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Late Quaternary insolation forcing on total organic carbon and 
alkenone variations in the Arabian Sea 

D6rte Budziak, • Ralph R. Schneider, 
Edouard Bard, 2 and Gerold Wefer • 

• Frauke Rostek, 2 Peter J. Mfiller, • 

Abstract. We here present records of total organic carbon (TOC) and C37 alkenones, used as indicators for past 
primary productivity, from the westem (WAS) and eastem Arabian Sea (EAS). New data from an open ocean site 
of the WAS upwelling area are compared with similar records from Ocean Drilling Program (ODP) Site 723 from 
the continental margin off Oman and MD 900963 from the EAS. These records together with other proxies used to 
reconstruct upwelling intensity, indicate periods of high productivity in tune with precessional forcing. On the 
basis of their phase relationship to boreal summer insolation they can be divided into three groups: in the WAS 
differences between monsoonal proxies (1) and productivity (2) document a combined signal of moderate SW 
monsoon winds and of strengthened and prolonged NE monsoon winds, whereas in the EAS phasing indicates 
maximum productivity (3) at times of stronger NE monsoon winds associated with precession-related maxima in 
ice volume. 

1. Introduction 

Deep-sea sediment records from the Arabian Sea document 
the history of the monsoonal circulation in the Indian Ocean. 
Various studies on wind-transported matehal such as land- 
derived pollen spectra [Van Campo et al., 1982] and dust 
input [Clemens and Prell, 1990, 1991; Sirocko et al., 1993] 
from adjacent landmasses, as well as proxy records of surface 
water productivity [e.g., Prell and Kutzbach, 1987; Naidu and 
Malmgren, 1996; Reichart et al., 1998] revealed a strong link 
between precessionally driven insolation changes and 
monsoon intensity. This is in agreement with results from 
general circulation models (GCM) [e.g., Prell and Kutzbach, 
1987, 1992; DeMenocal and Rind, 1993] pointing to an 
intensification of SW monsoon winds and enhanced 

upwelling with increased boreal summer insolation. 
Additionally, in the precessional frequency band, Clemens et 
al. [1991] documented a time lag of• 8 kyr (about-120 ø on 
average) between maximum boreal summer insolation 
(referenced to June 21) and various indicators of SW 
monsoon winds and related upwelling intensity. Thus 
radiative forcing alone cannot account for the timing of strong 
monsoons. Clemens et al. [ 1991 ] concluded that this time lag 
is phase-locked to the cross-equatorial transport and release of 
latent heat over the Tibetan Plateau resulting in intensified 
summer monsoon winds. 

In the northern Arabian Sea, Reichart et al. [ 1998] used a 
variety of productivity proxies, e.g., variations of total organic 
carbon (TOC), to examine variations in the Indian monsoon 
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system, applying an age model independent of the Spectral 
Mapping Project (SPECMAP) reference stack [Imbrie et al., 
1984]. Their results indicate that precession-related 
productivity maxima lag boreal summer insolation maxima by 
- 6 kyr (about -94 ø) on average. This lag is attributed to a 
prolonged summer monsoon season linked to late instead of 
early summer insolation [Reichart et al., 1998]. 

In contrast, sediments from shallower sites at the 
continental slope off Oman seem to be more influenced by 
changes in climatic boundary conditions associated with 
glacial-interglacial cycles due to sea level changes and 
resulting sea-landward shifts of the coastal upwelling cells 
[Erneis, 1993]. Accordingly, data from Ocean Drilling 
Program (ODP) Site 723 suggested that the SW monsoon was 
weakened during glacial times as compared to the 
interglacials [Niitsuma et al., 1991; Anderson and Prell, 
1993]. This was interpreted to result from a glacial reduction 
of the pressure gradient between the ice-covered Tibetan 
Plateau and the Indian Ocean [Prell, 1984]. Consequently, the 
authors concluded that upwelling and the resulting primary 
production were reduced during cold climate periods. 

In addition, paleoproductivity records revealed a different 
phasing with respect to boreal summer insolation between the 
western (WAS) and eastern Arabian Sea (EAS). Erneis [1993] 
used TOC accumulation rates to reconstruct paleoproductivity 
at ODP Site 723. The precessional component in this record, 
though of minor importance at this site, indicates a rather 
opposite phasing +10.7 kyr (+167 ø) [Erneis, 1993], while in 
the EAS a paleoproductivity reconstruction based on the 
coccolithophorid Florisphaera profunda showed a lead of 
+7.7 kyr (+ 120 ø) with respect to maximum summer insolation 
[Beaufort et al., 1997]. Therefore these former studies raise 
two questions: (1) How important is the 100 kyr cycle, and (2) 
what is the reason for the difference in the phasing of primary 
productivity records relative to precession and insolation 
changes? 

In order to reassess the different phasing of TOC variations 
and related paleoproductivity in the Arabian Sea, we here 
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present new data of TOC and C37 alkenone (C37) variations of 
core GeoB 3005, an open ocean site from within the 
upwelling area of the WAS (14ø58.3'N, 54ø22.2'E; 2310 m), 
in combination with ODP Site 723 (18ø03.079'N, 
57ø36.561'E; 816 m) [Emeis, 1993; Emeis et al., 1995] and 
MD 900963 from the EAS (05ø04'N, 73ø53'E; 2450 m) 
[Rostek et al, 1994, 1997]. 

2. Monsoon Meteorology and Hydrographic 
Setting 

The dominant component of tropical climate variability in 
the Arabian Sea is the seasonal reversal of atmospheric 
circulation and precipitation associated with the Asian 
monsoon system. The distribution of a continental landmass 
in the north and a large ocean in the south leads to this 
reversal of air flow [Cadet, 1979]. During the Northem 
Hemisphere's Summer the southern Asian continent heats up 
more than the Indian Ocean. This extra heating causes a low- 
pressure cell over the Tibetan Plateau and a pressure high 
above the Indian Ocean. The formation of a strong, low-level 
jet stream known as the Findlater Jet [Findlater, 1969] is the 
result. Latent heat, absorbed over the southern subtropical 
ocean, transported northward across the equator, and released 
by precipitation over the Indian continent, controls the 
intensity of this jet [e.g., Webster, 1987]. 

