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A recent study suggested that Indian monsoonal proxies commonly used in the Arabian Sea, in general
productivity proxies, could be impacted by changes in theAtlantic overturning rate (AMOC) throughout a control
on the nutrient delivery into the euphotic zone. This oceanic mechanism could lead to a misunderstanding
between the Indian summermonsoon (SM) and orbital forcing and could confuse a direct comparisonwith other
archives derived from other monsoonal sub-systems (such as East-Asian or African records). Here we analyze
three independent proxies (bromine, foraminifera assemblages andgrain size) extracted fromamarine sediment
core (MD04-2861) covering the last 310 ka, and retrieved in the northern Arabian Sea near the Makran margin,
an area influenced by summer and winter Indian monsoon. The grain size proxy deals with the regional
continental climate through fluvial and eolian processes. It cannot be linked to changes in nutrient content of
AMOC and present the same phase relationship (timing) than the other SM proxies. This demonstrates that the
productivity signals (Bromine) in the northernArabian Sea aremainly controlled by SMdynamics and not AMOC
modulated nutrients at orbital scale changes.We thus build amulti-proxy record of SM variability (i.e. SM stack)
using statistical tools (principal component analysis) further compiled on an age model constructed
independently from orbital tuning. We find that strong SM lag by 9±1 ka the NH summer insolation maximum
(minimumofprecession, June 21perihelion and obliquitymaximum) in the precession band, and by6±1.3 ka in
the Obliquity band. These results are consistent with previous studies based onmarine and terrestrial records in
both Indian andAsian regions, exceptAsian speleothems. Our study supports the hypothesis that internal climate
forcing (decreased ice volume together with the increase of latent heat export from the southern Indian Ocean)
set the timing of strong Indo-Asian summer monsoons within both the precession and obliquity cycle. The
external forcing (direct sensible heating) initiate monsoonal circulation. Strong Indian winter monsoon (WM)
occurs between ice maxima and northern hemisphere sensible heat minima, indicating that both act to
strengthen WM circulation. The summer and winter monsoons are in antiphase in the precession band
suggesting that the two systems are dynamically linked.
: +33 5 56 84 08 48.
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1. Introduction

The Indo-Asian monsoon represents the strongest expression of
the monsoon modern dynamics, allowing important transfers of
moisture at a large geographical scale and deeply affecting human
populations. Monsoon strength and variability is crucial for the
economical prosperity of regions.

The forcing/response relationship of the Indo-Asian monsoon at
orbital scale during the Quaternary period is still debated in the
literature. This lack of understanding how of the monsoon responds
to the most fundamental of boundary conditions at this time scale
(insolation, ice-volume, greenhouse gasses, ocean–atmosphere ener-
gy exchange) does not bode well for predicting monsoon response to
future climate change. Two different hypotheses exist and are based
upon observed timing.

(1) Clemens and Prell (2003) and Clemens et al. (2008, 2010)
focussed their studies on wind-derived proxies within sedimen-
tological archives from the Owen Ridge, northern Arabian Sea.
Theyproposed that strongevents of Indo-Asian summermonsoon
lag by ~8 ka the maximum northern hemisphere (NH) summer
insolation (minimum of precession, June 21 perihelion).

(2) From the analysis of Chinese cave speleothems (Cheng et al.,
2009; Dykoski et al., 2005; Wang et al., 2001; 2008), a shorter
lag of only ~3 ka was observed between strong summer
monsoon and maximum NH summer insolation.
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The recent study of Ziegler et al. (2010a) conducted in the Arabian
Sea proposed that the summer monsoonal proxies, in general
productivity-based proxies, could be influenced by other processes
not only related to monsoon forcing. This recent study casts some
doubt on the interpretation of the 8 ka lag between precession
minima and strong summer monsoons as driven by latent heat export
from the southern hemisphere (Ziegler et al., 2010a–b). Indeed,
Ziegler et al. (2010a) have proposed that biological productivity and
OMZ intensity at the precession frequency band are mainly controlled
by changes in the intensity of the Atlantic meridional overturning
circulation (AMOC) which controlled the nutrient delivery in the
euphotic zone of the Arabian Sea.

The aim of our study is to carry new insights about Indo-Asian
monsoon forcing and response (phase relationship). We used a
sedimentary core located in the northern Arabian Sea, close to the
Makran margin. To complete previous works which generally focus
their interpretations on the monsoon processes with productivity-
based proxies, we have analyzed tools linked to productivity, but also
foraminifera assemblages together with grain size parameters dealing
with the regional continental climate. Based on our new results and
the comparisons with previous published data, we discuss the orbital
forcing and response of the Indo-Asian monsoon system.

2. Environmental setting

The studied core MD04-2861 is located in the Arabian Sea, off the
tectonically-active Makran margin (24.13 N; 63.91 E; 2049 m depth)
(Bourget et al., 2011; Ellouz-Zimmermann et al., 2007; Kukowski
et al., 2001; Fig. 1A). This core was retrieved on the little Murray
Ridge, northward of the Murray Ridge where Ziegler et al. (2010a)
have studied cores NIOP463 and MD04-2876. Sites investigated by
Clemens and Prell (2003) are located southward in the Arabian Sea,
on the Owen Ridge (Fig. 1A).

