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ARTICLE INFO ABSTRACT

Keywords: The Indian Monsoon and the westerlies strongly influence the sedimentation in the northeastern Arabian Sea by
Arabian sea impacting rainfall and erosion on land and on biogeochemical processes in the ocean. To disentangle the ter-
Holocene

restrial and oceanic processes, we analysed mineralogical and bulk geochemical components of a Holocene
sediment core offshore Pakistan. Endmember modelling of grain sizes and principal component analyses (PCA)
of major and trace elements identify the origin of sediments and their dominant mode of transport.
Sedimentation processes during the early Holocene (10.8-8.2 ka BP) were influenced by the post-glacial sea level
rise and orbitally forced strengthening of the Indian summer monsoon (ISM) and westerlies. This led to a shift
from rather terrestrial-dominated towards a marine-dominated sedimentation, whereas the fluvial source shifted
from the Makran rivers to the Hab River near Karachi. During the mid-Holocene (8.2-4.2 ka BP) a combination
of weakening ISM and southward displacement of the ITCZ enhanced the influence of the westerlies, together
decreasing river discharges and enhancing aeolian input (probably from the Sistan Basin region). This trend
continued during the last ca. 4 ka when the increasing aridification of the Hab River catchment further increased
the aeolian inputs. Solar and lunar driven short-term variations as well as Bond events known from the North
Atlantic Ocean superpose these trends. They lead to a pronounced increase of fluvial inputs between 8.6-8.4 ka
BP and at ca. 3 ka BP as well as to dry events around 4.2 ka and 1.2-1 ka BP. Our study highlights the increasing
influence of the westerlies on the sedimentation processes in the northeastern Arabian Sea towards the late
Holocene.
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1. Introduction

The northeastern Arabian Sea (AS) is located in a critical region
where the climate regimes of the Indian summer monsoon (ISM) and of
Indian winter monsoon (IWM) influenced by the westerly wind systems
overlap. The general concept on past evolution of this interplay is that
the ISM and IWM strengths where antiphased (Boll et al., 2014; Caley
et al., 2011; Chauhan et al., 2006; Klocker and Henrich, 2006; Reichart
et al., 2002; Resmi and Achyuthan, n.d.; Saher et al., 2007). The ISM
strength is linked to the mean annual position of the Intertropical
Convergence Zone (ITCZ) and a northward shift of the ITCZ leading to
stronger ISM during periods of high northern hemisphere (NH) in-
solation, such as during the early to mid-Holocene. In contrast, reduced
NH insolation leads to weakening of the ISM, as, for instance, during
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the last glacial maximum (Boll et al., 2014; Caley et al., 2011;
Herzschuh, 2006; Wang et al., 2005; Yancheva et al., 2007). In addition
to the overriding and long-term orbital influence, forcing from solar
variability, El Nifio Southern Oscillation (ENSO) and North Atlantic
Oscillation (NAO) have been suggested to be responsible for centennial
to millennial monsoon strength variability (B6ll et al., 2015; Herzschuh,
2006; Wang et al., 2005).

The northeastern AS is a key region to study the Holocene varia-
bility of the IWM/westerlies, because the two atmospheric systems are
well expressed and overlap. Besides its location, the preservation of
climate signals is favoured by an oxygen minimum zone (OMZ) be-
tween 200 and ~ 1200 m water depth (Schott et al., 1970; Schulz et al.,
1996; von Rad et al., 1995). The limited oxygen content of the OMZ
inhibits bioturbation and, therefore, facilitates the formation of
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laminated sediments on the continental margin (Schott et al., 1970; von
Rad et al., 1995; von Stackelberg, 1972). The laminated sediments are
interrupted by light grey event deposits (C-layers), which are inter-
preted as suspensate event deposits (von Rad et al., 1999a) or cata-
strophic flash flood events due to extreme rainfall events in the hin-
terland and the Makran coast (Liickge et al., 2002). Reconstructions of
Holocene sea surface temperature (SST) and primary productivity (Boll
et al.,, 2015, 2014; Munz et al.,, 2017, 2015), which express IWM
strength (Andruleit et al., 2000; Schulz et al., 2002), revealed in-
creasing IWM intensity during the Little Ice Age (LIA) interpreted to
signal southward migration of the ITCZ during this cold interval (Boll
et al., 2014; Munz et al., 2017, 2015). Although several studies address
the Holocene variability of the ISM (e.g. Anoop et al., 2013; Dixit et al.,
2014; Fleitmann et al., 2007; Ivory and Lézine, 2009; Menzel et al.,
2014; Sarkar et al., 2000; Thamban et al., 2007), the knowledge of the
Holocene IWM/westerlies variability is insufficient due to the lack of
suitable records and the superposition of the ISM signal on the annual
signals recorded in the sediments (Deplazes et al., 2014; Liickge et al.,
2001).

Lithogenic material deposited in the northeastern AS is mainly
transported by rivers but also by wind as aeolian dust (Deplazes et al.,
2014; Kolla et al., 1981; Schulz et al., 1996; Sirocko and Lange, 1991;
Stewart et al., 1965; von Rad et al., 1999b, 1995). Whereas the
southern part of the northeastern AS (south of Karachi) is dominated by
sediment input from the Indus River (e.g., Bourget et al., 2013;
Deplazes et al., 2014; Limmer et al., 2012), the Makran rivers (e.g.,
Hingol River) are the major lithogenic source in the northern AS
(Bourget et al., 2011, 2010; Liickge et al., 2001; Staubwasser and
Sirocko, 2001; Stow et al., 2002). Limmer et al. (2012) reported Hab
River input to the northern Indus shelf during the early Holocene low
sea level. At around 8 ka BP, a shift to more Indus River derived sedi-
ment deposition is indicated, which is related to the Holocene sea level
rise (Limmer et al., 2012). Considering that the Indus River is influ-
enced by meltwater discharge and summer monsoon precipitation
(Bookhagen and Burbank, 2010; Karim and Veizer, 2002; Liickge et al.,

2012; Lutz et al., 2014; von Rad et al., 2002) and that the region of the
Makran river catchments receives a high amount of precipitation during
the winter (Liickge et al., 2001; von Rad et al., 2002), changes of the
sediment provenance may reveal changes of the ISM and westerly de-
rived precipitation.

