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There is a critical need to document the long-term variability of the West African Monsoon (WAM) in the
Sahel region. We present here a multidecadal proxy record of the past hydrology from AD 460 to 1090 in
the Saloum Delta, Senegal. The Saloum Delta is a hypersaline estuary where the salinity and the water isoto-
pic composition are highly sensitive to rainfall variations. The past hydrology was studied using the oxygen
isotopic ratio of Anadara senilis fossil shells, since mollusk shell isotopic composition (6'80) in this environ-

Keywords: . . . . e . .
Wi/st African Monsoon ment is primarily determined by the precipitation-evaporation budget. Successive samples of shells were
mollusks taken along the stratigraphy of the massive Dioron Boumak fossil shell middens for new insights into the

past WAM multi-decadal to centennial variability. The averaged 680 value of fossil shells was more negative
by 1.4%. compared to modern shells' isotopic signature. This result indicates substantially fresher mean condi-
tions in the Saloum Delta, that was likely not hypersaline as it is today. The precipitation-evaporation budget
was thus more positive in response to a more intense and/or longer monsoon season during the studied period.
Our record suggests that strong multidecadal droughts as observed in the Sahel in the late 20th century did likely

Saloum estuary
stable isotopes

not occur in Senegal during this ~600-yr time period.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The West African Monsoon (WAM) is an important component of
the global climate system and is related to the seasonal latitudinal
displacement of the Intertropical Convergence Zone (ITCZ). Precipita-
tion brought by the WAM plays a critical socio-economical role in the
countries of the Sahel region, whose economies are considered to be
particularly vulnerable to climate change (Sultan et al., 2005). From
the 1960s to the 2000s, the Sahel experienced a 30-40% precipitation
drop off (Hulme, 2001; Nicholson and Grist, 2003) which represents
the most significant multi-decadal climate signal of the 20th century
(Dai et al., 20044, 2004b; IPCC, 2007) and had a devastating impact on re-
gional populations (Myers, 2002; Davidson et al., 2003; Stige et al., 2006).
These issues have made the study of WAM dynamics on infra-seasonal to
millennial time scales an important focus of the scientific community.
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Based on instrumental records, a multi-decadal modulation of the
Sahel precipitation has been identified, likely related to the Atlantic
Multi-decadal Oscillation (AMO) (Folland et al., 1986; Nicholson,
2000; Zhang and Delworth, 2006). Additional significant factors af-
fecting WAM activity include variations in tropical sea-surface temper-
atures (SSTs) (Giannini et al, 2003), El Nifio Southern Oscillation
(ENSO) (Janicot et al., 2001), continental convection processes (Lebel
et al.,, 2003), land use and albedo feedbacks (Charney, 1975). In spite
of these significant advances, the understanding of the WAM variability
on multi-decadal to centennial timescales is still limited by the restrict-
ed length of instrumental records, which needs consequently to be ex-
tended by paleoclimatic proxy records.

This study is focused on climatic conditions in Senegal from ~AD 460
to 1090, a period that corresponds roughly to the Dark Age Cold Period
(DACP) and the beginning of the Medieval Warm Period (MWP) identi-
fied in Europe (Mcdermott et al., 2005; Mann et al., 2009; Ljungquvist,
2010; Wanner et al,, 2011). Evidence for paleohydrological change in
tropical Africa during this period has been recognized in several loca-
tions. Lake level reconstructions show that this period was characterized
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by a general pattern of reduced rainfall in equatorial West Africa
(Nguetsop et al., 2004; Shanahan et al., 2009), but with timing and
intensity varying regionally. In the Sahel region, paleoclimatic patterns
remain unclear, especially during the DACP. Some records show wetter
conditions (Bouimetarhan et al., 2009), whereas other records suggest
that the climate was generally dry (Holmes et al., 1998; Stokes et al,
2004; Mulitza et al., 2010; Nizou et al., 2011). Additional paleoclimate
records are needed in the Sahel to understand the centennial variability
of the monsoon influence in this highly sensitive region.

