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Mapping of seafloor tectonic fabric in the Indian Ocean, using high-resolution satellite-derived vertical 
gravity gradient data, reveals an extinct Pacific-style oceanic microplate (‘Mammerickx Microplate’) 
west of the Ninetyeast Ridge. It is one of the first Pacific-style microplates to be mapped outside 
the Pacific basin, suggesting that geophysical conditions during formation probably resembled those 
that have dominated at eastern Pacific ridges. The microplate formed at the Indian–Antarctic ridge 
and is bordered by an extinct ridge in the north and pseudofault in the south, whose conjugate is 
located north of the Kerguelen Plateau. Independent microplate rotation is indicated by asymmetric 
pseudofaults and rotated abyssal hill fabric, also seen in multibeam data. Magnetic anomaly picks and 
age estimates calculated from published spreading rates suggest formation during chron 21o (∼47.3 Ma). 
Plate reorganizations can trigger ridge propagation and microplate development, and we propose that 
Mammerickx Microplate formation is linked with the India–Eurasia collision (initial ‘soft’ collision). The 
collision altered the stress regime at the Indian–Antarctic ridge, leading to a change in segmentation 
and ridge propagation from an establishing transform. Fast Indian–Antarctic spreading that preceded 
microplate formation, and Kerguelen Plume activity, may have facilitated ridge propagation via the 
production of thin and weak lithosphere; however both factors had been present for tens of millions of 
years and are therefore unlikely to have triggered the event. Prior to the collision, the combination of fast 
spreading and plume activity was responsible for the production of a wide region of undulate seafloor 
to the north of the extinct ridge and ‘W’ shaped lineations that record back and forth ridge propagation. 
Microplate formation provides a precise means of dating the onset of the India–Eurasia collision, and is 
completely independent of and complementary to timing constraints derived from continental geology or 
convergence histories.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Satellite gravity data have been used for decades to map ma-
jor tectonic structures on the seafloor, on a near-global scale (e.g. 
Matthews et al., 2011; De Alteriis et al., 1998; Gahagan et al., 
1988). In particular, fracture zones, active and extinct ridges and 
pseudofaults can produce strong gravity signals making them ideal 
mapping targets. A recent satellite altimetry-derived vertical grav-
ity gradient (VGG) dataset (Sandwell et al., 2014) resolves struc-
tures as small as 6 km in width, enabling improved mapping of 
seafloor structures compared to previous versions. Increased reso-
lution not only reveals new seafloor structures, but also confirms 
the existence of structures previously identified with lower confi-
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dence, which can then be used to improve plate kinematic models 
and constrain the timing of plate boundary reorganizations.

VGG mapping in Eocene seafloor in the eastern Indian Ocean 
has revealed a number of distinctive tectonic lineations that are 
datable using magnetic anomaly picks. Specifically we have iden-
tified possible extinct Indian–Antarctic ridge segments, conjugate 
pseudofaults and an oceanic microplate that underwent indepen-
dent rotation (Fig. 1a). The significance of these structures is two-
fold. Not only is this the first time a Pacific-style microplate has 
been identified in the Indian Ocean, suggesting geophysical condi-
tions at the Indian–Antarctic ridge probably resembled those that 
have dominated at Pacific ridges, however the formation of these 
structures also coincides with, and we argue is linked to the his-
tory of the India–Eurasia collision – the time of which is a major 
and long-standing controversy in plate tectonics. Microplate forma-
tion as a means of dating the India–Eurasia collision is completely 
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Fig. 1. VGG maps (Sandwell et al., 2014) of the eastern/southeastern Indian Ocean basin, showing key seafloor structures that were mapped using the VGG data and 
described in Section 4. These include two pseudofaults (PF), an extinct ridge (ER), a microplate (MP) — the ‘Mammerickx Microplate’ (see Section 5), abyssal hill fabric (AHF), 
and ‘migrating offset fabric’ (MOF) comprising ‘W’ shaped lineations produced by back and forth ridge propagation. Several fracture zones are also labeled A, B, C, E1 and 
E2 (also shown in Fig. 3). (a) Regional map with large igneous provinces (from Whittaker et al., 2015) shown in transparent yellow, and the ship track segments from Fig. 5
in yellow (Sojourn Expedition Leg 4, R/V Melville, 1997). An orange star identifies the location at the Southeast Indian Ridge where spreading rates were calculated using 
the Euler rotation poles of Cande and Patriat (2015). (b)–(c) Zoomed in maps of the Antarctic Plate north of the Kerguelen Plateau (KP), and the Indian Plate west of the 
Ninetyeast Ridge (NER), respectively, showing magnetic anomaly picks of Cande et al. (2010). Traces of the seafloor lineations produced by back and forth ridge propagation 
(dashed white lines), that make up the ‘chaotic seafloor’ from a, are offset from their negative gravity anomalies so as not to obscure their signal. The Mammerickx Microplate 
is shaded green. BR, Broken Ridge. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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independent to those timing constraints derived from continental 
geology or the India–Eurasia convergence history.

1.1. India–Eurasia collision and its seafloor record

One of the most intensively studied and strongly debated is-
sues in plate tectonics is the timing and nature of the India–
Eurasia collision. This event marked the closure of the NeoTethys 
Ocean basin, the youngest and final of the Tethyan oceans that 
separated Gondwana from Asia since the Paleozoic, and moreover 
it led to the rise of the Himalayas, the highest mountain chain 
on Earth. Proposed timings of the India–Eurasia collision vary by 
more than 30 Myr (e.g. Patriat and Achache, 1984; Searle et al., 
1987; Klootwijk et al., 1992; Lee and Lawver, 1995; Rowley, 1998;
Aitchison et al., 2007; van Hinsbergen et al., 2012; Zahirovic et al., 
2012; Bouilhol et al., 2013; Gibbons et al., 2015), and there is de-
bate over whether there was a single continent–continent collision 
event (e.g. Patriat and Achache, 1984; Lee and Lawver, 1995) or 
multiple collisions, with India first colliding with an island arc and 
later with Eurasia (e.g. Aitchison et al., 2007; Zahirovic et al., 2012;
Bouilhol et al., 2013), or with a microcontinent–Eurasia collision 
followed by the India–Eurasia collision (van Hinsbergen et al., 
2012).

