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Abstract

Reconstruction of monsoon evolution in the tropical Indian Ocean and evaluation of its influence on large-scale
ocean circulation and sea-air interaction processes can help us understand climate driving mechanisms. Herein, we
used a gravity core SO184-10043 to present the marine sedimentary record from the southernmost Sumatra,
spanning the past 35 kyr. The age model is well constrained by 12 accelerator mass spectrometry (AMS)
radiocarbon dates determined in mixed planktic foraminifera. We also measured sediment grain size and major and
trace elements to reconstruct the variations in hydrodynamic conditions and chemical weathering intensity. These
data were then used to reveal the evolution of the northwest (Indonesian) monsoon system over the past 35 kyr.
The results showed that both monsoon current and chemical weathering coincided with summer insolation in the
Northern Hemisphere and responded to glacial-interglacial climate changes in the northern Atlantic. Higher grain-
size values of sensitive components, increased chemical index of alteration (CIA), and Ba/Sr ratios, together with
lower CaO/MgO ratios, reflect a stronger monsoon current and chemical weathering during the late marine isotope
stage 3 and Holocene. Higher intensity of chemical weathering might be attributed to a stronger northwest
monsoon carrying warm and moist air from the Asian continent to Indonesian waters. Lower values of sensitive
components, CIA, and Ba/Sr, along with higher CaO/MgO values, reveal a weaker monsoon current and lower
intensity of chemical weathering during the last glaciation-deglaciation phase, which was controlled by a weaker
monsoon system. At a millennial timescale, cold events occurred during the following intervals: 30-26 ka BP,
Heinrich Stadial 1 (HS1; 18-15 ka BP), Last Glacial Maximum (LGM; 23-18 ka BP), Younger Dryas (YD; 11-10 ka BP),
and 8.2 ka BP. The same cold events were identified from core SO184-10043, indicating a perfect match with
climatic cooling in the Northern Hemisphere. We also observed periodicities of ~ 7.9 ka, 3.0-3.1 ka, 2.2-2.3 ka, and ~
1.0 ka in our core records. These periodicities are coincident with solar-induced climate changes and support the
hypothesis that monsoon evolution in the tropical Indian Ocean during the late Pleistocene coincided with the
climate change in the Northern Hemisphere.
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Introduction

Monsoonal climate dominates over the northern Indian
Ocean, and marine records have revealed its close rela-
tionship with global climate changes during the late
Pleistocene (Mohtadi et al. 2014; Li et al. 2016). Coastal
waters of Sumatra span the equator in the northeastern
Indian Ocean and are influenced by seasonal rhythms,
i.e., by the southeast Malaysian-Australian monsoon and
northwest Indonesian monsoon. These monsoon systems
show a biennial alternation between central Asia and
Australia (Tomczak and Godfrey 2001; Lickge et al.
2009). During boreal winter (from November to March),
the northwest monsoon carries warm and moist air from
the Asian continent, causing heavy rainfall over Indonesia
in response to the southward migration of the Intertropi-
cal Convergence Zone (ITCZ) (Qu et al. 2005). In con-
trast, precipitation in Indonesia is relatively low between
June and September, when the dominant southeast mon-
soon carries warm and dry air from Australia (Gingele
et al. 2002; Spooner et al. 2005; Liickge et al. 2009). Driven
by the dominant seasonal monsoon system, the ocean cur-
rents along the southernmost coast of Sumatra are highly
dynamic in relation to monsoon winds. The northwest
monsoon drives the South Java Current (SJC), which is a
downstream branch of the Indian Monsoon Current
(IMC), and the Equatorial Counter Current (EEC) from
the north (Wyrtki 1961; Wijffels et al. 1996). During the
southeast monsoon season, the SJC weakens and may
even turn back to the west, feeding the South Equatorial
Current (SEC) (Wyrtki 1962; Murgese et al. 2008).