The Sistan region (southeastern Iran) is a major dust source for the
northern AS, Pakistan and Afghanistan (Alam et al., 2011; Kaskaoutis
et al., 2014; Rashki et al., 2012). Sistan dust is transported by northerly
winds, the so called Levar wind, which blow from June to September.
The Levar winds are driven by a high pressure gradient between low
pressure cell over Pakistan and high pressure cell over west central Asia
(Kaskaoutis et al., 2015a, 2015b; Rashki et al., 2012). Dust supply is not
only restricted to the timing of the Levar wind, but also occurs during
the winter and pre-monsoon season when northeasterly and westerly
winds prevail over the region (Pease et al., 1998; Rashki et al., 2017;
Sirocko and Lange, 1991; Tindale and Pease, 1999). Back trajectory
studies reveal the importance of dust sources in the desert regions in
northwestern India as well as north of the Makran coast (Hussain et al.,
2005; Pease et al., 1998; Rashki et al., 2015; Tindale and Pease, 1999).
Changes in the ISM and IWM strengths, expressed in precipitation as
well as wind, thus lead to shifts in the source of aeolian, and fluvial
input and in aeolian versus fluvial fractions of sedimentary deposits on
the northern AS margin.

Here a high-resolution sedimentary record from the northeastern
Arabian Sea OMZ is examined to reconstruct changes in the Holocene
sedimentation processes off Pakistan. Data sets of grain sizes, major and
trace elements, stable isotopes of bulk carbonates as well as total or-
ganic carbon (TOC) and nitrogen (N) contents and stable nitrogen
isotopes are analysed to identify the origin of the sediments deposited
since the early Holocene. Due to its location, the sediment core provides
a scarce and valuable paleoclimate archive to study the Holocene in-
teraction of the Indian monsoon and westerlies realm.
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2. Material and methods

Box core SO90-63 KA was retrieved from the northeastern Arabian
Sea off Pakistan (24°36.6’N, 65°59.0’E, 316 m water depth) during the
RV SONNE cruise SO90 in 1993 (Fig. 1). The chronology of SO90-63 KA
has been published by Staubwasser et al. (2003, 2002) and is based on
80 *C dating of planktonic foraminifers Globigerinoides sacculifer. The
697 cm long core, with the upper 18 cm missing, covers the last ca.
10,800 years and therefore most of the Holocene period (Staubwasser
et al., 2003, 2002). It has to be noted that the core has partly dried out
and shrank of about 12% between 540 and 584 cm (corresponding to
the time interval ca. 8.5-9.3 ka BP). Therefore, a correction of the core
depth was necessary. In total, 202 samples with an averaged temporal
resolution of ca. 5-240 years were analysed for nitrogen, organic
carbon and carbonate contents and stable nitrogen isotopes. This
sample set includes separately sampled white C-event layers. We used
123 (temporal resolution of ca. 5-710 years) and 35 samples (temporal
resolution of ca. 5-970 years) for XRF elemental and grain size ana-
lyses, respectively.

2.1. Bulk analyses (nitrogen, organic carbon, carbonate)

All samples were freeze-dried and homogenized using an agate
mortar and pestle prior to chemical treatment and analysis. Total
carbon (TC) and nitrogen were analysed with a Euro EA3000 elemental
analyser. Duplicate measurements yielded a precision of 0.13% and
0.02% for total carbon and nitrogen, respectively. Samples for the
measurement of total organic carbon (TOC) were treated with 1 M
hydrochloric acid (HCI) prior to instrumental analysis in order to re-
move inorganic carbon. TOC was analysed with a Euro EA3000 ele-
mental analyser with a precision of 0.25%. The carbonate carbon was
calculated as the difference of TC and TOC.

2.2. Stable nitrogen isotope analysis

The stable nitrogen isotopes (8'°N) were analysed using an
Elementar IsoPrime 100 isotope ratio mass spectrometer after high-
temperature combustion in an Elementar CHNOS Vario isotope ele-
mental analyser at 950 °C. Pure tank nitrogen was calibrated against the
International Atomic Energy Agency reference standards IAEA-N1 and
IAEA-N2 and used as working standards in addition to an internal
standard. Replicate measurements of the reference standards yielded a
precision of better than 0.2%o. Duplicate measurements of the samples
resulted in a mean standard deviation of 0.05%o.

2.3. Stable carbon and oxygen isotope analysis of bulk carbonate

The bulk carbonate stable carbon (8'3C.s) and oxygen isotopes
(880, ) of the freeze-dried and homogenized samples were analysed
at Center for Marine Environmental Sciences (MARUM, University of
Bremen) using a Finnigan MAT 251 gas isotope mass spectrometer with
a Kiel I automated carbonate preparation device. The analytical preci-
sion based on replicate measurements (n = 35) of the house standard
(Solnhofen Limestone calibrated against NBS19) was 0.03%o and
0.04%o for 8'3Cearp, and 880, respectively. All §'°Ceap, and 820 o,
values are reported in %o against Vienna Pee Dee Belemnite (VPDB).

2.4. XRF elemental analysis

Freeze-dried and homogenized samples were analysed for their
elemental composition using X-ray fluorescence (XRF) analyses. The
XRF measurements were conducted at Bundesanstalt fiir
Geowissenschaften und Rohstoffe (BGR, Hannover) using Philips PW
1400 and Philips PW 1480 instruments. 42 major and trace elements
were quantitatively analysed after fusion of the samples with
Lithiummetaborate at 1200°C for 20min (sample/LiBO5 = 1/5).
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Quality of the results was controlled with certified reference materials
(CRM) (i.e., BCR, Community Bureau of Reference, Brussels). The
precision for major elements was generally better than = 0.5% and
better than 5% for trace elements.

2.5. Grain size analysis

Grain size analyses were conducted at the Center for Tropical
Marine Research (ZMT, Bremen). 250 mg of bulk sediment were treated
with HCI and hydrogen peroxide (H»O) to remove inorganic carbon
and organic matter (e.g. Sun et al., 2002). Thereafter, Calgon’
(NagP¢O1g) was added and boiled to avoid particle coagulation. The
grain sizes were measured using a Horiba LA-950V2 laser scattering
particle size analyser. Each sample was measured in triplicate and re-
sults were averaged. Grain size distributions were calculated for 93
grain size classes between 10nm and 3 mm. Grain size distribution
parameters were calculated with GRADISTAT V.8. End-member mod-
elling were conducted by using an end-member modelling analysis
(EMMA) script for Matlab (Dietze et al., 2012).

