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A B S T R A C T   

We present the first continuous middle through late Pleistocene record of fossil ostracods from the Maldives in 
the northern Indian Ocean, derived from sediment cores taken at Site U1467 by Expedition 359 of the Inter-
national Ocean Discovery Program (IODP). Site U1467 lies at 487 m water depth in the Inner Sea of the Maldives 
archipelago, an ideal place for studying the effects of the South Asian Monsoon (SAM) system on primary pro-
ductivity, intermediate depth ocean circulation, and the regional oxygen minimum zone (OMZ). The Inner Sea 
acts as a natural sediment trap that has undergone continuous sedimentation for millions of years with minor 
terrestrial influence. Our record spans from Marine Isotope Stage (MIS) 35 to the present, covering the mid- 
Pleistocene transition (1.2–0.6 Ma) and the Mid-Brunhes Event (MBE, at ~480 ka) the time when ice age cy-
cles transitioned from occurring every 40,000 years to 100,000 years. The ostracod data is interpreted alongside 
the existing datasets from the same site of sedimentological (grain-size) and XRF-elemental analyses, and new 
organic biomarker data also from Site U1467. These datasets support the paleoenvironmental interpretation of 
the ostracod assemblages. Ostracods are abundant and diverse, displaying a prominent change in faunal 
composition at the MBE related to the increase in the amplitude of glacial-interglacial cycles, which deeply 
affected the monsoon system and thereby the past oceanographic conditions of the Maldives Inner Sea. 
Furthermore, ostracods exhibit distinctly different assemblages across glacial-interglacial cycles, particularly 
after the MBE, and these changes convincingly correspond to variability of the OMZ. Glacial periods are char-
acterized by ostracod indicators of well‑oxygenated bottom water due to the intensification of the winter 
monsoon and the contraction of the OMZ. Abundant psychrospheric ostracods during glacials suggests that a 
southern sourced water mass, such as Antarctic Intermediate Water (AAIW) and/or Subantarctic Mode water, 
bathed the Maldives Inner Sea during glacial periods. In contrast, interglacial stages are characterized by 
ostracod species and biomarker data that indicate low-oxygen conditions and sluggish bottom water circulation 
pointing to an expansion of the regional OMZ due to the strengthening of the summer monsoon. Our results 
highlight the sensitivity of ostracods to oceanographic and climate variability.   
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1. Introduction 

In the equatorial Indian Ocean, the Maldives have been shaped over 
time by the combined effects of sea level changes, ocean circulation, and 
the South Asian Monsoon [SAM] (Betzler et al., 2013; Lüdmann et al., 
2013). The SAM is an important climatic system that drives seasonal 
reversals in atmospheric and oceanic circulation which controls the 
biological productivity in the northern Indian Ocean by inducing up-
welling in different regions depending on the wind direction (Tomczak 
and Godfrey, 2003). During the summer monsoon (June to September), 

southwesterly winds bring strong precipitation over southern Asia and 
promote the flow of the Southwest Monsoon Current along the northern 
and central Indian Ocean. This drives intense upwelling and primary 
productivity changes in the western Arabian Sea (Wyrtki, 1973; Nair 
et al., 1989; Schulte et al., 1999). Present-day primary productivity in 
the Maldives peaks in September, at the end of the summer monsoon 
season, but it is moderate compared to high productivity areas of the 
Arabian Sea upwelling regions (Antoine et al., 1996). The upwelling 
effect in primary productivity is reduced by the formation of a low 
salinity surface layer that results from local summer rainfall and the 

Fig. 1. Location of IODP Site U1467 (blue circle) in the Maldives, equatorial Indian Ocean. [A] Top left panel shows the modern monsoon wind pattern over the 
Arabian Sea: the northeast winter monsoon winds (NEWMW), the southwest summer monsoon winds (SWSMW), the summer Shamal winds; and the main surface 
current, the North Equatorial Current (NEC) during the winter monsoon (Tomczak and Godfrey, 2003). The current reverses during the summer monsoon. [B] Top 
right panel shows the bathymetric map of the Maldives Inner Sea. [C] The middle panel shows a schematic cross-section of the Maldives sedimentary system (adapted 
from Betzler et al., 2017b) with the location of Site U1467 and depth of the modern oxygen minimum zone (OMZ) in the northern Indian Ocean (horizontal gray bar). 
[D] The bottom panel shows the dissolved oxygen concentration profile across a N-S transect in the Indian Ocean [data from World Ocean Atlas 2013 (Garcia et al., 
2014). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

C.A. Alvarez Zarikian et al.                                                                                                                                                                                                                  



Marine Micropaleontology xxx (xxxx) xxx

3

O
st

ra
c

o
d

 a
b

u
n

d
a

n
c

e
(v

a
lv

e
s/

3
0

g
)

S
im

p
so

n
 In

d
e

x

X
R

F
 C

a
/(

C
a

+
Fe

)
U

1
4

6
7

  �
1

8
O

%
 S

a
n

d

Age (ka)

M
e

a
n

 g
ra

in
si

ze
 (
�m

)

A

B

C

D

F

E

MIS 1 5 7 9 11 13 15 17 19 21 23 29 3325 31 35

G1

2

3

27

X
R

F
 F

e
/(

Fe
+

K
)

post-MPT MPT pre-MPT

20

40

60

20

40

60

0 200 400 600 800 1000 1200

300

600

900

0.8

0.9

1

0.7

H
P

A
 In

d
e

x

U
1

4
6

7
 A

lk
e

n
o

n
e

s
(n

g
/g

) 4000

2000

0

0.6

0.7

0.8

0.98

0.99

1

2

4

MBE

low O
2

high O
2

high prod.

low prod.

Fig. 2. From bottom to top: A) Results of grain-size analyses of the Site U1467 sediments: bulk sediment mean grain size (μm, dark red circles) and the proportion 
(%) of sand fraction (>63 μm) in the samples analyzed for ostracods (blue squares); B) total ostracod abundance (number of valves per 30 g of sediment; dark red 
line); C) ostracod diversity expressed by the Simpson index (dark green line); D) total alkenone concentration (ng/g; purple line), from Alonso-Garcia et al. (2019) 
and this study; E) the higher plant n-alcohols/n-alkanes (HPA) ventilation index (green line); F) XRF derived elemental ratios of Ca/Fe (light blue line) and Fe/K 
(orange line) of the sediment cores from Site U1467; and G) the Site U1467 benthic δ18O record from Stainbank et al. (2020) measured on the benthic foraminifer 
Cibicides mabahethi. The HPA index indicates the degree of organic matter preservation, and therefore oxygenation, on the seafloor, and the total alkenone con-
centration sea surface primary productivity (Alonso-Garcia et al., 2019). No biomarker data is available for MIS 1–6. The Ca/Fe records variations between con-
tinental aelioan dust input and in-situ carbonate production. The terrigenous element ratio of Fe/K indicate variations in dust input during winter monsoon 
(Kunkelova et al., 2018). Interglacial Marine Isotope Stages (MIS) are highlighted by gray bars. The Mid-Brunhes event (MBE) is marked by the vertical dark red line 
at ~480 kyr. The MBE marks the increase in amplitude of glacial-interglacial cycles at the transition between MIS 13 and 12. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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inflow of low salinity waters from the Bay of Bengal (Schulte et al., 
1999). The formation of a low salinity layer creates strong stratification 
of the water column, reducing ventilation, and regulating the Indian 
Ocean oxygen minimum zone (OMZ), which is considered one of the 
largest in the world (Lachkar et al., 2018). During winter months 
(November–April), northeasterly winds intensify promoting arid con-
ditions over southern Asia (Kunkelova et al., 2018), and the flow of the 
North Equatorial current westwards (Wyrtki, 1973; Betzler et al., 2016). 
Because of its location in the central equatorial Indian Ocean (Fig. 1), the 
Maldives is an ideal region for exploring the monsoon system and its 
effects on primary productivity, ocean currents, and bottom water 
ventilation related to the OMZ. 

