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SUMMARY

We reconstruct the movement of the India Plate relative to Eurasia at ~1-Myr intervals from
20 Ma to the present from GPS site velocities and high-resolution sequences of rotations
from the India—Somalia—Antarctic—Nubia—North America—Eurasia Plate circuit. The plate
circuit rotations, which are all estimated using the same data fitting functions, magnetic
reversal sampling points, calibrations for magnetic reversal outward displacement, and noise
mitigation methods, include new India—Somalia rotations estimated from numerous Carlsberg
and northern Central Indian ridge plate kinematic data and high-resolution rotations from
the Southwest Indian Ridge that account for slow motion between the Nubia and Somalia
plates. Our new rotations indicate that India—Somalia plate motion slowed down by 25-30
per cent from 19.7 to 12.5-11.1 Ma, but remained steady since at least 9.8 Ma and possibly
12.5 Ma. Our new India—Eurasia rotations predict a relatively simple plate motion history,
consisting of NNE-directed interplate convergence since 19 Ma, a &50 per cent convergence
rate decrease from 19.7 to 12.5-11.1 Ma, and steady or nearly steady plate motion since
12.5-11.1 Ma. Instantaneous convergence rates estimated with our new India—Eurasia GPS
angular velocity are 16 percent slower than our reconstructed plate kinematic convergence
rates for times since 2.6 Ma, implying either a rapid, recent slowdown in the convergence
rate or larger than expected errors in our geodetic and/or plate kinematic estimates. During
an acceleration of seafloor faulting within the wide India—Capricorn oceanic boundary at 8—
7.5 Ma, our new rotations indicate that the motions of the India Plate relative to Somalia and
Eurasia remained steady. We infer that forces acting on the Capricorn rather than the India Plate
were responsible for the accelerated seafloor deformation, in accord with a previous study.
India—Eurasia displacements that are predicted with our new, well-constrained rotations are fit
poorly by a recently proposed model that attributes the post-60-Ma slowdown in India—Eurasia
convergence rates to the steady resistance of a strong lithospheric mantle below Tibet.
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causes of these events, numerous authors have reconstructed relative

I INTRODUCTION and absolute India Plate motions using seafloor spreading magnetic

The collision of continental India and Eurasia (Fig. 1) during the
past 50 Myr has arguably been the most important plate tectonic
event of the Cenozoic era. Some long-term and early effects of the
collision may have included the Cenozoic drawdown of atmospheric
carbon dioxide triggered by the uplift of the Tibetan Plateau (e.g.
Raymo & Ruddiman 1992; Garzione 2008), a major reorganization
of the Carlsberg and Central Indian Ridges between Chron C18
(39 Ma) and C7 (24 Ma, Mercuriev et al. 1995), and the opening
of the Red Sea and Gulf of Aden at 29-24 Ma (Bosworth et al.
2005; Wolfenden ez al. 2005). To better understand the timings and

© The Author(s) 2019. Published by Oxford University Press on behalf of The Royal Astronomical Society.

lineations and fracture zones from an extended plate circuit between
the two plates (Fig. 2,Molnar & Tapponnier 1975; Patriat & Achache
1984; Dewey et al. 1989; Molnar & Stock 2009; Copley et al. 2010;
White & Lister 2012; laffaldano et al. 2013; Gibbons et al. 2015)
and from palacomagnetic latitudes estimated from oceanic drill
cores (e.g. Klootwijk er al. 1992).

Within the past 20 Myr, the period covered by this study, a topic
of ongoing interest has been whether widespread faulting and fold-
ing of the seafloor south of India, which began at 15.4-13.9 Ma
and accelerated sharply at 8.0-7.5 Ma (Gordon ef al. 1998; DeMets

1149

0202 ABIN| GO UO JoSN SaLIE.GIT UOSIPE|N-UISUOISIA JO AlIsIaAUN AQ 00G1295/61 | L/2/0ZzM0rsqe-ajoieB/woo dno-owepese/:sdny woly pepeojumoq


http://orcid.org/0000-0001-7460-1165
mailto:chuck@geology.wisc.edu

1150 C. DeMets, S. Merkouriev and S. Jade

Figure 1. Study area location map with India Plate GPS sites and shallow earthquakes for the period 1964 to late 2016. The red arrows show the velocities of
India Plate GPS sites relative to Eurasia that are used in this study to estimate the instantaneous angular velocities for the India Plate relative to the Eurasia and
Somalia plates, as described in the text. The boxed area locates the map in Fig. 3, where seafloor spreading data from the Carlsberg Ridge and Central Indian
Ridge are used to find closely spaced rotations for magnetic anomalies In through 6n. CR, Carlsberg Ridge; CIR, Central Indian Ridge; OFZ, Owen fracture
zone.

Plate motion constrained by data

Plate motion constrained by circuit closure

Figure 2. Plate circuit used to estimate India—Eurasia finite rotations and stage angular velocities. The blue-, green- and pink-shaded areas identify the five
plate boundaries from which plate kinematic data were used to estimate India—Eurasia plate motion. Plate name abbreviations are as follows: AN, Antarctic;
CP, Capricorn; EU, Eurasia; IN, India; NA, North America; NB, Nubia; SM, Somalia.
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et al. 2005; Krishna et al. 2009; Bull ef al. 2010), was triggered by
the uplift of the Tibetan Plateau, a change in India—Eurasia plate
motion (Molnar et al. 1993; Harris 2006; Molnar & Stock 2009)
or possibly an acceleration of Capricorn plate motion (laffaldano
et al. 2018). Using closely spaced rotations that they derived from
plate circuit rotations that connect India to Eurasia (Fig. 2), Molnar
& Stock (2009) report evidence for a =40 per cent decline in India—
Eurasia convergence rates between 20 and ~10 Ma, with apparently
steady rates since at least 10 Ma. Applying similar methods, laffal-
dano et al. (2013) also report a significant decline in convergence
rates from 20 to ~10 Ma, but slowly increasing rates since then.
Based on evidence for a significant change in Capricorn—Somalia
plate motion at 9-5 Ma, but steady India—Somalia plate motion
during this period, Iaffaldano e al. (2018) propose that the 8-7.5
Ma acceleration of seafloor deformation in the central Indian Ocean
basin originated via a change in the forces acting on the Capricorn
rather than India Plate, possibly via an increase in the eastward-
directed asthenospheric flow associated with the Reunion hotspot
plume.

Efforts to test hypotheses about interrelationships between India
Plate kinematics and dynamics and important geologic events such
as central Indian Ocean seafloor deformation and Tibetan Plateau
uplift require estimates of India Plate motion with sufficient ac-
curacy and temporal resolution to detect and quantify changes
in plate motion and determine their age to within 1-2 Myr. Re-
constructing the movement of India relative to Eurasia from rel-
ative motions within the India—Somalia—Antarctic-Nubia—North
America—FEurasia plate circuit is challenging because of the cu-
mulative effects of random and possible systematic errors in the
lengthy plate circuit. For example, estimates of India—Eurasia ro-
tations in all previous studies lacked reliable reconstructions of
slow motion between the Nubia and Somalia plates across the East
African rift system. In addition, interpolations between the often
widely spaced plate circuit rotations that were combined for all pre-
vious estimates of India—Eurasia rotations likely introduced arte-
facts in the magnitude and timing of their estimated plate motion
changes.

In this study, we estimate India—Eurasia plate motion for the
first time from high-resolution sequences of rotations for all five
plate pairs that connect India to Eurasia, including India—Somalia
rotations newly estimated for this analysis, Nubia—Antarctic and
Somalia—Antarctic rotations that constrain the slow motion be-
tween Nubia and Somalia (Merkouriev & DeMets 2014a; DeMets &
Merkouriev 2016), and Nubia—North America and Eurasia—North
America rotations not previously used to estimate India—FEurasia
motion (Merkouriev & DeMets 2014b; DeMets e al. 2015a,b).
Along with GPS-based angular velocities that we estimate for the
India Plate, we reconstruct India—Eurasia plate motion at 22 dis-
tinct times from 19.7 Ma to the present, averaging ~1-Myr between
time steps. Other advantages of this analysis with respect to pre-
vious studies include the following: (1) all the best-fitting plate
circuit rotations and uncertainties used for our analysis were esti-
mated using the same data fitting functions and methods. (2) All
the best-fitting plate circuit rotations were corrected for the bias-
ing effects of magnetic reversal outward displacement. (3) All five
plate circuit rotation sequences sample the same 21 magnetic re-
versals, nearly eliminating the need for any interpolations between
rotations, an important source of temporal artefacts in the recon-
structed plate motions. (4) Noise-reduced rotation sequences for all
five plate circuit pairs are combined in order to mitigate the cu-
mulative impact of random noise on our estimated India—Eurasia
rotations.
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2 METHODS

2.1 Best-fitting rotations and uncertainties

The methods and fitting functions we use to find India—Somalia
rotations that best fit magnetic reversal, transform fault and fracture
zone crossings are summarized below and described in detail by
Merkouriev & DeMets (2014a). Briefly, all the magnetic reversal,
transform fault and fracture zone crossings are inverted simulta-
neously to find the sequence of finite rotations that minimizes the
cumulative weighted least-squares data misfit based on different fit-
ting functions for each type of data. Magnetic reversal crossings are
fit using the great-circle fitting criteria of Hellinger (1981); frac-
ture zone crossings are fit using the Shaw & Cande (1990) flow
line methodology; transform fault crossings are fit using the small-
circle fitting function of Merkouriev & DeMets (2014a). An a priori
correction is applied to every best-fitting rotation to compensate
for outward displacement of the magnetic reversal boundaries, an
ubiquituous source of systematic error in finite rotations (DeMets
& Wilson 2008). Bootstrap resampling of the spreading segments,
fracture zone flow lines, and transform faults that comprise our
data is used to estimate covariances for all the best-fitting finite
rotations (Merkouriev & DeMets 2014a). The bootstrap resampling
algorithm, which samples a wide range of possible data weight-
ings, typically gives rotation uncertainties that are a factor-of-two
or larger than the formal covariances (Merkouriev & DeMets 2006).

2.2 Noise-reduced rotations and uncertainties

Sequences of best-fitting rotations that are closely spaced in time
sometimes predict erratic, rapid plate velocity changes that may
be kinematically and geodynamically implausible (Iaffaldano et al.
2014). To reduce this noise, we use REDBACK software, which
implements a trans-dimensional, hierarchical Bayesian method to
simultaneously mitigate noise in closely spaced best-fitting rotations
and quantify the timing and probability of plate motion changes (Iaf-
faldano et al. 2012). The Bayesian algorithm uses a Monte Carlo
method to generate millions of candidate finite rotation sequences
from an initial sequence of noisy, closely spaced finite rotations and
their covariances. Each trial sequence of finite rotations is assigned
a probability of being a faithful realization of the true finite rotation
sequence based on its distance from the starting rotations. The most
representative rotation sequence is defined as the weighted aver-
age of the candidate estimates. Nominal covariances are estimated
based on the range of candidate models that satisfy the algorithm’s
acceptability criteria.

