PALEOCEANOGRAPHIC CURRENTS

PALEOCEANOGRAPHY, VOL. 11, NO. 2, PAGES 147-156, APRIL 1996

Three hundred eighty thousand year long stable isotope

and faunal records from the Red Sea:

Influence of global sea level change on hydrography

Christoph Hemleben,! Dieter Meischner,” Rainer Zahn,> Ahuva Almogi-Labin,*

Helmut Erlenkeuser,’ and Birgit Hiller!

Abstract. Stable isotope and faunal records from the central Red Sea show high-amplitude
oscillations for the past 380,000 years. Positive 8 '*O anomalies indicate periods of
significant salt buildup during periods of lowered sea level when water mass exchange with
the Arabian Sea was reduced due to a reduced geometry of the Bab el Mandeb Strait.
Salinities as high as 53%o0 and 55%o are inferred from pteropod and benthic foraminifera
8"%0, respectively, for the last glacial maximum. During this period all planktonic
foraminifera vanished from this part of the Red Sea. Environmental conditions improved
rapidly after 13 ka as salinities decreased due to rising sea level. The foraminiferal fauna
started to reappear and was fully reestablished between 9 ka and 8 ka. Spectral analysis of
the planktonic 8'°0 record documents highest variance in the orbital eccentricity, obliquity,
and precession bands, indicating a dominant influence of climatically - driven sea level
change on environmental conditions in the Red Sea. Variance in the precession band is
enhanced compared to the global mean marine climate record (SPECMAP), suggesting an
additional influence of the Indian monsoon system on Red Sea climates.

Introduction

Quantitative studies and isotopic analyses of planktonic
foraminifera and pteropoda from the Red Sea revealed a
detailed picture of water mass variation in association with
global climatic changes during the latest Pleistocene (from
isotope stage 6 onward) and early Holocene [Herman, 1968;
Chen, 1969; Deuser and Degens, 1969; Deuser et al., 1976;
Risch, 1976; Yusuf, 1978; Reiss et al., 1980; Almogi-Labin,
1982; Ivanova, 1985; Almogi-Labin et al., 1986, 1991; Locke
and Thunell, 1988; Thunell et al. 1988]. During the last
glacial maximum (LGM), approximately 18,000 years ago,
surface and intermediate water salinities were significantly
higher than they are today. Only one pteropod species, Creseis
acicula, survived while planktonic foraminifera vanished
almost entirely from the Red Sea, resulting in an "aplanktonic
zone" [Thunell et al., 1988]. Only during the Pleistocene-
Holocene transition period did the planktonic fauna slowly
migrate back from the Gulf of Aden into the Red Sea. These
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changes have been attributed to the Red Sea, being a marginal
sea, which makes its hydrography extremely susceptible to
global climate change. Global sea level variations exert
additional control on Red Sea hydrography in that they
determine the water mass exchange with the open ocean and
thus residence time of water masses and salt buildup in the
Red Sea [Thunell et al., 1988; Bryden and Kinder, 1991]

Piston cores up to 22 m long were recovered from the
central Red Sea and offshore Sudan during an expedition with
the R/V Meteor in 1987. Here we present stable isotope and
faunal records of one of these cores from the central Red Sea
which span 380 kyr and significantly extend the documented
record of environmental change in the Red Sea. The records
show that Red Sea climates responded not only to glacial-
interglacial conditions but also to higher-frequency variations
in the orbital precession band. As only fragmentary continen-
tal records are available from the surrounding landmasses, the
records may also extend our understanding of the long-term
climatic history of this region.

Material and Methods

We have generated a planktonic stable isotope record and
records of foraminiferal abundance and faunal variability
along a 21 m long Meteor Core Sta. 174/KL11 from the
central Red Sea (18°46.3'N, 39°19.9'E, 825 m water depth),
hereafter referred to as core KL11. For 8'°*0 measurements
we have used the tropical-subtropical planktonic foraminiferal
species Globigerinoides ruber (forma white), which dominates
the foraminiferal fauna at the site of core KL11. An age scale
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Figure 1. Planktonic (Globigerinoides ruber, white variety) oxygen isotope record of core KL 11.
Numbers along the isotope record indicate SPECMAP events after Imbrie et al. [1984] which were used
for age control (see Table 1). At core depth of 0.9-1.7 m no planktonic foraminifera were available for
isotope measurements due to the "aplanktonic zone" which was caused by extremely high salinities
during the last glacial maximum (LGM) at approximately 18 ka.