In 2015, the International Ocean Discovery Program (IODP) Expe-
dition 359 drilled eight sites (U1465-U1472) aligned in two east-west 
transects north and south of the Goidhoo atoll in and across the cen-
tral part of the Maldives carbonate edifice at water depths from 379 m to 
521 m and recovered shallow water carbonate platform to deep water 
carbonate drift deposits that revealed a nearly complete Cenozoic car-
bonate sedimentary record of the Maldives (Betzler et al., 2017a). Here, 
we examine fossil ostracods, minute benthic microcrustaceans that 
secrete a bivalved calcareous carapace, obtained from cores taken at Site 
U1467 to reconstruct the history of bottom water ventilation and effects 
of the regional OMZ related to Monsoon dynamics on primary produc-
tivity, intermediate depth ocean circulation over the past 1.2 Myr. We 
analyze our ostracod dataset in combination with petrophysical and 
biogeochemical proxies that include X-ray fluorescence core scanning, 
biomarkers, and sediment grain size derived from Site U1467. The time 
interval studied includes two outstanding climate transitions, the mid- 
Pleistocene transition (MPT, 1.2–0.6 Ma) and the Mid-Brunhes Event 
(MBE, ~480 ka). During the MPT, the Earth's climate shifted from 
glacial-interglacial cycles of 41,000 years to 100,000 years cyclicity 
(Pisias and Moore Jr., 1981), whereas at the MBE the amplitude of the 
glacial interglacial cycles increased with warmer interglacial periods 
after MIS 11 (Jansen et al., 1986). The South Asian monsoon also was 
strongly impacted by the MBE through the strengthening of the winter 
monsoon (Kunkelova et al., 2018). 

1.1. Ostracods in the Indian Ocean and the Maldives 

Ostracods have been comparatively less studied in the Indian Ocean 
than in other oceans around the world. Most Indian Ocean studies focus 
on modern shallow to bathyal marine faunas along the Indian coast in 
the Bay of Bengal and the Arabian Sea (Jain, 1981; Hussain, 1998; 
Sridhar et al., 2002; Hussain et al., 2004, 2007; Gopalakrishna et al., 
2007, 2008; Mostafawi et al., 2010; Munef et al., 2012; Iwatani et al., 
2014; Nishath et al., 2015, 2017), from the Persian Gulf to the 
Mozambique channel (Maddocks, 1966, 1969a, 1969b; Bonaduce et al., 
1976, 1980; Malz and Jellinek, 1989; Jellinek, 1993; Babinot and 
Kouyoumontzakis, 1995; Mostafawi, 2003; Mohammed and Keyser, 
2012; Mohammed et al., 2012), and from the Malaysia-Indonesia region 
(Kingma, 1948; Whatley and Zhao, 1987, 1988; Dewi, 1993; Zhao and 
Whatley, 1997; Mostafawi et al., 2005; Fauzielly et al., 2013; Iwatani 
et al., 2018; Shin et al., 2019). Only a few regional stratigraphic studies 
on late Cenozoic ostracods have been published to date (Benson, 1974; 
Guernet, 1993; Yasuhara et al., 2017; Shin et al., 2019), and even fewer 
have been published from the Maldives. The few that exist are primarily 
about single species taxonomic descriptions (Maddocks and Wouters, 
1990; Wouters, 1996, 1997, 2004). The present study provides the first 
comprehensive examination and documentation of Pleistocene ostra-
cods from the Maldives to date. 

1.2. Geological setting 

The Maldives Inner Sea is a small, perched basin, elevated in relation 
to the Indian Ocean and surrounded by atolls that lie near or slightly 
above the sea surface in the large and elongate isolated tropical 

archipelago of the Maldives located southwest of India in the northern 
Indian Ocean. The maximum water depth of this inter-atoll sea is 550 m. 
The Maldives carbonate edifice has been developed since the Eocene on 
the volcanic rocks of the Chagos-Laccadives Ridge. The discontinuous 
marginal rim of the Inner Sea is formed by small atolls with 50–60 m 
deep lagoons. The atoll's rims are cut by deep passages where strong 
currents flow between the lagoons and the open sea allowing subsequent 
sediment reworking and re-deposition (Ciarapica and Passeri, 1993; 
Betzler et al., 2015). The external slopes of the platform margin toward 
the ocean are very steep, rapidly reaching the bathyal and abyssal 
depths of the Indian Ocean (Lüdmann et al., 2013). Far away, and iso-
lated from India and Asia, the Maldives has grown to a ~ 3 km thick 
carbonate sedimentary succession that embodies an almost complete 
Cenozoic sedimentary record with minimal terrigenous input (Aubert 
and Droxler, 1992; Purdy and Bertram, 1993; Lüdmann et al., 2013; 
Lindhorst et al., 2019). Seismic data at the location of Site U1467 show a 
broad, shallow basin with nearly horizontally layered seismic reflections 
(Betzler et al., 2013, 2017b; Lüdmann et al., 2013). All these charac-
teristics make the Maldives Inner Sea a natural sediment trap. Results 
from shipboard measurements conducted during Expedition 359 
showed that the sediments obtained at Site U1467 consist of hundreds of 
meters of unlithified foraminifera-rich mudstone, wackestone to pack-
stone, with abundant and well-preserved calcareous microfossils (Bet-
zler et al., 2017b). The site's nannofossil and planktonic foraminiferal 
biostratigraphy suggest a continuous, complete and undisturbed strati-
graphic succession of sheeted drift deposits extending back to the middle 
Miocene that provides a mostly unread sedimentary archive of past 
oceanographic and climatic changes spanning millions of years (Betzler 
et al., 2016, 2017b, 2018; Kunkelova et al., 2018). 

2. Materials and methods 

2.1. IODP Site U1467 

This study uses core samples from IODP Site U1467 (4◦51.031′N, 
73◦17.020′E) cored at a water depth of 487 m in a central position in the 
Maldives Inner Sea (Fig. 1). Four holes were cored at the site for the 
purpose of recovering stratigraphic sections suitable for building a 
complete composite section of the Plio-Pleistocene hemipelagic car-
bonate drift succession. One hole (U1467C) was deepened to 714 m 
below the seafloor (mbsf) to reach the base of the drift deposits, which 
expanded the site's record to the middle Miocene (Betzler et al., 2017b). 
The composite core depth below the seafloor (CCSF) or splice of Site 
U1467 is based on the stratigraphic correlation of sediment physical and 
magnetic properties of cores retrieved from Holes U1467B and U1467C 
(Betzler et al., 2017b), and later refined onshore by correlating X-Ray 
Fluorescence (XRF) core scanning data from these holes (Kunkelova 
et al., 2018). 

2.2. The age model 

We use the age model from Alonso-Garcia et al. (2019) which is 
consistent with the age model of Stainbank et al. (2020) based on the 
newly produced planktic and benthic foraminifer δ18O records from Site 
U1467 correlated to the global stack reference curve of Ahn et al. 
(2017). The benthic δ18O record derived from the benthic foraminifer 
Cibicides mabahethi is shown in Fig. 2. Ma. Based on the age model, the 
40 m composite core record studied here extends from the present day 
back to ~1.2 Ma, providing an average sedimentation rate of 3 cm/kyr. 