2.6. Aerosol grain size distribution data

The aerosol grain size distribution data for Karachi were obtained
from the Aerosol Robotic Network (AERONET, https://aeronet.gsfc.
nasa.gov/new_web/index.html) program based on ground-based re-
mote sensing measurements of aerosols using sun photometer (Holben
et al., 2001, 1998). We used the monthly averaged aerosol size dis-
tribution (2006-2017, almucantar level 1.5) of the aerosol inversion
version 2 product. Monthly averaged data of each single year were
averaged as monthly mean for 2006-2017. We then used the mean
grain size distribution of the months June-September, as during this
time period the Levar wind, which is responsible for dust storms in the
Sistan region and blowing dust to our study area, is strongest. For dust
during the winter we used the mean grain distribution of the months
November-March.

3. Results
3.1. Bulk and stable nitrogen analyses

The analyses of N, TOC and carbonate exhibit clear differences be-
tween ‘normal’ sediments and C-event layer sediments (Table 1). The C-
event layers have consistently lower N (0.14 + 0.06%), TOC
(1.00 = 0.59%) and carbonate (16.1 *= 2.8%) contents than the se-
diments (N: 0.23 * 0.06%; TOC: 1.87 = 0.46%; carbonate:
19.5 + 4.0%). The 8'°N values are slightly heavier in the sediments
(8.1 £ 0.5%0) than in the C-event layers (7.7 *+ 0.7%o). A general
increase in TOC content is observed from early (0.7%) to late Holocene
(2.6%) with phases of higher TOC values around ca. 8.3 ka BP, 6.8-7.5
ka BP, 3.9-4.2 ka BP and 1.2-2.0 ka BP as well as increasing TOC values
since the last ca. 0.6 ka (Fig. 2). The N content of the sediment core

Table 1

Mean values of concentrations, grain size as well as 8'3C ., and 880, for
sediments and C-event layers of sediment core SO90-63 KA. The numbers of
samples (n) are given in brackets.

Sediments C-layers

N (%) 0.23 + 0.06 (n = 184) 0.14 + 0.06 (n = 14)
TOC (%) 1.87 + 0.46 (n = 184) 1.00 + 0.59 (n = 14)
Carbonate (%) 19.5 = 4.0 (n = 184) 16.1 = 2.8 (n = 14)
85N (%0) 8.1 + 0.5 (n =183) 7.7 £ 0.7 (n = 14)
Mean median grain size 6.1 =+ 1.1 (n=21) 81 + 44 (n=14)

(um)
8"3Cearp (%0 VPDB) —0.81 + 0.42 (n=40) —1.32 + 0.52(n=13)
8'%0.arp, (%0 VPDB) -3.28 + 0.71 (n=40) —4.83 = 1.30 (n = 13)
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Fig. 2. a) Total organic carbon (TOC), b) nitrogen and c) calcium carbonate
content (CaCO3) of SO90-63 KA. Thick black lines indicate five-point running
average.

reveals a similar pattern as TOC with a general increase from the early
to late Holocene. In contrast, the carbonate content decreases from the
early to late Holocene. Intervals with higher carbonate contents are
observed at ca. 8.5-8.6 ka BP, 7.8-8.2 ka BP, 2.8-3.2 ka BP and around
1 ka and 0.4 ka BP (Fig. 2). The §'°N values vary between 7.9 and 8.4%o
from 10.8 to 8.8 ka BP and show a gradual decrease of §'°N to 7.1%o
until 7.8 ka BP: An interval of more depleted §'°N (7.1-7.5%o) occurred
between 7.8 and 6.2 ka BP. From 6.2 ka BP to recent a gradual increase
of 8'°N values up to 9%o are observed.

3.2. Stable carbon and oxygen isotopic composition of bulk carbonate

As for the bulk parameters, 8'3Cearp, and 8'%0cay, analyses differ
between sediments and C-event layers (Table 1). Overall, C-event layers
are more depleted in 83Ceup (—1.32 + 0.52%0) and 8'%0car
(—4.83 + 1.30%o) than the sediments with 8'3C.., and 8'80.y, va-
lues of —0.81 *= 0.42%o0 and —3.28 * 0.71%o, respectively.

3.3. XRF analysis

SiO, is the major constituent of sediments (43 + 1.4%) and C-event
layers (48% = 3.3%) followed by Al,O5; (sediments: 13 + 0.8%, C-
event layers: 14 = 0.8%) and CaO (sediments: 11.3 *+ 2.0%, C-event
layers: 8.8 = 1.2%) (Suppl. Table). Further, moderate amounts of
Fe,O5 (sediments: 5.6 = 0.4%, C-event layers: 5.8 = 0.5%) and MgO
(sediments: 3.4 + 0.1%, C-event layers: 3.4 * 0.3%) are detected,
whereas the amounts of K,O, Na,O, TiO,, SO3, P,Os and MnO are
below 2%.

For statistical analysis we conducted a principal component analysis
(PCA) of the elemental composition of the sediments (Fig. 3, Fig. 4). It
has to be noted that high-resolution major and trace elemental data
already existed for the lower part of core (400-697 cm, Staubwasser,
1999). Comparing the two data sets of the lower part of the core
(400-697 cm) shows that the trend of most of the elemental ratios (Sr/
Ca, Ti/Al, Mg/Al, Mn/Al, Fe/Al) is similar in both data sets (Suppl. Fig.
Al). Differences in the Zr/Al ratios are due to incomplete recovery of
the analytical method for Zr used by Staubwasser (1999). The author
stated that the recovery of his analytical method is about 54%
(Staubwasser, 1999). For comparison, we conducted a PCA for each
data set from the lower part of the core (400 cm to bottom) and ana-
lysed elements which are common in both data sets unaffected by in-
complete recovery (Suppl. Fig. A2). Apart from small differences of Cu,
Cr and Zn, the PCA elements common to both data sets are similar.
However, despite the issue of different analytical methods, some
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Fig. 3. Plot of the first and second axis of principal component analysis using
the elemental composition of the SO90-63 KA sediments.

elements (e.g., Co, K, Nb, P, S, Si) are not available in the older data set
for the core, so that we could not include the data set of Staubwasser
(1999) in the PCA. The PCA exhibits that the first two components
describe 66.5% of the total variance in the Holocene sediments of
S090-63 KA (Table 2). The first and second components describe 41.1%
and 25.4% of the variance, respectively. The first component reveals
two different clusters with negative loadings on Ca, Cog, P, S, Sr and Zn
as well as positive loadings on Al, Ba, Co, Cr, Cu, Fe, Ga, K, Mg, Mn, Nb,
Ni, Rb, Si, Th, Ti, V, Y and Zr. The second component exhibits positive
loadings on Ba, Ca, Cu, K, Mn, Nb, Rb, Si, Sr, Th, Y, Zn and Zr and
negative loadings on Co, C,, Cr, Fe, Mg, Ni, P, S and V (Fig. 3).