To date, most of the monsoon records in the Indian
Ocean come from the western side of the South Asian
Peninsula, where the abundance of Globigerina bulloides
represents the intensity of upwelling and serves as an al-
ternative indicator of the rise and fall of the Indian mon-
soon (Prell and Curry 1981; Kroon et al. 1991;
Sijinkumar et al. 2011). In the northeast Indian Ocean,
the Bay of Bengal and the Andaman Sea have no evident
upwelling activity, but river runoff supplies profuse
amounts of freshwater and debris (Kroon et al. 1991;
Clemens et al. 1991; Prell et al. 1992; Colin et al. 1999;
Dahl and Oppo 2006). Great monsoon changes are often
indicated by changes in salinity caused by increased
freshwater input, which is reflected in the oxygen iso-
tope values of the planktonic foraminiferal shells (Cullen
1981; Rashid et al. 2007; Mohtadi et al. 2014; Li et al.
2016). A number of recent studies of sediment cores
from the southwestern Sumatra showed that upwelling
along the islands of Indonesia is significant, and the
changes in coastal productivity levels are controlled by
monsoon (Li et al. 2016) and the Indonesian Through-
flow (ITF) (Xu et al. 2017). The seasonally reversing,
open-ocean monsoon currents control the Sumatra
coastal sedimentary processes, which are still poorly
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understood, especially its hydrodynamic conditions and
chemical weathering. Moreover, a reliable age model has
yet to be put forward.

In this study, we present new sedimentological and
geochemical records of well-dated sedimentary archives
from the southernmost Sumatra waters spanning the
past 35 kyr. Several hydrodynamic conditions and chem-
ical weathering processes are discussed herein to reveal
the evolution of the monsoon system during the late
Pleistocene. Our goal is to understand the relationship
between the local monsoon system, the Northern Hemi-
sphere, and global climate changes.

Material and methods

Gravity core SO184-10043 (07° 18.57" S, 105° 03.53" E)
with a total length of 382 cm was collected from a water
depth of 2171 m at the continental margin off the south-
ernmost Sumatra waters (Fig. 1). The core was taken on
a cruise of R/V “Sonne” in August 2005. The core lith-
ology was described in detail after opening the core tube.
A total of 74 samples were obtained every 5cm along
the length of the core with a sample depth of 1 cm.

The pre-treatment samples for the grain size analysis
were treated with 15 mL of the H,O, solution (30%) to
remove organic matter. Afterward, the samples were
bathed in 5 mL of the HCI solution (3 mol/L) for 24 h to
remove calcareous cements and shell material. All sam-
ples were fully desalted and dispersed before the mea-
surements. The sediment grain size was analyzed by
Malvern Mastersizer 2000 (UK) at the Key Laboratory of
Marine Geology and Metallogeny, Ministry of Natural
Resources (MNR), China. Malvern Mastersizer 2000 al-
lows measurements of particle size distribution in the
range of 0.02—-2000 um, with a resolution of 0.01 ®. The
error based on repeated measurements was determined
to be less than 3%.

Geochemical elements were identified within the sedi-
ment samples using an inductively coupled plasma op-
tical emission spectrometer (ICP-OES, Thermo Fisher
Scientific iCAP 6300) and inductively coupled plasma
mass spectrometer (ICP-MS, Thermo Fisher Scientific X
Series II) at the Key Laboratory of Marine Geology and
Metallogeny, MNR, China. The homogenized sediment
samples were dried in an oven with a temperature of less
than 50 °C and were ground to the mesh size of less than
200 mm using an agate mortar. Next, approximately
0.05 g of each sample was dissolved in 1.5 mL of HNO;3
and 1.5 mL of HF at 190 to 200 °C for 48 h, respectively.
Then, 50 g of the liquor was prepared for the measure-
ments. The SiO,, Al,O3, Fe;03, MgO, CaO, Na,0, K,O,
TiO,, P,0s5, and MnO contents were measured using
ICP-OES, while the Cu, Ba, Sr, V, Zn, Cr, Zr, Pb, Co,
and Ni contents were quantified using ICP-MS. The
standard sediment reference materials (Chinese National



Liu et al. Progress in Earth and Planetary Science

(2020) 7:30

Page 3 of 13

20°N

~ Summer (JAS) A

|22 —
80°E 90°E

100° E 110°E

and 2004

10° s

120° E
Fig. 1 Location of the sediment core SO184-10043 (red star) with seasonality of surface currents, SST, and salinity in the eastern Indian Ocean
(revised from Mohtadi et al. 2014). Seasonal changes in SST (color shading), salinity (dashed lines; psu), and surface currents (arrows) in the study
area during boreal summer (top) and winter (bottom). The meridional Ekman transport (ME) is also indicated with arrows. Seasonal SST is
averaged for the period between 2002 and 2010 (http://oceancolor.gsfc.nasa.gov/cgi/I3). Salinities are averaged for the period between 1960
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Standard GSD-9 and GSD-10) and parallel samples were
analyzed for quality control. Statistical results showed
that relative standard deviations (RSDs) were less than
3% for major elements and less than 5% for trace ele-
ments, compared to the previous studies.