for core K11 was obtained through correlation of the isotope Table 1. Stratigraphic Fix Points for Core KL 11
records with the global mean SPECMAP &'%0 curve ( (Figure Depth, m Age, ka Deposition SPECMAP
1, Table 1) [/mbrie et al., 1984]. The base of core KL11 Rate, cm/kyr event
reaches SPECMAP interglacial climatic event 11.2, a short- 0.64 6 1.1
lived cold spell at approximately 375 ka (Figures 1 and 2). 2.10 24 8.11 3.0
The age model suggests that mean sedimentation rates at the 323 53 3.90 3.3
core site are 5.6 cm kyr. The isotope measurements were 3.66 39 7.17 4.0
carried out at the C14-Laboratory at Kiel University using a 2?2 6751 Zg; g(z)
Finnigan MAT 251 mass spectrometer, which is linked on-line 4'70 80 6'00 5'1
to a fully automated carbonate preparation device. The carbo- 4.85 91 1'36 5'2
nate samples are dissolved in separate glass vials thus mini- 5:65 99 10:00 5:3
mizing potential memory effects. Reproducibility was 0.08%o, 6.05 109 4.00 5.4
and all isotope values are referred to the Peedee belemnite 6.63 122 4.46 5.5
(PDB) scale. The planktonic foraminiferal counts were done 6.70 128 1.17 6.0
on the size fraction >150 um and normalized to 1 g of 7.17 135 6.71 6.2
sediment. 7.61 145 4.40 6.3
8.20 151 9.83 6.4
Results 9.15 174 4.13 6.5
9.64 183 5.44 6.6
Stable Isotopes and Hydrography 9.97 186 11.00 7.0
The planktonic 8'%0 profile along core KL11 shows high- 10.46 194 6.13 71
amplitude fluctuations with glacial-interglacial shifts up to 3.5- }:(3)8 5(1)2 Zgg ;g
4.0%o (Figure 2a). The coeval global glacial-interglacial 8'°0 “'70 228 3'33 7' 4
variation of the world ocean's water masses was 1.1-1.2%0 12.63 238 930 75
[Labeyrie et al., 1987; Fairbanks, 1989], and thus planktonic 12.96 245 471 8.0
6"%0 amplitudes at core KL11 exceed the mean-ocean change 13.18 749 550 8.2
by a factor of 3-4. The glacial-interglacial 8'°0 amplitudes are 13.60 257 5:25 8:3
also about 2 to 3 times larger (A8'%*0=3-4%0) than those 14.28 269 5.67 8.4
observed in planktonic 8'%0 records from the Arabian Sea 15.13 287 4.72 8.5
(A8"*0=1.1-1.7%0) [Niitsuma et al., 1991; Zahn and 15.67 299 4.50 8.6
Pedersen, 1991; Sirocko et al., 1993], which may be ascribed 16.00 303 8.25 9.0
to the concentration effect (salt buildup) [cf. Morcos, 1970] of 16.50 310 7.14 9.1
the Red Sea as a marginal sea. In addition, to the glacial- 16.80 320 3.00 9.2
interglacial isotope shifts the 8'%0 record displays high- 17.48 331 6.18 9.3
amplitude variations of more than 1%o within glacial and 17.93 339 5.62 10.0
interglacial stages which exceed the degree of variability seen 18.24 341 15.50 10.2
in 'O records at open-ocean sites. For the 'aplanktonic’ 19.73 362 7.10 11.0

