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Variations in the mass accumulation rate of biogenic silica (BSi) in continental margin sediments can be
used to reconstruct relative changes in productivity through time in these settings. In the northern Bay of
Bengal a lack of long sedimentary records has historically precluded this type of reconstruction. The
acquisition of 21 new long sedimentary records during the 2006 Indian National Gas Hydrate Program
(NGHP) Expedition-01 has made it possible for the first time to reconstruct paleoproductivity in this
important region of the world that is dominated by intense changes in the geological and biological
fluxes largely driven by tectonic and climate related mechanisms. In the research presented here, fluc-
tuations in the mass accumulation rate of biogenic opal during the past ~9.4 Myrs are reconstructed
using continental margin sediment cores from the Andaman Sea (Site NGHP-01-17A) and the northern
Bay of Bengal (Site NGHP-01-19). Within these records, a biogenic silica crash is recorded at ~6 Ma and is
consistent with previous geotectonic, geochemical and paleontological studies of the southern Indian
Ocean and Pacific Ocean that suggest connectivity, and thus exchange of nutrient-rich water masses,
between the eastern tropical Indian Ocean and western tropical Pacific Ocean was diminished as a result
of the tectonic restriction of the northerly sector of the Indonesian Throughflow (ITF). The biogenic silica
crash at Sites 17 and 19 is consistent with a decrease in surface water productivity that may have been
driven by the reduction of nutrient-rich Pacific waters delivered to the Andaman Sea and Bay of Bengal
via the northerly route of the ITF. Following the BSi crash at ~6 Ma, subsequent recovery of the BSi mass
accumulation rates at Sites 17 and 19 occurred and was perhaps renewed by an enhanced supply of
nutrient-rich freshwater from the nearby Irrawaddy and Mahanadi Rivers, which could have occurred
during a documented increase in the intensity of the Indian monsoon at ~5 Ma. Although recovery is
noted at both core locations, biogenic silica mass accumulation rates did not fully recover in the
Andaman Sea. This could be explained by the restricted nature of the Andaman basin and its more distal
location from a major source of nutrient-rich freshwater.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Several DSDP and ODP expeditions in the Pacific and north-
ecentral Indian Oceans have documented significant increases in
the mass accumulation rates (MAR) of biogenic sediments during
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the late MioceneePliocene (e.g., Leinen, 1979; Woodruff, 1985;
Farrell et al., 1995; Dickens and Owen, 1996). These changes mark
important shifts in planktonic and benthic productivity, and are
especially well developed in oceanographic divergence zones
(Peterson et al., 1992; Berger et al., 1993; Dickens and Owen, 1994).
The time-coincident nature of biogenic sediment increases in the
Pacific and Indian Oceans resulted in the development of the
“biogenic bloom” hypothesis that suggests enhanced nutrient up-
welling to surface waters in divergence zones led to an increase in
the downward flux of biogenic sediments and an expansion of the
oxygen minimum zone, enhancing preservation (e.g., Dickens and
Owen, 1999). Sediment deposited between 9.0 and 3.5 Ma in
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these ocean basins contain planktonic and benthic fauna that are
indicative of high productivity and organic content and redox sig-
natures indicative of low dissolved O2 (Dickens and Owen, 1999).

Two potential mechanisms have been proposed to explain the
origin of the late MioceneePliocene biogenic bloom: 1) elevated
nutrient supply to the ocean basins via increased continental
weathering or 2) a redistribution of nutrients within the oceans
resulting from a change in the strength of deep water formation
(Dickens and Owen,1999) or an opening and closing of passages for
ocean circulation (e.g., Keller and Barron,1983; Cortese et al., 2004).
Although both scenarios are plausible, a better understanding of
the late MioceneePliocene biogenic bloom may be achieved as the
spatial distribution of its occurrence and its timing are better
constrained globally.

Although plausible explanations for the late MioceneePliocene
biogenic bloom have been proposed and discussed, the subse-
quent cessation of the bloom has received limited discussion
(Keller and Barron, 1983; Farrell et al., 1995; Dickens and Owen,
1999). In this paper, we document the biogenic silica mass accu-
mulation rate (MAR) of sediments located in the Andaman
accretionary wedge at National Gas Hydrate Program of India
Expedition-01 (NGHP-01) Site 17 (10� 45.19120N, 93� 6.73650E)
and in the northwestern Bay of Bengal at NGHP-01 Site 19 (18�

58.65680N, 85� 39.52020E) and discuss the mechanisms that may
have caused an observed abrupt decrease or “crash” in BSi at
~6 Ma at both sites.
Figure 1. Regional map of the NE Indian Ocean region showing core locations from the 200
region (yellow dots), the location of major rivers entering the NE Indian Ocean and Andaman
lines are deep water masses, coarse dashed lines are intermediate waters, and fine dashed lin
legend, the reader is referred to the web version of this article.)
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2. Geologic setting