AMS'C dating was carried out on 12 samples of
mixed planktonic foraminifera (~ 15 mg) (Table 1). Age
dating was conducted at the Woods Hole Oceano-
graphic Institution, Massachusetts, USA. Raw AMS'"C
dates were converted to calendar ages using the CALIB
7.1 and Marinel3 calibration curves (Reimer et al. 2013).
Local reservoir age AR of 42 + 70years was chosen for
calibration from the online marine reservoir correction
database (https://calib.qub.ac.uk/marine) based on the
marine reservoir effect of 362 years observed in the In-
dian Ocean (Southon et al. 2002).

Results

Lithology

Visual inspection of core SO184-10043 indicates that
the sediments are composed of olive to dark olive-gray
clayey silt. The sediment color, composition, sediment-
ary structures, and grain size gradually change along the
length of the core. For instance, the sediment color
changes from olive in the top section (0—105 cm, includ-
ing some missed length at the top), to olive-gray in the
middle section (105-280 cm), and dark olive-gray in the
bottom section (280-382 cm). Shell debris and foramin-
ifera were observed at specific intervals (i.e, 34 and
270-370 cm), which coincided with the presence of
coarser sandy material. Moreover, two significant tephra
layers were identified at 10-12 and 370-382cm,
respectively.

Table 1 AMS'C dating of SO184-10043 determined from planktonic foraminifer Globigerinoides ruber shells, and the'“C ages were

converted to calendar age by using CALIB7.1 (Reimer et al. 2013)

Lab ID Depth (cm) Raw AMS ' C data Calibrated age (year B.P) Mean calibrated age (year B.P.) Corrected error
0S-112616 25-26 2100 + 25 1534-1714 1624 +90
0S-112617 30-31 2380 + 20 1867-2050 1959 +92
0S-112618 40-41 2790 = 20 2349-2575 2462 +113
0S-112619 95-96 4800 + 25 4875-5123 4999 +124
0S-112621 105-106 5110 £ 25 5315-5490 5403 +88
0S-112622 165-166 7880 + 30 8217-8373 8295 +124
0S-112625 180-181 8310 + 35 8697-8945 8821 +124
0S-112626 230-231 11,950 + 55 13,280-13,449 13,365 +85
0S-112627 240-241 12,950 + 50 14,488-15,000 14,744 + 256
0S-112628 290-291 18,350 + 100 21,521-21,854 21,688 +167
0S-112629 310-311 20,200 + 120 23,607-23,961 23,784 +177
0S-112630 350-351 27,700 = 310 30,995-31,378 31,187 +192



https://calib.qub.ac.uk/marine
http://oceancolor.gsfc.nasa.gov/cgi/l3

Liu et al. Progress in Earth and Planetary Science (2020) 7:30

The changes in core lithology indicate variations in
sedimentary environments through time. Considering
the current sea level, presence of shells, whelks, and for-
aminifera, which are characteristics of the marine envir-
onment (Qin et al. 1987; Liu et al. 2014), the sediments
of core SO184-10043 were likely deposited in a marine
environment. Overall, the sediments are distinguished by
finer grain size and negligible compositional changes,
suggesting a relatively stable depositional environment.

Chronology

Planktic foraminiferal shell samples were collected from
12 sedimentary layers to build the age model for the sed-
iments of core SO184-10043. The dating results showed
that the core sediments were accumulated over the past
35 kyr. The sedimentation rates increased gradually up
to the present moment and varied between 5 and 29 cm/
kyr, with an average of 10 cm/kyr (Table 1). A rapid in-
crease in sedimentation rates is attributed to the flood-
ing of the Sunda Strait in response to global sea-level
rise, which might have caused intensified erosion and
downslope transport of terrigenous material to the sea
(Li et al. 2016). Based on this version of the age model, a
sampling interval of 1 cm provided an average resolution
of 100 years in this study.