interval during the LGM no planktonic foraminifera were 20.60 375 6.69 11.2
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Figure 2. (a) Planktonic 8'°0 record from core KL11 in the
central Red Sea, showing glacial-interglacial amplitudes which
are up to 3 times higher than those of the mean-ocean J,
record (right-hand scale; from Vogelsang, 1990]). The 8'*0
value of + 3.3%o for the aplanktonic zone of the LGM was
obtained from planktonic pteropods and is plotted out of scale
(see text for description of pteropod versus G. ruber 8'°0
calibration). Numbers along the planktonic record indicate
oxygen isotope stages. (b) Deviation (A8"°0) of the planktonic
3'%0 record from the mean-ocean 8, record. Right-hand scales
give salinity anomaly (AS) relative to today (modern ) (S set
to zero) and absolute salinity estimates. Salinity was estimated
using a AS_:AS ratio of 0.29 [Craig, 1966]. The shade peaks
represent insolation peaks in precession [Rossignol-
Strick,1983]. (cs) Precession index of Berger and Loutre
[1991]. The A3'°O and AS anomalies seen in (Figure 2b) are
coherent with the precession index pointing to low-latitude
climatic forcing of the isotope-salinity anomalies, perhaps
monsoonal variability. The orbital precession record has been
lagged by 3 kyr to account for the phase lag which was
determined by cross-spectral analysis (see Figure 5 and Table
2).

available for isotope analysis. For this interval we measured
a sample containing three clean aragonitic shells with no
secondary aragonite of the planktonic pteropod species Creseis
acicula. Sediment trap samples taken off Bermuda have shown
that the 8'®O value of this species is about 0.3%o more
negative than the value of aragonite which is precipitated in
isotopic equilibrium with ambient seawater temperature and
isotope composition [Jasper and Deuser, 1993]. Twenty-six
paired isotope measurements on Holocene samples from core
KL11 give a mean 8'0 offset between C. acicula and G.
ruber of -1.4 + 0.12%o (20). We use this value to convert the

30 value of +4.7%o which was obtained for the LGM
pteropod sample to the 8'°O-scale of G. ruber (a bulk
sediment sample was measured for reference and gave a 6'°0
value of +6.3%0). Thus, we arrive at a G. ruber 6'°0 equi-
valent of +3.3%o for the LGM. Using this value, a 8'°0
amplitude of 5.5%eo is calculated between the LGM and the
Holocene, which is the largest amplitude recorded throughout
the entire profile.

In order to extract a record of hydrographic variability we
have computed the difference between the record of mean-
ocean 80 (8,) from Vogelsang [1990] and the planktonic
"%0 record from core KL11. Using benthic 80 records from
the Norwegian Sea and assuming that bottom water tempe-
rature there remained constant through glacial-interglacial
times, Vogelsang [1990] composed a record of mean-ocean
8'%0 (8,) change for the last 400 ka. This §, record (Figure
2a, right hand scale) documents global 6'*0 fluctuations of the
world ocean's water masses which were driven by the growth
and decay of global ice volume in the course of glacial-inter-
glacial climatic change. The mean-ocean &, values vary
between -0.2%o0 & *O and +1.0%o0 & '*0O (SMOW, standard
mean ocean water). Cross-spectral coherency is high between
the mean-ocean 8, record and planktonic §'°0 from core
KL11, thus allowing direct comparison of both records (Table
2). The record of planktonic 6'®0 change in excess of the
mean-ocean 3, change is shown in Figure 2b. This record
shows that the offset (A8'°0) between planktonic & O and
mean-ocean O, was systematically larger during glacial
periods, whereas during full - interglacial periods the offset
was similar to or even slightly less than today. Superimposed
on the long-term trend are short-lived anomalies which cor-
relate with minima in the orbital precession index, reflecting
the influence of precessional variability on low-latitude climate
(see below).

The oxygen isotope composition of sea water in the Red
Sea changes by 0.29%o for each 1%o change in salinity
[Craig, 1966]. Using this slope, we have computed a salinity
scale from the Ad'°O record (Figure 2b, right-hand scale).
Inferred glacial-interglacial salinities in the Red Sea varied by
up to 10%o during the past 380,000 years. For the LGM the
salinity increase was estimated by subtracting 1.2%o from the
$'%0 amplitude of 5.5%o0 between the LGM and the Holocene
to account for global ice volume change. The residue of
4.3%o translates into a salinity change of 14.8%o (i.e.,
4.3/0.29). Adding 1%o salinity to allow for a global salinity
increase due to the effects of increased ice volume and lower
sea level we arrive at an overall salinity increase of 15.8%0
for the LGM. This number is reduced by 1.5-2.0%o (salinity)
if we allow for a glacial temperature decrease of 2°C
[CLIMAP Project Members, 1981; Thunell et al., 1988],
which would be equivalent to a 8'°0 increase of 0.5%eo.
Previous studies inferred similar salinity or slighly lower in-
creases for the glacial maximum Red Sea [Berggren and
Boersma, 1969; Deuser and Degens, 1969; Deuser et al.
1976; Reiss et al., 1980; Thunell et al., 1988; Almogi-Labin
et al., 1991]. Our estimate is supported by abundance changes
of planktonic foraminiferal species which are sensitive to
salinity changes (see below).

