54 

pull-apart basin along the Levant fault [Kashai and Croker, 1987; Ten Brink and Ben 55 

Avraham, 1989; Garfunkel and Ben Avraham, 1996; Ten Brink and Rybakov., 1999; Smit et 56 

al., 2008]. In both cases, little structural relieves are generated as compared to what would be 57 

expected from the progressive growth model. Basin migration is in contrast to prior 58 

observations that, within stepover basins, mature strike-slip systems  tend to develop simple 59 

through-going faults that accommodate the relative motion [Zhang et al, 1989; Le Pichon et 60 

al., 2001; Rangin and Le Pichon, 2004; Ben-Zion and Sammis, 2003; Wesnousky, 2005; 61 

Schattner and Weinberger, 2008; Wu et al., 2010; Schattner, 2010; Garcia-Moreno et al., 62 

2010]. These works thus raise the question of the durability of relay structures and the timing 63 

of their evolution along the principal displacement zone, from their inception to their 64 

extinction. 65 

 We recently surveyed a major strike-slip feature in the Northwest Indian Ocean, which 66 

forms the present day India-Arabia plate boundary: the Owen Fracture Zone (OFZ hereafter) 67 

[Matthews, 1966; Whitmarsh et al., 1979; Gordon and DeMets, 1989; Fournier et al., 2008b, 68 



 3

2011]. The OFZ is a 800 km-long dextral strike-slip fault which connects the Makran 69 

subduction zone to the north and the Aden-Owen-Carlsberg triple junction to the south 70 

(Figure 1Figure 1). New bathymetry data collected during the Owen and FanIndien 2009 71 

cruises reveal that fault scarps are well preserved on the seafloor and can be followed 72 

continuously over hundreds of kilometers, pointing to very active tectonics [Fournier et al., 73 

2011]. Although the overall geometry of the OFZ follows a small circle about the India-74 

Arabia pole of rotation (i.e. is a pure transform fault), the fault system displays a succession 75 

of releasing and restraining bends, with related tectonic features such as the 20°N pull-apart 76 

basin (Figure 1Figure 1). South and North, the OFZ terminates into the Beautemps-Beaupré 77 

rhomboidal pull-apart basin and the Dalrymple Trough, respectively (Figure 1Figure 1) 78 

[Fournier et al., 2008a, 2011; Edwards et al., 2008]. The objective of this paper is to 79 

constrain the timing of the structural evolution of the OFZ over the Plio-Pleistocene period. 80 

Since the OFZ is located at the western end of the Indus turbiditic system, distal turbiditic 81 

channels are strongly disturbed by neotectonics of this fault system and provide good 82 

landmarks to date the successive stages of fault activation and structural evolution of the 83 

OFZ. In some areas, transition from mass transport to pelagic deposition mode can also be 84 

related to tectonic events and constrain their dating. 85 

 86 

2. Tectonic and kinematic setting 87 

 88 

2.1. Main structural features of the Owen Fracture Zone and present-day kinematics 89 

 The overall shape of the OFZ is curved (Figure 1Figure 1): the fracture zone azimuth 90 

increases progressively from N10°E at latitude 15°30’N (Beautemps-Beaupré Basin) to 91 

N31°E at the entrance of the Dalrymple Trough at 22°N. The OFZ closely follows a small 92 

circle about the rotation pole determined with GPS and seismicity data, which is consistent 93 

with a pure strike-slip motion along the entire fracture zone [Fournier et al., 2011], in contrast 94 

with the increasing transtension north of 18°N predicted by the MORVEL closure-enforced 95 

pole [DeMets et al., 2010].  The OFZ is made up of six apparently uninterrupted fault 96 

segments, ranging in length from 60 to 180 km [Fournier et al., 2011]. The fault system is 97 

associated with a major morphological feature, the Owen Ridge, which rises up to 2000 m 98 

with respect to the surrounding seafloor. The Owen Ridge is disrupted by two morphological 99 

thresholds at 18°10'N and 20°N. The entire plate boundary can be divided into five 100 

geographic segments, starting from the Beautemps-Beaupré Basin (Figure 1Figure 1): the 101 

southern ridge (300 km long), the central ridge (220 km long), the 20° N pull-apart basin 102 
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(100 km long), the Qalhat seamount, and the Murray Ridge (which is not covered by our 103 

dataset). As indicated by dextral strike-slip focal mechanisms of earthquakes along the OFZ 104 

(Figure 1) [Quittmeyer and Kafka, 1984; Gordon and DeMets, 1989; Fournier et al., 2001], 105 

the Arabian plate moves northwards slightly faster than the Indian plate with a relative motion 106 

of 3 ±1 mm yr-1 estimated independently from geodetic [Reilinger et al., 2006; Fournier et 107 

al., 2008b] and geological [DeMets et al., 1990, 1994, 2010] data. 108 

 109 

2.2. History and origin of the Owen Ridge and the Owen Fracture Zone 110 

Offsets on the seafloor imply a finite dextral displacement of 10-12 km along the OFZ 111 

(Figures 2, 3) [Fournier et al., 2008b, 2011]. Considering a steady motion of 3±1 mm yr- 1, 112 

this indicates that the present-day trace of the OFZ has been active since 3-6 Myr. The 113 

reconstruction of the India-Arabia motion based on magnetic anomalies suggests that the rate 114 

of dextral strike-slip motion remained stable along the OFZ since the first stages of seafloor 115 

spreading in the Gulf of Aden [Merkouriev and DeMets, 2006; Chamot-Rooke et al., 2009; 116 

Fournier et al., 2010]. This would imply the existence of an at least ~20-Myr-old strike-slip 117 

fault system accommodating the Arabia-India motion at the Eastern foot of the Owen Ridge. 118 

The trace of the OFZ observed on the seafloor is the latest stage of this strike-slip activity. 119 

The southern and central segments of the Owen Ridge were uplifted along this ~20-Myr-old 120 

OFZ 19 Myr ago, as attested by the rapid transition from turbiditic to pelagic deposits in 121 

DSDP and ODP cores [Whitmarsh et al, 1974; Shipboard Scientific Party, 1989; Weissel et 122 

al., 1992]. [Patriat et al., 2008] identify a kinematic change in seafloor spreading on the 123 

Southwest Indian Ridge at 24 Ma, and hypothesizes that the collision between Arabia and 124 

Eurasia induced a major plate reorganization phase at the scale of the Western Indian Ocean. 125 

The uplift and the initiation of seafloor spreading in the Gulf of Aden (dated at 19.7 Myr 126 

(Chron 6) [Whitmarsh, 1979; Fournier et al., 2010]) most probably occurred in response to 127 

this plate reorganization event. The Dalrymple Trough at the northern end of the OFZ is of 128 

Early Miocene age too, with an increase in subsidence observed since the Late Miocene 129 

[Edwards et al., 2000; Gaedicke et al., 2002]. OBS data suggest that the trough developed 130 

along a small piece of continental crust, probably inherited from the fragmentation of the 131 

Gondwanaland [Edwards et al., 2000, 2008; Gaedicke et al., 2002]. At the northern end of the 132 