Grain size
We measured the variations in grain size for the sedi-
ments of core SO184-10043, including the mean grain
size, sorting coefficient, skewness, and kurtosis (Fig. 2).
Consistent with the lithology of core SO184-10043, grain
size characteristics were described as follows:

The bottom section (280-382cm) is predominantly
characterized by silt (73.22%) with a lesser amount of
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sand (~ 12.63%) and clay (20.14%). The sand fraction in-
creases towards the top of the section along with the
mean grain size, with an average of 5.88 @, influenced
by the composition of sand and clay. The sorting coefti-
cient is an indicator of the degree of sorting in response
to hydrodynamic conditions and averages 2.01. It shows
no significant changes in the section, indicating relatively
poor sorting. Skewness and kurtosis present similar
trends and decrease upwards with insignificant
fluctuations.

The middle section (105-280 cm) is the most variable.
All of the parameters show noticeable changes. Silt frac-
tion is predominant (64.62%), while sand fraction
reaches its most representative value in this section
(48.15%) at a depth of ~206 cm. The mean grain size
also showed a similar trend with the silt, has an average
value of 5.95 @, and is consistent with stronger bottom
hydrodynamic conditions. The sorting coefficient varies
from 1.70 to 2.21, reflecting various sedimentary envi-
ronments. Skewness decreases upwards from -0.78 to
1.62, indicating a complex sedimentary composition.
Kurtosis reaches its highest value in this section (~ 2.82).

The upper section (0—105 cm) represents an opposite
trend from the bottom section, where the average values
of sand, silt, and clay fractions are determined to be
15.34%, 64.95%, and 19.72%, respectively. Silt remains
the main fraction and reaches its lowest value at a depth
of ~ 60 cm. Sand and clay fractions show a similar distri-
bution trend in this section, being the most variable be-
tween 50 and 70cm of depth. All of the grain-size
parameters show substantial changes. The mean grain
size gradually decreases upwards, with an average value
of 5.8 @, and is consistent with stronger bottom hydro-
dynamic conditions. The sorting coefficient, skewness,

-
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Fig. 2 Vertical distributions of grain size parameters of core SO184-10043; red dashed lines represent the boundary of three sections
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and kurtosis start to vary from a depth of 105 cm to the
top of the section.

Geochemistry

Major and trace element components are presented in
Table 2. Among 10 major elements measured for the en-
tire profile, SiO, is the dominant component, averaging
65.72%, followed by Al,Os; with an average of 14.33%
and CaO with an average of 8.59%. These three elements
amount to more than 85% of all the elements present.
Other elemental proportions include 4.95% of TFe,Os,
3.50% of Na,O, 1.66% of K,O, 1.87% of MgO, 0.61% of
TiO,, 0.11% of P,Os5, and 0.05% of MnO. Trace element
concentration also fluctuates, ranging from 5.20 x 107°
to 556.64 x 107° in the order of Ba > Sr > Zr > V > Pb >
Zn > Cu > Cr > Ni > Co.

Throughout the length of the core, most elements dis-
play similar or reciprocal distribution patterns (Fig. 3).
Three horizons (0-12.0 cm, 200-222 cm, and 350-370
cm) serve as important boundaries, where the elemental
composition changes. As such, SiO,, MnO, Na,O, P,Os,
and Zr reach relatively high values at these horizons,
whereas Al,O3, MgO, Ba, Cr, Co, and Ni are character-
ized by the lowest content. Other portions of the core
demonstrate little compositional changes.

Discussion

Hydrodynamic condition

Sediment grain size is widely used to reconstruct past
sedimentary environments and paleoclimate evolution. It
also serves as a direct proxy of hydrodynamic conditions
(Xiao et al. 2006; Cao et al. 2015). However, the transpor-
tation of marine sediments depends on a multitude of fac-
tors, which result in selective transportation and variable
sediment compositions under different hydrodynamic
conditions (Xiao et al. 2005; Liu et al. 2010). As marine
sediments usually form mixtures of sediments in complex
sedimentary  environments and their constituent
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components can be delivered from different provenances,
meaningful fraction selection from the bulk grain-size dis-
tribution is required to infer their significance for specific
depositional conditions. In recent years, several mathem-
atical and statistical methods have been developed, such
as the Weibull function (Sun et al. 2002), end-member
modeling of grain-size distributions (Stuut et al., 2002a, b;
Prins et al. 2007), and analysis of grain-size populations
with environmentally sensitive terrigenous components
(Boulay et al. 2002; Sun et al. 2003). All these methods
have been widely used to extract typical fractions to reveal
a hydrodynamic evolution in the marginal sea settings.
Herein, we applied a mathematical method “grain size vs.
standard deviation” to extract the environmentally sensitive
components, which reflect the variability in grain size in a
sample group using each grain-size class. High standard de-
viation values tend to indicate high-frequency variability in
grain-size classes in a sample group and vice versa. We
used a standard deviation vs. grain-size class plot to identify
the number of grain-size components and size range of
each grain-size component in a sample group, where the
components are closely related to the sedimentary environ-
ment (Stuut et al, 2002a, b; Xiang et al. 2006). We calcu-
lated the standard deviation of each grain-size grade using
the terrigenous components in 74 samples of core SO184-
10043 and defined two components sensitive to the sedi-
mentary environment: 3.28-15.63 um and 52.6-105.1 um,
with the boundary at 26.28—-31.25 um (Fig. 4).