In addition to the planktonic 3'°0 we have generated a
benthic 8'®°0 record using a combined isotopic record of
epibenthic Hanzawaia sp., Cibicides mabahethi in order to
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Table 2. Cross-Spectral Coherence and Phase Angles

Coherence  Phase Coherence  Phase Coherence  Phase
Angle Angle Angle
Mean ocean 4, 0.877 6°+14.8° 0.749 -15°422° 0.760 -10°422°
SPECMAP 0.949 -3°49° 0.898 -3°+13°  0.966 -1°49°
July 65°N - - 0.683 -71°4+26° 0.903 -50°+13°
July 15°N - - - 0.905 -50+13°

80% confidence interval for coherency is 0.439; 95% confidence interval is 0.706; band
with is 0.01; time step is 2 ka; negative phase angles indicate phase lags of KL11 §'%0

relative to reference record.
*From Vogelsang [1990].

trace the hydrography of the deeper water masses. The
benthic 6'°0 record shows the same high-amplitude signal as
the planktonic 8'®0 record (Figure 3). Even though the
resolution of the benthic record is much lower due to lack of
specimens, one can still observe the close correlation between
8'®0 maxima. As in the planktonic 8'°O record the LGM
values are the most positive values (+4.7%o0) observed in the
entire record. This suggests that the long-term climate signal
(i.e., the sea level signal) was communicated from the surface
to the deeper water masses. Converting the benthic isotope
signal into salinity values, our measurements would corres-
pond to approximately 55%o.

The accuracy of our salinity estimates depends not only on
the applied correction for the G. ruber-C. acicula 8"*0 offset
but also on whether the modern & s slope of 0.29 applies for
the extreme hydrographic situation of the LGM and previous
glacials. As Rohling [1994] hypothesizes, the oxygen isotope
fluxes in the Red Sea may have been different during the
LGM due to evaporation fluxes under enhanced wind stress.
If true, the associated enrichment in !*O of the surface waters
due to evaporation would have dropped (Rohling suggests a
drop of some 50%) even if the rates of evaporation remained
the same as todays. This would imply that our salinity
estimates, which were calculated using the present relationship
between waterloss to evaporation and '*0 enrichment, would
underestimate the 3'°0 and salinity enrichment during full -
glacial periods. That is, the salinity increase during periods of
maximum glaciation would have been even larger than the
increase suggested above of nearly 16%eo.
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Figure 3. pibenthic 8'%0 record from Hanzawaia sp. and
Cibicides mabahethi. The record shows the same high-
amplitude pattern as the planktonic 6'°0 record shown in
Figure 2a. The epibenthic free zone characterizes an interval
during isotope stage 3.

The direct correlation between maximum inferred salinity
and full - glacial climate clearly suggests that sea level was the
driving force behind the long-term salinity change [Thunell et
al., 1988]. As sea level falls, the geometry of Bab el Mandeb
(the strait connecting the Red Sea and the Gulf of Aden) beco-
mes narrower, and water mass exchange between the Red Sea
and the open ocean becomes even more restricted than today.
Thus salt builds up in the Red Sea until an equilibrium is
reached between salt import from the open ocean and
freshwater loss (due to evaporation) and salt export from the
Red Sea through outflow to the Gulf of Aden. Figure 4 shows
the correlation between sea level and water mass salinity in
the Red Sea. This correlation was calculated using the
numerical model of Assaf and Hecht [1974], which is similar
to other sea strait models [e.g. Anafi, 1980; Bryden and
Stommel, 1984; Bryden and Kinder, 1991] and predicts Red
Sea salinity as a function of the sea strait's geometry, evapo-
ration, and salt import. For the model's parameterization we
used a modern surface area of the Red Sea of 424 x 10° km?,
width and depth of Bab el Mandeb of 37 km and 160 m,
respectively, and a salinity of 36.6%o of the inflowing surface
waters. For the LGM sea level was set to -120 m [Fairbanks,
1989; Brachert and Dullo, 1991], surface area to 219 x 10°
km? (i.e. 50 % of the modern surface area), and width and
depth of Bab el Mandeb to 12 km and 40 m; water loss to
evaporation was kept constant (i.e., 6.3 x 10® m ™) [Thunell
et al., 1988; Rohling, 1994]. All parameters were changed
linearily between their LGM and modern values as sea level
was raised from glacial maximum low stand to interglacial
high stand.