Nowadays, Arabian Sea environments experience large seasonal
variations due to strong monsoonal winds and associated migration of
the InterTropical Convergence Zone (ITCZ) (Clemens and Prell, 2003;
Luckge et al., 2001; Sirocko et al., 1991; von Rad et al., 1995). The
seasonal reversal in thewinddirection is also associatedwith contrasted
precipitations, high variability in the sediment inputs and drastic
changes in oceanic current strength and direction (Schott et al., 2009;
Sirocko et al., 2000; von Rad et al., 1999). During the summer season
(SW monsoon) (Fig. 1B), warmer and more humid conditions are
observed overKarachi and the Indian subcontinent (Luckge et al., 2001).
During the winter season (NE monsoon), precipitations also occur
(Luckge et al., 2001) linked to the cyclonic low-pressure systems
originating in the eastern Mediterranean which occasionally penetrate
the Arabian landmass (Weyhenmeyer et al., 2000). However, arid
conditions generally dominate during the winter monsoon, and
paleostudies suggest that the origin of atmospheric water vapor
changed from a dominantly northern Mediterranean source (modern
pattern), to a primarily southern Indian Ocean source during the Late
Pleistocene (Weyhenmeyer et al., 2000). Even if the Pakistan region
received less than 200 mm of annual precipitation today (Pakistan
Meteorological Department), the climate of the region results in intense
flash flooding of the drainage system over the Makran region linked to
this continental humidity/aridity balance (von Rad et al., 1999). A large
number of fluvial systems are distributed along the Makran coast
(Fig. 1A) and are associated offshore with the presence of several
submarine canyons along the Makran continental slope (Bourget et al.,
2010; 2011). Turbidity current activity has been recorded in both slope
and abyssal plain areas throughout the Pleistocene and the Holocene
(Bourget et al., 2010; Prins and Postma, 2000). However, our core is
located on a submarine topographic high, up to ~1000 m above the
surrounding sea-floor, preventing our site from any direct influence of
turbidity currents on the sedimentary processes. Meanwhile our coring
site is located relatively close to the coast (less than 150 km) and thus
could be influenced by sediment supply from the continent, via fluvial
and/or aeolian transport and decantation in thewater column. Regional
dust transport (Sirocko et al., 2000), controlled by both continental
aridity andwind strength, is likely to influence the sedimentation at our
core site. The increase/decrease of wind allows the development/
suppression of a strong coastal upwelling along the Oman margin,
which adds a biogenic component to the lithogenic sedimentation
(Clemens et al., 1996; Clemens and Prell, 1991; Reichart et al., 1998)
(Fig. 1B). Large eddies and filaments generated during the SWmonsoon
upwelling (as visible at Ras al Hadd; Fig. 1B) are transported north-
eastward to the Arabian Sea and affect our site (Fig. 1). Moderate NE
wind blowing during the NE monsoon is also driving upwelling and
enhanced productivity along the Makran coast (Fig. 1). Supply of
oxygen-poor intermediate waters (You, 1998) combined with high
surface productivity (linked to upwelling reinforcement) produce an
intense oxygenminimumzone(OMZ).Our core site is locatedbelowthe
present day extension of this OMZ (Supplementary Fig. 1).

3. Material and methods

3.1. Bromine measurements

Bromine measurements were performed with an Avaatech XRF
core scanner at EPOC laboratory. Each core section was scanned every
2 cm with ionization energy of 30 kv. Bromine counts are exclusively
associated to marine organic content (MOContent) in the sediment of
Arabian Sea (Ziegler et al., 2008). An increase in Bromine is associated
to an increase in MOContent. Further information about the XRF
scanning technique and its interest in paleostudies can be found in
Richter et al. (2006).

3.2. Grain size analysis

Grain size analysiswereperformedusingaMalvern™ Supersize ‘S’ at
EPOC laboratory every 10 cm in the core. For some additional samples,
we have removed carbonate prior to grain size analyses. Carbonate was
removed using 20% Acetic Acid (48 h at room temperature).

3.3. Thin section

To obtain high-resolution sedimentological information in core
MD04-2861, thin section was performed at EPOC laboratory using the
method described in Zaragosi et al. (2006). We realized a thin section
at 1930–1940 cm in core MD04-2861. Vertical cross-sections were
made in the middle of the sediment/resin sample obtained using a
diamond saw. Then, thin-section images were acquired using a fully
automated Leica DM6000 B Digital Microscope using analyzed
polarized light at EPOC laboratory.

3.4. Foraminifera assemblage

The subsamples were dried, weighed, and washed every 10 cm in
the core through a 150 μmmesh sieve. Total assemblages of planktonic
foraminifera were analyzed using an Olympus SZH10 binocular
microscope following the taxonomy of Hemleben et al. (1989) and
Kennett and Srinivasan (1983). About 300 specimens were counted in
each level after splitting with an Otto microsplitter.

3.5. Isotopes

Specimens were picked within the 250–315 μm size fraction every
10–20 cm in the core. Benthic isotopic analyses were carried out on
the species Planulina wuellestorfi at EPOC laboratory. Those solid,
calcium carbonate samples (50 to 100 μg of foraminifer shells) were
individually reacted with ortho-phosphoric acid to produce CO2 gas,
which was analyzed with an Optima© stable isotope mass
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Fig. 1. Environmental setting for core MD04-2861. A) Location of the studied core close to the Makran accretionary prism and location of sites studied by Clemens and Prell (2003)
and Ziegler et al. (2010a,b,c) (Bathymetry from http://www.gebco.net/). The main fluvial systems and canyons allowing important transfer of sediments are indicated. B) Important
atmospheric and hydrologic processes for the Arabian Sea. Example of productivity (October) trough ocean chlorophyll concentration (SeaWIFS image from http://oceancolor.gsfc.
nasa.gov/cgi/image_archive.cgi?c=CHLOROPHYLL). The presence of the summer upwelling is visible along the Oman (dark arrows) with important northward propagation of
eddies and filaments (Ras al Hadd jet) towards site MD04-2861 during the strong SW monsoon. The position of the InterTropical Convergence Zone during summer season is
indicated. Also visible is the development of the upwelling (dark arrows) along the Pakistan shelf during the moderate NE monsoon. Note that upwelling favorable winds (SW
monsoon) typically set up in May (NCAR NCEP reanalysis data).
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spectrometer against calibrated reference gas. δ18O values are
reported relative to Vienna PDB standard (VPDB) through calibrations
to the international standard NBS19. External reproducibility is
±0.05‰ (1σ).