OFZ, the history of the Qalhat Seamount is not clearly established. The nature of the 133 

underlying basement remains unknown, as it has never been directly sampled, but the 134 

presence of the Little Murray Ridge volcanic seamounts buried under the Oman basin 135 

[Gaedicke et al., 2002; Mouchot, 2009], coupled with the existence of a strong magnetic 136 



 5

anomaly in the vicinity of the seamount and a typical flat top morphology, strongly suggest 137 

that the Qalhat Seamount is a volcanic guyot [Edwards et al., 2000; Fournier et al., 2011]. 138 

Onlap of Paleocene sediments onto the Qalhat seamount [Edwards et al., 2000, 2008; 139 

Gaedicke et al., 2002] demonstrates that the seamount is older than Paleocene. 140 

 141 

2.3. The Owen Ridge and the Indus Fan 142 

 The Owen Ridge acts as a topographic barrier for the Indus turbiditic system and 143 

isolates the Owen Basin, located west of the Owen Ridge, from any sediment supply from the 144 

east [Whitmarsh, 1979; Mountain and Prell, 1989]. The Indus turbiditic system covers 145 

1.1 x 106 km2, stretching 1500 km into the Indian Ocean from the present delta front [Clift et 146 

al., 2001]. The oldest sediments drilled suggest a Paleogene age for the emplacement of this 147 

sedimentary system [Whitmarsh et al., 1974; Shipboard scientific party, 1989; Weedon and 148 

McCave, 1991; Qayrum et al., 1997, Ellouz-Zimmermann et al., 2007]. At its thickest part the 149 

fan is more than 9 km thick, but its thickness decreases westward when approaching the 150 

Owen and Murray Ridges [DSDP site 222, Shipboard scientific party, 1972; Clift et al., 2001; 151 

Calvès, 2008]. Seismic stratigraphy revealed that channel and levee complexes are most 152 

pronounced after the Early Miocene, coincident with a sharp increase in sedimentation rates 153 

related to the uplift of the Himalaya [Clift et al., 2001]. ODP site 720 located at the southern 154 

extremity of the fan documents an alternation of pelagic and short turbiditic episodes over the 155 

entire Pleistocene sequence, in response to shifts in the loci of Indus Fan deposition 156 

[Shipboard scientific party, 1989; Govil and Naidu, 2008].  157 

 158 

3. Methods and data set 159 

3.1. Identification of the structure of the Owen Fracture Zone 160 

 Bathymetry and acoustic imagery were collected using a Kongsberg-Simrad EM 120 161 

echosounder on board the R/V Beautemps-Beaupré operated by the French navy during the 162 

Owen and FanIndien 2009 surveys. A DEM at 80 m grid interval was produced as well as 163 

mosaics of the acoustic imagery (bottom reflectivity). In addition to bathymetry and 164 

reflectivity, the SBP120 sub-bottom profiler coupled with the EM120 provided a set of high 165 

frequency (3.5 kHz), high resolution profiles with penetration down to 100 m in fine grained 166 

sediments and about 25 m in sand rich floor. Only a AGC has been applied. Because of slow 167 

pelagic sedimentation rates along the OFZ since the Early Pliocene [Shipboard scientific 168 

party, 1974], the trace of the fault is well preserved on the seafloor. The fault traces observed 169 

on both bathymetric data and SBP120 profiles were mapped. Active faults are expected to be 170 



 6

identified by a scarp at the seafloor. However, for some of these faults, it is difficult to assess 171 

whether they are active or not. Indeed, in areas dominated by pelagic deposition, the pelagic 172 

cover takes the exact shape of the underlying morphology and preserves fault offsets through 173 

times. Thus the detection of offsets at the seafloor is not by itself an indicator of the present-174 

day activity of the fault. On the other hand, active faults are well observed in areas dominated 175 

by turbiditic processes, since their frequency allows a good record of the progressive offset of 176 

growth-faults and associated sedimentary tilting.  177 

 178 

3.2. Interpretation of sedimentary deposits on SBP120 (3.5 kHz) profiles 179 

 We recognize pelagic and turbiditic deposits in the sub-bottom high resolution profiles 180 

based on their seismic characters. Where SBP120 profiles display well stratified, continuous 181 

and conformable horizons, the deposits are interpreted as pelagic in origin. This interpretation 182 

is supported by correlation with DSDP site 222 drill hole (see Figure 1Figure 1 for location), 183 

and by the analysis of a Küllenberg core [Bourget et al., submitted]. Where SBP120 profiles 184 

display well-stratified horizons with successions of high and low amplitude reflections, or 185 

thick transparent horizons in pull-apart areas, the deposits are interpreted as turbiditic in 186 

origin. This interpretation is also supported by the analysis of a Küllenberg core (Figure 4 for 187 

location) [Bourget et al., submitted]. 188 

 189 

3.3. Age estimates 190 

 Several DSDP and ODP drillings are available in our studied area. Estimated 191 

sedimentation rates for the Pliocene pelagic interval are used to date the tectonic and 192 

sedimentary events we observe on SBP profiles. All pelagic sedimentation rates estimated at 193 

different drilling sites range between ~30 and ~50 m.Myr-1 [Shipboard scientific party, 1974, 194 

1989]. There is little spatial variation of Plio-Pleistocene pelagic sedimentation rates along the 195 

Owen Ridge, allowing large scale interpolation of these values. In this study, we use 196 

sedimentation rates estimated at site DSDP 222, because of its proximity to the OFZ. 197 

Sedimentation rates at site DSDP 222 quoted between 43 and 53 m.Myr-1 for the last 2 Myr 198 

interval [Shipboard scientific party, 1974]. Two-way travel time to seismic reflectors was 199 

converted to depth using a P-wave velocity of 1500 m.s -1.  200 

 A different approach based on the analysis of Küllenberg cores is used to estimate the 201 

age of turbiditic deposits in the 20°N pull-apart basin. Küllenberg cores were sampled in areas 202 

where turbiditic deposits are the thinnest in order to sample the highest number of turbiditic 203 

events. The high resolution of SBP 120 profiles allows correlation of turbiditic reflectors with 204 



 7

turbiditic deposits identified on Küllenberg cores. Turbiditic deposits are dated using the 14C 205 

method on planctonic foraminifera sampled in undisturbed layers of the core. 14C ages 206 

obtained for the first turbiditic events are extrapolated to deeper horizons using the constant 207 

tilting rate of turbiditic horizons in the 20°N Basin. The method and the role of relative sea 208 

level variations in the turbiditic infill of the 20°N Basin are detailed in [Bourget et al., 209 

submitted]. 210 

 211 

4. Results 212 

 In this section, we describe the different segments of the OFZ fault system. We first 213 

focus on the dominantly strike-slip portions, and then describe stepover areas. Each 214 

description focuses on the geomorphic expression of the OFZ, in relation with the turbiditic 215 

channels from the Indus Fan where present. We describe channels whose activity can be used 216 

as a time indicator for the relative and/or absolute age of the deformation in stepover areas. 217 

The depth of pull-apart basins is given with respect to the surrounding seafloor. 218 