Previous studies have shown that two sensitive compo-
nents in a sedimentary environment are characteristics
of continental margins and adjacent coastal areas con-
trolled by normal hydrodynamic conditions (e.g., coastal
currents, warm currents) and unstable hydrodynamic
conditions (e.g., storm currents, earthquakes, waves)
(Xiao et al. 2005; Xiang et al. 2006). Each of the two
grain-size classes represents a population of grains with
the highest variability through time (Xiao et al. 2006),
while the boundary of these two populations is

Table 2 Composition of major and trace elements of sediment from core SO184-10043

Major Maximum value ~ Minimum value ~ Average value  Trace Maximum value Minimum value Average value
element (%) (%) (%) element 1079 107 (1079
SiO, 65.72 39.00 4730 Ba 556.64 288.63 43048
AlL,O3 1642 11.04 14.33 Cr 5742 7.01 39.78
Ca0 15.66 250 859 Sr 52590 162.54 338.00
TFe,03 6.91 296 495 \% 122.00 32.00 104.30
K,0 2.85 127 1.66 Zn 103.51 69.15 88.67
MgO 242 0.93 187 Zr 229.79 91.13 119.24
MnO 0.12 0.03 0.05 Co 1491 520 12.03
Na,O 512 2.82 3.50 Ni 38.75 711 30.62
P50s 023 0.09 0.11 Cu 79.46 9.04 2827
TiO, 0.96 040 0.61 Pb 10443 10.55 24.45
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characterized by the lowest standard deviation value and
implies negligible changes within this proportion of the
grain-size population in the siliciclastic fraction. Hence,
we can infer that these two grain-size populations of
core SO184-10043 were mainly controlled by coastal
currents driven by monsoon systems and by wave cur-
rents driven by storms or tsunami. Considering that the
northwest (Indonesian) monsoon current is stronger than the
southeast Malaysian-Australian monsoon current (Fig. 1), we
suggest that the finer population (sensitive component I 3.28—
15.63 um) was mainly transported by the stronger Indonesian
monsoon current. A large-amplitude fluctuation of the mean
grain size and content further confirms its response being sen-
sitive to sedimentary variation (Fig. 5). The coarser grain-size
population (sensitive component II 52.6—105.1 pm) shows a
slight temporal change that might reflect a stronger current.
Regardless, as fraction II appears continuously in the core, its
origin may be related to normal sedimentation driven by a
local wave system. Consequently, sensitive component I is
chosen to reflect the evolution of the hydrodynamic condi-
tions in this study. As shown in Fig. 5, we were able to distin-
guish between the glacial-interglacial responses of
hydrodynamic intensity within the study area. During the late
marine isotope stage (MIS) 3 and Holocene, a higher mean
grain size of sensitive component I is interpreted to reflect a
stronger monsoon current, probably associated with a stron-
ger northwest monsoon reconstructed by paired SST and
8804, (Govil and Naidu 2011). Limited by the quantity and
resolution of the analyzed data, we obtained less detailed core
information for MIS 3. However, the resolution for the Holo-
cene portion of the core was not compromised. The mean
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grain size of sensitive component I changed from 8 to 8.8 pm,
revealing incremental hydrodynamic conditions coherent with
the record from the Andaman Sea and the Bay of Bengal
(Cao et al. 2015; Li et al. 2019), where larger sediment frac-
tions could be transported from the adjacent continent to the
sea. On the contrary, the mean grain-size value of sensitive
component I was lower during the last glaciation-deglaciation
phase, revealing weak hydrodynamic conditions, controlled by
weaker monsoon systems (Mohtadi et al. 2014; Gebregiorgis
et al. 2016). The lowest value of sensitive component I was ob-
served at 15 ka BP and coincided with the weakest monsoon
record in the northeastern Indian Ocean (Rashid et al. 2007;
Govil and Naidu 2011). On a millennial time scale, a number
of significant grain-size fluctuations were identified by examin-
ing a sensitive grain-size curve, such as the Heinrich Stadial 1
(HS1), B/A, and Younger Dryas (YD) deglaciation events,
which corresponded to larger climate and environmental
changes (Li et al. 2016).