2.3 Combining plate circuit rotations and uncertainties

We use standard methods for combining finite rotations for two or
more pairs of plates to determine the best-fitting and noise-reduced
India—Eurasia finite rotations and their covariances (e.g. Chang et al.
1990; Kirkwood et al. 1999; Doubrovine & Tarduno 2008). Finite
rotations A4 1n— eu that reconstruct the India Plate relative to Eurasia
were derived following:

Ainozy = (Anasev)(Ansona)(Aansys)
X (Asm— an)(Arn—sm), (1)

where for example A,NQSM describes the estimated rotation A
for the India onto the Somalia Plate (see eq. 2 of Doubrovine &
Tarduno 2008). The 3x3 covariance matrices Cjy _ gy that describe
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the uncertainties in A 1n— gy Were determined by propagating the

rotation covariances for each of the circuit plate pairs around the

plate circuit following eq. (3) from Doubrovine & Tarduno (2008).
In particular,

Civoev = (/IIN—>NA)TCNA—>EU (Arn—na)
+(Arnons) Cngona (Arv—ns)
H(A v an) Canons (Arvan)
+(Arvosm)" Csvan (Arv—sm)
+Cinsus (2)

where for example A INSAN = A SM— A N/i /N—su- The operations
in (2) transform the covariances Cyy — ru, Cng - n4> Can - ng, and
Csy — 4w into the India Plate coordinate system. Operations related
to (2) were carried out with the ADDROT algorithm [Royer &
Chang 1991, also see eq. (19) in Kirkwood et al. 1999].

The bootstrapping method that is used to estimate the covariances
for all the best-fitting rotations gives the same covariances no matter
which plate is held fixed when estimating a best-fitting rotation (i.e.
the bootstrap covariances are invariant to the frame of reference
in a two-plate reconstruction). The finite rotation covariances esti-
mated by REDBACK are similarly invariant to the plate that is held
stationary in a two-plate reconstruction.

Stage rotations that describe plate motion from time #, to #; were
determined using the standard method, that is given finite rotations
/i,z and A4 ., that reconstruct Plate B onto Plate A for times #, and
t1, the stage rotation A - that reconstructs the motion of Plate B

relative to Plate A from #, to # is given by A 1 /I,ZT. If the covari-
ances for both finite rotations are expressed in a common frame of
reference, the stage rotation covariances equal the sum of the co-
variances for /Itz and 4 +, - The stage rotations and their covariances
vary depending on whether they are tied to Plate A or B in the
above example and should thus be expressed relative to the same
plate, most commonly that of the stationary plate (Plate A in the
generic example above). The finite rotation covariances that express
uncertainties in the movement of the India Plate when rotated into
a Eurasia frame of reference using eq. (2) are by convention tied
to the moving India Plate. We therefore transformed those covari-
ances to the Eurasia Plate frame of reference prior to estimating
India-relative-to-Eurasia stage rotations and their covariances.

We determined stage angular velocities and covariances from the
stage rotations by dividing the stage rotation angles by the stage
time span and the stage rotation covariances by the square of the
stage time span. All the magnetic reversal ages are adopted from the
astronomically tuned GTS12 time scale (Hilgen et al. 2012; Ogg
2012).

2.4 Rotation interpolations

All five plate-circuit rotation sequences that we use to determine
India—Eurasia rotations reconstruct the same 21 magnetic reversals
(Table S1) except for chrons C5D and CSE for the Nubia—Antarctic
Plate pair, for which the ship and airplane survey coverage along
the western third of the Southwest Indian Ridge were too sparse to
yield reliable rotation estimates (DeMets ez al. 2015b). To overcome
this, we interpolated Nubia—Antarctic C5D and C5E rotations from
the next youngest and oldest rotations for this plate pair—those for
chrons 5Cn.3 (16.72 Ma) and 6ny (18.75 Ma). The interpolations
were done using the standard method described by Doubrovine &
Tarduno (2008).
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Figure 3. Locations of the 6858 India—Somalia magnetic reversal identifi-
cations for Chrons In through 6no and reconstructions of India Plate data
onto Somalia with their best-fitting rotations from Table 2. The map leg-
end defines the colour that identifies each set of reversal crossings. Fracture
zones B—G, which are reconstructed in Fig. 4, are shown by the red circle
sequences. The great circle segments that best fit each set of conjugate,
reconstructed reversal identifications are shown by the black lines on the
Somalia Plate. Reversal identifications that are in their original location are
identified with solid symbols (visible upon magnification of the figure). Re-
versal identifications that have been rotated from their original location on
the India Plate to their reconstructed Somalia Plate location are shown by
open symbols. The oblique Mercator projection is centred on 35°N, 24.4°W.

3 DATA

3.1 India-Somalia Plate kinematic data

Our new India—Somalia rotations are derived from ~7000 crossings
of 21 magnetic reversals between Chrons C1n and Céno (Fig. 3 and
Table S1) and ~2400 crossings of six fracture zones and four trans-
form faults that offset the Carlsberg and northern Central Indian
Ridges (Fig. 3). We use the same magnetic reversal identifications
for this study as for our two previous studies of India—Somalia plate
motion (Merkouriev & DeMets 2006; Bull et al. 2010) with only
a few notable differences. First, in order to align our new India—
Somalia rotation sequence with the rotation sequences for the other
four plate pairs in the global circuit, we identified all crossings of
chrons C5AC and Cé6ny, which were not included in our previous
studies, from the shipboard and airborne magnetic data described
by Merkouriev & DeMets (2006). Secondly, we revised our inter-
pretations of chron C3n.1 along several Carlsberg Ridge spreading
segments. Finally, we added new reversal identifications from sev-
eral ship tracks that were overlooked in our earlier studies.

The Carlsberg and northern Central Indian ridge fracture zone
flow lines and transform faults that constrain our India—Somalia ro-
tations were digitized from Russian ship bathymetry (Merkouriev &
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DeMets 2006) and GeoMapApp bathymetry (Carbotte et al. 2004,
www.marine-geo.org). We digitized the traces of fracture zones B
through G (Fig. 3), which are located north of the region where dis-
tributed deformation associated with the diffuse India—Capricorn—
Somalia triple junction east of the Central Indian Ridge might bias
the fracture zone trends (DeMets et al. 2005; Drolia & DeMets
2005). We similarly digitized the traces of four well-defined trans-
form faults, all north of or including Fracture Zone G. Individual
fracture zone and transform fault crossings were spaced every 1—
2 km, the approximate resolution of our bathymetric grid, and were
assigned 1o uncertainties of 0.7-7.5 km based on the quality of the
bathymetric mapping and the width and complexity of the fracture
zone or transform fault valley.

3.2 Other plate circuit rotations

The best-fitting and noise-reduced rotations for the other four plate
pairs that link India to Eurasia were estimated using the same meth-
ods as are outlined in Section 2. The best-fitting Eurasia—North
America rotations, which were derived from ~13 200 magnetic re-
versal, fracture zone, and transform fault crossings from the Arctic
basin spreading centres, the Kolbeinsey and Reykjanes Ridges and
the Mid-Atlantic Ridge north of the Azores triple junction (Merk-
ouriev & DeMets 2014b), sample all 21 reversals that are listed in
Table S1. Viaa REDBACK (Bayesian) analysis of these best-fitting
rotations, DeMets et al. (2015a) derive noise-reduced rotations with
misfits to the original magnetic reversal crossings that are only 0—
300 m larger than for the best-fitting rotations and less than 1 km
larger for the fracture zone flow lines. The noise-mitigated rotations
describe a simpler kinematic history than the best-fitting rotations
without incurring a significant fitting penalty to the original data.

For the Nubia—North America Plate pair, we use best-fitting and
noise-reduced finite rotations from Merkouriev & DeMets (2014b)
and DeMets et al. (2015a), also for all 21 times listed in Ta-
ble S1. The best-fitting rotations were estimated from ~12 900
Mid-Atlantic Ridge magnetic reversal, fracture zone, and transform
fault crossings. The fitting penalties for the noise-reduced rotations
are a few hundred meters or less for all the reconstructed magnetic
reversals and fracture zones, once again too small to be significant
(DeMets et al. 2015a).

For the Nubia—Antarctic and Somalia—Antarctic Plate pairs, we
adopt best-fitting and noise-reduced finite rotations from DeMets
et al. (2015b). The Nubia-Antarctic rotations for 19 of the 21 times
listed in Table S1 were estimated from ~3500 magnetic reversal,
fracture zone, and transform fault crossings from the western third
of the Southwest Indian Ridge (0-32"E). The Somalia-Antarctic
rotations reconstruct ~4000 magnetic reversal, fracture zone, and
transform fault crossings from the eastern third of the Southwest
Indian Ridge (52-70.1"E) at all 21 times in Table S1. The fitting
penalties for the noise-reduced rotations for both plate pairs are a
few hundred metres or less, too small to be significant (DeMets
et al. 2015b).

3.3 GPS geodetic data: India, Eurasia and Somalia plates

We estimated instantaneous angular velocities for the India, Soma-
lia and Eurasia plates from the velocities of 97 continuous and 3
campaign GPS sites on the three plates. The data from 78 of the 100
GPS sites are openly available and were processed using GIPSY
software (Zumberge et al. 1997) and methods described in the Sup-
porting Information. Data from the other 22 sites, all on the India
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Plate (Jade et al. (2017), are proprietary and were processed using
GAMIT/GLOBK software (Herring 2003). The data from all 100
stations were processed using orbit and other files appropriate for
ITRF2014. The raw GPS observations variously span the period
January 1993 to May 2019 (Table S2).

Linear regressions of the weighted daily station Cartesian coor-
dinates were used to estimate individual station velocities and any
offsets due to earthquakes or other causes. We did not estimate and
correct for transient effects associated with earthquakes, but for sev-
eral sites, we downweighted or excluded observations from times
of obvious transient post-seismic deformation to reduce their effect
on the estimated site velocity. We also did not estimate and remove
seasonal terms. This had little effect on the velocities of the 71 sites
on the Eurasia and Somalia plates, most of which had time-series
longer than 10 yr and only one of which had a time-series shorter
than 3 yr (Table S2).

Table S2 specifies the velocities of all 100 GPS sites relative
to ITRF2014 (Altamimi et al. 2016). Displays of the coordinate
time-series and text files with the daily east, north and vertical
displacements for all 29 India Plate GPS sites are included in the
Supporting Information given that the restricted data for 22 of the
sites are not otherwise available for inspection.

