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Multidecadal variations in the early Holocene outflow 
of Red Sea Water into the Arabian Sea 
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Abstract. We present Holocene stable oxygen isotope data from the deep Arabian Sea off Somalia at a decadal time 
resolution as a proxy for the history of intermediate/upper deep water. These data show an overall b180 reduction by 0.5%0 
between 10 and •6.5 kyr B.P. superimposed upon short-term b180 variations at a decadal-centennial timescale. The 
amplitude of the decadal variations is 0.3%0 prior, and up to 0.6%0 subsequent, to •8.1 kyr B.P. We conclude from modeling 
experiments that the short-term •80 variations between 10 and •6.5 kyr B.P. most likely document changes in the 
evaporation-precipitation balance in the central Red Sea. Changes in water temperature and salinity cause the outflowing 
Red Sea Water to settle roughly 800 m deeper than today. 

1. Introduction 

In order to improve our understanding of the processes driving 
climate change, a detailed knowledge of coupled oceanic-atmos- 
pheric dynamics is crucial. There are a number of strategic 
locations where variations in the evaporation-precipitation balance 
of marginal basins should affect the formation of intermediate 
water masses. The hypersaline Red Sea is a good example. To date, 
studies of the history of the water exchange between the Red and 
Arabian Seas have been carded out only from a Red Sea perspec- 
tive. The intermediate/upper deepwater history in the Arabian Sea 
has received little attention. Variations in the b i80 gradient in the 
Arabian Sea water column (e.g., between planktic and benthic 
foraminifera) have been attributed to changes in the thermocline 
thickness due to monsoonal strength variations [Niitsuma et al., 
1991 ], rather than to variations in Red Sea Water (RSW) outflow. 
On the basis of b•80 variations in benthic foraminifera from the 
Oman Margin, Zahn and Pedersen [1991] were the first to 
conclude that owing to the lower glacial sea level, the sill depth 
at the Strait of Bab el Mandeb shoaled (Figure 1). Accordingly, the 
water exchange between the Red and Arabian Seas was reduced, 
and offshore Oman waters forming in the Arabian Sea replaced 
RSW. The restricted water exchange also resulted in salinities 
higher than 50 practical salinity units (psu) during glacial stages 
[Hemleben et al., 1996; Rohling, 1994; Thunell et al., 1988]. 
Modem water exchange patterns between the Arabian and Red 
Seas were not established prior to 6-7.5 ka [Locke and Thunell, 
1988]. This implies that the early Holocene salinity values in the 
Red Sea were much higher than those today and must have 
influenced the history of early Holocene outflow. Here we present 
b•aO data from middepth Arabian Sea, which document a short- 
term variability that can be explained by a variable inflow of RSW 
with unusual temperature-salinity (T-S) properties during the early 
Holocene. 

2. Hydrographic Setting of the Arabian Sea 

Below the monsoon-controlled surface mixed layer, four major 
intermediate to deep water masses dominate the Arabian Sea, i.e., 
Arabian Sea Water (ASW), Persian Gulf Water (PGW), Red Sea 
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Water (RSW), and Circum-Polar Deep Water (CDW) (see Figure 2). 
Antarctic Intermediate Water does not penetrate further north than 
5øN [Wyrtki, 1974; You, 1998] and hence does not occur in the 
modem northern Arabian Sea [see van Bennekom et al., 1995]. The 
shallowest subsurface water mass in the Arabian Sea, the ASW, or 
Arabian Sea High-Salinity Water, forms in the northern Arabian Sea 
owing to winter cooling and predominantly spreads southward. 
Typical salinity values in the ASW are 35.3-36.7 psu, and temper- 
atures range between 24 ø and 28øC [Prasanna Kumar and Prasad, 
1999]. ASW prevails as a shallow subsurface water mass above 
100-m depth in the eastern Arabian Sea [Prasanna Kumar and 
Prasad, 1999]. 

PGW enters the Arabian Sea as a warm and highly saline water 
mass through the Strait of Hormuz. Close to the PGW inlet, in the 
Gulf of Oman, salinity values reach 38.5 psu with temperatures 
around 24øC. Further downstream typical salinity and temperature 
ranges are 35.1-37.4 psu and 13-19øC, respectively [Prasanna 
Kumar and Prasad, 1999; Rhein et al., 1997]. According to these 
T-S properties, PGW settles at 200- to 400-m water depth (Figure 2) 
[Prasanna Kumar and Prasad, 1999]. 