Different observations have been used to constrain the tim-
ing and nature of the event, including changes in sedimentation 
patterns – such as the cessation of marine sedimentation in the 
suture zone and the beginning of continental molasse sedimenta-
tion (e.g. Searle et al., 1987; Aitchison et al., 2007), arc magmatic 
records – for instance the ending of calc-alkaline magmatism (e.g. 
Bouilhol et al., 2013), the decrease in India–Asia convergence in-
ferred from magnetic lineations in the Indian Ocean (Molnar and 
Taponnier, 1975; Patriat and Achache, 1984; Lee and Lawver, 1995), 
basin subsidence patterns (Rowley, 1998), paleomagnetic data from 
the Indian Plate and Himalayan region (Klootwijk et al., 1992), and 
the analysis of the mantle structure beneath the Tethyan region 
as inferred from seismic tomography models (van der Voo et al., 
1999; Replumaz et al., 2004; Hafkenscheid et al., 2006). Addition-
ally, global mantle convection modeling combined with seismic to-
mography analysis has enabled the testing of existing end-member 
kinematic models (Zahirovic et al., 2012). There is growing sup-
port for a complex multiple collision model in which India col-
lided with an island-arc that was outboard of Asia at ∼55–50 Ma, 
the Kohistan–Ladakh Arc, and then final India–Eurasia collision 
occurred closer to 40 or 30 Ma (e.g. Hafkenscheid et al., 2006;
Aitchison et al., 2007; Zahirovic et al., 2012; Bouilhol et al., 2013;
Gibbons et al., 2015) and was likely diachronous (e.g. Zahirovic et 
al., 2012). Furthermore the collision of India with Eurasia may be 
more accurately defined as a protracted event that included a ‘soft’ 
collision phase followed by a ‘hard’ collision phase (e.g. Gibbons et 
al., 2015).

Recently, Cande and Patriat (2015) suggested that the slow-
down of India around chron 21o (47.3 Ma), which is sharper using 
the GTS12 timescale (Ogg, 2012) than in previous timescales, is 
consistent with the initial India–Eurasia collision. However, they 
noted some ambiguity in this timing considering that the sharp 
change in azimuth of seafloor spreading between the Capricorn 
and African plates does not occur until after chron 20o (43.4 Ma). 
This ambiguity is also reflected in a recent review of the India–
Eurasia collision using a synthesis of a range of marine geophysical 
and continental geological observations by Gibbons et al. (2015), 
who proposed that India collided with an intraoceanic arc at 
∼52 Ma (arc–continent collision), followed by an initial soft col-
lision of India with Eurasia (continent–continent collision) around 
44 ± 2 Ma.
Fig. 2. VGG map (Sandwell et al., 2014) of the eastern Pacific Ocean basin, showing 
active and extinct microplates (transparent green). The Pacific–Antarctic Ridge and 
East Pacific Rise produce positive VGG anomalies, while the Chile Ridge produces a 
negative VGG anomaly. B, Bauer Microplate (extinct); E, Easter Microplate (active); 
F, Friday Microplate (extinct); H, Hudson Microplate (extinct); JF, Juan Fernandez 
Microplate (active); M, Mathematician Microplate (extinct); S, Selkirk Microplate 
(extinct). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)

2. Oceanic microplates

During spreading ridge reorganizations sections of oceanic crust 
can be transferred from one plate to another due to instantaneous 
ridge jumps (e.g. Small, 1995) or ridge propagation into existing 
seafloor (Hey, 1977), resulting in asymmetric lithosphere accre-
tion. In the latter case, the captured rigid blocks are commonly 
referred to as microplates (also ‘paleoplates’). Microplates are rigid 
bodies between two active spreading ridges that rotate approxi-
mately independently of neighboring plates (Mammerickx and Kl-
itgord, 1982). Spreading dwindles and then ceases at one of the 
ridges, leading to detachment of the microplate from the spread-
ing axis and transfer to one of the major plates. The microplate 
consists of both the captured lithosphere, and the lithosphere that 
accreted during dual spreading (Mammerickx and Klitgord, 1982). 
Tebbens et al. (1997) expanded the definition of Mammerickx 
and Klitgord (1982) to include microplate formation in the ab-
sence of ridge death. This was based on their discovery of the 
Friday Microplate in the southeastern Pacific, ∼500 km west of the 
Chile Ridge (Fig. 2). According to Tebbens et al. (1997) the Friday 
Microplate formed from the step-wise migration of the Pacific–
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Nazca–Antarctic triple junction at chron 5A (∼12 Ma). The Chile 
Ridge (Nazca–Antarctic spreading arm of the triple junction) prop-
agated into the Nazca Plate, whereby isolating a section of Nazca 
crust. Asymmetry in the shape of the associated Friday and Cru-
soe pseudofaults confirms there was independent rotation of the 
Friday Microplate during formation (Tebbens et al., 1997).

Microplate formation and ridge propagation have been inten-
sively studied in the Pacific for more than 40 years (e.g. Hey, 1977;
Hey et al., 1980, 1988; Hey and Wilson, 1982; Mammerickx et al., 
1988; Schouten et al., 1993; Searle et al., 1993; Bird and Naar, 
1994; Tebbens et al., 1997; Tebbens and Cande, 1997; Blais et al., 
2002; Eakins, 2002; Eakins and Lonsdale, 2003). Here there are 
several actively forming microplates (e.g. Easter, Juan Fernandez, 
Galapagos) and detached Cenozoic ones (e.g. Mathematician, Bauer, 
Friday, Selkirk, Hudson) (Fig. 2).

Building on the work of Schouten et al. (1993), both Bird and 
Naar (1994) and Eakins (2002) emphasized that plate reorganiza-
tions are a trigger for changing the coupling at free-slip bound-
aries, that can result in tearing of one or both plates and the 
initiation of a propagator from a ridge spreading offset (see sum-
mary of Hey, 2004). As the propagator grows the microplate core 
rotates due to the drag of the adjacent plates. Both transpression 
or transtension-inducing plate motion changes can increase shear 
coupling across a previously free-slipping boundary (Bird and Naar, 
1994; Eakins, 2002).

