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Abstract

Playa-like sediments from the Hajar Mountain range in northern Oman (22.83°N, 59.00°E; 1050 m asl) document variations of
the paleoenvironmental and paleoclimate conditions over the last 20 ka. Based on high-resolution sediment sampling and their OSL
dating, sedimentation rates were calculated and used as a proxy for paleorainfall. The results show that the Glacial to Lateglacial
was characterized by arid conditions with a following transitional period of even less rainfall. At 10.5 ka, sedimentation rates
increases abruptly, indicating the onset of the early Holocene humid period (EHHP). Rainfall reaches its maximum at 9–8 ka
(EHHP-2) and a decreasing sedimentation rate after 8 ka characterizes the arid period of the middle to late Holocene. Variations of
the hydrological regime are associated with the intensity of the boreal summer Indian monsoon and its related position of the ITCZ.
For the onset of the EHHP, a northerly shift of the ITCZ is postulated, thus confirming earlier results from the southern Arabian
Peninsula.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The Indian OceanMonsoon (IOM) system is one of the
major wind systems on earth. It has a global impact on
climate and acts as a prominent conveyer belt of heat and

moisture. The IOMdominates the hydrological situation of
vast areas in NE-Africa, S-Arabia and India, which has an
important impact on the socioeconomic conditions of this
region.

The pattern and intensity of the IOM is heavily
dependent on the differential heating between the Indian
Ocean and the Asian continent. During the boreal summer
a low-pressure cell develops over the Tibetan Plateau and
a high-pressure cell over the southern Indian Ocean. This
causes a northward shift of the Intertropical Convergence

Available online at www.sciencedirect.com

Earth and Planetary Science Letters 265 (2008) 546–558
www.elsevier.com/locate/epsl

⁎ Corresponding author. Chair of Geomorphology, University of
Bayreuth, D-95440 Bayreuth, Germany. Tel.: +49 921 552266/7;
fax: +49 921 552314.

E-mail address: markus.fuchs@uni-bayreuth.de (M. Fuchs).

0012-821X/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.epsl.2007.10.050



Author's personal copy

Zone (ITCZ) and generates the SW-Monsoon (Fig. 1).
Due to the present-day boreal summer position of the
ITCZ along the southern coast of the Arabian Peninsula,
only the south-coast areas are affected by the moist SW-
Monsoon air masses, whereas further inland arid to
hyperarid conditions prevail. In the past, the boreal sum-
mer position of the ITCZ fluctuated and during times of a
northward shift of the ITCZ, moist air masses penetrated
further inland, causing increased precipitation. Based on
stable isotope analyses, Weyhenmeyer et al. (2000) could
demonstrate that the Indian Ocean was the source of these
past moist air masses. On a glacial–interglacial timescale,
these continental arid and humid periods are thought to be
primarily controlled by glacial boundary conditions (Burns
et al., 2001), whereas the influence of the northern hemi-
sphere solar insolation on the position of the ITCZ was
demonstrated by Neff et al. (2001).

For the late Quaternary several studies show variations
in the pattern and intensity of the IOM, documented in
various archives from NE-Africa (Crombie et al., 1997;
Gasse, 2000), S-Arabia, (Burns et al., 2001; Glennie and
Singhvi, 2002; Preusser et al., 2002; Radies et al., 2004),
the Arabian Sea (Sirocko et al., 1993; Leuschner and
Sirocko, 2000) and India (Andrews et al., 1998; Juyal et al.,
2006). The Holocene–Pleistocene transition for example is
marked by an intensification of the IOM with the
consequence of a strong increase in early Holocene
precipitation. For N-Africa this wet period is well known
(DeMenocal, 2000) and recorded by extensive lake
deposits (Gasse, 2000; Kröpelin and Soulié-Märsche,

1991) and flourishing Neolithic civilizations (Kuper and
Kröpelin, 2006). For southwest Arabia, Lézine et al. (2007)
identified a period of increased precipitation between 12 ka
and 7.5 ka recorded by lacustrine sediments in Yemen.
Based on faunal assemblages from interdunal deposits in
southern Oman, Radies et al. (2005) identified an early
Holocene wet period from 9.3 ka to 5.5 ka. Also in a study
from southern Oman but based on speleothems, Fleitmann
et al. (2003) reported highly depleted δ18O values
indicating a rapid increase in monsoon precipitation
between 10.3 ka and 9.6 ka with a gradual long-term
decrease in monsoon precipitation after about 8 ka. Further
north at Al Hota cave in the Oman Mountains, a similar
onset of the early Holocene pluvial period is indicated by a
sudden increase in speleothem growth rates and a drop in
calcite δ18O at 10.5 ka (Burns et al., 2001). However, the
wet period ends at Al Hota cave at 6 ka, thus much later
than seen by Fleitmann et al. (2003). Two studies from the
United Arab Emirates north of Oman, which are based on
dune activities (Bray and Stokes, 2004) and lacustrine
geochemistry (Parker et al., 2006), identified the end of the
wet period also at 6 ka, even if Parker et al. (2006) reported
a much later onset of the wet period at 8.5 ka.

To reconstruct the pattern and intensity of the IOM
and its associated position of the ITCZ, the Arabian
Peninsula represents a key locality. However, as shown
by the discussion about the onset and duration of the
early Holocene wet period, the timing of climate fluc-
tuations in southern Arabia is still under debate.

