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Abstract

The Ninetyeast Ridge (NER), a linear trace of the Kerguelen hot spot in the Indian Ocean, was emplaced
on a rapidly drifting Indian plate. Magma production rates along the ridge track are computed using
gravity-derived excess crustal thickness data. The production rates change between 2 and 15 m®/s over
timescales of 3-16 Myr. Major variations in magma production rates are primarily associated with
significant changes in the Indian plate velocity with low production phases linked to high plate velocity
periods. The lowest magma production rate (2m®/s) at 62 Ma is associated with the rapid northward drift
of Indian plate under the influence of the Reunion mantle plume. The contemporaneous slowing of the
African plate coincides with increase in magma production rate along the Walvis Ridge in the Atlantic
Ocean. The present study suggests that variations in the Indian plate motion and frequent ridge jumps
have a major role in controlling the magma production, particularly on long period cycles (~16 Myr).
Short-period variations (~5 Myr) in magma productions may be associated with intrinsic changes in the

plume, possibly due to the presence of solitary waves in the plume conduit.
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1. Introduction and Tectonic Setting

The Ninetyeast Ridge (NER) extends for more than 5000 km roughly along the 90°E meridian between
30°S and 17°N latitudes in the eastern Indian Ocean (Figure 1). The NER structure has complex
morphology, consists of continuous volcanic construct in the south (up to 11°S), relatively shallow
discontinuous volcanic highs in the centre (between 11°S and 1°N) and series of large volcanoes
northwards to 10°N, while in the Bay of Bengal region the ridge is completely buried under thick
Bengal Fan sediments [Curray et al., 1982; Gopala Rao et al., 1997]. Geophysical, geochemical and
geochronological data from the NER established that the ridge originated from the Kerguelen hot spot,
when the volcanic source was located largely beneath the northward-moving Indian plate from the Late
Cretaceous to the Early Cenozoic period [Duncan, 1991, Royer et al., 1991, Krishna et al., 1999,
Pringle et al., 2008, Krishna et al., 2012]. The ridge is also unique because it is seismically active and
is associated with the Indian Ocean's diffuse deformation zone, acting as a plate boundary between
three sub-plates, Indian, Australian and Capricorn [Royer and Gordon, 1997; Gordon et al., 1998;
Krishna et al., 2001, 2009; Sager et al., 2013]. New geochronology data from core samples from the
Deep Sea Drilling Project (DSDP) Sites 216, 214, 254, and Ocean Drilling Program (ODP) Sites 758,
756 along the NER suggest a linear age progression from north (77 Ma at ODP Site 758) to south (43
Ma at DSDP Site 254), suggesting an emplacement rate of about 118 km/Myr [Pringle et al., 2008].
However, the rate of accretion of adjacent ocean basin based on the magnetic data is about half (48-58
km/Myr) that of the NER [Krishna et al., 2012], suggesting southward jumps of the Wharton spreading
ridge segments leading to transfer of parts of oceanic crust from the Antarctic plate to the Indian plate
[Royer et al., 1991, Krishna et al., 1999, Krishna et al., 2012].

Magma production rate along the hot spot track is important for understanding the spatial and temporal
behavior of mantle plumes, hot spot-spreading ridge interactions and variations in plume conduits
[Mjelde et al., 2010 and references therein]. Variations in magma production rates along major hot spot
tracks, such as Reunion, Hawaiian, Louisville and Walvis have been investigated by several workers
[White, 1993, Vidal and Bonneville, 2004; Van Ark and Lin, 2004, Tiwari et al., 2007]. Coffin et al.,
[2002] estimated the average eruption rates of the Kerguelen Plateau, Broken Ridge, Ninetyeast Ridge
and associated Cretaceous magmatism found near the continental margins of India, Australia and
Antarctica and provided a rough estimation of 0.1 km3/yr (3.2 m%s) magma flux for the entire NER
track. However, detailed study of the magma production rates along the Kerguelen hot spot trace,

particularly along the NER has not been carried out previously. In this study, for the first time, we
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estimated the variations in magma production rates along the NER from 43 Ma to 77 Ma. These
variations are related to changes in velocity of the northward moving Indian plate and jumps of the

Wharton Basin spreading centre towards the Kerguelen hot spot.
2. Geophysical Data

We have utilized satellite derived bathymetry [Smith and Sandwell, 1997], free-air gravity [Sandwell
and Smith, 2009], sediment thickness [Levchenko et al., 1993; Curray, 1994; Divins, 2001] and seafloor
age [Miiller et al., 2008] data from the NER and adjacent oceanic basins. Then we computed the
Residual Mantle Bouguer Anomaly (RMBA) data for the NER using free-air gravity anomaly data and
inverted to generate a crustal thickness map [for computational details refer Sreejith and Krishna, 2013].
The derived crustal thickness data are, in turn, used for the calculation of magma production rates along
the ridge track and utilized for understanding the spatial and temporal behavior of the Kerguelen hot

spot and its possible relationship with Indian plate motion.
3. Computation of Magma Flux along the NER