In addition to plate motion changes, hotspot activity and fast 
seafloor spreading can drive or facilitate ridge propagation and 
microplate formation, as they contribute to stress changes at the 
ridge and production of regions of hot, thin or weakened litho-
sphere that is able to concentrate stress (e.g. Hey et al., 1985; Bird 
and Naar, 1994; Hey, 2004). Furthermore, hotspot activity also pro-
duces elevated topography which is a driver of ridge propagation, 
with ridge propagation directed away from hotspots (Phipps Mor-
gan and Parmentier, 1985). Microplate formation can also occur 
during step-wise triple junction migration (Tebbens et al., 1997;
Tebbens and Cande, 1997; Bird et al., 1999).

Microplate rotation produces ‘oblique seafloor’ rather than typi-
cal ridge parallel and perpendicular structures (Hey, 2004). A fan 
shaped pattern of isochrons and rotated abyssal hills are char-
acteristic features (Hey et al., 1988; Mammerickx et al., 1988;
Eakins, 2002; Hey, 2004). Ridge propagation produces a pair of 
pseudofaults across which young lithosphere formed at the new 
ridge is juxtaposed against older lithosphere. These lineations, 
defining seafloor age contrasts, are commonly identifiable as neg-
ative gravity anomalies. Pseudofault pairs are often near mirror 
images of each other, although microplate rotation can reduce this 
symmetry (Tebbens et al., 1997). If spreading ceases at one of the 
microplate boundaries, signaling an end to dual spreading, then 
an extinct ridge may also be identifiable in the seafloor fabric, as 
is adjacent to the Mathematician, Hudson, Selkirk and Bauer mi-
croplates.

3. Methodology

The VGG dataset of Sandwell et al. (2014) is used to map 
seafloor fabric in the eastern and southern Indian Ocean, specif-
ically structures that formed at the Southeast Indian Ridge from 
spreading between India and Antarctica. Compared to free-air grav-
ity, VGG data better resolve short wavelength structures such as 
fracture zones. By combining new altimeter measurements from 
the CryoSat-2 and Jason-1 satellites with older data from Geosat 
and ERS-1 the Sandwell et al. (2014) VGG dataset provides un-
precedented resolution and resolves structures as small as 6 km 
in width. It therefore provides a unique opportunity to improve 
seafloor mapping and confirm or identify new tectonic structures 
that can constrain plate tectonic models. Multibeam ship track data 
collected during the Sojourn Expedition Leg 4, R/V Melville, 1997, 
were also used during mapping (Fig. 1) (NOAA National Centers for 
Environmental Information, 2004).

Structures identified in the VGG maps are dated using magnetic 
anomaly picks where possible. The primary source of magnetic 
anomaly picks in our regions of interest is Cande et al. (2010). Sev-
eral magnetic anomaly picks from Ségoufin et al. (2004) are also 
used to supplement those from Cande et al. (2010). The GTS2012 
timescale of Ogg (2012) is adopted, and a ‘y’ or ‘o’ is used to 
describe whether the young or old end of the magnetic chron 
was picked, respectively. Absolute seafloor ages are supplemented 
with seafloor ages derived from relative dating. Relative age dat-
ing helps clarify the sequence of tectonic events in the absence 
of tight absolute age constraints, and can provide valuable esti-
mates on the minimum and maximum ages of structures. Cande 
and Patriat (2015) provide finite Euler rotation poles for spread-
ing between India and Antarctica and we have used these data, 
in conjunction with the open-source plate reconstruction software 
GPlates (Boyden et al., 2011) to calculate spreading rates at the 
Southeast Indian Ridge, specifically at the point shown in Fig. 1. 
These spreading rates allow us to estimate seafloor ages where 
magnetic anomaly picks are absent.

4. Eocene seafloor tectonic fabric of the eastern and southern 
Indian Ocean

In the eastern Indian Ocean a >500 km long E–W to NW–
SE trending structure that resembles an extinct spreading ridge is 
located at ∼21.5◦S, to the west of the Ninetyeast Ridge (Figs. 1
and 3). It has a step-like pattern that mainly comprises segments 
30–70 km in length with a negative VGG signature, although some 
segments comprise a positive VGG signature. The structure curves 
southwards in the east, along the western edge of the Ninetyeast 
Ridge.

To the south of the eastern part of the extinct ridge-like struc-
ture abyssal hill fabric is discernable in VGG maps (Figs. 1 and 3). 
Near the chron 20o (43.4 Ma) magnetic anomaly picks of Cande et 
al. (2010) the abyssal hill lineations are oriented ∼97◦ (Fig. 1c). As 
abyssal hills form roughly perpendicular to the direction of seafloor 
spreading, their orientation indicates that the direction of spread-
ing was approximately N–S and that this seafloor formed prior to 
the major clockwise change in spreading direction at the ridge that 
occurred at chron 20 according to Cande et al. (2010). The abyssal 
hills north of this appear to have been rotated counterclockwise 
by 25◦ . Their orientation is not perpendicular to the direction of 
spreading that preceded (∼N–S), nor post-dated (∼SSW–NNE), the 
chron 20 spreading reorganization at the Southeast Indian Ridge, 
suggesting that the crust was rotated after formation (Fig. 3).