The seafloor sedimentary record in the Bay of Bengal in the
northern Indian Ocean is dominated by the Bengal and Nicobar
submarine fans, which have received terrigenous sediments from
the erosion of the Himalayan Mountains via transport through the
GangeseBrahmaputra drainage systems during the last 15 million
years (Curray et al., 2003; Bastia et al., 2010, Fig.1). The extent of the
Bengal Fan is limited to the west by the continental shelf and slope
of peninsular India, which formed as a passive margin during the
break-up of Gondwana (Powell et al., 1988; Curray et al., 2003;
Bastia et al., 2010) and has received terrigenous sediments from
the modern Mahanadi, Krishna, Godavari and Kaveri Rivers and
predecessor rivers (Fig. 1). Site 19 is located on the slope, above the
modern-day depocenter of the Bengal Fan, on the easternmargin of
peninsular India, just south of the Mahanadi River discharge. To the
east, across the Bay of Bengal, much of the Bengal Fan has been
subducted or accreted beneath the Sunda Subduction Zone (Bowles
et al., 1978; Curray et al., 2003). As the aseismic Ninety East Ridge
continues to approach the subduction zone it also inhibits Bengal
Fan sedimentation, isolating the more westerly and previously
deposited fan sediments, now known as the Nicobar Fan, from the
main Bengal Fan lobe (Bowles et al., 1978; Curray et al., 2003).
Farther to the east, the semi-enclosed Andaman Sea is located in a
back-arc basin formed by the oblique subduction of the Indian Plate
beneath the Sunda Plate (Rodolfo, 1969; Karig et al., 1980; Pal et al.,
6 NGHP-01 Expedition (red dots and stars) and existing ODP and DSDP core sites in the
Sea, generalized ocean circulation, and regional volcanic centers (pink dots). Solid blue
es are shallow water masses. (For interpretation of the references to color in this figure
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2003; Raju et al., 2007). Backarc extension and the concomitant
formation of the Andaman Sea began between 11 and 4 Ma
(Rodolfo, 1969; Karig et al., 1980; Pal et al., 2003; Raju et al., 2007).
Since ~4 Ma, active backarc spreading in the Andaman Sea has
resulted in total extension of ~460 km (Raju et al., 2004; Khan and
Chakraborty, 2005). Within the Andaman Sea, terrigenous sedi-
ments from the Irrawaddy River are deposited on the shelf and
slope, north of the Andaman back-arc spreading center (Rodolfo,
1975). Transportation of fine-grained sediments are restricted to
the nearshore region by monsoonal surface currents (Rodolfo,
1975; Babu et al., 2010; Tripathy et al., 2011). Site 17 is located in
the Andaman accretionary wedge, east of Little Andaman Island.
Both Sites 17 and 19 are located at depths above the reach of
sediment gravity flows associated with the Bengal Fan and thus
preserve nearly continuous records of pelagic/hemipelagic sedi-
mentation that are ideal for paleoceanographic study.

3. Site and core stratigraphy

This study focuses on the stratigraphic records recovered from
two marine sedimentary records from the northeast Indian Ocean.
Site 17 was drilled in the Andaman accretionary wedge, east of
Little Andaman Island in the Andaman Sea (Fig. 1). This site is
located in 1344 m of water, far from major sources of terrestrial
clastic influx, and preserves predominantly carbonate oozes with
intervals rich in biogenic silica, within fine-grained (clay-sized)
terrigenous material, punctuated by volcanic ashes (Collett et al.,
2008; Rose et al., 2014). Site 19 was drilled in the Mahanadi Ba-
sin, located along the eastern passive continental margin of India
proximal to the mouth of the Mahanadi River. Site 19 is located in
1422 m of water and is the most heterolithic core from NGHP
Expedition-01 (Collett et al., 2008). The hemipelagic record at Site
19 consists of varying amounts of silt and clay sized minerals,
volcanic glass, pyrite, authigenic carbonate and aragonite, plant
debris, nannofossils, biogenic silica and foraminifera (Collett et al.,
2008; Phillips et al., 2014).

Shipboard smear slide and coarse fraction analyses of the sedi-
ments at Site 17 indicate a shift in the marine microfossils occurred
since the lateMiocene (Collett et al., 2008). Specifically, biosiliceous
and carbonate marine fossils dominate the lower half of the core,
whereas carbonate-bearing marine fossils dominate the upper half
of the core (Fig. 2). The record recovered from Site 19 also follows
the same pattern in biogenic components (Fig. 2).

The ages of the records at Sites 17 and 19were determined using
a detailed nannofossil age model (Fig. 3). Calcareous nannofossil
events were identified at Sites 17 and 19 spanning an interval from
the Pleistocene to themiddle Miocene (Flores et al., 2014), based on
standard biozones of Martini (1971) and Okada and Bukry (1980).
The biochronology was developed following Raffi and Flores (1995)
and Raffi et al. (2006) using astronomically calibrated ages from
magnetic reversals and reference isotope stratigraphies.

4. Oceanographic setting

In the Indian Ocean, intermediate and deep water masses
originate from the Atlantic and Southern Oceans (Fig. 1). Interme-
diate waters (~1200e3800 m) are comprised of a mixture of Ant-
arctic Bottom Water (AABW) and North Atlantic Deep Water
(NADW) (also known as Circumpolar DeepWater, CPDW) (Vincent,
1974; Kawagata et al., 2006). Deep waters (>3800 m) are formed
from northward-flowing cold, well-oxidized Antarctic Bottom
Water (AABW) (Peterson, 1984; Kawagata et al., 2006). Within the
Bay of Bengal, the upper ~1000 m of the water column is bathed in
North Indian High Salinity Intermediate Water (NIHSIW) and a
seasonally-influenced low salinity surface water mass. The NIHSIW
Please cite this article in press as: Cawthern, T., et al., A late MioceneeEarly
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enters the Bay of Bengal from the Arabian Sea as the Monsoon
Current, but is ultimately derived from the Red Sea and Persian Gulf
(Fig.1; Murthy et al., 1992; Naqvi et al., 1994; Kawagata et al., 2006).
The NIHSIW and low salinity surface water masses in the Bay of
Bengal are highly dependent on the intensity of the summer and
winter monsoons (Varkey et al., 1996). Differential heating of the
ocean during the winter monsoon, compared to the Indian sub-
continent results in the establishment of a high-pressure system
over the land that leads to an intensification of the northerly winds,
and causes decreased precipitation over the land and an increase in
sea surface temperature in the Bay of Bengal (Varkey et al., 1996). In
contrast, the summer monsoon results in the intensification of
southerly winds that forces moisture-laden air originated from the
Bay of Bengal over the HimalayaeTibetan mountain range, and
causes increased rainfall and freshwater discharge into the Bay of
Bengal (Varkey et al., 1996). The major implication of the Asian
monsoon and its intensity through time is the effect it has on the
seasonal winds, precipitation, and run-off patterns, which affect
the volume and composition of run-off entering the marginal seas.
Increased precipitation and river runoff during the summer
monsoon restricts vertical mixing and upwelling of deep nutrients
to the photic zone proximal to the coast (e.g., Madhupratap et al.,
2003; Prassana Kumar et al., 2002) in the Bay of Bengal and
Andaman Sea. Another important influence of the monsoons is the
seasonal variations they induce in temperature and density in the
Bay of Bengal that results in very different circulation patterns. In
particular, during the winter monsoon, surface water is transported
clockwise in the Bay of Bengal, whereas during the summer
monsoon, the direction of transport is reversed (Varkey et al., 1996).
Upwelling-induced productivity in the Bay of Bengal and Andaman
Sea regions is primarily located away from the continental margins,
where the wedge of freshwater influx is thinner and wind stress is
high, resulting in the formation of localized mesoscale cyclonic
eddies (Wyrtki, 1961; Buranapratheprat et al., 2010; Rizal et al.,
2012).