Due to a lack of appropriate climate proxies, paleocli-
mate reconstruction is not easy in dryland areas and often
eolian sediments are used as an indicator of past atmo-
spheric conditions (Chase and Thomas, 2007). However,
eolian sediments are a good indicator for dry conditions, but
bear only indirect information about past fluctuations in
precipitation. In this context, fluvially transported sedi-
ments represent a more appropriate proxy for precipitation,
and even in dryland areas sediments transported by surface
run-off can be found under favorable conditions. This is
because the fluvial process plays also in dryland areas an
important role in sediment redistribution, which arises from
a lack of protecting vegetation cover and infrequent but
intensive rainfall, allowing surface run-off with the
consequence of fluvial sediment erosion, transportation
and its corresponding sedimentation. Thus, if water
transported sediments are available, they can be used as a
proxy for reconstructing paleohydrological conditions
(Eitel et al., 2001, 2005, 2006; Heine 2004).

This paper presents results from a playa-like
sediment archive near the oasis of Maqta, situated at
the upper end of the Wadi Khabbah in the Jabal Bani
Jabir mountains (Hajar range) of northern Oman. Based

Fig. 1. Generalized map of the low altitude wind pattern during boreal
summer time. Dashed orange line represents the nowadays position of
the intertropical convergence zone (ITCZ), thus the northern limit of the
Indian Ocean Monsoon (IOM) during boreal summer time. Dashed red
line is thought to represent the position of the ITCZ during periods of
enhanced rainfall over southern Arabia like during the early Holocene
moist period (EHHP). The star indicates the location of the study site
near the oasis of Maqta. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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on a 20 m deep sediment profile, the sedimentation
history of a sediment-filled depression is reconstructed
thereby aiming at shedding some light on the paleoen-
vironmental and paleoclimate history of the region for
the last 20 ka. The chronostratigraphy of the sediment
archive was achieved by high-resolution sampling and
their optical stimulated luminescence (OSL) dating
(Fuchs et al., 2007). Given its unique nature in 2005
the site was revisited to re-sample the sediment profile
and to increase the number of OSL samples. While the
sediment profile shows a homogeneous structure,
marked horizons with rich depositions of mollusk shells
and a clear differentiation in the clay contents indicated
the possibility to use calculated sedimentation rats and
soil chemical properties as a proxy for precipitation in
the surrounding catchment area during the late Qua-
ternary period. The main hypothesis of this study
therefore was that sedimentation rates of this profile in
combination with the soil chemical properties of the
profile can be used to deduct precipitation changes as a
consequence of fluctuations in the IOM.

2. Study area

The study site is located 150 m above the mountain
oasis of Maqta (22.83°N, 59.00°E; 1,050 m asl), on the
southwestern flank of the Hajar range in northern Oman
(Fig. 2). Here, an ellipsoid shaped, flat depression (ca.
0.5 km2) is situated on a northwest orientated slope
(Fig. 3), with its main catchment (ca. 2 km2) upslope to
the southeast, characterized by debris covered steep
slopes and composed of Cretaceous and Tertiary
limestone. The depression is dominantly filled with
fine grain sediments of fluvial origin and in its center,
grain sizes larger than sand are rare. In contrast, gravel
to small boulder size debris is found at the margin of the
depression, originating from the adjacent slopes due to
mass wasting.

Currently, the study site is located in a mountain
desert environment with an average annual rainfall of
ca. 50–200 mm falling predominantly in winter time,
when cyclonic low-pressure systems from the Eastern
Mediterranean (Weyhenmeyer et al., 2000) moving

Fig. 2. Position of the oasis of Maqta at the upper end of the Wadi Khabbah of the Jabal Bani Jabir mountains in the Hajar range of northern Oman,
southern Arabian Peninsula.
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across the Arabian Peninsula southward. Farmers'
records and own observations during the past eight
years indicate that today summer monsoon rainfalls
occur only occasionally. As a characteristic of dryland
areas, the rainfall is very variable and can be extremely
low or even absent for several years. Subsequently,
infrequent but heavy thunderstorms can cause intensive
rainfall and flooding of the depression for several days
(pers. experienced 2005).

The geomorphic system of the depression and its
catchment is characterized by a mountainous and non- or
only sparsely vegetated desert environment. Physical
weathering is the dominant factor controlling in situ rock
disintegration and clasts of various sizes cover the slopes
of the ca. 2 km2 catchment. During infrequent but heavy
rainfalls surface run-off is generated, which enables the
smaller clasts to get washed down the slopes, where the
temporarily flowing stream (arroyo) transports the eroded
material into the ca. 0.5 km2 basin. Here, the material gets
accumulated in a shape of a very flat alluvial fan of ca. 1°,
dominantly composed of sandy, silty and clayey material.
Distal to this fan-like sedimentation zone and in the
center of the basin, only fine grain material of dominant
clayey and silty material gets accumulated. Due to the
character of the sediments and the temporarily flooding
of the depression after heavy rainfall events, the term
‘playa-like sediments’ for the fine grained material
accumulated in the center of the basin and distal to the
fan-like sedimentation zone is used.

The described fluvial sediment system can be defined
as transport-limited with rainfall being the dominant

factor for sediment redistribution. Slope-protecting
vegetation cover which would control and reduce
erosion is actually absent in the catchment. This is due
to the nowadays arid climate conditions with an annual
rainfall of 50–200 mm, coupled with a high variability.
To establish a protecting vegetation cover, precipitation
has to be above 200 mm a−1 and more important with
only minor variability. Regional paleoclimate informa-
tion shows that the last 20 ka were dry (Burns et al.,
2001) and only the early Holocene was less dry than
today (Fleitmann et al., 2003). However, as shown
below, this less dry period is characterized by enhanced
sedimentation, thus showing that even during the less
dry period, vegetation was not controlling sediment
redistribution. Changes in the geomorphometry of the
catchment as an additional important factor affecting the
sediment redistribution, is thought to be negligible.
Studying the geomorphology of the catchment, there
were no visible signs indicating a considerable different
morphometry of the catchment in the near past.