3.6. Spectral analysis and phase estimation

All the spectral analysis and phase estimation was performed with
the Analyseries software (Paillard et al., 1996). Proxies have been
spectrally compared with an astronomical index called ETP to
evaluate coherence and phase (timing) relative to orbital extremes
(Imbrie et al., 1984). ETP is constructed by normalizing and stacking
Eccentricity, Tilt (obliquity) and negative Precession.

4. Results and discussion

4.1. Orbital and independent age model

Core stratigraphy for the upper part (~40 ka) has been established
using 10 14C AMS dating from planktonic foraminifera species
(Supplementary Table 1). Radiocarbon dates have been corrected
for a marine reservoir effect of 400 years and calibrated to calendar
years using CALIB Rev 5.0/Marine04 data set (Bard, 1998; Stuiver
et al., 1998). Radiocarbon ages of this study were performed at the
‘Laboratoire de Mesure du Carbone 14’ in Saclay (‘SacA’) through the
“ARTEMIS” radiocarbon dating project. All ages in the following text
are given in calendar age (cal. BP).

Beyond the range of AMS 14C ages, oxygen isotope stratigraphy has
been applied for the entire core (Fig. 2 and supplementary Fig. 2). For
that purpose, we correlate the δ18O signal obtained on the benthic
species (P. wuellerstorfi) with the “LR04” stack signal (Lisiecki and
Raymo, 2005) using the Analyseries software (Paillard et al., 1996)
(Fig. 2 and supplementary Fig. 2). This age model shows that the
sedimentation rate in the core is relatively constant (Fig. 2).

Nevertheless, one of the goal of our study is to precisely document
the timing (phases relative to orbital extremes) of Arabian Sea records
to determine if our proxies are related to monsoonal forcing. The
tuning done with the LR04 thus prevent us for independent analyses.
In addition, benthic oxygen isotope signal in the Arabian Sea could be
complicated by susceptibility to changes in carbonate ion concentra-
tion and supralysoclinal calcite dissolution (Schmiedl andMackensen,
2006).
Fig. 2. Comparison of sedimentation rates calculated after two age models: the orbital
age model (14C and isotopes, (open squares)) and the age model (open circles) not
relying upon orbital assumptions (14C and GEs). The sedimentation rates are consistent
between age models and relatively constant.
Therefore, we developed an alternative chronology based on a
quantitative record of the planktonic foraminifera species Globorotalia
truncatulinoides and Globorotalia crassaformis following previous
studies in the area (Jaeschke et al., 2009; Ziegler et al., 2010a). During
major cold events in the North Atlantic (Henrich events), high
occurrences of these two deep-dwelling Globorotalia species were
observed by Ziegler et al. (2010a). These Globorotalia events (GEs)
coincided with a reduction or absence of the OMZ in the Arabian Sea
as previously documented for HEs (Reichart et al., 1998; 2004).
Ziegler et al. (2010a) refined their stratigraphy independently from
orbital tuning by correlating GEs with the alkenone-derived SST long
record obtained on the Iberian margin (Martrat et al., 2007) com-
plemented by radioisotopic age constraints derived from U/Th dates
on speleothem records (see Ziegler et al., 2010a,b,c for constraints
sources). In our core, we observed 13 major GEs over the last 310 ka
that we have correlated with the age constraint of Ziegler et al.
(2010a) to build an age model not relying upon orbital assumptions
(Table 1, Fig. 2 and supplementary Fig. 2). For GE 1 and 3 we kept the
14C ages that appeared to be very consistent with the GEs ages from
Ziegler et al. (2010a) (Table 1, Fig. 2). This “Independent” age model
assumes that Arabian Sea GE events, North Atlantic 980 IRD events,
Iberian Margin total alkenone events and speleothem events are
temporally correlative at the orbital scale.

As long as the agemodel based on 14C and GEs is coherent with the
isotope stratigraphy (Table 1, Fig. 2, supplementary Table 2), we will
use it in the following part of our study to precisely determine the
forcing/response relationships of our records at orbital scale (see
supplementary Table 2 for the effect of the two different age models
on phase estimations for Arabian Sea records).

.

4.2. Foraminifera assemblage proxy

Thirty-seven species were identified in the fossil planktonic
foraminifera assemblage from core MD04-2861. G. bulloides, G. ruber
and G. glutinata are themost abundant species reaching 54% of the total
assemblage. Also important are O. universa, G. trilobus, G. sacculifer,
G. calida, G. falconensis and N. pachyderma (dextral coiling). These nine
species represent up to 82% of the total assemblage.

Our core site is likely to be influenced by the regional SW (summer)
and NE (winter) monsoon. According to Conan and Brummer (2000),
G. bulloides and G. glutinata dominate the SW monsoon. Studies
conducted on modern communities have demonstrated that these
two species dwell preferentially in mixed and nutrient-rich waters
(Conan and Brummer, 2000; Schiebel et al., 2001), a situation which
occurs during the SW monsoon coastal upwelling development along
the Oman and Somali margin. These species are also dominant in our
Table 1
Age constrains of GEs (ka) in core MD04-2861 and comparison with 14C and isotopic
stratigraphy.