2.3. Ostracod analyses 

Ostracod analyses were performed on the size fraction larger than 
150 μm of 109 sediment core samples. Each sample had a thickness of 2 
cm and a volume of ~35 cm3, and were taken at 40 cm intervals over the 
core composite depth interval of 0 to 40 m below the seafloor. At 3 cm/ 
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kyr sedimentation rate, the 40-cm sample spacing provides an average 
sample resolution of ~12 kyr and each 2-cm sample represents the in-
tegrated sedimentation over a period of ~666 yrs. Before sample pro-
cessing, we first freeze-dried them and measured their bulk weight, wet- 
sieved them using a 63-μm mesh, oven-dried them at ~40 ◦C, and finally 
weighed the sand fractions. For ostracod characterization, we dry-sieved 
the samples and picked all the ostracods present in the >150 μm grain 
size fraction of the dried residues using a Zeiss Stemi SV11 stereoscope. 
We counted all complete or minimally broken ostracod valves and car-
apaces and counted one left or right valve and one articulated carapace 
(= two articulated valves) as one and two ostracods, respectively. We 
digitally imaged adult and juvenile specimens of most taxa with an FEI 
Quanta 600 FE scanning electron microscope at Texas A&M University 
to aid with the identification and documentation of the taxa. We iden-
tified ostracods to genus level and when possible to species level 
following mainly the taxonomy of Hartmann, 1964, 1974Hartmann- 
Schröder and Hartmann (1978), Bonaduce et al. (1976, 1980), Whatley 
and Zhao (1987, 1988), Zhao and Whatley (1989), Howe and McKenzie 
(1989), Whatley and Keeler (1989), Mostafawi (1992), Jellinek (1993), 
Titterton and Whatley (1988, 2005, 2006a, 2006b, 2007, 2008a, 2008b) 
and Munef et al. (2012). We inferred ostracod habitats from the modern 
ecology of related genera (Elofson, 1941; Maddocks, 1969a, 1969b; 
Bonaduce et al., 1976; Jellinek, 1993; Majoran and Agrenius, 1995; 
Ikeya and Kato, 2000; Gopalakrishna et al., 2007, 2008; Jöst et al., 2018; 
Hong et al., 2019) and based on paleoecological interpretations by 
previous works on late Cenozoic ostracods (e.g., Yasuhara and Cronin, 
2008; Yasuhara et al., 2008, 2017; Alvarez Zarikian et al., 2009; Iwatani 
et al., 2018; Shin et al., 2019). 

2.4. Statistical analyses of the ostracod data 

We analyzed the ostracod assemblage data using community-scale 
statistics that include the number of ostracod specimens standardized 
to an average sample weight of 30 g, relative abundance (%) and 
average frequency of individual genera, the number of taxa per sample 
(richness), the Simpson index, Non-Metric Multidimensional Scaling 
(NMDS), Q-mode k-means clustering, and Genera Indicator Value. The 
average frequency equals ΣPi/n, where Pi is the relative percentage of 
the species in each sample, and n is the total sample number. We use the 
Simpson index to evaluate the taxonomic diversity of each sample 
because this method has been shown to be useful in ostracod studies 
because it is relatively insensitive to sample size (Magurran, 2003; 
Morris et al., 2014; Huang et al., 2018). Its calculation follows Simpson 
(1949): 1–ΣPi2, where Pi is relative percentage of a species. 

We applied NMDS, Q-mode k-means clustering, and Indicator Value 
analysis to the data. All samples were included in the statistical analyses 
using generic relative abundances (%). The NMDS is a statistical ordi-
nation method that takes into account taxonomic composition and 
abundance to produce ordinations of the assemblage data. When one 
compares the taxonomic compositions of assemblages among samples, 
there would be as many dimensions as the number of taxa. To reduce the 
number of dimensions and to understand the most important relation-
ship among assemblages, we used the NMDS to preserve the ranking 
relationship among samples in a two-dimensional plot (Borcard et al., 
2011; Legendre and Legendre, 2012). Conducting the NMDS on the 
assemblage data in the R package “vegan” (Oksanen et al., 2018), we 
applied Bray-Curtis dissimilarity as the distance metric. Samples with 
more different taxonomic compositions or relative abundances of 
different taxa would be farther away from each other in an NMDS plot. 
For the NMDS, we used all 109 samples and the relative abundances of 
all genera. Note that the axes in the NMDS plot could be arbitrarily 
rotated, for example, being positive or negative has no ecological 
meaning. However, both axes (NMDS1 and NMDS2) indicate important 
signals of change in the faunal composition. 

Q-mode k-means clustering divides the samples into a given number 
of clusters, minimizing the compositional difference within clusters by 

iteratively minimizing the sum of the sums of the squared distances 
among samples within each cluster (Borcard et al., 2011). We conducted 
the k-means clustering on the NMDS scores of samples in the R package 
“stats” (R Core Team, 2017). We used Simple Structure Index as the 
criterion for determining a suitable number of clusters, i.e., achieving 
the most contrasting groups (Borcard et al., 2011; 3 clusters in this case). 
We then used the Indicator Value Analysis along with permutation 
testing to determine the significant genus indicators for each cluster 
(Dufrêne and Legendre, 1997). For the calculation of the indicator 
values, we used a subset of the data where rare genera, those with less 
than 100 total number of specimens, were excluded. Eventually, 30 
genera were included in the Indicator Value Analysis done in the R 
package “labdsv” (Roberts, 2019). A significant indicator (i.e., p-value 
<0.05) was determined by having a high indicator value for a cluster 
where it more exclusively occurs with high frequency and high relative 
abundances (Dufrêne and Legendre, 1997). 

2.5. Sedimentological analyses 

In addition to calculating the sand content of the samples analyzed 
for ostracods, we integrated into our record bulk grain size measure-
ments of 150 additional samples taken at 25 cm intervals over the same 
stratigraphic interval at Site U1467. These samples were measured with 
a Sympatec Helos KFMagic laser particle-size analyzer and a measuring 
range of 0.5/18–3500 μm at the University of Hamburg, Germany (for 
complete methodology see Lindhorst et al., 2019). These samples were 
wet sieved using a 2000 μm mesh prior to the grain-size measurements 
to remove very coarse particles (for example coral detritus and large 
pteropod shells). All samples were dispersed in water using ultrasonic 
and 0.05% Na4P2O7 x 10 H2O (tetra‑sodium diphosphate decahydrate) 
as dispersing agent. To ensure accuracy of the measurements and 
absence of long-term instrumental drift, an in-house grain-size standard 
was measured daily prior to a series of measurements (standard devia-
tion was <3.3 μm for 0.5/18–3500 μm). Grain-size statistics are based 
on the graphical method (Folk and Ward, 1957) and were calculated 
using Gradistat (Blott and Pye, 2001). Values for percentages are 
rounded to the nearest integer. 

2.6. X-ray fluorescence (XRF) core scanning 

We compared the downcore ostracod data to element ratios of Ca/Fe 
and Fe/K derived from non-destructive X-ray fluorescence (XRF) scan-
ning of the sediment cores. The cores were measured at the International 
Ocean Discovery Program's Gulf Coast Repository (GCR) in College 
Station, Texas (USA) using a third generation AvaaTech XRF scanner 
configured to analyze split sediment core halves for elements between 
Mg and U in the periodic table (Backman and Lyle, 2013). The data were 
acquired with a Canberra X-PIPS Silicon Drift Detector (SDD) with 150 
eV X-ray resolution at 5.9 keV and a Canberra Digital Spectrum Analyzer 
model DAS 1000. The X-ray source was an Oxford Instruments 100 W 
Neptune X-ray tube with a rhodium (Rh) target. Raw spectral data were 
processed using the Canberra WINAXIL software package to produce 
elemental intensity data. The dual slit system was set to provide 
downcore spatial resolution of 10 mm and cross-core spatial resolution 
of 12 mm. The system was set to perform two consecutive runs of the 
same section, the first one at 9 kV, 0.25 mA and 6 s, and the second one 
at 30 kV, 1.25 mA and 6 s. The first scan provides data for the elements 
Mg, Al, Si, S, P, Cl, Ar, K, Ca, Ti, Cr, Mn, Fe, Rh and Ba, and the second for 
Fe, Ni, Cu, Zn, Ga, Br, Rb, Sr, Y, Zr, Nb, Mo, Pb, and Bi. Each core section 
was removed from refrigeration at least 2 h before scanning and scraped 
to clean and smooth the core surface. The split core surface was covered 
with 4 μm thick Ultralene plastic film to prevent contamination of the 
X-ray detector. Measurements were taken at 3 cm intervals except when 
sediment cracks or uneven surfaces forced us to skip or shift the mea-
surement to the nearest suitable area. To evaluate the reliability of the 
analysis of certain elements (Fe, Al, Sr, Si K, Ca, Br, Mo, and Ba) an 
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associated study (Kunkelova et al., 2018) analyzed samples of pressed 
pellets using a fully quantitative conventional XRF method. That study 
measured 67 samples from Cores 359-U1467C-4H to –6H on a con-
ventional XRF instrument in Edinburgh with the same pellets measured 
on the AvaaTech XRF core scanner in College Station, Texas. For the 
detailed methodology please refer to Kunkelova et al. (2018). The Ca, 
Fe, and K data are in counts per second. The XRF measurements were 
normalized dividing the raw total counts of each element by the total 
counts for each measurement excluding Ag and Rh to reduce the effects 
of water content, porosity and lithological variability (Tjallingii et al., 
2007; Kunkelova et al., 2018). 