Fig. 1 shows the velocities of all 29 India Plate GPS sites that
were used to estimate the India plate angular velocities relative to
ITRF2014 and the Eurasia and Somalia plates (the site codes are
shown in Fig. S1 for convenience). The India-ITRF2014 angular ve-
locity that best fits the 29 GPS site velocities (Table 1) has respective
weighted root-mean-square (WRMS) misfits of 1.05 and 0.85 mm
yr~! to the velocity components that are parallel (tangential) and or-
thogonal (radial) to small circles about the best-fitting India-ITRF14
pole (Fig. S2). The 13 stations with the best-determined velocities,
those with time-series longer than 3 yr, have a cumulative data
importance of 2.13, equal to 71 per cent of the information that
constrains the three parameters that describe the best-fitting angular
velocity. The remaining information (29 per cent) is contributed
by the more uncertain velocities for the 16 sites with time-series
shorter than 3 yr. The WRMS misfits for the 13 sites with longer
time-series are 0.74 and 0.68 mm yr~' for the tangential and ra-
dial velocity components, roughly half the 1.70 mm yr~' tangen-
tial and 1.24 mm yr~!' radial misfits for the 16 sites with shorter
time-series.

The residual velocities for the 29 India Plate GPS sites do not
reveal any patterns consistent with possible deformation of the plate
interior, in accord with conclusions reached by Jade ef al. (2017).
Reduced chi-square, the least-squares misfit to the 29 site veloc-
ities normalized by the degrees of freedom, is 2.04. The average
weighted misfits are thus 240 per cent larger than the estimated
velocity uncertainties. We accordingly increased the covariances of
the India-ITRF2014 angular velocity listed in Table 1 by a factor
of 2.04 relative to the formal covariances to compensate for the
underestimated velocity uncertainties.

We estimated the Eurasia-ITRF2014 angular velocity from the
velocities of 60 GPS sites well distributed in the plate interior (Fig.
S3), taking care to exclude stations from known areas of internal
plate deformation such as Fennoscandia, where measurable post-
glacial isostatic rebound occurs. The best-fitting angular velocity
(Table 1) has respective WRMS misfits of 0.3 and 0.4 mm yr~! to
the tangential and radial velocity components. Reduced chi-square
is 1.78, indicating that the average weighted misfits are ~30 per cent
larger than the estimated velocity uncertainties. The Eurasia Plate
angular velocity covariances in Table 1 were accordingly increased
by a factor of 1.78 relative to their formal estimates.
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We estimated the Somalia-ITRF14 angular velocity from the
velocities of 11 GPS sites selected to avoid areas of distributed
deformation along the plate boundaries (Saria et al. 2014). The 11
site velocities (see Fig. S4) are well fit by their best-fitting angular
velocity (Table 1), with WRMS misfits of 0.6-0.7 mm yr~! to the
two velocity components. Reduced chi-square for the best-fitting
angular velocity is 1.84, indicating that the average weighted misfits
are 36 per cent larger than the estimated velocity uncertainties.
The Somalia Plate angular velocity covariances in Table 1 were
accordingly increased by a factor of 1.84.

The angular velocities and angular velocity covariances for all
three plates relative to ITRF2014 are given in Table 1 along with
India—Somalia and India—Eurasia angular velocities that we derived
by summing the three angular velocities and their covariances. Later
in the analysis, we compare the instantaneous relative motions that
are predicted by these angular velocities to their corresponding
long-term plate motions.

We tested for possible systematic biases between our GAMIT-
and GIPSY-derived India Plate site velocities using a simple pro-
cedure. We first inverted the velocities of all 28 GAMIT-processed
GPS sites on the India Plate to find their best-fitting angular velocity
and associated least-squares misfit. We then solved for the angular
velocity that best fits the velocities of six India Plate GPS sites for
which we processed the data with GIPSY (five of which overlapped
the stations whose data were also processed with GAMIT). We
then simultaneously inverted all 34 station velocities to find their
combined best fitting angular velocity and misfit. An F-ratio test
comparison of the least-squares misfit for the latter best-fitting an-
gular velocity to the summed least-squares misfits for the GAMIT-
and GIPSY-derived angular velocities indicates that the two differ at
only the 60 per cent confidence level for 3 versus 28 degrees of free-
dom. The GAMIT- and GIPSY-derived site velocities are thus con-
sistent at a high confidence level. The GAMIT- and GIPSY-derived
India-ITRF2014 angular velocities predict linear site motions that
differ by less than 1 mm yr~' and 1.3° at most locations on the India
Plate, too small to affect any of our interpretations and conclusions.

4 RESULTS: INDIA-SOMALIA
LONG-TERM AND INSTANTANEOUS
MOTIONS

4.1 India—Somalia Plate rotations and data fits

Our new sequence of India—Somalia best-fitting rotations (Table 2)
was determined from a simultaneous inversion of 6858 crossings of
21 magnetic reversals, 2293 crossings of six fracture zones and 101
crossings of four transform faults from the Carlsberg and northern

Table 1. Angular velocities from GPS site velocities.

Central Indian Ridges (Table S1). The rotation covariances were
estimated using the bootstrapping method described in Section 2.1.
Noise-reduced rotations and covariances, both determined from a
REDBACK analysis of the best-fitting rotations, are given in Table 2.
The fits, poles and stage velocities for the best-fitting and noise-
reduced rotations are described below.

Fig. 3 shows all 6858 reversal crossings in their original locations
and rotated onto the Somalia Plate by the best-fitting rotations in
Table 2. The WRMS misfits for the reconstructed reversal crossings
average 1.7 km and range from 1.3 to 2.2 km per reversal (Table S1),
the same as reported in our earlier study (Merkouriev & DeMets
2006). Reconstructing the same reversal crossings with the noise-
reduced rotations in Table 2 gives WRMS misfits close to the misfits
for the best-fitting rotations (Table S1); for 17 of the 21 magnetic
reversals, the WRMS misfit for the noise-reduced rotation exceeds
its corresponding best-fitting rotation misfit by less than 0.5 km, a
difference we consider to be insignificant.

Fig. 4 compares all six observed fracture zone flow lines to flow
lines reconstructed with the best-fitting and noise-reduced rotations.
The traces of all six fracture zone flow lines are slightly sigmoidal,
which we show below corresponds to a gradual ~3° anticlockwise
rotation of the plate slip direction since 20 Ma. The WRMS flow
line misfits for our best-fitting rotation sequence increase from only
0.4 km for the youngest portions of the flow lines to 5-6 km for
the oldest portions (Table S1). The increase in misfit with fracture
zone age is due partly to the greater difficulty in locating where
palaeoslip occurred within older sections of fracture zone valleys,
for which survey coverage is often poorer than for fracture zones
closer to the ridge axis. The tendency of some seafloor spreading
segments to propagate slowly parallel to the ridge and hence cause
fracture zone traces to depart from lines of pure slip also contributes
to some of the increase in misfit with fracture zone age.

Fig. S5 compares fracture zone flow lines reconstructed with the
best-fitting rotations to flow lines reconstructed with the best-fitting
rotations from our earlier study (Merkouriev & DeMets 2006). The
new flow lines vary more smoothly and thus describe a simpler
plate kinematic history than do the latter flow lines. The improve-
ment is attributable to the flow line fitting criteria we use to derive
the new best-fitting rotations (Section 2.1), which is more appro-
priate for fitting fracture zones than the Hellinger (1981) fitting
function we used in our earlier study. The same figure also shows
that flow lines reconstructed with the noise-reduced rotations in Ta-
ble 2 vary more smoothly than do the flow lines reconstructed with
the new best-fitting rotations, as expected. Given that the simpler,
noise-reduced flow lines do not significantly degrade the WRMS
misfit (Table S1), the India—Somalia noise-reduced rotations are our
preferred estimates.

Plate GPS Lat. Long. 1)

Variances and covariances

pair sites (°N) (°E)  (°Myr'Y) @y, o0

@;, 0 O yy Oy o Oxy Oz 0y

EU-ITRF14 60 54.20 260.05 0.258 —0.0260 —0.1484  0.2088 0.52 0.07 0.71 0.10 0.56 0.11
IN-ITRF14 29 51.51 —4.00 0.509 03160  —0.0221  0.3983 2.67 43.17 522 9.29 2.96 1.37
SM-ITRF14 11 48.76 265.69 0.314 —0.0156 —0.2067  0.2364 6.70 8.47 1.27 6.82 —-1.72 1.27
IN-EU 89 27.47 20.26 0.411 0.3421 0.1263 0.1896 3.19 43.24 5.93 9.39 3.52 1.48
IN-SM 40 23.11 29.10 0.413 0.3316 0.1846 0.1620 9.37 51.64 6.54 16.11 1.24 2.64

These angular velocities describe rotation of the first listed plate relative to either ITRF14 or the second listed plate. The ITRF 14 reference frame is constrained
to evolve in a manner identical to ITRFTRF14 (Altamimi et al. 2016), hence the angular velocities are the same as if ITRFTRF14 were the geodetic reference
frame. The columns labelled ‘Lat.’, ‘Lon.’, and @ specify the pole coordinates and angular rotation rate of the angular velocity that best fits the GPS station
velocities. Angular velocity covariances have units of 10~ radians? Myr’z. EU, Eurasia Plate; IN, India Plate; SM,- Somalia Plate.
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4.2 India—Somalia poles: best-fitting and noise-reduced

The best-fitting and noise-reduced poles (Table 2) are clustered
within a few arc degrees of 23°N, 31°E (Fig. 5), close to the
MORVEL 3.16-Myr-average pole (DeMets et al. 2010). The poles
for reversals older than Chron C5AD (14.61 Ma) are typically sev-
eral angular degrees farther from the Carlsberg Ridge than are the
poles for reversals younger than C5AD, consistent with a modest
migration of the pole toward the plate boundary since ~15 Ma. On
average, the new poles are located ~1-2 angular degrees north of
the India—Somalia rotation poles of Merkouriev & DeMets (2006)

Table 2. India—Somalia finite rotations and covariances

Post-20 Ma India-Eurasia-Somalia plate motion 1155
and Bull ef al. (2010). We attribute this change to the improved
constraints that the fracture zone flow lines impose on the pole
locations.