Globorotalia
events

Depht
MDO4-2861
(cm)

14C and Isotope
MDO4-2861
(ka) (LRO4 age)

Refined age model
(ka) (Ziegler et al.,
2010a)

Age
anomaly
(ka)

GEl 370 17.2 17.4 0.2
GE3 800 38.5 39.5 1
GE6 1090 56 64.3 8.3
GE8 1330 88 85 3
GE9 1430 101 103.9 2.9
GEI0 1470 106 110 4
GEII 1620 126 130.5 4.5
GEI3 1900 156 158.2 2.2
GEI5 2340 196 191 5
GEI6 2600 219 225 6
GEI7 2800 241 250 9
GEI8 3110 271 266 5
GEI9 3350 293 296.9 3.9

image of Fig.�2
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record suggestinga strong influence of anopen-oceanupwelling, and/or
the effect of lateral advection via eddies and filaments associated with
the coastalOmanupwelling (Fig. 1). Previous studies demonstrated that
G. glutinata is more abundant in the open-ocean upwelling area and
G. bulloides in the coastal upwelling area (Anderson and Prell, 1993;
Ishikawa and Oda, 2007; Ivanova et al., 2003). G.bulloides is more
abundant (mean values of 23%) than G.glutinata (mean values of 9%) in
the core, suggesting a strong influence of the coastal upwelling area. The
strong influence of the summer monsoon upwelling conditions on the
distribution of G. bulloides is also confirmed by the study of Schulz et al.
(2002). They found that G. bulloides is of minor importance in sediment
trap off Pakistan, in an area strongly influenced by NE monsoon.

As the ecology of individual species is often hardly distinguishable
from the community dynamics, we grouped ecologically related species
to discuss our results. Following previous works (Conan and Brummer,
2000; Ishikawa andOda, 2007; Ivanova et al., 1999; Schiebel et al., 2001)
we define a planktonic foraminifera (PF) SW monsoon upwelling
assemblage composed of G. bulloides, N. pachyderma (sinistral coiling),
G. glutinata, N. dutertrei, G. scitula, P. obliquiloculata, T. parkerae,
G. hexagona, G. menardii and G. theyeri. All these species represent SW
monsoonconditions in the coastal upwellingarea (ConanandBrummer,
2000; Peeters and Brummer, 2002) and underline the summer season
(G. bulloides, N. dutertrei) or the autumn season (G. glutinata) in the
Pakistan area (Schulz et al., 2002) (Fig. 3).

In contrast, G. falconensis dominates in flux and relative abundance
in the Pakistan area (Schulz et al., 2002), and is indicative of winter
mixing, when NE monsoonal winds cool the highly saline surface
waters and break up stratification. In the coastal Oman upwelling, this
species represent non upwelling condition (Conan and Brummer,
2000; Peeters and Brummer, 2002). This species is also present in our
record and account for less than 4%, with an opposite pattern
compared to the PF SW monsoon assemblage (Fig. 3). This confirms
that fauna assemblages in our core site are mainly affected by SW
Fig. 3. SW and NE monsoon planktonic foraminifera assemblages (purple for the NE monsoo
SW monsoon assemblages). Frames indicate important increase/decrease events of SW/NE
monsoon over the last 310 ka.We build a planktonic foraminifera (PF)
NE monsoon assemblage as the sum of G. falconensis, G. aequilateralis,
G. ruber, O. universa, G. sacculifer, G. trilobus, G. tenella, G. calida and
G. uvula (Fig. 3). All these species are associated to non upwelling
condition and NEmonsoon development (Conan and Brummer, 2000;
Peeters and Brummer, 2002; Schulz et al., 2002). Fig. 3 shows an
opposite behavior between PF SW monsoon assemblage and PF NE
monsoon assemblage.

4.3. The grain size proxy

Grain size results are shown in Fig. 4. We used the D90 grain size
parameter which corresponds to grain size at which 90% of sediments
are finer. The curve indicates important variations over the last
310 ka. To determine which granulometric range is responsible for
these variations, we have focused on the granulometric curves during
key periods of the record (numbered 1 to 6 on Fig. 4). We observe two
important modes on granulometric curves: a clay mode (correspond-
ing to grain-size finer than 10 μm) and a silty mode (corresponding to
10–63 μm). Periods marked by a lower D90 grain size (periods 1, 3
and 5) correspond to high clay content and lower silt content.
Inversely, a period marked by a higher D90 grain size (2, 4 and 6) is
associated with lower clay content and a higher silty content. To
evaluate if these changes are mainly related to lithogenic variability
through times, we have applied the same approach based on
carbonate free samples on the same intervals 3 and 4 (3′ and 4′ on
Fig. 4). The results exhibit the same pattern, and thus demonstrate
that lithogenic changes control the grain size evolution through times.
In addition, carbonate content in the core is low and presents weak
variation in amplitudes (between 15 and 30%) suggesting a dominant
lithogenic component of sedimentation at our core site.

Because the grain size variations in the core are related to the
balance between silty and mud content, we calculated the D50 of the
n species G. falconensis, blue and purple for the NE monsoon assemblages, green for the
monsoon over the last 310 ka.

image of Fig.�3


Fig. 4. Grain size results for core MD04-2861. A) D90 grain size parameter (which corresponds to grain size at which 90% of samples are finer) and D50 grain size of the silty range.
B) Granulometric curve during key periods of the record (different numbers: the granulometric curves represent average samples for the periods considered: gray frames on A). We
observe two dominant modes on the granulometric curves: a clay mode and a silty mode. Granulometric curves 3′ and 4′ (plain black lines) indicate the results on carbonate free
samples. C) Location (black star in A) and observation in the core of a thin section in analyzed polarized light. The presence of foraminifera is indicated. Examples of poorly organized
quartz grains in the clayey matrix are visible.
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silty fraction (~9–66 μm) (Fig. 4). The results show an excellent
agreement with the D90 grain size, thus confirming the role of the
increase/decrease of the silty fraction on the global granulometric
variations observed in core MD04-2861.