The strong coupling between atmosphere and ocean and 
the seasonal changes in wind direction as well as wind 
intensities cause a complete semiannual reversal of surface 
currents in the Arabian Sea basin affecting primary 
productivity. Haake et al. [1993] described enhanced fluxes 
during both the SW and NE monsoon seasons. Lower fluxes 
were observed during the intermonsoon seasons in the WAS 
and central Arabian Sea (CAS), whereas peak fluxes in the 
EAS do not start until the late SW monsoon period, which 
lasts until the end of October [Haake et al., 1993]. Here 
particle fluxes are more variable during the rest of the year. 

On average, highest biogenic flux rates occur in the WAS, 
and lower fluxes occur in the CAS and EAS. Rixen et al. 

[1996] observed that at least in the WAS, particle fluxes are 
controlled not only by the intensity of the upwelling systems 
but additionally by the amount of cold, nutrient-poor water 
masses which are transported from south of the equator into 
the upwelling region off Oman, where highest fluxes occur 
during SW monsoons with moderate wind speeds. 

During the summer season, coastal upwelling develops off 
the Somali and Oman coasts [Wyrtki, 1973] because of 
Ekman transport. As the SW monsoon winds, blowing 
parallel to the coast with the coast on its left (Figure 1), drive 
the ocean circulation, surface water is transported offshore 
and replaced by colder, nutrient-rich subsurface water masses 
within a narrow band (100 km) along the coast. Farther 
offshore, an open ocean-type upwelling develops in a broad 
region (400 km) because of the positive curl in the wind stress 
[Swallow, 1984; Luther et al., 1990; Brock and McClain, 
1992]. Along the west coast of India, weak upwelling may 
occur under favorable conditions [ Wyrtki, 1973]. Long-time 
sediment trap studies report an increase in biogenic and 
lithogenic particle fluxes with the onset of the summer 
monsoon in correlation with higher wind speeds and 
decreasing sea surface temperatures in the WAS and EAS 
[Nair et al., 1989; Ittekkot et al., 1992; Haake et al., 1993]. 

With the cooling of the Tibetan Plateau the atmospheric 
pressure gradient reverses and initiates the winter monsoon. A 
moderate, cool NE monsoon wind (Figure 1) compensates the 
pressure gradient between a now persisting high-pressure cell 
above the snow-covered Tibetan Plateau and a pressure low 
over the Indian Ocean [e.g., Hastenrath and Lamb, 1979]. 
During the 1995 U.S. Joint Global Ocean Flux Study 
(JGOFS) Arabian Sea Process Study, Hansell and Peltzer 
[1998] examined TOC concentrations in the upper ocean. 
They described highest TOC concentrations in the mixed 
layer during the NE monsoon period remaining through to 
mid summer, while lowest TOC concentrations in the mixed 
layer occurred in late summer. 
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Figure 1. Map of the Indian Ocean north of the equator. Indicated are the locations ot' cores GeoB 3005. Ocean Drilling 
Program (ODP) Site 723, and MD 900963. An'ows show major wind directions of the Indian Monsoon system during 
summer (SW monsoon) and winter seasons (NE monsoon). 
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3. Material and Methods 

3.1. Material 

During R/I/ Meteor cruise M31/3 a gravity core. 
(GeoB3005-1, water depth 2316 m), a piston core 
(GeoB 3005-2, water depth 2309 m), and a multicorer core 
(GeoB 3005-3, water depth 2316 m) were recovered from a 
station within the upwelling area in the WAS (14ø58.3'N, 
54ø22.2'E, site 108 in the work of Hemleben et al. [1996]). 
To minimize possible effects caused by lateral sediment 
transport from the continental margin, the site was positioned 
on a submarine plateau. GeoB 3005-1 was sampled over its 
entire length (1098 cm) at 5 cm intervals with 10 mL syringes 
and GeoB 3005-2 only between 748 and 1948 cm. These 
samples were stored at 4øC. GeoB 3005-3 was sampled in 
1 cm slices on board, and the samples were stored frozen. 

3.2. Methods 

One sample series of the cores from station GeoB 3005 
was wet sieved to obtain the coarse fraction (> 63 gm) which 
was used to pick the planktonic foraminiferal species 
Neogloboquadrina dutertrei (d'Orbigny) for stable oxygen 
isotope (•lSo) measurements. The samples were analyzed 
using a Finnigan MAT 251 micromass spectrometer coupled 
with a Finnigan automated carbonate device. The carbonate 
was reacted with 100% orthophosphoric acid at 75øC. The 
reproducibility (1 •) based on replicate measurements of a 
laboratory internal carbonate standard (Solnhofen limestone) 
is +/- 0.07 ø/oo. 

A second sample series was freeze-dried, ground in an 
agate mortar, and used for carbon and alkenone analyses. 
Organic carbon was determined on alecalcified samples by 
combustion at 1050øC using a Heraeus CHN-O-Rapid 
elemental analyzer [Miiller et al., 1994]. The precision of the 
measurements was better than 3% on the basis of duplicates 
and a laboratory internal reference sediment (WS2). 

The concentrations of C37 alkenones (long-chain 
unsaturated ketones, which are biosynthesized by 
coccolithophorids of the class Haptophytes [Volkman et al., 
1995]) were determined in 2 g aliquots of freeze-dried 
sediment samples. The samples were extracted with a 
UP200H ultrasonication disruptor probe (S3 micropoint, 
amplitude 0.5, and pulse 0.5) and successively less polar 
solvent mixtures (MeOH, MeOH/CH2CI2 (1:1), and CH2CI2), 
each for 3 min. The extracts were combined, washed with 
demineralized water to remove sea salt and methanol, dried 
over Na2SO4, concentrated under N2, and finally taken up in 
25 I. tL of a 1 :l (volume) MeOH/CH2CI2 mixture. 