Because the depression shows no fluvial outlet, the
accumulated sediments represent an ideal natural
archive for paleoenvironmental studies, with sedimenta-
tion rates as a proxy for enhanced or reduced paleorain-
fall. To investigate the sediments and elucidate the
paleoenvironmental and paleoclimate history of the
study area, a 20 m deep pit with 1 m in diameter was dug
in the center of the depression for profile description and
sediment sampling. Due to the size of the catchment, the
single inflow to the closed basin and no important
sediment sinks between erosion on the slopes and

Fig. 3. The sediment depression near the oasis of Maqta. The arrow indicates the position of the 20 m deep pit in the center of the depression.
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sedimentation within the basin, the investigated sediment
profile seems representative for the fluvio-erosional pro-
cesses within the catchment.

3. Methods

Sediment samples from the 20 m deep pit were taken
from 9 pm to 2 am during two moon-less nights using a
rope-ladder of aluminum steps and steel ropes. The
dominantly homogeneous sediment profile was con-
tinuously sampled at 0.5 m intervals, whereas sampling
intervals were adjusted to changing sediment structures
in the middle section of the profile. For OSL sampling
the profile was carefully cleaned and the samples were
directly taken from the pit wall using a scraper and
black, light-proof plastic bags.

3.1. Sediment analysis

A first description of the sediment profile was
determined in the field. Soil samples were analyzed for
their pH in a 1:2.5 0.01 M CaCl2-suspension, carbonate
content (gasometric determination according to Scheibler;
VDLUFA, 1991) and organic carbon (Corg) according to
the Walkley–Black procedure (Page et al., 1982). Soil
texture (particle size) was determined by the pipette
method (Gee and Bauder, 1986). A total of 39 samples,

comprising 3 cm intervals from 6 to 200 cm profile depth,
was analysed for nitrate (NO3–N), ammonium (NH4–N)
(VDLUFA, 1991) and H2CO3-extractable Olsen phos-
phorus (P; Page et al., 1982).

Because of the limestone characteristic of the fluvial
catchment, the quartz content of the samples is thought to
be an eolian proxy. Therefore, the quartz content of the
samples was semi-quantitatively determined by XRD
(Siemens D5005, Siemens AG, Erlangen, Germany),
using the ground and decalcified sediment samples.

3.2. Chronostratigraphy

For optical stimulated luminescence (OSL) dating
(Aitken, 1998) 35 samples were taken from the ex-
posure. In addition to the 2004 field campaign, the study
site was revisited in 2005 to gain (1) new samples from
additional depths, and (2) more sample material from
the already sampled depths, to re-measure the OSL from
samples taken in 2004 (Fuchs et al., 2007).

For OSL measurements, the quartz coarse grain
fraction (90–200 μm) was extracted. To this end about
1.5 kg per sample was wet sieved due to the general low
quartz content of the sediment. Afterwards, the samples
were treated with HCl and H2O2 to remove carbonates
and organics, followed by heavy liquid density separa-
tion with lithium-heteropolytungstate (LST) to separate

Fig. 4. Sediment succession with their stratigraphical units and analytical data for the profile Maqta. Given are the grain sizes [%] and the contents of
SiO2 [% of the CaCO3 free fraction], CaCO3 [%] and Corg [%].
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the quartz from any heavy minerals (N2.75 g cm−3) and
feldspars (b2.62 g cm−3). In the final step, the samples
were etched for 1 h in 40% HF to remove the alpha
irradiated outer layer of the quartz grains and also to
eliminate any potential feldspar contamination. During
all steps of the sample preparation, subdued red light
(640±20 nm) was used.

Luminescence measurements were carried out on a
Risø-Reader TL/OSL-DA-15, equipped with blue LEDs
(470±30 nm) for stimulation and a Thorn-EMI 9235
photomultiplier combined with a 7.5 mm U-340 Hoya
filter (290–370 nm) for detection. β-irradiation was
performed by a 90Y/90Sr source (8.94±0.4 Gy min−1).

For De determination, a single aliquot regenerative
dose protocol (SAR) was applied (Murray and Wintle,
2000). Therefore, six regeneration cycles were used and
the shine-down curves were measured for 20 s at
elevated temperatures (125 °C) after a preheat of 240 °C
(10 s) for the natural and regeneration signals and
160 °C for the test dose signals. The integral of 0–0.4 s
of the shine-down curves, after subtracting the back-
ground signal from the mean of the 16–20 s integral,
was used for De determination. Feldspar contamination
of the aliquots was checked by stimulating the sample
with infrared light (IRSL) after artificial dosing. To
detect possible insufficient bleaching, all measurements
were carried out on small multiple grain aliquots con-
taining ca. 200 grains per aliquots (Fuchs and Wagner,
2003), mounted on aluminum cups (12 mm diameter)

Table 1
Sediment analyses

Depth
(m)

SiO2

(%)
Corg

(%)
CaCO3

(%)

