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Preface

This is the first edition since the restructuring of our institute, the Marine Geological Institute (MGI).
Rest assured, our Bulletin of the Marine Geology still complies with its purpose of sharing knowledge
between scientists, academicians, practitioners, and others who have an interest in the improvement of
marine science and technology.

Without further ado, we are pleased to present the first edition of the year 2022, which includes valuable
knowledge derived from the following five papers: Multi-Model Variation of the Enhanced Asian
Rainfall and Continent-Ocean Thermal Gradient from Pre-Industrial to Mid-Holocene, a research
partnership between Earth Science Study Program, Faculty of Earth Sciences and Technology, Institut
Teknologi Bandung (ITB) and the National Research and Innovation Agency (BRIN); the second paper,
entitled Ash Layers from South Andaman Sea: Probably Sourced from Toba Caldera, presented by the
Geological Survey of India; the third title of Sedimentation Rates and Calcareous Nannofossil
Biostratigraphy of Nanggulan Formation, Kulon Progo, Indonesia, a collaboration project between
Geological Engineering Program Study, Faculty of Exploration and Production Technology, Pertamina
University and Akita University, as well as PT Geoservices; a contribution from BRIN under a title of
Marine Geomagnetic Anomalies Belt and its Relationship to the Remnant Tectonic-Arc in the North-
western Java Sea-Indonesia, listed as the fourth; and last but not least, a paper of Pb Ratio Analysis of
Foraminifera to Observe Paleoceanographic Changes during Holocene in Arafura Sea yielded by MGI
and Faculty of Geological Engineering, Padjadjaran University, teaming with BRIN and Korea Institute
of Ocean Science and Technology (KIOST).

The editors wish to express their appreciation for everyone's outstanding contributions to this edition,

especially those made by the authors. Readers will undoubtedly find their work to be exceptional after
learning about their expertise in marine research. Let's create harmony with nature.

Chief of Editorial Board
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ABSTRACT : Rainfall over the Asian continent during the mid-Holocene was higher than today as shown
by the rainfall proxy records. During the mid-Holocene, increased rainfall over the Asian Continent has been
suggested to be associated with the strengthening of the Asian Summer Monsoon (ASM) following a sharper
continent-ocean thermal gradient. This study examined multi-model variation between changes of the
continent-ocean thermal gradient and the increased rainfall over Asia during the mid-Holocene as compared
to the pre-Industrial. We analyzed surface temperature, precipitation, and wind at 850mb from nine Global
Climate Models (GCMs) which are all obtained from the database of the Paleoclimate Modeling
Intercomparison Project Phase-3 (PMIP3). Multi-model analysis shows that changes in a continent-ocean
thermal gradient has a positive correlation with ASM wind. However, a negative correlation occurs between
changes in the continent-ocean thermal gradient with Asian rainfall. Models that simulate large changes in
the continent-ocean thermal gradient produced the smallest increase in the Asian rainfall and vice versa.
Such inverse relation is likely due to the cooling of Indian Ocean SST since its correlation scores with Asian
rainfall is much higher than the one with the warming of the Asian continent. Thus, multi-model variation of
the increased rainfall over the Asian continent between mid-Holocene and today is mainly related to the
multi-model variation of the cooling in the Indian Ocean SST.

Keywords: Asian Summer Monsoon, Indian Ocean, Multi-model, Sea Surface Temperature, PMIP3

ABSTRAK: Curah hujan di benua Asia selama Holosen Tengah mengalami peningkatan dibandingkan
masa sekarang berdasarkan catatan proksi curah hujan. Selama Holosen Tengah, peningkatan curah hujan
di Benua Asia diduga berhubungan dengan penguatan fenomena Muson Asia (ASM) di musim panas yang
diakibatkan oleh gradien suhu benua-laut yang meningkat. Studi ini mengkaji variasi multi-model antara
perubahan gradien suhu benua-laut dan peningkatan curah hujan di Asia saat Holosen Tengah
dibandingkan dengan era Pra-Industri. Parameter yang dianalisis adalah suhu permukaan, curah hujan,
dan angin 850mb dari sembilan Global Climate Models (GCMs) yang diperoleh dari database
Paleoclimate Modeling Intercomparison Project Phase-3 (PMIP3). Analisis multi-model menunjukkan
bahwa perubahan gradien suhu benua-samudera memiliki korelasi positif dengan angin ASM. Namun,
korelasi negatif terjadi antara perubahan gradien suhu benua-laut dengan curah hujan Asia. Model yang
mensimulasikan perubahan terbesar dalam gradien suhu benua-laut menghasilkan peningkatan terkecil
dalam curah hujan Asia dan sebaliknya. Hubungan terbalik tersebut kemungkinan disebabkan oleh
pendinginan SPL di Samudera Hindia karena skor korelasinya dengan curah hujan Asia jauh lebih tinggi
dibandingkan dengan korelasi antara peningkatan hujan dengan pemanasan benua Asia. Dengan demikian,
variasi multi-model dari peningkatan curah hujan di benua Asia antara pertengahan Holosen dan masa kini
utamanya terkait dengan variasi multi-model dari pendinginan SPL di Samudra Hindia.

Kata Kunci: Asian Summer Monsoon, Indian Ocean, Multi-model, Suhu Permukaan Laut, PMIP3




INTRODUCTION

Mid-Holocene, a period around six thousand
(~6,000) years ago (ka), is known as a period with a
maximum warm climate phase (Yafeng et al., 1993).
During mid-Holocene, increased insolation occurred in
the northern hemisphere during boreal summer as
compared to the Holocene period (Berger, 1978). The
increased insolation strengthened the Asian Summer
Monsoon (ASM), which is one of the most fundamental
phenomena in the global circulation of the atmosphere
(Braconnot et al. 2000; Cheng et al. 2021; Joussaume et al.
1999; Wang and Fan 1999; Zhao et al. 2005). ASM affects
the climate in the Asian continent due to the heat and
moisture transfer from the ocean to the continent at high
latitudes (Chen et al., 2008). ASM is associated with
rainfall in the Asian continent, due to the large-scale
transport of water vapor from Indian Ocean to Asian
Continent (Ding & Chan, 2005; Ohgaito & Abe-ouchi,
2007).

ASM has been suggested to be stronger in the mid-
Holocene than today (Rawat et al., 2021). Previous studies
on rainfall proxy during the Holocene have suggested that
the increased rainfall in Asia during mid-Holocene was
due to changes in the interhemispheric thermal gradient
during the boreal summer (Cheng et al. 2016a). Moreover,
the paleo isotope records of oxygen and deuterium showed
increased rainfall in southern and northern China (Rao et
al., 2016). Additionally, some pollen and microfossil data
revealed an intensified rainfall in most of China (Bartlein
etal., 2011). During the mid-Holocene, in northern China,
the peak rainfall occurred during boreal summer as
indicated by sediment core record of Hulun Lake and
Daihai Lake (Wen et al., 2010; Xiao et al., 2009).

In addition to proxy records, numerical simulations
were carried out to describe ASM and rainfall conditions
in Asia during the mid-Holocene. Wetter-than-today ASM
is  well-simulated by the Paleoclimate Model
Intercomparison  Project Phase-2 (PMIP2), which
exhibited an enhanced rainfall of East Asia during boreal
summer in the mid-Holocene, compared to that of the pre-
Industrial (Dallmeyer, 2011; Tao et al., 2010). This is in
line with the other simulations of PMIP2, which show
rainfall intensification of China during boreal summer in
the mid-Holocene by 10.5% than today (Jiang et al., 2013).
Thus, model study under PMIP has revealed that the ASM
during the mid-Holocene was stronger and wetter than
today.

During the mid-Holocene, proxy records and model
simulations indicate intensification of ASM and rainfall in
Asia as a respond to the enhanced insolation in the
northern hemisphere. The increase insolation raises the
Asian surface temperature (Polanski et al., 2012). Rising
Asian surface temperature changes the thermal gradient
between Asian continent and Indian Ocean (Cheng et al.
2016a; Wohlfahrt et al, 2004). Previous studies verified
that changes in the inter-hemispheric thermal gradient,
lead to a higher rainfall in the northern hemisphere
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(Schneider et al., 2014). Thus, the difference in the surface
temperature gradient in Asian continent and Indian Ocean
between during mid-Holocene and today is expected to
change the magnitude of ASM.

Many numerical studies were done to understand the
mechanisms of the increased Asian rainfall between mid-
Holocene and today (Dallmeyer et al., 2011; Hewitt &
Mitchell, 1996; Ren et al.,, 2021; Tao et al., 2010).
However, study on multi-model variation (multi-model
analyses), in terms of physical quantities associated with
stronger-than-today ASM during the mid-Holocene, has
not been conducted. Multi-model analysis has been
previously used to analyze the general relationship
between climate seasonality and ENSO on several
paleoclimate scenarios (Emile-Geay et al, 2015).
Therefore, the aim of our research is to analyze the multi-
model variation from the output of GCMs involved in
PMIP3, regarding the shifting impacts in the continent-
ocean thermal gradient to the Asian rainfall enhancement
between mid-Holocene and pre-Industrial scenarios. This
study consists of several sections. Detail specifications of
GCM and the methods are described under the section 2.
Moreover, Section 3 displays the result from the changes
among the physical parameters and their correlations
during the mid-Holocene. Section 4 discusses relationship
between all physical parameters with suggested
mechanisms. Additionally, Summary and conclusions are
defined in Section 5. Every section is explained below.

METHODS AND MATERIAL

Data

This study compared simulation output from 9
GCMs based on the mid-Holocene and pre-Industrial
climate scenarios. Mid-Holocene scenario is mainly
defined by a stronger-than-today insolation in the northern
hemisphere during boreal summer (Berger, 1978). Pre-
Industrial scenario is a period before industrial revolution
(~1850) when the climate was not yet influenced by the
rising concentration of greenhouse gases from fossil fuels
or known as the anthropogenic forcing (Mahowald et al.,
2006). These simulations are part of the Paleoclimate
Model Intercomparison Project - Phase 3 (PMIP3), which
their output is openly accessible in a website administered
by the German Climate Computing Center (cera-
www.dkrz.de). The 9 GCMs are BCC-CSM1, CCSM4,
CESS FGOAL-S2, CSIRO MK-3-6-0, IPSL-CM5A-LR,
MPI ESM-P, MIROC ESM, MRI-CGCM3, and NASA
GISS-E2. Physical quantities used in this study are
monthly rainfall, surface temperature, and horizontal
(zonal and meridional) wind at 850mb. General
specification of each GCM is described in Table 1.

Methodology

Stronger-than-today insolation on the northern
hemisphere during the mid-Holocene is known to
strengthened continent-ocean thermal gradient, ASM
wind, and Asian rainfall following the northward
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Seasonal mean of (a) the wind magnitude (shaded colour, in m/s) and direction (arrow), (b) the rainfall (shaded color, in

mm/day) and surface temperature (contour, in K) during boreal summer for the mid-Holocene minus pre-Industrial
simulations by the MRI-CGCM3. Contours in red and blue represent positive and negative changes in temperature
respectively. Dotted areas are not significant at 95% confidence level for the rainfall change. Red dashed rectangles are
areas to calculate area-averaged of ASM wind, black dashed rectangles are areas to calculate area-averaged of surface

Table 1.

General description of the nine GCMs involved in this study. All models are part of the PMIP3 which their simulation

output are freely accessible in cera-www.dkrz.de. (https:/wiki.lsce.ipsl.fr/pmip3/doku.php/pmip3:database:status).

Number of Length of simulation
Model name Country horizontal grid per-scenario (Yeflr) Cite
and pre- mid-
vertical layers Industrial Holocene
BCC-CSM1 China 128x64xL21 1500 100 SVM“S) & Xin,
CCSM4 USA 288 x 192xL26 1503 903 ggﬁ’)' Bliesner,
CESS FGOALS-S2 UK 192x145xL38 30 30 (LASG 2015)
CSIROMK-3-6-0  Australia 64 x 56 x L1 1353 153 goelfﬁﬁ)ey et al,
IPSL-CM5A-LR  Prancis 96x95xL39 2703 1203 aaf’r%l‘g;"t et
(JAMSTEC et
MIROC ESM Japan 36 x 43 x L40 277 243 2L, 2015)
. (Jungclaus et
MPI ESM-P Japan 196x98xL47 603 273 2L 2012)
MRI-CGCM3 Japan 364x 160 x L48 1203 273 (a‘l{“;‘(‘)’?;’)“’ et
NASA GISS-E2-R  USA 40 x 60 x L40 63 63 (NASA 2014)
migration of Inter-tropical Convergence Zone (ITCZ) in chosen since significant changes relative to its

orbital time-scale (Schneider et al., 2014; (Tapio
Schneider et al., 2014)Rawat et al., 2021). Changes of all
three parameters during boreal summer are defined as the
differences in their mean between the two climate
scenarios (mid-Holocene minus pre-Industrial) during
June, July and August (JJA). The seasonal mean during
boreal summer is calculated based on the area averaged
within 50E — 150E, 20N-60N for Asian surface
temperature, 40E — 70E, 10N-20N for ASM wind, 50E —
150E, 20N-40N for rainfall, and 50E - 150E, 0 — 40S for
Indian Ocean SST (Figure la & 1b). All these areas are

surroundings have been identified. The ASM wind
intensity for our study is based on the low-level wind at
850mb since it is also used by the Indian Monsoon index
(Wang and Fan, 1999; Wang et al., 2001).

The differences (A) between the mid-Holocene (mH)
and pre-Industrial (piC) simulations for the seasonal mean
of the surface temperature between Asian Continent and
Indian Ocean (OAT), the ASM wind (A4m,) and rainfall
over the Asian Continent (AP,) are define as follow:

AT,=T,. mH-T,. piC 1
AT, =T, mH-T, piC 2

Bulletin of the Marine Geology 3
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OAT = AT, AT, 3
AAM g = AM_mH- AM piC 4
AP, =P, mH - P, piC 5

Where T,,. and T, are the seasonal mean of the Indian
Ocean SST and Asian continent surface temperature,
respectively.

Seasonal mean changes of all the above parameters
are compared to each other in order to check the
consistency of the multi-model variation to the coherency
of these parameters as previously suggested (Schneider et
al., 2014; Rawat et al., 2021). For example, models with
much (less) sharper continent-ocean thermal gradients are
hypothesized to produce stronger (weaker) ASM wind and
higher (lower) Asian rainfall. Thus, multi-model
variations of these comparisons are quantified by
calculating linear regressions and Pearson’s correlation
scores.

RESULTS

Multi-model variation in terms of relationship
between continent-ocean thermal gradient (OAT) with
Asian monsoon wind (AAMas), as well as with continent-
ocean thermal gradient is displayed in Figure 2(a). On the
other hand, the relationship between continent-ocean
thermal gradient and Asian monsoon wind with Asian
rainfall presented in Figure 2(b) and 2(c). Continent-ocean
thermal gradient consists of Asian surface temperature and
Indian Ocean SST. Hence, the relationships of the surface
temperature on each location (Asian continent and Indian
Ocean) are also presented in Figure 2(c) and 2(d).
Temperature changes in each location (Asia and Indian
Ocean), continent-ocean thermal gradient, Asian monsoon
wind, and Asian rainfall between the mid-Holocene and
pre-Industrial simulations are described in Table 2.

