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Abstract

Chemical and isotopic signatures of oceanic sediments serve as a reliable tool
to assess the interrelation between erosion and climate in the past. In this study, high-
resolution geochemical and Sr-Nd isotopic data of a sediment core (VM 29-17PC;
water-depth: 2813 m) from the western Bay of Bengal have been investigated. These
data were used to reconstruct erosional and provenance changes in the Himalayas
(relative to Indian Peninsula) during the last glacial-interglacial cycle. Radiocarbon
dating of foraminifera from selected depths confirms that the 4.65-m long core archives
an erosional record of the last 35 kyrs with no major hiatus. Geochemical trends,
specifically increase in CIA and decrease in K/Al ratios, indicate an intensification in

chemical weathering since 25 kyr. The 87Sr/8Sr (0.727 to 0.750) and &nq (-18 to -14)
values show significant temporal changes. These isotopic values, although
intermediate to those reported for their major sediment sources, point to a dominant
supply from Higher Himalayas (0.76, -15), and Deccan traps (0.705, -5) to the core-

site. The isotopic trends with increasing 8’Sr/%¢Sr and decreasing &y 4 values between

15.3 to 5 kyr indicate an enhanced sediment contribution from the Himalayas during
this period. This post-glacial increase in sediment supply from the Himalayas is
synchronous to Bglling-Allergd (B/A) warm phase and a stronger Indian Summer
Monsoon (ISM) phase, indicating a strong linkage between erosion and climate in kilo-

year timescales.
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1 Introduction

1.1 Introduction

Continental weathering and erosion play a crucial role in shaping Earth’s
landscape, climate and atmospheric composition over geological timescales.
Weathering is the process by which rocks are broken down into smaller particles via
physical, chemical, or biological forces whereas, erosion is the process of transporting
weathered products from weathering site to the low-lying basins. Several geological
(tectonics, basin slope and lithology), climatic (runoff, temperature, rainfall) and
biological (vegetation) factors influence the weathering intensity in a river basin.
Impact of these controlling factors, however, have been observed to vary significantly
both at spatial and temporal scales. For example, in million years’ timescale, carbonic
acid-mediated weathering of silicate rocks is associated with CO2 consumption from
the atmosphere (Raymo and Ruddiman, 1992). These studies (Raymo and Ruddiman,
1992, Richter et al., 1992) have hypothesized that the late Cenozoic cooling (around
40 Myr ago) was a consequence of the tectonically driven increases in chemical
weathering due to the upliftment of the Himalayan Tibetan Plateau. Recent studies
have also focussed on how weathering can release CO:2 through organic carbon and
sulfide oxidation, and cause global warming (Hilton and West 2020). The climate-
erosion linkage becomes complicated over kilo years’ time scale, as the exact role of
these controlling factors and their strength to influence weathering and erosion
patterns still remains to be completely understood (Tripathy et al., 2014; Samanta et
al., 2022). The impact of climate on intensity, of both physical and chemical weathering
processes, are found to differ in weathering or kinetically limited, and supply or

transport limited regimes (West et al., 2005).

The Himalayas possess an exceptional physical erosion and chemical
weathering pace (Milliman and Meade 1983), rendering them a captivating site to
explore the temporal fluctuations in erosion patterns. The rivers flowing through the
Himalayas deposit most of their sediments into the Bay of Bengal (Goodbred and
Kuehl, 1999, 2000). Sediment contribution from the Himalayas is generally higher in
the northern and western BoB due to high river runoff (Milliman and Syvitski, 1992).

The Ganga and Brahmaputra rivers supply ~1060 million tons of sediments per year
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to the BoB, which is ~ 5% of the total riverine supply to the oceans from a discharge
area of 1.59 million km? (viz. 1.3% of the total river discharge area in the world;
Milliman and Syvitski, 1992). Other major rivers feeding the BoB annually are the
Godavari (170 million tons), Krishna (64 million tons), Mahanadi, (60 million tons
annually), and Irrawaddy (260 million tons). The Ganga-Brahmaputra River system
mainly drain sediments from Higher Himalayas (HH) and Lesser Himalayas (LH) with
HH dominating the contemporary supply (Singh et al., 2008). The Godavari and
Krishna rivers bring sediments from both Deccan traps and the Peninsular granites
and gneisses (PGG) while the Mahanadi only flows through PGG. The Irrawaddy
brings sediments from the Indo-Burman Ranges and Arakan mountains (Tripathy et
al., 2011 and references cited).

Available studies on temporal changes in Himalayan erosion in response to
climatic changes have provided diverging views. Chemical and isotopic studies from
the Ganga floodplain (Rahaman et al., 2009), and the western Bay of Bengal (Tripathy
et al., 2014) have documented a decrease in the amount of sediment coming from
Himalayas during the Last Glacial Maximum (LGM) due to limited areal exposure
available for weathering over the Himalayas and weakening of SW monsoon during
LGM. Similar studies from the Arabian sea (Cai et al., 2019) have also reported higher
weathering rates observed in warm phase (high rainfall) compared to cool and dry
phases (less rainfall) during the Holocene period, supporting the climate erosion
linkage. In contrast, Sr-Nd isotopic studies of sediments from the central Bay of Bengal
(Galy et al., 2009) and Arabian sea (Goswami et al., 2012) depict minimal change in
erosion rates during climatic excursions. Further, von Blanckenburg et al. (2015) have
directly measured relative weathering fluxes over glacial and interglacial periods, using
Be isotope (1°Bemeteoric/°Be) ratios to disagree the previously proposed “high rainfall-
high weathering” hypothesis. Several other studies have also documented non-
climatic factors to be the prime controlling parameters for erosion in millennial
timescales (Bluth and Kump, 1994; Mandal et al., 2015; White et al., 1999). Although
the exact cause for these differences is not known, the study area, basin sediment
dispersal pattern, and the sediment sources’ contributions can yield different results
based on the climate sensitivity of erosion. The sediments of the BoB contain a
comprehensive history of the changes in erosion intensity in the Himalayas, Peninsular

India, and the Indo-Burman Ranges.
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1.2. The Bay of Bengal: Geological and Oceanographic settings

The Bay of Bengal is situated in the north-eastern region of the Indian Ocean.
It is bordered by the Indian Peninsula towards its north west and west, Bangladesh
towards its north, and Myanmar and Andaman and Nicobar Islands towards its east
as depicted in Fig. 1. Many large rivers such as Ganga, Brahmaputra, Godavari,
Krishna, Mahanadi, Kaveri, Irrawaddy etc. flow into the BoB. The annual runoff
reported into the BoB is 2,950 km?® (Sengupta et al. 2006) which is more than 50% of
freshwater influx in the entire tropical Indian Ocean. Due to this high freshwater influx,
the surface waters of BoB have very low salinity (mean salinity reduces by about 7%,
Mohanty et al., 2008) on the other hand the AS (the north-western part of Indian
Ocean) is highly saline due to excessive evaporation over this region. This Salinity
difference within the Indian Ocean is somewhat equilibrated as the ocean circulates
low salinity surface water from BoB to the AS via the EICC and WICC. This happens
mostly during winters when the EICC flowing southward carries along with it the low
saline waters from northern BoB and feeds it into the WICC flowing north into the AS.
Apart from salinity gradient, the ocean water circulation is also influenced by monsoon
winds, ocean currents and temperature (Vinayachandran et al., 2013).

The major sediment provenances of the western BoB are Himalayas and
Peninsular India which mainly consists of Himalayas, Deccan traps and Archean
terrains (PGG). The Himalayas are broadly classified into four sub-lithological units: (i)
the Higher Himalayas (HH), (ii) the Lesser Himalayas (LH), (ii) the Tethyan
Sedimentary Series (TSS), and (iv) the Sivaliks. The HH comprises granite, gneiss,
migmatites and marbles. The LH consists of granite, gneiss weakly metamorphosed
sedimentary rocks, metapelites and carbonates. The TSS primarily consists of
sedimentary rocks that are weakly metamorphosed, along with carbonates and
clastics, and the Sivaliks mostly contain quaternary alluvium, molasses and recycled
Himalayan crust (Boral et al., 2021). Overall, the HH are major contributors of
sediments to the western BoB (Singh et al 2008) due to the high river runoff and high
elevation of these mountain ranges that facilitates erosion of sediments into the BoB.

HH mostly has a granitic terrain which consists of highly radiogenic Sr ( Sr/2¢Sr ratios
0.76) and less radiogenic Nd (€y4 Vvalues -15; Tripathy et al., 2011).