4.3 India—Somalia stage velocities and realistic
uncertainties

Fig. 6 shows India—Somalia seafloor spreading rates and directions
since 20 Ma near the present geographic centre of the Carlsberg
Ridge as estimated with angular velocities variously derived from

Chron Age Lat. Long. Q Covariances

(Ma) (°N) (°E) (deg.) a b c d e f

Best-fitting
In 0.781 23.05 31.28 0.306 1.3 2.0 —0.1 5.5 0.2 0.6
2n 1.778 23.96 33.64 0.726 1.2 1.4 —0.4 33 0.6 1.1
2An.1 2.581 24.24 31.13 1.008 1.3 1.5 —0.6 4.5 0.7 1.5
2An3 3.596 21.93 35.54 1.560 2.1 2.0 —1.0 5.1 1.1 2.5
3n.1 4.187 24.30 30.03 1.646 15.9 20.2 —4.6 33.6 —0.1 6.4
3n4 5.235 2297 32.83 2.161 3.0 2.8 —-1.2 6.3 0.3 1.8
3An.1 6.033 23.40 30.80 2.390 3.0 2.7 —0.8 7.2 0.9 2.4
3An.2 6.733 22.81 31.76 2.699 4.1 2.3 -3.1 5.9 1.2 5.3
4n.1 7.528 2291 31.77 2.998 33 4.0 —1.6 9.6 0.8 3.4
4n.2 8.108 22.74 31.52 3.257 1.8 1.9 -0.9 7.8 1.7 24
4A 9.105 23.19 30.96 3.623 2.2 1.0 —2.0 5.9 2.7 4.6
5n.1 9.786 23.60 30.52 3.840 4.7 2.5 -33 8.3 2.7 6.3
5n.2 11.056 23.59 30.68 4.361 2.9 1.9 —1.6 5.5 1.6 35
5An.2 12.474 2432 29.73 4.847 4.0 3.2 -2.0 7.8 1.7 42
5AC 13.739 23.54 32.02 5.594 12.1 5.1 —9.4 15.8 6.6 17.7
5AD 14.609 25.00 29.46 5.717 10.0 1.7 —11.1 9.6 3.5 16.6
5Cn.1 15.974 25.15 29.79 6.379 10.0 —-1.2 —12.0 7.9 6.1 18.5
5D 17.235 25.04 31.01 7.168 23.8 -3.0 —26.6 10.7 10.5 35.7
SE 18.056 25.28 30.90 7.625 21.9 —6.1 —27.5 16.7 17.2 424
6ny 18.748 25.34 30.72 7.981 32.1 —1.8 —35.0 22.7 17.0 51.0
6no 19.722 25.49 30.36 8.384 14.6 8.0 —8.5 24.1 4.4 12.3
Noise-reduced

In 0.781 —23.34 212.66 —0.315 16.3 8.8 9.9 6.4 7.8 9.6
2n 1.778 —23.29 212.56 —0.719 25.7 9.8 9.2 9.3 12.0 16.2
2An.1 2.581 —23.23 212.47 —1.044 36.6 10.8 8.4 12.7 16.9 23.7
2An3 3.596 —23.13 212.32 —1.467 61.9 16.8 12.1 21.0 28.1 39.9
3n.1 4.187 —23.12 212.17 —1.701 67.0 15.1 8.5 222 30.3 43.8
3n4 5.235 —23.13 211.90 —2.117 71.3 11.9 3.1 23.1 32.1 474
3An.1 6.033 —23.17 211.69 —2.430 76.6 11.9 22 24.8 34.6 51.2
3An.2 6.733 —23.21 211.54 —2.705 84.5 13.2 2.7 27.4 38.1 56.1
4n.1 7.528 —23.29 211.38 —3.018 95.8 15.7 4.5 31.2 43.1 63.0
4n.2 8.108 —23.36 211.28 —3.246 105.6 18.7 7.0 345 47.4 68.7
4A 9.105 —23.51 211.13 —3.635 126.0 26.5 14.9 41.6 56.2 80.0
5n.1 9.786 —23.63 211.05 —3.900 143.8 34.1 23.0 47.8 63.8 89.5
5n.2 11.056 —23.85 210.92 —4.397 178.8 50.7 40.9 60.0 78.5 107.5
5An.2 12.474 —24.10 210.80 —4.957 218.1 71.7 64.8 73.7 94.5 126.1
SAC 13.739 —24.32 210.71 —5.487 251.2 89.6 84.9 85.2 107.9 141.9
SAD 14.609 —24.48 210.65 —5.841 251.7 93.8 91.1 85.5 107.5 139.9
5Cn.1 15.974 —24.71 210.57 —6.467 245.9 93.8 923 83.4 104.3 135.0
5D 17.235 —24.92 210.50 —7.123 183.6 56.0 48.6 61.7 79.6 106.8
5E 18.056 —25.06 210.46 —7.536 141.7 27.7 15.1 47.0 63.2 89.0
6ny 18.748 —25.18 210.42 —7.874 114.8 53 —12.6 37.2 53.0 79.0
6no 19.722 —25.35 210.35 —8.355 94.6 —17.9 —423 30.3 46.8 74.9

Note: These finite rotations reconstruct the Somalia Plate onto the India Plate and include an adjustment for 3.5 km of outward displacement. The rotation
angles 2 are positive anticlockwise. The rotations and their covariances are determined using methods described in the text. The covariances have units of 103
radians?. Elements a, d and fare the variances of the (0°N, 0°E), (0°N, 90°E) and 90°N components of the rotation. The covariance matrices are reconstructed

abc
bde

ce f

as follows:
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Figure 4. Fits of India—Somalia flow lines estimated with stage rotations derived in this study (red and black lines) to fracture zone flow lines digitized from
bathymetry (blue lines). The green circles for fracture zones B, E, F and G show the digitized locations of their transform faults, which constrains the Chron
In rotation. The best-fitting and noise-reduced flow lines were derived from rotations respectively given in Table 2. All units in the graph are in kilometers.

our noise-reduced rotations (in Table 3), from our best-fitting rota-
tions, and from the best-fitting rotations in table S3 of Bull et al.
(2010). The estimated spreading rates declined by 25-30 per cent
between ~17 Ma and 12.47-11.06 Ma (Fig. 6a), after which they re-
mained steady or nearly steady to the present. The newly estimated
rates are consistent with those reported by Merkouriev & DeMets
(2006) and Bull ef al. (2010), as expected given that many of the
same data were used to derive them.

The spreading rates estimated with our best-fitting stage rota-
tions (blue symbols in Fig. 6) exhibit several variations that merit
consideration. We interpret five to ten per cent variations in the best-
fitting seafloor spreading rates between 9 and 3 Ma (blue circles in
Fig. 6a) as likely artefacts of small but systematic misidentifica-
tions of the precise locations of one or more magnetic reversals.
In particular, the ~3 mm yr~! difference between the best-fitting
rates for the 6.03—4.19 Ma and 4.19-2.58 Ma intervals (C3An.1—
C3n.1 and C3n.1-C2An.1, respectively) is most likely caused by a
small but systematic mislocation of the young edge of Chron C3n.1.
Fig. S6 shows that the shape of Chron C3n.1n becomes increasingly
irregular at spreading rates that are slower than 40 mm yr~'. The

irregular anomaly shape makes it difficult to identify the precise
location of C3n.1 along the Carlsberg Ridge, where spreading rates
have averaged 3040 mm yr~! for the past 10 Myr. A systematic
mislocation of only 1.4 km in our identification of the young edge
of Chron 3n.1 would be sufficient to explain the entire 2.8 mm
yr~! difference between the 6.03—4.19 Ma and 4.19-2.58 Ma stage
rates. Similarly, the young edge of Chron 4n.1, which is the other
magnetic reversal associated with a sudden 3 mm yr~! change in
the sequence of best-fitting spreading rates (Fig. 6a), is difficult to
locate precisely at slow spreading rates due to interference from the
nearby, short-duration Anomaly 3Br.2n.

Given the general steadiness of the best-fitting stage rates for the
past 12.47 Myr, we inverted the magnetic reversal, fracture zone,
and transform fault crossings for chrons C1nto C5An.2 (12.47 Ma),
totaling 6178 data and including 14 distinct magnetic reversals, to
identify the pole and angular rotation rate that best fit the entire
ensemble of data. The misfits of the best-fitting pole and angular
rotation rate (23.9°N, 30.4°E, 0.391° Myr™") to the crossings of the
14 reversals in the Cln-to-C5An.2 sequence differ insignificantly
from those of the best-fitting rotations, with differences in their
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Figure 5. A - Comparison of the India—Somalia GPS pole (Table 1) and best-fitting (open circles) and noise-reduced (solid circles) poles from Table 2. All of
the pole confidence ellipses are 2-D 95 per cent. The light shaded region is for the GPS pole. For clarity, other ellipses are shown only for selected magnetic
reversals. The blue rectangle in the inset map locates the main map in relation to the regional plate boundaries (red lines). IN; India. SM; Somalia. Panels B and
C show projections of the GPS, MORVEL and Cln, C2n and C2An.1 noise-reduced angular velocities onto east-west and north—south vertical cross-sections

that pass through 23.0°N, 32.0°E.

respective WRMS misfits that are smaller than 300 m for 11 of the
14 reversals in the sequence and never more than 800 m.

Based on the comparable fits of the constant-motion angular ve-
locity listed in the previous paragraph and the best-fitting rotations
in Table 2, we interpret our data as consistent with steady or nearly
steady India—Somalia plate motion since 12.47 Ma. The 12.47-Ma-
average seafloor spreading rate estimated with the constant-motion
angular velocity, 28.6 mm yr~! (grey lines in Fig. 6a), agrees to
within 0.5 mm yr~! with the spreading rates that are estimated
with our noise-reduced angular velocities (Table 3) for 13 of the
14 time intervals since 12.47 Ma. That the estimated noise-reduced
rates from 12.47 to 9.79 Ma are faster by 0.5-1 mm yr~! than
the 12.47-Ma-average spreading rate may indicate that the 25—
30 per cent decline prior to 12.47 Ma continued as recently as
9.79 Ma.

The best-fitting and noise-reduced slip directions have remained
relatively constant since 20 Ma (Fig. 6b), averaging N35°E near
the geographic midpoint of the Carlsberg Ridge and varying by no
more than £2° from the average. The slip directions change more
smoothly than the directions estimated with the Bull ez al. (2010)
rotations, which change erratically from one interval to the next

(open circles in Fig. 6b). This improvement is directly attributable
to the fracture zone flow line fitting function that is used to estimate
the best-fitting rotations in this

kii-study.

We interpret the the &1 mm yr~! scatter of the best-fitting stage
rates relative to the noise-reduced rates as an approximation of the
realistic 95 per cent uncertainties in our best-fitting stage rates. The
95 per cent uncertainties in the noise-reduced spreading rates, which
are derived from the nominal covariances estimated by REDBACK,
also average +1 mm yr~'. We thus consider the spreading rate
uncertainties estimated by REDBACK to be realistic for this plate
pair.

4.4 Comparison to GPS

Our new GPS-derived India—Somalia rotation pole (Table 1) is lo-
cated ~2-3 angular degrees west of the numerous plate kinematic
poles (Fig. 5a). The GPS-derived angular velocity (Table 1) pre-
dicts an instantaneous spreading rate of 30.640.9 mm yr~! (95 per
cent uncertainty), 2 mm yr~! faster than estimated with our noise-
reduced stage angular velocities (Fig. 6a). Fig. 7(a) emphasizes that
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Figure 6. India relative to Somalia forward stage velocities estimated from noise-reduced stage angular velocities in Table 3, best-fitting angular velocities
derived from finite rotations in Table 2, and the GPS angular velocity in Table 1. The velocities are estimated along a flow line that originates at 2.6°N, 66.8°E
along the Carlsberg Ridge (star in the inset map). (a) Stage spreading rates. The pink shaded region and GPS error bar show the nominal 1o uncertainties in the
noise-reduced and GPS opening rates as propagated from the covariances in Tables 1 and 3. (b) Stage plate slip directions. The horizontal dashed lines shown
in both panels span the time intervals associated with the stage rotations. All rates are corrected for outward displacement. IN, India; SM, Somalia.

the instantaneous rates measured at GPS sites on the India Plate
(Fig. 7a) are 2-2.5 mm yr~! faster (in a Somalia Plate frame of
reference) than the rates predicted with the noise-reduced angular
velocities for all intervals since 2.58 Ma. The directions predicted
with the noise-reduced angular velocities agree to within 3° (Fig. 6b)
or less than 0.5 mm yr~! equivalent (Fig. 7b) with the instantaneous
directions indicated by GPS.