Lying 100–200 km to the south of the extinct ridge-like fea-
ture is a NW–SE trending linear structure, ∼350 km in length and 
characterized by a VGG low (Figs. 1 and 3). A comparable structure 
(trending NNW–SSE) is also observed on the Antarctic Plate in the 
same spreading corridor, north of the Kerguelen Plateau (Figs. 1
and 3). Their VGG widths (∼10 km) are similar to, or slightly 
smaller than adjacent fracture zones. These structures, however, 
are oblique to adjacent fracture zones and nearly orthogonal to 
fracture zones formed in younger crust, and therefore are not frac-
ture zones despite having a similar gravity signature. At their east-
ern ends they emanate from the same location as fracture zones 
E1–2 (Fig. 3) that continue in younger crust and can be traced to 
the present-day spreading ridge. These structures are also a di-
vide between a highly segmented spreading system with closely 
spaced fractures zones (younger crust), and a spreading system 
with widely spaced fracture zones and ‘W’ shaped lineations pro-
duced by the migration of non-transform ridge offsets (older crust).
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Fig. 3. A chron 18n.2n (40.1 Ma) reconstruction, in an India-fixed reference frame, of (a) the VGG data (Sandwell et al., 2014), and (b) the magnetic anomaly picks and tectonic 
fabric traces. The plate reconstruction software GPlates (Boyden et al., 2011) was used to reconstruct the data using the Seton et al. (2012) global plate reconstruction model. 
Magnetic anomaly picks are from Cande et al. (2010) (circles) and Ségoufin et al. (2004) (stars). Fracture zone traces are from Matthews et al. (2011). Plate boundaries are 
continuous dark orange lines; the Australian–Antarctic plate boundary is represented by a dashed line as it may have been a diffuse boundary at this time (Whittaker et al., 
2013). Spreading (white on black lines) and transform (solid black lines) segments of the extinct ridge have been distinguished from the VGG data. Several key fracture zones 
are labeled A-E2 in (a). ANT–IND MOR, Antarctic–Indian mid-ocean ridge; AUS–ANT DB, Australian–Antarctic diffuse boundary; AUS–IND TFB, Australian–Indian transform 
boundary; K, Kerguelen Plateau; NER, Ninetyeast Ridge; MP, microplate. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
On the Indian Plate, to the north of the proposed extinct ridge, 
there is a zone of chaotic seafloor fabric devoid of fracture zone 
traces (Fig. 1a), unlike what has previously been identified from 
free-air gravity (Krishna et al., 2012). Here distinctive ‘W’ shaped 
lineations (oblique to the direction of spreading) record the migra-
tion of small ridge offsets, that is, back and forth ridge propaga-
tion similar to what is described by Phipps-Morgan and Sandwell 
(1994) along the Southeast Indian Ridge (Fig. 1c). The formation 
of these features reveals the absence of a stable transform fault 
at the spreading ridge that is required for the formation of frac-
ture zones. This type of seafloor fabric is also seen on the Antarctic 
Plate (Fig. 1b) between fracture zones B and C, and C and E (Fig. 3). 
Additionally, on the Indian Plate in this region of chaotic seafloor 
fabric the seafloor appears undulate, in contrast to the relatively 
flat seafloor seen to the west of fracture zone C away from this 
zone (Fig. 4), likely related to Kerguelen Plume activity.

A comparison of seafloor fabric on the Indian and Antarctic 
plates reveals regions of symmetry and asymmetry, with seafloor 
fabric symmetry expected from a simple spreading history. To the 
east of the fracture zone C on both plates (Fig. 3) there is a dis-
tinctive asymmetry in the seafloor fabric (from at least chron 29o, 
Fig. 1b–c) that supports previous suggestions of ridge jumps and 
asymmetric crustal accretion (e.g. Krishna et al., 1995). To the west 
of fracture zone C (in the spreading corridors between fracture 
zones A–B and B–C, Fig. 3) the seafloor fabric is largely symmetric, 
with features on one plate mirrored on the other plate. For in-
stance, a set of distinctive ‘W’ shaped lineations on the Indian Plate 
(seafloor older than chron 22o), which are oblique to the fracture 
zones, are also seen on the Antarctic Plate, although here their sig-
nal is slightly weaker. These pseudofault and extinct ridge traces 
are produced during short-lived ridge propagation events that have 
been widely observed at the Southeast Indian Ridge (Phipps Mor-
gan and Sandwell, 1994).

4.1. Tectonic fabric interpretations

The tectonic fabric features described above are most likely a 
result of ridge extinction, microplate formation and rotation, and 
a ridge jump involving ridge propagation. In particular they share 
a strong resemblance to well-studied structures produced by mi-
croplate formation, ridge extinction and ridge propagation in the 
eastern Pacific.

The pattern seen in the VGG maps created by the proposed ex-
tinct ridge, particularly its segmentation, is very similar to that 
of currently active mid-ocean ridges. Considering that this struc-
ture also largely trends perpendicular to the direction of spreading 
between the Indian and Antarctic plates during the Eocene, in a re-
gion of previously identified ridge jumps, we interpret this feature 
as an extinct spreading ridge. The scale of segmentation observed 
is similar to that of the present-day central Mid-Atlantic and 
Central Indian ridges, and is consistent with a slow-intermediate 
spreading regime with half-spreading rates less than 30 mm/yr 
(Sandwell and Smith, 2009). This is much slower than the spread-
ing rate during creation of older crust in the region, to the north 
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Fig. 4. 3-D perspective VGG map of the microplate and region of chaotic seafloor to 
the north, draped over the SRTM30 Plus V11.0 digital elevation model (Becker et al., 
2009). Along the southern map boundary a horizontal plane has been inserted at 
4 km depth. The white dashed line separates chaotic undulate seafloor in the east 
(to the north of the microplate and west of the Ninetyeast Ridge, NER), from rela-
tively flat seafloor immediately to the west. Fracture zones are also largely absent 
from the seafloor to the east of the dashed line, rather ‘W’ shaped lineations pro-
duced by migrating spreading ridge offsets (MO) are dominant. ER, extinct ridge; 
FSF, flat seafloor; FZ C, fracture zone C (see Figs. 1a and 3); MP, microplate; PF, 
pseudofault; USF, undulate seafloor.

of the extinct ridge, which exceeded 50–60 mm/yr (half-rate) 
during the latest Cretaceous and Paleocene (Seton et al., 2012;
Cande and Patriat, 2015). An increase in roughness adjacent to the 
ridge, compared to older seafloor, and increased ridge segmenta-
tion likely reflect a decrease in spreading rate, which can occur 
during the demise of a ridge prior to extinction (Livermore et al., 
2000).

The curvature of this structure in the east adds further support 
to its classification as an extinct ridge. Curvature and migration of 
a dying spreading ridge have been observed in the Pacific associ-
ated with formation of the Bauer and Selkirk microplates (Eakins 
and Lonsdale, 2003; Blais et al., 2002). In these scenarios migration 
of the dying ridges occurred during dual-spreading and in both 
instances migration was towards the new ridge and microplate 
core. At the Bauer Microplate the Galapagos Rise grew in a south-
westward direction during clockwise rotation, and in response the 
seafloor rotated in a counterclockwise direction to the north of 
the Atahualpa Scarp and west of the propagating ridge. Specifi-
cally there was a ∼25◦ counterclockwise rotation of pre-existing 
seafloor which is observed in abyssal hill trends identified from 
multibeam bathymetry data (Eakins and Lonsdale, 2003, e.g. Fig. 3, 
p. 174). Similarly to the Bauer Microplate, a 25◦ counterclockwise 
rotation of abyssal hill fabric is also identified to the south of the 
eastern Indian Ocean proposed extinct ridge, adjacent to where the 
ridge curves southward (Figs. 1 and 3). This suggests that south-
ward growth of the ridge prior to extinction disrupted pre-existing 
seafloor fabric.