The Indian Peninsula is characterised by a wide array of lithology: (i) Archean

cratons of Dharwar, Bastar, Singhbhum and Bundelkhand consisting of peninsular
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gneissic complex, granitic gneisses, phyllites, schists, amphibolites and tonalite-
trondhjemite-granodiorite (TTG) (ii) Proterozoic mobile belts of Eastern Ghats,
Aravalli, Satpura and Southern granulite terrain, consisting of khondalite, charnockite,
leptynite etc.(iii) Palaeozoic and Mesozoic rocks of limestone, sandstone and
conglomerates (of Gondwana) (iv) and the basaltic lava flows of Deccan Traps. These
can be broadly narrowed down to two major provenances contributing sediments to

the western BoB, the PGG and the Deccan basalts. The PGG comprises of granitic
and gneissic terrain with 8Sr/®Sr of 0.737 and &y4 of -25 (data compilation from
several studies, e.g. Goswami et al.,2012; Ahmad et al., 2009 etc.) and the Deccan
basalts are enriched in radiogenic Nd (€y4 value of -5) but have lower radiogenic Sr

(87Sr/88Sr ratio equals 0.705) compared to Himalayas and PGG. These distinct Sr and
Nd isotope values of the provenances are helpful in tracing any changes in the
sediment contribution from different provenances with time. Sr and Nd isotopes are
commonly used as indicators of sediment provenance. While both can provide
valuable information about the source of sediments, Nd isotopes are generally
considered more reliable proxy due to their higher resistance to fractionation during
chemical weathering. Sr isotopes are also used to measure the effects of weathering
and erosion, but when used in conjunction with Nd isotopes, they can provide a more
robust characterization of sediment provenance.

The productivity of the BoB is relatively lower than that of Arabian Sea (AS) due
to high freshwater influx and stratification, preventing the upwelling of deep nutrient
rich layers to the photic zone, where photosynthesis can occur (Prasanna Kumar et
al.,2002). Verma et al. (2022) have reported that the BoB’s productivity has varied
over time, with high productivity during the last glacial period (weak ISM) and low
productivity during the following deglacial and Holocene periods (strong ISM). During
the subsequent deglacial and Holocene periods, the SW monsoon (ISM) was relatively
strong and predominantly responsible for providing freshwater influx to the BoB,
thereby reducing productivity due to the increased stratification that hindered nutrient
upwelling to the photic zone. However, during the glacial periods, the ISM was
relatively weaker leading to reduced stratification and increased mixing in the water
column. The strong NE monsoon winds during this time further strengthened the
vertical advection of the nutrient rich deeper layers to the photic zone. The reversal of

these seasonal winds can also directly affect the circulation of BoB. Hydrographic

4
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study by Babu et al., 2003 and other contemporaries reveal seasonality in water
circulation: anticyclonic (anticlockwise) circulation is dominant during the NE monsoon
and collapses as the SW monsoon intensifies. With the intensification of SW monsoon,
cyclonic (clockwise) circulation dominates the bay till winter monsoon starts again.

1.3 Objective of the thesis

The main objectives of the thesis are:

» To present high-resolution geochemical and Sr-Nd isotopic analyses of a
sediment core from the western Bay of Bengal.

» Reconstruction of the erosional history of the Himalayas in the last glacial-
interglacial cycle and their linkage to the climate changes, if any, during the last
35 kyrs.

Temporal changes in these chemical and isotopic data for the VM29-17 core,

together with available data for their major sedimentary sources, are expected to

provide better insights on the climatic sensitivity of the Himalayan erosion in kilo-

year timescale. This will also provide a mechanistic view of climate-erosion

coupling in millennial timescale.

1.3 Structure of the thesis
The overall structure of this thesis can be divided into four main sections:

» Section 1 — briefly explains the weathering and erosion processes and their
relationship with climate in geological timescales. It also summarises some of
the contemporary studies and describes the geological and oceanographic
setting of the study area (Bay of Bengal).

» Section 2 — provides a detailed analytical protocol that has been followed for
various geochemical and isotopic analyses (such as radiocarbon dating,
inorganic carbon, major oxides, trace elements and Sr-Nd isotopic
measurements) in this study.

» Section 3 — presents the outcomes of the analyses described in section 2. It is
divided into two main sub-sections (i) Results — where all the outcomes from
the analyses (described in section 2) are stated and (ii) Discussion — where we
try to comprehend and interpret the results.

» Section 4 — summarizes all the work that has been accomplished, the major

findings, and their corresponding interpretations.
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2 Material and Methods

2.1 Core Description

We have used the sediment core VM29-17PC from the western Bay of Bengal
(Lat - 16°38’N and Long - 85°24’E; Fig. 1) for this study. It was retrieved by R/V Vema
cruise in the year 1971 from a water depth of 2,813 m and archived at Lamont-Doherty
Earth Observatory (LDEO) Core Repository, New York. The core is 465 cm long and
is mostly composed of clay. It is moderately olive grey in colour, moist, firm and lightly
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Fig. 1 Location map of the VM29-17PC core. Earlier-studied cores from near-by locations
[SK187/PC33 (Tripathy et al., 2014), MD161-8 (Peketi et al., 2020), U1445 (Lee et al.,
2022), and BoB-24 (Liu et al., 2021)] are also shown.
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burrowed. Coarse fractions are negligible and it consists quartz, planktic foraminifera,
Radiolaria, echinoid spines and manganese micronodules. A small layer of coarse
fraction is present at a depth 111-113 cmbsf mainly consisting of - sub-angular to
rounded quartz, common to rare planktic foraminifera, benthic foraminifera, pteropods,
occasional igneous rock fragments, pyrite aggregates and negligible corals. This core
was subsampled at 1 cm interval for every 5 cm depth at LDEO, and a total of 88

samples were shipped to IISER Pune for geochemical analyses.

Fig. 3 Sample picture of mixed
planktic foraminifera ((a) Globigerina
bulloides, (b) Globorotalia menardii)
for the sediment (from depth 190-191
cmbsf) picked for **C dating.

Globigerina bulloides

\

500 pm

——

N/

Fig. 2 Picture of the VM29-17 sediment core. Globorotalia“mensrdij
(Picture source: NOAA)

2.2 Radiocarbon dating

To establish the chronology of the core, mixed planktic foraminifera (such as
Globigerina bulloides, Globorotalia menardii etc.) from 11 selected depths were
subjected to radiocarbon analysis using the AMS (Accelerator Mass Spectrometry)
facility at Physical Research Laboratory, India (Table 1). Towards this, ~5g of sample
from each depth was dried in an oven overnight at 60°C, and washed with MQ. The
water-washed samples were treated with Sodium Hexametaphosphate to decoagulate
the clay particles. Subsequently, the sediments were treated with H202 to remove all

the organic matter from the sample. From this aliquot, the clay was separated from the


https://www.ngdc.noaa.gov/mgg/curator/data/vema/vm29/017/
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Table 1 AMS *%C ages of the VM29-17 piston core sediments.

S. No. Lab ID Depth Radiocarbon Age Calibrated Age Median Age
(cm) Years Range Years
1 17PC-06 25-27 1089 + 36 601-764 679
2 17PC-15 75-76 3340 + 35 3161-3358 3256
3 17PC-21 110-111 8499 + 37 9056-9276 9169
4 17PC-29 150-151 5787 + 60 6095-6315 6206
5 17PC-36 190-191 10272 + 38 11360-11646 11511
6 17PC-40 210-211 11717 + 43 13132-13318 13232
7 17PC-44 230-231 14835 + 46 17197-17513 17364
8 17PC-52 270-271 18327 + 56 21349-21643 21513
9 17PC-57 300-301 20855 * 66 24137-24455 24294
10 17PC-63 335-336 16013 £ 79 18594-18846 18712
11 17PC-72 380-381 26293 £ 101 29763-30013 20881

sand fraction using a sieve (230 pum) and the foraminifera present in the sand fraction
were picked out under the reflected light microscope in Paleobiology lab at ISER Pune
after it was dried. These foraminifera were analysed for their radiocarbon ages using
the AMS facility at PRL. The measured *C dates were calibrated using Calib 8.2
(Stuiver and Reimer, 1993) and corrected for reservoir age of AR = -195 + 51 (Dutta
and Bhushan, 2001). We notice two outliers (age reversals) at a depth 110 - 111 cm
and another at depth 335 - 336 cm. These age reversals could be a result of several
factors such as sediment disturbance, bioturbation, contamination during experiment,
etc. It is worth mentioning here that the samples from the depth 110-111 cmbsf are
close to a sand-horizon, unlike other sediments which are mostly clayish in nature.
Hence, we discard these two dates to assign the ages of the remaining depth via linear

interpolation and extrapolation (Fig. 4).

Fig. 4 Depth-age
relationship for the VM29-
17 core using radiocarbon
ages of foraminifera
samples. Two outliers
(shown in grey circles) are
not included in
constraining the
chronology.
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The sedimentation rates vary from 4.84 to 36.82 cm/kyr, with an average of 16.19
cm/kyr. The average time resolution of our geochemical analyses for VM29-17 core is

77 years (ranging from 27 to 207 years).

2.3 Geochemical and Isotopic Analyses

Geochemical and Isotopic analyses of the sediment core were carried out using
the same methodology as outlined by Tripathy et al., 2011 and 2014. Around 5g of
sample was taken and dried in an oven at 60°C overnight. After drying, these samples
were powdered using agate mortar and pestle, and sieved to ~100um size. The
powdered samples were washed thoroughly using deionized water to remove sea
salts. These water-washed sediments were then dried and powdered. The powdered
aliquots of the water-washed sediments were used for CaCO3 measurement, whereas
decarbonated fractions of these sediments were used for other geochemical and

isotopic analyses.