0.1 2.35
0.3 1.40
0.5 28.8 1.07
0.7 0.99
0.8 39.6
1 39.7
1.1 0.87
1.3 0.49 39.8
1.5 28.6 0.73
1.6 39.9
1.7 0.75
1.9 0.86
2 39.1
2.1 0.49
2.5 25.8
2.6 0.39
3 39.1
3.4 0.29
3.5 33.4
3.9 0.33
4 39.1
4.5 30.8
4.8 0.17
5 40.1
5.5 35.5
5.8 0.14
6 42.1
6.5 31.9
6.8 0.17
7 42.2
7.25 0.19
7.5 35.7
7.75 0.13
8 44.4
8.35 0.15
8.5 28.1 42.3
9 43.6
9.16 0.09
9.5 30.1
10 41.4
10.3 0.31
10.4 29.4
10.5 22.5
10.6 0.24
10.8 18.9
10.9 0.50
11 28.2
11.3 0.31
11.5 21.5
11.7 0.21
11.8
12 33.9
12.3 0.15
12.5 29.5
13 43.3
13.3 0.14
13.5 25.5

Table 1 (continued)

Depth
(m)

SiO2

(%)
Corg

(%)
CaCO3

(%)

13.8 0.13
14 43.0
14.5 25.3
14.8 0.13
15 44.1
15.5 32.4
16 45.2
16.3 0.09
16.5 25.8
17 48.4
17.3 0.09
17.5 35.9
18 41.5
18.3 0.10
18.5 30.7
19 47.2
19.3 0.09
19.5
19.8 0.10
20 44.3

Values for sampling depth, SiO2, CaCO3 and Corg are listed.
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using silicon oil. De calculation was based on the
measurements of 24 to 100 aliquots per sample, following
the procedure suggested by Fuchs et al. (2007).

Low level γ-spectrometry was applied to determine the
dose rate (

:
D) of the sediments and cosmic-ray dose rates

were calculated according to Prescott and Hutton (1994).
Thewater content of the sampleswas determined using the
average value of the possiblewater content range, based on
the porosity of the samples. An error for the water content
value was chosen, which included the possible water
content range. The values used for the water content were
checked by measuring the in situ water contents of the
samples, showing conformity within errors.

Based on OSL age determinations, sedimentation
rates were calculated for every section of the sediment

profile, using a linear regression. The quality of the
linear regression is indicated by the coefficient of
determination (R2).

Additionally to the OSL samples, 7 mollusks
(Zootectus insularis) were sampled for 14C dating
from the upper part of the sediment profile. Accelerator
mass spectrometry (AMS) measurements were carried
out at the Poznań Radiocarbon Laboratory in Poland.

4. Results

4.1. Sediment analysis

Based on the field observations and analytical data,
three main sedimentary units were distinguished (Fig. 4

Table 2
Dosimetric data for OSL age calculation

Sample no. Depth
(m)

U
(ppm)

Th
(ppm)

K
(%)

Water
content (Δ) 1

:
Dcosm:

(Gy/ka)

:
D
(Gy/ka)

BT 110 0.5 2.32±0.17 4.37±0.21 0.92±0.02 1.10±0.05 0.20±0.010 1.80±0.10
BT 84 1.0 3.13±0.09 4.08±0.33 0.88±0.03 1.10±0.05 0.20±0.010 1.91±0.10
BT 111 1.5 3.13±0.08 4.90±0.26 1.01±0.02 1.10±0.05 0.19±0.010 2.07±0.11
BT 96 2.0 2.81±0.09 4.70±0.31 1.01±0.03 1.10±0.05 0.18±0.009 1.99±0.10
BT 112 2.5 3.05±0.09 5.06±0.32 1.05±0.03 1.10±0.05 0.18±0.009 2.10±0.11
BT 69 3.0 2.95±0.09 4.69±0.32 1.00±0.03 1.10±0.05 0.17±0.009 1.99±0.10
BT 113 3.5 2.86±0.07 4.83±0.25 1.05±0.02 1.10±0.05 0.17±0.008 2.02±0.10
BT 114 4.5 2.67±0.07 4.47±0.26 1.12±0.02 1.10±0.05 0.16±0.008 2.01±0.10
BT 85 5.0 2.77±0.09 4.92±0.35 1.12±0.03 1.10±0.05 0.15±0.008 2.06±0.11
BT 115 5.5 2.55±0.09 5.00±0.31 1.12±0.03 1.10±0.05 0.15±0.007 2.01±0.11
BT 116 6.5 2.30±0.08 4.44±0.28 0.98±0.03 1.10±0.05 0.14±0.007 1.78±0.10
BT 99 7.0 2.61±0.07 4.56±0.27 0.98±0.02 1.10±0.05 0.13±0.007 1.85±0.10
BT 117 7.5 2.38±0.06 4.42±0.24 0.94±0.02 1.10±0.05 0.13±0.006 1.76±0.10
BT 86 8.0 2.44±0.07 4.25±0.31 0.90±0.02 1.15±0.07 0.12±0.006 1.64±0.11
BT 118 8.5 2.81±0.07 5.04±0.03 1.15±0.03 1.15±0.07 0.12±0.006 1.97±0.13
BT 119 9.5 2.55±0.06 4.28±0.23 0.95±0.02 1.15±0.07 0.11±0.006 1.69±0.12
BT 101 10.0 2.78±0.08 4.63±0.25 1.07±0.03 1.15±0.07 0.11±0.005 1.86±0.13
BT 120 10.5 3.54±0.11 6.45±0.38 1.44±0.03 1.15±0.07 0.11±0.005 2.43±0.17
BT 155 10.8 3.71±0.14 6.41±0.47 1.38±0.04 1.20±0.07 0.10±0.005 2.30±0.16
BT 121 11.5 3.55±0.10 6.70±0.38 1.45±0.03 1.20±0.07 0.10±0.005 2.34±0.16
BT 102 12.0 2.70±0.09 5.68±0.31 1.25±0.03 1.20±0.07 0.10±0.005 1.95±0.13
BT 122 12.5 2.77±0.08 5.30±0.28 1.67±0.03 1.15±0.07 0.10±0.005 1.97±0.14
BT 103 13.0 2.84±0.06 5.21±0.25 1.16±0.02 1.15±0.07 0.09±0.005 1.97±0.14
BT 123 13.5 2.78±0.07 5.39±0.29 1.23±0.03 1.15±0.07 0.09±0.005 2.02±0.14
BT 104 14.0 2.91±0.08 5.47±0.33 1.17±0.03 1.15±0.07 0.09±0.004 2.00±0.14
BT 124 14.5 2.93±0.06 5.47±0.26 1.21±0.02 1.15±0.07 0.09±0.004 2.03±0.14
BT 105 15.0 2.26±0.06 4.18±0.22 1.01±0.02 1.15±0.07 0.08±0.004 1.65±0.11
BT 125 15.5 2.20±0.08 3.96±0.25 0.92±0.03 1.15±0.07 0.08±0.004 1.55±0.11
BT 106 16.0 2.24±0.08 4.38±0.28 1.07±0.03 1.15±0.07 0.08±0.004 1.70±0.12
BT 126 16.5 2.44±0.08 4.09±0.28 0.91±0.02 1.15±0.07 0.08±0.004 1.59±0.11
BT 107 17.0 2.20±0.07 3.75±0.25 0.87±0.03 1.15±0.07 0.07±0.004 1.49±0.11
BT 127 17.5 2.22±0.07 4.00±0.26 0.92±0.03 1.15±0.07 0.07±0.004 1.54±0.11
BT 128 18.5 2.13±0.06 3.93±0.21 0.81±0.02 1.15±0.07 0.07±0.003 1.42±0.10
BT 109 19.0 2.12±0.07 3.44±0.23 0.80±0.02 1.15±0.07 0.07±0.003 1.38±0.10
BT 129 19.5 2.08±0.06 3.79±0.22 0.93±0.02 1.15±0.07 0.07±0.003 1.51±0.11