Among models, continent-ocean thermal gradient
rises with range of 0.83K to 1.45K, similar to the
variability of Asian average rainfall which also increases
between 0.23 to 0.68 mm/day, and Asian monsoon wind

Table 2

that enhances between 0.35 and 2.45 m/s (Table 2). The
seasonal mean change of Asian surface temperature
among models also increased by 0.57K to 1.09K, while the
Indian Ocean SST relatively drop between (-0.22K) to (-
0.63K). All changes are statistically significant at 95%
confidence level.

Figure 2 (a) represent the relationship of multi-model
variation between the continent-ocean thermal gradient
and Asian monsoon wind, which indicate a positive high
correlation (R score ~0.78). The range of the changes in
the continent-ocean thermal gradient and Asian monsoon
wind are between 0.57 to 1.09 K and 0.35 to 2.45 m/s
respectively. The smallest change was simulated by GISS
E2-R while the largest one was done by MRI CGCM3.
GISS E2-R produces the tiniest change of the ocean-
continent thermal gradient and monsoon wind at 0.83 K
and 0.35 m/s respectively. While MPI-ESM-P shows the
largest change of Asian monsoon wind at 2.45 m/s, instead
of the ocean-continent thermal gradient.

Figure 2(b) shows multi-model variation between
Asian monsoon wind and rainfall. GISS E2-R and CCSM4
indicate discernible distances from the rest on the model.
Thus, two regressions were conducted. Solid line is the
regression of all models, and dashed line is the regression
without GISS E2-R and CCSM4. Both regression lines
and correlation scores of the multi-model variation denote
negative correlation (correlation score of ~(-0.43) and ~(-
0.78) for the solid and dashed line). These suggest that
models with much stronger ASM wind is associated with
weaken Asian rainfall. The shifting range of Asian rainfall
is between 0.19 to 0.68 mm/day. The correlation score
without GISS E2-R and CCSM4 is higher compared to
that of involving all models.

Figure 2(c) displays multi-model variation between
thermal gradient and Asian rainfall. Similar to Figure 2(b),
a group of models indicate anti-correlation between the
two parameters. The models are: BCC-CSM1, FGOALS-
G2, CSIRO MK-3-6-0, IPSL-CM5A-LR, MPI ESM-P,
and MRI-CGCM3. The other two models, CSSM4 and

Mean of the investigated physical quantities during boreal summer for the mid-Holocene minus pre-Industrial of the

nine GCMs. See equations 1 to 5 for the detail calculations. All means are significant at 95% confidence level.

AP, (mm/ AAM,

No Global Model Data  AT,q (K) ¢ OAT (K)
(K) day) (m/s)

1 BCC-CSM1 1.03 -0.42 1.45 0.27 2.16
2 CCSM4 0.70 -0.32 1.02 0.25 0.74
3 FGOALS G2 0.84 -0.63 1.47 0.19 2.14
4 CSIRO MK3-6-0 1.09 -0.22 1.32 0.68 091
5 IPSL CM5A 0.99 -0.34 1.33 0.43 1.62
6 MIROC ESM 0.72 -0.60 1.32 0.47 0.69
7 MPI ESM P 0.77 -0.37 1.14 0.56 1.22
8 MRI CGCM3 1.08 -0.32 1.40 0.37 245
9 NASA GISSE2R  0.57 -0.26 0.83 0.41 0.35

4 Mabharani, et al.
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Figure 2 Link between seasonal mean of (a) ASM wind (AAMas) with continent-ocean thermal gradient (OAT), Asian summer
rainfall (APas) with (b) ASM wind (AAMas), (c) continent-ocean thermal gradient (OAT), (d) Asian surface temperature
(ATas), and (e) Indian Ocean SST (AToc) for the mid-Holocene minus pre-Industrial as simulated by the nine GCMs
from PMIP3. Solid lines are based on the linear regression of all GCMs, while dashed lines are regressed without
CCSM4 and GISS E2-R (b,c). Text boxes contain correlation scores and linear equations of the nearest regression line.

NASA GISS-E2-R reveal noticeable distances compared
to the other models. Thus, two regressions were
conducted, solid line is the regression line based on all
models (R=~-0.14), while the dashed line is the regression
devoid CCSM4 and NASA GISS-E2-R (R=~-0.75).
Negative correlation scores demonstrate that Asian

rainfall variability are inversely proportional to the
variability of the continent-ocean thermal gradient. It
suggests that a model with small changes of the thermal
gradient will have much enhanced rainfall over Asia. From
a group model without CSSM4 and NASA GISS-E2-R,
the smallest change of the thermal gradient (1.14K) was
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simulated by MPI-ESM-P, resulting maximum rainfall of
0.56 mm/day. While the largest variability of thermal
gradient (1.47K) was simulated by FGOALS-G2,
resulting minimum rainfall of 0.19 mm/day.
Anti-correlation between thermal gradient and Asian
monsoon wind with rainfall derived from the result in
Figure 2(b) and 2(c) might be related to the variability of
surface temperature either in Asia or Indian Ocean. Thus,
multi-model variations between each surface temperature
with Asian rainfall were also investigated. Figure 2(d)
displays multi-model variation of the Asian surface
temperature and Asian rainfall. The two quantities have a
weak relationship since their correlation score is ~0.17.
From the plot, NASA GISS-E2-R reveals the minimum
Asian surface temperature up to 0.57 K, however NASA
GISS-E2-R does not exhibit minimum rainfall values.
Meanwhile CSIRO MK-3-6-0 shows a maximum change
in both surface temperature (1.09 K) and rainfall (0.68
mm/day). Figure 2(e) represents multi-model variation of
the Indian Ocean SST and Asian rainfall. Multi-model
variation in Figure 2(e) demonstrates positive correlation
score of ~0.45 which are higher than the one shown in Fig
2(d). FGOALS-G2 is a model that simulates the largest
change in Indian Ocean SST at -0.63K, in contrast CSIRO
MK-3-6-0 simulates the least change of SST at -0.22K.

DISCUSSION

All models showed significant changes in all of their
involved physical quantities between the mid-Holocene
and pre-Industrial simulations (Table 2). Those changes
are the increase in continent-ocean thermal gradient, Asian
rainfall intensity, ASM wind and Asian surface
temperature; and a decrease in the Indian Ocean SST.
Warmer (colder) than pre-Industrial surface temperature
(SST) in Asia (Indian Ocean) during the mid-Holocene is
considered as the implication of the stronger insulation
during mid-Holocene compared to that during pre-
Industrial on the northern Hemisphere during boreal
summer (Polanski et al., 2012). Thus, changes in surface
temperature in Asian continent and Indian Ocean are
expected to change the thermal gradient between the two
locations. These results are consistent with previous
studies, which exhibit a larger-than-today inter-
hemispheric thermal gradient under a stronger-than-today
insolation during the mid-Holocene (Wohlfahrt et al.,
2004; Zheng et al., 2013). Stronger ASM wind during the
mid-Holocene is also consistent with proxy study about
the strengthening of ASM during the mid-Holocene based
on lake sediment records from Central Himalaya (Rawat et
al., 2021).

During mid-Holocene, each model reveals stronger
ASM wind and ocean-continent thermal gradient
compared to these during the pre-Industrial (Table 2).
Furthermore, variation of GCMs demonstrate a
strengthening of the ASM wind in association with the
increase of continent-ocean thermal gradient. Thus, the
correlation score of the multi-model variation suggests
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that models with the largest increase in temperature
gradient resulting the largest increase in their ASM wind.
This result is consistent with the monsoon theory, which
noted that the higher temperature gradient leads to the
higher wind speed (Desai et al., 2009).

Multi-model variation between changes in ASM
wind and continent-ocean thermal gradient with the
changes in Asian rainfall indicate an inverse correlation,
particularly when GISS E2-R and CCSM4 are excluded
(Figure 2b and 2c¢). This result implies that models with the
smallest increase in ASM wind and temperature gradient
lead to greater rainfall over Asia. This inverse correlation
is inconsistent with the general understanding of the ASM
variability (Cheng et al., 2016b; Ren et al., 2021;
Schneider et al., 2014). ASM wind and rainfall are known
to vary in-coherent with continent-ocean thermal gradient
as their main driver. Thus, the discrepancy between multi-
model variation with the general understanding of ASM
indicates serious issues may actually be occurred by the
multi-model. Previous research has also found a
misdistribution of the GCMs in comparison with proxies
for the relationship between El Nino Southern Oscillation
(ENSO) with seasonal cycle (Emile-Geay et al., 2015). In
conclusion, multi-model variation actually encounters
various issues, and one of them is observed by our study.

The inverse correlation may actually be caused by
the changes of the Indian Ocean SST (which indicates
cooling trend) since it is a negative factor in Equation 3.
This is confirmed by the multi-model analyses which
demonstrated that a stronger-than-today Asian rainfall
during the mid-Holocene is more correlated with less cold
than-today Indian Ocean SST rather than with much
warmer-than-today Asian surface temperature. Such
relationship is further confirmed by the scores of their
partial correlations, which emphasized the independent
effect of each surface temperatures to the Asian rainfall by
eliminating the other influences. Changes of the Indian
Ocean SST has a partial correlation up to ~0.43 with the
changes of the rainfall in Asian continent. While the partial
correlation between changes of surface temperature in the
Asian continent with the changes in Asian rainfall is only
~0.1. Thus, a model that simulates a less cold-than-today
Indian Ocean SST produces a much wetter-than-today
Asian climate during the mid-Holocene.

Multi-model analyses revealed the significant role of
Indian Ocean SST in changing rainfall over Asian
continent in orbital time scale (Figure 2e). Correlation of
the multi-model variation between the two parameters
shows that a less cold SST in the Indian Ocean produces a
much higher rainfall over Asia. In order to speculate on the
underline mechanism, we may assume that model with
less cold SST on the Indian Ocean might also have more
areas of unchanged or even warmer SST. The unchanged
and/or warmer SST might be related to the moisture
supply of the ASM which is associated with the
evaporation in the Indian Ocean. In boreal summer,
evaporation in Indian Ocean is the source of horizontal



moisture flux and ASM eventually. Thus, a less cold
Indian Ocean SST will have a less suppressed evaporation
on the ocean surface. Surface evaporation in Indian Ocean
gives a contribution to the supply of the atmospheric water
vapor, which is the source of rainfall in Asia.

Positive correlation between Indian Ocean SST and
rainfall over Indian sub-continent are already known to
occur within biennial (2-3 years) time-scales (Li et al.,
2001). Long-term positive anomaly of the SST in some
part of the Indian Ocean increases surface moisture due to
the increase in evaporation. As a consequence, a heavy
monsoon rainfall over Indian sub-continent occurred
resulted from stronger moisture fluxes into the ASM
region. Similar mechanism, but in an orbital time-scale,
could be suggested to explain the role of Indian Ocean SST
in increasing Asian rainfall, simulated in our multi-model
analyses. Model with a less cold Indian Ocean SST
suppresses much less evaporation compared to the other
models do. This perhaps due to more pockets of
unchanged/warmer SST. Along these lines, our speculated
mechanisms are in accordance to the results of the multi-
model. CESS FGOAL-S2 is a model that apply the coldest
Indian Ocean SST to simulate a smallest increase of Asian
rainfall. While CSIRO MK-3-6-0 is a model that shows
the least cold SST simulates a much higher Asian rainfall.
Thus, moisture content dynamic over the Indian Ocean is
important for the increase of ASM during the mid-
Holocene climate change relative to the pre-Industrial.

Correlation score of the multi-model variation
between higher-than-today Asian rainfall to the colder-
than-today Indian Ocean SST (~-0.45) is higher than the
one with the warmer-than-today Asian continent (~0,17)
(Fig. 2¢ & 2d). However, warmer-than-today Asian
continent remains arguably important since the correlation
between the higher-than-today Asian rainfall to the
changes of continent-ocean thermal gradient (~-0.75) is
much higher than the one with the Indian Ocean SST (Fig.
2b & 2c¢). Such a high correlation score emphasizes on the
important role of a warmer-than-today Asian continent in
the multi-model variation, based on the calculation of the
continent-ocean thermal gradient (Equation 3). Further
investigation of multi-model variation of the ever-
changing ASM throughout various climate scenarios
remains crucial to get a better understand multi-model
behavior, which is needed to evaluate the precision of the
future climate projection (Chhin & Yoden, 2018).

CONCLUSIONS

This research can be concluded that the changes in
continent-ocean thermal gradient has a positive
correlation with ASM wind. However, a negative
correlation occurs between changes in continent-ocean
thermal gradient with Asian rainfall. Models that simulate
large changes in the continent-ocean thermal gradient
produce the smallest increase in the Asian rainfall and vice
versa. Such inverse relation is likely due to the cooling of
Indian Ocean SST since its correlation scores with Asian

rainfall is much higher than the one with the warming of
the Asian continent. Thus, multi-model variation of the
increased rainfall over the Asian continent between mid-
Holocene and today is mainly related to the multi-model
variation of the cooling in the Indian Ocean SST.
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ABSTRACT: Deep Sea sediment core PC-1 from the South Andaman Sea (7°19.85'N; 94° 39.26' E; in East
Andaman Basin) below the water depth of 3144 m contain discrete ash layers at various depths. According to
morphological study, these ash layers contain glass shards of different varieties i.e. Type-I, Type-II, Type-I11,
Type-IV and Type-V and it is comparable to glass shards of Toba volcanic reported from other parts of the
world. This observation is also supported on the basis of relative biostratigraphic datum observed in the core
PC-1. The Layer-A (56 cm thick) at 210 cm bsf is just above the biostratigraphic datum of ca. 0.12 Ma,
correspond to Youngest Toba Tuff (YTT), followed by Layer-C belongs to Middle Toba Tuff (MTT) and
Layer-D inferred as Oldest Toba Tuff (OTT). This interpretation is further supported by the geochemical
data obtained from the EDX analysis, which suggest high silica and alkali contents of rhyolitic composition.
Hence, geochemical composition, morphology and biostratigraphic data of these discrete tephra layers show
identical characteristics to the products of Toba eruptions, including YTT, MTT and OTT.

Keywords: Glass shards, Andaman Sea, Toba ash, YTT, MTT and OTT

INTRODUCTION

The Toba caldera on the Sumatra Island is the largest
known explosive volcanism on earth during the
Quaternary period, at least in the last 100,000 years (Smith
and Bailey, 1968; Rose and Chesner, 1987; Zielinski et al.,
1996; Oppenheimer, 2002). Over the past 1.2 Ma, there
have been four ash flow tuff eruptions noticed from the
caldera complex (Chesner and Rose, 1991; Chesner et al.,
1991). The youngest Toba tuff (YTT) was erupted at 74 ka
(Ninkovich ef al., 1978; Chesner et al., 1991) and has a
minimum volume of 2800 km? (Rose and Chesner, 1987).
The other Toba eruptive products are the Middle Toba Tuff
(MTT) erupted at ca. 0.50 Ma (*°Ar/*?Ar), Chesner et al.,
1991) and the Oldest Toba Tuff (OTT) eruption was at ca.
0.84 Ma (40Ar/39Ar, Diehl et al., 1987). The total erupted
rock volume of YTT was approximately 3 orders of
magnitude greater than Mount St. Helens’ 1980 eruption
(Robock et al., 2009).