Deep, intermediate, and surface waters in the Andaman Sea are
derived from freshwater runoff and the intermixing of water
masses that originate from the Indian and Pacific Oceans (Ibrahim
and Yanagi, 2006; Amiruddin et al., 2011). The AndamaneNicobar
Islands (located just west of Site 17) isolate most of the Andaman
Sea deepwaters from the Bay of Bengal deepwaters in the northern
sector of the Andaman Basin, but these two water masses intermix
in the central Andaman Sea through the Preparis and Ten Degree
Channel, and in the south through the Great Channel (Fig. 1; Varkey
et al., 1996; Dutta et al., 2007). In contrast, intermediate and surface
waters from the Bay of Bengal freely intermix with those of the
Andaman Sea. Surface waters in the Andaman Sea are strongly
affected by seasonal variations in the monsoons, particularly as a
result of increased discharge of freshwater from the Irrawaddy, and
Brahmaputra and Ganges Rivers (Fig. 1; Wyrtki, 1961; Rizal et al.,
2012).

In addition to the seasonally-induced changes to the surface
water within the Andaman Sea, studies from other ocean basins
(i.e., Pacific) suggest that temporal variations in the connectivity of
Indian and Pacific Ocean surface waters via the Indonesian
Throughflow (ITF) has affected the productivity of carbonate (i.e.,
foraminifera) and biosiliceous plankton (i.e., diatoms and radio-
larians) (Keller, 1985; Kennett et al., 1985; Romine and Lombari,
1985). The flow of Pacific Ocean waters westward into the Indian
Ocean through the Indonesian archipelago andmarginal seaways is
the result of a pressure gradient that is established between the two
ocean basins due to a difference in sea-surface elevation between
the two ocean basins. Today, the ITF transports relatively cool, fresh
northern Pacific surface water into the Indian Ocean (Gordon and
Fine, 1996; Cane and Molnar, 2001; Sengupta et al., 2013) through
Pliocene biogenic silica crash in the Andaman Sea and Bay of Bengal,
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Figure 3. A) Age models (see Flores et al., 2014) at NGHP-01 Sites 17 and 19, showing the age and occurrence of unconformities within these records and the average sedimentation
rates above and below the unconformities. B) Sedimentation rates at Sites 17 and 19 between discrete age control points.

Figure 2. Generalized core stratigraphy at Sites 17 and 19 (Collett et al., 2008).
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Figure 4. Time-integrated silica dissolution example for a sample from the northeast
Indian Ocean. The first two points target biologic SiO2. The last four points represent
the slower dissolution of mineral SiO2. The slope-break in the data occurs because of
the different dissolution rates of amorphous and mineral SiO2 components. The y-
intercept of the linear regression through the last four data points is the concentration
of BSi in this sample.
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numerous channels located between islands of the Indonesian ar-
chipelago and the surroundingmarginal seaways, such as the South
China Sea (Gordon et al., 1996, 2012; Fang et al., 2005, 2009; Tozuka
et al., 2007). However, because of the narrow nature of the pas-
sageways that connect these two oceans and active tectonism
throughout the region, uplift and/or subsidence of the seafloor
(Nishimura and Suparka, 1997; Martin and Scher, 2006; Rai and
Singh, 2012), as well as eustatic sea-level falls during the mid-late
Miocene and present (Haq et al., 1987) may have periodically
restricted deep water mass flow between these basins or re-routed
flow paths (e.g., Gordon and Fine, 1996; Fang et al., 2010; Susanto
et al., 2010, 2012), potentially limiting the exchange of nutrients
between the western Pacific and eastern Indian Oceans (Gourlan
et al., 2007; Jiang et al., 2007). Geotectonic (e.g., Nishimura and
Suparka, 1997), paleontological (e.g., Kennett et al., 1985), and
geochemical (e.g., Martin and Scher, 2006) datasets from the
southern Indian and western Pacific Oceans have revealed the
progressive restriction of the ITF from early to late Miocene
(~23.7 Mae5.3 Ma). Deep water flow through the ITF is believed to
have been more or less closed and/or re-routed by ~6 Ma (Kennett
et al., 1985; Hall, 1996, 2002; Nishimura and Suparka, 1997). More
recent studies show that deep water mass exchange through the
ITF was periodically re-established after ~6 Ma, with complete
closure or re-routing of the deep waters being more recent, around
~4e3Ma (late Pliocene) (e.g., Cane andMolnar, 2001; Gourlan et al.,
2007).

The World Ocean Atlas 09 indicates that the modern distribu-
tion of dissolved nutrients for the Pacific Ocean is higher than that
of the Indian ocean (Garcia et al., 2010). More specifically, the Pa-
cific Ocean contains higher concentrations of silicate, phosphate,
and nitrate with depth as well as for surface water masses
(Buranapratheprat et al., 2010; Garcia et al., 2010). Concentrations
of these nutrients are highest in the northern Pacific Ocean, where
ITF waters originate in the modern ocean (Cane and Molnar, 2001).
Prior to ~4e3 Ma, the source of ITF waters was from the warm,
comparatively less nutrient-rich South Pacific (Cane and Molnar,
2001).

5. Methods

The mass accumulation of biogenic silica (BSi) in marine sedi-
ments is a function of the surface water plankton productivity in
the ocean and often correlates with the flux of marine organic
carbon and calcium carbonate (from plankton) to the seafloor (e.g.,
Calvert, 1966; Lyle et al., 1988). Shipboard smear-slide and coarse-
fraction analyses of the sediments at Sites 17 and 19 revealed a
decrease in the relative abundance of biosiliceous marine organ-
isms from the base to the top of the cores in both records (Collett
et al., 2008) and it is this change that is the focus of this study.
Preservation of biosiliceous sediments within these records is good
throughout the timeframe studied based on the quality of silica
tests examined in smear slides (Collett et al., 2008). Bulk sediment
samples fromNGHP-01 Sites 17 and 19were initially dried and then
powdered using a mortar and pestle. Powdered samples were
placed in individually labeled sample vials and stored in a desic-
cator until biogenic silica analyses were made. These same samples
were also analyzed for CHN elemental abundance as well as bulk
Corg isotopic analysis (Johnson et al., 2014).