Observation of a thin section under the microscope in analyzed
polarized light allowed us to do a high-resolution analysis of the
texture and structure of the deposit (Fig. 4C). It confirmed the
importance of the silty and clay fractions and the presence of isolated
foraminifera shells, from which the mode is also encountered on
granulometric curves (Fig. 4B). In the thin section, we observed silty
grains and a few fine sand grains. These grains essentially consist of
poorly organized quartz grains in a clayey matrix (Fig. 4C). This
suggests that silt to sand grains are not resulting from the deposition
of deep-sea current (turbidity current or contouritic current). We
infer that these grains have been likely transported by distal fluvial
plumes and/or winds and finally decanted in the water column.

Unlike lithogenic grain size proxies previously employed at pelagic
sites and interpreted in the context of atmospheric transport (Clemens
and Prell, 1991; Clemens et al., 2008; Pourmand et al., 2004), lithogenic
grain size at this continental margin site is interpreted in the context of
fluvial and aeolian processes. Indeed, grain-size variability of lithogenic
marine sediments is influenced by several parameters including the

image of Fig.�4


Fig. 5. Comparison of independent SW monsoon proxies. A) Bromine data after Ziegler
et al. (2010a). B) Bromine data in core MD04-2861 (this study). C) Planktonic
foraminifera SW monsoon assemblage variation in core MD04-2861. D) D50 (silty
range) grain size variation in core MD04-2861. Gray bands underline periods of high
Bromine (MOContent) in core MD04-2861. They coincide with increases in PF SW
monsoon assemblage together with decrease in grain size interpreted as period of SW
monsoonal intensification.

439T. Caley et al. / Earth and Planetary Science Letters 308 (2011) 433–444
distance of sediment transport and its capacity (i.e. wind strength,
hypopycnal or hyperpycnal plumes) and the initial composition of
sediments in the source area.

Climate is often described as the first-order control on the sand-to-
mud ratio in the watershed and at river mouths (Perlmutter and
Mattews, 1989), by controlling the sediment yield/discharge ratio
(Blum and Törnqvist, 2000). In the Makran area, monsoon-induced
periods of continental aridity and humidity had a major impact on
fluvial dynamics (Jain and Tandon, 2003), that in turn directly
influenced the timing and nature of sediment delivery to the sea, as
highlighted by the deep-water turbidite system growth during the
Late Quaternary (Bourget et al., 2010). Continental aridity, during
weak SW monsoon together with important NE monsoon, leaded to
increasing sediment yield and production of coarse-grained sedi-
ments (due to the lack of vegetation) in the Makran rivers settings
(Bourget et al., 2010; Jain and Tandon, 2003). Aridity could also
enhance the transport of coarse particles at sea by more active aeolian
activity. Intensified dust contributions by northwesterly winds from
the Persian Gulf area during dry conditions have been demonstrated
(Sirocko et al., 1991) as well as coarser grained sediments deposition
during stadials on the Pakistan margin linked to intensified winter
monsoonal winds (Pourmand et al., 2004; Reichart et al., 2004).
Inversely, wetter periods (stronger SW monsoon) were associated to
increase in vegetation cover, decreasing production of coarse-grained
sediments, and enhanced fluvial discharge of finer-grained particles
(Jain and Tandon, 2003). These humid periods were associated with
more frequent mud-rich turbidity currents in the Arabian Sea
(Bourget et al., 2010).

Overall, during the humid periods of the SW monsoon,
climatically-driven conditions of sediment production and transport
allow the transfer of finer-grained sediments to our coring site
(whether the transport agent is aeolian or plume-advection
related). Inversely during the NE monsoon intensification (arid
periods), coarser sediments are preferentially transferred.

High-amplitude sea level changes through the Quaternary are
known to have a great influence on the amount and nature of
sediment transferred to the marine environment. Classically, low-
stands of sea-level enhance an important transport of bulk sediments
to the sea, through the fluvial systems directly feeding the coastlines
(Posamentier and Vail, 1989). Inversely sea-level highstands are often
associated with drowning of the continental shelf that form an area of
sediment trapping and sorting. Highstands thus often result in
sediment partitioning and enhance transfer of finer-grained material
towards the sea (Posamentier and Vail, 1989).

This effect of sea level changes on the grain size record is probably
important at the 100 ka cycle which corresponds to the more
important changes in sea level (Glacial–interglacial changes with a
difference of ~120 m; Bintanja et al., 2005) (Fig. 4A). Indeed, grain size
signals seem to be influenced by glacial–interglacial changes (Fig. 4A).
However, here we will focus on the higher-resolution changes
occurring at the obliquity and precession cycle (41 and 23 ka cycle).
These changes in grain size, together with the record from the
bromine and foraminifera assemblage proxy, will be detailed in the
following section.

4.4. Arabian Sea records and monsoon forcing/response relationship

4.4.1. Does the multi-proxy record from core MD04-2861 mirror an
Indian monsoon dynamics?

The bromine signal obtained on core MD04-2861 and the
composite Bromine signal obtained by Ziegler et al. (2010a) on the
Murray ridge show consistency (Fig. 5). Interestingly, the SW
monsoon foraminifera assemblage variations throughout time also
mirrors bromine fluctuations (increase of the PF SW monsoon
assemblage during increase of bromine; Fig. 5) although our coring
site, located in a northern position in the Arabian Sea was supposed to
be also influenced by the NE monsoon (Fig. 1). This suggests that, as
southerly sites (Clemens and Prell, 2003; Clemens et al., 2008), our
record is mainly controlled by the SW monsoon dynamics. SW
upwelling reinforcement boosting surface productivity could thus
also impact the marine organic content (MOContent) signal in the
northern Arabian Sea sedimentological archives. Variability in the
grain size is also in good agreement with the bromine and the PF SW
monsoon assemblage (Fig. 5) with grain size minima observed in
conjunction with increasing bromine values and a larger representa-
tively of the PF SW monsoon assemblage (gray frames on Fig. 5).