2.7. Organic compounds 

The total concentration of n-alkanes, n-alkan-1-ols and C37 alkenones 
were measured in 350 samples from Site U1467 for the interval from 
Marine Isotope Stage (MIS) 35 to 7 (~1200–175 ka; Fig. 2). Unfortu-
nately, measurements for the interval from 175 ka to the present were 
not finalized by the time we wrote this manuscript. The organic bio-
markers were extracted from the sediments and analyzed as described in 
Villanueva et al. (1997) in the laboratories of IPMA (Lisbon, Portugal). 
Sediment samples were freeze-dried and the organic compounds were 
extracted by sonication using dichloromethane. The extracts were 
digested with 6% potassium hydroxide in methanol to eliminate in-
terferences from wax esters, proteins, and other hydrolysable com-
pounds. The neutral lipids were extracted with hexane, evaporated to 
near dryness under a N2 stream and finally derivatized with bis(trime-
thylsilyl)trifluoroacetamide. The extracted compounds were identified 
with a Bruker mass spectrometer detector and quantified with a Varian 
gas chromatograph Model 3800 equipped with a septum programmable 
injector and a flame ionization detector with a CPSIL-5 CB column. We 
used hydrogen as a carrier gas at a flow rate of 2.5 ml/min. The chro-
matograms were processed with the Galaxie software and concentra-
tions were determined using n-hexatriacontane as an internal standard. 

The total concentration of n-alkanes and C37 alkenones for the in-
terval from MIS 14 to 7 was already published in Alonso-Garcia et al. 
(2019). In that study, C37 alkenone concentration was interpreted as a 
proxy to infer surface water productivity related to coccolithophores, 
and selected n-alkanes and n-alcohols were interpreted as a proxy for 
hydrological balance in the nearby continents, given that long-chain n- 
alkanes and n-alcohols are organic compounds that reflect continental 
input because they come from epicuticular leaf waxes of higher plants 
(Poynter and Eglinton, 1990; Poynter et al., 1989). In this study, n-al-
kanes and n-alkan-1-ols were identified and quantified in order to 
calculate the Higher Plant n-alcohols/(n-alcohols + n-alkanes) (HPA) 
index. We used the equation proposed by Poynter and Eglinton (1991), 
HPA = 24–28-OH/(24–28-OH + C27–31), in which the concentration of 
n-alkan-1-ols with 24, 26 and 28 carbon atoms is compared to n-alkanes 
with 27, 29 and 31 carbon atoms. The HPA index (or similar ratios be-
tween the n-alkan-1-ols and the n-alkanes) has been widely applied to 
evaluate changes in bottom water oxygenation in sedimentary records, i. 
e., ventilation and organic matter preservation, since both compounds 
have the same source and the n-alkan-1-ol compounds are prone to 
degradation whereas the n-alkanes are more resistant compounds 
(Bogus et al., 2012; Cacho et al., 2000; Rodrigues et al., 2011; West-
erhausen et al., 1993). In well-oxygenated waters the concentration of n- 
alkan-1-ol compounds decreases and, therefore, the HPA index would 
show low values. 

3. Results and discussion 

3.1. Sediment composition, grain size, and biomarkers 

Site U1467 was cored in carbonate drift deposits consisting of peri- 
platform ooze formed through off-bank transport of carbonate parti-
cles from the shallow water carbonate factories and pelagic carbonate- 

and silica production (Betzler et al., 2017b; Lindhorst et al., 2019). The 
bulk grain size data reflect varying input from these sources. Previous 
studies have shown a general fining of carbonate drift sediments during 
sea-level highstands when export of mud size particles from shallow 
water banks and atolls is at its maximum (Schlager et al., 1994; Betzler 
et al., 2013). By contrast, sediment coarsening occurs when sea level is 
low, banks and atolls emerge, and likely bottom water circulation be-
comes more vigorous, which would enhance ventilation at the seafloor. 

The sediment samples from Site U1467 consist of calcareous micro-
fossil ooze. The sand fraction contains predominantly well-preserved 
planktonic foraminifers, but also ostracods, benthic foraminifers, 
pteropods, mollusk and echinoid fragments, and dark brown organic 
matter. The bulk sample grain size mean varies from 14 to 68 μm, and 
averages 33 μm. Mud content (sediment grain size <63 μm) ranges from 
47 to 91%, with a median of 69%, indicating that the samples are mainly 
composed of silt and clay. Grain size profiles show temporal oscillations 
that effectively follow glacial/interglacial cyclicity, with coarser sedi-
ment in glacial intervals, and finer grain size content in interglacial 
periods (Fig. 2). 

Overall, total alkenone concentrations at Site U1467 increase over 
time and show higher variability toward the late Pleistocene (Fig. 2). 
Superimposed on this trend are two main periods of reduced concen-
trations, one from MIS 24 through MIS 22 and another one across MIS 
12. Thereafter, total alkenone concentrations show high amplitude 
fluctuations throughout the late Pleistocene. Alonso-Garcia et al. (2019) 
interpreted these changes as variations in surface productivity in the 
Maldives related to intensification of the Indian Ocean Equatorial 
Westerlies (IEW), with periods of elevated alkenone concentrations 
linked to increased productivity. The HPA index (Fig. 2) reflects bottom 
water oxygenation in the Maldives Inner Sea, which is linked to the OMZ 
in the northern Indian Ocean. Enhanced summer monsoon conditions 
intensify productivity in the Arabian Sea and expand the OMZ (Lachkar 
et al., 2018), therefore, variations in the HPA index may reflect past 
contractions and expansions of the OMZ. Our record shows a trend from 
high values and low variability in the earlier part of the middle Pleis-
tocene to lower values and high variability in late Pleistocene. High 
values (low bottom water oxygenation) prevail between MIS 35 through 
MIS 25. This period is followed by a trend of decreasing values through 
MIS 16 marked by sharp episodic increases in the HPA index coincident 
with interglacial stages. In contrast, high HPA values are recorded 
during MIS 15–13. Beginning in MIS 12, high amplitude variability re-
flects alternating low (high bottom water oxygenation) and high 
(reduced ventilation) values during glacial and interglacials, respec-
tively. Although no biomarker data are available for the period between 
MIS 6 and 1, the existing record points to similar glacial-interglacial 
oscillations for the latest part of the record in the HPA index and the 
total alkenone concentration. 

3.2. Elemental records from XRF core scanning 

The Ca/Fe and Fe/K records show temporal variability in lithogenic 
and biogenic sediment components that is synchronous with the glacial- 
interglacial cyclicity dominating the climate system over the last 1.2 
Myr (Fig. 2). The Ca/Fe ratio represents variations between biogenic 
carbonate production versus eolian input and shows higher Fe (dust 
input) during glacials and higher Ca (biogenic carbonate production) 
during interglacials (Kunkelova et al., 2018). Ca is normalized to Fe as 
terrestrial sources are considered the principal source of Fe to the open 
ocean in the northwest Indian Ocean (León and Legrand, 2003). On the 
other hand, variability in the lithogenic components (Fe/K ratio) of the 
carbonate drift sediments in the Maldives Inner Sea has been linked to 
precipitation changes in the dust source areas that are controlled by the 
monsoonal system (Bunzel et al., 2017; Kunkelova et al., 2018). During 
interglacial periods, stronger summer monsoon (winds from the SW, 
Fig. 1) creates more humid conditions over India that result in intensi-
fication of rain and chemical weathering and increased fluvial material 
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into the Indian Ocean. In contrast, glacial periods are characterized by 
reduced precipitation and the intensification of the winter monsoon 
(winds from the NE), which caused increased mechanical weathering in 
the source areas and led to higher dust flux rates to the Indian Ocean 
(Fig. 1; Kunkelova et al., 2018; Lindhorst et al., 2019). 