Biogenic silica (BSi) was determined on 68 bulk sediment
samples from Site 17 and 56 samples from Site 19 by extracting BSi
from ~25 mg of sample material using a modified version of the
wet alkaline technique of DeMaster (1981) and Strickland and
Parsons (1972), which are outlined in the Stanford University Sta-
ble Isotope Laboratory Standard Operating Procedure Manual
(Mucciarone, 2003). This procedure uses a 0.1 M NaOH solution at a
Please cite this article in press as: Cawthern, T., et al., A late MioceneeEarly
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constant temperature of 85 �C to leach silica from the sample
(Mucciarone, 2003). Sequential sampling of each sample was per-
formed at 30 min and at each hour from hours 1e5 in order to
establish a robust BSi leaching curve. After the allotted sampling
interval was complete, a molybdate reagent and a reducing solution
were added to turn each sample a hue of blue that corresponds to
the concentration of silica (deeper blue for greater silica content).
Standards were prepared to cover the range of sample concentra-
tions. Standards and samples were then analyzed on a Milton Roy
Spectronic 501/601 spectrophotometer at a wavelength of 812 nm.
Absorbance at this wavelength varies from 3.000 to 0.000 with
analytical precision of ±0.001. The absorbance value of each sample
was measured 3e4 times, or until two consecutive readings indi-
cated the absorbance of the sample had stabilized. The average of
these two analyses was then plotted relative to the aliquot sam-
pling interval (time). Each individual sample thus has a corre-
sponding plot containing six absorbance analyses, one at 30 min
and five for each of the successive hours (1e5) plotted relative to
time (Fig. 4). In order to determine the total weight percent BSi, a
least-squares regression analysis was performed on the increase in
BSi extracted versus time. Early extractions (hours ~0e2) target the
dissolution of amorphous silica (BSi or volcanic glass), whereas
later ones target Si from minerals (i.e., clay, feldspars, quartz). It is
noteworthy that all of the samples analyzed for BSi in this study
were from non-volcanic ash bearing intervals in both the Site 17
and Site 19 records. Therefore, the y-intercept of the extrapolated
best-fit trendline from the least-squares regression is representa-
tive of the biogenic silica concentration for an individual sample
(Fig. 4). The best-fit linear regressions for all samples equaled or
exceeded R2¼ 0.9 (Fig. 4). In order to convert the BSi absorbance for
each sample to a concentration, these values were compared to the
standard curve of absorbance versus concentration. The following
silica standard concentrations were prepared by diluting a
1000 ppm SiO2 (~35,606.2 mM Si) standard solution (Ricca Chemi-
cal) with Milli-Q water (18.2 MU * cm at 25 �C): 0 mM Si; 125 mM Si;
463 mM Si; 908 mM Si; 1193 mM Si. The standard curve of absorption
(R2 > 0.999) was run at the start and end of each sampling session
to account for potential instrument drift. High (1193 mMSi) and low
(125 mM Si) standards, and a sample of Milli-Q water were also
analyzed after each time-specific (i.e., 30 min, 1 h, 2 h, etc.) suite of
Pliocene biogenic silica crash in the Andaman Sea and Bay of Bengal,
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Table 1
Biogenic silica MAR at NGHP-01 sites 17 and 19.

Site 17 17 17 17 17 17 17 17 17 17 17 17 17

Sample 1H2 40-42 2H4 40-42 3H7 40-42 5H2 38-40 6H3 40-42 7H7 40-42 8H7 40-42 10H6 40-42 12H1 38-40 13X2 40-42 14X3 40-42 16X2 40-42 16X6 40-42

Depth (mbsf) 2.40 9.40 22.90 34.88 45.84 61.40 70.40 88.40 99.88 110.90 121.90 139.60 145.29
BSi (wt %) 0.20 0.15 0.16 0.15 0.22 0.16 0.18 0.19 0.26 0.14 0.19 0.21 0.19
Age (Ma) 0.03 0.12 0.29 0.44 0.58 0.78 0.89 1.17 1.40 1.70 2.45 2.52 2.54
BSi MAR

(g/cm2 * kyr)
0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.00 0.06 0.06 0.06

Site 17 17 17 17 17 17 17 17 17 17 17 17 17

Sample 18X2 41-43 18X4 41-43 18X5 41-43 19X2 40-42 19X4 41-43 19X6 40-42 21X2 40-42 22X1 38-40 22X6 40-42 24X4 13-15 25X5 40-42 27X1 42-44 28X1 40-42

Depth (mbsf) 157.97 160.97 162.47 166.73 169.73 172.73 178.40 185.58 192.79 206.68 219.50 233.22 242.90
BSi (wt %) 0.15 0.23 0.24 0.26 0.21 0.21 0.19 0.19 0.16 0.21 0.44 0.59 0.65
Age (Ma) 2.58 2.59 2.60 3.90 4.17 4.44 4.95 5.56 5.64 5.80 5.94 6.10 6.20
BSi MAR

(g/cm2 * kyr)
0.05 0.07 0.07 0.00 0.00 0.00 0.00 0.02 0.02 0.02 0.04 0.06 0.13

Site 17 17 17 17 17 17 17 17 17 17 17 17 17

Sample 29X3 41-43 30X3 40-42 31X2 40-42 32X5 40-42 33X2 39-41 34X1 38-40 34X4 40-42 35X1 41-43 36X4 40-42 39X4 40-42 40X6 38-40 41X6 50-52 42X4 40-42

Depth (mbsf) 254.45 264.00 271.38 285.67 291.25 299.58 304.10 309.21 322.24 334.90 344.06 354.57 361.19
BSi (wt %) 0.49 0.58 0.51 0.76 0.84 0.86 0.84 1.04 1.69 1.62 1.36 1.53 1.87
Age (Ma) 6.26 6.32 6.36 6.45 6.48 6.53 6.55 6.58 6.66 6.73 6.79 6.88 6.95
BSi MAR