To determine if sea level variability in the precession and obliquity
orbital bands can control the observed grain size variations, we have
determined the timing of grain size changes and sea level changes
(Fig. 6A). For the precession band, grain size minimum lag precession
minimum by 8.3±0.5 ka, clearly not in phase with the lag between
high sea level (Waelbroeck et al., 2002) and the minima of precession
which is of 4.9±0.4 ka (Fig. 6A).

Our results show that each SW monsoon intensification events
during the last 310 ka have been associated to finer-grained sedimen-
tation in core MD04-2861 (increasing clay content and decreasing silt
content; Fig. 5) which is controlled by a more humid regional
continental climate at those times. The phase relationship of fine grain
sedimentation is consistent with previous estimation of the SW
monsoon timing in the precession band (Clemens et al., 2010)
(Fig. 6A). We have also estimated the phasing for the other proxies
(foraminifera assemblage and Bromine data). We found a lag of 8.9±
0.7 ka between maximum SWmonsoon upwelling assemblage and the
minimumof precession and 9.7±0.4 ka betweenmaximumof bromine
signal and the minimum of precession (Fig. 6A). The grain size proxy
cannot be influencedbynutrient changes associatedwithAMOC, yet has
the same phase as the productivity proxies, proving that the
productivity proxies (bromine) have the same timing as strengthened
summer monsoons (Fig. 6A). These phase relationships indicates that
decreased ice volume and increased latent heat export from the
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Fig. 6. Cross-spectral coherence and phase wheel summaries. The diagrams shows the Arabian sea records response to insolation forcing at the orbital obliquity (41 ka) and
precession (23 ka) periods for A) each independent Arabian Sea proxies and B) the SM stack and Asian speleothems. The precession index is defined as Δesinw where w is the
longitude of perihelionmeasured from the moving vernal point and e is the eccentricity of Earth's orbit about the sun (Berger, 1978; Laskar et al., 2004). Obliquity is the tilt of Earth's
axis with respect to the plane of the ecliptic. Zero phase is set at precession minima and obliquity maxima. Negative phases are measured in the clockwise direction representing
temporal lags (see phase diagram explanations).Vector length represents coherence (dotted circle marks 95%). Shaded areas represent 95% confidence interval of the phase estimate.
Phase relationship with Atlantic mid-depth overturning (Lisiecki et al., 2008), ice volume (Lisiecki and Raymo, 2005), sea level (Waelbroeck et al., 2002), Bromine (Ziegler et al.,
2010a) and the max latent heat export from the southern Indian Ocean (Clemens et al., 2008) are indicated. Intervals delimited by black dashed lines indicate the timing of summer
Indo-Asian monsoon in the precession band (Clemens et al., 2010) and in the Obliquity band (Clemens et al., 2008).
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southern Indian Ocean set the timing of strong summer monsoons
within the precession cycle and that direct sensible heating initiate
monsoonal circulation (Clemens et al., 2008) (Fig. 6). Interestingly,
Indian winter monsoon (WM), documented by the NE foraminifera
assemblage (Fig. 3), occurs between ice maxima and northern
hemisphere sensible heatminima, indicating that both act to strengthen
WM circulation (Fig. 6A). The SW and NE monsoon are in antiphase in
the precession band and suggest that the two systems are dynamically
linked (Fig. 6A). Similar results have been found for the Asianmonsoon
(Clemens et al., 2008) and could indicate a link between Indian and
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Fig. 7. Comparison of our SM stack with other Indo-Asian monsoon proxies. I) location
of the different Indo-Asian monsoon records. II) A) Indian SM stack for this study
(MD04-2861). B) Indian SM stack (Clemens and Prell, 2003). C) Productivity (runoff) at
site ODP 1146 (Clemens et al., 2008). D) Productivity (upwelling) at site NIOP 464
(Reichart et al., 1998). E) Precipitation at the Philipine Sea (Morley and Heusser, 1997).
F) Precipitation with Asian speleothems (Cheng et al., 2009; Dykoski et al., 2005; Wang
et al., 2001; 2008). A graphical correlation suggests that variations detected in Indo-
Asian monsoon proxies are in good concordance with our SM stack (frames) except for
Asian speleothems. Records are plotted on their original age scales.
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AsianWM. This also demonstrates that productivity proxy (bromine) is
not affected by WM but clearly controlled by strengthened summer
monsoons.

In the Obliquity band, minimum grain size (increase of clay
content in the core) lag by 7.2±1.3 ka the maximum of obliquity,
close to what is observed for sea level changes (lag of 7.9±1.4 ka), but
however more consistent with previous estimate timing of the SW
monsoon (Fig. 6A) (Clemens et al., 2008). According to our previous
hypothesis suggesting that sea level is not themain driver of grain size
changes observed in the precession band, we can also hypothesis that
SWmonsoon is themain driver of the observed timing in the obliquity
band. The lag of 6.9±1 ka between the maximum of SW monsoon
upwelling assemblage and maximum obliquity, and the lag of 2.4±
2.4 ka between the maximum of bromine and maximum obliquity
confirm our hypothesis (Fig. 6A). As for the precession band, the
strong SW monsoon in the northern Arabian Sea falls between ice
minima and sensible/latent heat maxima indicating that all three
forcing could act together to strengthen summer monsoon circulation
(Clemens et al., 2008). The WM proxy (NE foraminifera assemblage)
occurs between ice maxima and sensible heat minima, when
considering uncertainties and the two different age models (Fig. 6A
and supplementary Table 2), indicating that both act to strengthen
WM circulation. Again, similar results have been found for the Asian
monsoon (Clemens et al., 2008).