RSW forms in the northernmost part of the Red Sea [Maillard 
and Soliman, 1986; Woelk and Quadfasel, 1996] and advects into 
the Arabian Sea as a highly saline and warm intermediate water 
mass. During the SW monsoon, wind stress induces a strong 
subsurface inflow of Arabian Sea waters from the Gulf of Aden 

into the Red Sea, reducing the RSW outflow to minimum values. 
During winter, RSW outflow reaches its highest values [Woelk 
and Quadfasel, 1996]. At the exit of the Red Sea, the Strait of 
Bab el Mandeb, salinity and temperature values in RSW are 40 
psu and 21 ø-22øC, respectively (Figure 2) [Woelk and Quadfasel, 
1996]. Downstream, the RSW strongly mixes with surrounding 
waters. The main body of RSW passes through the Strait of 
Socotra flowing southward, and only a minor part continues to 
flow eastward (Figure 1) [Shapiro and Meschanov, 1991]. Off 
Somalia, the RSW core occurs at 800-m depth, and salinity and 
temperature values are •35.6 and 11øC, respectively (Figure 2) 
[Shapiro and Meschanov, 1991]. On its track along the African 
coast it sinks to greater depth [Quadfasel and Schott, 1982]. RSW 
has been traced south of 25øS at 1000- to 1500-m water depth 
[Griindlingh, 1985]. 

CDW originates from the Southern Ocean and occurs in the deep 
Arabian Sea off Somalia below 1500 m. It consists of a mixture of 

45% Wedell Sea water, 30% Pacific/Indian intermediate waters, 
and 25% North Atlantic Deep Water (NADW; for a summary, see 
Emery and Meincke [1986]). Characteristic temperature and sal- 
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Figure 1. Location of core 905. Bold arrows are redrawn from 
Shapiro and Meschanov [ 1991 ] and indicate the main flow path of 
Red Sea Water (RSW) in the Arabian Sea. 

inity properties in the Arabian Sea are 0.1ø-3øC and 34.6-34.9 
psu, respectively [Emery and Meincke, 1986]. 

3. Methodology 

Piston core 905 was retrieved from a water depth of 1580 m 
offshore Somalia during the Netherlands Indian Ocean Program 
(NIOP, 1992/1993; Figure 1). The age model of core 905 is based 
on 12 •4C dates [Ivanova, 2000] (Figure 3) placed at strategic 
depth intervals covering the last 31 kyr B.P. The average sed- 
imentation rate in this period is around 19 cm kyr -•. In the early 

Holocene, sedimentation rates reach up to 36 cm kyr -•. To fully 
explore the paleoceanographic history in the western Arabian Sea, 
early Holocene and late glacial subsections were sampled at 0.5-cm 
steps, yielding an average time resolution of 10-20 years. 

Following standard sample preparation techniques (washing and 
sieving), the stable oxygen isotope values of the planktic fora- 
minifer G. tuber and the epibenthic foraminifer C. kullenbergi 
were measured with a Finigan MAT 252 mass spectrometer 
coupled to an automated carbonate preparation line (Bremen type; 
for detailed methods, see Ivanova [2000]). The stable oxygen 
isotope records (Figures 3 and 4) are average values of replicate 
analysis: three individual analyses of four tests of G. tuber and of 
up to five (in rare cases one) single-specimen analyses of C. 
kullenbergi (size fraction 250-350 t•m). The internal reproduci- 

18 o bility for 15 O measurements is +0.05%0, resulting in an analytical 
detection limit for 15•80 variations of0.1%o. The significance of the 
observed benthic 15•80 variations will be discussed in section 4. 
The data set is online available via the National Geophysical Data 
Center in Boulder, Colorado. 