(g/cm2 * kyr)
0.10 0.11 0.10 0.15 0.16 0.17 0.16 0.20 0.33 0.32 0.26 0.15 0.18

Site 17 17 17 17 17 17 17 17 17 17 17 17 17

Sample 43X6 9-11 45X1 40-42 46X1 40-42 47X3 10-12 47X7 38-40 51X1 42-44 52X2 41-43 53X5 40-42 54X5 40-42 55X8 40-42 56X2 40-42 58X4 32-34 61X5 37-39

Depth (mbsf) 372.12 386.10 395.80 407.70 413.21 424.72 435.91 448.58 458.64 469.52 474.10 496.10 506.85
BSi (wt %) 2.03 1.47 1.42 2.15 1.57 1.71 2.30 1.65 2.49 1.76 2.00 2.46 2.40
Age (Ma) 7.05 7.19 7.29 7.41 7.46 7.58 7.69 7.81 7.91 8.02 8.07 8.29 8.36
BSi MAR

(g/cm2 * kyr)
0.19 0.14 0.13 0.20 0.15 0.16 0.22 0.16 0.24 0.17 0.19 0.23 0.63

Site 17 17 17 17 17 17 17 17 17 17 17 17 17

Sample 62X7 30-32 64X3 35-37 65X2 40-42 66X1 42-44 67X7 39-41 68X5 41-43 69X3 40-42 73X2 40-42 74X2 40-42 75X5 36-38 77X2 33-35 77X6 40-42 78X5 46-48

Depth (mbsf) 519.41 533.22 541.90 550.12 565.50 573.50 582.10 598.90 608.60 622.13 635.57 640.68 649.17
BSi (wt %) 1.88 1.75 2.53 2.10 2.13 2.15 2.32 2.20 3.28 2.80 2.67 2.31 3.12
Age (Ma) 8.41 8.46 8.49 8.52 8.57 8.60 8.63 8.69 8.72 8.77 8.82 8.84 8.93
BSi MAR

(g/cm2 * kyr)
0.49 0.46 0.66 0.55 0.56 0.56 0.61 0.58 0.86 0.74 0.70 0.61 0.19

Site 17 17 17 19 19 19 19 19 19 19 19 19 19

Sample 80X5 36-38 82X3 38-40 83X1 42-44 1H1 40-42 2H1 40-42 3H3 40-42 3H6 40-42 4H6 38-40 6H1 43-45 7H5 40-42 7H7 40-42 8H1 40-42 8H2 40-42

Depth (mbsf) 667.28 675.38 683.32 0.40 5.70 18.20 22.70 32.18 43.73 59.20 62.20 66.70 67.38
BSi (wt %) 2.00 2.20 3.26 0.35 0.26 0.14 0.31 0.30 0.27 0.31 0.29 0.17 0.26
Age (Ma) 9.21 9.34 9.46 0.01 0.10 0.27 0.29 0.33 0.38 0.44 0.45 0.81 0.90
BSi MAR

(g/cm2 * kyr)
0.12 0.13 0.20 0.02 0.01 0.03 0.07 0.07 0.06 0.07 0.07 0.00 0.00

Site 19 19 19 19 19 19 19 19 19 19 19 19 19

Sample 8H4 40-42 8H5 40-42 8H7 42-44 8H8 33-35 9H1 40-42 9H2 40-42 10H2 40-42 11H1 94-96 11H3 41-43 12X3 40-42 13X3 40-42 14X3 39-41 18X2 40-42

Depth (mbsf) 69.70 71.20 74.22 75.13 76.20 77.70 87.20 95.74 97.82 100.73 110.05 120.79 130.90
BSi (wt %) 0.26 0.30 0.21 0.24 0.24 0.24 0.25 0.23 0.16 0.29 1.22 1.24 1.03
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samples was analyzed in order to evaluate instrument drift and/or
inaccuracies.

Biogenic silica weight percentage was determined on bulk
samples from Sites 17 and 19 at fairly regularly spaced intervals
throughout the cores. Weight percent BSi for each measured
sample was later converted into an instantaneous mass accumu-
lation rate for discrete sampling intervals throughout the cores.
Mass accumulation rates were calculated by multiplying the linear
sedimentation rate (LSR) from the calcareous nannofossil age
model (Fig. 3) by the dry bulk density (DBD), determined from
physical properties measurements (Collett et al., 2008), and the
weight percent BSi.

6. Results

The cores at Sites 17 and 19 were sampled at relatively constant
~100e300 kyr intervals from the top of each core to the base. The
relatively coarse resolution of the sampling intervals permits the
discussion of only general trends in the data at both core locations
over million year time scales (Table 1).

The results from Site 17 are divided into three discrete intervals:
1) a section of relatively high BSi accumulation from ~9.46 Ma to
~5 Ma; 2) two segments of relatively low biogenic silica accumu-
lation, one from ~5 Ma to ~4 Ma and another from ~1.7 Ma to the
present; and 3) a period of increased BSi accumulation that
occurred ~2.5 Ma (Fig. 5). The first interval exhibits variable rates of
BSi accumulation that range between ~0.7 g/cm2 * kyr at ~8.5 Ma
and ~0.002 g/cm2 * kyr at ~5 Ma. BSi initially increased within this
interval from ~0.12 g/cm2 * kyr at ~9.2 Ma to the highest measured
value of ~0.7 g/cm2 * kyr at ~8.5 Ma. Mass accumulation rates
subsequently decreased from ~8.2 Ma and reached values of
~0.14 g/cm2 * kyr by ~7.2 Ma before they increased again to ~0.3 g/
cm2 * kyr by ~6.7 Ma. Despite this variability, the mass accumula-
tion rates of BSi throughout this interval are the highest recorded
MARs in the core. The second highest observed mass accumulation
rate of BSi at Site 17 occurred from ~2.6 Ma to ~1.7 Ma with rates
that attained a peak of ~0.07 g/cm2 * kyr at ~2.5Ma. This pulse in BSi
accumulation, however, is truncated between ~3.8 Mae2.6 Ma
because of a hiatus (most likely an unconformity) in the nannofossil
biostratigraphy (Flores et al., 2014). It is therefore difficult to say
exactly when the relative increase in BSi accumulation began,
following the period of low BSi accumulation between ~5 Ma and
~4 Ma, but the overall trend is that of gradual increase in BSi MAR
between ~5 and 4Ma (Fig. 5). The accumulation of BSi has remained
low in the Andaman Sea region at Site 17 since ~1.7 Ma. In general,
the MAR of biogenic silica at Site 17 decreased from ~9.4 Ma to
~5 Ma and never returned to the pre-crash BSi levels observed
during the late Miocene.