Sample no., U-, Th-, and K-contents are based on low-level γ-spectrometry, water content Δ represents the ratio of the wet sample weight to dry
sample weight, cosmic dose rate (

:
Dcosm:) and effective dose rate (

:
D) are listed.

1 Ratio wet sample weight to dry sample weight.
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and Table 1). The lower part of the section (unit 3) from
20 m to 12 m is characterized by a homogenous light
brown sediment (7.5YR6.3; Munsell Color Corpora-
tion 1976) with a calcium carbonate content (CaCO3)
of 42–48% and a SiO2 content of the carbonate-free
sediment fraction of 25–36%. Because of a change in
the clay content in favor of the sand fraction at ca. 14 m
depth, unit 3 is subdivided in an upper more clayey
subunit 3a, and a lower sandier subunit 3b. This sub-
division is confirmed by a difference in the Corg con-
tent, with ≤0.1% in subunit 3b and N0.14% in subunit
3a. Mollusk remains of Z. insularis are in places all
over unit 3.

Above unit 3 follows unit 2 at 12 m depth with a
gradual but distinct change in color (brown, 7.5YR5.3)
and a sudden increase in mollusk remains (Z. insularis),
which accumulates especially in 10.75 m. CaCO3 de-
creases in unit 2 below 30% with lowest values down to
19% in 10.75 m depth, while Corg increases in 10.75
depth to a value of 0.4%. SiO2 (22%) is lower in unit 2
than in the adjacent units above and below.

The following unit 1 starts at 10 m depth and
represents the top section of the profile. It shows similar
characteristics than unit 3, with a light brown
(7.5YR6.3) in color, CaCO3 in the range of 40–44%
and SiO2 in the range of 26–36%. Corg is in the lower
part of unit 1 again very low (b0.2%), but increases
steadily up to the surface to a value of 1.4%.

4.2. Chronostratigraphy

OSL analytical data are given in Table 3 for dose rate
(
:
D) determination. For all samples, no significant
radioactive disequilibrium was detected. In Table 2,
results for equivalent dose (De) and OSL age calculation
are listed. Due to a high inter-aliquot scatter (Fuchs and
Wagner, 2003), most of the samples show insufficient
bleaching and De calculation was performed after the
method described by Fuchs et al. (2007).

The contents of U, Th and K is expressed by
:
D

(Table 3). Thereafter, samples from unit 3b show lower
values (1.38–1.70 Gy ka−1) than samples from unit 3a
(1.95–2.03 Gy ka−1). In unit 2,

:
D increases to 2.30–

2.43 Gy ka−1, representing the highest values in the entire
profile. In unit 1,

:
D decreases to values from 1.64–

2.07 Gy ka−1. Thus, the overall pattern of dose rate versus
sample depth follows the classification in three sedimentary
units.