4. Intermediate/Upper Deep Water Dynamics 
During the Last 20 kyr B.P. 

There are three main findings of the pre-Holocene 15•80 record 
of the epibenthic foraminifer C. kullenbergi (Figure 3). First, a 
0.9%o reduction in 15•80 is recorded during Termination Ia. This 
represents a 0.3%0 larger drop in 15180 than was inferred from 
changes in the global ice volume during Termination Ia according 
to Fairbanks [1989]. Second, an extreme 15•80 increase by 0.8- 
0.9%0 to almost glacial type 15180 values of ,-•3.5%o marks the 
Younger Dryas (YD). This point is based on a single measure- 
ment due to limited sample availability. Around that time the 
deepwater connection between the Red Sea and the Arabian Sea 
began to reestablish [Almogi-Labin et al., 1996; Fenton et al., 
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Figure 2. Temperature-salinity (T-S) field with contoured density lines (150 values given) according to Cox et al. 
[ 1970]. Hatched fields indicate the T-S properties of the main modem subsurface, intermediate, and deepwater masses 
in the Arabian Sea. Data sources are as follows: ASW, Arabian Sea Water [Prasanna Kumar and Prasad, 1999]; 
PGW, Persian Gulf Water [Prasanna Kumar and Prasad, 1999; Rhein et al., 1997]; RSW (Bab el Mandeb and off 
Socotra, own data); and CDW, Circum-Polar Deep Water (own data). For further explanation, see text. 
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Figure 4. Detailed 15•80 record of the epibenthic foraminifer C. kullenbergi between 11 and 6.5 kyr B.P. Shaded 
area marks the standard deviation of the multiple analyses. For single analysis a constant standard deviation of 0.1%0 
was used. For further comments, see text. 
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Figure 5. T-S distribution of the main water masses contributing to RSW occurring off Somalia Proportion 
calculations are based on triangulation and given at the bottom of the graph. RSW (B.e.M.), RSW (Bab el Mandeb); 
G. Aden, Gulf of Aden. For further explanation, see text. 
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Figure 6. 15180/S relation in water masses occurring in the Arabian Sea: (a) water masses from the Arabian Sea 
below 2000 m, (b) surface water from the Red Sea, and (c) surface water from the Arabian Sea. Linear regression 
lines/coefficients are given. Data source is unpublished data from the Netherlands Indian Ocean expedition. 

2000; Hemleben et al., 1996]. Hence the benthic 15180 maximum 
spike may represent the first sign of RSW in the Arabian Sea. 
Finally, a second 15180 reduction of 0.8-0.9%0 occurs during 
Termination Ib. The overall glacial-early Holocene 15180 reduction 
is 1%o, which is 0.2-0.3%0 smaller than the widely accepted 1.2- 
1.3%o related to global ice volume change [Fairbanks, 1989; 
Labeyrie et al., 1987]. Between 10 and •6.5 kyr B.P, 15t80 values 
generally decrease from •2.7 to 2.2-2.3%0 (Figures 3 and 4). The 
latter is the level that persists through the remainder of the core. 
Superimposed on these changes are ultra short-term 15t80 varia- 
tions with a decadal/centennial time resolution (Figure 4). 
Between 10 and 8.1 kyr B.P the amplitude of these changes 

18 rnn reaches up to 0.3%0. The short-term 150 fluctuations occu ' g 
between 8.1 and •6.5 kyr B.P have significantly higher ampli- 
tudes. There are three main oscillations with amplitudes of up to 
0.6%0 in this time period (Figure 4) with minimum spikes that 
center around 7900, 7730, and 7370 kyr B.P. The amplitude of the 
fluctuations decreases approaching •6.5 kyr B.P. 

Before proposing possible explanations for these findings, we 
must assess the effect of bioturbation on the paleorecords. Bio- 
turbation of sediments resembles a low-pass filter [e.g., Trauth et 
al., 1997]. In general, the higher sedimentation rate will improve 
the potential of high-frequency climate change to be preserved, 
particularly if bioturbation depth is constant. The absolute effect of 
bioturbation on the preserved record of core 905 is difficult to 
assess. Given the high sedimentation rate of up to 36 cm kyr-1 we 
believe it is conservative to assume that its influence is minor. In 

order to assess the variability in 15•80 recorded by each sample, the 
standard deviation was calculated (an error of +0.1%0 was assumed 
for each single analysis). Figure 4 shows that between 10 and 8.1 
kyr B.P, although some of the 15•80 variation is within error, there 
is significant variation, in particular on centennial timescales. This 
finding suggests that a substantial part of the variability shown 
reflects the natural variability within the time period covered by 
each sample. Accordingly, we assume that the small 15•80 varia- 
tions, although clearly close to the detection limit of the method, 
reflect the natural variability off Somalia. The high-amplitude 
variability between 8.1 and •6.5 kyr B.P records major changes 
in climate and/or oceanography. 

5. Discussion 

A series of explanations are required to explain why benthic 
foraminifera at 1580-m water depth off Somalia record: (1) a 0.2- 

0.3%0 smaller drop in 15•80 during Termination I than was inferred 
from the global ice volume change and (2) a general decrease by 
0.5%0 between 10 and •6.5 kyr B.P, which has (3) decadal/ 
centennial scale 15•80 variations superimposed upon it that have 
amplitudes of up to 0.3%0 between 10 and 8.1 kyr B.P and up to 
0.6%0 between 8.1 and •6.5 kyr B.P. The processes governing 
15 ]80 variations of calcareous organisms depend on the temperature 
and 15180 of the ambient seawater. 15180 water varies with salinity. 
Hence, in order to understand the causes of the 15•80 variations, an 
assessment of current and possible past T-S and 15•80 properties of 
water masses in the Arabian Sea is required. 