3 I. tL aliquots of the final extracts were analyzed by 
capillary gas chromatography using a HP 5890 Series II gas 
chromatograph (GC) equipped with a 50 m x 0.32 mm inner 
diameter (ID) HP Ultra 1 (cross-linked methyl silicone) fused 
silica column, a split injector (l:10), and a flame ionisation 
detector. Helium was used as career gas. The GC was 
programmed from 50 ø to 150øC at 30øC/min, 150 ø to 230øC 
at 8øC/min, and 230 ø to 320øC at 6øC/min, followed by an 
isothermal period of 45 min. Quantification of C37 alkenones 
was achieved by an internal standard method using 
octacosane acid methyl ester (OCSME) and the relative 
response factor of the C38 n-alkane as internal standards. 

To avoid dilution effects caused by changes in the 
sedimentation rate due to varying input of terrigenous detritus 
and other major biogenic components (e.g., carbonate when 
considering the TOC and alkenone fluctuations), mass 
accumulation rates of TOC (TOC MAR) and C37 (C37 MAR) 
were calculated for all cores: The concentrations of TOC and 

C37 were multiplied with the dry bulk density of the sediments 
and the linear sedimentation rates between stratigraphic tie- 
points. 

To correlate the last 300 kyr with a record from the EAS, 
core sampling of MD 900963 was extended to a depth of 
1720 cm. For the extended part of MD 900963, TOC was 
determined using a NA 1500 (FISONS) elemental analyzer. 
Samples were treated using the method described by Verardo 
et al. [ 1990]. Sample preparation and technical details used at 
Centre Europren de Reserche et d'Enseignement en 
G6osciences de l'Environment (CEREGE) for extending the 
alkenone record of core MD 900963 are given elsewhere 
[Sonzogni et al., 1997]. Sample treatment and determination 
of TOC and alkenone data of ODP Site 723, provided by K.- 
C. Emeis, were previously described in detail by Emeis 
[•93]. 

The software program SPECTRUM developed by Schulz 
and Stattegger [1997] was used to identify the dominant 
frequencies in the records of 15•So, TOC, TOC MAR, C37, and 
C37 MAR and to carry out cross-spectral analyses. Because of 
an internal algorithm this software does not need equidistant 
time series. To prove the statistical significance, a 
Fischer/Siegel test was employed in the subroutine 
,,Harmonic". The same parameters were used in these 
calculation procedures (level of significance is 0.05, 
Oversampling Factor (OFAC) is 4, and High Frequency 
Factor (HIFAC) is 1). For a more precise evaluation of 
temporal correspondence between boreal summer insolation 
and TOC time series, cross-spectral analyses were performed. 
This method does not only include an estimation of 
coherency, a linear correlation coefficient in the spectral 
domain, but also estimates the lead (+) or lag (-) reported as 
phase angles between + 180 ø and -180 ø, respectively, between 
records sharing a similar variance at a given frequency 
[Jenkins and Watts, 1968; Imbrie et al., 1989]. 

Three records of Northern Hemisphere summer insolation 
were generated for June 21 at 30øN after Berger [ 1978], with 
time resolutions of 2.5, 1.6, and 0.75 kyr in accordance with 
the mean time resolutions of the TOC records from ODP Site 

723, MD 900963 and GeoB 3005, respectively. The 
calculation procedure of the cross-spectral analyses was also 
kept constant for all records (level of significance is 0.1, 
OFAC is 4, HIFAC is 1; window type is Welch, and 2 
segments with 50% overlap; see Schulz and Stattegger [ 1997] 
for further details). 

4. Stratigraphy 

The /5•O records of the planktonic foraminifera 
N. dutertrei of GeoB 3005-1 (gravity core), GeoB 3005-2 
(piston core), and GeoB 3005-3 (multicorer core) were used 
to combine these three cores and to build a stratigraphic 
flamework. The gravity and piston cores were brought 
together within an overlapping section from 938 to 1158 cm 
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Figure 2. (a) Combination of GeoB cores 3005-1 and 3005-2 within an overlapping section (119 to 156 kyr). (;cob 3005- 
3 was set on top. Isotopic events (Table 1) were used as stratigraphic control points. (b) Linear sedimentation rates derived 
t?om this age model. 

(original core depth) by peak to peak correlation. On the basis 
of both the isotopic and TOC records, GeoB 3005-3 was set 
on top of the stacked cores (Figure 2a). Zero age is assumed 
for the multicorer surface. Afterward, for the sake of 
homogeneity with a common timescale, the stable oxygen 
isotope record of N. dutertrei was correlated to the widely 
used marine oxygen isotope stages (MIS) of the SPECMAP 
b•SO stack (Table 1) [Imbrie et al., 1984] using the software 
program AnalySeties 1.0a7 [Paillard et al., 1996]. 

According to our age model, the composite sediment 
record at site GeoB 3005 resolves the last 307 kyr, showing 
an average sedimentation rate of- 7 cm/kyr. The linear 
sedimentation rates were calculated between stratigraphic tie- 
points and range from 5 cm/kyr in MIS 7 up to 10 cm/kyr in 
MIS 2, as shown in Figure 2b. Thus the mean time resolution 
of samples taken at intervals of 5 cm lies between 500 and 
1000 years. 

The b•SO signals of the planktonic foraminiferal species 
Pulleniatina obliquiloculata and Globigerinoides tuber were 
used to establish the stratigraphic framework of ODP Site 723 
[Niitsuma et al., 1991; Emeis, 1993; Emeis et al., 1995] and 
of core MD 900963 [Bassinot et al., 1994], respectively. 

5. Results 

5.1. Western Arabian Sea, Open Ocean: 
GeoB 3005 

The b•80 signal of the planktonic foraminifera N. dutertrei 
(Figure 3) reflects the typical late Quaternary pattern of global 
glacial to interglacial climate changes. In contrast, the records 
of TOC and C37 (Figure 3), paralleling each other, reach 
maximum values every 20 to 25 kyr. Except for the high 
values during the Holocene, probably because of lacking 
diagenetic equilibrium, TOC ranges between 0.4 and 2.1%. 
The absolute concentration of C37 shows pronounced 
variations between 400 and 6900 ng/g dry sediment. During 
the Holocene the alkenone content remains relatively low. 