 219 

4.1. Dominantly strike-slip segments: the south and central Owen Ridge 220 

 The southern Owen Ridge consists in a 300 km-long, 50 km-wide, and 2000 m-high, 221 

asymmetric relief, with a steep east-facing scarp associated with the OFZ and a gentle western 222 

slope dissected by numerous landslides [Rodriguez et al., submitted] (Figure 2Figure 2). To 223 

the south, the OFZ offsets the southern ridge dextrally over 12 km (Figure 2) [Fournier et al., 224 

2008b]. The area shows no evidence of vertical motion on the bathymetric data, suggesting 225 

dominantly pure strike-slip motion along this segment.  226 

 Northwards, a minor restraining bend is observed on the Indian plate side at the 227 

northern end of the southern ridge (Figure 2Figure 2). The restraining bend corresponds to a 228 

series of gentle folds related to the slight deviation of the OFZ trend between 17°N and 18°N. 229 

At the same latitude, the vertical throw of the OFZ is maximum. The folds generate a relief up 230 

to 120-m-high (Error! Reference source not found.Figure 2). A similar gentle fold has 231 

been observed on ODP seismic profiles [Shipboard scientific party, 1989], which appears to 232 

have been active during the entire Pleistocene, accommodating about 150 m of vertical 233 

motion. Thus a small component of fault-normal compressional motion can be inferred in this 234 

area.  235 

 The central Owen Ridge is a 220-km-long, 50-km-wide, and up to 1700-m-high relief 236 

(Figure 3). The central ridge displays an irregular morphology, with a 1300 m-high plateau 237 

spreading over 485 km2 and seamounts dissected by complex networks of gullies and 238 



 8

landslides [Rodriguez et al., submitted]. The OFZ crosscuts the central ridge between 18°50'N 239 

and 19°35'N and offsets it dextrally over 10 km (Figure 3). Southeast of the central ridge (at 240 

latitude 18°40'N), a 7-km-wide stepover between two segments of the OFZ gives birth to a 241 

releasing bend associated with a small 25-km-long and 90-m-deep pull-apart basin.  242 

 243 

4.2. The 20°N pull-apart basin releasing bend  244 

 The 20°N Basin is 90-km-long and up to 35-km-wide pull-apart basin (Figure 245 

4Figure 4). The basin developed in a 12-km-wide stepover between two major strike-slip 246 

faults trending N25°E south of the basin and N30°E north of it. The overall structure of the 247 

basin is asymmetric, with the OFZ as a steep master fault on the western side, and a single 248 

normal fault dividing northwards into several arcuate splays on the eastern side. The throw of 249 

arcuate normal faults clusters between 100 m and 300 m, and the associated topographic 250 

uplift decreases northwards as the number of faults increases, suggesting partitioning of local 251 

extensional deformation. To the southeast of the 20°N basin, a system of en-échelon faults, 252 

oriented 25° clockwise with respect to the OFZ is observed between 19°18'N and 19°45'N 253 

(Figure 4). 254 

 The bathymetric map shows three distinct sub-basins (labelled SB1, SB2, and SB3 in 255 

Figure 4Figure 4). SB1 and SB2 extend over 70 km² and 340 km², respectively. SB3 extends 256 

over 590 km². E-W-trending transverse normal faults separate the sub-basins. The 20°N basin 257 

deepens abruptly northwards, as sub-basins 1, 2, 3 form terraces respectively 60, 100, and 258 

360 m deep with respect to the surrounding seafloor (Figure 5). Pelagic deposits blanket SB1 259 

and SB2, as well as the half grabens of the eastern hanging wall, whereas recent turbiditic 260 

deposits filled in SB3 [Bourget et al., submitted]. In SB3, Indus turbiditic deposits adopt 261 

vertically a fanning configuration on the longitudinal SBP120 profile (Figure 5Figure 5). 262 

The turbiditic infill forms a subtle and asymmetric syncline on transverse SBP120 profiles 263 

(FigureFigure 6). A change of sense of asymmetry occurs along strike within SB3, where 264 

horizons within the southern part of the basin dip toward the west (profile P07b), whereas in 265 

the northern section, horizons dip to the east (profile P07a).  266 

 Although SBP120 profiles do not reach the substratum of the 20°N basin, they give 267 

some insights about its deep structure. Turbiditic horizons onlap tilted blocks at the southern 268 

end of the 20°N basin (Figure 5Figure 5). Turbiditic reflectors are slightly disturbed in the 269 

northern part of the 20°N basin, as a series of small buried benches, probably related to the 270 

activity of a minor normal fault (Figure 5). 271 

 272 
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4.3. Age of the Indus turbiditic channels affected by the opening of the 20°N basin 273 

 The opening of the 20°N basin affected the evolution of seven turbiditic channels 274 

belonging to three distinct generations labelled A, B, and C in younging order (Figures 5, 7). 275 

These channels are located 600 km away from the Indus canyon and are part of the distal 276 

Indus fan. 277 

 278 

 Channel A-generation before the onset of the Owen fracture zone (>3-6 Myr old) 279 

 The oldest channel (A1) is located in the Owen Basin and is now disconnected from 280 

the Indus fan. This highly meandering channel is now abandoned and covered by a thick 281 

(>100 m) pelagic drape (Figure 4Figures 4, 7). No trace of activity of this channel is 282 

observed on SBP120 profiles. Thus, the channel is older than the oldest sub-bottom reflector, 283 

the age of which is estimated at 3 Myr based on sedimentation rates at DSDP site 222. It is the 284 

minimum age for this channel, which could be older. The presence of channel A1 in the Owen 285 

Basin indicates that no significant relief acting as a topographic barrier for sediments coming 286 

from the Indus existed during its activity. This channel thus pre-dates the onset of the present-287 

day trace of the OFZ. 288 

 The meandering channel A2 is supposed to be of the same generation, since no trace 289 

of channel activity is observed on SBP120 data (Figure 7). Arcuate normal faults of the 20°N 290 

basin crosscut channel A2, the channel being now located on an uplifted area. We thus infer 291 

that the uplift post-dates the channel activity.  292 

 Other channels (group A3) that do not display any trace of activity at the depth of 293 

SBP120 penetration are located in the Indus abyssal plain (Figure 4Figure 4). This group of 294 

channels was subjected to avulsion. As normal faults dissected the bifurcation point, it is 295 

difficult to discriminate which channel predates the other. Channel avulsion is known to be an 296 

autocyclic process that spans thousands of years [Babonneau et al., 2002], but it can be driven 297 

by tectonics processes related to the tectonic evolution of the 20°N basin which spans millions 298 

years. For that reason, we cannot use the occurrence of avulsion as a tectonic indicator. The 299 

channels run parallel to the OFZ and do not seem to have been “attracted” by the presence of 300 

any topographic depression during their activity. A normal fault of the 20°N Basin dissects 301 

the eastern channel A3. Thus the channel activity seems to pre-date the opening of the basin, 302 

and is probably coeval with the channel A1. We infer that the group of channels A3 could be 303 

the southward prolongation of channel A2. 304 

 305 

 Channel B-generation and the opening of the southern sub-basins of the 20°N basin 306 



 10

 The generation B is composed of three channels. The paleo-activity of these channels 307 

is marked by a lens-shaped, rough and chaotic facies on SBP120 profiles (Figure 7). Two of 308 

them (B1 and B2) are located at the southernmost part of the 20°N basin (Figure 4Figures 4, 309 