Chemical weathering intensity

Elemental geochemistry composition is related to sedi-
ment source, grain size, and dynamic conditions, which
are essential to reveal a sedimentary environment and
climate intensity in the past epochs (Tao et al. 2006).
Climatic and environmental changes contribute to the
concentration, transportation, and deposition of certain
elements (Young and Nesbitt 2001). Thus, the content
and assemblage of specific elements may be a good indi-
cator of the past climates and depositional environments
(Liu et al. 2010), especially for the weathering and
paleoclimatic processes recorded in sediments (Yan et al.

Sensitive component I Sensitive component I
content (%) mean grain size (1um)
0 . 76 8 84 88

Sensitive component II
mean grain size (Lm)
76

Sensitive component II
content (%)

Calendar age (ka B.P.)
1

35 —

Fig. 5 Content and mean grain size of two sensitive components from core SO184-10043
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2002; Tao et al. 2006; Zhao et al. 2008; Liu et al. 2011).
Chemical weathering appears to drive relatively mobile
elements, such as Na, Ca, and Sr, to migrate in their
aqueous form (Tao et al. 2006), while conservative ele-
ments, such as Ti and Al, remain stable in the sediments
(Yang et al. 2006). The differential mobility allows us to
use the ratios of these elements in order to infer past cli-
matic conditions. The following ratios of elements are
the most commonly used in the vicinity of the Asian
marginal seas: Al,O3/Na,O, K,O/Na,O, CaO/K,0,
CaO/MgO, CaO/Sr, and Rb/Sr (Young and Nesbitt
2001; Tao et al. 2006; Ye et al. 2010; Liu et al. 2011). In
addition, the Chemical Index of Alteration (CIA =
[AL,03/(ALLO; + CaO + Na,O + K,0)] x 100) (Nesbitt
et al. 1980; Nesbitt and Young 1989, 1996; Delaney et al.
1993; Nyakairu and Koeberl 2000; Young and Nesbitt
2001; Yan et al. 2002) is frequently used to estimate the
intensity of weathering (Yang et al. 2004), where CaO" is
CaO in a silicate fraction calculated by the Honda and
Shimizu’s formula: [CaO™ = 0.35 x 2(Na,0%)/62] (Nes-
bitt and Young 1982).

The Sumatra offshore waters are situated within the
seasonal features of the following monsoon systems: the
southeast Malaysian-Australian monsoon and northwest
Indonesian monsoon. These monsoon systems deter-
mine Sumatra’s regional precipitation and temperature
patterns. In this study, we utilized the CIA, CaO/MgO,
and Ba/Sr proxies for the reconstruction of chemical
weathering intensity to deduce the monsoon evolution
process further. These geochemical proxies are regarded
as synchronous with changes in the oxygen isotope
stages since the last glacial period, reflecting rapid sedi-
ment deposition and the influence of climate (Fig. 6).

Page 8 of 13

Four phases were identified from the core bottom to top
as follows: MIS 3, last glaciation, deglaciation, and the
Holocene. The geochemical proxies during MIS 3 and
the Holocene showed similar features, with higher ratios
of CIA and Ba/Sr and lower ratios of CaO/MgO, indicat-
ing increased weathering and erosion rates in the source
areas, dominated by a warm and humid climate during
these periods. Higher precipitation and temperatures
tend to be accompanied by active chemical weathering
(Yang and Li 1999). Our results are supported by the
8'80 values of planktonic foraminifera and SST recon-
struction in the Andaman Sea (Rashid et al. 2007), where
intense precipitation and high temperatures were re-
ported for MIS 3 and the Holocene (Marzin et al. 2013).
Such climatic conditions caused higher river runoff,
reflected in a high Ba/Ca ratio from the planktonic for-
aminifera G. sacculifer shells (Gebregiorgis et al. 2016;
Sijinkumar et al. 2016). On the contrary, lower CIA and
Ba/Sr values and higher CaO/MgO ratios during the last
glaciation-deglaciation indicate weaker chemical weath-
ering intensity, controlled by low precipitation and de-
creased temperatures. The reduced chemical weathering
and erosion rates were also reported from the Andaman
Sea during MIS 2 (Colin et al. 1998; Miriyala et al
2017). Similar to the sensitive grain-size proxy, the de-
creasing CaO/MgO, and increasing CIA, Ba/Sr during
the deglaciation period also changed sharply, revealing a
warm and moist climate generated after the last glaci-
ation. Some minor variations in the chemistry proxies
were identified from the following intervals: 12.5-12,
17-15, and 34-32ka BP. These variations imply the in-
stability of chemical weathering intensity on a millennial
time scale. Similar trends were found for the sea surface
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events recorded in our core SO184-10043