3.4. Grain size analysis

The grain size analyses of the sediments reveal a unimodal dis-
tribution pattern (Fig. 5) with median grain sizes between 4.9 and
8.6um (mean: 6.1. = 1.1 um, Table 1). Coarser grain sizes (up to
8.6 um) characterise the early Holocene that shift to finer grain sizes
(~4.9um) towards the late Holocene (Suppl. Fig. A3). C-event layers
are of unimodal distribution (Fig. 5) with coarser grain sizes of
4.9-22.0um (mean: 8.0 * 4.4um, Table 1) than the sediments. The
EMMA of the sediments reveals three main end-members (Fig. 6). End-
member 1 (EM1) has a trimodal distribution with modal grain sizes of
14.2 um, 4.2 um and 42.1 pm. In contrast, end-member 2 (EM2) has a
bimodal distribution with modal grain sizes of 14.2um and 0.3 pm,
end-member 3 (EM3) has a unimodal distribution with a modal grain
size of 3.7 um.

EMS3 has an inverse trend compared to the Zr/Al as well as the Mg/
Al ratios throughout the Holocene (Fig. 7) and median grain size and
Zr/Al ratios of sediments are significantly correlated (r = 0.73,
p < 0.001, n = 16).

4. Discussion
4.1. Source of sediments and sedimentation processes

The results of the PCA are interpreted with respect to the element
sources. The two clusters of elements of the first component in the PCA
distinguish different sediment sources (Fig. 3). The significant positive
correlation (r = 0.87; p < 0.001, n = 111) of Ca and Sr (Suppl. Fig.
A4) indicates a marine source of CaCOs. Earlier studies found that Sr
and Ca are mainly derived from biogenic carbonates in the northern
Arabian Sea (Reichart et al., 1997; Shimmield and Mowbray, 1991; von
Rad et al., 2002). While a high Sr content is linked to high production
and/or preservation of aragonite containing pteropod shells
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Table 2

PCA results of the SO90-63 KA sediments.

Component Eigenvalue Variance (%) Cumulative (%)
PC1 10.28 41.13 41.13
PC2 6.34 25.35 66.48

(Sutherland et al., 1984; von Rad et al., 1999b), enhanced Ca content
indicates higher productivity of CaCO3.containing organisms, such as
coccoliths or foraminifera.

Aluminosilicates such as Al, K, Rb or Ti are typical components of
clay detritus derived from the continent (Rashki et al., 2013; Shimmield
and Mowbray, 1991; Sinha et al., 2006; Sirocko et al., 2000). Therefore,
we conclude that positive loadings of PC1 of the aluminosilicate group
represents higher abundance of material of terrestrial origin, whereas
negative PC1 loadings of Ca, Cl, S, Sr and Zn represent higher abun-
dance of marine matter (Figs. 3 and 4).

The good correlation between the Zr/Al ratio and the median grain
size of the sediments is a reflection of zirconium often being associated
with heavy minerals of coarser grain sizes (Dypvik and Harris, 2001;
Fralick and Kronberg, 1997; von Rad et al., 1999b). Therefore, the Zr/
Al ratio can be used as a grain size indicator (Deplazes et al., 2014).
Further, Liickge et al. (2001) found high Zr/Al ratios in Hingol River
sediments and in thick varved marine sediments on the adjacent con-
tinental margin attributing this to its fluvial source and increasing
transport energy.

Lithogenic material in the study area is derived from fluvial input of
the Makran rivers (e.g. Hingol, Hab; Forke et al., 2019; Liickge et al.,
2002; Staubwasser and Sirocko, 2001; Stow et al., 2002; von Rad et al.,
1999a). Bela ophiolites in southern Pakistan are located within the
draining area of the Makran rivers and their elemental composition
(Si0,: 42.0-78.8%; CaO: 0.8-17.0%; Al,05: 10.6-21.1%) varies over
large ranges (Ahmed, 1993; Ahmed and Ernst, 1999). Dust storms in the
Sistan region have been reported to increase the sediment input con-
siderably (Alam et al., 2011; Kaskaoutis et al., 2015b, 2014; Rashki
et al., 2012). The elemental composition of dust (SiO,: 46.8-47.8%);
Ca0: 12-12.2%; Al,03: 10.4-10.8%) in the Sistan region (Rashki et al.,
2013) is similar to that found in the S090-63 KA sediments. The
average grain sizes of dust from the Sistan region are, in general, larger
in the summer months than during winter due to stronger winds and the
resulting dust mobilisation (Rashki, 2012). Dust storms over Karachi
during the Levar wind months (June-September) exhibit median grain
sizes of 2.5 um and modes of about 2.6 um (Fig. 5), respectively. Dust
transported during the winter season has similar median grain sizes of
2.4 um but modes of 3.4 ym and 0.2 um (Fig. 5). Both fall in a range
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Fig. 4. Plot of the first and second axis of principal compo-
nent analysis using the elemental composition of the SO90-
63 KA sediments. C-event layers are marked as red stars and
sediments as dots. Big shaded circles indicate different age
intervals of sediments with intervals from 10.8 to 10 ka BP
(green), from 9.9 to 4.2 ka BP (blue) and from 4.2 ka BP to
modern (grey). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web
version of this article.)

C-Event Layers
0-42kaBP
42-99kaBP
10.0 - 10.8 ka BP

which is rather indicative of a distal than a proximal aeolian dust source
(Mahowald et al., 2014, 2005; von Rad et al., 2002).

In contrast, material from the Hingol River is coarse (median grain
sizes of 9.1 um) and has modes of about 9.5um and 42.1 ym (Forke
et al., 2019). The mode of 9.5 um is interpreted as suspended material
of the river, whereas the mode 42.1 um is interpreted as river bed load
material (Forke et al., 2019). The median grain sizes of the SO90-63 KA
sediments (6.1 = 1.1 um) and C-event layers (8.1 + 4.4 um) are in the
range between aeolian dust and Hingol River sediments. The modal
grain sizes of EM1 (14.2 ym and 42.1 pm) are in the range of those from
the Hingol River suspension (9.5 pum) and bed load material (42.1 um),
respectively and are in line with end-member analyses of SO130-275 KL
(Forke et al., 2019). Therefore, EM1 can be used as an indicator for
fluvial input. In contrast, EM3 (mode: 3.7 um) probably reflects aeolian
dust input. EM2 (mode: 14.2 um) suggests a mixed signal of fluvial and
aeolian input (McCave, 1972).