5.1. RSW Mixing in the Arabian Sea: Implications for fi180 
and Salinity 

The T-S properties of RSW change as it advects through the 
Strait of Bab el Mandeb and mixes with local subsurface waters in 

the Gulf of Aden [Shapiro and Meschanov, 1991]. In the open 
Arabian Sea, RSW also mingles with CDW. A simple three-end- 
member T-S mixing model illustrates the different contributions of 
water masses to the modem RSW as it is found at roughly 800-m 
depth off Somalia (Figure 5). This model includes source RSW 
(Bab el Mandeb properties), subsurface waters from the Gulf of 
Aden, and the CDW. A simple triangulation implies a pure RSW 
content of •6%, a Gulf of Aden (GOA) water content of •69%, 
and a •25% admixture of CDW to explain the mixed RSW off 
Somalia (see Figure 5). In order to assess possible variations in 
admixture rates, we use a new set of 15180 data from the Red Sea 
and the northern Arabian Sea (Figures 6a-6c). The 15180/salinity 
correlation slope for the Arabian Sea below 2000 m is >1.8 (Figure 
6a), a number that is slightly higher than the value of 1.5 given by 
Zahn and Mix [1991]. However, "our" slope is based on only a 
few data points compared to that of Zahn and Mix [1991]. We 
therefore adopt a deepwater 15180/S slope of 1.5 for the discussion 
below. In contrast, the 15•80/S slope in surface waters is generally 
much lower. For surface waters in the northwestern Arabian Sea it 

is only 0.1-0.2 with a large standard deviation (Figure 6c), and in 
the Red Sea the 15•80/S slope is 0.3 (Figure 6b), a value almost 
identical to the value published by Craig and Gordon [1965]. The 
weak 15180/S correlation in surface waters from the Gulf of Aden 
implies that variations in the supply of this water mass would have 
little effect on the 15180 of the resulting mixed RSW but could 
potentially cause major changes in the T-S properties. Conse- 

•8 
quently, any large 150 variations found in mixed RSW cannot 
result simply from differing proportions of Gulf of Aden waters. 
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Table 1. Parameters for Numerical Contribution Experiments a 

Modem Experiment 2 Experiment 3 

Water Mass Temperature Salinity Density •3• 80 Temperature Salinity Density Temperature Salinity Density 
CDW 4.3 34.93 27.7 -0.05 ...... 

RSW (B.e. Mandeb) 22 40.13 28.1 1.43 22 47.5 33.8 22 45.5 32.2 
RSW off Somalia 11 35.61 27.25 0.29 11.1 41.8 32.1 8.3 39.7 30.9 

aData for modem T (potential T), S, and/5•80 water values are from the Netherlands Indian Ocean Program (G. Ganssen, unpublished data, 1992- 
1993). Modem temperature of Red Sea Water (RSW) (Bab el Mandeb) is used in experiments 2 and 3 (see also text). Salinity for RSW (Bab el Mandeb) is 
taken from the most probable RSW contribution/salinity vector (mean value; see text). Tand S values for RSW off Somalia are deduced from the RSW (Bab 
el Mandeb) contribution value and differential diffusion factor (for temperature only). Density (sigma theta) values are based on the individual T and S 
parameters given for the modem situation and for experiments 2 and 3. CDW, Circum-Polar deep water. 

Based on the outlined 15•80 properties, two models may explain the 
observed variations off Somalia. In the first scenario the oxygen 
isotope record reflects in situ T/S variations in the CDW (hypoth- 
esis 1), a scenario that we reject (see section 5.2). In a second 
scenario, early Holocene RSW was generally more saline and 
denser and accordingly settled deeper in the water column. In this 
view the variations in 15•80 reflect evaporation-precipitation 
changes in the Red Sea (hypothesis 2). 

5.2. Hypothesis 1: CDW Variations 

In the first hypothesis we assume that the observed 15•80 pattern 
in the benthic record reflects in situ T-S changes in CDW, which is 
the prevailing modem water mass at site 905. If we translate the 
most striking 15•80 variation of 0.6%0 (between 8 and •6.5 kyr 
B.P) solely to a temperature change in CDW, this would imply 
variations of •2.4øC (using a 15•80/T ratio of 0.25 [O'Neit et at., 
1969]; for discussion, see Zahn and Mix [1991]). Comparable 
temperature changes for NADW occur on glacial-Holocene time- 
scales [Jung, 1996; Labeyrie et at., 1987]. In relation to these 
extreme changes we argue that it is unlikely that this magnitude of 
temperature change occurred during the relatively stable Holocene. 
Furthermore, if we would ascribe a temperature change of 2.4øC 
off Somalia solely to T variations in NADW (25% contribution to 
CDW), this would imply >9øC warmer NADW, a highly unlikely 
scenario. Similarly, advocating that the induced T variation of 
CDW was solely caused by Antarctic Bottom Water (AABW) 
would imply a AT of >5øC in the latter. This is an equally unlikely 
explanation. 