Fig. 7 Paleoclimatic proxies and referenced data plotted as a function of age (ka B.P.): (a) mean grain size of sensitive component | from core
SO184-10043 (this study); (b) CaO/MgO from core SO184-10043 (this study); (c) CIA from core SO184-10043 (this study); (d) Ba/Sr from core
SO184-10043 (this study); (e) records of speleothem §'®0 from Dongge Cave in the southern China (Yuan et al. 2004) and Hulu Cave in the
eastern China (Wang et al. 2001); (f) records of ice core (NGRIP) 580 from Greenland (Andersen et al. 2006; Rasmussen et al. 2006); (g) integrated
summer insolation variations at 30° N over June, July, and August (Berger 1978). Grey, yellow, and orange bars in this figure represent global cold

temperature and seawater salinity proxies (Mohtadi et al.
2014; Li et al. 2016).

Paleoclimate reconstruction for the past 35 kyr
Monsoonal climate dominates over the northern Indian
Ocean. Its close relationship with global climate changes
during the late Pleistocene was revealed by marine sedi-
mentary records (Schulz et al. 1998, Mohtadi et al., 2014).
The results of our study show that both monsoon current
and chemical weathering coincide with the glacial-
interglacial changes in the Northern Hemisphere. During
the late MIS 3 and Holocene, higher values of sensitive
grain size, increased CIA, and Ba/Sr ratios, as well as lower
CaO/MgO ratios, reflect a stronger monsoon current and
heightened chemical weathering intensity, which were
likely connected to a stronger northwest monsoon that
carried warm and moist air from the Asian continent to
Indonesia. Evidence from land precipitation (Wang et al.
2001), seawater salinity (Li et al. 2016), sea surface
temperature (Mohtadi et al. 2014), and paleoprodutivity
(Xu et al. 2017) supports the suggested stronger northwest
monsoon. High temperature and increased precipitation
were able to accelerate weathering, erosion, and the terres-
trial influx into the sea from the surrounding territories,
whereas a monsoon current was characterized by higher
energy that transported coarser sediments to the contin-
ental shelf. During the last glaciation-deglaciation phase,
lower sensitive grain size, decreased CIA, and Ba/Sr ratios,
as well as higher CaO/MgO ratios, reveal a weaker mon-
soon current and diminished chemical weathering inten-
sity, which were likely controlled by a weaker monsoon
system. Low precipitation and decreased temperatures
during MIS 2 reduced the transport of the chemical
weathering and erosion products to the core location. We
also identified other processes for this period. For in-
stance, the monsoon system was at its weakest point dur-
ing the last glaciation, while a strong rebound occurred
from 16 to 11ka BP. Seawater 8'°0 was measured from
the nearby cores, SO189-119KL and SO189-39KL, and
presented significantly decreased values (Mohtadi et al.
2014), which coincides with increased summer insolation
in the Northern Hemisphere (Li et al. 2016).

The movement of rainfall belt in a monsoon area is con-
trolled by the displacement of the ITCZ, which, in turn, is
principally driven by orbital changes in solar insolation
(Fleitmann et al. 2007; Goodbred 2003; Philander et al.

1996; Wang et al. 2005; Xie and Saito 2001). The almost
synchronous changes in the indices of sensitive compo-
nent I and chemical weathering seem to be modulated by
the orbital-scale variations in 30° N July insolation, sug-
gesting a prominent response to the Northern Hemi-
sphere climate changes (Fig. 7). The highest CIA and Ba/
Sr ratios and the lowest CaO/MgO values were noted for
10-8 ka BP. The highest insolation values appeared be-
tween 12 and 11 ka BP. The opposite trend was observed
when insolation reached its minimum at 25 ka BP (Berger
and Loutre 1991; Laskar et al. 2004). Therefore, we infer
that orbital-scale changes in insolation influenced the
glacial-interglacial paleoclimate changes over the past 35
kyr in the southernmost Sumatra waters.