5). The normal fault bounding the southernmost sub-basins 1 and 2 dissects channel B1, 310 

which is also incised by the system of en-échelon faults to the east (Figure 4Figures 4, 8). 311 

The complex arcuate normal fault system that borders the eastern side of the 20°N basin 312 

strongly dissects channel B3. Small relics of channel B3 are also observed close to the 313 

currently active channel on bathymetry. A thick pelagic drape covers lens-shaped features 314 

since 1.32 to 0.95 Myr according to sedimentation rates at DSDP site 222.  315 

 316 

 Channel C-generation and the filling of the present-day 20°N basin 317 

 The currently active channel of the 20°N basin (generation C) is recognisable on the 318 

seafloor morphology because of its deep incision through the complex normal fault system 319 

and its highly meandering sinuosity (Figure 5Figures 4, 7). It displays a U-shape in cross 320 

section. The incision becomes wider at the mouth of the channel. A transparent body is 321 

observed on both sides of the channel, and is interpreted as a HARP (high amplitude 322 

reflections package)  incised by the channel (Figure 8). The path of channel C was probably 323 

imposed by the growing topography formed by normal faults footwalls.  324 

 325 

4.4. Present-day deformation east of the Qalhat Seamount 326 

 The northern Owen Ridge, or Qalhat Seamount, is a volcanic guyot that extends 327 

between 20°30'N and 22°10'N (FigureFigure 9). It is a 210-km-long, more than 55-km-wide, 328 

and up to 2700-m-high relief, characterized by a flat and 400-m-deep top. It is eroded by 329 

complex networks of mass wasting features [Rodriguez et al., submitted]. The OFZ runs on 330 

the eastern side of the Qalhat Seamount, where it is divided into three major splays. The 331 

principal splay (labelled 1 in FigureFigure 9) trends N 30E° and bends to N20E° at latitude 332 

21°30'N. A second splay (labelled 2 in FigureFigure 9), located west of the first one, also 333 

trends N30E°. Those two splays (1 and 2) delimitate a 160-m-deep, 45-km-long and up to 20-334 

km-wide pull-apart basin. We propose the name of "Qalhat Basin" for this still-unnamed 335 

feature. The third splay (labelled 3 in FigureFigure 9) is composed of an en-échelon fault 336 

system, which trends 14° to the east with respect to the main OFZ (splay 1). At latitude 337 

21°35'N, a 700-m-high and arcuate relief interrupts the en-échelon fault system, which merges 338 

northwards with the Dalrymple Trough. 339 
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 The deep structure of this portion of the OFZ has been partly imaged by seismic lines 340 

collected by the RSS Charles Darwin (Figure 3Figure 10) [Edwards et al., 2000, 2008]. As 341 

suggested by strong magnetic anomalies, seismic lines confirm that an eastward prolongation 342 

of the Qalhat Seamount buried under Indus turbiditic deposits underlies the OFZ. Thus, the 343 

arcuate relief that disrupts the en-échelon fault system (labelled 3 in FigureFigure 9) is 344 

volcanic in origin. The OFZ forms a flower-structure in this area, with several sub-parallel 345 

vertical splays imaged on seismic profile (Figure 10). The currently active fracture zone is one 346 

of the several splays of the flower structure. 347 

 The Qalhat Basin is the most conspicuous tectonic feature in this area. It displays a 348 

needle geometry, with a very elongated depocentre. Arcuate normal faults with vertical 349 

throws of 20 to 70 m delimitate two half grabens on the eastern side of the basin. The active 350 

OFZ crosses the basin and has accommodated 30 m of vertical slip since its onset, suggesting 351 

a negligible extensional component to the strike-slip motion in this area. Complex slope 352 

failures are observed on both sides of the Qalhat Basin, which is a catchment for mass 353 

transport deposits. Two distinct seismic facies observed on the SBP120 profile that crosses 354 

the half graben allow to distinguish two modes of sedimentary deposition in this basin 355 

(Figure 4Figure 11). The transparent and thick body at the bottom is interpreted as the result 356 

of mass transport, whereas the covering well-stratified facies is interpreted as pelagic 357 

deposits. The currently active depocentre displays a low reflectivity facies, whereas half-358 

grabens display a highly reflective facies (Figure 5Figure 12). This indicates that the active 359 

depocentre is filled in by mass transports deposits from the Qalhat Seamount, whereas the 360 

elevated graben is now isolated from such supply and mainly filled in by pelagic deposits, 361 

which imprint their signature on seafloor reflectivity. 362 

 Two turbiditic channels belonging to the Indus system are of particular interest with 363 

regards to the tectonic activity of the OFZ. The first channel (labelled A on FigureFigure 9) 364 

is dissected by an en-échelon fault system. No trace of its activity is observed on SBP120 365 

profiles, suggesting an age older than 3 Myr. The second channel (labelled B on 366 

FigureFigure 9) is dissected by the two splays of the OFZ (labelled 1 and 2 in Figure 10) that 367 

border the current depocentre of the Qalhat Basin. The western splay of the OFZ (labelled 2 368 

in FigureFigure 9) crosscuts some of the meanders of channel B. It indicates that the channel 369 

used to pass west of the splay 2. Thus, the channel pre-dates the onset of the OFZ in this area. 370 

These turbiditic channels could possibly be coeval with turbiditic channels identified West of 371 

the Dalrymple Trough and at the top of the Murray Ridge [Ellouz et al, 2007; Mouchot, 372 

2009].  373 
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 Since Indus turbiditic channels on the north-western side of the Dalrymple Trough all 374 

pre-date the onset of the trough [Ellouz et al, 2007; Mouchot, 2009] and since the turbiditic 375 

system of the Makran accretionary wedge does not form any channel [Bourget, 2009; Bourget 376 

et al., 2010], they cannot be used as time indicators for the propagation of the deformation 377 

towards the Dalrymple horsetail structure. 378 

 379 

5. Summary of the constraints on the age of the deformation along the Owen Fracture 380 

Zone 381 

 In this section we discuss the age and relative chronology of deformation along the 382 

different segments of the OFZ. In areas where different scenarii are possible, we decipher 383 

which one is the most likely in order to propose a detailed history of the structural evolution 384 

of the OFZ since the Early Pliocene. 385 

 386 

 5.1. Age of deformation in the restraining bend (southern Owen Ridge) 387 

 The fold observed on ODP seismic line [Shipboard scientific party, 1989] along the 388 

main restraining bend of the southern Owen Ridge offers a good opportunity to follow the 389 

deformation rate through time. The fold has been active during the entire Pleistocene. The 390 

most recent episode of folding is observed on SBP profile that crosses the restraining bend 391 

located between 17°N and 18°N (Figure 3). The restraining bend consists in two folds. A 392 

quantitative analysis of the folding rate using sedimentation rates estimated at site ODP 720 393 

(32 m.Myr-1) suggests an increase around 0.8 Myr followed by a smooth and constant 394 

deformation. 395 

 396 

 5.2. Age of deformation in the vicinity of the 20°N basin  397 

 The best chronological record comes from the 20°N pull-apart basin. The onset of the 398 