We tested the consistency between our new GPS and plate kine-
matic angular velocities by using the GPS-derived angular velocity
to reconstruct the numerous plate kinematic data for Chrons 1n,
2n, 2An.1 and 2An.3. The least-squares misfit for the GPS angular
velocity to the numerous data for these four reversals, x> = 7891,
greatly exceeds the summed least-squares misfits x> = 1468 for the
rotations that best fit the same data. The GPS angular velocity is
thus inconsistent with the plate kinematic data.

Interpreted literally, our new GPS angular velocity predicts that
Carlsberg and northern Central Indian Ridge seafloor spreading
rates have accelerated ~10 per cent during the past few hundred

thousand years. We consider this unlikely given the apparent steadi-
ness of India—Somalia plate motion since at least 10 Ma (see pre-
vious section). In Section 6.3, we explore other possible sources of
this difference.

5 RESULTS: INDIA-EURASIA
LONG-TERM AND INSTANTANEOUS
MOTIONS

Table 4 lists the India—Eurasia best-fitting and noise-reduced finite
rotations and uncertainties that we derived by applying (1) and (2)
to the plate circuit rotations described above. Table 5 lists India—
Eurasia angular velocities and covariances we determined from the
noise-reduced finite rotations in Table 4. The noise-reduced finite
rotations and angular velocities predict a simpler kinematic history
for the India—Eurasia Plate pair than do the best-fitting rotations and
are thus preferred. For comparisons to the noise-reduced results, we
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Table 3. India—Somalia noise-reduced stage angular velocities.
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Age Age Lat. Long. @ Covariances

(Ma) (Ma) (°N) (°E) (degrees) a b c d e f
0.000 0.781 23.34 32.66 0.405 15.89 8.57 7.28 7.85 4.86 4.86
0.781 1.778 23.25 32.49 0.406 7.82 3.40 3.17 4.49 222 2.61
1.778 2.581 23.09 32.25 0.405 11.65 5.15 4.84 6.72 3.20 3.82
2.581 3.596 22.90 31.94 0.417 30.58 16.17 14.10 15.09 8.65 9.25
3.596 4.187 23.08 31.28 0.396 43.15 22.47 19.52 21.38 12.51 12.80
4.187 5.235 23.19 30.77 0.397 14.43 5.29 5.31 8.70 3.95 4.91
5.235 6.033 23.43 30.29 0.392 16.27 4.96 5.62 10.48 4.28 5.61
6.033 6.733 23.62 30.19 0.394 12.09 2.54 3.44 8.60 2.97 4.84
6.733 7.528 23.97 30.07 0.393 10.41 2.10 3.04 7.54 2.51 4.19
7.528 8.108 24.34 29.98 0.393 12.04 2.78 3.93 8.57 2.85 4.57
8.108 9.105 24.82 29.91 0.391 9.81 2.83 3.62 6.74 2.19 3.71
9.105 9.786 25.24 29.92 0.390 13.87 5.14 5.56 8.47 3.12 5.38
9.786 11.056 25.61 29.95 0.392 9.71 3.85 4.00 5.58 2.36 3.71
11.056 12.474 26.12 29.93 0.395 11.29 5.10 4.97 5.90 2.79 4.29
12.474 13.739 26.39 30.02 0.419 46.90 25.65 23.66 19.63 13.35 14.28
13.739 14.609 26.91 29.78 0.407 88.86 48.85 45.69 36.92 24.87 27.26
14.609 15.974 2691 29.94 0.459 42.71 23.38 21.67 17.09 12.81 13.15
15.974 17.235 27.03 30.00 0.520 93.88 52.29 48.77 36.55 28.36 28.37
17.235 18.056 27.48 29.86 0.504 69.00 36.51 35.10 29.07 20.15 22.18
18.056 18.748 27.85 29.73 0.489 59.96 28.78 29.07 28.53 15.95 21.94
18.748 19.722 28.34 29.47 0.495 63.91 27.12 29.18 35.68 14.17 27.14

These angular velocities specify India Plate motion relative to the Somalia Plate during the time period given in the first two columns, as determined from
the REDBACK noise-reduction software (Iaffaldano ef al. 2014). They include corrections for 3.5 km of outward displacement, as described in the text. The
angular rotation rates @ are positive anti-clockwise. The Cartesian angular velocity covariances, which are defined in the Table 2 caption, are calculated in a
Somalia-fixed reference frame and have units of 10~® radians?> Myr—2. Noise-reduced stage angular velocities and covariances for the Somalia Plate relative

to India Plate differ insignificantly from these and are not listed.

also determined but did not tabulate angular velocities from the
best-fitting finite rotations.

The best-fitting and noise-reduced poles are clustered near 28°N,
22°E (Fig. 8), several angular degrees from the 3.16-Myr-average
MORVEL pole (DeMets et al. 2010), but consistent with the new
GPS pole (Table 1). The consistency of all the pole locations for
times back to 12.47 Ma (C5An.2) suggests that the India—Eurasia
pole has been stationary since 12.47 Ma.

5.1 India—Eurasia displacements and stage velocities

Fig. 9 shows the post-19.7-Ma paths of four representative points
along the India Plate’s northern boundary reconstructed with the
noise-reduced India—Eurasia rotations. For times back to and in-
cluding 12.47 Ma (C5An.2), the reconstructed flow lines differ
insignificantly from small circles that are centred on the C5An.2
noise-reduced pole (dashed lines in Fig. 9). The flow lines are thus
consistent with a stationary pole location since 12.47 Ma. For times
before 12.47 Ma, the reconstructed flow lines are located system-
atically 10-15 km west of the same small circle paths, consistent
with a plate motion change at 12.5 Ma. The reconstructed distances
along the 82°F flow line (inset to Fig. 9) are best fit by slopes of
55.342.6 km Myr~! (20 uncertainty) for times before 12.47 Ma
and 40.5+0.5 km Myr~! for times since 12.47 Ma, also consistent
with a change in plate motion at 12.54+1 Ma.

Convergence rates that we estimated using the noise-reduced and
best-fitting angular velocities further reinforce our evidence for a
change in India—Eurasia plate motion between 12.47 and 11.06 Ma
(Fig. 10). The plate convergence rate declined by ~50 per cent
from more than 60 mm yr~! at 19 Ma to 40 mm yr~! at 12.47
Ma (Fig. 10a), since which the rate has been steady or increased 2—
3 mm yr~!. The direction of convergence rotated ~5° anticlockwise
at 12.47 Ma (Fig. 10b), since which it has not varied by more than

1-2°. Within the uncertainties, neither the rotation pole nor the
angular rotation rate has changed significantly since at least 11.06
Ma and possibly 12.47 Ma.

5.2 India-Eurasia comparison to GPS

At a central location on the India—Eurasia Plate boundary, our new
India—Eurasia GPS angular velocity predicts a convergence direc-
tion that is nearly identical to our new plate kinematic estimates
(Fig. 10b), buta convergence rate thatis 5 mm yr~! slower (Fig. 10a).
Given that the GPS and plate kinematic poles are nearly equidistant
from the plate boundary (Fig. 11a), the slower convergence rate
that is predicted by the GPS angular velocity stems from an angu-
lar rotation rate that is 16 per cent slower than our plate kinematic
estimates (Figs 11b and c). Fig. 12 highlights the difficulty in rec-
onciling the 4-5 mm yr~! difference between the plate kinematic
and GPS estimates, which significantly exceeds the random errors
in the highly consistent plate kinematic estimates or the 29 India
Plate GPS site velocities.

We consider a literal interpretation of the above, namely that
India—Eurasia convergence rates began declining rapidly during the
past few hundred thousand years or more recently, to be unlikely
given the plate kinematic evidence for steady or slowly increasing
convergence rates since 12.47 Ma (Fig. 10a). Other possible causes
for the difference are discussed in Section 6.3.

6 DISCUSSION

6.1 Comparison to previous India—Eurasia plate motion
estimates

Molnar & Stock (2009) estimate India—Eurasia motion since 67.7
Ma from published rotations from the plate circuit shown in Fig. 2
and estimates of Nubia—Somalia plate motion for Chron C2An.2
(3.16 Ma, Horner-Johnson et al. 2007) and Chron C5n.2 (11.06
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Figure 7. Velocities (filled red circles) of the 29 India (IN) Plate GPS sites transformed to the Somalia Plate frame of reference with the Somalia-IGS14
angular velocity in Table 1. The map inset locates all 29 sites and displays their motions relative to the Somalia Plate. The red lines in (a) and (b) show the
velocity components estimated with the India—Somalia GPS angular velocity from Table 1. The dashed lines in (a) and (b) and the legend show India—Somalia
velocities estimated with four angular velocities from Table 3 that span the past 3.6 Myr. The velocities estimated with MORVEL (blue lines) average the
plate motion over the past 3.16 Myr. The blue and pink shaded regions show 1o velocity uncertainties. The horizontal axis shows the arc distance from the
India—Somalia GPS pole to the 29 India Plate GPS sites (small circles that mark arc distances of 36°, 44° and 52° are shown in the map inset). Panels (a) and
(b) show the components of motion that are locally parallel (tangential) and orthogonal (radial) to the small circles in the inset map, which are centred on the

best-fitting India—Somalia GPS pole.

Ma, Lemaux et al. 2002). Angular velocities determined from their
finite rotations predict India—Eurasia convergence rates that decline
~40 per cent from 20—10 Ma, but remain steady since 10 Ma (blue
line in Fig. 13), similar to our results. Our best-fitting and noise-
reduced poles are more tightly clustered than their India—Eurasia
poles (Fig. 8), as expected given the larger number of data that con-
strain our plate circuit rotations and the other methods that were used
to improve the signal-to-noise ratio in all the rotations. The India—
Eurasia flow lines predicted with our rotations are simpler than

those predicted with the Molnar & Stock (2009) rotations (Fig. 9),
as expected given the tighter clustering of our poles. For times
before 11 Ma, the flow lines that are predicted by our respective
rotation sequences differ systematically in location by 50-70 km.
Roughly two-thirds of this difference is attributable to our improved
estimates of Nubia—Somalia plate motion.