The Toba ash layer and dispersed glass shards from
the Toba caldera eruption in northern Sumatra have been
reported from Malaysia, the northern and central Indian
Ocean, Arabian Sea and South China Sea (Figure 1;
Ninkovich et al., 1978; Dehn et al., 1991; Schulz et al.,
1998; Pattan et al., 1999; Biihring and Sarthein, 2000,
Pattan et al., 2002; Liu et al., 2006; Pattan et al., 2010).
Apart from Sumatra Island and the northern Indian Ocean,
Toba tephra has been found in Quaternary sediments
throughout the eastern and central part of Indian peninsula,

particularly in lower Narmada basin and central Narmada
valley (William and Royce, 1982; William and Clarke,
1984; Rose and Chesner, 1987; Basu et al., 1989; Biswas
etal., 1989; Acharyya and Basu, 1993; and Rachna, 2008).
Toba eruptive products have also been reported from other
parts of India, including along the Kukadi River at Bori,
Maharashtra (Korisettar et al., 1989), Mahanadi and
Brahmani River basins (Devdas and Meshram, 1991)
Goguparhu, Kareni and Guruwara (Acharyya and Basu,
1993), Vansadhara and Nagavali River basins (Devdas and
Meshram, 1991), and Sagileru River basin, Andhra
Pradesh (Acharyya and Basu, 1993).

Moreover, other researchers also reported detailed
analysis from site-758 core and identified the presence of
multiple ash layers at various depths represented as layer
A,C,DandE (Dehnetal., 1991, Pattan et al., 2010; Pearce
et al., 2014). These different eruptive episodes of Toba
correspond to layer A as YTT (1.5 m to 1.84 m), layer C
corresponds to MTT (7.12 m to 7.35 m), layer D to E
corresponds to OTT (10.8 mto 10.93 m; 11.62 m to 11.67
m) respectively. Similarly, we documented the presence of
several ash layers in the South Andaman Sea (7°19.85' N;
94° 39.26' E; in East Andaman Basin; at a water depth of
3144 m) during onboard R. V. Samudra Ratnakar
expedition cruise of Geological Survey of India. In 28.95
m length of Piston Core (PC-1), distinct ash layers were
discovered at depths of 2.10 m to 2.66 m, 13.50 m to 14.50
m and 18 m to 24 m below sea floor (bsf). Geochemical,
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and Andaman Sea along with core location (modified after Liu et al., 2006).

morphological and stratigraphical, analyses were
performed in this study to better understand the
relationship between these ash layers and Toba Volcanics.

Geological setting of study area

Study area is located at East Andaman basin in a
complex back-arc extensional setting, along highly
oblique convergent margin of overriding Eurasian Plate
and subducting Indo-Australian Plate (Figure 2;
McCaffrey, 1991; Curray, 2005; and Cochran, 2010).
Initially, a proto-Andaman Sea is thought to have existed
as an extensional basin in place of the present Mergui-
North Sumatra that shifted westward probably as a
consequence of the Early Miocene intercontinental under
thrusting to a location between the Alcock and Sewell
seamount complexes (Curray, 2005). The north-south
ridge system opened the eastern Andaman Sea by drifting
from the main land of Malay Peninsula during early
Tertiary (Curray, 2005). Later, the extension of the
Andaman Sea kept on changing which was initially almost
E-W and WNW-ESE during Late Palacogene and highly
oblique extension (NNW-SSE) during Neogene (Morley,
2017). The plate edge assumed to be the Sagaing Fault
(SF) that was directly associated with the former West
Andaman Fault (WAF) in the Early Oligocene (Curray,
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2005). The present plate edge is the Sagaing Fault in
Myanmar, which passes through the system of short
spreading axes and transform faults to the longer
spreading axis, then southward on the WAF, Seulimeum
fault system (SEU) and Sumatran fault system (SFS)
(Figure 2).

The WAF and SFS separate the geomorphic
configuration of back-arc region of the East Andaman
Basin and North Sumatra basin from the fore-arc basin.
However, the western boundary of the sample area is
adjacent to the SEU, in the southern part having mixed
response of strike-slip as well as normal-fault (Curray,
2005; Figure 3). The WAF on the other hand, runs roughly
N-S direction as a prominent tectonic and physiographic
feature extends for more than 1000 km, in the western part
of the Andaman Sea and eventually merging with SFS
around Great Nicobar and finally abutting to the Sunda
Subduction Zone (Curray, 2005; Figure 2). An active SEU
traced along the submarine volcanic arc and extends up to
the West Sewell Ridge (WSR), and converges with the
SFS at 5°N. A series of submarine volcanoes with well-
developed craters aligned parallel to the Subduction zone
exist along the SEU fault system (Tripathi et al., 2018;
Figure 3).
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METHODOLOGY under a binocular microscope and separated samples were

The study is primarily focused on the ash layers
discovered at a depth of 2.10 m to 2.66 m bsf, with
sediments showing variation from the silty clay to clayey
silt (Figure 4). The colour of the ash layer is pale grey. It is
also noticed that the glass shards abundant in range
between 2.10 m to 2.36 m and down to 2.36 m, pumice is
gradually increasing and glass shards are significantly
reducing (Figure 4). Apart from 2.10 m ash layer, many
other discrete glass shards layers were observed at various
depths with the main zones at 13.50 m to 14.50 m and 18 m
to 24 m. Entire sediment core was sampled at 2 cm interval
for coarse fraction study. To eliminate organic
components, subsampled ash layers were treated with 6%
hydrogen peroxide. To remove the carbonate material,
mild hydrochloric acid was added later. The ash layers
were then wet sieved through > 63 um mesh and oven
dried for further study. The glass shards were handpicked

then subjected to a detailed morphological study under
Scanning Electron Microscopy (SEM). To determine the
origin of the ash layers, the major element composition
was determined by using the technique developed by
Westgate and Gorton (1981), utilising an Energy
Dispersive X-ray Spectroscope (EDX). SEM-BSE-EDX
analysis on representative glass shards separated from PC-
1 sediment core was performed using ZEISS EVO 40 of
Carl Zeiss AG that installed at NCEGR, GSI, Kolkata. The
separated and handpicked glass/pumice shards were
mounted on the carbon tapped stubs that had been carbon
coated and scanned under electron microscope to study the
morphological aspects and achieve high resolution
images. All the elements were analysed using normalized
standards of MAC (25mm x 5mm Brass). To determine
the elemental composition of shards components, X-ray
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spectroscopy (EDX) analysis was done. As operational
parameters, an accelerating voltage of 10 - 20 kV and an
electron beam current of 12 nA focused to 1 um spot size
were used for the analyses. Along with sedimentological
studies, micropalaeontological studies were also carried
out to determine the relative age of the sediments and their
depositional environment.

RESULTS AND DISCUSSION

The microscopic study of the coarse fraction
indicates the presence of radiolarians, biotite, rock
fragments and glass-pumice shards of varying abundance.
The glass shards are fresh, unaltered, colourless and
blocky in nature, whereas pumice shards are white to
colourless and extremely vesiculated in nature. The
Biogenic Terri/Bio
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average size of the glass shards ranges between 10 and 300
pm. Glass shards with blocky fractures are completely
absent at the top of representative sample and scarce at the
bottom indicating a prominent source. A detailed study has
been carried out below to establish the possible link with
Toba volcanic to pinpoint the possible source.

Morphology

In SEM study, various types of glass shards were
noticed as mentioned in Figure 5. Shards are colorless,
fresh, unaltered, and isotropic in nature with typical
bubble wall junction morphology. Shards are mainly > 63
microns size and can be classified into five types (Figure
5). Type-1, glass shards are flat/oval in shape and are
formed by disintegration of large flattened bubbles (Pattan

Planktic Benthic Silt
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Figure 4. Coarse fraction data representing biogenic, terrigenous and glass shards data between 2 to 3 m of the studied core PC-1,
depicts two prominent peaks of ash layer corresponding to YTT.
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et al., 2002; Rose and Chenser, 1987). Type-II is
distinguished by two to three bubble wall junctions,
whereas Type-III are characterized by more than three or
multiple bubble wall junctions. Type-IV forms the pumice
shards with elongated vesicles, which are comparatively
bigger in size and Type-V shards have fluid/gas inclusions.
The glass shards consist of wall of tiny shattered bubbles
or junction of bubbles formed by the vesiculation of silicic
magma. Furthermore, Izett et al. (1981) proposed that
pumice shards, bubble walls and shard wall junctions
formed from high viscosity rhyolitic magma. A similar
observation is seen in the analysed glass shards. The
bubble wall nature and the characteristics of the glass
shards indicate a subaerial volcanic source, which is
almost similar to Toba ashes reported from Central Indian
Ocean Basin (Dehn et al., 1991), Indian Subcontinent, Bay
of Bengal (Rose and Chesner, 1987), South China Sea
(Biihring and Sarnthein, 2000 and Liu et al., 2006).

Geochemical study
Major elemental compositions identified by X-ray
spectroscopy (EDX) of the selected samples of glass

TYPE-I

X  30um Hioum
/
=420 um

TYPE-II

shards is given in Table 1. The glass shards are high in
silica and alkali contents; the SiO, content ranges from 77
to 82 wt %, and the alkali content ranges from 5 to 6 wt %
that display a very little variation both within and between
samples (Table 2). The EDX results of glass shards
samples were plotted to TAS classification diagram of Le
Maitre et al. (1989), and samples suggest rhyolitic
composition (Figure 6). Major elemental composition
gives high silica along with other associated elements
Al,O3 (~10.5-12.5wt%) and FeO (~0.50-2.5 wt%). Silica
versus K,O plots demonstrate that the shards are falling in
high K-field (Figure 7). Overall, geochemical contents of
PC-1 glass shards showing its affinity with ash layers
reported from CIOB (Pattan et al., 1999), Bay of Bengal
(Gasparotto et al., 2000; Dehn et al., 1991), Indian
Subcontinent (Shane et al.,1995), Northern Sumatra
(Chesner, 1988) and South China Sea (Biihring et al.,
2000; Song et al., 2000; Liang et al., 2001). Further,
bivariant plots of SiO, vs Al,05 and SiO, vs Na,O shows
comparable YTT characteristics. The comparative
analysis of the glass shards suggest that the shards were
probably derived from the Toba eruptions.

Figure 5.

Types of glass shards based on the bubble wall junction morphology from Core PC-1 (Type-I: flat / oval shaped, Type-

II: two- three bubble wall junctions, Type-IIl: more than three or multiple bubble wall junctions, Type-IV: pumice
shards with elongated vesicles and Type-V: shards with fluid/gas inclusions).
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Table 1:  Major elemental composition (wt%) of the glass shards examined using energy dispersion spectrum (EDX) for 7

subsamples from the core PC-1.

SI no. Sample no Si o Al Ca Fe K Zn Na Cl
1 PC-1/105 41.97 43.69 6.75 0.85 1.11 5.63 - - -
2 PC-1/110 42.01 42.81 6.78 0.2 2.09 5.89 0.22 - 0
3 PC-1/111 40.59 39.55 6.27 2.49 1.11 5.71 0.51 0.77  3.02
4 PC-1/112 35.33 54.37 5.89 0.28 0.16 3.83 0.13 - -
5 PC-1/115 36.55 52.49 6.19 0.22 0.41 4.14 - - -
6 PC-1/116 34.98 53.71 6.14 0.57 0.4 3.93 - 0.53 -
7 PC-1/117 43.26 42.36 6.75 0.81 0.96 5.84 - - -

Table 2.  Comparison of EDX results of major elemental composition of selected glass shards from sediment core PC-1 with

major oxide compositions data taken from various selected literatures.

Sl no Location Sample number Si0, AlLLO; CaO FeO K,0 Na,O
1 South Andaman Sea (PC-1) PC-1/105 80.21 11.39 1.06 1.28 6.06 0.00
2 South Andaman Sea (PC-1) PC-1/110 79.72  11.36 0.25 2.37 6.29 0.00
3 South Andaman Sea (PC-1) PC-1/111 77.87 10.63 3.12 1.28 6.17 0.93
4 South Andaman Sea (PC-1) PC-1/112 82,22 1211 0.42 0.23 5.02 0.00
5 South Andaman Sea (PC-1) PC-1/115 81.69 12.22 0.32 0.55 5.21 0.00
6 South Andaman Sea (PC-1) PC-1/116 80.32 12.45 0.84 0.55 5.08 0.76
7 South Andaman Sea (PC-1) PC-1/117 80.69 11.12 0.99 1.08 6.13 0.00
8 Northern Bay of Bengal Gasparotto et al., 2000 77.08 12.87  0.75 0.84 526 313
9 Southern Bay of Bengal Dehn et al., 1991 77.54 12.53 0.8 0.83 5.15 3.02
10 CIOB Pattan et al., 1999 76.81 12.8 0.8 0.96 5.06 3.4
11 Indian Subcontinent Shane et al., 1995 77.15 12.67  0.78 0.86 5.08 3.26
12 South China Sea Lui et al., 2006 76.78  13.09 0.8 0.97 4.26 2.75
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Age Control

In core PC-1, the age control is based on the
biostratigraphic study, which are on the basis of first
appearance (FAD) and last appearance (LAD) of
planktonic foraminifera species namely Globorotalia
(Gr.) tosaensis, Globigerinella Calida and pink
Globigerinoides ruber. Based on biostratigraphic datums
from tropical oceans (Wade et al., 2011), three datums
were identified within the sediment core of PC-1 that
correspond to 0.61 Ma (LAD of Globorotalia (Gr.)
tosaensis) at 18.3 m bsf, 0.22 Ma (FAD of Globigerinella
calida) at 14.3 m bsf, and 0.12 Ma (LAD of pink
Globigerinoides ruber) at 3.4 m bsfrespectively. Thus, the
presence of glass shards at 2.10 m to 2.66 m can be inferred
as younger than the 0.12 Ma (Figure 7). This implies that
the inferred ash layer may be part of YTT, whereas no such
thick unit was observed above 2.10 m, except the presence
of thin occurrence of dark brownish green tinted basaltic
glass shards at 30 cm bsf. In addition, other thin layer
observed below the depth interval between 13.50 m to
14.50 m and 18 m to 24 m, which are potentially correlated
to MTT and OTT units (Figure 8). Similar observations
were also noticed in the study of Nishimura et al. (1977)
and Diehl et al. (1987) suggested eruptions of the Toba
caldera at 0.84 Ma and 1.20 Ma respectively. Furthermore,
Chesner (1988) also documented several eruptions of the
Toba caldera at 0.075, 0.450, 0.840 and 1.2 Ma, which
described these layers as the Youngest Toba Tuff (YTT),
the Middle Toba Tuff (MTT), the oldest Toba tuff (OTT),
and the Haranggoal Dacite Tuff (HDT) respectively.
These tephra layers can also be correlated to the sediment
core of Site 758 as: YTT to layer A, MTT to layer C, OTT
to layer E, and HDT to layer F. Based on previous
observations and the present findings, it is possible to
correlate that the observed ash layers preserved in the
sediment core of PC-1 may be the part of eruptive product
of the Toba caldera, such as YTT, MTT and OTT.