OFZ and the opening of the 20°N basin clearly post-date the activity of channels of the 399 

generation A (Figure 7Figures 4, 7). The first stage of deformation is an uplift associated 400 

with normal fault activity. The uplift is recorded at 1.8-1.5 Myr at DSDP site 222, and marks 401 

the transition from turbiditic to pelagic deposits [Shipboard scientific party, 1974]. This could 402 

be a local uplift associated with the local formation of a new fault. However, no trace of 403 

channel activity of the B generation is observed either on seafloor bathymetry or on SBP120 404 

profiles in the Owen Basin, west to the 20°N Basin. These could be proofs of an incipient 405 

20°N basin where channels of the B generation used to discharge turbiditic material. The 406 

second stage of extensional deformation corresponds to the development of a series of half 407 
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grabens bounded by the system of en-échelon normal faults between 19°18'N and 19°45'N 408 

(Figure 4Figures 4, 8). The onset of normal faults seems to be responsible of the channel 409 

deactivation, as all the channels of the B generation are faulted. Thus, dating the deactivation 410 

of channels, i.e. the base of the pelagic blanket that covers lens-shaped features, gives the age 411 

of the deformation. If faulting is not responsible of channel deactivation, then faults emplaced 412 

latter than the age of the base of the pelagic blanket that covers lens-shaped features, which is 413 

therefore the maximal age of faults. The age of the base of the pelagic blanket that seals traces 414 

of channel activity is estimated at 1.32 to 0.95 Myr using sedimentation rates calculated at 415 

DSDP site 222 (Figure Figures 7, 8). Arcuate normal faults on the hanging wall of the 20°N 416 

Basin and the en-échelon fault system must be the latter stage of the normal fault system that 417 

started to develop at 1.8-1.5 Myr. With regards to the sub-basin SB3, the extrapolation of the 418 

ages of turbiditic deposits measured on Küllenberg core samples gives an age of 420 kyr for 419 

the deepest sub-bottom reflector imaged (Figure 13) [Bourget et al., submitted]. Thus, the 420 

sub-basin SB3 is at least 400 kyr old. 421 

 422 

 5.3. Age of deformation in the vicinity of the Qalhat Seamount 423 

 All the turbiditic channels in this area pre-date the onset of the present OFZ and the 424 

opening of the Qalhat basin (FigureFigures 9, 14). We could not assess with field evidences 425 

the age of the en-échelon fault system labelled “3” in FigureFigure 9. Field evidences are 426 

compatible with two different scenarii. On one hand, the en-échelon fault system could be the 427 

very early stage of the present-day OFZ. The alternative is that it is the location of the future 428 

OFZ.  429 

 In the first case (Figure 14), the horsetail termination develops in the continuity of the 430 

present-day OFZ and not along the en échelon-fault system, suggesting that the formation of 431 

the en-échelon fault system predates the formation of the horsetail structure. This scenario is 432 

consistent with several analog modelling works [Aydin and Nur, 1982; Rahe et al., 1998, 433 

Basile and Brun, 1999; Schlische et al., 2002; Wu et al., 2010] which show that en-échelon 434 

fault systems are usually emplaced at the very early stage of strike-slip deformation. In the 435 

second case, the direction of the en-échelon fault system is more consistent with the small-436 

circle predicted for a pure-strike-slip motion than the direction of the present-day OFZ 437 

[Fournier et al., 2011]. In this latter case, the en-échelon fault system is considered as the 438 

incipient stage of the future OFZ. If confirmed, this scenario would lead to a reorganization of 439 

the horsetail termination. 440 
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 The study of the sedimentary infill of the Qalhat Basin can be used to decipher the 474 

relative chronology of the deformation in this area. Indeed, the presence of turbiditic or mass 475 

transport deposits sealed by a pelagic cover on the graben of the Qalhat Basin (Figure 12) 476 

indicates that the graben used to be a part of the Qalhat Basin depocenter, and has been 477 

subsequently slightly uplifted (by about 30 m). Thus, the Qalhat Basin used to be wider, and 478 

has been restrained by the onset of the currently main arm of the fracture zone which cross-479 

cuts diagonally the basin  (FigureFigures 9, 11). We assume that the onset of the diagonal 480 

fault is responsible of the graben isolation from mass transport deposits. The age of the base 481 

of the isolated graben pelagic cover - and thus the age of the Qalhat Basin extinction- occured 482 

0.7 to 0.6 Myr ago assuming pelagic sedimentation rates close to the ones estimated at DSDP 483 

site 222 [Shipboard scientific party, 1974] (Figures 11, 14).  484 

The uplift observed at the southern end of the Qalhat Basin is likely to post-date the opening 485 

of the Qalhat Basin, as the related normal faults are uplifted too. The age of the extinction of 486 

the Qalhat Basin is nearly coeval with the onset of the increase in folding observed at the 487 

restraining bend along the southern ridge. The uplift could be due to local compression along 488 

the OFZ, which could be responsible for the basin extinction too. 489 

 490 

 5.4. Summary of the history of the Owen Fracture Zone for the last 3-6 Myr 491 

 Although the present trace of the OFZ on the seafloor is only 3-6 Myr old, kinematic 492 

studies suggest that the relative motion between India and Arabia plates is located along the 493 

Owen Ridge since the opening of the Gulf of Aden 20 Myr ago [Chamot-Rooke et al., 2009; 494 

Fournier et al., 2010, 2011]. Thus the present-day OFZ is the exposed part of a strike-slip 495 

corridor which is partly buried under the Indus deep-sea fan. The following chronology 496 

focuses on the structural evolution of the exposed part of the OFZ whose activity spans the 497 

Plio-Pleistocene period. 498 

 1) The Present-day trace of the OFZ emplaced about 3 to 6 Myr ago, as deduced from 499 

finite offsets on the seafloor [Fournier et al., 2011]. It runs at the foot of the eastern flanks 500 

of the southern and the central ridges since this time (Figure 2Figure 2, Figure Figure 501 

3). A horsetail termination (FigureFigure 9) and a rhomboidal pull-apart basin (Figure 502 

2Figure 2) began to develop at the northern and southern ends of the fracture zone, 503 

respectively [Edwards et al., 2000, Fournier et al., 2008a]. The onset of the horsetail 504 

termination could be related to the increase in subsidence of the Dalrymple Trough 505 

observed at ~5 Myr by Gaedicke et al. [2002].  506 
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2) 1.8 to 1.5 Myr ago, a tectonic activity possibly related to the first stages of formation of 507 

the 20°N Basin is observed on DSDP drilling [Shipboard scientific party, 1974]. 508 

3) An en-échelon fault system and asymmetric transform basins were emplaced 1.3 to 509 

0.95 Myr ago at 20°N (Figure 4Figures 4, 8, 15).  510 

4) A small shortening phase is recorded at the northern extremity of the southern ridge 511 

0.8 Myr ago. It could be associated to a slight deviation of the OFZ from its previous 512 

trace. It is the last step of a more regional shortening, which started in the Early 513 