Bay of Bengal sediments

Age resolution (avg.) ~ 77 yrs

Powdered and Water-washed

Inorganic Carbon Decarbonation

CO2 Coulometer 0.6 N HCI
|

Sr-Nd 1sotope
Q-ICPMS MC-ICPMS

Maijor oxides Trace elements

Fig. 5 Flowchart of the chemical and isotopic analytical methodology
adopted during this study.
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2.3.1 Inorganic Carbon (CaCO3)

The samples were analysed for their carbonate content, which was measured
using a CO2-coulometer. For this, ~15mg of the powdered sample was treated with
ortho-phosphoric acid at a temperature of 80°C to release COz2 gas from the carbonate
phases, both calcite and dolomite. The amount of CO2 released are quantified in the
Coulometer to measure the concentration of carbonates (CaCOs) present in the

samples. The accuracy and precision of the data are always better than + 6%.

2.3.2 LOI and Major Oxides

Concentrations of the major oxides are measured in the decarbonated fraction
of the sediments. To remove carbonates from the sample, approximately 2g of
powdered sample was treated with 0.6 N HCl| at 80°C temperature. These
decarbonated samples were used to measure the major oxides using X-Ray
Fluorescence (XRF) analyzer. For XRF analysis, the samples were fused with a flux
at 1100°C in a platinum crucible to prepare a fusion bead. This bead preparation
requires 1/17 ratio of sample/flux (set for the XRF calibration method). Around 0.55¢g
of sample, ~9.35g of flux (lithium metaborate/lithium tetraborate) and a few drops of
releasing solution (anhydrous lithium bromide) have been used. We have ashed the
decarbonated samples at 550°C to constrain the loss on ignition (LOI). The Bruker
XRF analyzer measures the major oxides concentrations using Geoquant Advance
standard calibration method with an accuracy and precision of 2 % and +1%
respectively. We have used the major oxides data to compute the chemical index of
alteration (CIA), which serves as a good proxy for degree of chemical weathering in
the river basins. The sediments’ CIA values were determined using the equation (Eqn.
1) provided by Nesbitt and Young, 1982.

Al,O5
X
A1203 + Nazo + Kzo + CaO*

CIA= 100 (1)

In this equation, the abundance of oxides is expressed in molar units, and CaO*
refers to the concentration of CaO in the silicate fraction of the sediment. Apart from
CIA, a modified index, CIA*, has also been employed as a measure of weathering.
The CIA* is calculated using equation 2 (Tripathy et al., 2014):

10
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CIA Alz05 100 2
* = X
A1203 +Na20+K20 ( )

2.3.3 Trace elements and Sr-Nd Isotopes

The decarbonated and ashed samples were used to measure the trace element
concentrations, and Strontium and Neodymium isotopic ratios. To achieve this,
roughly 0.1g of samples were digested using combination of HF-HNO3s-HCI acids in
the Anton Paar Microwave Digestion System. After microwave digestion, the residues
left, if any, is further treated with several cycles of Aqua Regia (3:1 ratio of HCI: HNOs3)
to dissolve the samples thoroughly. These dissolved solutions (in 0.32 N HNO3
medium) were analysed for their trace elemental concentrations using a Q ICP-MS
(Thermo-scientific ICAP) instrument at IISER Pune. To ensure the accuracy of the
data, two certified geochemical reference materials (USGS BCR-2 and BHVO-2) were
utilized, and the precision was confirmed by conducting multiple measurements, both

of these were always within £10%.

Sr-Nd isotopic measurements were carried out for twenty-five samples. These
analyses were carried out using MC-ICPMS facility at WIHG, Dehradun on commercial
basis. For this, dissolved solutions of the decarbonated samples were passed through
a cation exchange resins (Bio-Rad AG50W-X8 (200-400um)) to extract the pure
fractions of Sr and REEs. The REEs fraction collected was again passed through a
Eichrom LNspec™ (50-100) resins (Pin et al., 2014) to extract pure Nd. Isotopic ratios
87Sr/85Sr and 43Nd/***Nd were measured using a Neptune plus thermo-scientific MC
ICP-MS at WIHG. To ensure high quality measurements international standards NBS-
987 (for Sr) and JNdi-1 (for Nd) were used. The average 8'Sr/8Sr value of the NBS-
987 standard was 0.71029 + 0.00001 (n = 6), whereas the average *3Nd/***Nd for the
JNdi standard was 0.512088 + 0.000003 (n = 10). These values match well with its
reported values (Singh et al., 2008, Borghini et al., 2016). The Nd isotopic data is

expressed in terms of epsilon (€) notation as:

_[M3NA/ M Ndsample
ENa = 143Nd /144Nd cuR

— 1] x10* ?)

11
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Here 143Nd/**4*Ndsample is the measured Nd isotopic ratio for our sediment and
143N d/***NdcHur is 0.512638 (Jacobsen and Wasserburg, 1984) which is the present-
day *3Nd/***Nd value of Chondritic Uniform Reservoir (CHUR). Two procedural blanks
were also run along with samples; the average blank values for Sr (~2200pg) and for
Nd (~600pg) were found negligible compared to the total amount of Sr and Nd

processed.

12
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3 Results and Discussion

3.1 Results

The inorganic carbonate content, which can be supplied by both detrital and
biogenic sources, varies significantly throughout the core. We have calculated the
calcium carbonate (CaCOs) concentrations from the inorganic carbon measured via
CO2 Coulometer which basically represents the carbonate content (both calcitic and
dolomitic) in the samples. Carbonate content of the samples vary between 1.38 and
24.4 wt% with mean value of 8.34 + 5.72 wt%, (n = 88), which is comparable to that
reported for a nearby core SK187/PC33 (~7 wt%; Tripathy et al., 2014). Based on the
carbonate concentration variations, we can divide the depth profile into three intervals,
35.5 to 25.3 kyr, 25.3 to 12.8 kyr, and 12.8 kyr to present (Fig. 6). The carbonate
content is highest during the time interval of 12.8 to 25.3 kyr (avg. 15.18 wt%) which
coincides with the glacial period. These concentrations are relatively low in the other

two intervals with least values observed for the Holocene sediments (avg. 5.88 wt%).

Table 2 Average major and trace elemental compositions of the VM29-17 core are
compared with those reported for the major sedimentary sources (Data source:
Tripathy et al., 2014; Bastia et al., 2019)

Ganga Brahmaputra Godavari-Krishna Mahanadi VM29-17

Na 0.7 1.3 0.6 0.7 0.6
Mg 15 1.6 15 0.2 1.0
Al 7.9 8.0 8.0 5.2 8.8
K wt%o 2.3 2.6 1.7 3.8 2.3
Ca 2.1 1.4 2.0 0.8 0.3
Ti 0.5 0.4 0.8 0.2 0.6
Fe 4.6 4.1 6.4 2.7 41
CIA* 77 71 81 60 79
Ba 448 510 205 1089 173
V 100 93 192 53 117
Cr 95 102 129 100 65
Cu 40 32 91 35 43
Ni Mg/g 47 49 84 25 52
Zn 90 86 151 30 104
Sr 88 136 140 114 54
Co 15 16 30 14 13
Mn 908 1000 800 - 338

13
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Fig. 6 Down-core variations in carbonate content and Al-normalised ratios of selected
elements (Fe, Co, Cu, Cr and V) for the VM29-17 core.

Concentration of Na (0.26 — 1.38, avg. 0.61 + 0.25 wt%), Mg (0.73 — 1.29, avg.
1.0 £ 0.1 wt%), Al (7.27 — 9.44, avg. 8.84 £ 0.37 wt%), K (1.66 — 2.91, avg. 2.33 + 0.28
wt%), Ti (0.42 — 0.63, avg. 0.56 £+ 0.03 wt%), Fe (2.11 — 5.49, avg. 4.07 + 0.85 wt%),
Si (24.07 - 31.46, avg. 26.31 + 1.34 wt%) P (0.01 - 0.02, avg. 0.01 + 0.003 wt%) show
significant depth variation. Table 2 compares the average concentrations for these
elements from VM29-17 core with their possible major sedimentary sources, viz.
Ganga-Brahmaputra (Garzanti et al.,2011), Godavari-Krishna (Pattan et al., 2008),
and Mahanadi Rivers (Bastia et al., 2019). Most of these values fall within the
endmember compositions, except for Al and Ca. The observed difference for Al and
Ca could be due to measurement of these data in different phases (bulk for sediment
sources versus decarbonated for VM29-17 samples) in these studies. The computed
CIA and CIA* values vary between 64 and 84 (avg. 77 + 5, n=88), and 70 and 85 (avg.
79 + 4, n=88), respectively. The CIA values show a monotonous increase since last
~26 kyr from 69.78 to 83.59 (Fig. 7). A simultaneous decrease is also observed in K/Al
ratio with small fluctuations around ~5 kyr. Further, the chemical indices for
provenances, such as Fe/Al and Ti/Al ratios, also show increasing trends between
26.18 kyr to 13.59 kyr and late Holocene period implying an increase in sediment

contribution from Deccan during these time periods.
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Fig. 7 Depth profiles of weathering indices ((a) CIA, (b) K/Al, (c) #’Sr/*Sr, (d) eyg, (€)
CaCOg/Al, and (f) Ti/Al ratios) for the VM29-17 are compared with climatic indicators ((g)
580 (SMOW) of GISP-2 ice core from Greenland (Andersen et al., 2006), (h) SST of
nearby core BoB-24 (Liu et al., 2021), (i) 5**0 (VPDB) of speleothem from Dongge and
Hulu caves (Wang et al., 2001; Yuan et al., 2004) and (j) Solar insolation (Berger et al.,
1991). The black triangles stand for the **C AMS dates.
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Table 3 Correlation matrix of the major and trace elemental data of the VM29-17
sediments.