Magma production rates along the hot spot tracks are usually computed assuming Airy or flexural
isostatic compensation mechanisms for the volcanic loads [White, 1993, Tiwari et al., 2007]. In general,
the choice of isostatic compensation mechanism does not have a significant influence on the final
results, as the computed volcanic volumes are unchanged [Vidal and Bonneville, 2004]. In an alternative
approach, Van Ark and Lin [2004] utilized crustal thickness data for computation of magma volume flux
along the Hawaiian hot spot track. As the NER track possess highly segmented isostatic compensation
(Te=4-35 km) together with underplated volcanic material beneath the crust [Sreejith and Krishna,
2013], we used RMBA derived crustal thickness data of the ridge including the underplated rocks, for
the magma volume computations. A reference crustal thickness of 6 km was subtracted from the crustal
thickness data of the NER and the excess crustal thickness was calculated. Further we used the method
of translating windows along the hot spot track [Vidal and Bonneville, 2004] for the magma volume
computations. The volume of extra crust (A¥) is computed along a window, and then the window is
systematically moved along the axis of the NER from latitudes 28°S to 8°N. A series of computations
were done to choose the optimum window size for the volume flux estimation. Windows with width of
550 km and length 110 km is found to be optimum to capture the maximum width of NER (about 500
km) and along axis variations in the crustal thickness respectively. The volume flux is computed by

dividing AV by the difference in age of the ridge between the northern and southern ends of each



window (AT) as derived from a linear interpolation of the new geochronology data of core samples from
the DSDP Sites 216, 214, 254 and ODP Sites 758, 756 along the NER [Pringle et al., 2008].

Magma productions rates are found to be highly variable ranging from 2 to 15 m%/s along the NER track
(Figure 2a). Our results agree with an earlier estimate of an average 0.1 km*/yr (3.2 m®s) magma flux
for the NER [Coffin et al., 2002]. However, the overall magma production rates are higher in our case
due to the methodology adopted. Coffin et al. [2002] have followed a simple procedure of considering
the total volume of NER estimated by Grevemeyer et al. [2001] and divided it by age difference of the
ridge from north to south (from 85 to 35Ma). In the present study we have computed the volume flux
using crustal thickness data of the ridge [Sreejith and Krishna, 2013]. An important observation in our
result is the extremely low magma production of about 2m®/s at ~62 Ma, flanked by high production

rates of about 12 m*/s and 15 m®s.

Power Spectral Density (PSD) was calculated to quantify the temporal variations in magma production
rates along the NER (Figure 3). The spectral energy has significant peaks at 16.5 and 5.5 Myr which are
interpreted to reflect long and short period oscillations in magma production along the ridge track. The
period 16.5 Myr appears to indicate average long period variations between the peaks at 53, 57.5, 70.6
and 73.6 Ma, whereas the period 5.5 Myr may reflect the short term variations in the magma flux plot

with various peaks/troughs spaced between 2.9 — 6.6 Myr (Figure 3).
4. Magma production rate and its relationship with the Indian plate motion

The NER track possesses a variable magma production rates ranging from 2 m*/s to 15 m*/s. The large
variations in magma production rates over a timescales of 3-16 Myr could have been caused either by
internal dynamics in mantle plume melting process or due to external constraints such as change in the

plate velocity, thickness and rheology of the lithosphere, and ridge-plume interactions.

Plate reconstruction studies suggest that the Indian plate had significant variations in its speed during the
Cretaceous - Paleocene time (Cande and Stegman 2011, van Hinsbergen et al., 2011, Eagles and
Wibisono, 2013, Cande and Patriat, 2015). We observe that onset of rapid movement of the Indian plate
under influence of the Reunion Plume at 67 Ma coincides with the decreasing trend in magma
production and the lowest magma production occurred during the highest plate velocity (180 mm/yr) at
62 Ma (Figure 2a,b). Subsequent sharp decrease in the plate speed from 180 mm/yr to 100 mm/yr is
marked by a steady increase in the magma production rate. A Further phase of slow-down of the Indian

plate from 52 Ma onwards as a result of the India-Asia collision is also associated with an increase in
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magma production from 50 Ma. These observations are also evident from along axis topographic
variations from the predicted topography — lower topography during the periods of low magma
production and higher plate speed and vice-versa (Figure 2d). The Extremely high velocity attained by
the Indian plate is believed to be linked to the exceptionally thin lithosphere beneath India [Kumar et al.,
2007]. It is logical to think that a thin lithosphere rapidly responds to the changes in plate velocity and in
turn, the rate of magma production rate.