Pleistocene [Shipboard scientific party, 1989].  514 

5) It is still unclear when the Qalhat Basin opened, and when the uplift to the south of it 515 

occurred. However, it was intersected by the master OFZ fault 0.7 to 0.6 Myr ago 516 

(FigureFigure 9). The uplift south of the Qalhat Basin could be coeval with the 517 

shortening phase identified on the southern ridge. 518 

6) Since its opening, the subsidence of the 20°N basin has been relocated in different sub-519 

basins. The currently active sub-basin is at least ~400 kyr old (Figure 4Figures 4, 5, 13). 520 

 Uncertainties remain in the dating exposed above. The age of the en-échelon fault 521 

system to the east of the Qalhat Basin, and the age of the uplift south of it, are not assessed by 522 

clear field evidences, and the timing of 20°N sub-basins migration needs to be further 523 

constrained. This summary must be considered as the most likely relative ages with regards to 524 

the general tectonics of the OFZ. 525 

  526 

6. Discussion 527 

 6.1. Does the structure of the Owen Fracture Zone reflect a steady-state India-Arabia 528 

relative plate motion? 529 

The structures that we describe above are those formed along a dextral strike-slip 530 

boundary since at least 3 Ma. The relative motion between India and Arabia is small (3 ± 1 531 

mm/yr), and consequently very sensitive to any change of plate velocities. Indeed, a slight 532 

decrease of the northward motion of Arabia would have inverted the motion along the OFZ 533 

from dextral to sinistral, which is not observed. We thus conclude that the relative motion has 534 

been stable during the Pliocene, which is further supported by the agreement between 535 

geodetic and geologic kinematic modelling [Fournier et al., 2008b; DeMets et al., 2010]. The 536 

finite offset itself (10 to 12 km) is compatible with a constant shear rate during the same 537 

period of time (about 3 mm/yr). Taken all together, this confirms that the major structures that 538 

we observe along the OFZ, and in particular the pull-apart basins, are younger than 3-6 Myrs.  539 
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On the other hand, several observations suggest that the dextral strike-slip motion 540 

started much earlier, probably when oceanic accretion initiated in the Gulf of Aden. This is 541 

supported by kinematics reconstructions [Chamot-Rooke et al., 2009] that suggest an 542 

initiation of the dextral motion around 17 Ma or slightly earlier, and a finite differential 543 

motion between Arabia and India of the order of 80 km. Furthermore, the amount of 544 

horizontal extension at both ends of the OFZ  seems to be larger than the 10-12 km offsets. 545 

Indeed, 10-12 km of offset are not sufficient to create the subsidence calculated at the 546 

Beautemps-Beaupré Basin [Fournier et al., 2008a]. The Dalrymple Trough itself may have 547 

been active as an oblique rifting as early as the Early Miocene, based on stratigraphic studies 548 

[Gaedicke et al., 2002]. There is thus an apparent mismatch between the present-day active 549 

trace of the fault and the inferred age of initiation of strike-slip motion along the Owen Ridge. 550 

This consequently raises the question of the location of the OFZ prior to the Pliocene. One 551 

possibility is that the old fault system is located in the same area as the present-day fault 552 

system, but is buried under Indus turbiditic deposits, as shown by one seismic profile across 553 

the northern OFZ (Figure 10). This profile clearly shows more splays than active fault traces 554 

at the surface. Acceleration of the turbiditic sedimentation rate between 15 Ma and 5 Ma 555 

[Shipboard scientific party, 1974, 1989; Clift et al., 2001], in relation with the uplift of the 556 

Tibet and the correlative increase in the erosional rates, may have favored such a burial. 557 

Considering that the trace of the fault system on seafloor morphology is the result of the 558 

competition between the fault activity and sedimentation rates, the presence of the turbiditic 559 

channel A1 in the Owen Basin can be explained by a period where sedimentation rates were 560 

high enough to entirely cover the active trace of the OFZ fault system. 561 

The initiation of the present-day fault trace is synchronous with an increase of the 562 

subsidence rate in the Dalrymple Trough and the uplift of the Murray Ridge around 4-5 Myrs 563 

[Gaedicke et al., 2002]. However, this Pliocene change does not correlate with any known 564 

plate-scale regional kinematic changes or major regional tectonic events [Lepvrier et al., 565 

2002; Delescluse and Chamot-Rooke, 2007; Fournier et al., 2004, 2006, 2011]. Therefore, 566 

the structural evolution of the OFZ since 20 Myr and the onset of the present-day trace of the 567 

OFZ 3-6 Myr ago both fit into the scheme of a continuum of deformation and a gradual 568 

reorganization of the OFZ unrelated to any major kinematics change.  569 

 570 

 6.2. Main characteristics of the structural evolution of the Owen Fracture Zone 571 

 In this section, we emphasize the main characteristics of the last structural 572 

reorganization of the OFZ since 3-6 Myr through a comparison with other transform plate 573 
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boundaries, mainly the Levant Fault [Aydin and Nur, 1982; TenBrink and Ben Avraham, 574 

1989; Lazar et al., 2006], the San Andreas Fault [Wakabayashi et al., 2004; Wakabayashi, 575 

2007], and a large continental strike-slip fault: the Hayuan fault in China [Zhang et al., 1989].576 

  577 

 6.2.1. Role of structural inheritance in the structural evolution  of the Owen Fracture 578 

Zone 579 

 Several observations suggest a control of structural inheritance in the reorganization of 580 

the OFZ fault system. First, the topographic relief of the Owen Ridge does not seem to affect 581 

the location of the OFZ, which runs alternatively across the slope or at the eastern foot of the 582 

Owen Ridge (Figures 2, 3). This conspicuous configuration could be the result of the 583 

reactivation of a buried splay of the OFZ. Secondly, the activation of the 0.7-0.6 Myr old 584 

segment of the OFZ in the area of the Qalhat Basin could be the result of the reactivation of a 585 

buried splay of the flower structure identified in this area (FigureFigures 9, 10, 14). Basin 586 

inception and extinction thus seem to be related to the alternate activation of fault segments in 587 

the fracture zone. This situation is very similar to the one observed at the Dayinshui Basin 588 

located along the Haiyuan Fault in China [Zhang et al., 1989]. Even if the OFZ 589 

accommodated only 10-12 km of relative motion [Fournier et al., 2011], the structural 590 

evolution of the OFZ in the area of the Qalhat Basin could possibly show a transition from a 591 

diffuse to a more localized deformation pattern with increasing maturity of strike-slip motion, 592 

as observed elsewhere [Le Pichon et al., 2001; Ben-Zion and Sammis, 2003; Wesnousky, 593 

2005; Schattner and Weinberger, 2007; Wu et al., 2010; Garcia-Moreno et al., 2010]. The 594 

deformation tends to localize on pre-existing major fault segments with time. 595 

  596 

 6.2.2.  Asymmetry and inception of pull-apart basins along the Owen Fracture Zone 597 

All pull-apart basins developped along the OFZ are asymmetric (18°40'N, 20°N, 598 

Qalhat Basin). Asymmetric basins are commonly observed along strike-slip faults [Ben 599 

Avraham and Zoback, 1992; Brothers et al., 2009; Seeber, 2010] and interpreted as the result 600 

of transform normal extension. Asymmetry exists even at the scale of the sub-basin SB3 of 601 

the 20°N Basin (FigureFigure 6), which compares closely with the Zofar Basin along the 602 