Mollusk shells have been shown to be faithful environmental archives
(Goodwin et al., 2001; Carré et al., 2005; Schone et al., 2005; Lazareth
et al,, 2006; Yamamoto et al., 2010; Batenburg et al., 2011; Carré et al.,
2012a; Sadler et al., 2012).

In this study, we present a multi-decadal reconstruction of the past
hydrological variations from AD 460 to 1090 in the hypersaline Saloum
Delta, Senegal, based on oxygen stable isotopes measured in modern
and fossil Anadara senilis mollusk shells.

2. Regional settings

The Saloum Delta is located about 100 km south of Dakar (Senegal),
between 13°40'N and 14°20'N, in the western part of the Sahel (Fig. 1).
It is connected to the Atlantic Ocean by three main channels: the Saloum,
the Diomboss and the Bandiala. The area between the channels consists of
mangrove islands interconnected by a dense network of smaller channels
(Simier et al., 2004). The estuary was an open bay 6000 years ago and
was progressively filled with sediments to reach, between 2000 and
1500 BP a geomorphology similar to the modern one with large man-
grove islands and beach barriers (Ausseil-Badie et al., 1991; Barusseau
et al., 1995; Diara and Barusseau, 2006). A last infilling phase took
place between 1500 BP and 600 BP. The formation of sand and mud
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flats allowed the ancient fishermen settlement and the edification of
shell middens.

The Saloum catchment basin is very small compared to other West
African rivers. Its total area (29,720 km?) lies within Senegal and
under the Soudano-Sahelian climate zone (Diouf, 1996). This means
that hydrological changes in the Saloum estuary have a local origin.
Mean precipitation ranged from 600 to 800 mm/yr during the 1950s,
and dropped at about 500 mm/yr by the end of the 1960s (Dacosta,
1993; Mbow et al., 2008; Salack et al., 2011). In general, rainfall occurs
only during the monsoon season, from July to September, when the
ITCZ is at its northernmost position. This rainy season is followed by a
long dry season for the rest of the year (Nicholson, 2000; Mbow et al.,
2008). The highly negative annual precipitation-evaporation budget
(P-E) combined with tidal sea-water incursions induced hypersaline
conditions in the estuary (Diouf, 1996). The Saloum estuary is thus an
inverse “tide influenced” estuary, with salinity increasing upstream
(Pageés and Citeau, 1990; Simier et al., 2004; Mikhailov and Isupova,
2008). Measurements made during the dry season by Diop (1986)
showed a gradual increase of salinities from 36 psu at the river mouth
to 125 psu at Kaolack, 120 km from the coast. However, a transient
normal salinity gradient (salinity decreasing upstream) is generally
observed during and just after the rainy season in the mangrove
Delta (Villanueva, 2004; Gning-Cisse, 2008; Azzoug et al., 2012). This
drop of salinity is mainly due to direct rainfall and perhaps to ground-
water since the river discharge remains insignificant.

The salinity gradient in western Africa inverse estuaries increased
sharply during the Sahel droughts in the 1960s (Savenije and Pagés,
1992). The salinity in Kaolack, increased at the rate of about 1.3 per
year between 1950 and 1986 (Pagés and Citeau, 1990). This shows
that the water salinity in the Saloum (and thus the water 6'%0 to
which it is strongly correlated) is highly sensitive to multi-decadal vari-
ations of the monsoon.
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Fig. 1. Map of the Saloum Delta, indicating the Anadara senilis distribution area, the location of the sampling sites, and the shell midden Dioron Boumak studied here. Bottom right:
map of Western Africa with the location of paleoclimate records mentioned in the text. Our study site is indicated by an arrow.
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3. A. senilis (Linnaeus, 1758)