Rotation of the dying ridge is also demonstrated by the cur-
vature of what is interpreted to be a fracture zone that formed 
at the ridge (Fig. 3, fracture zone D). The northern fracture zone 
strand curves to the east, while the southern fracture zone strand 
curves to the west. The asymmetry seen between the northern and 
southern strands is consistent with a rotating ridge, as if there was 
migration of a transform offset during spreading, which also pro-
duces structures oblique to the direction of spreading, then the 
resultant seafloor traces would be symmetric across the ridge. Near 
Fig. 5. Multibeam bathymetry (Sojourn Expedition Leg 4, R/V Melville, 1997) col-
lected north of the identified extinct ridge (ER), highlighting changes in the orien-
tation of abyssal hills (see Fig. 1 for location). Black and white lines indicate the 
orientation of the abyssal hills. Adjacent to fracture zone C (FZ C) they are oriented 
∼90–95◦ (a), while adjacent to fracture zone D (FZ D) (b) and closer to the extinct 
ridge trace (a) they are oriented ∼110–120◦ .

this fracture zone abyssal hill fabric is identified from ship track 
multibeam bathymetry (Sojourn Expedition Leg 4, R/V Melville, 
1997) (Fig. 5). The abyssal hills have an azimuth of ∼110–120◦
to the east of fracture zone D, while directly to the east and west 
of fracture zone C they have an azimuth of ∼90–95◦ , which is per-
pendicular to the direction of spreading between the Indian and 
Antarctic plates.

The very distinctive linear, 350 km long NW–SE and NNW–
SSE trending gravity lows on the Indian and Antarctic plates, re-
spectively, are interpreted to be conjugate features. We interpret 
these as pseudofaults of a new, westward propagating ridge that 
succeeded the extinct ridge. The pseudofaults are slightly asym-
metric indicating independent motion of the microplate and their 
low angle with respect to the pre-existing and newly established 
ridge indicates fast propagation. The pseudofaults are to the south 
of the extinct ridge indicating that the plate boundary reorga-
nization involved a southward ridge jump. Pseudofault pairs are 
common and distinctive seafloor structures across which there is 
an age contrast yet no relative motion (hence ‘pseudo’), such as 
the Pacific Friday and Crusoe troughs (Chile Ridge, e.g. Tebbens et 
al., 1997), the Henry and Hudson troughs (Pacific–Antarctic ridge, 
e.g. Tebbens and Cande, 1997) and the Moctezuma and Michoaca 
troughs (near the Mathematician Microplate, e.g. Mammerickx et 
al., 1988). These eastern and southern Indian Ocean pseudofaults 
produce a similarly distinctive gravity signal.

The ridge propagation event was accompanied by the establish-
ment of well-defined transform faults at the origin of propagation, 
and this is seen in the fracture zone patterns. Fracture zones E1–2 
(Fig. 3) initiate at the time of propagation and are absent in older 
crust. Fracture zones form from stable transform fault ridge offsets 
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that are typically greater than 30 km (MacDonald et al., 1991), and 
therefore the establishment of fracture zones E1–2 suggests that 
the offset at the mid-ocean ridge from which the propagating ridge 
spawned was small and subsequently grew.

4.2. Temporal constraints

Magnetic anomaly picks help constrain seafloor ages in these 
regions of the Indian Ocean where we have identified a pseud-
ofault pair and extinct ridge (Cande et al., 2010; Ségoufin et al., 
2004). They are more densely distributed in the spreading corridor 
to the west of fracture zone C, compared to the spreading corridors 
to the east (Fig. 3). However, some key picks near the extinct ridge 
and pseudofaults provide crucial information on timings of events. 
Combining these data with relative dating, and age estimates de-
rived from spreading rate assumptions, helps build a sequence of 
events with approximate ages for ridge extinction, propagation and 
microplate formation.

Although sparse, magnetic anomaly picks near the extinct ridge 
can help approximate the timing of extinction. Cande et al.’s (2010)
closest magnetic anomaly pick to the extinct ridge, and in fact one 
of only two from their study that is located in this spreading corri-
dor within 1000 km from the ridge, is a single chron 22o (49.3 Ma) 
pick located ∼150 km (spherical distance) from the western end of 
the ridge (Figs. 1c and 3). Based on the spreading rates of Cande 
and Patriat (2015), calculated for this part of the Southeast In-
dian Ridge (Fig. 1a – orange star), extinction likely occurred after 
chron 20o (43.4 Ma) in order for 150 km of crust to be produced. 
Their spreading rates predict that just under 150 km of crust was 
produced between chrons 22o and 20o. Two chron 21o (47.3 Ma) 
picks of Ségoufin et al. (2004) are located ∼30 km north of the 
extinct ridge (Fig. 3). Based on Cande and Patriat’s (2015) spread-
ing rates, this would place the timing of extinction at chron 21y 
(45.7 Ma) at a minimum. It is difficult to place tight age constraints 
on extinction as it is uncertain whether spreading slowed at the 
dying ridge segment during its demise.

Similarly to the extinct ridge, the timing of ridge propagation 
and formation of the pseudofaults can be estimated using magnetic 
anomaly picks and spreading rate assumptions. When combined, 
these observations are found to be consistent with each other.