Copley et al. (2010) use previously published global plate circuit
rotations to interpolate India—Eurasia plate motion at 5-Myr inter-
vals since 80 Ma. Convergence rates that are predicted with angular
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Table 4. India—Eurasia finite rotations and covariances.
Chron Age Lat. Long. Q Covariances

(Ma) (°N) (°E) ©) a b c d e f

Best-fitting
In 0.781 28.30 19.58 —0.377 3.2 1.3 —0.7 6.3 0.1 22
2n 1.778 28.63 22.58 —0.858 11.1 7.8 —12.6 13.0 —8.7 27.0
2An.1 2.581 31.27 19.97 —1.211 9.7 5.8 -9.1 12.1 -5.1 23.0
2An.3 3.596 28.97 27.58 —-1.772 22.1 10.7 -21.0 15.5 —10.7 433
3n.1 4.187 3239 20.61 —1.980 44.8 34.6 -30.5 522 —14.2 63.9
3n.4 5.235 28.55 23.98 —2.562 36.5 16.2 —33.5 24.0 -21.5 69.7
3An.1 6.033 28.21 21.89 —2.829 30.1 11.7 —28.4 24.4 —19.3 634
3An.2 6.733 26.21 23.04 —3.160 41.0 16.5 —43.0 29.8 -27.5 85.9
4n.1 7.528 28.80 21.70 —3.507 534 29.9 —553 46.1 -394 94.7
4n.2 8.108 26.23 22.59 —3.796 50.2 21.3 —56.3 38.7 —37.1 105.3
4A 9.105 28.99 20.70 —4.214 78.1 213 —73.8 36.6 -39.9 112.5
5n.1 9.786 28.12 23.74 —4.193 101.8 46.5 —96.7 48.6 —58.5 139.3
5n.2 11.056 26.79 21.89 —4.916 31.9 13.0 —314 19.2 —17.9 60.5
5An.2 12.474 27.12 21.43 —5.595 38.3 16.9 —37.8 26.9 —24.5 77.8
5AC 13.739 28.07 23.01 —6.531 44.6 18.4 —30.4 41.5 -20.9 82.9
SAD 14.609 29.53 20.93 —6.673 60.1 30.8 —52.1 65.8 —48.9 114.2
5Cn.1 15.974 29.85 20.06 —7.482 229.9 84.3 —246.6 99.5 —150.2 406.6
5D 17.235 29.82 21.35 —8.346 2442 90.5 —255.2 113.4 —157.8 4233
5E 18.056 29.82 20.94 —8.812 236.2 87.4 —251.8 112.0 —150.6 438.9
6ny 18.748 29.61 21.39 —9.036 502.8 102.2 —348.1 90.4 —84.0 354.1
6no 19.722 27.23 19.27 —9.990 95.3 47.0 —48.4 88.5 —16.3 103.8
Noise-reduced

In 0.781 28.33 21.87 —0.371 6.4 1.1 1.2 2.7 0.9 43
2n 1.778 28.50 22.03 —0.847 9.4 0.9 1.5 4.1 1.2 7.0
2An.1 2.581 28.66 22.19 —1.229 13.0 0.5 2.0 5.7 1.4 10.3
2An.3 3.596 28.67 22.51 —1.719 20.7 0.6 4.0 9.1 2.3 16.9
3n.1 4.187 28.65 22.57 —1.991 23.6 —0.6 4.2 10.6 1.6 20.1
3n.4 5.235 28.39 22.55 —2.474 27.8 —3.1 49 13.3 —0.6 25.5
3An.1 6.033 28.15 22.38 —2.836 322 -5.0 5.9 16.0 -22 30.6
3An.2 6.733 27.99 22.24 —3.152 36.7 —6.2 6.8 18.2 -2.6 35.1
4n.1 7.528 2791 22.06 —3.508 39.8 -59 8.1 19.0 -13 374
4n.2 8.108 27.84 21.93 —3.766 42.1 —4.7 9.2 19.1 0.5 383
4A 9.105 27.85 21.72 —4.202 46.9 —1.2 11.6 19.5 3.7 40.4
5n.1 9.786 27.86 21.62 —4.494 52.6 1.9 14.3 20.7 5.6 43.9
5n.2 11.056 27.71 21.66 —5.051 63.9 7.5 19.7 242 7.4 52.6
5An.2 12.474 27.73 21.74 —5.691 77.7 13.6 26.5 29.3 7.4 64.6
5AC 13.739 28.16 21.68 —6.319 96.5 16.7 38.8 359 5.8 71.5
5AD 14.609 28.48 21.45 —6.759 105.9 19.0 46.2 34.5 10.1 76.6
5Cn.1 15.974 28.81 20.98 —7.533 113.1 17.3 51.6 314 16.4 74.4
5D 17.235 29.03 20.58 —8.327 107.3 9.8 49.5 27.9 17.6 74.2
SE 18.056 29.10 20.21 —8.828 104.0 53 49.7 26.8 17.2 76.6
6ny 18.748 28.91 19.97 —9.230 109.2 —0.4 54.8 27.8 14.3 834
6no 19.722 28.22 19.97 —9.889 112.4 —20.2 54.1 342 -3.1 86.5

Note: These rotations, which reconstruct past positions of the India Plate with respect to the Eurasia Plate, were determined from eq. (1) using best-fitting and
noise-reduced rotations described in Sections 3.2 and 4. The rotation angles €2 are positive anticlockwise. The covariances, which have units of 10~% radians?
and are described in the Table 2 caption, quantify the uncertainties in the reconstructed India Plate positions relative to Eurasia.

velocities we derived from their India—Eurasia finite rotations de-
crease only 10-15 per cent from 20 Ma to the present, much less
than the ~50 per cent slowdown that is predicted by our rotations
(Figs 10 a and 13). The Copley et al. rotations predict a 5-Myr-to-
present average convergence rate that is 8.5 mm yr~! faster than the
GPS-derived convergence rate (Fig. 10a), in even worse agreement
than our own new estimates.

Finally, laffaldano et al. (2013) reconstruct India—Eurasia plate
motion since 20 Ma using the same plate circuit as Molnar &
Stock (2009), but with more recently published noise-reduced rota-
tion sequences for the Eurasia—North America and India—Somalia
plate pairs and exploratory models for Nubia—Somalia plate motion

that variously combine Nubia—Somalia finite rotations for chrons
C2An.3(3.16 Ma) and C5n.2 (11.06 Ma) from Lemaux et al. (2002),
Royer et al. (2006), and Horner-Johnson ez al. (2007). Similar to
our results, their models predict that India—Eurasia convergence
rates slowed significantly before ~10 Ma, but remained steady or
increased modestly since 10 Ma.

Fig. 13 shows our new India—Eurasia convergence rate esti-
mates in the context of published estimates for the past 45 Ma and
several important regional tectonic events. Previous estimates of
India—Eurasia plate motion were too noisy and/or sampled the plate
motion too infrequently to determine whether significant changes
in the plate motion occurred during the 15.4-13.9 Ma onset of
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Table 5. India—Eurasia noise-reduced stage angular velocities.

Age Age Lat. Long. @ Covariances
(Ma) (Ma) (°N) (°E) Myr 1) a b c d e f
47.090

0.781 0.00 28.33 21.87 0.474 1.04 0.19 0.20 0.45 0.15 0.70
1.778 0.781 28.62 22.15 0.478 1.59 0.20 0.27 0.69 0.22 1.14
2.581 1.778 29.01 22.55 0.476 3.48 0.20 0.55 1.53 0.41 2.69
3.596 2.581 28.70 23.33 0.483 3.27 0.10 0.59 1.45 0.36 2.64
4.187 3.596 28.51 22.95 0.460 12.64 —0.02 2.39 5.67 1.16 10.57
5.235 4.187 27.34 22.44 0.461 4.66 —0.34 0.84 2.18 0.12 4.16
6.033 5.235 26.47 21.17 0.455 9.36 —1.28 1.71 4.61 —0.39 8.86
6.733 6.033 26.61 20.96 0.451 13.95 —2.30 2.62 6.99 —0.88 13.50
7.528 6.733 27.20 20.49 0.448 12.00 —1.93 2.39 591 —0.52 11.53
8.108 7.528 27.05 20.15 0.445 24.15 —3.21 5.23 11.42 —0.04 22.58
9.105 8.108 27.93 19.86 0.437 8.90 —0.62 2.13 3.93 0.49 7.93
9.786 9.105 28.09 20.30 0.430 21.34 0.07 5.65 8.81 2.20 18.16
11.056 9.786 26.51 21.87 0.438 7.19 0.56 2.12 2.82 0.88 5.98
12.474 11.056 27.86 22.36 0.452 7.02 1.03 2.28 2.67 0.83 5.84
13.739 12.474 32.07 21.45 0.498 10.83 1.90 4.05 4.05 0.96 8.97
14.609 13.739 33.10 18.29 0.508 26.57 4.72 11.21 9.30 2.38 20.54
15.974 14.609 31.86 16.94 0.570 11.64 1.94 5.29 3.61 1.52 8.14
17.235 15.974 31.31 16.86 0.631 13.68 1.69 6.45 3.91 227 9.35
18.056 17.235 30.42 14.13 0.613 30.79 2.24 14.98 8.66 5.51 22.39
18.748 18.056 25.15 14.70 0.585 43.43 1.16 22.29 12.24 7.13 33.67
19.722 18.748 18.65 19.02 0.687 22.47 —1.97 11.83 6.79 1.38 18.54

Note: Angular velocities that specify India relative to Eurasia Plate motion from the old to the young limits of the time intervals given in the first two columns.
The angular rotation rates @ are positive anticlockwise. The angular velocities and Cartesian covariances, which are tied to the Eurasia Plate, are derived from
the finite rotations given in Table 6. The covariances, which have units of 107 radians?> Myr—2, have been reduced to 20 per cent of their original values so that
the stage velocity uncertainties closely approximates the scatter in the stage velocities estimated from the best-fitting rotation sequence. The Table 2 footnotes
give further information about the covariances.

12°E 16°E 20°E 24°E 28°E 32°E

® Noise-reduced (Table 4)

O Best-fitting (Table 4)

O Molnar & Stock 2009

@ Various geodetic (see legend)

Figure 8. India—Eurasia best-fitting and noise-reduced poles (Table 4) compared to Molnar & Stock’s (2009) Cln to C6no India—Eurasia poles (squares). All
uncertainty ellipses are 2-D 95 per cent. The blue rectangle in the inset map locates the main map in relation to the regional plate boundaries (red lines). The
black symbols in the inset map are the noise-reduced poles from Table 4; the red lines and symbols in the inset map show the Molnar & Stock (2009) poles in
the main map. Numbered circles show geodetic poles from 1 - Paul ez al. (2001), 2 - Sella et al. (2002), 3 - Bettinelli et al. (2006), 4 - Socquet et al. (2006), 5 -
Jade et al. (2007), 6 - Banerjee et al. (2008), 7 - Argus et al. (2010), 8 - Altamimi et al. (2016) and 9 - Kreemer et al. (2014). IN, India; EU, Eurasia.
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Figure 9. Paths of four India Plate points (open stars) reconstructed with our noise-reduced India—Eurasia rotations (Table 4) and rotations from Molnar &
Stock (2009) (abbreviated ‘MS2009°). The hard-to-see dashed lines are small circles centred on the noise-reduced pole for C5An.2 from Table 4. Ellipses
show the 2-D 95 per cent uncertainties in the reconstructed point locations propagated from the noise-reduced rotation covariances. The labels along one flow
line give the ages in Ma of the reconstructed points. The inset shows the cumulative distances for the 82°E flow line predicted with the noise-reduced rotations
from Table 4. The 95 per cent uncertainties in the predicted distances, which range from 1.5 to 8 km, are too small to see on the scale of the plot.

distributed seafloor deformation in the central India Ocean or the
8-7.5 Ma deformation speedup (Krishna et al. 2009). Our new,
better-determined estimates indicate that neither tectonic event co-
incided with a significant change in the plate motion.