The majority of the C-event layers in the core are clearly associated
with the terrestrial aluminosilicate group corroborating earlier studies
suggesting their terrigenous, non-biogenic origin (Liickge et al., 2002;
Schulz et al., 1996; von Rad et al., 2002, 1999a). Liickge et al. (2002)
reported lower percentages of biogenic compounds in C-event layers
compared to ‘normal’ sedimentation layers, which agrees with in our
record (Table 1). Further, more depleted bulk 8'*C ., and §'®0 .y, in
the C-Event layers than in the ‘normal’ sediment layers indicate a dif-
ferent source of carbonate in the C-Event layers, as was recently re-
ported for bulk §'3C.y, in the nearby core SO130-275 KL (Forke et al.,
20198). 8'3C and §'®0 of planktic foraminifera in core SO90-63 KA are,
on average, more enriched (8'3C = 0.89 = 0.15%o,
880 = —1.92 + 0.15%0; Staubwasser, 1999; Staubwasser et al.,
2003) than bulk 8'*C..p and 8'®0..p in both, C-event layers and
‘normal’ sediment layers (Table 3). Coccolith 8'3C (0.13 + 0.80%0)
and 8'%0 (—0.77 = 0.91%o) from the tropical southern Atlantic are
also more enriched than bulk carbonate in SO90-63 KA (Fink et al.,
2010). This contrasts with terrestrial pedogenic carbonates in western
India and Pakistan that are, on average, more depleted in 81%Ceary (—3
to —8%o0) and 8'80.a, (—1 to —5%, Table 3) (Cerling and Quade,
1993; Laskar et al., 2013). The bulk carbonate isotopes of the C-Event
layers lie between those of marine and terrestrial carbonates, but tend
to have a more terrestrial signal than the sediments of SO90-63 KA.

Coarse grain sizes and high Zr/Al ratios in sediments suggest higher
transport energy prior to deposition than sediments with lower Zr/Al
ratios. Altogether, our data corroborates earlier studies that these event
layers are deposited under high transport energy probably due to river
flood events or turbidites of reworked terrestrial sediments from the
slope (Forke et al., 2019; Liickge et al., 2002; Stow et al., 2002; von Rad
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Fig. 5. Mean grain size distribution of SO90-63 KA sediments and C-event
layers (black bold lines). Grain size distributions of individual samples are
shown in grey. Further, aerosol grain size distribution of “Sistan dust” (red line,
June-September) and “winter dust” (dashed red line, November-March) are
shown. The aerosol data include averaged monthly grain size distributions from
2006 to 2017 for Karachi (Pakistan) and obtained from the Aerosol Robotic
Network  (AERONET, https://aeronet.gsfc.nasa.gov/new_web/index.html;
Holben et al., 2001, 1998). The blue line indicates the mean grain size dis-
tribution of lower Hingol River flood terraces (Forke et al., 2019). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

et al., 2002).

4.2. Change of sedimentation processes from early to mid- and late holocene

The sedimentological and geochemical patterns observed downcore
and through time agree with the division of the Holocene into early
(11.7-8.2 ka BP, stage III), mid- (8.2-4.2 ka BP, stage II) and late
Holocene (4.2 ka BP - recent, stage [; Walker et al., 2012) (Fig. 7).

One driver of these changes in sedimentation was sea level that rose
about 60-80 m since the Younger Dryas (Hashimi et al., 1995; Siddall
et al., 2003). The rapid sea level rise of about 40 m (Hashimi et al.,
1995; Siddall et al., 2003) during the early Holocene is partly re-
sponsible for the pronounced changes of the elemental ratios (e.g., Sr/
Ca, Mg/Al, Ti/Al) as well as other bulk parameters in SO90-63 KA
(Figs. 7 and 8) during stage III. The increase to coarser grain sizes (Zr/
Al, EM3) from 10.8 ka BP to ca. 8.2 ka BP suggest a shift in the
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Fig. 6. Comparison of grain size distributions for aeolian Sistan dust and winter
dust as well as lower Hingol River flood terraces with modelled end-members of
S090-63 KA sediments.

terrestrial fraction towards relatively more fluvial compared to aeolian
input, partly as a result of more humid condition during this time
period (Fleitmann et al., 2007; Herzschuh, 2006). The early Holocene
was characterized by strong ISM precipitation and winds caused by a
northward shift of the ISM due to maximum summer insolation
(Demske et al., 2009; Dixit et al., 2014; Hamzeh et al., 2016a;
Herzschuh, 2006; Prasad and Enzel, 2006; Rawat et al., 2015; Sirocko
et al., 2000; Thamban et al., 2007). This has led to increasing river
discharges draining the NW Himalayas and Hindu Kush region (Alizai
et al., 2011; Clift et al., 2008; Giosan et al., 2012; Hamzeh et al., 2016a;
Srivastava et al., 2017). At that same time, PC1 in our record indicates a
shift towards more marine input lasting until ca. 8.2 ka BP which can be
partly attributed to an increasing distance to the coast due to sea level
rise. However, not only the distance to the coast has changed. Although
the core site is recently located near the river channel system including
the Hab, Porali and Phor rivers with the Hab River as the dominant
sediment contributor, the Hingol River was an important sediment
contributor during the early Holocene (Bourget et al., 2011, 2010). The
Porali River has discharged directly into the Arabian Sea during the
early Holocene, whereas it drains into the Miani Hor lagoon acting as a
sediment buffer and hindering direct sediment delivery to the Arabian
Sea today (Bourget et al., 2010). Cr/Cu ratios from core SO90-63 KA are
in between of those from surface sediments of the northern Arabian Sea
and the Indus River area (Staubwasser, 1999; Staubwasser and Sirocko,
2001). Even further south, the Indus-10 record located at the western
shelf of the Indus River Canyon is a mixture of Indus River derived
sediments and ophiolite sourced materials transported from the north
by the Hab River with the latter as a result of low sea level (Limmer
et al., 2012).