The data from Site 19 are somewhat more variable than those
from Site 17 and the BSi MAR is an order of magnitude lower overall
at Site 19 (Figs. 4 and 5, Table 1). The record of biogenic silica
accumulation at Site 19 is divided into four discrete intervals: 1) a
section of moderately high BSi accumulation that ranged between
~0.01 g/cm2 * kyr at ~10.5 Ma and ~0.006 g/cm2 * kyr at ~6.3 Ma
with a maximum rate of accumulation of ~0.05 g/cm2 * kyr at
~8.22 Ma; 2) a second period of moderately high BSi accumulation
that ranged between ~0.004 g/cm2 * kyr at ~5.5 Ma and ~0.003 g/
cm2 * kyr at ~3.8 Ma with a maximum rate of accumulation of
~0.06 g/cm2 * kyr at ~4.2 Ma; 3) a third section of maximum BSi
accumulation that ranged between ~0.001 g/cm2 * kyr at ~0.8 Ma
and ~0.02 g/cm2 * kyr at present and consists of the highest rates of
accumulation of ~0.07 g/cm2 * kyr at ~0.4 Ma; 4) three periods of
low BSi accumulation: one between ~6.3 Ma and ~5.5 Ma, a second
between ~3.65 Ma and 2.44 Ma, and a third from ~1.96 to 0.8 Ma
(Fig. 5). A hiatus (most likely an unconformity) in the nannofossil
Pliocene biogenic silica crash in the Andaman Sea and Bay of Bengal,
tgeo.2014.07.026



Figure 6. Porewater Si concentrations (gray area fill) and BSi MAR (yellow area fill) at
Site 17 with respect to age within the core and ages of known occurrences of volcanic
ashes (red dots). Porewater Si concentrations (Rose et al., 2014) appear to be primarily
derived from amorphous volcanic glass phases, particularly in Subunits Ia and Ib,
rather than the dissolution of biogenic silica tests, as evidenced by the covariance of
ashes and high porewater [Si]. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Figure 5. Biogenic silica mass accumulation rates at Sites 17 and 19 with respect to age
in the core. BSi MAR is higher at Site 17 in the Andaman Sea compared to Site 19 in the
Mahanadi Basin.
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biostratigraphy from ~3.8 to 3.65 Ma and ~2.44e1.96 Ma prohibit
interpretations within these intervals (Flores et al., 2014). In gen-
eral, the MAR of biogenic silica at Site 19 decreased from ~10.5 Ma
to ~5.5Ma, with productivity recoveringmore rapidly following the
BSi crash at ~6 Ma compared to Site 17. We consider the dramatic
decrease in BSi MAR at Site 17 from ~9.4 to 5 Ma and at Site 19 from
~10.5 to 5.5 Ma to be time-coincident in the Andaman Sea and Bay
of Bengal, and correlative to the reduction of BSi MAR reported in
the South China Sea (Wang et al., 2004), California margin (Farrell
et al., 1995; Janecek, 2000), and elsewhere in the Pacific (Cortese
et al., 2004) and Indian Oceans (Dickens and Owen, 1999).

7. Discussion

Quantitative analysis of percent biogenic silica has been the
focus of few studies in the Indian Ocean (Bohrmann and Ehrmann,
1991; Hempel and Bohrmann, 1990; Schmitz, 1987). These studies
provide evidence of two distinct phases of biogenic opal produc-
tivity in the Indian Ocean, one from the Eocene-Oligocene
(~35.8 Ma) and a second from late middle to late Miocene
(~11 Ma) (Baldauf et al., 1992). To date, however, no studies of BSi
Please cite this article in press as: Cawthern, T., et al., A late MioceneeEarly
Marine and Petroleum Geology (2014), http://dx.doi.org/10.1016/j.marpe
exist that have focused on long timescale productivity changes in
the northern Bay of Bengal or Andaman Sea regions.

The use of biogenic silica as a proxy for productivity in the water
column can be difficult to interpret, particularly in regions where
volcanic glass is pervasive. Fortunately, the time-integrated disso-
lution steps used in the modified wet alkaline technique of
DeMaster (1981) and Strickland and Parsons (1972) accounts for
the different rates of dissolution of amorphous and mineral phases
and therefore facilitates the identification of impure volcanic glass
versus BSi signatures. Moreover, the discretionary selection of
samples from intervals within the core devoid of volcanic ashes acts
as a first step in ensuring the analysis for BSi does not contain a
significant signature from volcanic glasses. The purity of BSi sig-
natures from Site 17 is not only revealed from the slope breaks in
the time-integrated dissolutions datasets (Fig. 4), but also in a plot
of the downhole porewater Si concentration (Fig. 6). The concen-
tration of silica in pore fluids from Site 17 varies such that the core
may be divided into three intervals: 1) an interval of high porewater
Si from ~9.5 Mae5.7 Ma, 2) a section of low porewater Si from
~5.7Mae2.6Ma, and 3) an interval of moderately high porewater Si
concentration from ~2.6 Mae0.5 Ma. In the record at Site 17, the
porewater Si concentration (Fig. 6) is highest in the core near the
bottom (~9.5e5.7 Ma), where the mass accumulation rate of BSi is
high and there are also abundant volcanic ashes. In the middle of
the core (~5.7e2.6 Ma), where no continuous volcanic ash layers
are present, although disseminated ashes are observed in low
abundances and the BSi MAR is low, the porewater Si concentra-
tions are low. In contrast to both of the deeper portions of the core,
the top of the core (the last ~2.6 Myrs) shows a bulge in porewater
Si that corresponds with the occurrence of volcanic glass, and a
nearly constant and low occurrence of BSi (Fig. 6). These results
imply that the sediment porewater silica at Site 17 may be largely
derived from dissolution of volcanic glass phases. If the measure-
ments of BSi in the uppermost part of the record at Site 17
Pliocene biogenic silica crash in the Andaman Sea and Bay of Bengal,
tgeo.2014.07.026
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(~2.6e0 Ma) had incorporated volcanic glass, the BSi profile would
more closely match the porewater profile in this interval. Instead,
the porewater profile covaries with the abundance of volcanic glass
in the record, particularly in Subunits Ia and Ib, where biogenic
silica is less abundant. Porewater Si in Subunit Ic is most likely
comprised of an admixture of both BSi and amorphous silica from
volcanogenic sources. Coupled with the strength of separation in
the slope-breaks from the time-integrated BSi dissolutions (Fig. 4),
the BSi data reported here do not include a significant signature
from volcanic glass in the Site 17 record. Because Site 19 is located
farther from the Sunda volcanic arc and only one ash occurrence
was documented in the core (Collett et al., 2008), the BSi mea-
surements here are not affected by amorphous volcanic glasses.