A. senilis is a common bivalve of the estuaries and coastal lagoons
of the African Atlantic coast, from Rio de Oro (26°N) to Cap Frio (Angola,
18°S) (Nicklés, 1950). It forms dense banks in sandy to muddy sedi-
ments in the intertidal zone. This euryhaline species occurs as well in
hypersaline zones like the Arguin Bank in Mauritania (S=40) (Wolff
et al., 1987) as well as in brackish conditions like the Benya lagoon in
Ghana (S=10) (Yankson, 1982; Otchere et al., 2003). In the Saloum
Delta, A. senilis is the most common mollusk species (Elouard and
Rosso, 1977) and is abundantly found in archeological shell middens
(Thilmans and Descamps, 1982). Sclerochronological patterns have
been studied in modern and fossil shells in this estuary by Azzoug et al.
(2012). This study revealed that Dioron Boumak fossil shells grew year
round without interruption despite a lower growth rate during the mon-
soon season. Growth patterns in modern shells were not distinct enough
to estimate seasonal growth rate variations, but recent isotopic profiles
(not shown) suggest that seasonal variability is also recorded, with a
decreasing growth rate in the dry season. As a result, average 520 values
in modern (fossil) shells are expected to be slightly underestimated
(overestimated).

4. Material and methods
4.1. The Dioron Boumak shell midden chronology

The numerous archeological shell middens found in the mangrove
islands of the Saloum Delta are evidence of ancient human occupation
and intense shellfish gathering activity. This shellfish-based economy
was observed and mentioned in the narratives of European explorers,
compiled by Valentim Fernandes in the 16th century. They highlight-
ed the economical importance of shellfish for local consumption and
for trade. Shells were locally gathered, processed, smoked and their
flesh were transported in potteries for long distance trading activity.
This type of exploitation was likely representative of the preceding two
millennia according to the archeological observations of Descamps and
Thilmans (1979). These authors interpreted the large fast-accumulating
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Saloum shell middens as production sites dedicated to a shellfish trade
with inland tribes.

The Dioron Boumak shell deposit is one of the largest anthropogenic
shell middens in the Saloum Delta. Mollusk shell accumulation formed
a 10 m high artificial island of approximately 10 ha (Descamps et al.,
1974). After the site was abandoned, the eastern side of the shell
mound was eroded by tides, forming a vertical cliff where the complete
stratigraphy is exposed (Fig. 2). The deposit is composed primarily of
mollusk shells, almost exclusively represented by A. senilis. Infilling sedi-
ment is composed of fine sand, silt, charcoal and ashes from fire pits used
to process the bivalves.

Eight AMS radiocarbon dates were obtained from charcoal fragments
collected from the vertical cliff of the Dioron Boumak shell midden
(Table 1). The age model of the shell middens was constructed using
the Clam code of Blaauw (2010). This code calibrates first the '“C dates
using the IntCal09 calibration data (Reimer et al., 2009), generates a
best fit age model based on linear interpolation between the radiocarbon
dates, and estimates the age error bar (Fig. 3). Based on this age model,
the Dioron Boumak site was occupied from ~AD 460 to 1360 (Fig. 3).
However, our sampling only covers the period between AD 460 and
1090, corresponding roughly to the DACP and part of the MWP. Two
phases of edification can be distinguished: a first phase of fast edification
rate (~200 cm/century) from 10 to 2 m depth, followed by a slower ac-
cumulation phase (~40 cm/century) for the two upper meters (Fig. 3).

Anthropogenic shell middens generally have complex depositional
histories. However, several indications support that the Dioron Boumak
edification was continuous. First, the 8 dates of the age model are in
stratigraphic order. Secondly, we did not observe any soil layer or eolian
deposit in the middens section that could indicate a site abandonment of
a few decades. Third, the continuity of shell accumulation is supported
by the hypothesis that this site was devoted to industrial production
(Descamps and Thilmans, 1979) which implies a regular long-term ac-
tivity. This was confirmed by our own observations in the Dioron
Boumak section: (1) we found no sign of stratigraphic perturbation,
(2) the density of cultural remains was low, and (3) shells were not
fragmented suggesting a low trampling rate. Finally, it is unlikely that
shell gathering was restricted to anomalously wet or dry conditions be-
cause this species lives in a very wide range of hydrological conditions
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Fig. 2. Stratigraphic profile of the Dioron Boumak shell midden.
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Summary of radiocarbon dates on charcoal from the Dioron Boumak shell midden.