Within errors, the calculated OSL ages are in
stratigraphic order (Table 2). With the oldest sample
BT 129 at 19.5 m depth, the profile represents the
sedimentation cycle of the last 19.16±1.39 ka. In Fig. 5,

the age versus depth plot shows a clear trisection of the
sediment profile. This classification is based on
sedimentation rates calculated on the base of the OSL
ages by linear regression. Thereafter, a sedimentation
rate of 0.8 mm a−1 (R2 =0.92) is characteristic for the
period of 19.16±1.39 ka (BT129) to 12.50±0.92 ka
(BT124), covering the lower end of the profile to a depth
of 14.5 m. Then, the sedimentation rate shortly
decreases to 0.2 mm a−1 (14.5–14.0 m), before it
increases to 3.8 mm a−1 (R2 =0.71) between 14.0 m and
8.0 m, representing the period between 9.63±0.74 ka
(BT104) and 8.07±0.57 ka (BT86). This period can be
subdivided, into a late period of pronounced sedimenta-
tion between 12 m and 8 m (6.3 mm a−1) from 8.71±
0.62 ka (BT102) to 8.07±0.57 ka (BT86), even that the

Table 3
OSL dating results

Sample no. Depth
(m)

De

(Gy)

:
D
(Gy/ka)

OSL age
(ka)

BT 110 0.5 0.60±0.02 1.80±0.10 0.33±0.02
BT 84 1.0 1.89±0.15 1.91±0.10 0.99±0.09
BT 111 1.5 3.01±0.08 2.07±0.11 1.45±0.08
BT 96 2.0 3.76±0.12 1.99±0.10 1.89±0.12
BT 112 2.5 4.86±0.15 2.10±0.11 2.33±0.14
BT 69 3.0 6.92±0.16 1.99±0.10 3.48±0.20
BT 113 3.5 7.43±0.19 2.02±0.10 3.67±0.21
BT 114 4.5 9.69±0.20 2.01±0.10 4.82±0.27
BT 85 5.0 11.07±0.11 2.06±0.11 5.38±0.29
BT 115 5.5 11.36±0.33 2.01±0.11 5.66±0.34
BT 116 6.5 12.06±0.16 1.78±0.10 6.76±0.37
BT 99 7.0 13.62±0.19 1.85±0.10 7.36±0.40
BT 117 7.5 13.33±0.26 1.76±0.10 7.57±0.42
BT 86 8.0 13.21±0.21 1.64±0.11 8.07±0.57
BT 118 8.5 15.19±0.34 1.97±0.13 8.08±0.58
BT 119 9.5 13.77±0.28 1.69±0.12 8.14±0.58
BT 101 10.0 16.36±0.50 1.86±0.13 8.79±0.66
BT 120 10.5 19.24±0.52 2.43±0.17 7.91±0.59
BT 155 10.8 19.15±0.45 2.30±0.16 8.34±0.60
BT 121 11.5 19.98±0.37 2.34±0.16 8.55±0.59
BT 102 12.0 17.02±0.44 1.95±0.13 8.71±0.62
BT 122 12.5 18.94±0.57 1.97±0.14 9.63±0.73
BT 103 13.0 19.39±0.56 1.97±0.14 9.86±0.74
BT 123 13.5 21.46±0.37 2.02±0.14 10.61±0.76
BT 104 14.0 19.24±0.59 2.00±0.14 9.63±0.74
BT 124 14.5 25.38±0.57 2.03±0.14 12.50±0.92
BT 105 15.0 23.36±0.59 1.65±0.11 14.16±1.05
BT 125 15.5 21.02±0.74 1.55±0.11 13.59±1.07
BT 106 16.0 24.33±0.46 1.70±0.12 14.28±1.04
BT 126 16.5 24.42±0.50 1.59±0.11 15.37±1.13
BT 107 17.0 23.13±0.27 1.49±0.11 15.56±1.11
BT 127 17.5 25.16±0.56 1.54±0.11 16.30±1.20
BT 128 18.5 24.42±0.52 1.42±0.10 17.18±1.26
BT 109 19.0 23.10±0.75 1.38±0.10 16.72±1.30
BT 129 19.5 28.86±0.50 1.51±0.11 19.16±1.39

Sample no., sampling depth, as well as equivalent dose (De), dose rate (
:
D)

and OSL ages with their 1σ errors are listed.
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quality of the regression with R2 =0.4 is not very high.
At 8 m depth, the sedimentation rate decreases to a value
of 0.9 mm a−1 (R2 =0.99) for the last 8 ka. Thus,
sedimentation rates of the lower part of the profile with
their changes at 14 m and 12 m depth correlate well with
the stratigraphic units 3a, 3b and the beginning of 2.

However, stratigraphic unit 1 starts at 10 m depth,
whereas the change in sedimentation rate is at 7.5 m to
8 m depth. But due to the high sedimentation rate in unit
2, this difference may represent less than 300 a.

Next to the OSL chronology, 14C ages were deter-
mined on mollusk remains from the upper part of the
profile (Table 4). The uncalibrated 14C-ages show a
general trend to much higher ages than the OSL ages.
The reason for this 14C-age overestimation is thought to
be due to the geology (Cretaceous and Tertiary
limestone) and its resulting reservoir and hard-water
effect. In addition, 14C-age overestimation might be the
consequence of incorporation of old organic material
into the younger sedimentary cycle (Lang and Hön-
scheidt, 1999). However, due to the mentioned reasons
for age overestimation, 14C-ages were not calibrated but
they still show the general trend of a sudden increase in
sedimentation rate at about 8 m depth (Fig. 5), as dem-
onstrated by the OSL ages.

Fig. 5. OSL age versus depth model and the stratigraphical units for the profile Maqta. The OSL ages (diamonds) are given with their 1σ-errors.
Additionally, uncorrected 14C ages are given (circles), showing distinct age overestimations due to the hard-water effect. OSL ages are grouped
according to the change in slope, indicated by the correlation line for each group. Based on the grouping, sedimentation rates are calculated for the
Glacial to Lateglacial (G–LG) of ca. 0.8 mm a−1, for the transitional period (TP) of ca. 0.2 mm a−1, the early Holocene moist period (EHHP) of
ca. 3.8 mm a−1 and the middle to late Holocene (MH–LH) of ca. 0.9 mm a−1. Due to a distinct rise in sedimentation rate at the end of the EHHP, it can
be divided in an EHHP-1 and -2.