TOC MAR and C37 MAR of GeoB 3005 show variations 
between 0.2 and 1.31 g/m 2 per year, and 14 and 356 gg/m 2 
per year, respectively. The pronounced periodicity with 
minimum and maximum values occurring during glacial as 
well as interglacial stages every 20 to 25 kyr are still obvious 
in the TOC MAR and C37 MAR of GeoB 3005. 

In the variance power spectrum the b180 signal (Figure 4) 
exhibits peaks at periods (1/frequency) of 112, 40, and 23 kyr 
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Table 1. Isotopic Events Used as Stratigraphic 
Control Points From Correlation of the Timescale 

of the Spectral Mapping Project (SPECMAP) With 
GeoB 3005 

Event Time, kyr Depth, cm 

Sediment Surface 0 0.5 

2 12 98 

2.2 19 163 

3.1 28 253 

3.3 53 453 

4.2 65 558 

5.1 80 673 

5.2 87 728 

5.3 99 808 

5.4 107 858 

5.5 122 958 

6.2 135 1033 

6.4 151 1128 

6.5 171 1238 

6.6 183 1313 

7.1 194 1383 

7.2 205 1438 

7.4 228 1563 

7.5 238 1633 

8.2 249 1718 

8.4 269 1883 

8.5 287 1998 

8.6 299 2078 

End of core 307 2138 

SPECMAP is from Irnbrie et al. [1984], and 
GeoB 3005 is in centimeters. 

Emeis et al., 1995]. Variations of TOC (Figure 5) range 
between 0.5 and 7.5%. At ODP Site 723, TOC values are 
consistently higher during interglacial periods [Emeis, 1993; 
Emeis et al., 1995] (Figure 5). Superimposed on these 
fluctuations in the low-frequency domain are variations which 
indicate, similar to GeoB 3005, periodic increases at time 
intervals of-• 20 to 25 kyr. These are still evident within the 
TOC MAR (0.8 to 13 g/m 2 per year) (Figure 5), although 
ODP Site 723 exhibits intervals of very high TOC 
accumulation around 10 to 20 kyr, 60 to 80 kyr, and 130 to 
150 kyr corresponding to the glacial maxima in MIS 2, 4, and 
6, respectively [Emeis et al., 1995]. The difference between 
glacial and interglacial sedimentation rates seems to be less 
pronounced in sediments older than MIS 6, when TOC and 
TOC MAR show a more parallel progress [Emeis, 1993; 
Emeis et al., 1995]. 

At ODP Site 723 the concentrations of C37 (Figure 5) range 
between 47 and 4508 ng/g dry sediment, and thus are rather 
low compared to the other sites. In contrast, C37 MAR 
(Figure 5) (5 to 1158 gg/m 2 per year) is higher than in the 
WAS and EAS open ocean sites. Variations of C37 and 
C37 MAR are in good accordance with each other, while 
higher amounts of C37 are revealed in glacial stages 8 to 4, 
following more closely the pattem of TOC MAR. 

The results of the spectral analyses of TOC (Figure 7) 
show the major peak in the eccentricity band and decreasing 
variance toward the higher frequencies, while TOC MAR is 
dominated by variance in the obliquity band. Although of 
minor importance at this site, variance in the precessional 
frequency band is still present. In contrast to ODP Site 723, 
the productivity records of GeoB 3005 have varied in tune 
with precessional forcing but have no clear 41 kyr cyclicity. 

in the eccentricity, obliquity, and precessional bands, 
respectively, with decreasing variance toward the higher 
frequencies. Periodicities > 100 kyr have to be interpreted 
with caution because of the relative shortness of the time 
series of GeoB 3005, but they clearly indicate that the •5•SO 
record reflects the global changes in sea water •5•SO due to the 
buildup and retreat of continental icemasses and changes in 
sea surface temperatures during the last 307 kyr. 

A different distribution of variance is revealed in the time 

series of TOC and C37 (Figure 4). Dominant variance is 
concentrated within the precession band of both records. Only 
TOC reveals a significant peak in the obliquity band. 
Variance in the low-frequency domain of eccentricity is 
present in C37 but is of only secondary importance in the TOC 
record. The overall dominance of the 23 kyr periodicity in the 
TOC and C37 records indicates a precessionally related forcing 
rather than changes in the glacial boundary conditions. The 
results of the spectral analyses of TOC MAR and C37 MAR 
(Figure 4) are iv accordance with TOC and C37, which 
indicates that changes in the sedimentation rate do not 
significantly influence these signals at this site. 

5.3. Eastern Arabian Sea, Open Ocean: 
MD 900963 

At site MD 900963, TOC varies between 0.2 and 0.9 % 
during the last 330 kyr. Thus highest values are reached off 
Oman, and intermediate and lowest values are reached in the 
WAS and EAS, respectively. In the EAS, highest TOC 
(Figure 6) values are associated with glacial b•80 maxima, 
and lower values are associated with interglacial minima 
every 20 to 25 kyr [Rostek et al., 1994]. The TOC MAR (0.08 
to 0.33 g/m 2 per year) follow the pattem of the TOC record, 
while the concentrations of C37 alkenones (243 to 6696 ng/g 
dry sediment) and C37 MAR (6 to 242 gg/m 2 per year) 
(Figure 6) also parallel these variations [Rostek et al., 1994]. 

The results of the spectral analyses on TOC and 
TOC MAR (Figure 7) are in good accordance to GeoB 3005. 
Again, dominant variance is concentrated at the 23 kyr period 
[Rostek et al., 1997] in both records, while TOC MAR, 
additionally, reveals a peak in the frequency band of 
eccentricity. Thus the 23 kyr periodicity is revealed in the 
WAS and EAS and at the continental margin off Oman, 
although with much lower importance at the coastal site. 