CONCLUSIONS

The sediment core PC-1 collected from the South
Andaman Sea below the water depth of 3144 m preserved
discrete ash layers at various depths, ranging from 2.10 m
- 266 m, 1350 m - 1450 m and 18 m - 24 m.
Morphological study of layer-A (56 cm thick) at 2.10 m to
2.66 m represent shards of different varieties with similar
glass shards of YTT, as reported from other part of the
world. This observation is further corroborated by the
biostratigraphic datum, which shows that the layer-A is
just above the 0.12 Ma biostratigraphic datum horizons.
As a result, the glass shards between 2.10 m to 2.66 m
implies YTT and younger than 0.12 Ma. The geochemical
composition data obtained from the SEM-EDX analysis
suggested high silica and alkali contents indicating
rhyolitic composition that display compositional
similarity with Toba eruptive products. Further
comparative study with IODP core will help to determine
the several other eruptive histories, marked as MTT and

18 Tripathi, et al.

OTT. Therefore, based on the geochemical composition,
morphology and biostratigraphic data, discrete ash layers
of PC-1 have similar affinities and possible link to the
Toba caldera.
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ABSTRACT: The Nanggulan Formation is the oldest sedimentary rock of Paleogene age that was
deposited in the eastern part of the Southern Central Java Basin. A total of 103 nannofossil samples were
taken from two traverses in the study area, i.e., the Watupuru and Jetis Routes. Based on the biodatum
identified from the nannofossil samples, the biostratigraphy of the rock formation is divided into five
zonations, namely the upper part of Zone NP16, Zone NP17, the lower part of Zone NP18, the upper part of
Zone NP22, and the lower part of Zone NP23, expanding from 41.1 Ma to 32.2 Ma of age (Middle Eocene to
Early Oligocene). Only Zone NP17 is identified as a complete zone, whereas the other four are observed as
partial. The fluctuation of global sea level is believed to be an influence on the deposition of the Nanggulan
Formation. The sedimentation rate and the change of nannofossil species shows a decrease of oligotrophic
(Sphenolithus) and an increase of eutrophic (Reticulofenestra) taxa, especially in small reticulofenestrids
(Reticulofenestra spp.). This occurrence suggests a shift in the environmental conditions from an
oligotrophic condition around 41.1 Ma to a eutrophic one, particularly after 40.40 Ma. The enhanced
eutrophication in the Watupuru and Jetis Routes was caused by an increasing terrigenous input in 40.40 Ma
and after, consequently providing nutrient availability on the water surface. This interpretation is supported
by the increase in the sedimentation rate when sea level slightly decreased in 40.40 Ma.

Keywords: Nanggulan formation, calcareous nannofossil, biostratigraphy, sedimentation rate

ABSTRAK: Formasi Nanggulan merupakan sedimen berumur Paleogen dan endapan sedimen paling tua di
Jawa bagian timur yang diendapkan di Cekungan Jawa Tengah Selatan. Sebanyak 103 sampel nannofosil
diambil dari dua lintasan di Formasi Nanggulan: Watupuru dan Jetis. Berdasarkan biodatum yang
diidentifikasi dari sampel nannofosil, biostratigrafi Formasi Nanggulan dibagi menjadi 5 zonasi. Terdapat
empat zona kisaran sebagian dan satu zona kisaran sebagai berikut: Zona NP16 bagian atas, Zona NP17,
Zona NP18 bagian bawah, Zona NP22 bagian atas dan Zona NP23 bagian bawah. Berdasarkan studi
biostratigrafi, Formasi Nanggulan diendapkan pada umur 41,1 juta tahun sampai dengan 32,2 juta tahun
(Eosen Tengah hingga Oligosen Awal). Menurut distribusi lithofasies secara horizontal, pengendapan
Formasi Nanggulan dipengaruhi oleh fluktuasi muka air laut. Laju sedimentasi dan perubahan nannofosil
juga dianalisis dalam penelitian ini. Adanya pengurangan taksa oligotrofik (Sphenolithus) dan peningkatan
taksa eutrofik (Reticulofenestra) terutama Reticulofenestra berukuran kecil (Reticulofenestra spp.)
menunjukkan adanya perubahan kondisi lingkungan dari oligotrofik pada umur 41,1 juta tahun menjadi
eutrofik pada umur 40,40 juta tahun. Peningkatan eutrofik di rute Watupuru dan Jetis diakibatkan oleh
adanya penambahan material darat hasil erosi pada umur 40,40 juta tahun dan setelah umur 40,40 juta tahun
sehingga meningkatkan ketersediaan nutrisi di permukaan laut. Interpretasi ini didukung oleh adanya
peningkatan laju sedimen ketika permukaan air laut sedikit menurun pada umur 40,40 juta tahun.

Kata Kunci: Formasi Nanggulan, nanofosil gampingan, biostratigrafi, kecepatan sedimentasi
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INTRODUCTION

The Nanggulan Formation is reported by Van
Bemmelen (1949) and Rahardjo et al. (1977) as Paleogene
sedimentary rock. It is known as the oldest sediment of the
eastern part of Java that was deposited in the Southern
Central Java Basin (Satyana, 2005). The formation
outcropped locally in Watupuru and Jetis River in
Nanggulan sub-regency, Kulon Progo Regency,
Yogyakarta Special Province, approximately 30
kilometers to the west of Yogyakarta (Figure 1). The age
of the Nanggulan Formation ranges from Middle Eocene
to Early Oligocene (Purnamaningsih and Pringgoprawiro,
1981; Rahardjo et al. 1995; Lelono, 2000; and Widagdo et
al., 2016), based upon its microfossil analysis. The
lithology in the Nanggulan Formation comprises

foraminifera, mollusks, as well as pollen and spores.
However, derived from several studies regarding
biostratigraphy that have been done in the Nanggulan
Formation, calcareous nannofossils are rarely used. The
previous studies using calcareous nannofossils in the
Nanggulan Formation was carried out by Okada (1981),
followed by Lunt and Sugiatno (2003) and Saputra and
Akmaluddin (2015).

Through a new high-resolution calcareous
nannofossil biostratigraphy and a paleoceanographic
interpretation derived from detailed lithostratigraphy and
calcareous nannofossil data, as well as sedimentation
rates, this study aims to reconstruct the paleoceanographic
condition of the Nanggulan Formation within the range of
its depositional age.
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al. 2008) are marked with ellipse.

sandstones with intercalated lignites, sandy siltstones,
claystones with limonite concretions, intercalated marls
and limestones, and tuffaceous sandstones. According to
Purnamaningsih and Pringgoprawiro (1981), the upper
part of this formation consists of marls and calcareous
sandstones that are also known as the Seputih Member.
The Nanggulan Formation is also a part of the Nanggulan
Anticline, which extends relatively north-northeast to
south-southwest.

Much extensive research projects have been done in
the Nanggulan Formation with regard to sedimentology,
geological structure, and palaeontology. According to
Saputra and Akmaluddin (2015), the Nanggulan
Formation is known for its high variety and good
preservation of fossils. Among the varieties of fossils that
can be found in this formation include -calcareous
nannofossil, large benthic foraminifera, benthic
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Study area located in the Nanggulan Area. Significant Paleogene sites in the eastern part of Java (Smyth et

MATERIAL AND METHODS

A total of 103 samples were taken from two
traverses: the Watupuru and Jetis Routes. Sampling in the
Watupuru Route was accomplished using intervals of ~9 m
on average; whereas in the Jetis Route, the sampling was
carried out at intervals of ~3 m. Samples for calcareous
nannofossil analysis were obtained from fine-grained
sedimentary rocks, i.e., claystone, siltstone, sandy
siltstone, and very fine sandstone.

Smear slides were prepared from unprocessed
sediment samples following the standard technique by
Bown and Young (1998) and then were observed under the
polarized microscope with immersion oil at 1000x - 1500x
magnification. In this study, calcareous nannofossils from
each slide were analyzed using a semi-quantitative
method. For each smear slide, at least 200 specimens were
counted and identified based upon Perch-Nielsen (1985),



Farinacci (1969), and Bown (1998) to comprehend the
distribution and relative abundance of nannofossil taxa
presented in the smear slide. Two to three additional long
traverses were scanned to identify the presence of rare taxa
or key species for biostratigraphic study. By this means,
the calcareous nannofossil zonation is determined after the
standard zonation of Martini (1971), Fornaciari et al.
(2010), Agnini et al. (2014), and Fioroni et al. (2015) for
deducing their absolute age. The sedimentation rate
calculation was attained from the age versus thickness/

RESULTS
Watupuru Route

The Watupuru Route extends from northwest to
southeast, consisting of 18 outcrops exposed along the
Watupuru River. The total thickness of the outcrops is
estimated at around 207 m with an average strike-dip

orientation of 215/13.80 NW (Figure 2).

a. Lithofacies

depth cross-plot diagram.

The lithology found along this route (Figure 3) can be
divided into lower, middle, and upper parts. The lower part
of the route consists of a thin coal bed intercalation, fine to
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Figure 2.

Sample distribution of the Watupuru Route with strike-dip orientation.
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very fine sandstones, siltstones, and sandy siltstones. The
coal is a lignite type with a thickness of 20 cm and has a
black color and a dull luster. The fine sandstone has dark
bluish gray to light gray colors with a thickness of around
30 cm to 80 cm. The sedimentary structures present in the
sandstones are normal grading, blocky, hummocky cross-
stratification, and parallel lamination. The siltstone shows
amassive structure with a thickness varying from 30 cm to
120 cm with minor bioturbation and contains mollusks and
foraminifera fossils.

The lithology in the middle part of the Watupuru
Route generally consists of siltstones with occasional
intercalations of sandstones. The siltstone has a dark
greenish to bluish-gray color and a massive structure with
a thickness of more than 1 m. The bioclast consists of
mollusks and foraminifera fragments and is increasing
upward. A secondary structure such as concretion is
present. The sandstone is generally fine to very fine-
grained with a thickness varying from 15 cm to 1 m and
contains bioclasts of mollusks and foraminifera with
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minor bioturbation. Aside from that, there is also a 2-m-
thick coquina-type foraminiferal sandstone with a
substantial number of foraminiferal bioclasts.

There is a change of lithology pattern in the upper
part of the route. The siltstones are decreasing and
sandstones with coarser grains are more dominant. The
sandstone is generally medium to coarse-grained with a
dark gray color, showing a change in composition. At the
uppermost part of the route, gravelly sandstone is present
and the bioclast is scarce.

b. Biostratigraphy

The biostratigraphy of this route begins at Zone
NP16, which is a partial range zone. The bottom boundary
of this zone cannot be identified. The zonal boundary
between Zone NP16 and Zone NP17 is detected in the

middle part of the section, which is marked by the last
occurrence of Chiasmolithus solitus. Dictyococcites
bisectus is also present within this zone. However, the
occurrence is delayed until later. The top boundary of
Zone NP17 is marked by the last occurrence of
Sphenolithus spiniger, the last occurrence of Sphenolithus
furcatolithoides, and the last occurrence of Chiasmolithus
gigas. Agnini et al. (2014) and Okada & Bukry (1980)
marked the boundary between Zone NP17 and Zone NP18
using Chiasmolithus gigas as the biodatum, separating the
Middle Eocene and the Late Eocene. However, in this
study, the presence of this species is not reliable to take
into account due to Zone NP18 being a partial range zone
with an undefined top boundary. There is no record of
nannofossil occurrence in most samples above KW-60
(Figure 4).
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Table 1. Biodatums and numerical ages used in biostratigraphy study in the Watupuru Route.

Age (Ma)
s Position
Biodatum (Interval) | Fioroniet | Agniniet | Savianet | Fornaciari et
al. (2015) al. (2014) al. (2013) al. (2010)
LO Sphenolithus spiniger 137.5m - 37.32 - -
FO Sphenolithus obtusus 117 m 39.0 - - 39.63
FO Dictyococcites bisectus 79 m 39.0 40.34 - -
LO Chiasmolithus solitus 77 m 38.7 - 40.40 38.40
FO Cribocentrum reticulata 45 m 41.3 42.37 - 41.1
37 38 39 40 41 42 Age (Ma)
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Figure 5. Age versus depth/thickness cross-plot of the Watupuru Route and its sedimentation rates.
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Figure 6. Sample distribution of the Jetis Route with strike-dip orientation.

c. Sedimentation Rate

In accordance with the biodatum identified by
calcareous nannofossils taken from the Watupuru Route
(Table 1), the sedimentation rates for this section differ,
showing four depositional sequences (Figure 5). The first
sequence is the 45-77 m interval with the sediment
accumulation rate of 4.6 cm/kyr in the age period ranging
from 41.1 Ma to 40.40 Ma. The second sequence is the
interval of 77-79 m accumulated between 40.40 Ma and
40.34 Ma and has the sediment accumulation rate of 3.3
cm/kyr. The third sequence starts from 79 m to 117 m
positions dated 40.34 Ma to 39.63 Ma and reveals the
sedimentation rate of 5.3 ci/kyr. The last sequence is in
the interval of 117 m to 137.5 m, deposited from 39.63 Ma
to 37.32 Ma with the sedimentation rate of 0.9 cm/kyr. The

average sedimentation rate of the Watupuru Route is 3.5
cm/kyr, approximately.
Jetis Route

The Jetis Route lengthens from the northwest to
southeast, consists of 19 outcrops in which 18 of them are
exposed along the Songgo River and Seputih River in Jetis
Village and the one outcrop is in Balak (Figure 6). The
total thickness of this route is estimated at about 197 m
with average strike-dip orientation of 189/17.50 NW.

a. Lithofacies

The lithofacies summary of the Jetis Route is shown
in Figure 7. The route is divided into lower, middle, and
upper parts. The lower part of the Jetis Route comprises
sandstone-siltstone intercalations. The condition of this
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part is weathered; thus, some sedimentary structures are
not clearly recognizable. The sandstones are generally fine
to very fine-grained with light greenish to bluish-gray
colors. Their thicknesses vary from 40 cm to 1.5 m. The
sedimentary structures noticed in this part are massive
structures and laminations. The sandstones contain

bioclasts of mollusks and foraminifera with minor
bioturbations. The siltstones have dark greenish to bluish-
gray colors, and the sedimentary structure of massive
structures. Their thicknesses vary from 30 cm to 1 m.
Mollusks and foraminifera bioclasts, as well as some
minor bioturbations, can be found in the siltstones. The
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Figure 7. Summary of the Jetis Route’s lithofacies and sampling positions
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secondary structure of concretions is present in both
lithofacies.