57

Lab. N° Depth (m) 14C ages (yrs BP) 1-0 calibrated range 2-0 calibrated range Median calibrated ages
(yrs AD) (yrs AD) (yrs AD)
UBA 19943 0.5 817423 1215-1256 1179-1265 1229
UBA 19944 1.5 1083438 897-1011 890-1019 957
SacA 25596 24 1195+35 779-881 694-947 829
SacA 25597 3.6 1260430 689-775 669-862 736
SacA 25598 48 1270430 688-771 664-856 729
SacA 25599 6.7 1370430 644-669 608-688 655
SacA 25600 8.5 1480+ 30 557-613 541-642 587
SacA 25601 9.25 1530430 441-578 432-600 537

and has been gathered in the past from Mauritania (Barusseau et al.,
2007) to Gabon (Van Neer and Clist, 1991). Thus, shell deposition was
likely rather continuous all along the studied period. It has probably
been interrupted occasionally for some months or years, but this is not
expected to affect significantly the paleoenvironmental record on
multidecadal timescales.

4.2. Shell material

Fossil shells were sampled on the Dioron Boumak shell midden,
along the same outcrop that was dated. After cleaning the outcrop,
shell samples were collected in nine successive 1 m high sections
from 1 m below the surface down to the base (10 m), which corre-
sponds to the sea level (Fig. 2). The upper meter was not sampled be-
cause of the high shell fragmentation rate. Six shells from every
section were analyzed. The successive sampled sections yield a tem-
poral resolution ranging between 14 and 97 years, with an average
of ~50 years for the first accumulation phase (2 to 10 m depth) and
a lower temporal resolution of about 205 years for the last sampled
level (1 to 2 m depth). For modern analogs, 30 live specimens of A.
senilis were collected in May 2010 and May 2011 during low tide on
intertidal mudflats in six sites from the estuary mouth to the limit
of the species distribution (Fig. 1, sites 1 to 6).

4.2.1. Diagenesis tests
In order to investigate the preservation state of fossil shells, X-ray
diffraction analyses were performed on hinge fragments of modern

and fossil shells of every sample. A PanAnalytical X'Pert diffractome-
ter (Cu-Ke, 40 kV, 20 mA, 26 range from 20 to 55° with step size of
0.02°) was used. The XRD spectra showed that modern and fossil
shells' calcium carbonate was pure aragonite, which suggests that
shell hinges were not affected by recrystallization. In addition, the
shell microstructure of the hinge and the outer layer was examined
in a modern and a fossil shell using a Cambridge Stereoscan-360®
at 15 kV scanning electron microscope (SEM). The fossil shell
exhibited a very well-preserved crossed-lamellar micro-structure
similar to the modern shells. These diagenesis tests showed that the
aragonite in fossil shells was well preserved, and thus suitable for iso-
topic analyses.

4.2.2. Shell preparation and isotopic analyses
Shells were embedded in polyester resin and sectioned radially along
the axis of maximum growth using a low speed saw with diamond
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wafering blade. Millimetre-thick sections were mounted on glass slides
and polished with 1 pm Al,O5 (Fig. 4B).