Between 35 and 20 Ma, when major changes occurred in the ge-
ometry and kinematics of the Carlsberg Ridge (Patriat & Segoufin
1988; Mercuriev et al. 1995) and rifting began across the Gulf
of Aden and Red Sea (Bosworth ef al. 2005; Wolfenden et al.
2005), the Molnar & Stock (2009) and Copley ef al. (2010) plate
circuit reconstructions predict India—Eurasia convergence rates
that differ by a surprisingly large 50 per cent (Fig. 13). We are
presently estimating India plate motion at more closely spaced
intervals during this critical period in order to better understand
whether and how these events were related to India—Eurasia plate
motion.

6.2 Nature of India—Eurasia convergence rate decline
since 20 Ma

Clark (2012) shows that 67-Ma-to-present India—Eurasia displace-
ments estimated with rotations from Molnar & Stock (2009) decay
exponentially with time, as is predicted by a model in which the
rheology of the mantle lithosphere below the Tibetan Plateau and
its constant resistance to the plate convergence are assumed to have

been the primary factors that control the long-term slowdown in the
plate convergence rate. Below, we reconsider the fit of this model
based on our new, better constrained India—Eurasia rotations.

Fig. 13 (black line) shows the fit of the best exponential decay
model derived by Clark (2012) to convergence rates for the past
20 Ma as estimated with the Molnar & Stock ( 2009) and our
new rotations. Whereas the predicted convergence rates for the
Clark (2012) model match the trend that is defined by the noisy
rates calculated with former rotations (blue line in Fig. 13), they
mismatch our newly estimated convergence rates (compare the red
and black lines in Fig. 13). As a test, we inverted our noise-reduced
(and best-fitting) displacements x(¢) for the India—Eurasia flow line
that originates at 28°N, 82°E (displayed in the Fig. 9 inset) using
x(t) = Ly (e7¥ — 1) from Clark (2012) to find best-fitting values
for L,, the width of the India—Eurasia orogenic belt, and é, the
bulk strain rate in the direction of plate convergence. Reduced chi-
squared, the weighted least-squares misfit normalized by the degrees
of freedom, is 5.13 for the exponential decay model, indicating that
the new displacements are misfit on average by 2.3 times their
estimated uncertainties. Sixteen of the 22 displacements are misfit
by 14 times their estimated uncertainties, emphasizing the poor fit.
The fit to the noisier best-fitting displacements is even worse, with
reduced chi-square of 12.7 and only two of the 22 displacements fit
within their estimated uncertainty.
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Figure 10. India relative to Eurasia stage rates (a) and directions (b) predicted by noise-reduced angular velocities in Table 5, best-fitting angular velocities
(not listed), and the GPS angular velocity in Table 1. Velocities are predicted at 28.0°N, 82.0°E (red star in inset map). Uncertainties indicated by the shaded
regions or error bars are 1-o and are propagated from the angular velocity covariances in Tables 1 or 5. The grey bars show opening rates and directions that
are predicted by the MORVEL India—Eurasia 3.16-Myr-average angular velocity (DeMets et al. 2010). The purple bar shows the rate and direction predicted

by the GPS angular velocity in Table 1.

We also inverted our noise-reduced displacements while fitting
them with two slopes and a common distance-axis intercept, which
approximates two principal stages of India—Eurasia plate motion
since 20 Ma. This alternative model fits the displacements much
better, with reduced chi-square of only 1.7 and significant misfits to
only 8 of the 22 noise-reduced displacements. The improvement in
fit of the two-line model relative to that for the exponential decay
model is significant at a probability level better than 99.99 per cent
as determined with an F-ratio test for one additional model term.

Our new India—Eurasia rotations are thus fit poorly by a model
that enforces exponentially decaying interplate convergence rates
during the past 20 Ma. We conclude that the rheology of the mantle
beneath Tibet and its resistance to India—Eurasia convergence are
unlikely to be the primary factors that determined the plate motion
since 20 Ma.

6.3 Implications for central Indian Ocean seafloor
deformation

laffaldano ef al. (2018) propose that a change in the forces that
were acting on the Capricorn at ~8 Ma was responsible for an ac-
celeration at 8-7.5 Ma of contractional seafloor deformation in the
equatorial Indian Ocean (Krishna et al. 2009). From REDBACK
analyses of published India—Somalia and Capricorn—Somalia rota-
tion sequences, they report the highest probability for a change in
India—Somalia motion just before 15 Ma and Capricorn—Somalia
motion just before 5 Ma. Here, we reevaluate when the motions
for both plate pairs changed using our new India—Somalia rotations
(Table 2) and 20 rotations that describe Capricorn—Somalia plate
motion since 19.7 Ma (DeMets et al. 2005).

Fig. 13 shows the normalized likelihood of a change in India—
Somalia angular rotation rates since 20 Ma as determined from our
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Figure 11. Comparison of India—Eurasia angular velocities and their 2-D 95 per cent confidence regions in three perpendicular planes. Panel (a) shows poles
of rotation and 95 per cent confidence ellipses for the GPS angular velocity in Table 1, the MORVEL 3.16-Myr-average angular velocity (DeMets et al. 2010),
and for Chron 1n, 2n, and 2An.1 noise-reduced angular velocities derived from finite rotations and covariances in Table 4. Panels (b) and (c) show projections
of the same angular velocities onto east-west and north—south vertical cross-sections that are centred on the Chron 1n pole (28.3°N, 21.9°E).

REDBACK analysis of the best-fitting India—Somalia rotations in
Table 2. The highest probability of a change occurs for the pe-
riod 17-12.5 Ma, when Carlsberg Ridge seafloor spreading rates
were decreasing steadily (Fig. 6a). At a lower probability level,
our REDBACK analysis also indicates that the plate motion may
have changed at 4-3 Ma. In Section 4.3, we argue that apparent
short-duration spreading rate changes between 5 and 3 Ma (Fig. 6a)
are artefacts of a 1-1.5-km misidentification of the young edge
of Anomaly 3n.1. We conclude that India—Somalia plate motion
changed at or before 12.5 Ma, but has remained steady or nearly
steady since 12.5 Ma.

Preceding our REDBACK analysis of the Capricorn—Somalia
rotations from DeMets et al. (2005), we corrected the rotations for
an assumed 2 km of outward displacement. Our REDBACK analysis
of the corrected rotations reveals a single high-probability change
in the Capricorn-Somalia angular rotation rate at 8 Ma (Fig. 13),
approximately 3 Myr earlier than the highest probability change
reported by laffaldano ez al. (2018) from their analysis of the same

sequence of rotations. Our REDBACK analysis thus indicates that
the plate motion changed at nearly the same time as the 8-7.5
Ma acceleration of seafloor deformation in the equatorial Indian
Ocean.

Any change in Somalia—Capricorn and Somalia—India plate mo-
tions that is attributable to a change in the absolute motion of the
Somalia Plate should appear in our REDBACK analysis as a high-
probability, simultaneous change in the motions for both plate pairs.
Our REDBACK analysis instead indicates high-probability changes
for the two plate pairs at significantly different times since 20 Ma.
We conclude that the ~8 Ma change in Capricorn—-Somalia motion
was caused by a net change in the torques acting on the Capricorn
Plate, whereas the change in India—Somalia plate motion at or be-
fore 12.5 Ma was caused by a net change in the torques acting on
the India Plate.

From their analysis of faults imaged in marine seismic transects
of the wide oceanic boundary between the Capricorn and India
plates, Krishna ef al. (2009) conclude that seafloor deformation
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Figure 12. Velocities (filled red circles) of the 29 India (IN) Plate GPS sites transformed to the Eurasia Plate frame of reference with the Eurasia-IGS14
angular velocity from Table 1. The map inset displays the locations of all 29 sites and their motions relative to Eurasia. The red lines in (a) and (b) show the
velocity components estimated with the India—Eurasia GPS angular velocity from Table 1. The dashed lines in (a) and (b) and the legend show India—Eurasia
velocities estimated with our new stage angular velocities (Table 5). The velocities estimated with MORVEL (blue lines) average the plate motion over the past
3.16 Myr. The blue and pink shaded regions show lo velocity uncertainties. The horizontal axis shows the arc distance from the India—Eurasia GPS pole to
the 29 India Plate GPS sites (small circles that mark arc distances of 46°, 52° and 58° are shown in the map inset). (a) and (b) show the components of motion
that are locally parallel (tangential) and orthogonal (radial) to the small circles in the inset map, which are centred on the best-fitting India—Eurasia GPS pole.

began at 15.4-13.9 Ma and increased sharply at 8-7.5 Ma. The
timings of both of these deformation events coincide with the plate
motion changes indicated by our REDBACK analyses (Fig. 13). Our
analysis supports laffaldano et al.’s (2018) conclusion that forces
acting on the Capricorn plate were responsible for the accelera-
tion of seafloor deformation at 8-7.5 Ma, but indicates even better
agreement between the timing of the two events (Fig. 14) than was
found in the earlier study.

6.4 Reconciling instantaneous and long-term estimates of
India relative plate motions

6.4.1 India—Somalia

Our new GPS angular velocity for India—Somalia plate motion (Ta-
ble 1) predicts instantaneous motion that is 2-2.5 mm yr~! faster
than our plate kinematic estimates (Figs 6 and 7). We consider a
2-2.5 mm yr~! systematic error in our plate kinematic estimates
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to be unlikely given the abundance, redundance, and clarity of the
Carlsberg Ridge seafloor spreading data that constrain those esti-
mates (e.g. Fig. 3). A recent acceleration of India—Somalia seafloor
spreading rates also seems unlikely to account for the difference,
partly because our kinematic analysis indicates that the plate motion
has remained steady or nearly steady since at least 10 Ma (Fig. 6a)
and partly because a recent speedup of the India Plate’s northward
motion would also have increased recent convergence rates between
India and Eurasia, opposite the slowdown observed via a compari-
son of our new GPS and plate kinematic estimates (Figs 10 and 12).
The differences between our GPS and plate kinematic estimates of
India—Somalia and India—Eurasia plate motion thus cannot be re-
solved easily by invoking a recent slowdown or speedup in India
Plate motion or a systematic error in our India Plate angular velocity
estimate.