Na K Ca Mg Al Fe Ti Cy,, Ba Cr Mn Sr V Co Cu Ni Zn

Na 1.00

K 087 1.00

Ca 099 0.82 1.00

Mg -0.12 -0.06 -0.09 1.00

Al -0.46 -0.14 -0.52 0.12 1.00

Fe -0.93 -0.89 -0.89 0.34 0.35 1.00

Ti -0.67 -0.58 -0.64 048 0.37 0.73 1.00

Cinorg 024 021 0.29 0.50 -0.50 -0.12 -0.01 1.00

Ba 0.09 -0.01 0.14 0.25 -0.31 0.09 0.07 0.25 1.00

Cr -0.65 -0.50 -0.64 0.33 0.26 0.65 0.56 0.05 020 1.00

Mn -0.21 -0.27 -0.18 0.31 0.01 0.37 0.41 0.08 034 0.25 1.00

Sr 040 0.28 0.44 0.25 -048 -0.22 -0.07 0.44 0.83 -0.14 0.21 1.00

vV -0.12 -0.01 -0.14 0.42 0.10 0.17 046 0.18 0.19 0.67 0.36 0.08 1.00

Co -0.25 -0.24 -0.21 0.69 -0.21 0.44 049 0.59 0.54 0.54 0.44 0.49 0.55 1.00

Cu -0.82 -0.79 -0.80 0.32 0.24 0.83 0.70 -0.04 0.06 0.75 0.19 -0.19 0.41 0.49 1.00

Ni -0.75 -0.68 -0.71 0.56 0.20 0.83 0.69 0.23 026 0.85 0.37 -0.02 0.53 0.74 0.84 1.00

Zn 0.04 0.03 0.06 0.11 -0.11 0.03 0.16 0.08 0.11 -0.02 0.09 0.14 0.06 0.25 0.10 0.08 1.00

Consistent to major elemental trends, concentrations of trace element in VM29-
17 core also show notable temporal variations. The concentrations of V (60-175 ug/g),
Cr (36-95 pg/g), Mn (119-1938 pg/g), Co (6-27 ug/g), Ni (20-89 pg/g), Cu (7-77 ug/g),
Zn (8-423 ug/g), Sr (16-170 pg/g), and Ba (10-1020 pg/g) show variations of different
magnitude, with highest variation being observed for Ba and lowest for Cr.
Concentrations of most of the trace elements fall within the range of values reported
for Ganga, Brahmaputra, Godavari-Krishna and Mahanadi except for Cr, Co, Mn, Sr
and Ba which are relatively lower. We observe difference in concentrations of these

elements due to measurement of source and core sediments in different phases.

Selected major and trace element concentrations, despite of large temporal
variability, exhibit good correlation with each other (Table 3). The Cinorg concentrations
only show positive correlation with Sr (0.44) and Co (0.59). The Fe concentration
(immobile element; mostly supplied by continental sources) although show positive
correlation with Ti (0.73), Cu (0.83) Ni (0.83) and Cr (0.65), it has a significant negative
correlation with Na (-0.93), K (-0.89), and Ca (-0.89). These three mobile elements
(Na, K and Ca) show strong correlation (> 0.82) with each other, and are also strongly

negatively correlated to Cu (< -0.79). Further, strong correlations between three
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transition elements (Cu, Ni and Cr; >0.75) point to similar sediment sources for
elements. The alkali earth metals, Sr and Ba, show a positive correlation, hinting at

similar provenance of these elements to the core site.
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Fig. 8 Temporal variations in 8’Sr/*®Sr and ey, ratios for the (a) VM29-17 core. For
reference, these isotopic trends for near-by cores ((b) U1445 (Lee et al., 2022), and (c)
MD161-8 (Peketi et al., 2020)) are also shown.

The 87Sr/®Sr and €y 4 concentrations in the silicate fraction of the VM29-17

sediments also shows significant down-core variations ((0.72742 to 0.74969, avg.
0.7360 £ 0.594, 10, n = 25) and (-18.20 to -14.37, avg. -15.76 + 0.81, 10, n = 25)
respectively) during the last glacial and interglacial period (Fig. 7 and Fig. 8). These
isotopic values for the sediments are intermediate to those reported for their possible
sediment provenances (Singh et al., 2008; Tripathy et al., 2011), viz. HH (0.76, -15),
LH (0.85, -24.4), Deccan (0.705, -5), and PGG (0.737, -25). Further, our Sr-Nd isotope
data are found comparable with the previously reported data from near-by cores in the

western BoB. For instance, Sr-Nd isotope values in silicate fraction of sediment core
Ul445 ranges from 0.731 to 0.753 for 87Sr/%Sr and -18.6 to -14.1 for Ey4 (Lee et al,,
2022) and core SK187/PC33 isotope values ranges from 0.72528 to 0.75732 for
87Sr/8Sr and -21.1 to —13.7 for €y 4 (Tripathy et al., 2011). Another core MD161-8 also
shows Sr-Nd isotope variations within the range of 0.72477 to 0.74155 for 8/Sr/8Sr

and -19.72 to -14.05 for &y4. The temporal changes in the Sr and Nd isotopic data
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for VM29-17, U1445, MD161-8 are shown in Fig. 8. These trends for VM29-17 show

anti-correlation between Sr and Nd isotopic trends, with systematically lower 8’Sr/2Sr
values and higher €y 4 values (avg. 0.729, -14.8 resp.) being observed between the

depth intervals of 220 and 301 cmbsf. These depths correspond to a sediment
deposition time interval of 15.3 -24.3 kyrs BP. Subsequently, the Sr isotopic values

depict steady increase from 0.727 to 0.750 between 15.3 to 5 kyr. Synchronously, the
Eng values also show decline decrease simultaneously from -14.4 to -18.2. These

isotopic changes point to significant (relative) change in sediment supply from the

major sources to the core-site during last 35 kyr.

3.2 Discussion

Marine sediments are mainly composed of detrital, biogenic, authigenic,
hydrothermal (from hydrothermal vents) and cosmogenic (from extraterrestrial cosmic
dust) components. Out of these, cosmogenic and hydrothermal sources’ contribution
may not be significant in basins with high freshwater influxes. As mentioned earlier,
the BoB receives high sediment fluxes from the Himalayan and Peninsular Indian
rivers and hence, these sediments are dominantly supplied by terrigenous sources.
However, inorganic carbon contents in oceanic sediments can be supplied by both
detrital and biogenic/authigenic sources. The carbonate (CaCOs) content shows
significant fluctuation during the deposition of these core sediments (Fig. 6 and Fig.
7). The relatively higher concentrations are observed during the MIS-2 (cold period)
as compared to the MIS-1 and MIS-3 (warm periods). This could be possibly linked to
the decrease in sea level during that time (Lambeck et al., 2014) and related

weathering of carbonate phases in the exposed shelf sediments.

3.2.1 Chemical Weathering patterns during last 35 kyrs

As discussed earlier marine sediments are a mixture of detrital, biogenic and
authigenic components, however, to reconstruct past erosion patterns and
provenance changes we require only the detrital component of the sediments.
Towards this, Al-normalized ratios of mobile or immobile elements have found frequent

applications (Tripathy et al., 2014). Al is an immobile major element that mainly comes
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from continental or terrestrial sources, hence normalizing with Al corrects for the
authigenic factor and gives the detrital contribution of elements. During chemical
weathering, loss of mobile elements such as K is observed from the bedrock. As
chemical weathering increases the bedrock is depleted in mobile elements, however,
concentration of immobile elements (that are resistant to weathering) such as Al is not
affected by this process. Thus, an increase in chemical weathering will result in a
decrease in K/Al ratio and vice versa. Another weathering proxy proposed by Nesbitt
and Young (1989) is the Chemical Index of Alteration (CIA) which is basically a ratio
of immobile to mobile elements (Eqn. 1; Section 2.3.2). A modified version CIA* (Eqn.
2; Section 2.3.2) works similar to CIA and has been computed and compared with the
major sources (Table 2). The CIA* values are higher for more weathered rocks as
compared to the unweathered bed rock and keeps increasing as the intensity of
weathering increases. For e.g. the HH and LH have CIA* values of 65 and 58
respectively, however the sediments of the rivers draining these lithologies viz. Ganga
and Brahmaputra have relatively higher CIA* values (77 and 71 resp.; France Lanord
and Derry, 1997; Singh et al., 2008) due to alteration of source rocks. Similarly, the
Godavari-Krishna river sediments also have higher CIA* values (81; Das and
Krishnaswami, 2007) as compared to the major source rock viz. Deccan (78; Mahoney
et al., 2000).