The lithofacies in the middle part of the Jetis Route
are fairly similar to those in the lower part. However, the
occurrence and thickness of the siltstones alternated with
sandstones are gradually increasing. In general, the
sedimentary structure is massive with minor bioturbations.
Concretion is present in both sandstone and siltstone.
There is also coquina-type foraminifera sandstone present
with a considerable amount of bioclasts, mainly of larger
benthic foraminifera, such as Discocyclina. The coquina is
dark green in color and matrix-supported, with medium
sand as the matrix. This type of sandstones develops as of
about 1 me-intercalations between the sandstones and
siltstones in two of the outcrops.

The upper part of the Jetis Route generally consists of
bedded sandstones with intercalations of siltstones. The
sandstone is dark gray in color, mostly fine to medium-
grained. However, coarse sandstone is also present in

some outcrops. The sandstone is massive, laminated, or
normal graded with minor bioturbations. The bioclasts are
sparse in sandstones. Siltstone appears as intercalations
showing massive or blocky structure and commonly has
dark greenish to bluish-gray colors with few bioclasts.

The youngest part of this route, the Balak Site, is
exposed along the slope of Menoreh Hill, around 500 m to
the north of the river. Between the last sampling site of the
Jetis Route and the Balak Site, there is no outcrop exposed
in the vicinity, which then is interpreted as a gap of time.
This site is considered a part of the Jetis Route due to its
near-by location and possesses a similar strike-dip
orientation in general. The Balak Site consists of
marlstones and limestones in gray to white colors. They
are rich in carbonate material, and bioturbations are also
present. There are no bioclasts or rock fragments found in
the outcrop. Their sedimentary structure is mostly massive
with the grain size of very fine sand or silt.
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Table 2. Biodatum and numerical age used in Jetis Route biostratigraphy study.

Age (Ma)
Biodatum Position
SRR (Interval) | Fioroniet | Agnini et | Savianet | Fornaciari
al. (2015) | al. (2014) | al. (2013) | et al. (2010)
LO Reticulofenestra umbilica 198.5m 31.05 32.02 32.30 -
FO Sphenolithus obtusus 92.4m 39.0 - - 39.63
FO Dictyococcites bisectus 83.4m 39.0 40.34 - -
LO Chiasmolithus solitus 57.6 m 38.7 - 40.40 38.40
FO Cribocentrum reticulata 253 m 41.3 42.37 - 41.1
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Figure 9. Age versus depth/thickness cross-plot of the Jetis Route and its sedimentation rates.
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b. Biostratigraphy

There are two calcareous nannofossil zones
identified in the Jetis Route and two additional zones
identified in the Balak Site (Figure 8). The Jetis Route’s
biostratigraphy starts from Zone NP16, indicated by the
first occurrence of Cribocentrum reticulatum, which is
also used as an additional biodatum to characterize the
lower part of Zone NP16. The zonal boundary between
Zone NP16 and Zone NP17 is observed in the middle part
of the section of the Jetis Route, identified by the last
occurrence of Chiasmolithus solitus. In this section, the
first occurrence of Dictyococcites bisectus characterizes
the base of Zone NP17, whereas the first occurrence of
Sphenolithus obtusus characterizes the upper part of Zone
NP17. Zone NP17 is considered a partial zone since its top
boundary cannot be identified.

Between the Jetis Route and the Balak Site, there is a
60 m lithological gap shown by no outcrops present in the
upper part of the section. At the Balak Site, the zonal
boundary of NP22/NP23 is determined by the last
occurrence of Reticulofenestra umbilica, hence resulting
in NP22 and NP23 as two partial zones. There is only one
biodatum identified in this section, indicating a much
younger age of Early Oligocene.

c. Sedimentation Rate
Based on the biodatum identified from calcareous
nannofossil samples of the Jetis Route (Table 2), the

sedimentation rates of this section is divided into four
sequences (Figure 9).

The first sequence is from 41.1 Ma to 40.4 Ma,
encompassing from 25.3 m to 64.8 m with a sediment
accumulation rate of 5.64 cm/kyr. The second sequence is
between 40.4 Ma and 40.34 Ma and is situated at 64.8 m to
83.4 m with a sedimentation rate of 31 cm/kyr. The third
sequence is located at 83.4 m to 92.4 m, dated 40.34 Ma to
39.63 Ma, and has a sedimentation rate of 1.26 cm/kyr.
The fourth sequence’s age is 39.63 Ma to 37.7 Ma and was
discovered at 92.4 m to 198.5 m, showing a sedimentation
rate of 1.39 cm/kyr. The average sedimentation rate of the
Jetis route is circa 9.82 cm/kyr.

DISCUSSION

Biostratigraphy of Nanggulan Formation

The biostratigraphy study shows that the Nanggulan
Formation was deposited in the Middle Eocene to Early
Oligocene, or according to the biozonation of Martini
(1971), is equal to NP16 to NP23. It is also equal to
CP14A-CP17 which was based on Okada & Bukry (1980),
or to CNE15-CNO3, assumed by Agnini et al. (2014)
(Figure 9). The result corresponds with the age of the
Nanggulan Formation suggested by Purnamaningsih &
Pringgoprawiro (1981), Lunt & Sugiatno (2003), and
Marliyani (2005). There are three calcareous nannofossil
zones identified from the Watupuru Route, namely as
follows:
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a. Chiasmolithus solitus Partial Range Zone

This zone is marked by Chiasmolithus solitus’s last
occurrence at the top and an undefined bottom border. The
zone is represented by samples KW1 to KW28 and is
equivalent to NP16 of the zonal division by Martini
(1971), as indicated by the first occurrence of
Cribocentrum reticulata in the lower part.

b. Chiasmolithus solitus - Sphenolithus spiniger Range
Zone

This zone discloses the last occurrence of
Chiasmolithus solitus as the bottom border and the last
occurrence of Sphenolithus spiniger as the top one. The
zone is determined from samples KW29 to KW48, in
which the first occurrences of Dictyococcites bisectus and
Sphenolithus obtusus are observed, equivalent to NP17
according to Martini (1971).

c. Sphenolithus spiniger Partial Range Zone

This zone reveals the last occurrence of Sphenolithus
spiniger, setting a border at the bottom. However, the top
border is unclear. The zone is defined by samples KW49 to
KW64 and is equivalent to NP18, consistent with Martini
(1971).

Based on results from the Jetis and Balak Routes,
there are three calcareous nannofossil zones that can be
distinguished as follow (figure 10):

a. Chiasmolithus solitus Partial Range Zone

The zone is marked by Chiasmolithus solitus’s last
occurrence at the top border with an undefined bottom one.
This zone is represented by samples JT1 to JT14 and
equivalent to NP16 by Martini (1971), supported by the
first occurrence of Cribocentrum reticulata in the lower
part of this zone, similar to the Watupuru Route.

b. Chiasmolithus solitus - Reticulofenestra umbilica
Range Zone

The zone is identified by the last occurrence of
Chiasmolithus solitus at the bottom border of the Jetis
Route and the last occurrence of Reticulofenestra umbilica
at the top border of the Balak Route. The first occurrences
of Dictyococcites bisectus and Sphenolithus obtusus are
also found within the zone. This zone is equivalent to
NP17-NP22 according to Martini (1971); however, no
outcrop reveals in the middle part, showing a data gap like
in the upper part of the Jetis Route. This zone is
represented by samples JT15 to JT25 and BL1 to BL7.

c. Reticulofenestra umbilica Partial Range Zone

The zone is typified by the last occurrence of
Reticulofenestra umbilica at the bottom border with an
undefined top border. This zone is represented by samples
BLS8 to BL14 and is equivalent to NP23 as described by
Martini (1971).
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Lithological Changes and Sedimentation Rates

In accordance with the Watupuru and Jetis-Balak
Routes, the overall grain size of the facies is decreased in
the northward direction, i.e., from dominated sandstone in
the Jetis Route to dominated siltstone in the Watupuru
Routes. Along with the decreasing grain size, the total
thickness of the succession is also increased northerly,
indicating the source of sediment supply possibly comes
from the direction of the Jetis Route. In consideration of
the lithofacies of its depositional environment, the
Watupuru Routes is interpreted as an offshore transitional
deposition while the Jetis Route is interpreted as a
shoreface area. This depositional environmental change
suggests that water depth also increases northward in the
direction of Watupuru Routes.

a. Sequence before 41.1 Ma

The distribution of lithofacies in the Watupuru
Routes was coal, massive siltstones, laminated sandstones,
and hummocky cross-stratified sandstones. The variation
suggests an increase in water depth from the backshore
area into the offshore transition-area. The sandstone and
siltstone contained bioclasts of mollusks and foraminifera,
while the lithofacies in the Jetis Route are mostly
dominated by lamination of sandstone and siltstone.

b. Sequence 41.1 Ma to 40.40 Ma

Between 41.1 Ma and 40.40 Ma, the Watupuru Route
has a sedimentation rate of 4.6 cm/kyr and is characterized
by the fining-upward pattern. The distribution of siltstone
facies is gradually increasing upward and becoming
dominant, with occasional layers of fine to very fine-
grained sandstone intercalations. In the Jetis Route, the
fine to very fine-grained sandstones decrease in quantity,
while the massive siltstones increase, alternating with fine
to very fine-grained sandstone. The sedimentation rate is
5.6 cm/kyr. The sandstone and siltstone facies also contain
bioclasts, consisting of mollusks and foraminifera. The
foraminifera sandstones also appear in this section for the
first time, possibly as a result of storm events. The overall
fining-upward pattern suggests a stable increase in water
depth. The low sedimentation rate possibly indicates a low
sediment supply along with the extension tectonic period
in the Nanggulan region (Prasetyadi, 2008) that
contributed to an increase in accommodation.
¢. Sequence 40.40 Ma to 40.34 Ma

This period is characterized by a second occurrence
of foraminifera sandstones in the Jetis Route with a
sedimentation rate of 31 cm/kyr; whereas in the Watupuru
Route, massive siltstones are dominant with a
sedimentation rate of 3.3 cm/kyr. The coarsening-upward
pattern is observed in the Jetis Route, suggesting a
decrease in water depth in the upper part of this sequence.
Considering the increase in the sedimentation rate as the
water depth decreased, the weathering and erosion of
exposed outcrops might also intensify, resulting in more



(2020)

sediment supply to deposit, particularly in the Jetis Route.
Meanwhile, the increase in sediment supply in the
Watupuru Route did not seem to affect the deeper
environment.

d. Sequence 40.34 Ma to 39.63 Ma

This period was characterized by an increase in
sandstone facies upward in the Watupuru Route with a
sedimentation rate of 5.3 cm/kyr. The sandstone facies
appear in between the massive siltstone facies that
gradually increase upward. Meanwhile, the sedimentation
rate of the Jetis Route is 1.2 cm/kyr. The fine to very fine-
grained sandstone facies appear dominantly in the base of
this sequence, and then abruptly change into a coarse to
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Figure 11. Correlation between the Nanggulan Formation’s depositional history and the global sea-level curve after Miller et al.

medium-grained sandstone. The overall pattern in each
route is coarsening upward, suggesting a decrease in water
depth. There is a significant decrease in sedimentation rate
in the Jetis Route, whereas the sedimentation rate of
Watupuru Route increases compared to the previous
period. This change possibly indicates that the sediment
accommodation of the Jetis Route is significantly
decreasing, and the deposition of the sediment is directed
to the deeper environment, causing the sedimentation rate
of the Watupuru Route to increase.

e. Sequence 39.63 Ma to 37.32 Ma
Within this period, the sedimentation rate in the
Watupuru Route is 0.9 cm/kyr. The sandstone facies found
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in this route also appear increasingly, along with
decreasing bioclast content. In overall, grain size becomes
coarsening-upward, i.e., from fine to very fine-grained
sandstones to coarse to medium-grained sandstones. The
third appearance of foraminifera sandstone facies in this
sequence indicates a considerable shallower environment
in the Watupuru Route. Meanwhile, the appearance of the
sandstone facies in the Jetis Route becomes frequent
toward the upper part.

- Sequence after 37.32 Ma
After 37.32 Ma, the appearance of sandstone facies
in the Watupuru Route become more frequent. The fine to
very fine-grained sandstone facies appeared frequently
§. furcatolithoides

§. moriformis §. spiniger

R dictyoda

upward, alternating with coarse to medium-grained
sandstone. In the Jetis Route, there are no lithofacies
documented after 37.32 Ma. The uneven distribution after
37.32 Ma suggests a significant change in depositional
environment. The lithofacies association in the Watupuru
Route indicates a shallower environment from upper to
lower shoreface, revealing a coarsening-upward pattern
toward the end of this sequence.

g. Sequence around 32.03 Ma

In the Jetis Route, this period is characterized by a
deposition of marlstone, which indicated an offshore
environment. This sequence is entirely separated from the
lower sequence due to no outcrop recorded here. There is a
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Figure 13. The abundance percentage of S. furcatolithoides, S. moriformis, S. spiniger, R. dictyoda, R. umbilica, and

Reticulofenestra spp. in the Jetis Route.

5.29 Ma time gap between the sequence of the Watupuru
Route and the sequence in the Jetis Routes. From the
period of 39.63 Ma to 32.03 Ma, the sedimentation rate is
1.3 cm/kyr in Jetis Route. The marl shows a slight
reduction in grain size from fine to very fine sand to silt-
clay size, suggesting an increase in water depth. There is
no bioclast content found in this sequence.

The changes in the depositional environment within
the study area are interpreted as a result of sea-level
fluctuations, suggesting that the deposition of the
Nanggulan Formation has been greatly affected by the sea
level changes. To confirm this interpretation, the
correlation between the Nanggulan Formation’s
depositional history and the relative sea-level curve was

made by utilizing the global sea level curve proposed by
Miller et al. (2020) (Figure 11).

From the correlation, it is confirmed that there were
significant fluctuations in sea level during the deposition
of the Nanggulan Formation. The global sea-level curve
showed two cycles of sea-level rise and fall happening
during the depositional period, which closely influenced
the changes of depositional environment within the study
area. Before 41.1 Ma, global sea level rose until 40.7 Ma
period before slightly falling toward 40.4 Ma. As a result,
the lithofacies show a fining-upward pattern below 40.4
Ma. During the period of 40.4 Ma to 40.34 Ma, global sea
level fell slightly, indicated by a coarsening-upward
pattern in the Jetis Route and the decrease of siltstone
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facies in the Watupuru Route. From 40.34 Ma to 39.8 Ma,
sea level was relatively stable but then slightly rose from
39.8 Ma to 39.63 Ma. In the Watupuru Route, the
sandstone facies slightly increased but were still
dominated by siltstone. In the Jetis Route, the fine to very
fine-grained sandstone facies were deposited consistently
and then the intercalation of siltstone appeared before
39.63 Ma, confirming the rise of sea level at the upper part
of the section.