4.4.2. An Indian summer monsoon stack from the northern Arabian Sea
Bromine, PF SW monsoon upwelling assemblage and grain size in

core MD04-2861 are mainly controlled by SW monsoon dynamics.
Although all monsoonal proxies likely respond tomonsoon variability,
additional processes, sometimes unrelated to monsoon circulation
(e.g. preservation, dissolution, diagenesis), may also influence the
chemical, physical and biological compositions of sedimentary
archives (Clemens and Prell, 2003). To limit such biases, we decided
to stack the independent records of monsoon intensity using principal
components analysis (PCA) in order to derive a more robust,
combined record of monsoon variability and allow comparison with
previous monsoon stack in the region (Clemens and Prell, 2003).

Contrary to the stack of Clemens and Prell (2003) and in response
to Ziegler et al. (2010a) hypothesis, our stack is not a productivity
stack. Bromine is a productivity proxy, the faunal assemblage is
influenced by productivity changes but is also strongly influenced by
sea-surface abiotic parameters (temperature, salinity, stratification)
(Conan and Brummer, 2000; Murray, 1897; Peeters and Brummer,
2002), and grain size signal is independent of productivity and
directly related to the regional continental climate.

PCA, performed with the “R” software (http://www.r-project.org/),
indicates that the first component (PC1: i.e. the summermonsoon (SM)
stack) of all our record (grain size, bromine and foraminifera
assemblage) explains 69% of common variance compared to the only
33% of variance contained in the monsoon stack of Clemens and Prell
(2003), clearly showing that all our proxies aremainly controlled by the
same common forcing, the SW monsoon dynamics. Note that each
individual proxieswere resampledwith a common resolutionof 1 ka for
the building of the Arabian SM stack (the resolution for each individual
proxies was better than 1 ka) and that this resolution is higher than the
one used for the SM stack of Clemens and Prell (2003) (2 ka).Maximum
of the SM stack lag maximum northern hemisphere (NH) summer
insolation by 9±1 ka in the precession band and by 6±1.3 ka in the
obliquity band (Fig. 6B supplementary Table 2 and Fig. 3). The observed
timing is consistent with recent studies based on a large number of
Indian and East-Asian proxies from marine, lakes and terrestrial
archives, except Asian speleothems (Figs. 7 and 8 and supplementary
Table 2)(Clemens et al., 2008, 2010; Ziegler et al., 2010a) but is not
reproduced by modeling experiments (Kutzbach et al., 2008; Ziegler
et al., 2010a). The non-consistency with numerical simulation results
could be related to some model limitations. There is no model run yet
available that is capable of assessing phase of the late Pleistocene
summer monsoon systems given the complex lower boundary con-
ditions (ice volume, sea level, and greenhouse gasses) involved. The
Kutzbach et al. (2008) model lays on insolation conditions only, while
theCLIMBER IImodel inZiegler et al. (2010a),which is a great start, has a
very low resolution and exhibits an unreal linearity to insolation.

4.4.3. Testing the effect of Atlantic overturning changes on the Arabian
Sea productivity records

Our northern Arabian Sea proxies are strongly influenced by Indian
monsoon forcing and in agreement with the timing found by Clemens
and Prell (2003), Clemens et al. (2008, 2010) and Reichart et al.
(1998), supporting the idea that the Arabian Sea records are mainly
controlled by the Indian monsoon processes. However a recent study
has proposed that the summer (SW) monsoon is unlikely the main
driver of changes in Arabian Sea biological productivity and OMZ
intensity at the precession frequency band (Ziegler et al., 2010a). By
extrapolating the Schmittner et al. (2007) work frommillennial scales

http://www.r-project.org/
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Fig. 8. Comparison of the Indian SM stack and Asian cave speleothems. A) Asian cave
speleothems (Cheng et al., 2009; Dykoski et al., 2005; Wang et al., 2001; 2008)
resample with a step of 1 ka. B) Indian SM stack with a resolution of 1 ka. C) Residual
signal after the Indian SM stack subtraction from the Asian cave speleothems. The
residual is highly coherent and in phase with precession minima suggesting an impact
of winter temperature changes on cave δ18O (Clemens et al., 2010).
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to orbital scales, this new hypothesis proposed that changes in the
intensity of the AMOC might have played the prominent role. The
phase relationship of Atlantic overturning changes is visible in Fig. 6A
through mid-depth benthic δ13C gradient (a proxy indicator of ocean
nutrient content) throughout the Atlantic (Lisiecki et al., 2008).
Although the Schmittner et al. (2007) model does not produce an
OMZ in the Arabian Sea and that the timing and the effect on Atlantic
overturning circulation changes is complex and still under debate (Liu
et al., 2005; Marchitto and Broecker, 2006; McManus et al., 2004;
Negre et al., 2010; Yu et al., 1996), following Ziegler et al. (2010a), we
address his potential role in controlling productivity signal in the
Arabian Sea at orbital scale changes.

We note that the bromine signal of Ziegler et al. (2010a) and our
bromine signal in core MD04-2861 exhibit a close timing in the
precession and obliquity band, although one was retrieved within the
OMZ water-depth interval and the other below the present OMZ
(Fig. 6A and supplementary Fig. 1). We can therefore conclude that
dynamics of the OMZ in the past, and its potential impact on the
preservation of the MOContent in the sediment is not the main driver
of both signals observed, as previously suspected (Reichart et al.,
1998). The ~2.5 ka differences observed in the precession band be-
tween both bromine records (Fig. 9) could results from uncertainties
during age model constructions or could reflect differences between
XRF core scanner methods.