AlyO4
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The CIA* values for the VM29-17 core has been constantly increasing since
last ~26 kyr with an average values of 79 * 4 (n=88) which lies intermediate to those
reported for its sources primarily the Deccan and Himalayan rivers. An extension to
CIA is the A-CN-K (Al203-Ca0O+Na20-K20) ternary plot which shows similar results
(Fig. 8). Basically as weathering intensifies there is more and more loss of K20, Na20O
and CaO due to which the composition shifts towards the Al2O3 apex. A simultaneous
decrease in K/Al ratio is also observed around the same time indicating an
intensification in chemical weathering. These changes can also be influenced by size
sorting, however, after correction for size sorting also we observe similar trend which
implies that there has been an increase in chemical weathering. Another factor that
can influence the CIA and K/Al trends is the changes in the sediment provenance. The
CIA* and K/AI values for HH and Deccan are different (65 and 0.36 for HH; 78 and
0.06 for Deccan) so any change in the provenance is equally capable of changing
these values. To solve this problem, we measure the Sr-Nd isotopes to trace the

provenance changes during the last 35 kyrs.

3.2.2 Sediment provenance changes

The Sr-Nd isotope values of the major sources are distinct (0.76 8’Sr/26Sr and
-15 &y g for HH; 0.705 87Sr/®Sr and -5 €4 for Deccan) which makes it possible to

use these as provenance indicators. In addition, Nd is a reliable provenance indicator
as the rare earth element is very resistant to chemical weathering and does not
fractionate from sediment during weathering processes. This geochemical property of

Nd prevents any influence of chemical weathering in the Nd isotope data. The 87Sr/86Sr
and Eyq values of the VM29-17 core vary from 0.727 to 0.750 (avg. 0.736 * 0.006,
n=25) and -18.2to -14.4 (avg., -15.8 £ 0.8, n=25) respectively. These values fall within
the mixing lines joining Deccan, HH and PGG (Fig. 10) which suggests that the
sediment supply is majorly from these three sediment provenances. The sample points

are closer to the Deccan and HH mixing line, with closest proximity to HH signifying

its dominant contribution at all times.
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Temporal variation in Sr-Nd isotope show no significant changes until 15 kyr,
after which a simultaneous decrease in Srisotope and increase in Nd isotope indicates
high sediment supply from Himalayas. Previous studies (Tripathy et al., 2014) have
documented higher sediment supply from Deccan during LGM and increase in
Himalayan contribution immediately after the LGM. However, the high chronology data
from this study observes relatively stable provenance contribution during the time
interval of 35 kyr to 15 kyr. The increase in sediment supply from Himalayas around
15 kyr is synchronous to the B/A warm phase after which sediment contribution from
the Deccan increases again around 5 kyr till present. A similar Sr-Nd isotope trend is
also observed by Peketi et al. (2020) for a core (MD161-8) located near the Godavari-
Krishna basin (Fig. 8). The isotopic values for MD161-8 ranges from 0.725 to 0.742
(avg. 0.732 + 0.005, n=53) for Sr and -19.7 to -14.1 (avg. -16.2 £ 1.4, n=53) for Nd in
the last 35 kyr (Peketi et al., 2020).

The increase in chemical weathering observed around 26 kyr, therefore, is
independent of the provenance changes, as there were no significant provenance
changes till 15 kyr according to the Sr-Nd data. After 15 kyr, the sediment supplies
from Himalayas increased and since CIA* values of Himalayas are lesser than that of
Deccan, we would expect lower CIA* values, however this is not the case, rather the

CIA* keeps increasing at this time as well. Hence, we can say that the weathering
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proxies calculated are not substantially influenced by provenance changes and that
there are significant changes in chemical weathering for the studied period. A similar
increase in ClA is also observed for nearby cores (Lupker et al., 2013; Peketi et al.,
2020).

3.2.3 Comparison with paleoclimate proxies

Fig.7 compiles some of the different proxies used in this study along with
paleoclimate proxies from several other studies to identify the changes in provenance
and erosion pattern as a response to climate excursions. The plot has been divided
into three major climate stages, MIS 1, 2 and 3. MIS also known as OIS are periods
of time in the past identified by changes in the oxygen isotope ratio in marine
sediments. The odd numbers 1, 3... refer to warmer and even numbers 2, 4... refers
to cooler periods. Further we also have Heinrich events (H1, H2, H3) and Younger
Dryas which were basically cold periods and B/A period characterized by rapid
warming and retreat of ice sheets. Considering all these climatic parameters, we see
no significant changes during the MIS 3 stage which is mainly because our data only
goes back till 35 kyr. Within the cold period MIS 2, chemical weathering and carbonate
content starts to increase around 26 kyr. The changes in chemical weathering can be
explained by changes in continental weathering pattern and/or shelf weathering of
exposed sediments, due to low stand sea level during glacial period.

During glacial periods excessive glacial grinding and abrasion can lead to fine
grained sediments, which can promote more water-rock interaction thereby increasing
chemical weathering. A similar process is suggested by Lupker et al. (2013). However,
an increase in chemical weathering during cold regime with weak SW monsoon is in
contrast with the available data on intense weathering in warmer conditions. The other
possibility is the weathering of the shelf sediments that are generally exposed during
glacial periods when the sea level declines (Wan et al., 2016). Interestingly we also
observe a significant increase in carbonate content (CaCO3) at the same time. Similar
increase in carbonate content during glacial periods is also observed by Peketi et al.
(2020) and Sebastian et al. (2023). This increase in carbonate content can come from
biogenic and/or detrital sources. Although there are studies that suggest increased

productivity during glacial time (Verma et al., 2022) however, productivity alone cannot
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account for such huge increase in carbonate content. So the additional carbonate can
come from the shelf erosion of exposed sediments during glacial low-stands as these
shelves have large carbonate deposits. Thus shelf weathering plays an important role
in describing weathering patterns particularly during glacial phases.
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4 Conclusions

The sediment core VM29-17 from western BoB preserves the erosional record
of Himalayas relative to Peninsular India for the last 35 kyrs. High-resolution
chronology and Sr-Nd isotope data show an increased sediment supply from
Himalayan rivers since ~15 kyr which is synchronous to the B/A warm phase. During
the B/A phase, sudden warming caused the glacial cover over the Himalayas to retreat
and expose surface rocks for weathering. At the same time, SW monsoon grew
stronger and intense precipitation over the Himalayas led to more weathering and
erosion in these regions. The isotopic analyses do not show a significant change in
sediment provenance during LGM (18-24 kyr) rather low Sr isotopic ratio and high Nd
ratios are observed for a broad range of ~15 to 30 kyr BP. This is consistent with the
study by Lambeck et al., 2014, where the global sea level decreased significantly over
30 to 15 kyr implying that nearly stable ice sheet cover was observed throughout this
period.

The post-glacial increase in sediment supply from Himalayas is synchronous
with increase in the chemical erosion which is observed by CIA and K/Al ratio. The
increasing values of CIA do not compensate for provenance change alone, hence,
there has been intensification in weathering due to the strengthening of the SW
monsoon which is also observed by nearby cores MD161-8 (Peketi et al., 2020) and
U1445 (Lee et al., 2022). Increase in chemical and physical erosion in the Himalayan

basin is possibly linked to efficient transport of locked sediments during glacial periods.
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Annexure

Table A1 Concentrations (in wt%) of Cinorg, CaCO3, weight loss during decarbonation using 0.6 N HCI
and ashing at 550°C for the VM29-17 core.

Decarbonation

LOI 550

Sample ID Depth (cm) Age  Cinorg  CaCOgs CIA*
From To kyr wt % wt loss %
17PC-01 0 2 0.0 0.22 1.82 24 111 85
17pPC-02 5 7 0.1 0.21 1.78 26 13.6 85
17PC-03 10 12 0.3 0.24 1.98 20 12.2 85
17PC-04 15 17 0.4 0.17 1.38 22 9.8 85
17PC-05 20 22 0.5 0.25 2.12 21 13.8 84
17PC-06 25 27 0.7 0.50 4.14 23 10.2 85
17PC-07 30 31 0.9 0.40 3.33 22 12.4 84
17PC-08 35 36 1.2 0.37 3.08 21 11.7 85
17PC-09 40 41 15 0.68 5.69 24 13.8 85
17PC-10 50 51 2.0 0.31 2.60 20 11.7 85
17PC-11 55 56 2.2 0.22 1.82 20 10.2 84
17PC-12 60 61 25 0.57 4.74 22 11.6 84
17PC-13 65 66 2.7 0.37 3.12 21 9.7 84
17PC-14 70 71 3.0 0.26 2.18 20 121 84
17PC-15 75 76 3.3 0.36 3.04 21 9.7 84
17PC-16 84.5 86.5 3.6 0.74 6.20 22 10.0 84
17PC-17 90 91 3.8 0.24 2.00 23 12.5 83
17PC-18 95 96 4.0 0.34 2.85 24 9.3 82
17PC-19 100 101 4.2 0.66 5.49 23 8.7 82
17PC-20 105 106 4.4 0.65 5.44 18 10.3 81
17PC-21 110 111 4.6 1.02 8.54 23 8.8 79
17PC-22 115 117 4.8 0.67 5.59 24 11.6 83
17PC-23 120 121 5.0 0.46 3.85 21 9.1 83
17PC-24 125 126 5.2 0.41 3.44 20 111 83
17PC-25 130 131 5.4 0.62 5.20 21 10.3 82
17PC-26 135 136 5.6 0.58 4.85 22 8.9 81
17PC-27 140 141 5.8 2.60 21.65 31 5.9 75
17PC-28 145 146 6.0 0.34 2.83 20 9.4 83
17PC-29 150 151 6.2 0.53 4.43 21 11.6 83
17PC-30 155 156 6.9 0.62 5.17 22 10.9 83
17PC-31 165 166 8.2 0.79 6.62 24 10.2 82
17PC-32 170 171 8.9 0.84 7.03 24 9.5 81
17PC-33 175 176 9.5 1.20 9.97 25 9.4 80
17PC-34 180 181 10.2 0.56 4.64 20 10.6 83
17PC-35 185 186 10.8 1.45 12.05 27 9.2 82
17PC-36 190 191 11.5 1.54 12.83 28 10.5 81
17PC-37 1955 1965 12.0 2.34 19.47 32 10.0 81
17PC-38 200 201 12.4 2.48 20.63 32 9.1 81
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17PC-39
17PC-40
17PC-41
17PC-42
17PC-43
17PC-44
17PC-45
17PC-46
17PC-47
17PC-48
17PC-49
17PC-50
17PC-51
17PC-52
17PC-53
17PC-54
17PC-55
17PC-56
17PC-57
17PC-58
17PC-59
17PC-60
17PC-61
17PC-62
17PC-63
17PC-64
17PC-65
17PC-66
17PC-67
17PC-68
17PC-69
17PC-70
17PC-71
17PC-72
17PC-73
17PC-74
17PC-75
17PC-76
17PC-77
17PC-78
17PC-79
17PC-80
17PC-81
17PC-82
17PC-83
17PC-84