Table 4
14C dating results

Sample no. Depth
(m)

δ13C
(‰)

Conventional
14C-age (ka)

Poz-3140 0.80 −4.4 825±25 BP
Poz-3141 1.30 0.2 3470±25 BP
Poz-3142 1.60 −2.2 4125±30 BP
Poz-3583 4.00 −2.4 6470±50 BP
Poz-4789 6.00 −5.7 8010±40 BP
Poz-4788 8.50 −2.0 10340±50 BP
Poz-4060 10.75 −0.2 10430±50 BP

Sample no., sampling depth, as well as uncalibrated and calibrated
14C dating results are listed.
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5. Discussion

5.1. Glacial to Lateglacial

Based on the OSL ages and the calculated sedimenta-
tion rates, paleorainfall and the overall paleoenvironmental
conditions seemed to be homogeneous in the period from
19.16±1.39 ka to 12.50±0.92 ka. In this period of
sediment unit 3b, paleorainfall is interpreted to be low,
which is supported by low values of Corg as a proxy for the
remains of below ground biomass production (low root
biomass reflecting low shoot biomass) and high values of
CaCO3 as a proxy for low solution and vertical
displacement of carbonates. The relatively high sand
content in unit 3b could be of eolian origin, thus a proxy for
increased wind activity and arid conditions in the nearby
source area, which is also supported by a slightly increased
SiO2 content. Thus, the Glacial to Lateglacial is interpreted
to be a period of arid conditions, which coincides with
previously published data from northern Oman (Burns
et al., 2001; Fleitmann et al., 2003), where the absence of
speleothem growth indicates aridity. In Yemen (Lézine
et al., 2007) and the UAE (Parker et al., 2006), the
predominance of arid conditions in this period is indicated
by a lack of lacustrine sediments.

5.2. Transitional period

At 12.5±0.92 ka the Glacial to Lateglacial period of
unit 3b ends with a short transitional phase of a strongly
reduced sedimentation rate, interpreted as a period of
even less rainfall than before. This transitional phase (TP)
lasts for about 2 ka until the beginning of unit 3a and may
represent a period of pronounced aridity, which falls
together with the European Younger Dryas. This arid
episode is known from IOM influenced Africa (Gasse
and Van Compo, 1994; Gasse, 2000), but could so far not
be identified on the southern Arabian Peninsula.

5.3. Early Holocene

After the transitional phase of pronounced aridity,
sediment unit 3a starts at ca. 10.5 ka with a distinct onset
of a humid period, indicated by a sudden increase in
sedimentation rate and Corg, while CaCO3 decreases. The
low content of SiO2 and sand as an eolian proxy clearly
supports the interpretation as a humid period which lasts
until about 8 ka.

Within this period of overall humid conditions the
episode between ca. 8–9 ka appears as a time of evenmore
pronounced rainfall, where sedimentation rates are highest.
Within this period sediments show the highest content of

mollusk remains (Z. insularis), a peak in Corg and a nega-
tive peak in CaCO3. Thus, the early Holocene humid
period (EHHP) can be divided in two stages: an early stage
EHHP-1 from ca. 10.5–9 ka, where sedimentation rate
increases rapidly after the previous arid episode of the
transitional phase (TP) and a following stage EHHP-2
from ca. 9–8 ka, where sedimentation rates increases
again, showing the most rapid sedimentation in the whole
profile.

The onset of the humid period EHHP-1 at about
10.5 ka is confirmed by studies from northern (Burns
et al., 2001) and southern Oman (Fleitmann et al., 2003),
but its timing differs from that in Yemen (Lézine et al.,
2007)with an earlier onset of the humid period at 12 ka, or
an even later onset in UAE at 8.5 ka (Parker et al. (2006).
However, most of the studies from southern Arabia
confirm a period of maximum early Holocene rainfall
during the EHHP-2 at 9–8 ka (Cremaschi and Negrino,
2005; Lézine et al., 2007; Fleitmann et al., 2003; Parker
et al., 2006).

The 8.2 ka event as a short interval of reduced rainfall
within the overall humid period, which was identified in
studies on speleothems from north and south Oman
(Fleitmann et al., 2003, 2007), was not detected in the
sediment archive from Maqta. This may be due to the
less sensitive sediment archive at Maqta, with large
errors for the OSL ages. However, Neff et al. (2001)
identified an increase in stalagmite growth rate in
northern Oman during 8–8.2 ka, which is often used as a
proxy for enhanced precipitation (Polyak and Asmerom,
2001; Fleitmann et al., 2004) and would thus confirm
the results from Maqta.

5.4. Mid–late Holocene

After the EHHP at ca. 8 ka, the sedimentation rate is
decreasing to a relatively constant value of ca. 0.9mm a−1,
which is representative for the middle to late Holocene.
This period is interpreted as relatively arid, which is also
documented in a decreasing content of Corg and an
increasing content of CaCO3 and SiO2. However, the
change from high to lower sedimentation rates at about
8 ka is shown at the depth of 8m,whereas the change in the
sediment characteristic from unit 2 to unit 1 takes place at a
depth of 10 m. Within errors the OSL ages from 8 m and
10 m are the same and both changes take place at about
8 ka. Based on an average sedimentation rate for the
EHHP-2 of ca. 6.3 mm a−1, there is an age difference
probably of ≤300 a.