It is also difficult to explain the observed high-amplitude and 
short-term /5•80 oscillations by salinity changes in deepwater 
masses. Given the •518Owater/S correlation of 1.5 in deep water 
[Zahn and Mix, 1991], the 15•80 amplitude of 0.6%0 implies a AS of 
0.4-0.5 psu (see Figure 2). Such a change is equivalent to 40% of 
the inferred salinity drop in deep water on glacial-interglacial 
timescales. The Holocene is a time without large-scale melting of 
continental ice sheets; hence, such a salinity variation is highly 
unlikely to have occurred in deep waters. 

Changing the proportion of AABW input to mixed RSW also 
does not help to explain the observed changes. This is because T 
and S characteristics within the deep Atlantic Ocean have counter- 
acting effects on the •80 value ofbenthic foraminifera [Zahn and 
Mix, 1991]. Any possible minor increase in 15•80 by•a higher 
AABW influx is counteracted by its generally lower 15 80 com- 
pared to NADW, resulting in a zero net change in the mixed water 
[see Zahn and Mix, 1991]. Furthermore, the small Last Glacial 
Maximum (LGM)-Holocene drop in 15•80 of 1%o off Somalia 
compared to the global ice volume effect of 1.2-1.3%0 [Fairbanks, 
1989; Labeyrie et at., 1987] also suggests a water mass change at 
site 905 rather than in situ changes in CDW. This observed relative 
rise in 15•80 implies a cooling in CDW by >IøC or an increase in 
salinity by roughly 0.15 psu. Both implied changes would be, 

however, in conflict with the general global LGM-Holocene 
temperature rise and deep ocean freshening due to the decay of 
the large glacial ice sheets [Jung, 1996; Labeyrie et at., 1987; 
Schrag et at., 1996]. Furthermore, NADW contributes 25% to 
CDW [see Emery and Meincke, 1986]. A temperature rise of 2 ø- 
2.5øC in NADW at Termination I [Jung, 1996; Labeyrie et at., 
1987] implies that CDW waters should have induced a 15•80 drop 
off Somalia larger than the global ice volume change rather than a 
smaller shift. Accordingly, one or both of the other contributing 
water masses must have cooled much more than inferred above to 

counterbalance the NADW change. A scenario, however, of cool- 
ing in CDW would be in conflict with recently published evidence 
for a temperature rise in the deep Pacific across Termination I 
[Matsumoto and Lynch-Stiegtitz, 1999]. On the basis of these 
arguments we therefore reject in situ CDW changes as the 
explanation for the/5•80 record from the deep Arabian Sea during 
the early Holocene. 

5.3. Hypothesis 2: RSW Advection/Property Changes During 
the Early Holocene 

The major reason to consider the role of RSW in producing 
variations in 15•80 off Somalia is the potential that RSW proper- 
ties may change quickly and significantly. In contrast to the 
relatively slow changes in the deep ocean, water masses formed 
in a semi-enclosed basin, such as the Red Sea, will be sensitive to 
changes in the evaporation-precipitation balance (E-P balance). 
Such changes will be carded quickly and relatively unaltered into 
the Arabian Sea. 