During the phase of high acceleration of the Indian plate, the African plate has experienced significant
reduction in its velocity as inferred from the spreading rates of the southern Atlantic Ocean [Cande and
Stegman, 2011]. We compared the magma volume flux along the Walvis Ridge [4dam et al., 2007] with
the velocity of African plate (Figure 4a,b). It is interesting to note that the peak in magma flux of the
Tristan hot spot [Adam et al., 2007] coincides with the minimum velocity period of the African plate (55
Ma). However, in case of the Walvis Ridge the plume pulsations are superimposed on an apparent long-
term waning of the plume (Figure 4a). Similar waning signature could be observed in the magma flux
along the Reunion plume track (White, 1993, Tiwari et al., 2007). In both cases the effect of plate
velocity on magma flux variation may not be clearly distinguishable. Conversely, magma production
rate along the NER during the period 80 to 45 Ma did not indicate any waning signature of the
Kerguelen plume. We further note that all significant changes in the plate velocity (67 Ma, 62 Ma, 52
Ma) are well reflected in magma flux resulting in long-term variations. The correlations clearly indicate
that the lithospheric plate velocity has significant role on controlling the long-period variations in the
magma flux assuming there are no significant changes in the magma output from the Kerguelen plume

during the emplacement of the NER.
4.1 Effective elastic thickness, ridge jumps and magma production rates

Both the NER and Walvis Ridge have variations in effective elastic thickness values, which are highly
segmented, because their emplacement process was most probably influenced by the frequent ridge
jumps [Watts et al., 2006, Sreejith and Krishna, 2013]. The parameter Te largely reflects the strength of
the lithospheric plate during the emplacement of the volcanic load [Warts, 2001]. Hence, hot spot
interaction on a weak lithospheric plate with low Te value is expected to produce higher volume of
magma flux, whereas a strong plate with high Te resists magma emplacement. However, both features,

NER and Walvis Ridge did not show such consistent inverse relationship between Te and volume flux



(Figures 2a,c and 4a,c). Conversely, in the central part of the NER, Te values show a week positive

correlation with the magma production rates.

Observations of bathymetry, gravity and crustal thickness of several migrating ridge — hot spot
interactions and numerical simulations suggest that the crustal thickness or volume of magma is
inversely dependent on the ridge-hot spot distance and ambient plate velocity [/to and Lin, 1995, Ito et
al., 1997]. The higher plate velocity during the time of emplacement of the central part of the NER (68-
62 Ma), may possibly be responsible for continuous changes of spreading center - hot spot geometry,
thereby causing the low production rates of the NER. We notice that maximum variations in Te
associated with the central part of the NER (8°S to 2°N), caused by frequent southward ridge jumps,
occurred during the accelerating phase of the Indian plate between 68-65 Ma (Figure 2b,c). The plate
velocity slowed down abruptly by about 30% at around 63 Ma followed by a phase of relatively constant
velocity for about 10 Myr up to 52 Ma. This phase is largely associated with relatively smaller number
of southward ridge jumps [Krishna et al., 2012], less variable Te values [Sreejith and Krishna, 2013]
and increasing magma production rates (Figure 2a-c). The peak in magma production rate at 57 Ma may
probably have coincided with another episode of ridge-hot spot interaction produced by a major
southward ridge jump as indicated by progressively increasing Te values between 8°S and 18°S. Further,
trace element and Sr, Pb and Nd isotope systematics of core and dredged rocks samples from NER
clearly indicate mixing of Mid-Ocean Ridge Basalts (MORB) and Ocean Island Basalts (OIB) as a result
of the interaction between the Kerguelen hot spot and the spreading center [Weis et al., 1991; Frey and
Weis, 1995, Frey et al., 2011]. Thus, it can be inferred that the magma production rates, particularly in
the central part of the NER is controlled by spreading rate variations and ridge jumps. The highly
variable Te values along the ridge could be proxies for the ridge jumps. But Te variations may not have
directly influenced the magma emplacement rates (Figure 2 a,c). However, along the Reunion track,
Tiwari et al., [2007] observed that the increase in Te along the hot spot track from north to south is
associated with a decreasing magma flux. It should be noted that the systematic decrease in the magma

production along the Reunion track could be also explained by the waning of the Reunion plume.
4.2 Short-term periodicity in magma production rate along the NER