On a millennial timescale, cold events occurred during the
following intervals: HS1 (18-15ka BP), Last Glacial Max-
imum (LGM; 23-18 ka BP), YD (11-10ka BP), and 8.2ka
BP. The same events were identified in core SO184-10043,
indicating their co-occurrence with the Northern Hemi-
sphere cold events. Hydrodynamic conditions and chemical
weathering intensity were weak during these events, which
were observed in ice core records from the northern Atlantic
(Andersen et al. 2006; Rasmussen et al. 2006). It should be
pointed out that abnormal weakening of hydrodynamic con-
ditions and chemical weathering from 30 to 26 ka BP was re-
corded in our core sediments. This period coincides with a
reduced-precipitation event in the Indian Ocean (Ali et al.
2015; Sijinkumar et al. 2016), revealing the predominant role
of monsoon systems in the sedimentary processes.

We used a power spectrum analysis (PSA) to investi-
gate the periodicity of climate records and its possible
driving forces in core SO184-10043. The CIA and MgO/
CaO time series were analyzed using REDFIT35 (Schulz
and Mudelsee 2002), which have been shown to have a
high performance in PSA for unevenly spaced time
series. PSA of the CIA and MgO/CaO time series
showed maximum power at periodicities centered at
3.0-3.1ka, 2.2-2.3ka, and ~ 1.0ka, all of which are
characteristic of solar activity (Stuiver et al. 1995; Wang
et al. 2005) (Fig. 8). Though the interpretation of our re-
sults is ultimately limited by the marine sediment core
resolution and age uncertainty of the AMS'C dating,
our results suggest a possible influence of changes in
solar activity on the Sumatra maritime climate on multi-
decadal and multi-centennial scales (Hong et al. 2001;
Xiao et al. 2006). These data further support the



Liu et al. Progress in Earth and Planetary Science (2020) 7:30

Page 11 of 13

30 4 3
80% confidence line 80% confidence line
MgO/Ca0
20 2 4
% Q
E E
2 =
= g
< <
E E
2 2
=3 =%
w w
10 1 4
0 T T T T T T T T T T 0 T T T T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
Frequency (cycles/ka) Frequency (cycles/ka)
Fig. 8 Power spectrum analysis of CIA and MgO/CaO proxies from core SO184-10043

monsoon evolution in the tropical Indian Ocean during
the Late Pleistocene and its dependence on the Northern
Hemisphere climate changes.

Conclusions

We conducted a paleoclimatic reconstruction for core
SO184-10043 collected from the southernmost coast of
Sumatra using sedimentological, geochemical, and elem-
ental proxies in order to reconstruct the monsoon evolu-
tion and its response to the Northern Hemisphere
climate changes.

On a glacial-interglacial timescale, both monsoon
current and chemical weathering coincided with sum-
mer insolation in the Northern Hemisphere and showed
a clear response to the glacial-interglacial changes.
Higher values of sensitive grain size, CIA, and Ba/Sr, as
well as lower CaO/MgO ratios, indicated a stronger
monsoon current and chemical weathering intensity in
the late MIS 3 and Holocene. Such climate conditions
were likely controlled by a stronger northwest monsoon
that carried warm and moist air from the Asian contin-
ent to Indonesia. Lower sensitive grain size, CIA, and
Ba/Sr ratio with higher CaO/MgO values revealed a
weaker monsoon current and diminished chemical
weathering intensity during the last glaciation-
deglaciation phase, which was predominantly controlled
by a weaker monsoon system.

On a millennial timescale, in core SO184-10043, we
were able to identify a number of global cold events,
such as the one at 30-26 ka BP, HS1 (18-15ka BP),
LGM (23-18ka BP), YD (11-10ka BP), and 8.2 ka BP,

which occurred simultaneously with the Northern
Hemisphere cold events. We also applied PS and identi-
fied periodicities of ~7.9ka, 3.0-3.1ka, 2.2-2.3 ka, and
~ 1.0ka in our core records. We related these periodic-
ities to solar-induced climate changes, which further
support our findings of the monsoon evolution in the
tropical Indian Ocean in the late Pleistocene and its co-
incidence with the Northern Hemisphere climate
changes.
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