Compared to today, the glacial water exchange between the Red 
and Arabian Seas was strongly diminished [Robling end Zecher- 
iesse, 1996] owing to a shallower sill depth at the strait of Bab el 
Mandeb. The combination of strong evaporation and reduced water 
exchange resulted in generally higher salinities in the Red Sea 
during the last glacial period. Estimates of the glacial salinity reach 
up to 55 psu [Hemleben et el., 1996; Thunell et el., 1988]. On the 
basis of the 15•0/S relation in the Red Sea of 0.3 and the glacial- 
Holocene difference in salinity of roughly 15 psu, glacial RSW 
may have been up to 4.5%0 heavier in 15•80 than today. Sedimen- 
tary sections with very low abundances of planktic foraminifera are 
viewed as records of such extreme glacial conditions in the Red 
Sea when salinity exceeded the maximum tolerance level of 
planktic foraminifers [see Fenton et el., 2000]. In two cores, Locke 
and Thunell [1988] report that the youngest aplanktic zone extends 
into the Holocene up to •7 kyr B.P. Hemteben et at. [1996] 
concluded that the establishment of full modem-type water 
exchange occurred during the early Holocene around 8 kyr B.P. 
Although both estimates deviate, they imply that formation of 
RSW with salinities significantly higher than those today may have 
continued well into the Holocene. A higher salinity probably 
resulted in a higher RSW contribution to the RSW mix off 
Somalia, the latter being denser than today. Any outflow of 
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Figure 8. Comparison of the b•80 record of C. kullenbergi (squares) with the abundance of pteropod fragments 
(circles) as indicators of variations in the preservation of CaCO3. Data source for pteropod fragments [Ivanova, 2000]. 

RSW would therefore sink deeper and hence potentially also affect 
the bottom waters at site 905. 

In this context the question arises of how the water exchange 
between the Red and Arabian Seas was re-established. Exchange 
was restricted prior to 12-13 kyr B.P [Hemleben et al., 1996] 
owing to the shoaling of the sill depth at the Strait of Bab el 
Mandeb, indicating that RSW may have "preserved" glacial-type 
hypersaline properties up to that time. Hence it seems likely that 
the first RSW outflow into the Arabian Sea had glacial-type T-S 
properties. Accordingly, the b•80 maximum spike during the 
Younger Dryas may document the first signs of such a hyper- 
saline RSW outflow. This conclusion is in line with our 

hypothesis that the •80 variations in the deep Arabian Sea 
are due to an early Holocene RSW with different T-S properties 
than today. 

5.4. Constraints on RSW Mixing 

In the following section we assess the T-S properties of pure 
RSW during the early Holocene and the possible change in 
contribution to the mixed RSW found off Somalia. We use simple 
modeling experiments that combine the necessary T-S-related 
density enhancement and its effect on •80. 

The modem density difference between mixed RSW and bottom 
water off Somalia is •0.4 density units (Table 1). In order to 
enhance the RSW density sufficiently to allow for a deepening of 
800 m (see Figure 2), T and S changes of roughly -2øC or 1 psu 
would be required. Unfortunately, temperature reconstructions for 
the Red Sea are very limited. A rough estimate of a 4øC colder 
northern Red Sea during the LGM is available [Reiss et al., 1980]. 
For simplicity and in the absence of good constraints, we therefore 
assume that the Holocene RSW temperature remained constant at 
22øC. In fact, the insolation peak during the early Holocene may 
have induced a temperature slightly higher than today. This would 

have resulted in higher evaporation and accordingly higher •80 
values of surface waters, counteracting the decrease in •80 
induced by the higher temperature. Even if we assume that the 
RSW temperature was slightly higher than today, our general 
conclusions below would not be affected. 

A series of numerical mixing experiments were conducted to 
assess the net b•80 change in benthic foraminifera in salinity 
versus percentage of RSW contribution fields (Figure 7). On the 
basis of the weak correlation ofb•80 and S, we assume that varying 
GOA contribution cannot induce high-amplitude variations in •80 
in RSW (see above). For our numerical experiments we therefore 
assessed a simple mixing between RSW and CDW. In the first 
mixing experiment we assume that temperature and salinity differ- 
ences between RSW and CDW are mixed at equal rates. In two 
further experiments, however, we take into account that with high 
T-S differences between deepwater masses, these parameters mix at 
different rates. This effect is due to double diffusion, where 
temperature is mixed 100 times faster than salinity (for review, 
see Schmitt [1994]). This process acts on molecular to centimeter 
scales. Its effect on the differential T-S mixing between large water 
masses is smaller, and its role in ocean circulation has been 
explored based on, for example, global ocean simulations. Rea- 
sonable estimates of the effect of double diffusion on differential T- 

S mixture rates in those simulations range from 0.5 (experiment 3) 
to 0.7 (experiment 2) [Gargett and Ferron, 1996; Gargett and 
Holloway, 1992; Merryfield et al., 1999; Zhang et al., 1998, and 
references therein]. Figures 7b and 7c summarize these calcula- 
tions. 

For our experiments we model the long-term decrease in •80 
(see marker line in Figure 4) between the early Holocene (•80 
values around 2.7%0) and the Holocene subsequent to •6.5 kyr 
B.P. (b•80 values of 2.2-2.3%0). We calculated this change of 
0.5%0 using the modem •80 values of CDW (-0.5%0), RSW off 
Somalia (0.19%o), and RSW Bab el Mandeb (1.4%o) (G. Ganssen, 
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unpublished data, 1992-1993). Hence the 6•80 patterns shown in 
Figures 7b and 7c indicate the relative change in 6•80 with respect 
to the modem values due to either/or variations in RSW salinity 
and in percentage of RSW contribution, respectively. 