Interestingly, the phase relationship for our Bromine record presents
a patternwhich, compared to the PF SWmonsoon assemblage and grain
size data, seems to be the closest to the timing of the Atlanticmid-depth
overturning (Lisiecki et al., 2008) at both precession and obliquity cycle
(Fig. 6A). This could suggest an effect of overturning changes on the
Arabian Sea productivity record as hypothesized by Ziegler et al.
(2010a). Nonetheless, the good coherency between the bromine record
and our productivity-partly-independent/-independent SW monsoon
proxies (PF assemblage and grain-size), supports that the SWmonsoon
remains the main driver of the timing observed in Arabian Sea
productivity records. Caley et al. (in press) have also demonstrated
that the exceptional productivity signal recorded in the Arabian sea
during the atypical MIS 13 period (Ziegler et al., 2010c) could be
explained by the combination of strong monsoon winds together with
an additional, but secondary, effect of an increasing overturning
circulation. Nonetheless, a secondary effect of overturning changes on
the Arabian Sea productivity records is valuable only if intermediate
water flows are not in antiphase with changes in the North Atlantic
Ocean (Jung et al., 2009; Pahnke and Zahn, 2005). Indeed, a recent study
demonstrated that increases in intermediate water flow in the Arabian
Sea (Junget al., 2009) and also in the Indo-southwestern Pacific (Pahnke
and Zahn, 2005) occurred in anti-phase with changes in the North
Atlantic Ocean during Henrich events (HE). This is in contradiction to a
reduced export of nutrient-richwaters from the Atlantic into the Indian
and Pacific euphotic zone which could lead to a decline of the export
production in the Arabian Sea during HE. Because productivity
decreased in the Arabian Sea during HE (Altabet et al., 2002), this
suggests that changes in the intermediate ventilation is not the main
driver of productivity changes, but are rather forced by the intensity of
summer monsoon upwelling (Altabet et al., 2002; Honjo et al., 1999).

4.4.4. Comparison between East Asian speleothem record and our Indian
SM stack

The idea that Indian and Asian monsoon are linked is derived from
modern summer precipitations which are coherent and in phase with
moisture transport from the southern Indian Ocean and out of phase
with the moisture transport from the Pacific Ocean (Liu and Tang,
2004). Therefore, both Indian monsoon variability (recorded by our
summer monsoon (SM) stack) and Asian monsoon variability
(recorded by the Asian speleothems) might exhibit the same pattern.
This is however not supported by our results (Figs. 7 and 8), neither by
the reanalyses of Asian speleothems conducted in Clemens et al.
(2010). To explain these differences, we can call for different seasonal
controls on records. To extract the summer monsoon component of
the Asian speleothems, Clemens et al. (2010) have built a SM orbital
model. Here, our Indian SM stack is based on orbitally-independent
age constrain derived from the correlation of GEs in our record to
those of Ziegler et al. (2010a). The speleothem records are also based
on U/Th-derived ages. That strengthens our confidence in using both
age scales for the same calculation.

We normalized our SM stack and we transferred the scale in ‰

units by multiplying by the total variance in cave δ18O (Fig. 8B). Then,
we subtracted the SM stack (Fig. 8B) from the Asian cave δ18O
(Fig. 8A) and find a residual highly coherent and in phase with
precessionminima (Fig. 8C and supplementary Fig. 4). Duringminima
of precession, northern hemisphere winters were extremely colder
(Berger, 1978). Clemens et al. (2010) proposed that this residual
signal reflect the influence of the winter monsoon, consistent with
modern seasonality in precipitation amount and isotopic composition
(they call on winter atmospheric precipitation temperature changes
to drive the signal). Therefore, our results support the idea that Asian
speleothems cannot be interpreted as reflecting only the timing of
strong summer monsoon (Clemens et al., 2010).

5. Conclusion

Multiproxies analysis (bromine, foraminifera assemblages and
grain size) of a marine sediment record located off the Makranmargin
revealed that productivity signals (Bromine) in the northern Arabian
Sea are mainly controlled by SW monsoon dynamics rather than by
NE monsoon dynamics or changes in the intensity of the Atlantic
meridional overturning circulation (AMOC) (Ziegler et al., 2010a). The
use of three independent SW monsoon proxies allowed us to build a
robust Indian summer monsoon stack on an age model not relying
upon orbital assumptions over the last 310 ka with a resolution of
1 ka. For the phase relationship of our SM stack, a 9±1 ka lag is found

image of Fig.�8


443T. Caley et al. / Earth and Planetary Science Letters 308 (2011) 433–444
between external forcing (maximum NH summer insolation) and
strong Indian SW monsoon in the precession band and a lag of 6±
1.3 ka in the obliquity band between forcing and response. These
results are consistent with numerous Indo-Asian summer monsoon
records (Clemens and Prell, 2003; Clemens et al., 2008, 2010; Ziegler
et al., 2010a) and has large implications:

− this indicate that internal climate forcing suchasdecreased icevolume
and increased latent heat export from the southern Indian Ocean
(Clemens et al., 2008) set the timing of strong Indo-Asian summer
monsoons within both the precession and obliquity cycle and that
direct sensible heating (the external forcing) initiate monsoonal
circulation. At the moment, this observation is not reproduced by
modeling experiments (Kutzbach et al., 2008; Ziegler et al., 2010a).

− this suggests that East Asian speleothems cannot reflect the timing
of strong summer monsoon alone and are probably impacted by
winter temperature changes as already suggested by Clemens et al.
(2010).

− this also suggests that the forcing/response relationship of the
Indo-Asian monsoon in the precession cycle is different to what
occurs for African monsoons and suggest that the concept of a
“global monsoon” at orbital scale changes is a misnomer (Caley
et al., submitted for publication).
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