The commonly preferred depth at Bab el Mandeb is 137 m
[Locke and Thunell, 1988; Bethoux, 1988], which would
imply a LGM sill depth of 17 m. Using such shallow sill
depth, the Assaf and Hecht model is no longer stable and
breaks down. Thunell et al. [1988] used a LGM sill depth of
60 m to be able to run the Assaf and Hecht model. Based on
the sporadic presence of planktonic foraminifera and conti-
nuous occurrence of benthic foraminifera in low numbers
throughout the LGM [Risch, 1976; Locke and Thunell, 1988;
Yusuf, 1978], we conclude that a moderate water exchange
through Bab el Mandeb still existed at the LGM and that the
sill must have been tectonically uplifted since then. Despite
these uncertainties, we use the Assaf and Hecht model to
estimate the effects of global sea level change on the Red
Sea's salinity.

Using the above parameterization (including a sill depth of
60 m during the LGM) a LGM sea level fall of 120 m would
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Figure 4. Red Sea salinity as a function of global sea level.
The salinity was estimated using the empirical sea strait model
of Assaf and Hecht [1974]. Model parameters are given in the
text. The glacial-interglacial 8'%0 amplitude of 5.5%o implies
a salinity increase of nearly 16%o at the LGM. This high
salinity is not predicted by the water balance model, pointing
to climatically - driven salinity changes (evaporation over
precipitation) which add to the sea level effect on the Red
Sea's salinity changes.

result in a salinity increase of 12%o bringing salinities in the
central Red Sea to 50%o (Figure 4). The numerically derived
salinity increase is about 4%o below the estimate derived from
the planktonic 8'%0 enrichment during the LGM. This
discrepancy may be a result of our model parameterization,
namely, the assumed depth of the Bab el Mandeb sill.
However, as we will show below, the presence of distinct §'%0
and faunal anomalies throughout our records implies that local
climatic influences affected salinity in addition to the dominant
sea level forcing.

Spectral Analysis

In order to compare statistically our planktonic '°0 record
with the record of climate change we performed cross-spectral
analysis using the record of 65°N July insolation | Berger and
Loutre, 1991] as climatic forcing reference (Figure 5). We
have smoothed the planktonic 8'%0 record with a Gaussian
filter applying a 6 kyr wide filter window and an effective
time step of 2 kyr. The cross-spectral procedure follows
standard routines described by Imbrie et al. [1984]. The cross
spectrum shows siginificant coherence between the KL11
planktonic 3'*0 record and 65°N July at the orbital obliquity
(41 kyr) and precession (23 kyr) periods (Figure 6). High-
latitude insolation variance is low in the orbital eccentricity
period (100 kyr; (Figure 6, Table 2)), and thus the cross -
spectrum cannot evaluate the coherencies in this frequency
band. Using the SPECMAP 8O stack [Imbrie et al., 1984] as
a reference shows high coherencies at all three primary orbital

periods (Table 2). This high coherency is expected because we
have used the SPECMAP record to calibrate the age model
for core KL11. The high coherencies and low phase angles
confirm that the age model of core KL11 reproduces the
orbital SPECMAP age model to within 0.4-1.3 ka (Table 2).

The cross -spectrum shows phase differences between §'%0
and insolation of 71°+26° and 50°113° in the orbital
obliquity and precession bands which are equivalent to time
lags of 8 kyr and 3 kyr (8'%0 lags insolation (Figure 5, Table
2)). Using June instead of July 65°N insolation as the forcing
reference would shift the lag between 8'0 and insolation in
the precession band to 5 kyr. These are established lags
between orbitally tuned climate proxies and climate forcing
[Imbrie et al., 1984]. The planktonic 8'*0 record from core
KL11 thus directly reproduces the global climate record and
confirms that the record primarly shows global climate
variation with a strong overprint of sea level effects which are
documented in the greatly enhanced amplitudes of the §'°0
signal.