The transition from the EHHP to the following arid
period at about 8 ka correlates within uncertainties of the
age model with the findings from Lézine et al. (2007)
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in Yemen and also with data from southern Oman
(Fleitmann et al., 2003), where a gradual long-term de-
crease in precipitation is seen since about 8 ka. In contrast,
Radies et al. (2005) identified the beginning of the arid
period in southern Oman at 5.5 ka and in northern Oman,
Burns et al. (2001) identified the reduction in rainfall at ca.
6 ka. Even further north in the UAE, Bray and Stokes
(2004) and Parker et al. (2006) identified the beginning of
the arid period also at 6 ka.

5.5. The ITCZ shift

Variations of paleorainfall in the southern part of the
Arabian Peninsula are generally explained by variations
in the strength of the IOM and the associated boreal
summer position of the ITCZ (Fleitmann et al., 2007;
Overpeck et al., 1996). During the Glacial and Lategla-
cial, the position of the ITCZ was supposed to be south of
theArabian Peninsula and the SWmonsoonwas unable to
effect southern Arabia. The following northward shift of
the ITCZ at the early Holocene caused the onset of the
humid period, whereas its termination is associated with a
southward shift of the ITCZ to its present-day position
along the southern coast of the Arabian Peninsula.

Thereafter, the ITCZ reached Maqta in northern Oman
(23°N) at about 10.5 ka, which is in accordance with data
from Burns et al. (2001) and Fleitmann et al. (2003). An
even further northward shift might be reached at ca. 8.5 ka
in the UAE (Parker et al., 2006). This timing of the north-
ward shift of the ITCZ differs from data given byOverpeck
et al. (1996) or Lézine et al. (2007), which indicate an
earlier shift of the ITCZ, whereas the data given by Radies
et al. (2005) would imply an even later northward mi-
gration. However, most of the data show a humid period on
the southern Arabian Peninsula at ca. 9–8 ka (EHHP-2),
indicating that at that time the ITCZwas approximately at a
latitudinal position of the UAE.

The evident decrease in rainfall atMaqta after the EHHP
at ca. 8 ka indicates a southward shift of the ITCZ, which is
in accordance with results from Lézine et al. (2007). Due to
the gradual decrease in rainfall after 7.6 ka in southern
Oman (Fleitmann et al., 2003, 2007), the position of the
ITCZ supposedly migrated gradually southward to a
position south of the Arabian Peninsula. In contrast, data
fromBurns et al. (2001) show a termination of the EHHP in
northernOman at ca. 6 ka, indicating a later southward shift
of the ITCZ.However, the abrupt decrease in sedimentation
rate at about 8 ka inMaqta, indicating a sudden decrease in
rainfall, might be explained by the threshold concept
(Coates and Vitek, 1980). Rainfall intensities below a
certain threshold may not produce enough surface run-off
to erode and transport sufficient sediment. Thus, a gradual

decrease in rainfall might not be seen in the evolution of the
sedimentation rate.

Onset, duration and temporal characteristic of arid and
humid periods throughout the southern Arabian Peninsula
and its associated positions of the ITCZ are still under
debate. The partially contrary results from various studies
might be due to dating problems or differences in the
sensitivity and characteristic of the natural archives re-
cording the climate signals. These differences may also
indicate a muchmore complicated pattern of rain bringing
atmospheric conditions at a local scale, which can only be
partially explained by the general large scale model of the
northern and southern shift of the ITCZ and its associated
SW monsoon. Especially in times of climatic transition
and a more northerly position of the ITCZ, thunderstorms
originating from the Gulf of Oman may have played a
more prominent role as a source of precipitation and
subsequent erosion–sedimentation events than nowadays.

6. Conclusions

Based on OSL ages, the calculated sedimentation
rates from the sediment record from Maqta in northern
Oman represent a valuable proxy for paleorainfall of the
last 20 ka, which was confirmed by additional chemical
analyses of the sediments. The key inferences are:

(1) The Glacial to Lateglacial period seems to be
characterized by a homogeneous sedimentation
rate, lasting from 9.16 ka to 12.50 ka. During this
period, rainfall was low, indicating arid conditions.

(2) The following transitional period from 12.5 ka to
10.5 ka shows a decreasing sedimentation rate,
indicating a period of strongly reduced rainfall.
This period might be correlated with the European
Younger Dryas cooling event, so far not found in
records from southern Arabia.

(3) An abrupt increase in sedimentation rates (rain-
fall) at about 10.5 ka indicates the onset of the
early Holocene humid period (EHHP), which lasts
until about 8 ka. An even higher sedimentation
rate from 9–8 ka indicates a maximum in rainfall
within the EHHP.

(4) After 8 ka, sedimentation rates decrease, showing
a decrease in rainfall and indicating arid condi-
tions for the middle and late Holocene.

The onset and termination of the arid and humid
periods in southern Arabia are related to the position of
the ITCZ and its associated SW monsoon pattern. Due
to the presented data and based on several studies from
southern Arabia, a rapid northward shift of the ITCZ at
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about 10.5 ka may have caused the onset of the early
Holocene humid period (EHHP), whereas its termina-
tion at 8 ka could be associated with a southward mi-
grating of the ITCZ. However, discrepancies of the
onset and termination of the arid and humid periods
between the various studies from southern Arabia still
exist, which might be due to differences in the sensi-
tivity of the investigated archives or in a more complex
pattern of the atmospheric conditions at a local scale.
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