The age of the seafloor to the east of the pseudofaults, in the 
spreading corridor east of fracture zone E2 (Fig. 3), differs be-
tween the Antarctic and Indian plates. On the Antarctic Plate the 
seafloor formed at the time of chron 20o (43.4 Ma), whereas on 
the Indian Plate the chron 20o picks are located 230 km south, 
and therefore the seafloor is older. An age contrast strongly sug-
gests that ridge propagation initiated from the site of a ridge 
offset rather than at a ridge tip, as in the instance of propaga-
tion from a ridge tip this age contrast should be the same on 
both plates. A model for an intratransform origin for ridge prop-
agation was described in detail by Bird and Naar (1994) and 
has been proposed for many microplates in the Pacific, includ-
ing the Bauer, Henry, Friday and Selkirk microplates (Eakins and 
Lonsdale, 2003; Tebbens et al., 1997; Tebbens and Cande, 1997;
Blais et al., 2002). This is also seen to the west of Australia where 
ridge propagation from the large offset Wallaby-Zenith fracture 
zone appears to have initiated and then failed after ∼100 km 
leaving two pseudofault traces. The nature of the age contrast 
across these spreading corridors is consistent with formation at 
a right-offset transform, which continued to present-day (Seton et 
al., 2012). Ridge propagation from a right offset transform indi-
cates that propagation initiated at a time older than chron 20o, 
and younger than the time of formation of the crust to the east 
of the pseudofault on the Indian Plate. Considering that ∼200 km 
of Indian Plate crust was produced between chrons 20o and chron 
23.2o (47.3–51.8 Ma) (Cande and Patriat, 2015) this suggests ridge 
propagation and pseudofault formation initiated after chron 23.2o 
(51.8 Ma).

In support of ridge propagation after chron 23.2o (51.8 Ma) 
is the observation that the pseudofault on the Antarctic Plate 
cuts seafloor that is chron 22o in age (49.3 Ma) (Fig. 3). Mag-
netic anomaly picks from both Cande et al. (2010) and Ségoufin 
et al. (2004) date seafloor in this region, which strengthens the 
observation. Propagation must therefore have occurred after this 
time.

Two chron 21o magnetic anomaly picks of Ségoufin et al. (2004)
are located along strike and adjacent to the pseudofault (within 
10 km) and may date the youngest seafloor formed at the new 
spreading centre. These ages are consistent with age estimates 
derived using the spreading rates of Cande and Patriat (2015). 
At the western end of the pseudofaults ∼170 km of crust was 
produced on each flank of the new spreading ridge by the time 
of chron 18.2o (40.1 Ma), based on the isochron that we con-
structed using the magnetic anomaly picks of Cande et al. (2010)
(trace of the Antarctic–Indian mid-ocean ridge in Fig. 3). At the 
eastern end of the pseudofaults closer to ∼200 km of crust was 
produced on each flank. Based on spreading rate calculations 
for this portion of the ridge, propagation initiated around chron 
21o (47.3 Ma) and was completed before the end of chron 21 
(45.7 Ma), and therefore was likely completed in less than 2 Myr at 
a rate of c. 200 mm/yr. Considering that the full spreading rate at 
the Antarctic–Indian ridge between c23.2o and c20o ranged from 
∼110 to 75 mm/yr, this propagation rate is consistent with obser-
vations from intermediate-fast spreading ridges that ridge propa-
gation can occur at rates of 50–150% of the full spreading rate at 
the ridge (Phipps Morgan and Sandwell, 1994).

In summary, a variety of age observations support rapid ridge 
propagation during chron 21. Ridge extinction is more difficult to 
constrain, but must have occurred after chron 21. The demise of 
spreading at the ridge may even have continued until after chron 
20. Estimating the ages of these events is made difficult by the 
possibility of a period of slow spreading immediately prior to ridge 
death and immediately following the initiation of spreading at the 
new ridge.

5. Microplate formation in the eastern Indian Ocean

Seafloor tectonic fabric features, that are well-defined in re-
cent VGG data (Sandwell et al., 2014), record a mid Eocene re-
organization at the Southeast Indian Ridge to the west of the 
Ninetyeast Ridge, involving a southward ridge jump and forma-
tion of an oceanic microplate. We refer to this microplate as the 
Mammerickx Microplate, after Dr Jacqueline Mammerickx, a pio-
neer in seafloor mapping, in particular the mapping of microplates 
in the Pacific. Formation of the Mammerickx Microplate involved 
dual-spreading, including rotation of the dying ridge axis, and the 
formation of seafloor fabric features that are observed in the Pa-
cific Ocean at the sites of well-studied microplates. The sequence 
of events associated with the reorganization is depicted in Fig. 6
and is constrained by magnetic anomalies (Cande et al., 2010;
Ségoufin et al., 2004), relative age dating, and seafloor age es-
timates from the seafloor spreading data of Cande and Patriat
(2015).

Westward ridge propagation from a developing right-offset 
transform fault initiated at approximately chron 21o (47.3 Ma) re-
sulting in a southward ridge relocation. Propagation was rapid, 
c. 200 mm/yr, and was likely completed by the end of chron 21 
(45.7 Ma). Spreading at the dying ridge likely ceased some time 
during or after chron 20 (43.4–42.3 Ma). During its demise the 
ridge grew southward and rotated clockwise, which in turn caused 
a counterclockwise rotation of existing seafloor fabric, such as 
abyssal hills to the south. This reorganization was not only associ-
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Fig. 6. Schematic reconstruction of the formation of the Mammerickx Microplate (MM). (a) Chron 22n(o) time (49.3 Ma) precedes microplate formation. At this time there is 
∼north–south directed spreading between the Indian and Antarctic plates, and to the east of fracture zone C the Indian–Antarctic ridge likely comprised non-transform offsets. 
(b) At approximately chron 21n(o) time (47.3 Ma) a reorganization at the Indian–Antarctic ridge initiates involving ridge propagation from a non-transform offset and the 
establishment of three transform faults at the ridge (fracture zones D, E1 and E2). (c) Dual-spreading at the newly establishing southerly ridge and the pre-existing northerly 
ridge occurs for a short period, approximately throughout chron 21n time (47.3–45.7 Ma). During formation of the Mammerickx Microplate the pre-existing northerly ridge 
lengthens in an easterly and southerly direction and curves inwards towards the microplate core leaving behind counterclockwise rotated abyssal hills. Rotation of the ridge 
is also reflected in the curvature of fracture zone D. (d) Dual-spreading has likely ceased and the microplate has detached after chron 20n(o) time (43.4 Ma). Volcanism 
associated with the Kerguelen Plateau (K) and Ninetyeast Ridge (NER), attributed to the Kerguelen Plume, is shown in purple. Transform (TF) offsets are green lines, and 
non-transform offsets are dashed magenta lines. The extinct northerly ridge is gray in (d). See Fig. 3 for the locations of fracture zones C, D, E1 and E2. MOR, mid-ocean 
ridge; TJ, triple junction. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
ated with a ridge jump, but also the establishment of a right-offset 
transform fault to the west of the Ninetyeast Ridge that has per-
sisted to present-day. Ridge propagation coincides with the rapid 
change in spreading azimuth at the Central and Southeast Indian 
ridges identified by Cande et al. (2010).