205
210
215
220
226
230
235
240
245
250
255
260
265
270
275
280
290
295
300
305
310
315
320
325
335
340
345
349.5
355
360
365
370
375
380
385
390
395
400
405
410
415
420
425
430
435
440

206
211
216
221
227
231
236
241
246
251
256
261
266
271
276
281
291
296
301
306
311
316
321
326
336
341
346
350
356
361
366
371
376
381
386
391
396
401
406
411
416
421
426
431
436
441

12.8
13.2
14.3
15.3
16.5
17.4
17.9
18.4
18.9
19.4
20.0
20.5
21.0
215
22.0
22.4
23.4
23.8
24.3
24.6
25.0
25.3
25.7
26.0
26.7
27.1
27.4
27.8
28.1
28.5
28.8
29.2
29.5
29.9
30.2
30.6
30.9
31.3
31.6
32.0
32.3
32.7
33.0
334
33.7
34.1

2.93
242
2.64
2.44
2.04
1.61
2.08
1.62
1.68
2.10
1.68
1.76
2.37
1.73
1.61
1.54
1.64
1.80
1.26
1.13
1.04
0.96
0.38
0.65
0.82
0.57
1.27
1.43
1.24
1.04
1.08
0.46
1.01
1.02
0.58
0.93
1.02
0.71
0.51
0.52
0.58
0.51
0.62
0.66
0.47
0.82

24.43
20.19
21.96
20.30
16.98
13.44
17.33
13.49
13.97
17.54
14.00
14.66
19.79
14.42
13.40
12.82
13.69
14.97
10.48
9.44
8.66
7.97
3.14
5.42
6.80
4.78
10.54
11.92
10.33
8.66
8.96
3.82
8.43
8.47
4.79
7.78
8.49
5.92
4.25
4.30
4.82
4.26
5.18
5.49
3.91
6.79

36
41
37
33
31
28
30
29
35
31
29
32
33
32
28
29
29
30
27
26
26
24
20
20
27
22
27
27
24
25
26
26
25
27
27
25
25
26
22
15
24
23
22
24
23
23

10.8
9.3
9.9
9.2
9.0
7.7
8.6
9.3
8.8
9.7
8.6
8.3

10.3
7.2
5.4
7.6
7.8
9.3
7.9
8.3
6.5
6.8
7.2
7.5

111
6.6

10.5
6.6
9.0
7.6
6.5
7.4

10.6
9.5

114
6.7
9.3

10.4
8.7
4.4
9.9
7.0
5.8

10.3
9.6
9.6
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17PC-85 445 446 344 053 4.39 21 10.0 76
17PC-86 450 451 34.8 0.59 4.90 21 8.3 76
17PC-87 455 456 35.1 0.66 5.47 15 3.3 70
17PC-88 460 461 35.5 0.55 4.56 19 5.4 73
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Table A2 Major and trace elemental, and Sr-Nd isotopic data for the VM29-17 sediments.

Salr'[‘)p'e Depth Age Al Na Mg Si K Ca Ti Fe CIA V_Cr Mn Co Ni Cu Zn Rb St Ba  goue o
(cm) (kyr) (wt %) (Lg/9)

17PC01 1 00 921 030 099 2502 184 014 063 536 8359 151 70 1938 11 59 46 81 18 19 115

17PC02 6 01 893 027 099 2407 178 013 060 529 8385 105 70 245 11 57 62 108 25 25 132 0.7423  -15.91
17PC-03 11 03 908 028 103 2411 184 013 060 543 8370 127 76 633 16 72 67 112 465 108 679

17PC04 16 04 906 030 100 2507 187 014 062 549 83.18

17PC-05 21 05 873 030 100 2429 184 013 060 540 8297 119 65 349 12 62 60 165 35 33 55

17PC06 26 07 910 031 100 2517 188 013 062 517 8313 128 79 427 14 70 71 93 227 65 364 07427  -1592
17PC-07 305 09 906 031 098 2476 190 013 061 507 8307 118 67 262 10 59 64 80 29 26 39

17PC08 355 12 921 030 100 2483 188 013 060 519 8347 106 71 252 10 56 60 72 32 20 64

17PC-09 405 15 835 026 090 2475 166 013 060 4.68 8368 129 77 119 10 63 77 94 17 16 84 0.7416  -16.22
17PC-10 505 20 921 029 097 2502 195 010 060 513 8346 118 77 279 11 63 69 100 30 20 81

17PC-11 555 22 924 031 104 2481 197 012 058 543 83.05

17PC-12 605 25 931 031 104 2466 201 014 058 514 8276 108 65 383 11 62 58 87 124 46 202

17PC-13 655 27 900 031 095 2479 198 014 058 496 8238 110 66 388 11 62 57 63 128 48 245

17PC-14 705 30 912 033 098 2479 201 014 057 487 8232 114 67 274 11 61 59 126 20 18 37

17PC-15 755 33 890 030 093 248 201 012 056 48 8241 99 68 278 11 60 59 120 66 30 132 0.7413  -16.91
17PC-16 855 36 931 031 106 2507 206 012 057 502 8266 115 78 304 12 68 65 93 42 32 82

17PC-17 905 38 903 033 096 2453 203 014 056 463 8201

17PC-18 955 40 944 038 102 2562 225 016 056 469 81.00

17PC-19 1005 42 907 040 093 2571 222 016 056 438 80.36 112 66 202 10 55 60 75 24 21 57

17PC20 1055 44 926 042 100 2559 240 017 052 434 7958

17PC-21 1105 46 862 053 083 2724 239 024 052 366 7691 129 78 135 8 50 44 8 33 31 79 0.7497  -18.20
17PC22 116 48 907 033 092 248 212 013 056 457 8L79 104 65 208 9 51 36 57 37 25 46

17PC-23 1205 50 934 033 101 2541 219 013 057 479 8182

17PC24 1255 52 915 034 100 2523 218 014 055 456 8134 125 8 182 9 63 56 26 31 24 85 0.7438  -16.58
17PC-25 1305 54 914 037 098 2546 221 017 055 4.63 80.69

17PC26 1355 56 918 047 090 2663 229 021 054 403 7923 100 63 197 9 48 38 72 43 41 82
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17PC-27
17PC-28
17PC-29
17PC-30
17PC-31
17PC-32
17PC-33
17PC-34
17PC-35
17PC-36
17PC-37
17PC-38
17PC-39
17PC-40
17PC-41
17PC-42
17PC-43
17PC-44
17PC-45
17PC-46
17PC-47
17PC-48
17PC-49
17PC-50
17PC-51
17PC-52
17PC-53
17PC-54
17PC-55
17PC-56

140.5
1455
150.5
155.5
165.5
170.5
1755
180.5
1855
190.5
196
200.5
205.5
210.5
2155
220.5
226.5
230.5
2355
240.5
2455
250.5
2555
260.5
265.5
270.5
2755
280.5
290.5
295.5

5.8
6.0
6.2
6.9
8.2
8.9
9.5
10.2
10.8
115
12.0
12.4
12.8
13.2
14.3
15.3
16.5
17.4
17.9
18.4
18.9
194
20.0
20.5
21.0
215
220
22.4
23.4
23.8

7.27
9.32
8.64
9.31
9.21
9.35
9.19
9.28
9.19
9.01
8.96
9.01
8.71
8.63
8.94
8.12
8.80
8.60
8.52
8.85
8.71
8.46
8.48
8.49
8.39
8.40
8.71
8.69
8.43
8.58