The Sr/Ca ratios show a significant change during stage III com-
pared to the stages II and I. Highest Sr/Ca ratios are observed between
ca. 9.8 and 9.4 ka BP and decrease until ca. 8.4 ka BP (Fig. 7f). This was
also found in the high-resolution measurements of the lower section of
the sediment core (Staubwasser, 1999) (Suppl. Fig. Al). Sr is mostly
associated with aragonite produced by shallow-water aragonitic
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Fig. 7. Comparison of a) total organic carbon (TOC) and b) PC1 as indicator for marine vs. terrestrial input, ¢) EM3 indicating the aeolian input as well as d) 8°N, )
Sr/Ca and g) Zr/Al ratios of S090-63 KA with e) 8'°N (black) and 8°®Mo (blue) of core SK148/55 (Kessarkar et al., 2018) h) sea level of the Red Sea (Siddall et al.,
2003) and i) humidity index of the westerly and Indian monsoon region (Herzschuh, 2006). Thick black lines of TOC, PC1, 8'°N, Sr/Ca, Zr/Al, and Red Sea sea level
indicate five-point running average. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

needles from green algae and other biotic precipitates or with aragonite
produced by pteropods which are best preserved under oxic conditions
(Boning and Bard, 2009; Reichart et al., 1998, 1997). Pteropod shells
are soluble under oxygen poor conditions (Klocker and Henrich, 2006;

Table 3

Schulz et al., 1996; von Stackelberg, 1972), as these are associated with
a low aragonite saturation state. For this reason, earlier studies linked
variations in the Sr/Ca ratios to the aragonite compensation depth
(ACD) so that higher Sr/Ca ratios in pelagic sediments were interpreted

Comparison of 813C and 8'®0 values of bulk carbonates (this study) and foraminifera (Staubwasser, 1999; Staubwasser et al., 2003) of SO90-63 KA with coccoliths
from the tropical southern Atlantic (Fink et al., 2010) and regional soil carbonates from western India and Pakistan (Cerling and Quade, 1993; Laskar et al., 2013).

Bulk carbonate sediments Bulk carbonate C-layers Planktic foraminifera Coccoliths Soil carbonates
8'3C (%o VPDB) —0.81 + 0.42 —1.32 + 0.52 0.89 * 0.15 0.13 * 0.80 -3--8
8'%0 (%o VPDB) —-3.28 + 0.71 —4.83 + 1.30 -1.92 + 0.15 -0.77 + 0.91 -1--5
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Fig. 8. Comparison of a) Mg/Al, b) Ti/Al ratios (this study) and c)
Globigerinoides ruber §'%0 (Staubwasser et al., 2003) of SO90-63 KA with d) sea
level of the Red Sea (Siddall et al., 2003), e) stacked North Atlantic hematite
stained grains (HSG) as drift ice record from core MC52-V29191 (Bond et al.,
2001) and e) humidity index of the westerly and Indian monsoon region
(Herzschuh, 2006). Thick black lines of Mg/Al, Ti/Al and Red Sea sea level
indicate five-point running average. Thick black line of §'®0 indicates 210 year
moving average. Grey bars indicate Bond events (numbers) based on the HSG
record by Bond et al. (2001). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

to indicate a deepening of the ACD. (Reichart et al., 1998, 1997).
Studies found a correlation between aragonite and Sr/Ca suggested that
varying aragonite content reflected OMZ intensity variations (Boning
and Bard, 2009; Reichart et al., 1998), and that variations of aragonite
supply play a minor role compared to OMZ intensity variations in
controlling aragonite abundance (Boning and Bard, 2009). Following
this argument means that high Sr/Ca ratios and low TOC concentrations
in our core reflect a weaker OMZ during the early Holocene stage III,
caused by lower sea level and/or better ventilated water masses in this
region (Gaye et al., 2018). But as sediment redistribution also have
affected sediment composition in the study area (Staubwasser and
Sirocko, 2001; von Rad et al., 2002, 1995) Sr/Ca as oxygen indicator
alone may yields ambiguous results. Therefore, additional parameters
for the state of oxygenation are of advantage. The high Sr/Ca ratios
during the early Holocene stage III is corroborated by the occurrence of
in situ mollusc shells and low accumulation of authigenic U in the same
part of the core, both indicating oxic conditions (Staubwasser and
Dulski, 2002). In contrast, high 8'°N values between 10.8 and 8.8 ka BP
indicates strong denitrification that argues against a weak OMZ. The
8'°N is often used as water column denitrification indicator in the
Arabian Sea, with high (low) 8'°N values indicating more (less) deni-
trification due to suboxic conditions (e.g. Altabet et al., 1995; Gaye
et al., 2013; Suthhof et al., 2001). The 8'°N values of modern surface
sediments from the Indus margin have shown no clear cross-OMZ trend
and are attributed to pelagic denitrification (Cowie et al., 2009). Fur-
ther, it was found that there is no distinct relationship between §'°N
and bottom water oxygen on the Makran shelf and slope (Suthhof et al.,
2001) and that, apart from O, concentration, hydrodynamic processes
may play an important role for organic matter contribution across the
OMZ (Cowie et al., 2014). However, reconstructions from SK148/55
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within the OMZ offshore western India suggested that the bottom water
was more oxygenated (indicated by lower 8°®Mo values) than the water
column (indicated by higher 815N values) from 9.5 to 8.5 ka BP (Fig. 7e,
Kessarkar et al., 2018). More oxic bottom water is consistent with the
combination of high Sr/Ca, low TOC content and accumulation of au-
thigenic U as well as absence of lamination, and occurrence of in situ
mollusc shells in core SO90-63 KA. Whereas at the same time less
oxygenated column waters leads to high §'°N values. Between 8.8 and
7.8 ka BP low 8'°N values accompanied by high TOC contents and low
Sr/Ca ratios (Fig. 7) indicate better oxygenation of the intermediate
water column and more anoxic bottom water conditions on the Pakistan
margin in line with conditions offshore western India (Kessarkar et al.,
2018). This coincided with rising sea level and Kessarkar et al. (2018)
attributed changes in O, bottom and intermediate water column con-
ditions to reorganisation of subsurface water mass circulation. .