For each shell, a microsample of aragonite powder (~0.2 mg) inte-
grating most of the specimen lifetime was extracted for isotopic anal-
ysis from the hinge using an automated microdrill (Fig. 4C). The
stable isotopic composition of the carbonate powder samples was ana-
lyzed at the University of Washington Isolab using a dual inlet Finnigan
DeltaPlus isotope ratio mass spectrometer coupled to a Kiel IIl carbonate
device (standard deviation for repeated measurements of the internal
standard was better than 0.08%. for 6'0). Part of the samples was ana-
lyzed in the LOCEAN laboratory, Paris, using a Dual Inlet Isoprime mass
spectrometer (standard deviation for repeated measurements of the in-
ternal standard was better than 0.05%. for 6'20. 580 was reported with
respect to Vienna Pee Dee Belemnite (VPDB) scale using NBS19
(680 = —2.2%.) and NBS18 (5'%0 = —23.01%.) (Coplen, 1994; Coplen
etal,, 2006) to measure internal laboratory standards run alongside sam-
ples. Oxygen isotope data were corrected according to Kim et al. (2007)
using an aragonite-phosphoric acid fractionation factor (e =1.0090901
at 70 °C) and calcite-phosphoric acid fractionation factor (o=
1.0087096 at 70 °C) to account for the aragonitic nature of the samples.
Eq. (1) yields a correction of —0.38%. at 70 °C for aragonite samples.

a _ .
_ CO,(ACID)—Calcite (Slsoc.alcite + ]000)_1000. (1)

18
o OAragonite a
CO, (ACID)—Aragonite

4.3. Water sampling and analysis

Temperature and salinity of the water were measured in situ in the
six sites where the modern shells were gathered and water samples
were taken to analyze their oxygen isotopic composition (&'80y).
Water samples were also collected weekly at high tide at Toubakouta
(site 4 in Fig. 1) from November 2010 to November 2011.

The oxygen isotopic composition of the water samples was mea-
sured in the HydroScience Montpellier laboratory using a dual inlet
[soprime isotope ratio mass spectrometer using the classical CO,-H,0
equilibration method (Cohn and Urey, 1938). Saline waters and accom-
panying standards were equilibrated with CO, for 24 h at 35 °C. The
standard deviation for repeated measurements of an internal standard
was 0.15%.. Water oxygen isotope ratios are reported with respect to
Vienna Standard Mean Ocean Water (VSMOW). VSMOW (680 = 0%.)
and SLAP (680 = —55.5%) international standards were used to cali-
brate internal laboratory standards.

5. Results
5.1. Seasonality of water 6'0 in the Saloum Delta

The seasonal variations of water 80 (6'80y) in the Saloum from
November 2010 to November 2011 are shown in Fig. 5. The dataset
shows an annual range of 2.4 to 2.6%., with more positive monthly
values from April to June (1.6 to 2.03%.) and more negative values
from September to November (0.07 to —0.57%o). This seasonal shift
in 8'%0yy indicates seasonal variations in precipitation-evaporation
budget, with inputs of isotopically light fresh water during the mon-
soon season and enrichment due to local evaporation during the dry
season.

5.2. Spatial gradients of salinity and water 650

Salinity and 680,y values of May 2010 and May 2011 in the modern
sampling sites are represented in Fig. 6. Salinity ranged between 36.0 in
site 1 and 49.5 in site 6 at the distribution limit of A. senilis (Fig. 6A).
580y values increased from 0.87%. in site 1 to 3.21%. in site 6
(Fig. 6B). As expected, there is a strong linear correlation between salin-
ity and 6'80y (R?=0.8, p-value =0.01, a=0.05). The 580,y in site 1
was slightly enriched in '80 compared to the ocean water (~0.8%.,
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Legrande and Schmidt, 2006) and this enrichment increased inland as a
result of increasing evaporation effect. However, these gradients only
represent the month of May which corresponds to the end of the dry
season when the evaporation effect is the highest. Analyses of water
sampled in site 4 just after the rainy season in 2011 showed lower
values of salinity and 6'80,y, below the ocean conditions (Fig. 6A, B).
Other studies have shown briefly normal salinity gradient (decrease
trend in salinity landward) during and just after the monsoon season
(Villanueva, 2004; Gning-Cisse, 2008). In this area, the salinity and
water 6'%0 gradients, which are governed by the balance between
freshwater inputs and evaporated seawater, are weaker during the
rainy season and strengthen slightly during the dry season.