5.2. Western Arabian Sea, Continental Slope off Oman: 
ODP Site 723 

For comparison with a coastal upwelling site in the WAS 
we here reconsider results from ODP Site 723 [Emeis, 1993; 

5.4. Cross-Spectral Analysis 

The results of the cross-spectral analyses (Figure 8) reveal 
differences in the frequency domain as well as in the phase 
relationship to boreal summer insolation for June 21 at 30øN 
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Figure 3. Time series of the •5180 record of the planktonic foraminifera Neogloboquadrma dutertre•, total organic carbon 
(TOC) concentrations and mass accumulation rates (TOC MAR), and C.•7 alkenone concentrations (C;,) and mass 
accumulation rates (Cs7 MAR) for core GeoB 3005. 

of all three cores in the WAS (GeoB 3005), at the continental 
slope off Oman (ODP Site 723), and in the EAS off the 
Maldives (MD 900963). 

The 23 kyr cyclicity of GeoB 3005 (Figure 8a) is coherent 
(k = 0.9931) with boreal summer insolation but reveals a 
phase relationship of +11.3 kyr (+177 ø) (Table 2). This 
opposite phasing between summer insolation and TOC in 
GeoB 3005 is shown more illustratively in Figure 9. 

ODP Site 723 (Figure 8b) exhibits strong variances in the 
low-frequency domain, which links TOC variations mainly to 
the glacial-interglacial cycles dominated by the 100 kyr 
period. However, a strong coherency (k = 0.9906) is still 
evident between boreal summer insolation and TOC time 

series within the precession band. The phase relationship of 
-11.4 kyr (-178 ø) is similar to that calculated for GeoB 3005 
(Figure 9, Table 2). 

The coherence between TOC of MD 900963 and boreal 

summer insolation (Figure 8c) is strong (k = 0.9609) in the 
precession band, but phase relationship reveals a 7.7 kyr 
(+ 120 ø) lead of TOC. 

6. Discussion 

With the availability of longer proxy records the 
precessional component of the Earth's parameters became 
evident in productivity changes all over the Arabian Sea, 
although with varying intensity [e.g., Prell 1984; Clemens 
and Prell, 1990, 1991; Shimmield et al., 1990; Murray and 
Prell, 1992; Anderson and Prell, 1993; Emeis, 1993; Bassinot 
et al., 1994; Rostek et al., 1997; Altabet et al., 1995; Reichart 
et al., 1998; Schubert et al., 1998]. On the basis of biological, 
biogeochemical, and lithogenic evidence, Clemens et al. 
[ 1991 ] concluded that the response of the summer monsoon 
winds over the Arabian Sea to insolation changes is of more 
importance to the timing and wind strength than the glacial- 
interglacial climate variability. Additionally, $irocko et al. 
[1993] discussed variations in the records of marine oxygen 
isotopes and carbonate and aeolian dust supply, which 
originated from Arabia and Mesopotamia by northwesterly 
winds, in relation with insolation changes in the WAS. 

Recent studies suggest a coupling between increased 
biogenic as well as lithogenic particle fluxes, higher 
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SWmonsoon wind speeds, and decreasing sea surface 
temperatures in the WAS and EAS [Nair et al., 1989; Ittekkot 
et al., 1992; Haake et al., 1993]. Thus, if the SW monsoon 
wind strength responds directly to insolation changes, then 
biological, biogeochemical, and lithogenic proxies for 
paleoupwelling and wind intensity should be in phase with 
boreal summer insolation. However, numerous studies 
concerning the reconstruction of upwelling-related 
paleoproductivity in the Arabian Sea reveal a wide range of 
phase angles (-6.6 to +7.7 kyr) between the various proxies 
and boreal summer insolation [e.g., Clemens and Prell, 1990, 
1991; Shimmield et al., 1990; Murray and Prell 1992; Emeis, 

1993; Altabet et al., 1995; Beaufort et al., 1997; Reichart et 
al., 1998]. This indicates that maxima in wind strength, 
paleoproductivity, and upwelling significantly deviate from 
maxima in boreal summer insolation at June 21. None of 

them even has a maximum within the half cycle of enhanced 
insolation. On the basis of their phase angles these proxies 
used to reconstruct monsoonal climate can be divided into 

three groups (Table 2, Figure 9) reflecting (1) summer 
monsoon wind strength and related upwelling intensity in the 
WAS (Group 1:-6.4 to -9.6 kyr), (2) paleoproductivity in the 
WAS (-10.9 to +9.6 kyr), and (3) paleoproductivity in the 
EAS (+8.3 to +6.4 kyr). 
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6.1. Group 1: SW Monsoon Wind Strength and 
Upwelling Intensity in the Western Arabian Sea 
(-6.4 to-9.6 kyr) . 

Clemens and Prell [ 1990] and Clemens et al. [ 1991 ] used 
marine and terrestrial proxies, giving independent information 
on marine biological processes and the timing of maxima in 
summer monsoon wind intensity. The marine proxies, 
consisting of the concentration of the planktonic foraminifera 
Globigerina hulloides, barium, and biogenic opal fluxes, 
reveal a strong coherency with boreal summer insolation 
but show phase lags of-8.7 (-121ø), -6.6 (-104ø), and -7.2 kyr 
(-113ø), respectively, in the precession band. A grain size 
record was used as terrestrial indicator for the SW monsoon 

intensity, reveaiing a phase lag of-9.5 kyr (-148 ø) [Clemens et 
al., 1991 ]. Together these proxies forming group 1 reveal a 
time lag of roughly 6 to 9 kyr, which was attributed to 
variations in the cross-equatorial transport of latent heat 
originating from the southern Indian Ocean and its release 
over the Asian Plateau, which according to the model of 
Clemens et al. [1991], determines the strength of the 
SW monsoon. 