Several studies (Ansari and Vink, 2007; Enzel et al., 1999; Hamzeh
et al., 2016a, 2016b; Wasson et al., 1984) suggest additional con-
tribution of westerly associated precipitation to the likewise increased
total annual and ISM dominated precipitation in the northwestern re-
gion dominated during the beginning of stage II (7-8 ka BP). The ad-
ditional winter precipitation likely fed rivers and enhanced riverine
transport of terrestrial material to the northeastern AS. Strengthening of
ISM and additional precipitation by the westerlies increased fluvial
input as suggested by the increase of EM1 and EM2 compared to EM3 at
around 8 ka BP (Suppl. Fig. A5). In addition to EM3, the Mg/Al and Ti/
Al ratios discriminate between aeolian and fluvial input. Ti is enriched
in terrestrial detritus and is transported mainly by rivers to the Arabian
Sea (Liickge et al., 2012, 2001). Dust from the Arabian peninsula, en-
riched in Mg, is transported by northwesterly winds from the Arabian
desert and the Persian Gulf to the Makran continental slope (Deplazes
et al., 2014; Prins et al., 2000; Sirocko et al., 2000, 1991; Sirocko and
Lange, 1991). Dust from the Sistan region is enriched in Mg and has
higher Mg/Al ratios (0.9 + 0.16) compared to SO90-63KA and,
therefore, acts as possible aeolian source (Rashki, 2012). Both Mg/Al
and Ti/Al display a similar pattern in our record. Highest Mg/Al ratios
around ca. 5.5 to 6 ka BP suggest highest aeolian dust input during this
period, which seems to contradict the implication of EM3 and the Ti/Al
ratios. Model simulations suggest stronger northwesterly winds over the
Sistan Basin as well as higher precipitation in the northwestern Hima-
layas during the mid-Holocene (ca. 6 ka BP) than today (Bush, 2002).
The coincidence of strong westerly winds and high monsoon pre-
cipitation probably led to the observed synchronous pattern of aeolian
and fluvial input. A decrease of the Indian monsoon humidity after 5 ka
BP led to aridification along the Indus valley (Herzschuh, 2006; Ivory
and Lézine, 2009) and a decrease in flood intensity of the Indus River
(Giosan et al., 2012). Aridification likely occurred in other nearby re-
gions of Pakistan, which is suggested by an increase of aeolian input
(EM3) as well as a decrease of fluvial input (Ti/Al ratio) at ca. 5 ka BP
recorded in SO90-63 KA. This is in line with results from the nearby
core SO130-275 KL suggesting drier condition lasting from ca. 4 to 5 ka
BP (Forke et al., 2019). Further evidence for a drier period during the
mid-Holocene comes from palaeoreconstructions of Lake Hamoun in
the Sistan Basin, which is at present dominated by winter precipitation
(Hamzeh et al., 2016a, 2016b). During stage II the southward retreat of
the ISM and enhanced westerlies in combination with the drier period
in the Sistan region (Hamzeh et al., 2016a, 2016b) caused severe and
frequent dust storms, which are the source of enhanced aeolian dust
input suggested in our record at that time. Further, the enhanced
westerlies and IWM in combination with higher sea level and reduced
ventilation led to an intensification of the OMZ throughout the mid-
Holocene (Gaye et al., 2018) mirrored by lower Sr/Ca ratios and in-
creasing denitrification (higher 815N values) in our record (Fig. 7) as
well as by increasing §°®Mo and §'°N values in SK148/55 (Kessarkar
et al., 2018).

The dry spell around ca. 3.8-4.4 ka BP in the same record (Fig. 8,
Staubwasser et al., 2003) and in many regional terrestrial records (e.g.
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Menzel et al., 2014; Rawat et al., 2015), is identified in our record by
enhanced aeolian input (EM3, Zr/Al) as well as the highest contribution
of terrestrial material (PC1). It marks the transition between stage II
and stage I. The properties are consistent with strong winds during this
period and enhanced supply of dust probably derived from the Sistan
region. The inferred aeolian intensification was also found in a pollen
record of the nearby sediment core SO90-56 KA (Ivory and Lézine,
2009). They found high pollen input originating from the Baluchistan
plateau, but less pollen associated either with long-distance riverine
transport via the Indus River, or to summer and winter precipitation
events.

The late Holocene (stage I) is characterized by higher terrestrial
input (PC1) dominated by aeolian (EM3, Ti/Al) input and a gradual
strengthening of OMZ conditions indicated by increasing &'°N.
However, in contrast to the mid-Holocene phase (stage II), short-term
variations are expressed during the late Holocene (stage I). A short
phase of high marine input as well as an input of coarser terrestrial
material is indicated between 2.9 and 3.1 ka BP. The attribution to
marine or terrestrial sources is somewhat ambiguous, because Mg/Al
imply increased aeolian, and Ti/Al implicate enhanced fluvial input.
The peak Mg/Al ratio may originate from a dolomitic weathering
source (Limmer et al., 2012) transported by high energy fluvial runoff,
e.g., during a flood event. Giosan et al. (2012) reported relatively high
fluvial activity of the Indus River system until 2.9 ka BP and pollen
analyses indicate a weakening of winter monsoon wind strength since 3
ka BP (Ivory and Lézine, 2009). EM3 and elemental ratios (Zr/Al, Ti/Al)
indicate highest aeolian input at ca. 2 ka BP (Roman Warm Period,
RWP) and corroborate suggestions of an arid phase on the adjacent
continent and a weak winter monsoon at this time period (Boll et al.,
2014; Ivory and Lézine, 2009). Further to the west, southern Iran ex-
perienced dry conditions during the Medieval Warm Period (MWP, ca.
0.95-0.7 ka BP) and wet conditions during the Little Ice Age (LIA, ca.
0.65-0.1 ka BP) (Miller et al., 2016). The authors linked this to mer-
idional shifts of the ITCZ, with a northward (southward) shift inducing
drying (humidification) during warm (cold) periods. The antiphase
behaviour of high ISM intensity and dry conditions along the Makran
coast during warmer climate induce high fluvial input via the Pakistan
rivers, but also high aeolian input from the Sistan and Makran region.
This might explain the seeming contradiction of high fluvial and aeo-
lian input during the RWP and MWP, and the synchronous decrease of
both input sources during the LIA in our record.

In summary, sedimentation processes in the northeastern Arabian
Sea during the early Holocene were affected primarily by the Indian
Monsoon with gradual increase of the westerlies towards the late
Holocene. Enhanced precipitation in the combined ISM and westerly
realms resulted in higher fluvial input, whereas regional aridification
and stronger westerly/winter monsoon winds favoured aeolian input
from the adjacent Asian continent and particularly the Sistan Basin.