0.74
0.33
0.31
0.34
0.42
0.49
0.53
0.39
0.39
0.44
0.43
0.44
0.45
0.46
0.51
0.64
0.63
0.66
0.68
0.69
0.70
0.73
0.72
0.74
0.73
0.75
0.80
0.84
0.83
0.81

0.73
1.01
0.97
0.94
0.93
0.95
0.88
0.98
1.00
1.07
1.12
121
1.10
1.09
1.13
121
1.29
111
1.16
1.28
111
1.07
1.05
111
1.16
1.01
1.28
1.13
1.14
1.24

29.78
25.28
24.82
25.30
25.78
26.24
26.38
25.46
25.81
25.60
25.57
25.54
25.40
25.58
25.83
27.28
26.42
26.91
26.65
26.04
26.90
26.31
26.75
27.17
26.00
27.31
27.22
27.36
27.33
26.15

2.27
2.15
2.03
2.14
2.25
2.37
2.34
2.16
2.24
2.30
2.22
2.28
2.20
2.16
2.24
2.33
2.33
2.36
2.37
2.37
2.36
2.34
2.40
2.40
2.35
2.35
2.56
2.48
2.50
2.52

0.45
0.17
0.13
0.13
0.17
0.19
0.22
0.16
0.17
0.19
0.20
0.21
0.21
0.24
0.25
0.36
0.32
0.33
0.34
0.35
0.34
0.38
0.38
0.38
0.38
0.38
0.43
0.45
0.45
0.43

0.51
0.60
0.52
0.55
0.53
0.53
0.53
0.54
0.55
0.55
0.55
0.57
0.56
0.57
0.57
0.61
0.59
0.58
0.58
0.56
0.57
0.56
0.57
0.58
0.55
0.57
0.57
0.60
0.59
0.56

3.55
5.08
5.35
4.68
4.56
4.02
3.77
4.67
4.89
4.64
4.79
491
4.50
4.62
4.44
4.77
4.56
4.10
4.16
4.09
3.83
3.60
3.75
3.97
3.85
3.86
441
3.81
4.10
3.93

70.55
81.61
81.61
81.98
80.19
79.13
78.41
81.13
80.46
79.25
79.53
79.19
78.87
78.56
78.22
74.11
76.01
75.11
74.68
75.26
74.94
73.93
73.76
73.63
73.68
73.57
72.64
72.50
71.87
72.43

60
117
94

111
101
100

104
118

141

168
133

129
80
125
125
166
133
141
92

128

50
73
72

70
66
74

66
68

78

95
72

64
54
63
62
79
61
76
55

63

257
235
622

303
160
281

307
412

392

932
463

402
298
375
360
347
397
449
333

467

10
11
14

12

11

14
15

17

27
17

15
12
15
14
16
17
17
13

15

35
62
66

58
51
60

61
68

79

89
68

62
48
57
56
68
56
64
47

56

24
41
38

42
41
44

53
50

62

60
50

47
34
44
53
51
42
54
35

33

70
77
179

62
165
83

96
83

184

144
83

50
96
86
97
101
71
121
189

116

126
23
32

187
25
48

19
13

23

453
157

28
10
62
65
40
59
66
36

292

103 297
22 55
27 154
73 332
27 112
27 91
28 94
28 66
40 216
170 1020
93 337
59 83
32 47
72 116
67 135
47 83
64 125
80 72
65 64
120 692

0.7442

0.7393

0.7367

0.7337

0.7317

0.7274

0.7275

0.7304

0.7292

-16.41

-16.39

-15.59

-15.99

-15.51

-14.38

-14.37

-15.36

-15.24
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17PC-57
17PC-58
17PC-59
17PC-60
17PC-61
17PC-62
17PC-63
17PC-64
17PC-65
17PC-66
17PC-67
17PC-68
17PC-69
17PC-70
17PC-71
17PC-72
17PC-73
17PC-74
17PC-75
17PC-76
17PC-77
17PC-78
17PC-79
17PC-80
17PC-81
17PC-82
17PC-83
17PC-84
17PC-85
17PC-86

300.5
305.5
310.5
315.5
320.5
325.5
3355
340.5
3455
349.75
3555
360.5
365.5
370.5
3755
380.5
385.5
390.5
3955
400.5
405.5
410.5
415.5
420.5
425.5
430.5
435.5
440.5
4455
450.5

24.3
24.6
25.0
25.3
25.7
26.0
26.7
27.1
27.4
27.8
28.1
28.5
28.8
29.2
29.5
29.9
30.2
30.6
30.9
31.3
31.6
32.0
32.3
32.7
33.0
33.4
33.7
34.1
344
34.8

8.63
8.79
8.83
9.16
8.83
8.77
8.29
8.94
8.73
8.93
8.81
8.90
8.73
8.78
8.48
8.07
8.43
8.58
8.78
8.98
8.96
7.92
8.73
8.81
9.12
9.00
8.74
9.03
8.96
9.16

0.86
0.86
0.91
0.97
1.02
1.04
0.80
0.78
0.82
0.80
0.84
0.78
0.68
0.76
0.68
0.67
0.68
0.68
0.70
0.77
0.85
1.20
0.76
0.77
0.81
0.78
0.85
0.83
0.81
0.85

1.06
1.01
0.98
0.96
0.90
0.86
0.92
0.92
0.96
0.99
1.05
0.99
1.06
0.98
1.03
0.92
0.95
1.00
0.97
0.90
0.81
0.81
0.93
0.91
1.00
1.00
0.95
1.00
0.99
0.98

27.54
27.05
27.94
27.81
28.19
28.53
26.30
26.99
26.51
27.21
26.61
27.19
26.63
26.72
26.09
26.61
26.29
27.06
26.50
26.45
27.52
30.94
26.40
26.88
27.35
26.20
26.74
26.54
26.57
26.85

2.52
2.58
2.70
2.71
2.67
2.67
2.45
2.55
2.58
2.56
2.69
2.65
241
2.52
2.32
2.30
2.35
2.47
2.49
2.58
2.75
2.52
2.54
2.67
2.83
2.62
2.71
2.73
2.74
2.81

0.45
0.42
0.49
0.50
0.52
0.55
0.41
0.39
0.39
0.41
0.42
0.38
0.33
0.39
0.34
0.31
0.31
0.31
0.30
0.35
0.40
0.60
0.35
0.38
0.40
0.35
0.41
0.42
0.41
0.42

0.58
0.54
0.57
0.54
0.52
0.52
0.54
0.55
0.55
0.57
0.55
0.58
0.57
0.56
0.56
0.54
0.55
0.55
0.55
0.53
0.54
0.44
0.55
0.54
0.55
0.53
0.52
0.54
0.53
0.54

3.50
3.39
3.10
2.74
2.56
2.40
3.00
3.50
3.27
3.31
3.42
3.48
412
3.46
3.85
4.02
3.56
4.06
3.59
3.00
2.39
2.11
3.27
3.16
341
3.25
3.20
3.19
3.23
3.15

71.98
72.33
71.14
71.37
70.20
69.78
72.31
73.63
72.75
73.23
72.09
73.26
74.98
73.57
74.78
74.29
74.79
74.63
74.86
74.02
72.32
66.71
73.72
72.97
72.58
73.82
71.85
72.51
72.54
72.29

132
116
113
88

89
136

108
119
137

115

109
124

175
110
107
91
109

108
133
107
114
110
149

65
52
54
52

49
68

54
53
68

58

63
56

78
53
61
47
55

53
67
50
59
64
75

293
259
251
197

193
242

327
333
269

357

460
287

326
203
159
143
355

296
228
292
328
303
288

11
11
10

11

11

12

13

12

18
13

16

10

10

10

51
40
40
34

30
44

42
43
50

43

48
44

61
35
31
26
39

37
43
33
39
37
44

40
37
32
23

12
38

19
21
22

35

48
42

61
24
19

29

30
38
28
32
30
32

118

111

423
96

55
112

91
68
76

254

214
124

142
68
71
46
80

98
88
86
102
95
97

133
87
26
12

110
21

127
81
47

66

261
21

85
41
20
23
127

45
23
19
146
23
26

84
81
51
33

85
28

80
95
54

67

137
41

60
55
18
27
87

61
30
45
96
44
34

320
169
41
22

205
42

346
223
89

177

655
26

201
41
10

153

209

66
74
17
343
42
162

0.7292

0.7307

0.7310

0.7335

0.7302

0.7334

0.7382

0.7364

0.7376

-14.81

-15.86

-15.22

-15.92

-14.50

-15.38

-15.76

-16.00

-15.67
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17PC-87 4555 351 7.85 138 0.86 3146 253 081 042 217 63.76 67 36 252 6 20 7 67 126 113 345
17PC-88 4605 355 8.94 115 0093 29.13 291 0.62 049 240 68.11 127 58 170 7 31 13 66 43 38 230 0.7394 -16.01
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Table A3 Concentration data for the rare earth elements for the VM29-17 sediments.