Altabet et al. [ 1995] used the sedimentary •SN/•4N ratios to 
reconstruct denitrification intensity, the process by which 
nitrate is reduced to gaseous nitrogen species, an important 
limiting factor for marine productivity [Altabet and Curry, 
1989]. In the precessional frequency band the b•,,l record 
from the Owen Ridge is coherent and nearly in phase with 
G. hulloides (percent) suggesting a strong link between 
denitrification and upwelling. Similar to the other records 
described above, b lSN lags boreal summer insolation by 9 kyr 
(Table 2) [Altabet et al., 1995] and thus belongs to group 1. 

Reichart et al. [ 1998] applied an age model independent of 
the SPECMAP timescale, which reduced the phase lag 
between monsoon proxies and summer insolation by 2 kyr. In 
spite of this alternative chronology tuned to the b l80 
timescale of MD 84641 [Lourens et al., 1996] from the 
Mediterranean a time lag between the productivity proxies 
G. hulloides (percent) and TOC with respect to early summer 
insolation of 6 to 7.5 kyr (Table 2) is still evident. This was 
attributed by the authors to a prolonged upwelling season 
caused by an increased insolation during August and 
September, suggesting that the length of the summer monsoon 



BUDZIAK ET AL.: ARABIAN SEA VARIATIONS IN PALEOPRODUCTIVITY 315 

Eastern Arabian Sea: MD 900963 

1.0 

0.8 

0.6 
0.4 

0.4 

0.2 

0.2 

8000 

4000 400 

0 

! ! ! i ! ! ! ! ! ..... ! ..... i' ! ! 0 

0 100 200 300 

Age (ka) 

200 • • 
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is more important to annual fluxes of G. bulloides and TOC 
than the wind strength at the time of early summer insolation 
maximum. 

6.2. Group 2: Paleoproductivity in the Western Arabian 
Sea (-10.9 to +9.6 kyr) 

Group 2, consisting only of records of TOC and C37 
alkenones, reveals opposite phasing between -10.9 and 
+9.6kyr to boreal summer insolation maxima in the 
precessional frequency band (Table 2, Figure 9). Murray and 
Prell [1992] described similar opposite relationships of 
+10 kyr (--- +157 ø) (Table 2) between maxima of TOC, 
TOC MAR, and estimates of paleoproductivity, inferred from 
the sedimentary TOC content after Miiller and Suess [ 1979], 
and maxima in Northern Hemisphere summer insolation. In 
their study the phase of TOC and productivity records lie 
directly between the phasing of indicators for summer 
monsoon strength at about -7.7 kyr (-120 ø) on average 
(group 1) and that of high sedimentation rates associated with 
lithogenic input at 5.8 kyr (+90 ø) in phase with maximum ice 
volume. From this they concluded that either the TOC signal 

reflects preservation changes due to enhanced sedimentation 
rates or the production of organic carbon is not directly linked 
to monsoonal upwelling. 

Variations in TOC and the C37 alkenone concentrations 
may be attributed to changes in either productivity or 
preservation. Today, the Arabian Sea is characterized by a 
pronounced oxygen minimum zone (OMZ) between 150 and 
-• 1500 m [ Wyrtki, 1971 ], initiating a controversial discussion 
about its influence on proxies used to reconstruct 
paleoproductivity, especially sedimentary TOC. Higher 
sedimentary TOC contents may be the result of generally 
higher export production rates and a probably somewhat 
better preservation of organic matter settling through a 
stronger OMZ. Paropkari et al. [1992] compared the 
sedimentary TOC contents on the continental slopes of the 
Indian margin and the Arabian Peninsula. They inferred that 
bottom water anoxia plays an important role on the 
sedimentary TOC concentrations. In contrast, Pedersen et al. 
[1992] examined the 0 to 1 cm depth interval from 14 
undisturbed box cores collected from the outer shelf-upper 
continental slope area off Oman from water depths < 1650 m. 
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Their findings suggested that there is little relationship 
between the bottom water oxygen concentration and the 
sedimentary content of marine organic matter on the Oman 
margin. 

Reichart et al. [1998] compared TOC patterns in cores 
from different water depths in the northern Arabian Sea. They 
found that TOC fluctuations in cores from within and below 

the OMZ can be correlated one by one with each other, 
although TOC contents are lower in the deep water cores, and 
concluded that variations in TOC are not caused by 
fluctuations in the OMZ but are primarily controlled by 
changes in surface water productivity. Additionally, Schubert 
et al. [1998] examined several organic biomarker compounds, 
such as alkenones in relation with variations of TOC over the 

past 200 kyr. They confirmed the use of alkenones, TOC, and 
other organic biomarkers as qualitative indicators for 
paleoproductivity changes in Arabian Sea sediments. 

While Paropkari et al. [ 1992] suggest that bottom water 
anoxia plays an important role on the sedimentary TOC 
concentrations, several other studies indicate that variable 

bottom water oxygen concentrations in the OMZ have only 
little or no effect on TOC variations in the Arabian Sea [e.g., 
Pedersen et al., 1992; Reichart et al., 1998; Schubert et al., 
1998]. Rostek et al. [ 1994, 1997] assumed that variations of 
organic matter are related to changes in marine productivity in 
the WAS and EAS. They used the distribution of the 

coccolithophorid species F. profunda as a proxy to estimate 
variations in surface productivity. High TOC contents and 
alkenone concentrations are accompanied by a low ratio of 
F. profunda to total coccoliths, indicating a shallow 
thermocline and enhanced surface water productivity. This is 
corroborated by transfer functions based on coccolithophorids 
[Beaufort et al., 1997] and planktonic foraminifera [Cayre et 
al., 1999] at site MD 900963. Additionally, different kinds of 
organic biomarker compounds [Schulte et al., 1999] and 
redox-sensitive trace metals [Pailler et al., 1998] revealed 
that the bottom waters remained oxygenated during the last 
330 kyr at site MD 900963. Intense bioturbation throughout 
the whole core indicates oxygenated bottom water conditions 
at site GeoB 3005 [Hernleben et al., 1996]. qZhe good 
agreement between the TOC and TOC MAR, as well as 
between C37 and C37 MAR records in both GeoB 3005 and 
MD 900963 indicates that variations in these records reflect 
changes in surface water productivity rather than preservation 
changes due to varying sedimentation rates [Miiller and 
Suess, 1979]. 