In our experiment 1, where T and S differences between RSW 
and CDW mix at equal rates, it is not possible to induce a shift of 
+0.5%o in 6•80 within a salinity range of 40-50 psu. Higher 
salinity values would allow such a change, but this would imply 
salinity values in RSW even higher than during glacials, a highly 
unlikely scenario for the early Holocene. Mixing experiments 2 
and 3, however, result in more reasonable changes in the contri- 
bution of pure RSW. A +0.5%o shift is formed by varying the 
contribution of RSW at moderate salinity by up to 100%, to lower 
contributions with extremely high salinity values of up to 50 psu. 
We anticipate that neither of the extreme scenarios would occur in 
nature. It is most likely that a reasonable RSW contribution/salinity 
vector in Figures 7b and 7c combines the needed 0.5%o change in 
6•80 with minimum salinity and percent of contribution values (the 
hatched fields in Figures 7b and 7c indicate the most likely 
combinations). In experiment 2 the required RSW contribution 
would be 50-60% along with an initial RSW salinity around 47- 
48 psu. A lower RSW contribution of 40-50% and a salinity 
between 45 and 46 psu are inferred from experiment 3 (see also 
Table 1). Given the hypersaline conditions at the formation site of 
RSW, both scenarios appear plausible. 

As pointed out above, the density difference between the modem 
RSW off Somalia and the bottom waters is 0.4 density units. The 
densities in RSW off Somalia implied by experiments 2 and 3 are 
31.8 and 31.0 density units, respectively (Table 1). Both estimates 
significantly exceed the density of modem bottom water at site 905 
of •27.8 density units. Given this predicted density/salinity excess, 
we infer that between 10 and •6.5 kyr B.P, RSW settled roughly 800 
m deeper than today and is recorded in the benthic O isotope record. 
We interpret the general decrease in 6•80 to reflect a long-term 
salinity reduction in RSW toward that associated with the modem- 
day water exchange patterns between the Red and Arabian Seas 
around •6.5 kyr B.P. We attribute the differences between estimates 
of the timing of the full establishment of modem-type water 
exchange between the Red and Arabian Seas (discussed in section 
5.3 [Fenton et al., 2000; Hemleben et al., 1996; Locke and Thunell, 
1988] and this paper) to the quality of the age control and the time 
resolution achieved. On the basis of the high sedimentation rate and 
our continuous sampling of core 905, we favor our estimate of •6.5 
kyr B.P. Hence we further conclude that around that time the density/ 
salinity probably passed a minimum threshold value, resulting in a 
shoaling of RSW off Somalia and no further effect at site 905. 

Additional evidence for a deeper RSW is inferred from the 
abundance record of pteropod fragments in core 905. The preser- 
vation of aragonite covaries with the intensity of the monsoon 
winds. The stronger the SW monsoon, the stronger the induced 
upwelling. The latter, in turn, results in a higher productivity that 
leads to higher oxygen consumption at the seafloor, which causes a 
lower preservation rate of CaCO3. A number of studies [e.g., 
Ivanova, 2000; Sirocko et al., 1993] concluded that the SW 
monsoon peaked during the early Holocene around 9 kyr B.P. 
Figure 8 indicates, however, that the abundance of pteropod 
fragments reached a minimum around 6.5-7 kyr B.P. This is 
significantly later than the peak in monsoon strength. RSW, in 
contrast, has a high CaCO3 preservation potential [see Almogi- 
Labin et al., 1986]. Accordingly, RSW settling 800 m deeper than 
today may have offset any enhanced carbonate dissolution induced 
by the early Holocene monsoon maximum. The modem-day 
situation of low carbonate preservation was fully established 
subsequent to •6.5 kyr B.P., a period when the RSW stopped 
influencing the bottom waters at site 905. Interestingly, this time 
coincides with the onset of maximum strength of the oxygen 

minimum zone (OMZ) in the eastern Arabian Sea [Reichart et 
al., 1998]. These coincidences suggest that RSW admixture may 
have induced a delay of the monsoon-related buildup of a maximal 
OMZ. 