Sample ID Depth  Age Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu U
(cm)  (kyr) (ppm or pg/g)
17PC-01 1 0 8 4 5 13 19 4 095 0.7 079 012 070 0.16 055 011 062 012 114
17PC-02 6 0.1 6 4 7 16 20 5 131 019 108 0.16 079 0.19 0.70 0.09 065 0.13 1.32
17PC-03 11 0.3 53 27 48 90 149 31 524 107 428 065 414 085 251 044 293 039 297
17PC-05 21 0.5 8 5 9 20 30 7 132 023 104 014 089 0.18 0.61 0.11 063 0.12 1.40
17PC-06 26 0.7 29 14 22 43 71 16 257 049 224 036 222 047 144 025 185 0.27 2.39
17PC-07 30.5 0.9 5 3 7 14 22 095 0.16 079 011 056 0.13 0.36 0.06 044 0.07 1.04
17PC-08 35.5 1.2 4 3 5 11 20 091 0.6 0.77 011 063 0.13 051 0.06 050 0.10 1.09
17PC-09 40.5 15 6 5 6 9 21 117 021 097 015 089 0.20 0.62 0.10 0.68 0.10 1.15
17PC-10 50.5 2 6 4 5 12 18 0.88 0.15 0.78 0.12 071 0.17 048 008 052 009 114
17PC-12 60.5 25 14 7 13 28 46 10 168 029 139 021 126 025 0.83 014 094 0.15 1.48
17PC-13 65.5 2.7 17 9 16 30 51 12 195 041 159 025 163 034 092 017 105 0.19 1.66
17PC-14 70.5 3 3 3 5 12 15 0.76 0.12 059 009 046 012 037 0.06 040 0.05 1.06
17PC-15 75.5 3.3 9 4 7 17 21 140 024 118 0.18 0.67 026 0.79 010 0.61 0.09 151
17PC-16 85.5 3.6 8 5 10 26 33 140 025 116 0.16 095 0.19 0.63 0.10 068 0.11 157
17PC-19 100.5 4.2 4 3 5 15 20 093 0.13 0.69 0.10 059 0.13 042 0.06 046 0.07 137
17PC-21 110.5 4.6 4 7 11 23 39 10 191 025 159 023 125 0.27 075 0.13 097 015 1.65
17PC-22 116 4.8 4 3 8 19 27 7 111 0.17 085 0.11 053 0.12 039 0.06 0.39 0.06 1.09
17PC-24 1255 5.2 5 7 6 9 22 5 116 019 096 020 127 028 081 0.17 1.06 0.13 1.27
17PC-26 1355 5.6 6 5 11 19 39 9 141 025 120 0.16 086 0.19 052 0.08 056 0.09 1.46
17PC-27 140.5 5.8 10 16 20 44 68 16 369 070 291 045 252 0.65 169 0.23 193 0.28 270
17PC-28 1455 6 5 4 11 24 41 10 185 021 123 0.17 081 0.17 049 008 049 0.08 142
17PC-29 150.5 6.2 7 6 9 22 28 7 163 031 155 018 108 0.31 090 0.11 073 012 1.20
17PC-32 170.5 8.9 16 13 25 49 82 18 310 055 239 036 214 044 127 021 147 019 202
17PC-33 1755 9.5 3 6 12 33 39 10 191 035 163 023 101 020 0.85 0.09 072 011 1.36
17PC-34 180.5 10.2 6 4 8 17 29 6 111 021 098 0.13 0.71 0.16 049 008 056 0.09 1.17
17PC-36 190.5 115 4 4 5 15 15 4 106 017 114 0.14 060 0.19 0.71 008 055 0.06 1.24
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17PC-37
17PC-40
17PC-42
17PC-43
17PC-45
17PC-46
17PC-47
17PC-48
17PC-49
17PC-50
17PC-51
17PC-52
17PC-56
17PC-57
17PC-58
17PC-59
17PC-60
17PC-62
17PC-63
17PC-65
17PC-66
17PC-67
17PC-70
17PC-72
17PC-73
17PC-75
17PC-76
17PC-77
17PC-78
17PC-79

196
210.5
220.5
226.5
2355
240.5
2455
250.5
2555
260.5
265.5
270.5
2955
300.5
305.5
310.5
3155
325.5
3355
345.5

349.75
355.5
370.5
380.5
385.5
395.5
400.5
405.5
410.5
4155

12
13.2
15.3
16.5
17.9
18.4
18.9
194

20
20.5

21
215
23.8
24.3
24.6

25
253

26
26.7
27.4
27.8
28.1
29.2
29.9
30.2
30.9
31.3
31.6

32
32.3

© o1~ N

16
63
24
12

15
14
12
14
14
13
41
22
16
11

19

24

23

12

32

14
10

28
16

17
35
130
51
32
21
36
37
23
35
46
35
72
43
39
43
43
52
13
53
59
26
14
62
26
29
34
36
42
42

24
54
214
80
4
16
51
47
44
46
43
39
146
71
58
36
21
64
19
79
84
41
14
101
28
49
32
28
106
63

13
48
18
10

11
10

10
10

31

16

13

14

18

19

10

23

11

26
13

1.14
2.87
8.54
3.20
1.63
0.90
2.00
1.83
1.82
1.74
1.70
1.86
5.73
3.05
2.24
1.59
1.79
2.70
1.07
3.31
3.47
1.87
0.69
3.94
1.02
2.15
1.35
1.21
4.83
2.45

0.17
0.46
1.70
0.61
0.25
0.18
0.35
0.32
0.25
0.31
0.27
0.30
1.07
0.64
0.41
0.24
0.30
0.46
0.17
0.53
0.64
0.24
0.12
0.83
0.17
0.36
0.21
0.19
0.91
0.42

0.82
2.00
6.78
2.38
1.21
1.05
1.55
1.29
1.41
1.38
131
1.56
4.13
2.52
1.80
1.31
1.71
2.27
1.07
2.35
3.06
1.75
0.59
3.60
0.85
1.90
1.01
1.10
3.90
1.90

0.12
0.30
0.98
0.37
0.16
0.11
0.21
0.18
0.21
0.18
0.17
0.17
0.65
0.37
0.25
0.19
0.23
0.32
0.16
0.35
0.44
0.25
0.09
0.48
0.10
0.26
0.12
0.15
0.54
0.25

0.67
1.56
6.32
231
0.83
0.42
1.26
0.97
1.18
1.02
0.90
0.93
3.92
2.40
1.26
1.22
1.76
1.90
0.98
2.24
2.75
1.75
0.50
2.99
0.50
1.87
0.60
0.88
2.92
1.42

0.14
0.34
131
0.45
0.21
0.14
0.25
0.22
0.30
0.22
0.19
0.21
0.78
0.47
0.27
0.26
0.44
0.42
0.25
0.45
0.58
0.36
0.11
0.76
0.12
0.39
0.14
0.20
0.53
0.26

0.44
1.08
3.92
1.42
0.58
0.45
0.83
0.59
0.87
0.65
0.63
1.04
2.12
1.52
0.71
0.91
1.25
1.30
0.76
1.21
1.64
1.15
0.34
2.00
0.33
1.41
0.42
0.71
1.62
0.81

0.08
0.17
0.58
0.24
0.09
0.06
0.10
0.10
0.12
0.09
0.12
0.11
0.34
0.24
0.15
0.15
0.23
0.20
0.12
0.23
0.29
0.17
0.07
0.37
0.05
0.22
0.06
0.13
0.23
0.15

0.50
1.09
4.15
1.59
0.64
0.53
0.81
0.70
1.03
0.70
0.73
0.78
2.29
1.73
0.88
0.99
1.53
1.46
0.93
1.47
1.76
1.40
0.47
221
0.43
1.43
0.46
0.90
1.57
0.90

0.07
0.16
0.62
0.23
0.10
0.07
0.13
0.11
0.16
0.11
0.10
0.10
0.33
0.31
0.16
0.15
0.16
0.23
0.15
0.22
0.27
0.19
0.08
0.31
0.08
0.23
0.08
0.11
0.25
0.15

1.27
1.61
4.02
2.23
1.44
1.25
1.93
1.85
1.96
1.71
1.87
1.75
231
2.16
1.88
1.93
2.09
2.29
1.68
2.17
2.57
2.29
1.44
2.72
1.53
2.09
1.72
2.01
141
2.16
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17PC-81
17PC-82
17PC-83
17PC-84
17PC-85
17PC-86
17PC-87
17PC-88

425.5
430.5
435.5
440.5
445.5
450.5
455.5
460.5

33
334
33.7
34.1
344
34.8
35.1
35.5

[uy

~N 00 NN

14

11
19
26

11

10
27
10

35
36

33
14
42
57
32
20
79
51

37
20
34
92
34
29
132
142

20

31
34

1.58
1.04
1.40
3.52
1.41
1.71
5.81
6.44

0.23
0.21
0.22
0.64
0.20
0.28
0.97
1.07

1.18
1.09
1.24
2.68
1.10
1.63
4.38
5.42

0.16
0.18
0.18
0.39
0.14
0.30
0.65
0.76

0.79
1.10
0.94
2.33
0.66
1.80
3.46
4.16

0.18
0.25
0.23
0.44
0.16
0.44
0.59
0.79

0.55
0.85
0.71
1.32
0.44
1.25
1.70
2.39

0.10
0.14
0.13
0.24
0.09
0.23
0.26
0.38

0.56
1.03
0.83
1.39
0.54
1.49
1.54
2.32

0.09
0.16
0.12
0.28
0.08
0.24
0.27
0.34

2.00
1.55
2.01
2.31
1.84
1.73
2.53
2.02
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