4.3. Other driving mechanisms of Holocene sedimentation process changes

Superposed on the long-term climatic drivers on the sedimentation
processes (stage I — III) over the Holocene are short term variations/
cycles. To detect such short term variations/cycles and to attribute
them to putative drivers, we conducted spectral analyses on the time
series of TOC, CaCOs, §'°N, Mg/Al, Sr/Ca, Ti/Al, Zr/Al and PC1 of the
S090-63 KA sediments using the REDFIT3.8e MATLAB script (Schulz
and Mudelsee, 2002). The spectral analysis displayed in Fig. 9 and
Suppl. Fig. A6 identified periodicities of 1527 and 1425 years at sig-
nificant levels (X2 > 90%) for Mg/Al and Ti/Al (Fig. 9). A further
significant periodicity of 271-274 years is present in Mg/Al, Zr/Al and
PC1 time series. The 1527 and 1425 year cycles are similar to those of
the Holocene ice rafting-events, also known as Bond events (Bond et al.,
2001, 1999, 1997), in the North Atlantic (Fig. 8). The Bond events 1, 2,
3, 4 and 6 coincide with high Mg/Al and Ti/Al ratios in the NE Arabian
Sea record and also Bond event 0 (LIA) is marked by high Mg/Al ratios.
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Fig. 9. Spectral analyses of a) Mg/Al and b) Ti/Al ratios of SO90-63 KA with red
noise level (red line) as well as 90% xz— (dashed grey line) and 95% xz—level
(grey line), respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

The most pronounced event in SO90-63 KA is Bond event 2 at around 3
ka BP, characterized by high Mg/Al, Ti/Al and Zr/Al ratios, high CaCO3
concentrations and low PC1 values (Figs. 7 and 8). Other regional re-
cords suggested a shift of moisture source and a change in moisture
budget at this time. For instance, a multiproxy investigation of nearby
core 56 KA indicates maximum precipitation and enhanced IWM ac-
tivity at around 3.1 ka BP and the onset of gradual aridification at
around 3 ka BP (Ivory and Lézine, 2009; Liickge et al., 2001). These
authors postulated that the underlying reason were shifts in the ITCZ to
a more southerly position during colder stages and a more northerly
position during warmer stages. Previously, von Rad et al., 2002 de-
scribed varve thickness variabilities and turbidite frequencies with a
cyclicity of about 1470 years in northeastern AS sediments. Bond events
are also associated with colder periods and weakened ISM in records of
the Indian Monsoon realm (Bhushan et al., 2018; Das et al., 2017;
Gupta et al., 2003; Munz et al., 2015; Rawat et al., 2015; Wanner et al.,
2011).

The significant periodicity of 271-274 years is congruent with solar
and/or tidal forcing. These periodicities are also found in other archives
in this region, such as the Lonar Lake (274 years) (Menzel et al., 2014)
and in the sediment core SO90-56 KA from the northeastern AS (250
and 280 years) (Berger and von Rad, 2002; von Rad et al., 1999a).
Menzel et al. (2014) critically discussed the possibility of a solar cycle
behind the prominent 274 year cycle in Lonar Lake sediment. In con-
trast, Berger and von Rad (2002) attributed the 280 year cycle in SO90-
56 KA to a multiple of the 18.6 year Saros cycle, a lunar nodal tidal
cycle. In additional to these periodicities the time series of CaCO3, 815N,
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Mg/Al, Sr/Ca and TOC in the present record have significant periodi-
cities on 121-126, 208-214, 253-261 and 351-358 years (Sup. Fig.
A5). Similar periodicities have been reported earlier for other regional
archives (Das et al., 2017; Duan et al., 2014; Fleitmann et al., 2003;
Gupta et al., 2005; Menzel et al., 2014; Thamban et al., 2007; Wang
et al., 2005), and have been attributed to distinct solar cycles, such as
the de Vries cycle (~200-210 years) or the Hale cycle (~132 years).

But most prominent variations in our record, as in other regional
records, can be linked to the Bond cycles suggesting a global (northern
hemisphere) mechanism that drives short-term shifts of the Indian
Monsoon and westerlies system. The shorter periods are consistent with
impact of solar forcing and lunar nodal cycles that may have an impact
on variations of the Indian Monsoon and westerlies system encoded in
sediment records of the northeastern AS.

5. Conclusions

The geochemical analyses of the high-resolution sediment record
S090-63 KA reveal changes in sedimentation processes and their
driving mechanism in the northeastern AS over the Holocene. The
northeastern AS is a critical region influenced by the interaction of the
Indian Monsoon and the westerly realm. The Hab River is the main
contributor of fluvial sediments, dust from the Sistan region as well as
other deserts on the adjacent Asian continent is a more important se-
diment source than dust from the Arabian Peninsula. The elemental
composition and carbonate isotope analyses of the C-event layers,
which are also prominent in other cores from the northeastern AS, in-
dicate a fluvial origin and deposition under high transport energy.

The sedimentation pattern in the northeastern Arabian Sea recorded
in SO90-63 KA evolved in three main stages:

Stage III (10.8 — ca. 7.8 ka BP, early Holocene): This stage was
characterized by a transition from a predominantly terrestrial towards a
marine dominated sedimentation due to the post-glacial sea level rise
and the orbitally forced strengthening of the ISM. At the beginning of
stage III discharges predominantly of the Hab and other rivers along the
Makran coast controlled the sedimentation at our study site and asso-
ciation with high productivity and a weak OMZ. During sea level rise
between 10.8 ka and ca. 8.2 ka BP sedimentation pattern changed. The
retreating coast line weakened the influence of the Makran rivers,
whereas the strengthening of the ISW in association with enhanced
westerly induced winter precipitation increased inputs from the Hab
River. However, overall impacts of river discharges decreased and the
intensification of the ISM and resulting enhanced productivity estab-
lished a marine dominated sedimentation.

Stage II (ca. 7.8 — ca. 4.2 ka BP, mid-Holocene): This period is
characterized by a transition from wet towards more arid conditions
and increasing westerly influence. The southward retreat of the ITCZ,
the decreasing ISM intensity and increasing IWM/westerly strength
resulted in decreasing fluvial and increasing aeolian input. Further,
enhanced IWM and westerlies as well as a reduced ventilation
strengthened the OMZ in the northeastern Arabian Sea.

Stage I (ca. 4.2 ka BP — recent, late Holocene): The late Holocene saw
a further weakening of the ISM and enhanced aridification in the
catchment of the Hab River. This decreased river discharged and in-
creased aeolian input, whereas the strengthening of the OMZ con-
tinued, which started during stage II.

These general trends are superposed by short term variations during
the early (stage III) and also late Holocene (stage I), respectively. A
marked increase of fluvial input occurred around 8.4-8.6 ka BP and at
ca. 3 ka BP, whereas dry events are evident around 4.2 ka BP and 1-1.2
ka BP. Spectral analyses reveal pronounced frequencies of 1425-1527
years that correspond with Bond events found in the North Atlantic.
Shorter significant periodicities (121, 208-214, 253-261, 271-274 and
351-355 years) identified in the spectral analyses correspond to solar
and lunar nodal cycles. Our study documents that the influence of the
westerlies became increasingly important throughout the Holocene.
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Further, our study stresses the importance of the interplay of the Indian
Monsoon, the westerlies and solar and lunar driven short-term cycle on
the sedimentation processes in the northeastern AS.
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