Levant fault because of the reversal of its asymmetry [Frieslander, 2000].  603 

 The activity of pull-apart basins along the OFZ spans over different time-scales. The 604 

opening of pull-apart basins at 20°N 1.8 to 1.5 Myr ago is not coeval with the activation of the 605 

present-day OFZ 3-6 Myr ago. (Figure 7Figure 15). When the main releasing bend formed at 606 

20°N 1.8 to 1.5 Myr ago, the OFZ was already emplaced since 20 Myr. This is similar to the 607 
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timing of emplacement of the Dead Sea Basin 3 to 5 Myr ago along the 17 to 11.5 Myr old 608 

Levant Fault [Le Pichon and Gaulier, 1988; Garkunkel and Ben Avraham, 2001] in response 609 

to a small gradual change in relative plate kinematics [Garfunkel, 1981]. It may also be 610 

compared to the emplacement of the Olema Creek formation 110 to 185 kyr ago along the 18 611 

Myr old San Andreas Fault [Wakabayashi et al., 2007].  612 

 613 

 6.2.3. Migrating subsidence along the Owen Fracture Zone 614 

 Several observations suggest that subsidence migration is one of the main 615 

characteristic of the OFZ fault system reorganisation since 3-6 Myr. The 20°N basin displays 616 

a series of three sub-basins (Figure 4Figure 4). Sub-basin 2 is 40 m deeper than sub-basin 1, 617 

and sub-basin 3 is 260 m deeper than sub-basin 2. Sub-basins 1 and 2 were topographically 618 

isolated from the turbiditic supply of the currently active channel since its inception in this 619 

area and are sealed by a pelagic blanket. The topography of sub-basins 1 and 2 is flat, whereas 620 

the topography of sub-basin 3 is gently tilted, so as the corresponding turbiditic layers 621 

(Figure 5Figure 5). These observations indicate that subsidence is currently inactive in sub-622 

basin 1 and 2, and is localized in sub-basin 3. Subsidence initiated to the south of the 20°N 623 

Basin, and migrated northwards, creating deeper and younger sub-basins bounded by 624 

transverse faults. 625 

 This situation is very close to what is observed in the case of the Dead Sea pull-apart 626 

basin [Aydin and Nur, 1982; TenBrink and Ben Avraham, 1989; Lazar et al., 2006] and the 627 

San Andreas Fault system [Wakabayashi et al., 2004; Wakabayashi, 2007] where episodes of 628 

migration of subsidence are documented [Kashai and Croker, 1987; Garfunkel and Ben 629 

Avraham, 1996]. The active Dead Sea Basin is indeed divided in two sub-basins separated by 630 

a transverse fault, the northern one being 350 m deeper than the southern one. However, 631 

subsidence migration in the Dead Sea is still a matter of debate, and alternate interpretations 632 

have been proposed [Ben Avraham and Schubert, 2006, Lazar et al., 2006 and Ben Avraham 633 

et al., 2008]. 634 

 Sandbox laboratory experiments performed by [Smit et al., 2008] show that migration 635 

of sub-basins occurs where the ratio between the strike-slip faults spacing and the thickness of 636 

the deforming layer is <1. [Smit et al., 2008] conclude that this ratio determines not only the 637 

basin width, but also its geometry and the migration of subsidence. In these models simulating 638 

the migration of subsidence, the intrabasinal transverse faults appear during basin migration, 639 

and do not result from the reactivation of previous faults dividing the basin, consistently with 640 

observations of [Kashai and Croker, 1987] on the Dead Sea Basin.  641 
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 In the case of the 20°N Basin, the subsidence migrated much faster than the 642 

displacement accommodated along the OFZ during the last million years (more than 60 km of 643 

displacement for the depocenter, versus less than 10 km of displacement along the master 644 

fault). Following the nomenclature proposed by [Wakabayashi et al., 2007], sub-basins SB1 645 

and SB2 are interpreted as the “wake” of the active depocenter (Figure 4Figure 4). In the 646 

light of the model of [Smit et al., 2008], the active transverse syn-subsidence faults observed 647 

in the active sub-basin 3 (Figure 5Figure 5) could be incipient stages of future transverse 648 

faults that isolate and concentrate the subsidence. If verified, this would confirm the tendency 649 

of subsidence to localize in a smaller but deeper sub-basin, without increasing the overall size 650 

of the releasing bend with increasing offset along the master fault. 651 

 652 

7. Conclusions and perspectives 653 

 The present day India-Arabia plate boundary emplaced at the location of the OFZ 3 to 654 

6 Myr ago. The structural evolution of the OFZ was principally marked by the development 655 

of a major releasing bend at 20°N ~1.8-1.5 Myr ago and subsequent subsidence migration, 656 

local compression at 17°30'N and 20°30'N ~0.8 Myr ago, and the extinction of the Qalhat 657 

Basin 0.7 Myr ago. The structural evolution of the OFZ since the Pliocene suggests a 658 

continuous adjustment to a steady-state relative plate motion between the Arabian and Indian 659 

plates. The present day OFZ strike-slip system is the latest stage of evolution the India-Arabia 660 

plate boundary. Older stages of evolution need to be further constrained by deeper seismic 661 

lines. Indeed, the structure of the inferred 20-Myr-old buried strike-slip system that 662 

accommodated the motion between India and Arabia since the opening of the Gulf of Aden 663 

has not been clearly observed. The location of the India-Arabia plate boundary for the 664 

Paleogene-Early Miocene interval is far less known. Kinematics modelling [Royer et al., 665 

2002] and geological studies [Edwards et al., 2000] postulate that the OFZ was located in the 666 

Owen Basin at those times, but there is no structural evidence for this hypothesis.  667 
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Figure captions 681 

 682 

Figure 1. Multibeam bathymetric map of the Owen Fracture Zone acquired during the Owen 683 

and Fanindien cruises, with location of figures 2 to 5. Shallow seismicity since 1973 (focal 684 

depth < 50 km, magnitude > 2), from USGS/NEIC database (yellow dots), Engdhal et al. 685 

(1998, white dots), CMT Harvard database (red dots), and Quittmeyer and Kafka (1984; green 686 

dots), and earthquake focal mechanisms for the Owen fracture zone. The seismicity along the 687 

OFZ is moderate, the maximum magnitude recorded to date being a Mw 5.8 earthquake. 688 

However infrequent but large earthquake may be expected as at other slow boundaries. Inset 689 

shows the regional tectonic setting of the India-Arabia plate boundary. AOC: Aden-Owen-690 

Carlsberg triple junction, B3: Beautemps-Beaupré basin, ITS: Indus turbiditic system,  OFZ: 691 