The sedimentary records from Sites 17 and 19 are distinct from
one another as a result of their different depositional settings. Site
17 preserves a predominantly marine pelagic record that contains
variable amounts of airfall volcanic ashes and fine grained (clay-
sized) clastic materials (Collett et al., 2008). In contrast, Site 19 is
predominantly a hemipelagic record that consists of variable con-
centrations of marine carbonate and biosiliceous fossils, terrestrial
plant remains, and clastic detritus that most likely originated from
the Mahanadi River (Collett et al., 2008; Phillips et al., 2014).
Despite these differences, shipboard smear-slide and coarse-
fraction analyses of these records revealed a general pattern of
decreased biosiliceous fossils from the bottom to the top of the
cores. These observations are now quantified through wet chemical
analytical techniques and reveal the timing of a significant crash in
the BSi MAR at both Sites 17 and 19. In general, the biogenic silica
crash at Site 17 occurred between ~6.7 and 5 Ma, whereas the crash
at Site 19 occurred between ~7.2 and 5.5 Ma. The crash in both core
locations is time-correlative. The duration of low BSi MAR that
followed the crash at Site 17 is difficult to estimate due to the
presence of an unconformity that lasted from ~3.8 to 2.6 Ma, but a
moderate pulse in productivity is apparent that began prior to
~3.8 Ma and continued after ~2.6 Ma. In contrast, BSi MAR
rebounded at Site 19 after a period of low productivity that lasted
approximately 0.7 Myr. Despite the different environments of
deposition between these two core locations, biogenic silica pro-
ductivity noticeably decreased between ~7.2 and 5 Ma at both core
locations. This crash is correlative to the reduction of BSi reported
in the South China Sea (Wang et al., 2004), California margin
(Farrell et al., 1995; Janecek, 2004), and elsewhere in the Pacific
(Cortese et al., 2004) and Indian Oceans (Dickens and Owen, 1999).

Numerous studies (e.g., Kennett et al., 1985; Martin and Scher,
2006; Nishimura and Suparka, 1997) of the southern Indian
Ocean and western Pacific Ocean have correlated changes in
geotectonic, paleontological and geochemical datasets to the pro-
gressive restriction of the Indonesian Throughflow (ITF) over long
timescales. The timescale (~23.7 Mae5.3 Ma) of these changes
makes it difficult to rectify orbital to sub-orbital scale changes, but
may reflect longer timescale changes in sedimentation rates and
ocean productivity due to large changes in the Indian monsoon
system or oceanographic change. These datasets suggest that the
flow of deep, nutrient-rich Pacific Ocean waters through the ITF
became restricted by ~6 Ma (Hall, 1996, 2002; Kennett et al., 1985;
Nishimura and Suparka, 1997; Martin and Scher, 2006), but was
perhaps periodically re-established thereafter to give rise to more
recent (late Pliocene ~4e3 Ma) estimates of complete deep water
restriction (e.g., Cane and Molnar, 2001; Gourlan et al., 2007). The
timing of the primary biogenic silica crash at Sites 17 and 19
(~7.2e5 Ma) in the Andaman Sea and northern Bay of Bengal, as
well as opal MARs fromODP Site 1143 in the South China Sea (Wang
et al., 2004) provide evidence of a dramatic change in paleo-
productivity coincident in time with estimates for the timing of the
restriction of the ITF at ~6 Ma.
Please cite this article in press as: Cawthern, T., et al., A late MioceneeEarly
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Upwelling-induced productivity for the last ~40 kyr in the Bay of
Bengal and Arabian Sea has been related to variations in the
strength of the summer monsoon (e.g., Schubert et al., 1998;
Sijinkumar et al., 2010). When the summer monsoon is strong,
increased rainfall over the Indian subcontinent provides a high
supply of H4SiO4-rich runoff to the Indian offshore region and
enhanced southwesterly-directed winds that could potentially
promote upwelling (Filippelli, 1997; Dettman et al., 2001; Gregg,
2002; Gupta and Thomas, 2003; Hathorne and James, 2006; Clift
et al., 2008). Upwelling-induced productivity, however, has been
shown to be severely limited due to freshwater runoff during the
summer monsoon, particularly along the continental shelf and
slope, where a wedge of low salinity, low nutrient surface water
stratifies the water column and inhibits productivity (Prassana
Kumar et al., 2002; Madhupratap et al., 2003; Bolton et al., 2013).
Over the past 110 kyr, biological productivity at Site 19 decreased
during periods of enhanced summer monsoon intensity; however,
BSi MAR increased relative to CaCO3 MAR during these periods of
intensified summer monsoon (Phillips et al., 2014), suggesting BSi
MAR may be decoupled from overall productivity and related to
silicate availability in the northern Bay of Bengal. In the semi-
restricted Andaman Sea, upwelling-induced productivity occurs
as a result of mesoscale cyclonic eddies generated due to seasonal
fluctuations in the monsoonal winds (Wyrtki, 1961;
Buranapratheprat et al., 2010; Rizal et al., 2012). On million year
timescales, BSi MAR data from both Sites 17 and 19 record the same
decrease in BSi MAR from ~7.2 to 5Ma. Differences in BSi MAR since
~5 Ma between the two sites are most likely attributed to the
proximity of point sources of nutrients such as the Mahanadi,
Irrawaddy, and GangeseBrahmaputra Rivers or localized sites of
upwelling that may have provided a means of sustaining the most
recent pulses in BSi productivity at Sites 17 and 19, particularly
during phases of reduced monsoon intensity.