3.3. The ostracod fauna 

Core samples from Site U1467 yielded a profuse, diverse, and well- 
preserved ostracod fauna composed of a mixture of bathyal and 
shallow marine taxa over the interval spanning the past 1.2 Myr. The 
samples yielded an average density of 221 valves per 35 cm3 of sample 
volume with a range from 39 to 920 valves per sample (or ~ 50 to 810 
valves per 30 g of sediment). The ostracod assemblage consists of over 
60 circumtropical and cosmopolitan ostracod genera, and twice as many 
species. Limited published taxonomic resources on ostracods from the 
Maldives and the tropical Indian Ocean calls for further taxonomic work 
to differentiate all the species due to the number of potentially new 
species found in this study. In this work, we investigate the ostracod 
fauna at the genus level. In Fig. 2, we show the ostracod abundance and 
diversity (Simpson) records compared to sediment grain size, XRF- 
derived lithogenic and biogenic element ratios, the HPA bottom water 
oxygenation index, total alkenone concentration, and the benthic δ18O 
isotope record from Site U1467 to illustrate the relationship between the 
paleoceanographic proxies and the total ostracod assemblage. Overall, 
ostracods increase in abundance through time from the base of the re-
cord to the present, however, this trend is not constant, but interrupted 
by marked drops at ~0.9 Myr, 0.56 Myr, 0.4 Myr and 0.13 Myr. High 
abundance peaks are observed during marine isotope stages (MIS) 30, 
20, 12, 8, 6, and 2. Ostracod diversity is lowest and more variable at the 
base of the record and is consistently high from 600 kyr to the present, 
except at two short intervals during MIS 14 and MIS 2. The most com-
mon ostracod genera are (their mean relative frequency in parenthesis): 
Bradleya (14%), Cytherella (11%), Cytheropteron (10%), Krithe (8%) and 
Argilloecia (6%). Other common genera are Parakrithe (5%), Xestoleberis 
(4%), Polycope (3%), Agrenocythere (3%), Loxoconcha (3%), Pseudocy-
there (3%), Palmoconcha (2%), Saida (2%), Stigmatocythere (2%) and 
Cardobairdia (2%). Bairdiid genera Paranesidea, Neonesidea, Triebelina 
and Pterobairdia are also common in some samples and are discussed as a 
group. Bairdiids have a combined relative frequency of 5%. Represen-
tative species of the key genera at Site U1467 are illustrated in Fig. 3. 

The predominant genus, Bradleya, is represented mainly by Bradleya 
sp. A (most common) and Bradleya thomasi (Steineck and Yozzo, 1988). 
Bradleya is very common throughout the record but is generally more 
abundant in samples with coarser mean grain size (>50 μm) from 1.2 to 
0.9 Myr and during most glacial periods, especially MIS 34, 30, 22, MIS 
8 and 2 (Fig. 4). These intervals are characterized by heavier δ18O 
values, and lower HPA values and lower alkenone concentrations, which 
are interpreted as more oxygenated and colder bottom water conditions, 
and low sea surface productivity, respectively. Bradleya is a marine 
epifaunal genus that is commonly associated with deep, oligotrophic 
and well oxygenated environments, and water temperatures ranging 
from 3.2 to 10 ◦C (Didié and Bauch, 2000; Mazzini, 2004; Alvarez 
Zarikian, 2015). In the Indo-Pacific region, some species of Bradleya are 
known from relatively shallow water depths, i.e., Bradleya andamanae 
from the outer continental shelf to the bathyal zone in the northern 
Indian Ocean (Benson, 1972; Whatley and Zhao, 1988; Nishath et al., 
2017) and B. albatrossia from bathyal depths in the South China Sea 

[Benson, 1972; Zhao and Wang, 1990; Zhao and Zheng, 1996), thus 
extending the depth range for the genus from >3000 m to ~100 m. 

Cytherella is the second most common genus overall. It is predomi-
nant during the MPT and before the MBE when it averages 17% and 
reaches up to 41% of the assemblage. Stratigraphic intervals with 
highest Cytherella abundances are centered at MIS 31, 29, 24, 21, 18, 14, 
and 5 (Fig. 4). These periods generally coincide with intervals of lower 
overall ostracod abundances, high HPA values (low bottom oxygena-
tion), and in most cases finer grain size (except in MIS 14 and 18 when 
they are coeval with increases in sediment grain size). Cytherella de-
creases significantly during MIS 13 and remain scarce during most of the 
late Pleistocene, except during MIS 5 and MIS 1 when it shows a mod-
erate rebound. Cytherella is widespread, common, and diverse along 
continental margins, and it inhabits bathyal and abyssal environments 
(Whatley and Coles, 1987; Corbari et al., 2005; Bergué et al., 2007; 
Brandão, 2008a). Cytherellids are filter-feeding, brooding ostracods 
with a sedentary lifestyle (Swanson et al., 2005) and are known to cope 
with low dissolved oxygen levels (Corbari et al., 2005). Previous studies 
have shown a link between high dominance of Cytherella in low diversity 
fossil ostracod assemblages and sediments deposited under low dis-
solved oxygen conditions (Whatley, 1991; Whatley et al., 2003; Corbari 
et al., 2005; Swanson et al., 2005). These authors argued that cyther-
ellids can cope with low dissolved oxygen concentrations because they 
possess numerous, large respiratory plates that they use to enhance 
water circulation inside the carapace, and because they possess thick 
valves that can close hermetically thanks to powerful adductor muscles. 
However, the relationship between low oxygenated environments and 
high abundances of fossil cytherellids has been challenged in recent 
years (Brandão and Horne, 2009) because of a lack of comprehensive 
modern ecological data and experimental studies to support those 
environmental interpretations. Notwithstanding, our results show good 
correspondence between stratigraphic intervals of high Cytherella 
abundances and low bottom water ventilation inferred by the HPA re-
cord (Fig. 4) and results from a recent study of pteropod proxies from 
Site U1467 (Sreevidya et al., 2019) that concluded that intervals of 
intense water stratification, a sign of poor ventilation or weakened cir-
culation, were prevalent before MIS 14. 

Cytheropteron is the third most abundant and the most diverse genus 
at the site. It is continuously present throughout the record but increases 
in absolute and relative abundances during glacial to interglacial tran-
sitions and it reaches nearly 40% of the assemblage during the last 
deglaciation (end of MIS 2). Increases in Cytheropteron show good cor-
respondence with high Fe/K values (Fig. 4), which are interpreted as 
periods of dry conditions and higher dust input into the northern Indian 
Ocean (Kunkelova et al., 2018), and during climate transitions. At least 
six species of Cytheropteron were recognized C. hadriaticum, C. haoae, C. 
alabarda, C. bispinea, C. pulcinella, and C. excisum, among others. These 
species are known across the northern Indian Ocean from the Red Sea to 
the South China Sea living at water depths ranging from ~50 up to 1000 
m (Bonaduce et al., 1976; Whatley and Zhao, 1987; Zhao et al., 2000). 
Cytheropteron is a marine epifaunal and opportunistic genus with 
worldwide distribution and includes shallow and deep-water species 
(Zhao et al., 2000; Stepanova et al., 2004; Yasuhara and Okahashi, 2014; 
Yasuhara et al., 2009, 2014; Yamada et al., 2014; Jöst et al., 2018). They 
are fast-moving ostracods able to crawl and swim just above the seafloor 
where they are known to prey or scavenge for food, e.g., polychaetes 
(Hartmann, 1975). Previous studies on late Quaternary ostracods have 
linked high Cytheropteron abundances to well-oxygenated conditions 