5.3. Modern shells' 5'80 values

The shell values range from — 1.64%. to 0.18%., with mean values
for sampling sites ranging from — 1.14%. to — 0.36%. (Fig. 6C). We ob-
serve no significant difference between shell values from site 1 to site
6 (Fig. 6C). While salinity and water &'80 showed a positive gradient
landward in May 2011, no significant gradient was observed in modern
shells' 580 values because shells integrate hydrological conditions over
1 to 3 years, including periods of positive gradient during dry seasons
and periods of negative gradient during the rainy season. An important
scattering of isotopic values is observed within sampling sites, with total
ranges of 0.33%. in site 1 to 1.5%. in site 4.

5.4. Fossil shells 5'80 values

Fossil shells 5'80 displayed values ranging between — 3.29%. and
—1.04%. (Fig. 7). Mean values from the successive levels ranged
from —2.42%. to — 1.89%.. The mean values between the fossil levels
are not significantly different (Kruskal Wallis test, p-value =0.369).

The overall average 6'80 value of the fossil record was —2.11%.
(0=10.45%0., n=>54) and was depleted by ~1.4%. compared with the
modern average value of —0.74 (0=0.45%., n=30) (Fig. 7). This differ-
ence between fossil and modern shells is statistically significant (t-test,
p-value=22+10"1°).

6. Discussion

The 680 in mollusk shells is governed by the temperature and the
5180 of water in which bivalves precipitate their shell (Urey, 1947;
Epstein et al., 1953; Grossman and Ku, 1986; Carré et al., 2005). To
check whether A. senilis precipitates its aragonitic shell in equilibrium
with ambient water, we compared the mean 680 measured on shells
collected live in Toubakouta (—0.70%.+ 0.61, n=5) with a simulated

5180 ghelis (% VPDB)

shell 580 value calculated for Toubakouta using Grossman and Ku's
(1986) Eq. (2) with a mean annual water temperature of ~26 °C
(Simier et al., 2004) and a mean annual 6'80y of 0.97%. (n=38).

T(°C) = 19.7-4.34- (zs“‘ow‘.,gomte + 0.34—5130W) 2)

where 8'80_arag and 8'80yyaeer are expressed vs V-PDB and V-SMOW
respectively. This equation was modified considering a constant cor-
rection of — 0.34%. calculated with Eq. (1) and acid-CO, fractionation
factors calculated for a 50 °C temperature reaction (Kim et al., 2007).

The calculated value was — 0.82%., which lies within the error bar
of the measured value and indicates that A. senilis precipitates its shell
close to isotopic equilibrium with ambient water as was shown previ-
ously (Debenay and Fontes, 1994; Lavaud, 2010).

Modern shells were collected together and experienced the same
environmental conditions. The scattering of isotopic values within
sites (0=0.30%.) provides an estimate of the uncertainty related to
this method for reconstructing annual mean conditions. This uncer-
tainty can be mainly attributed to variations of the relative contribu-
tion of rainy seasons (characterized by negative shell §'0 values)
and dry seasons (characterized by positive shell %0 values) in the
shell hinge carbonate samples. These variations can be due to differ-
ent number of seasons included in the average value and to varying
growth rates. Micro-scale environmental variability within sampling
sites could additionally contribute to the observed scattering.

Mean fossil shells isotopic composition was depleted by 1.4%. com-
pared to the average value of modern shells. This difference could not be
due to changes in shell growth seasonality since this effect would on the
contrary tend to underestimate this shift (see Section 3).

If '80\ was constant through time, this isotopic difference would
correspond to a warming of more than 6 °C, which is unrealistic at this
time scale, and inconsistent with SST reconstructions off the western Af-
rican coast (core 658C and core GeoB 9501), showing that both the DACP
and the MWP conditions were not significantly different from modern
conditions (deMenocal et al, 2000; Kuhnert and Mulitza, 2011). A
1.4%. variation of the ocean water isotopic composition is also unrealistic
at this timescale considering that it is larger than the amplitude of varia-
tion for glacial-interglacial changes (Duplessy et al., 2002). Consequent-
ly, the depleted isotopic values in the Dioron Boumak fossil shells have to
be primarily attributed to isotopically light mean values of '80yy in the
Saloum Delta.