In contrast, dilution effects due to higher sedimentation 
rates of terrigenous lithogenic material and preservation as an 
additional controlling factor on TOC and C37 cannot be 
excluded at ODP Site 723. The higher TOC concentrations 
during interglacial times at ODP Site 723 are corroborated by 
a G. bulloides record [Erneis et al., 1995] also indicating 
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Figure 8. Results of the cross-spectral analyses between boreal summer insolation (June 21, 30øN) calculated after PIerger 
[1978] using the AnalySeries software package [Pa•llard et al.. 1996] and TOC records of (a) GeoB 3005, (b) ODP Site 
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higher productivity levels during interglacial times. Thus 
Emeis et al. [1995] suggested TOC to be a more suitable 
indicator of productivity than accumulation rates at this site. 

The results of the cross-spectral analyses of GeoB 3005 
and ODP Site 723 described in this study (Table 2, Figure 9) 
are in good agreement with Emeis [1993] and Murray and 
Prell [1992], who calculated the paleoproductivity rates after 
Sarnthein et al. [1992] or M•iller and Suess [1979] using 
TOC MAR at ODP Site 723 and RC27-61, respectively. 
These calculations revealed a phase relationship to boreal 
summer insolation of about + 10.5 kyr (+ 165 ø) (Table 2). We 
therefore assume that variations of TOC in the precessional 
frequency domain in the WAS can be attributed to 

productivity rather than to preservation changes. To explain 
the opposite phasing, we propose that variations of 
paleoproductivity indicated by TOC, alkenones, and other 
organic biomarkers are not directly linked to maxinmm 
monsoonal upwelling intensity and wind strength in the WAS. 

6.3. Group 3: Paleoproductivity in the Eastern Arabian 
Sea (+8.3 to +6.4 kyr) 

Group 3 summarizes phase angles between +8.3 (+130 ø) 
and +6.4 kyr (+100 ø) (Figure 9) in phase with maximum 
precessional ice volume. The leading of productivity records 
of site MD 900963 of +7.7 kyr (+ 120 ø) on average (Table 2) 
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Table 2. Summary of Phase Angles Between Time Series of Different Cores and Precessional Insolation (June 21) 

Author (s) Core Time Series Precession (June 21) 

Phase, deg. Lead/Lag, kyr 

Group 1 Clemens et al. [ 1991 ] 

Groupl Altabet et al. [1995] 

Groupl Reichart et al. [1998] 

Group 2 Murray & Prell [ 1992] 

Group 2 Emeis [ 1993] 

Group 2 this study 

Group 2 

Group 3 Beaufort et al. [1997] 

Group 3 this study 

ODP Site 722 Opal MAR - 113 +/-21 7.2 +/- 1.3 

Ba flux - 04 +/-10 6.6 +/-0.6 

RC27-61 G. bulloides (%) -121 +/-23 8.7 +/-1.3 

Lithogenic Grain Size -148 +/-12 9.5 +/-0.6 

RC27-61 d15N -141 +/-20 9.0 +/-1.3 

NIOP 464 G. bulloides (%) -103 +/-31 6.6 +/-2.0 

TOC (%) - 116 +/-29 7.4 +/- 1.9 

RC27-61 TOC (%) + 170 +/-25 10.9 +/- 1.6 

TOC MAR +155 +/-15 9.9 +/-1 

PP estimates + 162 +/-28 10.4 +/- 1.8 
[M•iller and Suess, 1979] 

ODP Site 723 PP estimates +167 +/-27 10.7 +/-1.7 
[Sarnthein et al., 1992] 

GeoB 3005 TOC (%) +177 +/-4 11.3 +/-0.3 

TOC MAR + 173 +/-4 11.1 +/-0.3 

C37 (ng/g) + 172 +/-7 11 +/-0.4 

C37 MAR + 168 +/-6 10.7 +/-0.4 

ODP Site 723 TOC (%) -178 +/-5 11.4 +/-0.3 

TOC MAR + 153 +/-6 9.8 +/-0.4 

MD 900963 PP (F. profunda) + 118 7.5 

TOC (%) +120 +/-10 7.7 +/-0.6 

TOC MAR + 129 +/-8 8.2 +/-0.5 

C37 (ng/g) +108 +/-2 6.9 +/-0.1 

C•7 MAR + 110 +/-4 7 +/-0.3 

Positive values indicate a lead with respect to insolation maximum, whereas negative values indicate a lag. A 
detailed description of the age models and cross-spectral analyses of MD 900963, NIOP 464, ODP Site 723, RC27-61, 
and ODP Site 722 are given by Bassinot et al. [ 1994] (age model) and Beaufort et al. [1997] (cross-spectral analysis), 
Reichart et al. [1998], Emeis [1993], and Clemens and Prell [1990] and [1991], respectively. The proxies were 
divided into three groups reflecting summer monsoon wind strength and related upwelling intensity in the western 
Arabian Sea (WAS) (-6.4 to -9.6 kyr) and paleoproductivity in the WAS (-10.9 to +9.6 kyr) and eastern Arabian Sea 
(+8.3 to +6.4 kyr). 

is consistent with the previously published work of Beaufort 
et al. [1997]. They used the relative abundance of the 
coccolithophorid F. profunda as a marker for variations in 
primary productivity for the past 910 kyr at site MD 900963. 
Beaufort et al. [ 1997] suggested that productivity in the EAS 
is coherent and in phase with the early spring equatorial 
insolation and therefore is related to the wind intensity of the 
westerlies. 