Our favored hypothesis for a generally enhanced effect of RSW 
raises the question of the origin of the short-term variations, in 
particular, between 8.1 and •6.5 kyr B.P. Two scenarios appear 
possible. In a first scenario, RSW-induced higher 15•80 values are 
modulated by varying contributions of CDW. In a second scenario 
the 15•80 variations reflect in situ changes of RSW. In the first 
scenario the massive minimum spikes between 8.1 and •6.5 kyr 
B.P. would result from a strong CDW influx, and the maxima 
would reflect a strong RSW influx. As discussed above, it is very 
difficult to construct scenarios for changes in T-S properties of 
CDW that result in lower 15•80 values than the present (see above). 
Furthermore, scenarios (see above) indicating short-term temper- 

ature or salinity changes in CDW aplP8ear physically unlikely. 
Hence we conclude that the observed 15 O variations most likely 
document changes within RSW. 

5.5. Implications for the Regional Evaporation-Precipitation 
Balance 

The observed •80 minimum spikes in the benthic foraminifera, 
in particular, the high-amplitude variations between 8 and •6.5 kyr 
B.P., cannot result from simple T-S variations within RSW, since 
they would indicate either a significant temperature rise of 2.2 ø- 
2.3øC or a salinity drop of up to 2 psu. Both types of changes 
would, however, reduce the density and probably result in a 
shoaling of RSW. Accordingly, such variations would not be 
recorded in the benthic 15•80 record at site 905. To explain this 
apparent contradiction, we propose that the Red Sea region was 
affected by variations in the E-P balance with the minimum spikes 
caused by enhanced precipitation of rainwater enriched in •60. 
This water can be subsequently carried into the Arabian Sea. 
Variations of this type have been shown to affect the 15•80 in 
surface waters in the modem Red Sea [cf. Ganssen and Kroon, 
1991]. 

Assessing the potential origin of enhanced precipitation is 
difficult because the Red Sea appears to be influenced by two 
rainfall regimes. The southern Red Sea is monsoonal dominated 
whereas the northern part is affected by the Mediterranean regime 
[deMenocal and Rind, 1996; Hsii and Walace, 1976]. We antici- 
pate that in the early Holocene, a period when the SW monsoon 
strength peaked, its impact on the Red Sea would be larger than 
today. The generally higher precipitation during the early Holocene 
recorded in NE African lakes [Gasse et al., 1989, 1990; Lbzine, 
1989; Ritchie et al., 1985; Van Campo et al., 1982] (for a recent 
summary, see Gasse [2000]) provides precipitation peaks that may 
have been entrained into RSW and advected to the Arabian Sea. 

There is additional evidence of variations in regional moisture 
pathways from the link between E-P balance changes in the Red 
Sea region and the formation of the Mediterranean sapropel 1 (S 1). 
We propose that the deep convection in the eastern Mediterranean 
was suppressed by enhanced input of low-density runoff via the 
Nile River Røssignøl-Strick et al., 1982]. Today the Nile runoff is 
controlled by the African monsoon/equatorial rainfall and not by 
the Asian monsoon. Under the most extreme conditions the Asian 

monsoon would have had a regional impact on the E-P balance in 
NE Africa, so that it may have governed the entire Red Sea E-P 
balance rather than just the southern part as today. A major 
problem in coupling Mediterranean and Arabian Seas records is 
insufficient age control. Well-dated high-resolution studies from 
the Arabian Sea, from the eastern Mediterranean, and from 
continental Africa/Arabia are required to better compare the 
chronology of climate events and thereby improve our under- 
standing of the decadal-scale variations. Only with such data can 



JUNG ET AL.: MULTIDECADAL VARIATIONS IN THE EARLY HOLOCENE OUTFLOW 667 

we understand the principle forcing functions that control the 
regional climate. 

6. Concluding Remarks 

On the basis of early Holocene variations in 15•80 of benthic 
foraminifera off Somalia, we deduce that property variations in 
RSW were the most likely explanation for the observed pattern. 
This conclusion implies that because of enhanced salinity/density, 
RSW settled 800 m deeper in the water column than today. The 
decadal-scale variations in 15•80 reflect variations in the evapora- 
tion-precipitation balance. 

Using this case study as an example, we speculate that similar 
processes may also have occurred at other inlets of marginal seas 
(e.g., the inflow of Mediterranean overflow water to the Atlantic 

Ocean). Additional studies with the highest possible time resolu- 
tion are required to further our understanding of the processes that 
are linked to the advection of water from marginal seas like the 
Red Sea. This approach would help to assess the impact of a deeper 
settling high-salinity water mass, and the according excess salt at 
depth, on the large-scale deep ocean circulation: a point that will 
lead to more precise reconstructions of the short-term dynamics in 
the deep ocean. 
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