Fig. 3. Common ostracods at IODP Site U1467, in the Maldives. 1) Bradleya sp. A (RV, length: 895 μm). 2) Bradleya thomasi Steineck and Yozzo, 1988 (RV, 1020 μm). 
3) Krithe dolichodeira van den Bold 1946 (RV, 744 μm). 4) Cytheropteron haoae Zhao, Whatley, and Zhou 2000 (RV, 760 μm). 5) Cytheropteron aff. C. hadriaticum 
Bonaduce, Campo, and Masoli 1975 (RV, 464 μm). 6) Cytheropteron cf. C. excisum Bonaduce, Masoli, and Pugliese, 1976, (RV, 530 μm). 7) Cytherella dictyon Malz and 
Jellinek, 1989 (RV, 875 μm). 8) Cytherella cf. lata Kingma, 1948, (RV 890 μm). 9. Stigmatocythere sp. (RV, 545 μm). 10) Loxoconcha ghardaqensis Hartmann, 1964 (LV, 
481 μm). 11) Palmoconcha sp. (LV, 536 μm). 12) Polycope aff. P. clathrata Sars, 1923 (LV, 470 μm). 13) Bythoceratina paiki Whatley and Zhao, 1987, (LV, 970 μm). 14) 
Agrenocythere sp. (RV, 970 μm). 15) Pseudocythere sp. (LV, 600 μm). 16) Paranesidea sp., (RV, 1100 μm). 17) Argilloecia acuminata G.W. Müller, 1894 (LV, 540 μm). 
RV: right valve; LV: left valve. 
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Fig. 4. Records of the predominant ostracod genera Bradleya, Cytherella, Cytheropteron and Krithe at Site U1467 compared to the environmental proxies. Bottom: the 
bulk sediment mean grain size (μm, dark red circles) and the proportion (%) of sand (>63 μm) in the ostracod samples (blue squares). Top half: total alkenone 
concentration (ng/g; purple line) from Alonso-Garcia et al. (2019) and this study; the higher plant n-alcohols/n-alkanes (HPA) ventilation index (green line). No 
biomarker data is available for MIS 1–6. The HPA index represents organic matter preservation, and therefore oxygenation, on the seafloor, and the total alkenone 
concentration sea surface primary productivity (Alonso-Garcia et al., 2019). The Site U1467 benthic δ18O record from Stainbank et al. (2020). Interglacial Marine 
Isotope Stages (MIS) are highlighted by gray bars. The Mid-Brunhes event (MBE) is marked by the vertical dark red line at ~480 kyr. The MBE marks the increase in 
amplitude of glacial-interglacial cycles at the transition between MIS 13 and 12. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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and climate transitions (Cronin et al., 1999; Alvarez Zarikian et al., 
2009; Huang et al., 2018). Our results are consistent with this 
interpretation. 

The fourth most copious genus is Krithe, which shows higher den-
sities during interglacial periods. Krithe (Fig. 4) is considered to have an 
infaunal lifestyle (Majoran and Agrenius, 1995) and is the most common 
genus in the deep sea around all the world oceans. In the Indo-Pacific 
region, species of Krithe are found at water depths ranging from 480 
to 4100 m (Zhao and Zheng, 1996; Zhao and Whatley, 1997; Iwatani 
et al., 2018). Previous works on late Quaternary deep-sea ostracods in 
subtropical to subpolar regions have documented Krithe as indicative of 
deep, cold and low oxygen marine conditions (Cronin et al., 1996; 
Yasuhara et al., 2012; Stepanova and Lyle, 2014; Huang et al., 2018). In 
the Maldives Inner Sea it seems to be linked to reduced bottom water 
ventilation based on the geochemical environmental proxies. 

The remaining common ostracod genera at Site U1467 can be 
separated into two groups based on their stratigraphic distribution. One 
group consists of genera that record their highest relative abundances in 
samples with low mean grain size (high mud content, reduced bottom 
current intensity), high alkenone concentration (higher surface pro-
ductivity) and high HPA values (low bottom oxygenation) that corre-
spond to interglacial periods (Fig. 5). These include Argilloecia, 
Paracypris, Parakrithe, Paradoxostoma, Pseudocythere, and Xestoleberis. 
Most genera in this group have smooth, slender carapaces, which is 
considered a morphological feature indicative of an infaunal habitat 
(Coles et al., 1994; Majoran and Agrenius, 1995; Tanaka, 2009). Argil-
loecia, the most common genus in this group, is predominantly found in 
modern low-oxygen, often organic-rich seafloor sediments (Yasuhara 
et al., 2008) and high abundances of Argilloecia in core-derived records 
have been interpreted as an indicator of relatively warm and low oxygen 
bottom waters (Cronin et al., 1996; Yasuhara et al., 2008; Alvarez Zar-
ikian et al., 2009; Angue Minto'o et al., 2015). Xestoleberis are marine 
generally phytal ostracods that live on algae in near-shore and intertidal 
environments (Kondo et al., 2005). Other ostracods showing a preferred 
interglacial distribution are neritic taxa Loxoconcha, Loxoconchella, 
Paraquadracythere, Stigmatocythere, and Mutilus. Species of these genera 
are common in muddy and organic matter rich sediments in the Red Sea, 
the Gulf of Aden and the Arabian Sea (Hartmann, 1964, 1974; Bonaduce 
et al., 1976, 1980; Bhandari, 2004; Mohammed and Keyser, 2012; 
Munef et al., 2012). In addition, bairdiids Paranesidea, Neonesidea, 
Pterobairdia and Triebelina also peak during interglacial periods (Fig. 5). 
Although some genera in the Bairdiidae family inhabit the deep sea 
(Brandão, 2008b), bairdiids are more typical of shallow reef environ-
ments where they are most abundant (Maddocks, 1969b, 2013, 2015; 
Titterton and Whatley, 1988; Howe and McKenzie, 1989; Maddocks and 
Wouters, 1990; Babinot and Degaugue-Michalski, 1996; Hussain et al., 
2004; Jellinek, 1993; Mckenzie and Peypouquet, 1984; Whatley and 
Zhao, 1987). 

In contrast, we observed a group of ostracod genera with signifi-
cantly higher relative abundances during glacial periods when envi-
ronmental proxies indicate enhanced bottom circulation and 
oxygenation of the bottom water (coarser mean grain size and low HPA 
values) (Fig. 6). The group includes Polycope, Agrenocythere, Henryho-
wella, Palmoconcha, Saida and Bythoceratina. The genus Polycope, which 
averages <1% during most of the early and middle Pleistocene, in-
creases to a range of 5% to 20% of the assemblage during most glacial 
periods. Polycope is especially abundant during MIS 6 and at the MIS 12/ 
11 transition. Polycopids are benthic ostracods capable of swimming 

and have wide ecological adaptions, living in many different marine 
environments from tropical to high latitudes seas, from shallow marine 
beaches and continental shelves, to bathyal and abyssal depths, and they 
are very abundant in the Arctic Ocean (e.g., Cronin et al., 1995; Mazzini, 
2004; Yasuhara et al., 2008; Karanovic and Tanaka, 2013; Tanaka et al., 
2014; Karanovic and Brandão, 2016; Gemery et al., 2017). Agrenocythere 
is known as an epibenthic, psychrospheric genus commonly found in the 
deep sea (Benson, 1972). Two species are recognized in the Maldives 
Inner Sea record: A. spinosa (Benson, 1972) and Agrenocythere sp. 
(Fig. 3). In the Indian Ocean, Agrenocythere spinosa has been documented 
living at water depths ranging from 400 to 1600 m (Benson, 1972). 
Fossil specimens of this species were found in Pliocene sediments in 
Indonesia that are inferred to have been deposited in an outer shelf to 
bathyal marine paleoenvironment (Shin et al., 2019). Henryhowella is an 
epibenthic, deep sea genus considered to prefer well-oxygenated envi-
ronments (Didié and Bauch, 2002). Ecological preferences for Bytho-
ceratina, Saida, and Palmoconcha are not well known. 