On the other hand, Rostek et al. [1994, 1997] inferred a 
link between precession-dominated paleoproductivity and 
deeper mixing due to stronger and predominating 
NE monsoons during glacial times in the EAS on the basis of 
higher TOC and C37 alkenone contents during glacial 
interstadials. Additionally, recent studies suggested that the 
NE monsoon winds are responsible for deepening of the 
mixed layer, thereby injecting nutrient-rich subsurface waters 

into the photic zone [Rao et al., 1989]. According to Emeis et 
al. [1995], an expanded and thickened snow cover over the 
Tibetan Plateau may have at least prolonged the NE monsoon 
season. Consequently, in the EAS, paleoproductivity seems to 
be predominantly linked to variations in the NE monsoon 
winds, which are probably related to maximum precessional 
ice volume. 

6.4. Implications for the Sedimentary TOC and C37 
Aikenone Signal in the Arabian Sea 

Although Clemens et al. [1991] attributed the 6 to 9 kyr 
time lag between proxies belonging to group 1 and boreal 
summer insolation to variations in the cross-equatorial 
transport of latent heat, the TOC and C37 signals from the 
WAS and EAS indicate that the SW monsoon and related 

upwelling intensity alone cannot account for the different 
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Figure 9. Precessional phase wheel summarizing proxies of group 1 
(-6.4 to -9.6 kyr) used to reconstruct SW monsoon wind intensity and 
related upwelling in the WAS [Clemens and Prell, 1990; Clemens et al., 
1991; Altabet et al., 1995] referenced to maximum insolation 
corresponding to June 21. Groups 2 (-10.9 to +9.6 kyr) and 3 (+8.3 to 
+6.4 kyr) indicate productivity proxies (TOC, TOC MAR, C37, and 
C37 MAR) from cores GeoB 3005 (solid line) as well as from ODP Site 
723 (long- and short-dashed line) and MD 900963 (dashed line) in the 
WAS and EAS, respectively, calculated in this study. 

phasing of groups 1, 2, and 3. The explanations of group 1, 
cross-equatorial transport of latent heat [Clemens et al. 1991 ], 
and prolonged summer monsoon season [Reichart et al., 
1998] cannot be resolved here. The timing of groups 2 and 3 
between maxima in the monsoon indices of group 1 and 
maximum ice cover leading insolation at June 21 by about 
+6.4 kyr (+ 100 ø) (Figure 9) implies a pronounced influence of 
the NE monsoon winds on TOC and C37 fluxes in the WAS 
and EAS. According to Prell [ 1984], a stronger snow cover 
over Asia delays the onset and shortens the summer monsoon 
season. Thus a prolonged NE monsoon due to minimum 
summer insolation and increased ice volume may have lead to 
a deepening of the mixed layer enhancing the primary 
productivity and particle fluxes in the WAS and EAS [Nair et 
al., 1989; Rao et al., 1989] rather than inducing stronger 
upwelling. A strengthening and prolongation of the 
NE monsoon season, increasing the vertical mixing during 
boreal winter at times opposite to maxima in precessional 
summer insolation, were previously proposed by Van Campo 
et al. [1982] and Emeis et al. [1995]. 

Additionally, recent studies of Rixen et al. [1996] suggest 
that during periods of strong SW monsoon winds, cold, 
nunlent-depleted, south equatorial water is transported to the 
north into the WAS, where these water masses reduce the 
amount of nutrients, thereby diminishing productivity related 
biogenic particle fluxes. Thus highest flux rates associated 
with upwelling occur during SW monsoons of minor to 
intermediate strength [Rixen et al., 1996]. Consequently, 
variations in paleoproductivity in the WAS are probably 
linked to deeper mixing of surface waters through the action 
of stronger and prolonged NE monsoon winds [Emeis et al., 

1995] and to rather moderate SW monsoon intensity, as 
suggested by recent studies of Rixen et al. [ 1996]. In the EAS 
the TOC and alkenone maxima are in phase with maximum 
ice volume, indicating an additional influence of stronger and 
prolonged NE monsoon winds associated with cold climates, 
as proposed by Rostek et al. [ 1994, 1997]. 

7. Conclusions 

Variations in the sedimentary content of TOC and C37 at 
sites GeoB 3005 and MD 900963 reveal a dominating 23 kyr 
cyclicity, indicating a precession-related insolation forcing on 
paleoproductivity in the WAS and EAS. It is worth noting 
that while in the EAS variance in the frequency domain of 
eccentricity is present in TOC MAR associated with 
interstadials in glacial /slSo maxima [Rostek et al., 1994, 
1997], the record from the western regions is exclusively 
characterized by the precession component. In contrast, ODP 
Site 723 exhibits strong variance in the eccentricity band 
[Emeis, 1993], showing higher TOC values during interglacial 
periods at the continental slope off Oman [Emeis et al., 
1995]. Superimposed on these fluctuations in the low- 
frequency domain are variations in the precession band at 
ODP Site 723. 

According to their phasing related to precessional 
variations in boreal summer insolation, referenced to June 21, 
monsoonal indices as well as paleoproductivity proxies can be 
divided into three groups reflecting summer monsoon wind 
strength and related upwelling intensity in the WAS (group 1: 
-6.4 to -9.6 kyr) and paleoproductivity in the WAS (group 2: 
-10.9 to +9.6 kyr), and EAS (group 3:+8.3 to +6.4 kyr). 
Cross-spectral analyses reveal a coherent but opposite phase 
relationship of TOC records of GeoB 3005 and ODP Site 723 
with respect to Northern Hemisphere summer insolation. 
These productivity-related proxy records lie directly between 
the indicators for SW monsoon wind strength and related 
upwelling intensity as described by Clemens et al. [1991] 
belonging to group 1, and maximum ice volume, which 
probably prolongs and strengthens the NE monsoon winds. 
TOC of MD 900963 leads summer insolation by +7.7 kyr 
(group 3) thus is very close to maximum ice volume in the 
precession band. 

We interpret the maxima in TOC and C37 alkenone 
variations to be a combined signal of moderate SW monsoon 
wind strength, as suggested by Rixen et al. [1996], and 
additionally strengthened and prolonged NE monsoon winds 
enhancing primary productivity due to deeper mixing in the 
WAS, while paleoproductivity seemed to predominantly 
correspond to the NE monsoon winds in the EAS. 
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