Spectral analysis of paleoclimatic records from the Arabian
Sea has shown significant coherence between biological,
chemical, and lithogenic tracers and insolation variance in the
precession band with a phase lag of 122° corresponding to a
time lag of 8 kyr [Clemens and Prell, 1990; Clemens et al.,
1991]. This has been used as evidence for a strong
contribution of monsoonal circulation to the paleoclimatic
signals in response to radiative forcing, cross-equatorial heat
transport and heat release from the Tibetan plateau [Clemens
et al., 1991].

At present we have no independent tracer from core KL11
to test the monsoonal influence on the Red Sea area. Variance
in the precession band is slightly enhanced in the planktonic
8'%0 record compared to the SPECMAP stack (Figure 6).
Since the KL11 8'%0 record is phase-locked to global ice
volume by using the SPECMAP age model, we cannot use this
enhanced variance as independent evidence for monsoonal
signals. However, in view of the presence of strong
monsoonal signals in paleoclimatic records from the Arabian
Sea [e.g., Prell, 1984; Kutzbach and Street-Perrot, 1985;
Prell and van Campo, 1986; Anderson and Prell, 1992; Prell
and Kutzbach, 1992] just outside the Red Sea, we speculate
that the enhanced precessional 8'%0 variance in core KL11, in
conjunction with faunal anomalies (see below), is a prelimi-
nary indication of paleomonsoon signals in the Red Sea.

Faunal Records of Paleochydrography and Paleoclimate

The abundance pattern of planktonic foraminifera along
core KL11 may be used as an independent indicator of
paleosalinity, since most foraminiferal species have a narrow
range of tolerance with respect to salinity. The abundance of
planktonic foraminifera closely follows the 6'*O-climate signal
in that abundances decrease from full - interglacial to full -
glacial conditions when salinities increase (Figure 7a). The
distribution pattern shows short-term abundance maxima
during high sea level stands, which correlate with low, close-
to-modern salinity values as deduced from the planktonic §'°0
record, implying that rich planktonic communities dominated
during humid climates when salinity was low due to increased
moisture transport by the monsoonal winds. During periods of
enhanced aridity and increased salinity the planktonic
community was decreased and dominated by Globigerinoides
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Figure 5, Cross-spectral analysis of planktonic 8'®0 from core KL11 and 65°N July insolation
calculated from algoriths of Berger and Loutre [1991]). Both time series are coherent at the orbital
obliquity and precession periods. Phase lags of 70° and 50° are observed for KL11 8'%0 which are
equivalent to time lags of 8 kyr and 3 kyr. These are characteristic lags between 8'°0 and climatic
forcing [e.g. Imbrie et al., 1984], thus pointing to high-latitude climate as the primary control on 80
in core KL11. Positive phase angles indicate phase lags.
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stack [Imbrie et al., 1984] and along core KL11. Variance in the orbital precession band is slightly
enhanced in KL11 8'%0, pointing to low-latitude climatic forcing, possibly monsoonal variability.
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Figure 7. (a) Correlation of planktonic foraminifera with salinity. The abundance distribution of
planktonic foraminifera (solid line) follows the climatic signal along core KL11 and correlates with the
inferred changes of paleosalinity (dotted line). The increase of salinity during full - glacial periods
resulted in an abundance decrease of planktonic foraminifera. (b) Correlation of Globigerinoides ruber
with salinity. G. ruber tolerates maximum salinities up to 49%eo [Bijma et al., 1990]. The abundance
pattern of this species (solid line) confirms our paleosalinity reconstruction (dotted line) in that it

disappeared only during the LGM when our inferred salinities increased to 53%o or more.
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ruber, which is one of the most flexible species among
planktonic foraminifera and can tolerate salinities between 22
and 49%so [Bijma et al., 1990]. The continuous presence of G.
ruber throughout the record, except during the LGM (Figure
7b), supports our paleosalinity reconstruction in that it implies
that salinities never exceeded 49%so. It is only during the
LGM, that G. ruber disappears from the central Red Sea. Our
salinity reconstructions imply a paleosalinity above 53%o for
the LGM which would have been above the upper limit of the
salinity range which this species can tolerate in laboratory
cultures, thus causing G. ruber to vanish.