6.4.2 India—FEurasia

The new GPS angular velocity for India—Eurasia plate motion (Ta-
ble 1) predicts instantaneous convergence rates that are 4-5 mm
yr~! slower than our plate kinematic estimates (Fig. 12a). It seems
unlikely that a recent slowdown in convergence rates between the
two plates explains the difference given the plate kinematic evi-
dence for steady or slightly faster convergence rates since 12.47 Ma
(Fig. 10a). Some combination of random and/or systematic errors
in the geodetic and/or plate kinematic angular velocities must thus
be responsible.

The possible sources of error in GPS estimates of India—Eurasia
plate motion are numerous. Geodetic angular velocity estimates
are influenced by the number, geographic distribution, and time
span of the GPS sites that are available to estimate the angular
velocity. Angular velocity estimates may also be affected by slow
intraplate deformation, drift of geodetic reference frames relative
to the geocentre (e.g. Argus 2007), and time-dependent biases in
individual GPS site velocities due to transient earthquake afterslip,
post-seismic viscoelastic deformation and long-term isostatic and
short-term elastic adjustments to the ancient or recent loss of con-
tinental ice. We consider some of these below.

Fig. 15(b) shows the wide range of India—Eurasia convergence
rates and directions that are predicted at a central location on the
plate boundary by nine previously estimated geodetic angular veloc-
ities and our own, varying from 33.6 to 43.4 mm yr~' and N10°E~
N19°E. The earliest geodetic estimates we considered, those of Paul
etal. (2001) and Sella ez al. (2002), differ from each other by 25 per
cent and bracket our new plate kinematic estimates (shown by the
triangles in Fig. 15b). The more recent Banerjee et al. (2008), Ar-
gus et al. (2010), Altamimi ef al. (2012), Kreemer ef al. (2014) and
our own angular velocities consistently predict convergence rates of
36.9-37.3 mm yr~!, &5 mm yr~! slower than our plate kinematic
estimates. The consistency of the recent geodetic estimates may
indicate that the 5 mm yr~! discrepancy will not be significantly
reduced via future improvements in the number, geographic distri-
bution, or observation time spans of the GPS sites on the India and
Eurasia plates.

We investigated whether possible slow tectonic or glacial iso-
static deformation within the Eurasia Plate significantly impacts
our India—Eurasia GPS angular velocity via a simple test—we sep-
arated the 60 Eurasia Plate GPS sites into eastern and western
Eurasia Plate subsets on either side of the Ural Mountains at ~60°E
and inverted each of the velocity subsets along with the 29 India
Plate GPS site velocities to estimate separate India—East Eurasia

and India—West Eurasia angular velocities. The two angular veloc-
ities differ by less than 2 angular degrees in location and 3 per
cent in their angular rates, indicating that the GPS velocities from
sites in eastern and western Eurasia are highly consistent. At a
central location on the India—Eurasia plate boundary, the two an-
gular velocities predict India—Eurasia convergence velocities that
differ by only 0.6 mm yr~!' and 2°, much too small to explain the
~4-5 mm yr~! difference between the GPS and plate kinematic
estimates.

Given the proximity of much of the India Plate to the seismically
active Himalayan frontal arc and other earthquake-prone features
in the northern and central Indian Ocean, viscoelastic rebound after
large earthquakes is a likely though still poorly understood source
of systematic bias in GPS velocities for India Plate sites. Whether
the combined viscoelastic effects of large historic and recent thrust
earthquakes along the Himalayan frontal arc are large enough to ex-
plain the aforementioned 4-5 mm yr~! difference between GPS and
plate kinematic estimates is unknown, but warrants future investi-
gation. More remote earthquakes also contribute time-dependent
biases to velocities measured at India Plate GPS sites. For example,
Kreemer et al. (2014) and DeMets et al. (2017) report changes in
the velocities of continuous GPS sites IISC and DGAR after the 26
December 2004 M,, = 9.3 Sumatra trench earthquake, both at dis-
tances of 2000-3000 km from the 2004 rupture zone. The motions
of seven of our 29 India Plate GPS sites were changed measurably
by one or both of the 2004 Sumatra trench and 11 April 2012 M,,
= 8.6 Indian Ocean earthquakes (see for example the GPS coordi-
nate time-series for sites BAN2, I[ISC and KODI in the Supporting
Information). From modeling of the viscoelastic effects of the 2004
earthquake, Shearer & Burgmann (2010) predict cumulative east-
ward viscoelastic displacements of 100400 mm by 2064 at sites
throughout southern India, and even larger displacements on the
island of Sri Lanka. Their modeling implies that sites in southern
India will have I mm yr~! or larger transient biases in their measured
velocities for the foreseeable future.

Random and systematic errors in plate kinematic data and models
also contribute to the disagreement noted above, including uncer-
tainties in estimates of magnetic reversal ages, intraplate deforma-
tion due to tectonic and thermal effects (Kumar & Gordon 2009),
and outward displacement of magnetic reversals due to the finite
width of magnetic polarity reversal transition zones (DeMets &
Wilson 2008). Evidence that these errors have diminished with
time can be found in the progressively better agreement between
the velocity predicted by our new GPS-derived India—Eurasia an-
gular velocity and velocities predicted by successive generations of
plate kinematic models. The magnitude of the velocity vector dif-
ference between our GPS and plate kinematic estimates diminished
from 16 to 19 mm yr~! for the early Chase (1972) and Minster &
Jordan (1978) plate motion models to 7.942 mm yr~! (Fig. 15)
for MORVEL (DeMets et al. 2010) and 4.6-5.0 mm yr~! for the
present study (Fig. 15b). The better agreement with GPS for our
new plate kinematic estimates than for the widely used MORVEL
plate motion model is principally due to the superior Southwest
Indian Ridge reconstructions that we use for this study, which pre-
dict present-day motions between the Nubia, Antarctic and Somalia
plates that agree better with GPS estimates than does MORVEL
(DeMets & Merkouriev 2016; DeMets et al. 2017).

Given the abundance of the data that constrain all the global
plate circuit rotations that were used in this study, it seems unlikely
that a systematic or random error in the angular velocity estimate
for any single plate pair in the global circuit is responsible for
the entire 5 mm yr~! difference between our new GPS and plate
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Figure 15. Linear velocities for the Eurasia—North America—Nubia—Antarctic—Somalia—India plate circuit at 28.0°N, 82.0°E along the Himalayan frontal
thrust. (a) Velocities for each plate pair estimated with (1) the MORVEL angular velocities (blue vectors), (2) 3.6-2.6-Myr noise-reduced stage rotation from
Table 5 and other high-resolution reconstructions cited in the text (red vectors), (3) the India—Eurasia GPS angular velocity in Table 1 (black vector). Triangles
show velocity endpoints for other time intervals from Panel B. (b) Expanded view of the India—Eurasia velocities within the shaded rectangle from (a), including
nine other geodetic estimates and velocities for five additional intervals between the 5.24 Ma and the present (see legend). For clarity, the velocities are depicted
with their endpoints rather than by lines. The triangles demarcate the stage velocities from (a) as determined with the stage angular velocities from Table 5.
The numbered circles show geodetic velocities estimated with India—Eurasia angular velocities from 1 - Paul ez al. (2001), 2 - Sella et al. (2002), 3 - Bettinelli
et al. (2006), 4 - Socquet et al. (2006), 5 - Jade et al. (2007), 6 - Banerjee et al. (2008), 7 - Argus et al. (2010), 8 - Altamimi et al. (2012), and 9 - Kreemer
et al. (2014). Plate abbreviations are specified in the legend of Fig. 1. Error ellipses are 2-D, 1o except where labelled otherwise.

kinematic estimates. Whether the errors and biases that affect the
plate kinematic and GPS angular velocity estimates can be reduced
enough to diminish to insignificant levels the persistent difference
between those estimates remains to be determined.

7 CONCLUSIONS

New estimates of India—Eurasia plate motion at ~1-Myr intervals
since 19.7 Ma are derived by combining finite rotations that re-
construct 243 000 magnetic reversal, transform fault, and fracture
zone crossings from a global plate circuit that links India to Eurasia
via the Somalia, Antarctic, Nubia and North America plates (Fig.
2). These include a new sequence of India—Somalia plate rotations
that reconstruct ~9400 data from the Carlsberg Ridge and north-
ern Central Indian Ridge at 21 times since 19.7 Ma and recently
published rotations for the other plate pairs that have not been used
previously to estimate India—Eurasia plate motion. Advantages of
our new reconstructions relative to previous studies include the
following: (1) Motion between Nubia and Somalia, an important
source of uncertainty in previous studies, is quantified rigorously
via detailed reconstructions of the Southwest Indian Ridge seafloor
spreading history. (2) Identical methods and data fitting functions
were used to determine all the plate circuit rotations and rotation un-
certainties used in this study. (3) Interpolations between rotations,
a source of possible artefacts in plate motion determinations, are
largely unneeded because the reconstructions for all five plate pairs
in the global circuit sample the same 21 magnetic reversals. (4) All
the rotation sequences are calibrated to compensate for magnetic re-
versal outward displacement. (5) Noise-reduced rotation sequences
for the global plate circuit are combined and used to describe an

India—Eurasia convergence history that is simpler, but that does
not significantly degrade the fit to the underlying plate kinematic
data.

The principal outcomes of our analysis include:

(1) Evidence that India—Somalia seafloor spreading rates de-
clined 25-30 per cent from 19.7 to 12.5 Ma, but that the pole
and rate of angular rotation have changed little or not at all since at
least 11.1 Ma or more likely 12.5 Ma.

(2) Arelatively simple 20-Ma-to-present India—Eurasia plate mo-
tion history, consisting of NNE-directed motion since 19 Ma, a ~50
per cent decline in India—Eurasia convergence rates from 19.7 to
12.47 Ma or 11.1 Ma, and steady or slightly increasing convergence
rates and a stationary pole since 12.47 Ma.

(3) Ten to fifteen per cent differences between our new long-term
plate kinematic and instantaneous GPS-derived motion estimates
for the India—Somalia and India—Eurasia plate pairs. The differences
either imply a rapid change in plate motions during the past few
hundred thousand years, which we consider unlikely, or larger-than-
expected uncertainties in one or both estimates.

(4) Much closer agreement (40-50 per cent) between the long-
term plate kinematic and instantaneous geodetic India—Eurasia
motion estimates than was previously the case, a sign of im-
proved accuracy in one or both of the long-term and geodetic
estimates.

(5) Inconsistency of the displacements between India and Eura-
sia calculated with our noise-reduced and best-fitting rotations with
the predictions of model that postulates that the rheology of the
mantle below Tibet and its steady resistance to the plate conver-
gence have controlled the convergence rate slowdown since at least
50 Ma.
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(6) Indirect evidence that the well-timed 8—7.5 Ma acceleration in
deformation across the wide oceanic Capricorn—India plate bound-
ary was caused by a change in the forces acting on the Capricorn
rather than the India Plate.
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