Within the period of 39.63 Ma to 37.32 Ma, global
sea level slowly decreased until 38.7 Ma and then rose
slightly to 37.32 Ma. The lithofacies show a coarsening
upward pattern, confirming sea level change. In the
Watupuru route, the siltstone facies occur alternately with
sandstone facies. Meanwhile, there is a slight increase of
siltstone intercalations alternated with sandstone facies in
the Jetis Route toward the upper part. After 37.32 Ma,
global sea level continued to rise. However, the change in
lithofacies does not reflect the sea level change. In the
Watupuru route, the lithofacies after 37.32 Ma appeared to
be dominated by sandstone facies with a coarsening-
upward pattern. The distribution of lithofacies and the
rising of sea level lead to the interpretation that the
sedimentation rate possibly outpaced the rate of sea level
rise. In a short period around 32.02 Ma, sea level rose
slightly. The fining-upward pattern in the Balak Site
possibly related to this sea level change. However, the lack
of outcrop distribution inclines this part to be separated
completely from the rest of the deposition in the Jetis and
Watupuru Routes, although the interpretation might not
possibly be accurate.

Indication of environmental from
nannofossil data

In the Watupuru Route, from 41.1 Ma to 40.40 Ma,
there was a slightly increase of percentage abundance
from Reticulofenestra taxa (Figure 12), especially small
Reticulofenestra (Reticulofenestra spp.). Meanwhile,
Sphenolithus thrived before 41.1 Ma and their abundance
gradually decreased until 40.40 Ma, suggesting a shift
from oligotrophic to eutrophic condition at age 41.1 Ma -
40.40 Ma. Sphenolithus is taxa that prefers oligotrophic
and warm-water condition (Aubry, 1998; Bralower, 2022;
Gibbs et al. 2004; Villa et al. 2008; Toffanin et al. 2011;
Imai et al. 2015), while small Reticulofenestra is
considered to be an indicator of eutrophic environment
(Takahashi & Okada, 2000; Kameo, 2002; Balleeger et al.
2012; Imai et al. 2015; Hendrizan, 2016) because small
placoliths typically flourish in high-productivity areas
(Okada and Honjo, 1973; Winter et al. 1994; Okada, 2000;
Hagino and Okada, 2000; Toffanin et al. 2011). Small
Reticulofenestra (Reticulofenestra spp.) continued to
thrive, especially in Zone NP18. However, R. dictyoda and
R. umbilica decreased after 40.4 Ma. Sphenolithus slightly
increased in the middle of Zone NP17 before decreasing
again after 37.32 Ma.

changes
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In the Jetis Route, the percentage abundance of
Reticulofenestra taxa did not change significantly from
41.1 Ma to 40.40 Ma. However, small Reticulofenestra
(Reticulofenestra spp.) drastically increased in 40.40 Ma
and continued to thrive from then on (Figure 13). On the
other hand, Sphenolithus taxa started thriving from 41.1
Ma. Their abundance decreased slightly before 40.40 Ma
and drastically decreased after 40.40 Ma. During and after
40.40 Ma, the low abundance of Sphenolithus taxa and the
increase of eutrophic taxa, such as Reticulofenestra, may
be driven by enhanced eutrophy since the sphenoliths
prefer oligotrophic and warm-water conditions. The
calcareous nannofossil change after 39.63 Ma in the Jetis-
Balak Routes cannot be interpreted due to lack of outcrop
data.

We suspect that the enhanced eutrophy in the Jetis
and Watupuru Routes was caused by the increasing
terrigenous input in and after 40.40 Ma, thus providing
nutrient availability on the water surface. This
interpretation is supported by the abrupt increase in
sedimentation rates in the Jetis Route before and after
40.40 Ma, which is from 5.6 cm/kyr to 31 cm/kyr.
However, the sedimentation rate in the Watupuru Route is
slightly decreased in that age, from 4.6 cm/kyr to 3.3 cm/
kyr. It is also confirmed from sea level change that the
increase in sedimentation rates was likely influenced by
sea level fall in the age of 40.40 Ma to 40.34 Ma.

CONCLUSIONS

Based on the biodatum identified in the study area,
the biostratigraphy of the Nanggulan Formation is divided
into five zonations following the standard zonation by
Martini (1971). There are four partial zones and one
complete one, stated as follows: the upper part of Zone
NP16, Zone NP17, the lower part of Zone NP18, the upper
part of Zone NP22, and the lower part of Zone NP23.
Based on the biostratigraphy study, the Nanggulan
Formation was deposited at the age of 41.1 Ma to 32.2 Ma
(Middle Eocene to Early Oligocene).

According to the horizontal distribution of
lithofacies, the depositional environment of the
Nanggulan Formation became shallower southward in the
Jetis Route and shifted to a deeper environment northward
in the Watupuru Route. The deposition of the Nanggulan
Formation is strongly believed to be greatly influenced by
the fluctuation of global sea level according to sea level
change correlation.

The decrease of oligotrophic taxa (Sphenolithus) and
the increase of eutrophic taxa (Reticulofenestra),
especially small reticulofenestrids (Reticulofenestra spp.),
suggest that there was a shift of the environment condition
from oligotrophic in around 41.1 Ma to eutrophic
condition after 40.40 Ma, particularly. The enhanced
eutrophy in Jetis and Watupuru Route is believed as a
result of increasing terrigenous input in and after 40.40
Ma, thus providing nutrient availability in the water
surface. This interpretation is supported by the increase in



the sedimentation rate when sea level slightly decreased at
40.40 Ma.
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ABSTRACT : The continuous marine geomagnetic survey within atime interval of 1-second sampling and
aprecision of 0.1 nT was conducted in the northwestern Java Sea to identify and interpret the general trend of
total marine magnetic anomalies and the possibility related to the geological resource potential. These
magnetic data were then processed according to the formula corrected and applied to marine magnetic data.
The total marine magnetic anomalies of the northwestern Java Sea indicate a well-defined lateral trend belt
of anomaly contours. Anomalies are divided into four delineation zones: Zones I, II, III, and IV. A
preliminary analysis of these anomalies led to the interpretation, reflecting the residual of a slightly east-west
trending geological body underneath. Examination of magnetic anomalies suggests Zone I and IV
characterize a basinal area, Zone II depicts a granitic belt, and Zone III describes a Cretaceous magmatic arc
system in the east that extends from Middle Java across the Java Sea through Southern Kalimantan. These
magnetic anomalies seem to coincide with the free air gravity anomalies data derived from TOPEX satellite
data.

Keywords: the northwestern Java Sea, total magnetic anomaly, remnant arc, granite

ABSTRAK: Survei magnetik kelautan berkesinambungan dengan interval waktu pengambilan sampel 1
detik dan ketelitian 0,1 nT dilaksanakan di baratlaut Laut Jawa untuk mengidentifikasi dan menafsirkan
kecenderungan arah anomali magnetik total dan kemungkinan kaitannya dengan potensi sumber daya
geologi. Data magnetik ini kemudian diproses sesuai dengan rumus dan koreksi yang umum diterapkan
terhadap data magnetik kelautan. Sabuk anomali magnetik total baratlaut Laut Jawa menunjukkan
kecenderungan arah lateral yang cukup jelas. Pola anomali magnetik ini dapat dibagi menjadi empat zona:
Zona I, II, III, dan 1IV. Dugaan awal terhadap anomali ini mencerminkan adanya jejak tubuh geologi di
bawahnya berarah agak timur-barat. Pengamatan anomali magnetik menunjukkan bahwa Zona I dan IV
mencirikan daerah cekungan, Zona II menggambarkan sabuk granit, dan Zona Il kemungkinan
menggambarkan sistem busur magmatik berumur Kapur yang membentang dari Jawa Tengah melintasi
Laut Jawa melalui Kalimantan Selatan. Anomali magnetik dari area studi ini tampak mirip dengan anomali
udara bebas dari data satelit TOPEX.

Kata Kunci: : Laut Jawa bagian Baratlaut, anomali magnetik total, jejak busur, granit
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INTRODUCTION

From 1990 wuntil 2020, systematic marine
geomagnetic surveys and mapping in Indonesia were
conducted by the Marine Geological Institute of Indonesia
(MGI) using RV Geomarin I to cover 64 of 365
quadrangles. This paper discusses a result of ten marine
geomagnetic quadrangles compiled by Kusnida et al.
(2003), covering the South of Karimata Street and the
northwestern Java Sea. Compilation of the total magnetic
anomaly map results shows a unique distribution anomaly
pattern, forming an arc with an east-west direction and
curving to the northeast in the east. However, marine
geomagnetic anomaly distribution in this area has never
been studied in detail. Many geomagnetic studies
confirmed that anomalous geomagnetic variations usually
reflect the geological conditions and rock composition
underneath (Connelly, 1979; Ferré et al., 1999; Aydin et
al., 2007). In addition, many authors have used magnetic
susceptibility measurements to delineate petrographic and
geochemical variations of granitic plutons (Tarling and
Hrouda, 1993, Ishihara et al., 2000, Kusnida et al., 2008).

This study aims to identify and interpret the general
trend of total marine magnetic anomalies of the
northwestern Java Sea and its surrounding. It is referred to
as a remnant arc, such as depicted by the total magnetic
anomaly of submerged Belitung Granite (Kusnida et al.,
2008) and the marine free air gravity map of the study area
(https://topex.ucsd.edu/marine grav/mar_grav.html), as
well as the possibility related to the geological resource
potential. However, this paper is still preliminary because
magnetic data is a dipole field that causes multiple
interpretations of the subsurface geological objects,
especially for areas with low magnetic latitudes. Further
data processing can be conducted by reducing to poles
(RTP) in the future to show a monopole magnetic anomaly.

Regional Settings

The Indonesian archipelago consists of seven
orogenic collisions, namely Meratus, Sulawesi, Molucca
Sea, Seram, Lengguru, Papua Central Mountains, and
Timor Orogens (Satyana et al., 2007). Meratus Orogen in
Southeast Kalimantan results from a collision between the
continental shield of Schwaner (Southwest Kalimantan)
and the continental fragment of Paternosfer. The Schwaner
Mountains, the so-called part of Sundaland, is a complex
of igneous and metamorphic rocks formed by magmatism
due to various tectonic events. In this area, the formation
of the A-type granitic rocks is related to the rifting of the
Southwest Borneo Block from Northwest Australia during
the Jurassic (Auliya et al., 2021).

Sundaland is a geological name to refer to areas in the
Southeast Asia peninsula, including the Malacca
peninsula, the island of Borneo, Sumatra, and Java. The
tectonic evolution of Sundaland is a combination of
fragments remnants from the Gondwana continent, which
was separated due to the Late Jurassic to the Middle
Miocene spreading (Hall et al., 2009; Metcalfe, 2011;
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Auliya et al., 2021). These parts then merged with part of
the Eurasian continent, formed tectonic subduction in
southern Eurasia, and changed its movement to what it is
today (Figure 1). Tectonically, the study area is divided
into the western and eastern parts. The east-west trending
Bangka-Belitung controls the western to Schwaner Belt in
West Kalimantan, which belongs to the magmatic arc
system composed of acid to intermediate rocks. In
contrast, the northeast-trending  Meratus-Bobaris
Complex in South Kalimantan controls the eastern part,
consisting of the ophiolite. In the Java Sea, the Karimun
Java Arc separates these ranges and the Meratus-Bobaris
fault system, which correlated with the Lok-Ulo fault
system in Middle Java (Sunarya and Simanjuntak, 1987).
The northern part of the Java Sea, where the study
area is located, has an average water depth of 60 - 130
meters. It is a middle or transition zone that separates the
South China Sea — the Strait of Karimata from the Banda
Sea system. This transition zone is the gateway between
West Indonesia and East Indonesia and physiographically
covers offshore Bangka-Belitung-South Kalimantan.

DATA ACQUISITION AND METHOD

This study was derived from a geomagnetic survey of
RV Geomarin in the northwestern Java Sea area (Figure 2).
Magnetic intensity data were collected using the Geometric
marine magnetometer. Following a standard operating
procedure, before magnetic recording was executed, the
parameters were set on a sonar-link acquisition software,
such as magnetometer sensor offset to GPS (Global
Positioning System), sensor cable length (layback), and
data sampling interval. The marine Geometric G.813
proton magnetometer sensor was hauled 150 meters
behind the vessel with the precision of 0.1 nT in each
continuous marine magnetic survey within a time interval
of 1-second sampling. Magnetic data were observed and
recorded by using a Soltec 3314B-MF recorder. Diurnal
variation was measured and recorded using a stationary
Ground Geometric, G.866 and G.724 Magnetometer
operated on land during the cruise. The diurnal and earth's
field corrections (International Geomagnetic Reference
Field 2005) have been applied to the observed magnetic
data. The total magnetic anomaly map subsequently is free
from extraneous magnetic effect and primarily indicates
the impact of geological structures underneath.
Positioning and navigation of the surveyed area using the
Global Positioning System (GPS). The marking of time
and a fixed point on the recorder were plotted using an
Annotator device. The base maps used in marine
geomagnetic surveys were 1:250,000 scale using
Universal Transverse Mercator (UTM) and Datum WGS-
84 at a 5-km traverse interval.

RESULTS AND DISCUSSION

The geomagnetic field intensity measured at the
observation point results from various variables, while the
geomagnetic survey aims to measure the magnetic
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Figure 1. Location of Sundaland and its present developing tectonics (Modification from Davies 1984 in Sudarmono et al., 1997)

induction of the geological body, causing anomalies
underneath. Therefore, it is necessary to reduce some
variables that affect the measurement results. In a
geomagnetic survey, the correction applied is primarily
diurnal variations.

The value of the total magnetic anomaly contours
in the study area varies between —500 to +400 nT, as
described in Kusnida et al. (2003; 2008). The detailed
interpretation was carried out from the anomaly values,
resulting in the division of the study area into four zones
(Figure 2): Zones I (- 50 nT to +400 nT), Zone 11 (<+50
nT), Zone III (closed by -200 nT), and Zone IV (-100 nT
to -300 nT). A preliminary analysis of these anomalies
led to the interpretation,which reflects the residual of a
slightly east-west trending massive body underneath.
Examination of magnetic anomalies suggests Zone |
and IV characterize a basinal area, Zone II depicts a
granitic belt, and Zone III describes a Cretaceous

magmatic arc system in the east that extends from
Middle Java across the Java Sea through Southern
Kalimantan.

Zone 1 is characterized by a group of contour pair
closures with values between -500 nT and +400 nT in an
east-west direction. This pair of contour closures, in the
southern part, is gradually adjacent to the homogeneous
magnetic anomaly contour of Bangka-Belitung and
characterizes the South China Sea and the Karimata Strait.
Zone 1II is characterized by east-west arcuate far apart
anomaly contours of <+50 nT representing the surrounding
waters of the massive Bangka—Belitung islands. Zone I1l is
characterized by many pairs of dense anomalous shapes
trending west-east and then curving to the northeast to
form a shield and is limited by a contour value of 200 nT
on both sides. This contour pattern is a magnetic anomaly
in the form of an arc approaching the island of Southwest
Kalimantan. Finally, Zone IV is characterized by an
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Figure 2.

The total magnetic anomaly map of the Northwestern Java Sea (southern part of Karimata Strait) revealed four zones.