By identifying the abundancy of G. ruber, we obtained a
pattern which may reflect the variations of the incoming
nutrient rich intermediate water driven by the SW monsoon
(Morcos, 1970). Today this water mass reaches up to 18°N
and affects the distribution pattern of planktonic foraminifera.
During times of weaker or stronger monsoon activity, this
boundary may have shifted farther north (stronger monsoon)
or south (weaker monsoon). However, this can be verified
only by investigating cores in areas north and south of our
core location, which will be done in the future.

A general trend toward lower glacial-interglacial
amplitudes is observed in total abundance variations of
planktonic foraminifera, which goes along with a trend toward
more enhanced changes in G. ruber, may indicate a general
increase in Red Sea salinities potentially in conjunction with
a tectonic uplift of the sill at Bab el Mandeb during the past
380 kyr.

Between 13 and 21 ka all planktonic foraminifera vanished
from the Red Sea resulting in a so-called aplanktonic zone
(Figure 7) [e.g., Locke and Thunell, 1988; Almogi-Labin et
al., 1991]. During this period, lithified aragonite layers (LAL)
up to 1 m thick [Milliman et al., 1969] were deposited and
seem to be almost barren of planktonic foraminifera. It is only
1 cm above the LAL, or about 180 years after the aplanktonic
zone [cf. Almogi-Labin et al., 1991] that the first planktonic
foraminifera reappeared at site KL11 and another 1-4 cm, or
up to 720 years after the end of the aplanktonic zone, that the
planktonic foraminiferal community was almost fully re-
established. Apparently, environmental conditions improved
very rapidly after 13 ka due to rising sea level. Thus the
foraminiferal fauna appeared again, but was present still in
low abundances. Between 9 and 8 ka, when climatic
conditions were at an optimum, the total planktonic and
benthic fauna was fully reestablished.

During the last deglaciation east African climates changed
from arid to fully humid conditions in response to an orbitally
- driven increase of monsoonal rainfall [Kurzbach and Guetter,
1986; Pachur and Kropelin, 1987; COHMAP Members, 1988;
Pachur et al., 1990; Bonnefille et al., 1990; Gasse et al.,
1990; Lezine and Casanova, 1991]. Even though the Red Sea
today receives little or no fresh water from surrounding land
areas, we speculate that increased humidity may have lowered
evaporation rates over the Red Sea, thereby enhancing the
effects of sea level rise on lowering salinities. This would have
contributed to the speed at which the faunal community re-
established itself during the last deglaciation. Together with
the presence of strong precessional variance in the §'°0 record
from core KL 11, this leads us to conclude that during the past
380 kyr not only was the hydrography of the Red Sea
controlled by global sea level variation but that variations in

monsoonal strength also contributed to the fresh water balance
by altering humidity and evaporation.

Summary

Core KL 11 from the central Red Sea provides a continuous
sedimentary record for the last 380 kyr showing glacial-
interglacial 6'°0 amplitudes that are up to 3 times higher than
those of the mean-ocean 8'°0 record. Correcting the
planktonic 8'°0 record for mean-ocean'®*6 O, we derive
salinities of up to 53%o or even slightly higher for the LGM.
These measured and calculated values are approximately 3%o
higher than previously assumed values. During the glacial
maximum, isotope stage 6 and 10 salinities were also
significantly increased but lower than the maximum values
inferred for the LGM. The planktonic fauna varied along with
the salinity changes and was drastically reduced during glacial
maxima due to the high salinity levels; during the LGM an
aplanktonic zone developed owing to the highest salinities
inferred for the entire 380 kyr period which apparently
resulted in extremely hostile conditions. Global sea level
variations are the main factor in controling the Red Sea's
salinity. However, sea level cannot explain the full range of
salinitly changes deduced from our isotope data. An additional
climatically - driven component is needed to add to the sea-
level-driven salinity changes. This component is conceivably
linked to variations in monsoonal strength. Support for this
contention is provided by enhanced variance of planktonic
6'%0 in the orbital precession band.
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