The abrupt decrease in productivity of biogenic silica at Sites 17
and 19 from ~7.2 to 5 Ma is consistent with geochemical, paleon-
tological, and geotectonic datasets that support the gradual re-
striction of the gateway linking deep Pacific Ocean water masses to
the Indian Ocean via the Indonesian Throughway from early to late
Miocene (~23.7 Mae5.3 Ma). Today, the Andaman Sea region has
limited deep water hydrographic communication to the South
China and Java Seas through the Strait of Malacca (Keller and
Richards, 1967; Rizal et al., 2012). However, the flow into and out
of this region may have been enhanced prior to ~6 Ma and could
have provided enough vital nutrients to the Site 17 region and even
into the Bay of Bengal to sustain high rates of BSi surface produc-
tivity in both regions. As communication between the Andaman
Sea and the ITF gradually decreased, themass accumulation rates of
BSi also decreased. By ~6.7e5 Ma, the influx of nutrients that sus-
tained BSi productivity may have been limited resulting in the
observed crash in the BSi MAR. A short pulse in BSi productivity at
Site 17 between ~4 and 2.5 Ma could reflect riverine sources of
nutrients from the nearby Irrawaddy and GangeseBrahmaputra
Rivers and/or favorable localized upwelling. The pattern of BSi MAR
at Site 17 are nearly identical to those observed at ODP Site 1143 in
the South China Sea (Wang et al., 2004) and supports previous
studies that report diminished ITF transport by ~6 Ma (e.g., Hall,
1996, 2002; Kennett et al., 1985; Nishimura and Suparka, 1997;
Martin and Scher, 2006). Because this time interval spans the un-
conformity from ~3.8 to 2.6 Ma at Site 17, however, it is difficult to
assess the true signature of any recovery of BSi in the Andaman Sea.
The cessation of this secondary pulse in BSi productivity at Site 17 is
consistent with a late Pliocene (~4e3 Ma) estimate for the final
restriction of deep water mass flow through the ITF from Cane and
Molnar (2001) and Gourlan et al. (2007). Alternatively, enhanced
supply of nutrient-rich freshwater from the nearby Irrawaddy and
Pliocene biogenic silica crash in the Andaman Sea and Bay of Bengal,
tgeo.2014.07.026



T. Cawthern et al. / Marine and Petroleum Geology xxx (2014) 1e1210
Mahanadi Rivers in response to the documented increase in the
intensity of the Indian monsoon at ~5 Ma (Zhisheng et al., 2001;
Curray et al., 2003; Gupta and Thomas, 2003) may have initiated
the increase in productivity after this time.

Tracking the flow of Pacific Ocean water masses as they flow
through the ITF and into the Indian Ocean has been the focus of
numerous studies (e.g., Lee et al., 2002; Valsala and Ikdea, 2007;
Sengupta et al., 2013). In general, once entering the Indian Ocean,
ITF waters flow westward across the Indian Ocean and upon
reaching the western boundary, re-route into three branches: 1) an
eastward-flowing branch located just south of the equator, 2) an
eastward-flowing branch located just north of the equator, 3) a
northward-flowing branch that ultimately upwells in the Somali
region and spreads as surface waters across the northern Indian
Ocean (Valsala and Ikdea, 2007). The third branch of the ITF within
the Indian Ocean may have had a profound effect on surface-water
productivity in the Site 19 region. In particular, the restriction of
and concomitant re-routing of ITF waters around Australia at ~6Ma
may explain the similar timing of the BSi MAR crash at Site 19
(~7.2e6.3 Ma) to the BSi MAR crash that occurred in the Andaman
Sea and elsewhere in the southern Indian and Pacific Oceans, as
well as marginal seaways such as the South China Sea. Because the
ITF is much more modulated in the vastly larger Indian Ocean
compared to the semi-restricted Andaman Sea, the effects of a
reduction in ITF may have been less pronounced in the northern
Indian Ocean. Nevertheless, the crash in BSi MAR at Sites 17 and 19
is coincident and most likely reflects a major change in the delivery
of nutrient-rich deep Pacific Ocean waters to the Bay of Bengal and
Andaman Sea. The relatively rapid recovery of BSi MAR at Site 19
was likely primarily controlled by surface-water runoff and
regionally derived nutrients from the Indian subcontinent (e.g.,
Farrell et al., 1995; Filippelli, 1997; Dettman et al., 2001; Gupta and
Thomas, 2003; Hathorne and James, 2006; Clift et al., 2008), which
would have increased with the documented strengthening of the
monsoon after ~5 Ma (Zhisheng et al., 2001; Curray et al., 2003;
Gupta and Thomas, 2003).

8. Conclusions

Quantitative analysis of biogenic silica was performed on 68
bulk sediment samples from NGHP-01 Site 17 and 56 samples from
NGHP-01 Site 19 in order to better understand an abrupt crash in
biogenic silica at both of these sites. The primary BSi crash at both
of these northeast Indian Ocean sites occurred between ~7.2 and
5 Ma, which is in good agreement with previously reported studies
of the geotectonics, paleontological and geochemistry of marine
sediments from the southern Indian Ocean and western Pacific
Ocean, which document the closure of the Indonesian Throughflow
at ~6 Ma. In contrast to BSi mass accumulation rates observed in
sediments from the northern Bay of Bengal at Site 19, which appear
to be influenced heavily by freshwater runoff that emanated from
the Mahanadi River, those of the Andaman Sea region appear to
have beenmuchmore sensitive to changes in the ITF. Biogenic silica
within the Andaman Sea region never fully recovered to late
Miocene levels following the closure of a northern lobe of ITF be-
tween ~6.7 and 5 Ma, whereas productivity at Site 19 was rejuve-
nated coincident with the proposed strengthening of the monsoon
after ~5 Ma.
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