The submerged Bangka-Belitung plutonic islands are classified as Zone II with magnetic anomaly < 50 nT. (Modified

from Kusnida et al., 2008).

unorganized anomaly contours pattern of —100 to —300 nT.
This anomaly pattern is believed to be the continuations of
the melange-ophiolite complex in Lok Ulo in Middle Java
and the Meratus Range of South Kalimantan. Therefore, it
can be assumed that although the general trend of the four
zones of the anomaly contours in the study area is slightly
northeast, the occurrence of high and low closures in each
zone indicates the control of the EW to NE structural
lineation.

The distribution pattern of the total magnetic
anomaly in the study area shows a massive homogeneous
anomalous and predominate, expressing the submerged
Bangka-Belitung plutonic, characterized by less than
<+50 nT, which is also possibly related to the total
magnetic anomaly that occurred in the West Kalimantan.
Although each exposed intrusive body in Bangka-
Belitung Islands has been known as granites, a distinction
in the magnetic properties is shown by the variety of
magnetic expressions. The susceptibility of submerged
Bangka-Belitung is indicated by values ranging from
0.001- 0.003 cgs unit, as described by Kusnida et al.
(2008).

The susceptibility values range from 0.001 - 0.05 cgs
units confirmed to characterize granite in the eastern
Lachlan Fold-Australia (Connelly, 1979). Petrographic
study shows that granitic plutons in volcanic arcs are
classified as calc-alkaline I-type granitoids with a
susceptibility value of 0.001 - 0.03 cgs unit, such as
Abukuma granites in Japan (Kamei and Takagi, 2003) and
0.03 — 0.06 cgs unit for Natuna granites (Ben Avraham,
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1973). Based on its chemical criteria, granite is grouped
into type I (igneous rock of origin), and type S is known to
originate from partially melted sedimentary rocks.
According to Aryanto et al. (2005), their study on
Kelumpang-Belitung Island showed that the type of
granite in the area is a biotite-granite type I and is
associated with cassiterite minerals. Therefore, it is
suspected that the magnetic anomalies of the submerged
Bangka-Belitung pluton in West Kalimantan could be due
to this type of granite.

Although the early tectonic history is poorly defined
by magnetic dipole anomaly, the structural trend of
basement rocks is well-exhibited by marine free-air
gravity data (Figure 3). Free-air anomaly patterns in the
east—northeast direction are expected to be geologically
related to gently-cratonized Late Mesozoic (?) along ten to
hundreds of kilometres. Compared with the magnetic
dipole anomaly in the study area, the free-air gravity
anomaly strengthens the dipole image's magnetic path.
The positive free-air gravity anomaly with a value of >30
m@Gal is also distributed in the direction of E-W to NE-SW
in pairs parallel to the free-air gravity anomaly with a
value of <30 mGal. In general, the free-air anomaly
contour pattern reflects the lineament of the rock mass
distribution underneath with an almost uniform density,
both in the form of height and low. A comparison of the
free-air gravity anomaly distribution pattern with the
magnetic dipole anomaly in the study area shows a
unidirectional tendency in the form of the arcs.
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Figure 3.

Marine free air gravity anomaly of the study area shows the E-W to SE-NE lineation trend, indicating high gravity

anomaly lineation (>30 mGal) and low (<30 mGal) contour values (Source:https:/topex.ucsd.edu/marine grav/

mar_grav.html).

CONCLUSIONS

The study area is characterized by magnetic anomaly
values ranging from —500 nT to +400 nT. Regional
negative values dominate the study area, except for the
southwestern part near Sumatera Island; the anomaly
tends to be positive. In general, the negative anomalies
occupy the eastern and southern part of the study area and
demonstrate only minor closures. The total marine
geomagnetic anomalies of the northwestern Java Sea
indicate a well-defined lateral trend belt of anomaly
contours. They can be divided into four zones: zones |
(-50nT to +400 nT), IT (<+50 nT), III (closed by -200 nT),
and IV (-100 nT to -300 nT). A preliminary evaluation of
these anomalies led to the interpretation, reflecting the
residual of a slightly east-west trending massive body
underneath. Examination of magnetic anomalies suggests
Zone I and IV characterize a basinal area, Zone II depicts a
granitic belt, and Zone III describes a Cretaceous
magmatic arc system in the east that extends from Middle
Java across the Java Sea through Southern Kalimantan. A
comparison of the free-air gravity anomaly distribution
pattern with the magnetic dipole anomaly in the study area
shows a coincides unidirectional anomaly contours
tendency in the form of the arcs.
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ABSTRACT: Arafura Sea is influenced by several climatic dynamics, it is also a part of the coral triangle
that provides most of marine organism diversity of the world. Therefore, this area is an important waters that
impact the climatic dynamic so its paleoceanographic changes need to be understood. For that, we analyzed
the foraminiferal PB ratio from marine sediment core ARAFURA-24 with a core length of 179 cm, collected
from 47.4 m water depth, combined with that of Aru-07, taken from 276 m water depth (core length 152 cm).
Both sediment cores were collected from the Arafura Sea using a gravity corer on board Geomarin III.
ARAFURA-24 was sub-sampling in every 20 cm interval, while Aru-07 had been prepared in every 10 cm
interval. PB Ratio values from ARAFURA-24 and Aru-07 ranged from 0,56% - 7,43% and from 29,89% to

82,66%, respectively. The age model was reconstructed by 14C radiocarbon dating derived from organic
sediment, combined with tie points of PB ratio records. The result indicates that ARAFURA-24 has been
sedimented since the last 9.7 kyr BP. PB ratio records reveal three maximum sea level rises, which are before
7.4 kyr BP, at 5.86 kyr, and after 3 kyr BP (approximately at 2 kyr BP at Aru-07). From the age model
reconstruction, sedimentation during the last 3 kyr BP was relatively slower than that in the older period. It
can be concluded that the foraminiferal PB ratio during Late Holocene was not significantly impacted by
sedimentation rate (hence detrital influence), in contrast, during Mid-Holocene detrital influence had more
impact on the PB ratio record.

Keywords: Arafura Sea; foraminifera; PB ratio analysis; paleoceanographic changes; Holocene

ABSTRAK: Laut Arafura dipengaruhi oleh beberapa dinamika iklim, dan juga merupakan bagian dari
segitiga terumbu karang yang menyediakan sebagian besar keanekaragaman organisme laut dunia. Oleh
karena itu, daerah ini merupakan perairan penting yang mempengaruhi dinamika iklim sehingga
perubahan paleoceanografinya perlu dipahami. Untuk itu, kami menganalisis PB rasio foraminifera dari
inti sedimen laut ARAFURA-24 dengan panjang inti 179 cm, diambil dari kedalaman air 47,4 m,
dikorelasikan dengan inti sedimen Aru-07, yang diambil dari kedalaman air 276 m (panjang inti 152 cm).
Kedua inti sedimen diambil dari Laut Arafura dengan menggunakan penginti jatuh bebas dari kapal
Geomarin III. ARAFURA-24 dicuplik setiap interval 20 cm, sedangkan Aru-07 dicuplik setiap interval 10
cm (telah dilakukan oleh peneliti terdahulu). Nilai PB Ratio dari ARAFURA-24 dan Aru-07 masing-masing
berkisar antara 0,56% - 7,43% dan dari 29,89% hingga 82,66%. Model umur direkonstruksi dengan
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penanggalan radiokarbon Hc yang diukur dari sedimen organik, dikorelasikan dengan titik ikat nilai PB
rasio. Hasilnya menunjukkan bahwa ARAFURA-24 telah terendapkan sejak 9,7 kyr BP. perhitungan PB
rasio mengungkapkan tiga kenaikan permukaan laut maksimum, yaitu sebelum 7,4 kyr BP, pada 5,86 kyr,
dan setelah 3 kyr BP (sekitar 2 kyr BP di Aru-07). Dari rekonstruksi model umur, sedimentasi selama 3 kyr
BP terakhir relatif lebih lambat dibandingkan dengan periode waktu yang lebih tua. Dapat disimpulkan
bahwa PB rasio foraminifera pada masa Holosen Akhir tidak terlalu dipengaruhi oleh laju sedimentasi
(karena pengaruh detrital), sebaliknya pada masa Mid-Holosen pengaruh detrital memberikan dampak

lebih besar terhadap perhitungan PB rasio.

Kata Kunci: : Laut Arafura; foraminifera, analisis PB rasio,; perubahan paleoseanografi; Holosen

INTRODUCTION

Indonesian waters are known as a “mixed-master”
that modify water mass derived from both north and south
Pacific Oceans to feed the Indian Ocean (Gordon, 2005).
The mixing process occurs in every sill of Indonesian
water resulting in low salinity water characteristic of the
Indonesian throughflow (ITF) that alters the Indian Ocean
(Gordon et al., 2003; Talley and Sprintal, 2005). The ITF
originated from both North and South Pacific Water,
within the Indonesian sea are modified by vertical tidal
mixing, upwelling, air-sea fluxes and freshwater fluxes
before being exerted to the Indian Ocean (Ffield and
Gordon, 1992; Koch-Larrouy et al., 2007). Intense vertical
mixing has been observed particularly at Lifamatola
Passage, over the Halmahera sill, the Aru Basin, Seram
Sea, and between the Flores and western Banda Sea basins
(Talley and Sprintal, 2005 and references therein). The
ITF within Indonesian waters also interact with ENSO and
Asian monsoon (Gordon and Tillinger, 2010) (Figure 1).
As a consequence, a relatively isohaline Indonesian sea
profile from the thermocline to near the bottom was
formed altering the Indian Ocean (Ffield and Gordon,
1992; Waworuntu et al., 2000; Gordon et al., 2003; Koch-
Larrouy et al., 2007).

Arafura, Timor, and the Banda Sea are known to have
a high productivity level as sources for major fisheries, due
to the upwelling process particularly induced by the

Large Freshwater Flux

250 km 750 km 1250km

Figure 1.

northern part of the Sahul continental shelf (Wyrtki, 1961;
Ilahude et al., 1990; Atmadipoera et al., 2009; Alongi et
al., 2011; Basit et al., 2022). Upwelling in the Arafura Sea
is assumed as seasonal coastal upwelling that mostly
occurs during the southeast monsoon (Wyrtki, 1961).
Southeasterly monsoon wind leads to the westward and
southwestward flow of the surface layer, thus colder water
that is deeper and rich in nutrients would be upwelled to
fill the void in the surface. As a consequence, it provides a
large number of nutrients and food for marine organisms
so that increases productivity. In contrast, during the
Northwest monsoon (December-February), northwesterly
wind induces downwelling in the Arafura and Banda Sea
that allowing deep ocean oxygenation (>200 m depth),
providing dissolve oxygen for benthic organism (van der
Zwaan et al., 1990; Basit et al., 2022). In addition to that
Arafura Sea is also a part of the Coral Triangle, the
epicenter of all marine organism and diversity, Indonesia
is considered the largest coral reef area in Southeast Asia
(Allen & Werner, 2002; Coral Triangle Initiative, 2014).
However, the Arafura Sea is also considered the most
endangered tropical coastal and marine ecosystems in the
world (Alongi et al., 2011).

The Arafura Sea also provides non-living marine
resources, particularly oil and gas resources (e.g. Abadi
and Tangguh gas field, Roberts et al., 2011). It is also a part

The Indonesian Throughflow routes, western route via South China Sea into Java Sea carrying freshwater altering the

ITF in the eastern route at the Banda Sea. Green circle is the sediment core for this study (Modification from Gordon et
al., 2005; 2010), on Indonesian bathymetric map (http://batnas.big.go.id/)
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of important shipping routes, connecting some Australian
ports to the Southeast and Northeast Asian ports, and the
northern Pacific Ocean, and a major part of the maritime
boundary between Australia, Indonesia, Timor Leste and
Papua New Guinea (Alongi et al., 2011). We noticed that
the Arafura Sea greatly impacts various aspects, including
biodiversity, oceanography, economy and politics, that
draw attention from many parties in the world. Therefore,
we study marine sediment core from the Arafura Sea, to
understand the paleoceanographic condition of eastern
Indonesia, by studying PB ratio of marine organisms,
particularly foraminifera.

Foraminifera is a single marine organism that
exhibits a high response to environmental changes, hence
it is a great proxy for paleoceanographic reconstruction
and has been widely used in paleoceanography and
paleoclimatological study. It is found very abundant in
marine sediments, with low cost and simple sample
preparation. Geochemistry of foraminiferal shells is the
most basic for paleoclimatological proxy, particularly
their shells oxygen isotope record which coupled with
their Mg/Ca ratio value, may represent seawater
temperature and salinity, revealing the air-sea interaction
and their correlation to the global climate (e.g. Anand et
al., 2008; Elderfield & Ganssen, 2000; Gustiantini, 2018;
Hollstein et al., 2017; Zuraida et al., 2009). Furthermore,

foraminiferal assemblages also provide comprehensive
data for determining paleoceanographic reconstruction.
Singh et al. (2017) reconstructed fertility variation in the
Sulu Sea from foraminiferal assemblages during 40 kyr
BP, resulting in eutrophic conditions during 26 — 17 kyr
and Holocene. Ding et al. (2006) revealed significant
differences in foraminiferal assemblages group occupying
different marine conditions (Java upwelling region, Java —
Banda region, Indian monsoon Sumatra region, Timor
region, and NW Australian margin region). The previous
study of paleoceanographic reconstruction of Arafura Sea
derived from foraminiferal assemblages (Gustiantini et al.,
2018, will be discussed further later) also resulted in a
significantly different group of foraminifera representing
distinctive different paleoceanographic condition during
older than 3.9 ka BP, 3.9 — 2 ka BP, and younger than 2 ka
BP. PB ratio analysis is one statistical analysis of
foraminifera that calculate the percentage of planktonic
type to the total of benthic and planktonic foraminifera (in
%). PB ratio has been known related to water depths
(Phleger and parker, 1951; van Marle et al., 1987; van der
Zwaan et al., 1990). Furthermore, the PB ratio is also
known related to productivity and organic matter flux
(Berger and Diester-Haass, 1988; van der Zwaan et al.,
1990), and in modern studies, the PB ratio is considered a

Figure 2. The location of marine sample sediments (ARAFURA-24 and ARU-07)
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potential proxy for sea ice indicator (Polyak et al., 2013;
Almgren, 2020).

METHODS

This research was analyzed from one marine
sediment core ARAFURA-24 (Figure 2). This marine
sediment sample was taken from a water depth of 47.4
meters with a core length of 179 cm, located in the
northeast of Aru Island, Arafura waters (coordinate of
136° 21' 54.81” E and 5° 49' 38.79” S). The marine
sediment core was collected by using a gravity corer on
board Geomarin III Vessel in 2017, by the investigation
team of the Marine Geological Institute. To have a better
comprehension result, we also analyzed marine sediment
core ARU-07, which have been collected from nearby
location (coordinate of 134° 00’ 33.6” E and 5° 55° 51.59”
S), from a water depth of 276 meters with a core length of
152 cm, located on the west of Aru Island, Arafura.
Foraminiferal assemblages from this marine sediment
core has been published (Gustiantini et al., 2018).