3.4. Multivariate analyses 

The NMDS results are shown in Figs. 7 and 8. Fig. 7 illustrates the 
relative positions of samples and ostracod genera in a two-dimensional 
space, allowing us to readily interpret the faunal data. Because the two 
axes in Fig. 7 can be rotated, the positive and negative values along an 
axis are not absolute, and they simply represent the two sides of an axis. 
Assemblages with more different ostracod faunal compositions will be 
further away from each other in the plot. To explore the long-term effect 
of a major climatic event, we assigned different colors to the samples 
from before (green circles) and after (purple circles) the mid-Brunhes 
event. Pre-MBE and post-MBE samples plot separately to the left 
(negative) and right (positive) sides of the horizontal axis (NMDS1), 
respectively. In Fig. 7, we also indicate the position of the major indi-
cator genera plotted in Figs. 4 through 6. Cytherella and Polycope, for 
example, are clearly far apart on opposite sides along the NMDS1 axis, 
indicating that Cytherella is strongly associated with pre-MBE environ-
mental conditions and Polycope with the post-MBE environmental con-
ditions in the Maldives Inner Sea. On the other hand, the glacial- 
interglacial climatic influence is revealed along the vertical axis 
(NMDS2), showing the interglacial predominant taxa Argilloecia, Lox-
oconchella, Loxoconcha, Paraquadracythere, Paracyris, Parakrithe, Stig-
matocythere, Cardobairdia and bairdiids grouped in the lower (negative) 
side of the NMDS2 axis, and the glacial predominant taxa Bradleya, 
Cytheropteron, Polycope, Agrenocythere, Saida, Palmoconcha and Bytho-
ceratina in the upper (positive) side of the axis. In Fig. 8A, the NMDS1 
and NMDS2 results are plotted in relation to the Site U1467 benthic δ18O 
record of Site U1467 (Stainbank et al., 2020). The NMDS1 generally 
shows an inverse correlation with the climate record before the MBE and 
a positive correlation with glacial/interglacial cyclicity in the late 
Pleistocene. The NMDS2, by contrast, shows a robust positive correla-
tion with the climate record along the entire record. 

Q-mode k-means clustering divided the samples into three clusters 
(Fig. 8B). Based on their tendency, Clusters 1, 2, and 3 are considered to 
reflect pre-MBE (before ~480 ka), interglacial, and glacial periods, 
respectively. Indicator Value results suggest the indicator genera for 
each cluster: Cluster 1 (pre-MBE): Cytherella; Cluster 2 (Interglacials): 
Argilloecia, bairdiids, Krithe, Loxoconchella, Loxoconcha, Para-
quadracythere, Paracypris, Parakrithe, Pseudocythere, Stigmatocythere, and 
Cardobairdia. Cluster 3 (glacials): Bradleya, Bythoceratina, Cytheropteron, 

Fig. 5. Records of ostracod genera with a predominant interglacial distribution (Argilloecia, Paracypris, Parakrithe, bairdiids, Loxoconcha and Stigmatocythere) 
compared to environmental proxies. Top half: total alkenone concentration (ng/g; purple line) from Alonso-Garcia et al. (2019) and this study; the higher plant n- 
alcohols/n-alkanes (HPA) ventilation index (green line). No biomarker data is available for MIS 1–6. The HPA index represents organic matter preservation, and 
therefore oxygenation, on the seafloor, and the total alkenone concentration sea surface primary productivity (Alonso-Garcia et al., 2019). The Site U1467 benthic 
δ18O record from Stainbank et al. (2020). Interglacial Marine Isotope Stages (MIS) are highlighted by gray bars. The Mid-Brunhes event (MBE) is marked by the 
vertical dark red line at ~480 kyr. The MBE marks the increase in amplitude of glacial-interglacial cycles at the transition between MIS 13 and 12. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Polycope, Saida, Palmoconcha, and Agrenocythere. Although some of the 
listed indicator genera are not statistically significant based on their p- 
value (i.e., Agrenocythere, Palmoconcha in Fig. 8B), we consider them 
important assemblage components based on their stratigraphic distri-
bution and variability with relation to climate variability. 

3.5. Paleoenvironmental interpretation and history of the OMZ in the 
Maldives Inner Sea 

The northern Indian Ocean is home to one of the major OMZs in the 
world, which seasonally expands southward with the intensification of 
the summer monsoon, which causes the input of organic matter and 
reduces ventilation (Lachkar et al., 2018). Bottom water ventilation in 
the Maldives Inner Sea is linked to the regional extension of the OMZ. 
Variations in the monsoon prevailing winds and precipitation patterns in 
the northern Indian Ocean control primary surface productivity in the 
Inner Sea (Alonso-Garcia et al., 2019) and influence the carbon flux to 
the sea bottom and oxygenation of its bottom water, affecting benthic 
organisms (Gupta et al., 2006). 

Site U1467 lies in an oligotrophic region of the Indian Ocean making 

it suitable to study changes in surface productivity and OMZ expansion 
due to monsoonal oscillations (Sarkar and Gupta, 2009, 2014). The new 
integrated micropaleontological (ostracods), sedimentological, and 
geochemical data derived from Site U1467 provide new information 
useful for assessing the paleoceanographic history of the Maldives Inner 
Sea and the OMZ in the northern Indian Ocean over the past 1.2 Myr. In 
the present day, the Maldives Inner Sea has a strong temperature 
stratification with a sharp thermocline at a water depth of 80–90 m. 
Temperatures vary from ~28.5 ◦C in the sea surface mixed layer to 
~12 ◦C below the thermocline, and at 500 mbsl (Reolid et al., 2017; 
Betzler et al., 2017a). Dissolved oxygen concentrations range from ~4 
ml/l in the upper mixed layer to 1.12–1.34 ml/l below the thermocline, 
and to a minimum of ~0.9 ml/l at ~500 mbsl. Salinity varies from 
~35.8 to 35.3 psu above and below the thermocline, respectively 
(Reolid et al., 2017). 

Paleoclimate records from the northern Indian Ocean suggest that 
SAM intensity is sensitive to orbital forcing and revealed changes in sea- 
surface temperature (SST), wind patterns, productivity, and OMZ 
extension during the past climatic cycles (Bolton et al., 2013; Caley 
et al., 2011; Clemens and Prell, 2003; Kunkelova et al., 2018; Alonso- 
Garcia et al., 2019; Lindhorst et al., 2019). The Maldives monsoonal 
record of the past 2 Myr, interpreted from the variability of lithogenic 
components in cores from Site U1467 (Kunkelova et al., 2018; Lindhorst 
et al., 2019), shows the intensification of the SAM during MIS 12 
because of increasingly drier climatic conditions in southern Asia and 
stronger winter monsoon winds, which led to progressively higher 
eolian induced dust input into the Inner Sea during glacials. Contrast-
ingly, stronger summer monsoon (southwesterly winds) generated 
wetter conditions and increased fluvial input into the northern Indian 
Ocean during interglacial periods. These interpretations are supported 
by biomarker proxies for sea surface temperature (SST), precipitation, 
and primary productivity (Alonso-Garcia et al., 2019) that indicate 
generally drier conditions in glacial periods and increased precipitation 
and warmer SST during interglacials, although such conditions were not 
always exclusive of those intervals. 

Non-metric multidimensional scaling of the Site U1467 ostracod data 
(Fig. 8) shows remarkable correspondence between both the NMDS1 
and NMDS2 and the Site U1467 benthic δ18O record, demonstrating that 
SAM intensification and bottom water ventilation variability in the Inner 
Sea had a direct effect on ostracod assemblage composition, and 
underscoring the ostracods sensitivity to past climate and oceanographic 
variability. The results show a significant change in ostracod assemblage 
composition at the MBE related to the increase in the amplitude of 
glacial-interglacial cycles, which deeply affected the monsoon system 
and thereby the Maldives Inner Sea. Furthermore, ostracods exhibit 
distinctly different assemblages across glacial-interglacial cycles, 
particularly after the MBE, and these changes convincingly correspond 
to the contractions and expansions of the OMZ. 