6. Discussion

Identification of a microplate in the Indian Ocean is spatially 
significant as until now microplate formation has almost entirely 
been restricted to the Pacific, specifically at the East Pacific Rise 
and Pacific–Antarctic Ridge. This suggests that at the time of Mam-
merickx Microplate formation, kinematic or geodynamic conditions 
at this part of the Indian–Antarctic ridge shared similarities with 
those that have frequently been present at eastern Pacific ridge 
systems, yet largely absent in the Atlantic and elsewhere in the 
Indian Ocean.

As summarized by Hey (2004) the stresses related to plate 
reorganizations, fast spreading and hotspot activity can trigger 
or promote ridge propagation and the formation of microplates. 
Additionally, episodic triple junction migration has been asso-
ciated with ridge propagation and microplate formation in the 
eastern Pacific (Bird et al., 1999; Tebbens et al., 1997; Tebbens 
and Cande, 1997); specifically formation of the Hudson, Friday 
and Juan Fernandez microplates occurred during migration of 
the Pacific–Antarctic–Nazca/Farallon triple junction (Tebbens et al., 
1997; Tebbens and Cande, 1997; Eakins, 2002). Each of these four 
drivers may have played a role in formation of the Mammerickx 
Microplate.

Ridge propagation at chron 21o time (47.3 Ma) coincides with 
proposed timings of India–Eurasia collision; a major plate bound-
ary shake-up. Additionally, half-spreading rates at the Indian–
Antarctic ridge exceeded 50 mm/yr prior to ridge propagation 
(Cande and Patriat, 2015), this is similar to present-day spreading 
rates at the fast spreading East Pacific Rise of 50 to >70 mm/yr 
(DeMets et al., 2010) and Cenozoic rates that typically exceeded 
70 mm/yr (Müller et al., 2008). Furthermore, it has been proposed 
that hotspots can influence ridge behaviour over distances of up 
to 1400 km (Ribe and Delattre, 1998), and based on three dif-
ferent absolute reference frames (O’Neill et al., 2005; Doubrovine 
et al., 2012) the microplate formed less than 1100 km from the 
Kerguelen Hotspot centre point (location from Whittaker et al., 
2015), or less than 700 km from the hotspot assuming a 400 km 
plume radius (Montelli et al., 2004) (Table 1). Ridge propagation, 
to the west, was directed away from the hotspot as predicted 
by models of ridge propagation (Phipps Morgan and Parmentier, 
1985) and as seen in the Pacific (Hey and Wilson, 1982). Fi-
nally, plate reconstructions for the eastern Indian Ocean at this 
time (e.g. Whittaker et al., 2013) model a triple junction east of 
the microplate, with the Southeast Indian Ridge (comprising the 
Indian–Antarctic and Australian–Antarctic ridges) connected to the 
Wharton Ridge (Indian–Australian ridge) via a transform along the 
Ninetyeast Ridge (e.g. Seton et al., 2012).

We consider that a plate reorganization in the Indian Ocean, 
that included a rapid slow down in spreading between India and 
Antarctica at chron 21o (Cande and Patriat, 2015), triggered mi-
croplate formation. Plate reorganizations can change the stress 
field of a plate and the coupling across free-slip boundaries, 
leading to tearing and rift propagation (Bird and Naar, 1994;
Eakins, 2002). In the eastern Indian Ocean the chron 21o reorgani-
zation altered the configuration of the Antarctic–Indian spreading 
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Table 1
Approximate distance between the Kerguelen Hotspot and the initiation point of the 
pseudofaults.

Reference frame Distance to hotspot centre pointa

(edge of 400 km plume radiusb)
Fixed hotspot 1090 km (690 km)
O’Neill et al. (2005), moving hotspot 650 km (250 km)
Doubrovine et al. (2012), moving hotspot 820 km (420 km)

a Hotspot location (69◦E, 49◦S) from Whittaker et al. (2015).
b Choice of 400 km plume radius is from Montelli et al. (2004).

ridge. Tearing from a newly established transform lead to west-
ward ridge propagation and ultimately formation of the Mamm-
erickx Microplate. This shares similarities with the formation of 
the Hudson Microplate, which involved ridge propagation from the 
newly formed Raitt transform (Eakins, 2002).

We further suggest that high spreading rates and proximity 
to the Kerguelen Plume likely facilitated the microplate forma-
tion event that was triggered by the chron 21o reorganization. 
Fast spreading rates and hot asthenosphere from plume activ-
ity can lead to formation of weak and thin lithosphere that is 
less able to resist cracking and rift propagation (Hey et al., 1985;
Naar and Hey, 1989; Bott, 1993), and therefore produce a tec-
tonic scenario conducive to microplate formation. These conditions, 
however, were both present for tens of millions of years in this 
part of the Indian Ocean and therefore are not considered as ‘trig-
gers’ for the event. Fast spreading rates, exceeding 50 mm/yr (half-
rate), were present at the Indian–Antarctic ridge for >20 Myr prior 
to a rapid decrease at chron 21o time (47.3 Ma) (Cande and Pa-
triat, 2015). A rapid increase in spreading rate at the Southeast 
Indian Ridge occurred at chron 31y (68 Ma), with a peak half-
spreading rate of 90 mm/yr recorded between chrons 29o and 28y 
(66–63 Ma) (Cande and Patriat, 2015). There has been a hotspot 
influence at the ridge for even longer. Whittaker et al. (2013)
showed that over at least a 65 Myr period from 108 to 43 Ma, the 
position of the Australian–Indian–Antarctic triple junction was in-
fluenced by the Kerguelen Plume; the ridge system remained close 
to the plume, within 500 km during the period, and as close as 
100 km by 43 Ma, assuming hotspot fixity. The southerly jump of 
the Indian–Antarctic ridge, achieved through microplate formation, 
is consistent with the ridge system moving towards and remaining 
close to the hotspot.