The average 6'80 of the whole fossil record (—2.11%.) was more
negative than the most negative of the modern shells (— 1.64%.) in
the Saloum Delta. Considering a mean temperature value of 26 °C in
Eq. (2), the average fossil isotopic value corresponds to a 6'80y, value
of ~—0.32%.. This water isotopic value is significantly more negative
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Fig. 7. 5'%0 values of Anadara senilis shells from the archeological site Dioron Boumak compared to modern shells. Values of individual shells are indicated by open circles. For each
sample, the mean value was indicated by a solid black line. The time interval represented by successive samples was estimated from the age model. For the modern shells, values
from sites 4 and 5 (closest to the shell middens) and for the whole estuary are represented separately. In addition, the mean values of the whole fossil dataset and the modern
dataset are represented by dashed lines, with the associated standard deviation (grey area). Negative values indicate increased influence of freshwater (reversed scale).
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than the modern 6'80y value measured in the Saloum (0.97%.) and
also than the mean §'80yy in the bordering ocean (~0.8%.) (Legrande
and Schmidt, 2006). This is a strong indication that the water in the
Saloum Delta was brackish most of the year rather than hypersaline
during the studied period. It means that the inverse salinity gradient ob-
served today in the Saloum Delta appeared after AD 1090.

5180,y in the Saloum Delta is controlled by freshwater inputs from
monsoon precipitation and groundwater, marine water tidal incursions
and evaporation (Diop, 1986; Dacosta, 1993; Faye et al,, 2005). A de-
creased annual evaporation rate may have contributed to the lower
values of '80y. Available data of evaporation rate in the Saloum region
show that the minimum and maximum monthly evaporation rates
occur in September (67 mm) and March (312 mm) respectively, and
are strongly related to the monsoon cloud cover (Dacosta, 1993). Since
temperature and solar activity did not change significantly during the
studied period, a hypothetical reduction in annual evaporation would
have been primarily the result of a longer monsoon season.

Weaker marine incursions could have contributed to the observed
lower values of estuarine water 5'80. Since the Delta geomorphology
was already similar to the actual one (see Section 2), changes in marine
incursions would have been primarily due to sea level changes. Faure et
al.'s (1980) sea level reconstructions in Senegal discussed later by Nizou
etal. (2010) suggest a slightly higher sea level (0-50 cm) during the stud-
ied period. The isotopic impact of stronger marine incursions would be a
dampening of the 6'80,y seasonal variations, with a mean value closer to
the ocean isotopic value (~0.8%.). This means that, under these condi-
tions, annual freshwater input into the Saloum Delta was significantly
larger than today to compensate for the marine influence and reach a
mean 680y, value of — 0.32%.

Thus, our results strongly suggest that the annual freshwater input
into the Saloum Delta was substantially larger between AD 460 and
1090 than it is today, which means that the monsoon was stronger
and/or longer than today in the Saloum catchment basin. The isotopic
effect of the rainfall might have been increased by lower evaporation
due to an increased duration of the monsoon.

The successive sections sampled in the shell middens represent time
slices of approximately 50 years in the first phase and 205 years for the
uppermost section. The mean hydrological conditions in every section
were estimated by the average isotopic value obtained from a random
sample of 6 shells. Statistically, a sample of 6 shells spanning1 to 3 years
is large enough to provide a representative estimate of mean climate con-
ditions but is too small to capture interannual variability (Carré et al.,
2012b). Some short-term inter-annual to decadal droughts could have oc-
curred without being apparent in our proxy record, either because they
were averaged with wetter periods, or because they could be missing
from our random shell samples. However, a multi-decadal drought sim-
ilar to the one that has been recently observed in the Sahel would have
influenced the hydrological conditions over a period that would exceed
the record resolution. Such climatic events would have been likely
detected in the shell isotopic record. The insignificant variability be-
tween successive samples suggests that the multi-decadal to centenni-
al monsoon variability was low at least for the 8 first levels from AD 460
to 883 (Fig. 7). It seems unlikely that any large scale climatic event sim-
ilar to the recent Sahel drought (with annual precipitation of 500 to
600 mm in the Saloum basin over ~4 decades) occurred during these
~430 years.