Before further analysis, sediment core ARAFURA-
24 was sampled at 20 cm intervals using syringe method,
which gives a total of 10 subsamples that must be prepared
first. The preparatory stage was continued by washing
with flowing water and sieved through a 4 phi sieve.
Furthermore, the samples were dried at < 60° C
temperature for 24 hours. Afterward, we started to pick
foraminifera (+ 300 individu) from the sample using a
binocular microscope, at this stage the separation between
foraminifera from other grains was carried out using a

conditions, the deep water PB ratio will have a higher
value than in shallower water (Table 1).

The geochronology of the sediment was estimated
based on radiocarbon AMS '4C dating, analyzed from
organic samples collected from 1 sample horizon (163-
179cm). It was carried out at the Quaternary laboratory of
Center for Geological Survey, Ministry of Energy and
Mineral Resources, and has been described in Tim Arafura
report (2017).

To refine the age model, we analyzed PB ratio data
from sediment core ARU-07, located to the west of the
studied core, whose age model has been reconstructed
(Gustiantini et al., 2018). The Geochronology of ARU-07
was also estimated based on radiocarbon AMS '#C dating,
and also analyzed on organic sediments. The calendar age
from ARU-07 was calculated by CALIB 7.0.4 (in 2018,
Stuiver et al., 2018, the latest version is Calib 8 which uses
the 2020 international dataset), an online software by
Stuiver and Reimer (1993) can be downloaded at http://
calib.org/calib/download/. This software used the Intcall3
calibration data set (Reimer et al., 2013, in conjunction
with Stuiver and Reimer, 1993). Intcall3 is commonly
used for the no-marine sample, derived calendar age is
presented in Before Present (BP), where “present time” is
defined as AD 1950 (Currie, 2004; Reimer et al., 2013).
According to the age model, ARU-07 was deposited since
the last 8000 BP (Gustiantini et al., 2018).

PB ratio data from this studied core ARAFURA-24
will be correlated to that of the ARU-07 sediment core. We
correlated similar events of both PB ratio pattern, to get the
age derived from the ARU-07 age model. The calendar age

Table 1. Environmental Classification based on PB ratio (modified from Grimsdale and Morkhovern, 1955 in Manuhuwa et al.,

2021)
PB RATIO ENVIRONMENT Depth
<20 % Inner Neritic 0-50m
20 — 60 % Middle Neritic 50 -100 m
40 — 70 % Outer Neritic 100 — 200 m
> 70% Upper Bathyal 200 — 1000 m
>95% Lower Bathyal 1000 — 1500 m

small brush. If the sample volumes are too large, the
samples were firstly splitted several times until they
contained only approximately 300 individu of
foraminifera, picked foraminiferal test will be multiplied
by the split number afterwards. The number of
foraminiferal abundant was then applied to the planktonic
benthic ratio (PB ratio) equation:

PB ratio (%) = P/(P+B) x 100%

P = Total Planktonic,

B = Total Benthic.

PB ratio is the planktonic percentage of the total
foraminiferal community. PB ratio of foraminifera gives
information about seawater depth, which at normal marine
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of those similar events will be used as a tie point.
Combined with radiocarbon dating data of this core, we
further interpolate and extrapolate the age to reconstruct
the age model.

RESULTS AND DISCUSSION

PB ratio of Foraminifera

The results indicated that the 10 sediment samples of
core ARAFURA-24 contained foraminifera with benthic
foraminifera type is more abundant and dominant than
planktonic foraminifera. The total number of foraminifera
obtained from the core sediment of ARAFURA-24 was
8768 individual foraminifera with the number of benthic
foraminifera approximately 8468 individuals and the



number of planktonic foraminifera as many as 282
individuals.

Based on the PB ratio calculation of the sediment
core ARAFURA-24 (Table 2, figure 3), the minimum
value with the percentage of 0.56% occurred at 160 cm
depth interval, and at 20 cm depth interval with PB ratio of
1.32%. The maximum value is observed at the top of the
core (depth interval 0 cm) with a percentage of 7.43%, at a
depth interval of 80 cm (PB ratio 6.55%), and at the bottom
of the core (179 cm depth interval) with PB ratio 5.77%.
This finding indicates that the depositional environment of
the area is an inner neritic marine environment.

Furthermore, PB ratio calculations from 16 samples
of core sediment ARU-07 (Table 3, figure 3) show the

Table 2. PB ratio of ARAFURA-24

minimum value of 29.89% at 110 cm depth interval.
Another minimum PB ratio value is recognized at 30, 80
and 122 cm depth intervals with PB ratio value of 44.09%,
42.12%, and 41.96% respectively. While the maximum
value is observed at a 10 cm depth interval with PB ratio
value of 82.66%. Relatively other higher value of PB ratio
is identified at three depth intervals, which are the core top
(0 cm), 70 cm, and 140 cm, with PB ratio of 67.51%,
65.31%, and 68.8% respectively. This indicates the
depositional environment of the area is mostly middle to
outer neritic, except the depth interval of 10 cm indicates
an upper bathyal marine environment.

DEPTH DEPTH Interpolated AGE
NO (m) INTERVAL (cm) PB RATIO (%) (Il)(yr BP)
1 47.4 0 7.43 0
2 47.6 20 1.37 3.28
3 47.8 40 2.6 4.14
4 48 60 2.92 5.0
5 48.2 80 6.55 5.86
6 48.4 100 3.12 6.27
7 48.6 120 1.74 6.67
8 48.8 140 2.12 7.07
9 49 160 0.56 1.47
10 49.19 163-179 (171) 5.77 9,71
Table 3. PB ratio of ARU-07
DEPTH DEPTH AGE (kyr BP
NO (m) INTERVAL PB RATIO (%) Gustiantir&i Zt al.,)2018
(cm)

1 276 0 67.51 0

2 276.1 10 82.66 2.02

3 276.2 20 53.3 3.08

4 276.3 30 44.09 3.95

5 276.34 34 4738 4.18

6 276.4 40 58.06 451

7 276.5 50 47.56 501

8 276.6 60 53.62 5.46

9 276.7 70 65.31 586

10 276.8 80 42.12 6.23

11 277 100 45.96 6.87

12 277.1 110 29.89 714

13 277.2 120 48.66 7.40

14 277.22 122 41.96 745

15 277.4 140 68.8 7.88

16 277.5 150 53.36 8.12
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Geochronology
The age result from the radiocarbon dating analysis correlated the PB ratio from the studied core to ARU-07
conducted from intervals 163 - 179 cm of ARAFURA-24 (Figure 4). We correlate similar patterns, that consider

indicates the age of 9710 BP. As mentioned before, we
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Figure 3. PB ratio versus depth interval at marine sediment core ARAFURA-24 and ARU-07, blue dots are interval
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sample for 14C dates analysis and the ages are indicated, dash green lines connecting tie points.
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Figure 4. PB ratio of ARAFURA-24 vs interpolated calendar ages, correlated to that of ARU-07



representing similar events as tie points. From the figure, it
is observed that intervals 20, 80 and 160 cm of
ARAFURA-24 indicate a similar significant increase
pattern in PB ratio with that of ARU-07 (interval depths of
20, 70, and 122 cm, respectively). According to ARU-07
calendar age, the age of the 20 cm depth interval is 3.28 kyr

BP, depth interval of 80 cm indicates calendar age of 5.8
kyr BP, all tie points are displayed in Table 4. Then the age
of the whole interval of the ARAFURA-24 was
reconstructed by interpolating and extrapolating depth
interval and radiocarbon dating using a linear regression
equation (Table 2).

Table 4.  Age and sedimentation rate estimation, derived from radiocarbon dating and correlation between ARAFURA-24 and
ARU-07
SAMPLE CALENDAR AGE SEDIMENTATION
REFERENCES
NO INTERVAL (cm) (Kyr BP) RATE (cm/Kyr BP)
Tie point, PB
A 20 cm 3.2 . 6.10
ratio of Aru-07
Tie point, PB
B 80 cm 5.86 . 23.21
ratio of Aru-07
Tie point, PB
C 160 cm 7.45 . 50.39
ratio of Aru-07
171 cm Organic
9.7 . . 4.87
(163-179 cm) sediment dating
Average Sedimentation Rate 21.14

180 F
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140 f
120 f
100 |
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Figure 5. Age model reconstruction of marine sediment at core ARAFURA-24
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Figure 6. Sedimentation rate of marine sediment at core ARAFURA-24
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The age model reconstruction and sedimentation rate
estimation reveal that at the age of 3.28 kyr BP the average
sedimentation rate was 6.10 cm/Kyr BP, then increased
rapidly at 5.86 kyr BP to 23.22 cm/kyr BP. At the age of
7.45 kyr BP the sediment rate was 50.39 cm/kyr and 4.87
cm/kyr in the year 9.71 kyr BP (Table 4, Figure 5 and 6).

DISCUSSION

Marine sample sediment core ARAFURA-24 was
acquired at a depth of 47.4 m, categorized as the inner
neritic zone, while ARU-07 was classified as a bathyal
zone taken at a depth of 276 m. Despite these two marine
sediment samples were taken from different zone of water
depths leads to different oceanography and marine
ecology, both cores demonstrate similar PB ratio and
sedimentation rate variability. The distance between the
two cores is relatively close (307.3 km), thus both core
parameters (particularly PB ratio and sediment
geochemistry) apparently preserved the impact of global
paleoceanography and paleoclimatic dynamics very well,
although some local forcing modified the records. It is
observed that before 3.28 kyr BP, the sedimentation rate
average of ARAFURA-24 was 26.16 cm/kyr, with distinct
slower sedimentation rate before 7.4 kyr BP
(sedimentation rate was 4.87 cm/kyr), which is rather
similar with that of younger than 3 kyr BP (sedimentation
rate was 6.10 cm/kyr). This indicates that the
sedimentation rate of ARAFURA-24 after 3.2 kyr BP was
relatively slower compared to that before 3.2 kyr BP. This
variability is similar to the finding of ARU-07, which
indicated a sedimentation rate of 6.56 cm/kyr BP during
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3.5 kyr, clearly lower than before 3.5 kyr BP with
sedimentation rate of 25.2 cm/kyr BP (Gustiantini et al.,
2018). Similar variability of sedimentation rate was also
observed from the south of Sumba Islands, as described by
Ardi et al. (2021), which revealed relatively slower
sedimentation rate (7.602 cm/kyr) at the depth interval 0 —
25 cm (which corresponds to calendar age younger than
~3.2 kyr), compared to that from depth interval samples
between 25 — 105 cm (~3.2 kyr — 6.97 kyr) with
sedimentation rate 17.28 — 24.8 cm/kyr. Hyun et al. (2018)
described that between ~7 — 3 kyr BP in Aru Sea (from
similar core used in this study, ARU-07) and in Mahakam
Delta were highly influenced by riverine input or influx of
terrestrial organic matter, revealed from relatively high
CPI (Carbon Preference Index) value, that may be related
to paleoclimatic variability.

Another proxy that clearly preserves the impact of
similar global paleoceanography and paleoclimatic
dynamics of both cores (ARAFURA-24 and ARU-07) is
the elemental composition, particularly the log ratio of Ti/
Ca (Piranti, in press; and Zuraida et al., in press). We
compared both records as displayed in Figure 7. From the
figure, both graphs demonstrate relatively coherent
variability, which is relative increase down the core. Thus,
this data corroborates the hypothesis that global impact
clearly influences the two areas and well preserved in the
proxy.

Furthermore, we still could reconstruct the sea level
changes during the 9 kyr BP, it is observed three times of
maximum sea level rises, before 7.4 kyr BP (at 7.8 kyr BP
at ARU-07), at 5.82 kyr, and after 3.28 kyr BP
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(approximately at 2 kyr BP at ARU-07). Significant sea
level rise occurred after 3.28 kyr BP which transformed
the outer neritic bathymetry zone into a bathyal zone at
ARU-07. In contrast, the sedimentation rate decreased
after this time and became slower compared to the older
time period. This indicates that the sedimentation rate
(hence detrital influence) does not significantly impact the
PB ratio during Late Holocene, which is mostly more
impacted by sea level changes at the Arafura Sea.
However, at the time ~7.5 kyr BP, the PB Ratio of Arafura
Sea demonstrates relatively abrupt increase trend until ~6
kyr BP, then abruptly decrease up to ~3.2 kyr BP, this
pattern displays rather coherent with the increase of
sedimentation rate during this interval time. This time
interval might represent the warm middle Holocene global
climate (Walker et al., 2012). According to Stott et al.,
(2004) observed from Western Pacific (MD98-2176 at the
eastern Banda Sea), during this middle Holocene,
particularly before 5 ka, persisted La Nifia like condition
occurred. NOAA (2021) also reported that sometime
during mid-Holocene (7 — 6 ka) the climate was warmer
than today.

Van Marle et al.(1987) noted that various parameter
influence foraminifera PB ratio, including salinity
decrease by river input, turbidity, downslope transport,
productivity, sediment accumulation rates, current
transport, etc., that might be some factors lead to the
discrepancy between paleodepth estimation with the
actual water depth. The author described how upwelling
leads to nutrient enrichment and could increase planktonic
foraminiferal abundance, in contrast this condition might
lead to oxygen depletion at the bottom water, which might
decrease benthic type abundance. Or vice versa, the
upwelling process could increase typical species of
benthic that favourable from eutrophic and anoxic
conditions (e.g. Bolivina, Bulimina, Uvigerina) (e.g.
Boltovskoy and Wright, 1976; Jorissen, 1987; Murray,
1991; Bernhard and Sen Gupta, 1999; Fontanier et al.,
2003; Martins et al. 2015; etc.), in contrast decrease typical
species of planktonic that prefer to live in oligotrophic
condition, such as Globigerinoides ruber and
Globigerinoides sacculifer (e.g. Fairbanks et al., 1982;
Field D.B., 2004; Ding et al., 2006). Therefore, it is
actually will be better to compare the PB ratio analysis
result with the study of both benthic and planktonic
taxonomy (Van Marle et al., 1987).

CONCLUSIONS

The relatively coherent pattern of the PB ratio of
ARAFURA-24 to that of ARU-07 gives us access to be
able to reconstruct the age model of ARAFURA-24 by
correlating tie points of similar events combined with
dating data from both cores. Therefore, we are very
optimistic with our age models, however further analysis
is necessary to get a better result of age model
reconstruction.

PB ratio result indicates three times of maximum sea
level rises, which are before 7.4 kyr BP (at 7.8 kyr BP at
ARU-07), at 5.86 kyr, and after 3.28 kyr BP
(approximately at 2 kyr BP at ARU-07). While
sedimentation rate reconstruction exhibits a slower rate
value after 3.28 kyr BP compared to that of the older time
period. Thus, it can be concluded that during Late
Holocene, the sedimentation rate (hence detrital influence)
does not significantly impact the foraminiferal PB ratio at
the Arafura Sea. Furthermore, during Mid-Holocene,
sedimentation rate more influence foraminiferal PB ratio.
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