The ostracod record suggests prevailing low bottom water oxygen-
ation and intense OMZ in the Inner Sea between ~1200 ka and ~ 870 ka 
(pre MPT) as interpreted by the relatively low ostracod abundances and 
a predominance of Cytherella and Parakrithe. A recent study using 
pteropod abundances and preservation changes at Site U1467 for 
reconstructing the OMZ strength, past oceanic carbonate saturation and 
dissolution events in the Maldives supports a period of intense water 
column stratification and carbonate dissolution between ~1200 ka and 
~ 850 ka (Sreevidya et al., 2019). During the MBE, a major change takes 
place in the ostracod assemblage composition, resulting in the 

Fig. 6. Records of ostracod genera with a predominant distribution during glacial periods (Agrenocythere, Polycope, Palmoconcha, Henryhowella, Saida and Bytho-
ceratina) compared to environmental proxies. Top half: total alkenone concentration (ng/g; purple line) from Alonso-Garcia et al. (2019) and this study; the higher 
plant n-alcohols/n-alkanes (HPA) ventilation index (green line). No biomarker data is available for MIS 1–6. The HPA index represents organic matter preservation, 
and therefore oxygenation, on the seafloor, and the total alkenone concentration sea surface primary productivity (Alonso-Garcia et al., 2019). The Site U1467 
benthic δ18O record from Stainbank et al. (2020). Interglacial Marine Isotope Stages (MIS) are highlighted by gray bars. The Mid-Brunhes event (MBE) is marked by 
the vertical dark red line at ~480 kyr. The MBE marks the increase in amplitude of glacial-interglacial cycles at the transition between MIS 13 and 12. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. Non-metric Multidimensional Scaling (NMDS) plot of the ostracod data. 
Solid circles represent pre-MBE (green) and post-MBE (purple) samples. Major 
indicator genera are indicated: Cytherella (Cytla) is strongly associated with the 
pre-MBE samples as shown on the left of the horizontal axis (NMDS1). Across 
the vertical axis (NMDS2), predominant interglacial taxa Argilloecia (Argi), 
Bairdiids (Bai), Cardobairdia (Car), Krithe (Kri), Loxoconchella (Loxa), Lox-
oconcha (Lox), Paracypris (Parac), Parakrithe (Parak), Paraquadracythere 
(Paraq), Pseudocythere (Pse) and Stigmatocythere (Sti) plot on bottom half, and 
predominant glacial taxa Bradleya (Bra), Agrenocythere (Agre), Cytheropteron 
(Cytn), Bythoceratina (Byt), Palmoconcha (Pal), Polycope (Pol), Saida (Sai) plot 
on the top half. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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development of two distinct assemblages that are driven by glacial and 
interglacial oceanographic conditions. During interglacials, associated 
with finer sediment grain size, poor seafloor oxygenation (high HPA 
values) and generally high primary productivity (high alkenone con-
centrations), an assemblage of mostly infaunal/interstitial ostracods (e. 
g., Argilloecia, Paracypris, and Parakrithe) point to an intensification of 

the OMZ and reduced ventilation in the Maldives Inner Sea. Pteropod 
data from Site U1467 (Sreevidya et al., 2019) and benthic foraminifera 
data from ODP Site 716A (Sarkar and Gupta, 2014) also indicate 
intensification/expansion of the OMZ during interglacial stages due to 
prominent stratification events or high organic flux to the seafloor. 
Glacial stages, by contrast, are distinguished by the predominance of 

Fig. 8. (A) The ostracods NMDS1 and NMDS2 plotted against the U1467 benthic δ18O record (Stainbank et al., 2020). Note the excellent agreement between the 
NMDS2 curve and the climate record. The blue dotted lines indicate the average values of NMDS1 in pre-MBE and post-MBE periods. Interglacial marine isotopic 
stages are annotated on the top and indicated on the background by gray vertical lines. MPT = Mid-Pleistocene Transition; MBE = Mid-Brunhes Event. Solid circles 
across the base of the figure represent the samples of this study, and their colors correspond to the clusters in the bottom panel. (B) Indicator values of major genera 
for Clusters 1 (green; pre-MBE), 2 (orange; Interglacial), and 3 (blue; glacial). The genera in bold are significant indicators with a p-value <0.05 in the permutation 
test. Ostracod genera names are colored according to the clusters the genera have the highest indicator values for. For example, the indicator values of Argilloecia are 
0.19, 0.59, 0.17 for Clusters 1, 2, and 3, respectively. Argilloecia has the maximum indicator value in Cluster 2, so it is considered an indicator genus for this cluster. 
Based on their tendency, Clusters 1, 2, and 3 are considered to reflect the ostracod assemblage before the Mid-Brunhes Event (MBE), and during interglacial and 
glacial periods, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ostracods that suggest well-oxygenated and colder bottom water (e.g., 
Bradleya, Henryhowella, and Agrenocythere among others). This is also 
supported by Inner Sea thermocline reconstructions (Stainbank et al., 
2021) that show warmer surface waters, highly stratified water column 
and a stronger thermocline at the MIS11c climate maximum, compared 
to less stratification and weak thermocline during both the LGM and 
MIS12 climate maxima. Differently from earlier glacial periods, MIS 2, 
6, and 8 exhibit significant abundance peaks in Polycope and Cyther-
opteron. A previous multiproxy study in the Maldives Inner Sea revealed 
increased surface productivity and related organic carbon fluxes during 
MIS 2 and 6 because of the combined effects of wind-induced mixing of 
surface waters and dust fertilization during cold phases (Bunzel et al., 
2017). Peaks in Polycope and Cytheropteron, opportunistic genera that 
commonly dominate climatic transitions in core derived sediments 
(Alvarez Zarikian et al., 2009; Huang et al., 2019) could be related to 
increased productivity in well-oxygenated conditions. Pteropod abun-
dance and preservation data from Site U1467 (Sreevidya et al., 2019) 
suggest enhanced water column mixing and ventilation during glacials, 
and glacial to interglacial periods, except during MIS 14 when intense 
stratification, and poor ventilation or weakened circulation was infer-
red. Good aragonite preservation during glacial periods has been 
attributed to very low atmospheric CO2, enhanced ventilation and 
strengthened influx of Subantarctic Mode and Antarctic Intermediate 
Waters (SAMW-AAIW) and weakening of the OMZ (Böning and Bard, 
2009; Sreevidya et al., 2019). The advection of well oxygenated south-
ern sourced intermediate water (Reichart et al., 1997; Jung et al., 2009) 
may explain the increase of typically deep-sea ostracods Bradleya, 
Henryhowella, and Agrenocythere in the Maldives Inner Sea during glacial 
periods. 

4. Conclusions 

The Maldives Inner Sea sediment drifts sampled by IODP Site U1467 
provide an archive of a well preserved and abundant microfossil record 
spanning the Pleistocene era and that is suitable for investigating the 
South Asian Monsoon system and its effects on primary productivity, 
ocean currents, and bottom ventilation. In the long-term, non-metric 
multidimensional scaling (NMDS) of the ostracod data revealed a major 
faunal turnover around 480 ka (MIS 13/12). The middle Pleistocene 
ostracod assemblage was characterized by the predominance of 
Cytherella, which suggests reduced bottom water ventilation in the 
Maldives Inner Sea and therefore an expanded OMZ in the northern 
Indian Ocean. Organic geochemical data indicate low sea surface pro-
ductivity and warm surface water temperatures and sluggish bottom 
current (poor ventilation) prevailed during this period. Cooling climate 
stages of the mid-Pleistocene were marked by increases in the abun-
dance of high oxygen ostracod indicators (e.g., Bradleya, Agrenocythere). 
The NMDS results also revealed a remarkable synchroneity between 
glacial/interglacial climate cycles and ostracod assemblage variability. 
Glacial stages are predominantly characterized by ostracods indicators 
of well-oxygenated bottom waters, and possibly enhanced intermediate 
water flow driven by the intensification of the winter monsoon and 
northward extension of the influence of Glacial Antarctic Intermediate 
Water. Interglacial stages, in contrast, are characterized by ostracods 
that indicate low-oxygen and sluggish bottom circulation pointing to 
high sea surface productivity and organic flux to the seafloor with pe-
riods of strong water column stratification events due to the intensifi-
cation of the summer monsoon. The alternation between glacial and 
interglacial ostracod assemblages shows good correspondence with the 
organic biomarker proxies indicative of changes in sea surface produc-
tivity (total alkenone concentration) and bottom water ventilation (HPA 
index). The excellent correlation between the climate and oceano-
graphic proxies and the ostracod data clearly shows the response of 
benthic organisms to the glacial-interglacial changes, and highlights the 
suitability of ostracods, even at the genus level, for paleoenvironmental 
and paleoceanographic reconstructions. 
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