Short-term variations in magma production rate with a periodicity ~5 Myr observed along the NER
(Figure 3) may not be associated with the ambient changes in the plate speed [Figures 2a,b]. One

possible explanation could be the changes in magma supply produced by tilt in the plume conduit due to



the hot spot motion [Whitehead, 1982; Steinberger, 2000]. However, the motion of the Kerguelen hot
spot through time is still not clearly established, although a geodynamic model suggests slow southward
motion of ~5.3 mm/yr (O'Neill et al., 2003). Alternatively, periodic changes in the magma production
can occur due to the formation of solitary waves within the plume conduit [Oslon, 1990; Oslon and
Christensen, 1986]. The formation of solitary waves in the plume results in rapid transport of deep
mantle materials to the surface [Whitehead and Helfrich, 1988]. Recent high-precision Pb-Hf-Sr-Nd
isotopic analyses of the NER basalts indicate heterogeneity in the isotopic compositions both in time and
space suggesting multiple sources of origin with intrinsic heterogeneities in the plume [Nobre Silva et
al., 2013]. It is possible that intrinsic heterogeneities in the plume related to transport of mantle
components to surface may be tied to the propagation of solitary waves in the Kerguelen Plume conduit,
but this needs further studies for confirmation. /to [2001] explained the variations in crustal thickness
and magma production along the Reykjanes "V'-shaped ridges by presence of solitary waves within the
Iceland Plume conduit. Similar mechanisms were postulated to explain the short-term variability of
Azores [Escartin et al., 2000] and Hawaiian hot spot magma production rates [Van Ark and Lin, 2004,
Vidal and Bonneville, 2004]. However, Ballmer et al. [2011] explained the variability in Hawaiian hot
spot volcanism with a model, where the plume interacts with alternate thick and thin sections of pre-
existing lithosphere created by a small-scale convection. However, this model requires an intraplate
setting for the emplacement of the ridge and thus may not be applied directly to the NER.

The changes in the Indian plate speed seem to be the controlling factor for the variations of magma flux
rate along the NER. This also indicates that magma production from the Kerguelen plume did not have
significant changes, especially at longer timescales, during the emplacement of NER. However, short
period oscillations (~5 myr) in the magma production occurred possibly due to the propagation of

solitary waves in the plume conduit.
5. Conclusions

Magma production rates along the Ninetyeast Ridge (NER) are computed using RMBA derived crustal
thickness data. Analysis of spatial variations in the magma production rates along the NER in relation
with the Indian plate motion and behavior of the Kerguelen hot spot led to the following conclusions:

1) The magma production rates along NER show high variability of 2-15 m%/s over timescales of 3-16
Myr.



2) Magma production rates, especially the long period changes, possess inverse correlation with the
ambient Indian plate velocity during the Late Cretaceous to Early Cenozoic period. The most
conspicuous observation is the extremely low production rate along the NER during the unusually rapid
motion of the Indian plate (68 - 62 Ma) triggered by the Reunion hot spot and the high magma
production along the Walvis Ridge associated with the contemporaneous slowing of the African plate.

3) Long-period magma fluxes (~16 Myr) may be controlled by sharp changes in the Indian plate velocity
and frequent ridge jumps, whereas short-period variations (~5 Myr) in the magma production appear to
be associated with intrinsic changes in the plume, probably due to the presence of solitary waves in the

plume conduit.
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Figure Captions:

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Seafloor topography of the NER from ETOPO-1. Magnetic lineations (thin line), fossil
spreading centers (thick dashed lines) and fracture zones (dashed line) of the region adjacent
to the NER [Krishna et al., 2012] are placed over the map. DSDP and ODP sites (solid
circles) are shown with geochronology dates (Ma) in brackets. New age dates are shown to
drill sites except DSDP site 217 [Pringle et al., 2008]. SUM = Sumatra

(a) Variations of magma production rates as a function of interpolated age of volcanism along
the NER. (b) Variations in the Indian plate motion as indicated by changes in spreading rates
along a synthetic flow line across the India-Antarctica Ridge [Cande and Stegman, 2011]. (c)
Plot showing Te values along the NER from 28°S to 8°N derived from 2-D and 3-D flexural
modeling [Sreejith and Krishna, 2013]. The lower and upper bounds of Te estimates using 2D
and 3D methods are indicated by gray shading and error bars. (d) Bathymetry (Black line),
predicted water depths (dashed line), DSDP and ODP drill locations (arrows) and gravity

(Gray line) on a longitudinal transect along the NER.

Power spectral density of the magma production rates as shown in Figure 2a. The spectra were
computed using Fast Fourier Transform with a symmetrical Hanning window. The periods

corresponding to the peaks in spectrum are indicated.

(a) Variations of magma production rates as a function of interpolated age of volcanism along
the Walvis Ridge [4dam et al., 2007]. (b) Variations in the Atlantic plate motion [Cande and
Stegman, 2011]. Magma flux >65 Ma are not plotted as their origin is suspected to be non-
plume in nature. (c) Te values [Watts et al., 2006] projected along the axis of the Walvis
Ridge
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Figure 2:
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Figure 4
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