We do record a prominent regional increase in the precipitation—
evaporation budget between the time the site was occupied (AD 460
to 1090) and now. The closest high resolution paleoenvironmental re-
cords were obtained from sediment cores off the Senegal River mouth,
namely GeoB 9501, 9503 and 9504. During the DACP, fresher conditions
in the Senegal River estuary were inferred from a higher concentration
of freshwater algae (Bouimetarhan et al., 2009) while drier conditions
were inferred at the catchment basin scale from geochemical analyses
(Nizou et al., 2011). Aeolian dust deposition in the sediments also indi-
cated dry conditions at larger geographic scale (Mulitza et al.,, 2010).

Further east in a similar latitudinal range, aridity was suggested in Mali
by eolian dune reactivation (Stokes et al., 2004), and in northern Nigeria
by saline conditions in the Kajemarum oasis (Holmes et al., 1998). It
seems thus that humid conditions may have been restricted in the
Sahel to the Atlantic coastal zone, while drier conditions prevailed in
the rest of the Sahel and in Equatorial West Africa. This period seems
thus characterized by a significant change in evaporation and/or rainfall
distribution that could not be attributed to a latitudinal displacement of
the ITCZ.

The spatial pattern is modified during the MWP, when most proxy
records from the Sahel show increased humidity from the Senegal
coast to Northern Nigeria (Holmes et al., 1999; Stokes et al., 2004;
Mulitza et al., 2010; Nizou et al., 2011). At the same time, equatorial
West Africa was marked by a general pattern of drying as shown by
low level of Lake Bosumtwi in Ghana (Shanahan et al., 2009) and of
Lake Ossa in Cameroon (Nguetsop et al., 2004). This hydrological dipole
between Equatorial West Africa and the Sahel during the MWP may
be the result of a northward shift of the ITCZ as it has been suggested
in many localities in the tropics (Verschuren et al., 2000; Haug et al.,
2001; Poore et al., 2004; Stager et al., 2005). Today, the Atlantic
Multidecadal Oscillation (AMO) is closely linked to Sahel precipita-
tion and to the position of the ITCZ at multidecadal time scales
(Folland et al., 1986; Knight et al., 2006; Zhang and Delworth,
2006). Proxy records from the North Atlantic show a long lasting pos-
itive phase of AMO during the MWP (Feng et al., 2009, 2010; Mann et
al., 2009; Knudsen et al., 2011), which supports the hypothesis that
the rainfall anomaly observed in West Africa during the MWP may
be forced by North Atlantic SSTs.

7. Conclusion

We used the isotopic composition of fossil shells of A. senilis from
the massive shell midden Dioron Boumak as a proxy to reconstruct
hydrological conditions in the Saloum estuary area in Senegal. 520
values from fossil shells covering the period AD 460-1090 were depleted
by ~1.4%. compared to modern shells. This result indicates that the
Saloum estuary was likely not hypersaline as it is today but brackish be-
cause of a substantially more positive annual precipitation-evaporation
budget during this period due to increased monsoon precipitation
and/or reduced annual evaporation. It seems that monsoonal precipita-
tion was relatively stable at the multi-decadal to centennial time scale
during this period. No prominent multidecadal drought similar to the
20th century event was detected in the Dioron Boumak record for this
~600 year interval. Comparisons with paleoclimate records from West
Africa suggest that wetter conditions were restricted to the coastal
Senegal during the DACP and then extended through the Sahel dur-
ing the MWP, possibly in response to a long-lasting positive AMO-like
phase.
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