Owen fracture zone, Sh: Sheba Ridge.  692 

 693 

Figure 2. a) Slope gradient map of the OFZ along the southern Owen Ridge. b) Inset shows 694 

the restraining bend which initiates where the trend of the linear segment of the OFZ slightly 695 

deviates and divides into two splays. The inactive splay is buried under mass transport 696 

deposits from the southern ridge. The maximal vertical throw of the OFZ is associated to the 697 

maximal vertical throw of the restraining bend. c) 3.5 kHz profile running through the 698 

restraining bend (see inset b) for location). A slight and abrupt increase in folding is observed 699 

at ~0.8 Myr (see text). 700 

 701 

Figure 3. Slope gradient map of the OFZ along the central Owen Ridge. A pull-apart basin is 702 

observed at 18°40'N. The OFZ offset dextrally the Owen Ridge over 10 km. 703 

 704 

Figure 4. Slope gradient map of the asymmetric 20°N pull-apart basin, and interpretative 705 

structural scheme. SB: Sub-basin. A, B, C: channels. Inset shows the en-échelon fault system 706 

located to the south east.  707 

 708 
 709 
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Figure 5. a) topography of the 20°N Basin. SB1 and SB2 are flat, whereas SB3 is gently 710 

tilted. 3.5 kHz profiles oriented longitudinally along the 20°N basin b) across the inactive sub-711 

basin SB1 and SB2; and c) across the active sub-basin SB3 (see Figure 4Figure 4 for 712 

location). Major transverse faults are observed at the seafloor (Figure 4Figure 4) whereas 713 

minor transverse faults show only on SBP120 profiles since vertical deformation is erased by 714 

rapid deposition. The pelagic blanket of SB1 and SB2 was gently and progressively folded by 715 

flexural deformation. 716 

 717 

Figure 6. 3.5 kHz profiles oriented transverse to the 20°N basin (see Figure 4Figure 4 for 718 

location). The profile a) runs across the sub-basin SB3 and the DSDP 222 site, allowing 719 

correlations of the ages deduced from sedimentation rates. The profile b) runs across sub-720 

basin SB3. c) zoom of profile a) showing the location of DSDP site 222 and the picking of the 721 

pelagic reflector that seals the activity of turbiditic channel B3. The pelagic drape is imaged 722 

by conformable reflectors and is composed of detrital clay nanno-ooze to nanno-rich detrital 723 

carbonate silty clay [DSDP site 222, Shipboard scientific party, 1974]. The trace of activity of 724 

the turbiditic channel is imaged by a chaotic and rough facies. The age of 0.95 - 1.32 Myr is 725 

deduced from pelagic sedimentation rates calculated at site DSDP 222. 726 

 727 

Figure 7. 3.5 kHz profiles across the turbiditic channels affected by the opening of the 20°N 728 

basin (see Figure 4Figure 4 for location). Channel activity is imaged by a rough and chaotic 729 

facies on SBP profile.  730 

 731 

Figure 8. 3.5 kHz profile across the "en-échelon" fault system located at the southern end of 732 

the 20°N basin (see Figure 4Figure 4 for location). The sedimentary filling that onlaps tilted 733 

blocks must be the result of fast deposition related to channel B2, as it lies between two 734 

concordant layers of pelagic deposits on the southern part of the SBP profile. It is therefore 735 

interpreted as mixed turbiditic and pelagic deposits. 736 

 737 

Figure 9. Slope gradient map of the OFZ along the Qalhat Seamount, and interpretative 738 

structural scheme. 1, 2, 3: splays of the OFZ; A, B: channels. Inset shows a turbiditic channel 739 

dissected by the splays of the OFZ. A part of the slope gradient map is derived from data 740 

published in [Bourget et al., 2009]. 741 

 742 
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Figure 310. Seismic profile modified from Edwards et al. (2000), showing a negative flower 743 

structure buried under turbiditic deposits at the eastern foot of the Qalhat Seamount (see 744 

FigureFigure 9 for location). 745 

 746 

Figure 411. 3.5 kHz profile across the elevated graben of the Qalhat Basin (see FigureFigure 747 

9 and Figure 5Figure 12 for location). Mass Transport Deposits (MTD) are observed beneath 748 

the pelagic cover. The graben used to be a catchment for MTD but it is now isolated because 749 

of the onset of the main OFZ that crosscuts the Qalhat Basin. 750 

 751 

Figure 512. Reflectivity map of the Qalhat Basin (see FigureFigure 9 for location). The low 752 

reflectivity area indicates that the present-day depocenter is still a catchment for Mass 753 

Transport Deposits (MTD), whereas the high reflectivity facies of the graben indicates that it 754 

is not supplied by MTDs anymore. 755 

 756 
Figure 13. A) Blow-up of 3.5 kHz profile 2 (see figure 5) showing the location of the site of 757 

tilt measurement. The first ten meters have been sampled by Küllenberg cores.  B) Relation 758 

between the tilt of turbiditic deposits and their age. The tilt of turbiditic horizons in sub-basin 759 

3 is measured on SBP profiles  (see Figure 5Figure 5 for location) and corrected from vertical 760 

exaggeration 14C ages are available for turbiditic events 1 to 8 [Bourget et al., submitted]. The 761 

relation between the tilt of turbiditic horizons and 14C ages is fairly linear, suggesting a 762 

constant rate of tilting through times. C) The measurement of the tilt of turbiditic horizons can 763 

be used as a time indicator for deeper horizons unsampled by küllenberg cores according to 764 

the relation obtained in Figure B. The deepest turbiditic deposit we could date is 420 kyr old. 765 

 766 
Figure 614. Chronology of the evolution of the Owen fracture zone (OFZ) in the vicinity of 767 

the Qalhat Seamount. Stages are younger from a) to d), although they cannot be precisely 768 

dated. Figure 16 shows the structural evolution of the OFZ in the case where the en-échelon 769 

fault system pre-dates the onset of the horsetail termination. The identification of mass 770 

transport deposits (MTD) on the 3.5 kHz profile of figure 12 indicates that the Qalhat Basin 771 

used to be wider (stage c) before being crosscut by the present-day main OFZ 0.8 to 0.7 Myr 772 

ago (stage d) An alternative interpretation is that the en-échelon fault system developed 773 

recently and could be the incipient future OFZ. 774 

 775 

Figure 715. Chronology of the opening and the evolution of the 20°N basin.  776 
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a) Schematic reconstruction of the OFZ at 20°N before 3 Myr. Channels of the generation A 777 

are active. The location of channel A1 west of the OFZ could indicate that the active trace of 778 

the fault system was probably buried under turbiditic deposits at those times. b) Schematic 779 

reconstruction of the OFZ at 20°N at 1.8-1.5 Myr. Transition of sedimentary facies recorded 780 

at DSDP site 222 indicates fault activity at those times, which could be related to incipient 781 

stages of formation of the 20°N pull-apart basin. Turbiditic channels of generation B were 782 

probably active and could have canalized turbiditic deposits to the incipient 20°N Basin. c) 783 

Schematic reconstruction of the OFZ at 20°N at 1.32-0.95 Myr. Turbiditic channels of the 784 

generation B are inactive, probably because of the opening of the 20°N Basin. The active 785 

depocenter was wider than it is today. d) Schematic reconstruction of the OFZ at 20°N since 786 

at least 400 kyr. Between 1.32-0.95 Myr and 400 kyr, the 20 °N Basin has undergone 787 

subsidence delocalization in the smaller but deeper sub-basin 3. Turbiditic channel C 788 

activated and filled in the sub-basin 3.  789 
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