Fast spreading and plume activity may also be responsible for a 
large region of distinctively undulate and chaotic seafloor north of 
the extinct ridge (Fig. 4). Fast spreading prior to microplate forma-
tion hampered the establishment of stable transform offsets at the 
Indian–Antarctic ridge, resulting in the back and forth migration 
of ridge offsets. According to Naar and Hey (1989) half-spreading 
rates exceeding 75 mm/yr prevent transform fault formation, how-
ever here spreading rates were slightly slower at times, exceeding 
50 mm/yr. Therefore plume activity, which can influence ridge be-
haviour over distances of up to 1400 km (e.g. Ribe and Delattre, 
1998), likely contributed to the formation of weaker lithosphere, 
which when coupled with fast spreading rates resulted in back and 
forth ridge propagation. We speculate that pulses of plume activ-
ity may be responsible for the undulating seafloor topography and 
seamount like structures in this region.

It is difficult to access whether triple junction migration played 
a role in Mammerickx Microplate formation, as the plate boundary 
between Australia and Antarctica, in the region of the Kerguelen 
Plateau and Broken Ridge, may not have been a discrete bound-
ary prior to 43 Ma, rather it may have been a diffuse boundary or 
composed of short-lived boundaries (Whittaker et al., 2013). The 
model for triple junction migration proposed by Bird et al. (1999)
and applied to microplate formation in the Pacific involved a sys-
tem of three discrete and well-established plate boundaries, and it 
is uncertain whether it can be applied in the eastern Indian Ocean 
at this time. Additionally, ridge propagation leading to microplate 
formation did not occur directly at the triple junction.

The timing of microplate formation in the eastern Indian Ocean 
at 47 Ma is temporally significant as this time, corresponding to 
chron 21o, has been proposed as the initial India–Eurasia colli-
sion time by a number of authors (see summary in Cande and 
Patriat, 2015). Although there is considerable spread in the pub-
lished timings of the India–Eurasia collision, and debate over the 
number and nature of collision events, formation of the Mamm-
erickx Microplate adds support for a collision at ∼47 Ma, as the 
initial continental collision between India and Eurasia would be 
expected to lead to a significant change in the stress regime at 
the Indian–Antarctic ridge. This initial stage of continent–continent 
collision, likely the ‘soft’ collision stage (Gibbons et al., 2015), not 
only slowed spreading at the Indian–Antarctic ridge (Cande and 
Patriat, 2015), but it also altered ridge segmentation and initiated 
ridge propagation. The connection between the onset of mountain 
building in Tibet, the post-47 Ma slowdown of the Indian Plate and 
the subsequent reorganization of plate boundaries in the Indian 
Ocean, as proposed in Copley et al.’s (2010) analysis of Indian Plate 
driving forces, fits with our observation of microplate formation 
recording the onset of this set of events in the Indian Ocean. There 
is a coincidence in timing between the India–Eurasia collision and 
a number of plate boundary reorganization events in other ocean 
basins (Whittaker et al., 2007), as well as the formation of the 
bend in the Hawaiian–Emperor seamount chain. However, it is be-
yond the scope of this investigation to test geodynamic linkages 
between these widely distributed events.

7. Conclusions

Our analysis of a new satellite-derived global VGG dataset 
(Sandwell et al., 2014), with unprecedented resolution, has re-
vealed an extinct Pacific-style microplate in the eastern Indian 
Ocean – the ‘Mammerickx Microplate’. The Mammerickx Mi-
croplate is located west of the Ninetyeast Ridge (centred on 
∼21.5◦S), formed at the Indian–Antarctic ridge during the Eocene 
and was captured by the Indian Plate. To our knowledge this is the 
first of its kind in the Indian Ocean. A variety of seafloor struc-
tures, identified from high-resolution satellite-derived VGG data, 
match those at well-studied microplates in the eastern Pacific (e.g. 
Bauer, Friday, Mathematician, Hudson and Selkirk). These struc-
tures include conjugate pseudofaults produced by propagation of 
the new ridge, an extinct ridge and rotated abyssal hill fabric, the 
latter of which is observed in the VGG and ship track multibeam 
bathymetry data (Sojourn Expedition Leg 4, R/V Melville, 1997). 
The observation that the microplate underwent counterclockwise 
rotation reflects that dual spreading occurred prior to ridge extinc-
tion at the northern pre-existing ridge. This indicates there was a 
brief period during which the motion of the microplate was in-
dependent to that of the neighboring Indian and Antarctic plates, 
likely due to drag from the adjacent plates (Schouten et al., 1993;
Eakins, 2002).

We propose that the formation of the Mammerickx Microplate 
is linked with the initiation of the India–Eurasia collision, with 
ridge propagation triggered by the event. Magnetic anomaly picks, 
relative age dating, and age estimates using recently published 
spreading rates for the Indian–Antarctic ridge (Cande and Patriat, 
2015) were used to constrain microplate formation to chron 21o 
(47.3 Ma), with the initiation of westward directed propagators at 
this time.

Plate motion changes during reorganization events, such as 
those related to tectonic collisions, have been linked with mi-
croplate formation in the Pacific (e.g. Tebbens et al., 1997;
Tebbens and Cande, 1997). In the case of the Mammerickx Mi-
croplate, we suggest that westward ridge propagation from a newly 
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formed transform was triggered by the initiation of the India–
Eurasia collision and resultant changes to the stress regime at 
the ridge. This microplate formation event was coincident with a 
well-defined slow down in seafloor spreading (Cande and Patriat, 
2015). We further suggest that hotspot activity and fast spread-
ing rates (preceding collision), that are associated with warm, thin 
and weak lithosphere, facilitated ridge propagation and microplate 
formation, yet were less likely to have acted as triggers as both 
were present for tens of millions of years leading up to formation. 
They are also responsible for the production of chaotic and undu-
late seafloor north of the microplate and west of the Ninetyeast 
Ridge, in which ‘W’ shaped propagating ridge traces are common. 
Our dating of part of the history of the India–Eurasia collision is 
novel, completely independent from previous conclusions drawn 
from continental geology and convergence rate calculations, and 
represents the most precise and unambiguous date for the onset 
of India–Eurasia collision.
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