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Abstract

Opal content and diatom assemblages were analysed in core GeoB4905-4 to recon-
struct siliceous productivity changes in the eastern Gulf of Guinea during the last
40000yr. Opal and total diatom accumulation rates presented low values over the
considered period, except during the Last Glacial Maximum and between 12 000 cal-
endar years (12cal. ka BP) and 5.5cal. ka BP, the so-called African Humid Period,
when accumulation rates of brackish and freshwater diatoms to the core site were
highest. Conversely, accumulation rates of windblown diatoms exhibited an opposite
pattern with higher values before and after the African Humid Period and greatest val-
ues during Heinrich Events, the Younger Dryas and since 5.5 cal. ka BP.

Our results demonstrate that siliceous productivity in the eastern Gulf of Guinea was
directly driven by the nutrient load from local rivers, which discharges were forced by
precipitation over western Equatorial Africa. Precipitation in this region is controlled
by the West African monsoon which is, in turn, dependent on the presence and in-
tensity of the Atlantic Cold Tongue (ACT). The ACT was weakened and warmer, trade
winds were less vigorous, could convection and precipitation were greater during the
AHP though centennial-to-millennial timescale dry events were observed at ~10 cal. ka
BP, ~8.5cal. ka BP and ~6cal. ka BP. Conversely, the ACT was more intense, trade
winds were more vigorous and African climate was more arid during H1, the Younger
Dryas and since 5.5 cal. ka BP. Our results therefore give indication on the ocean and
atmosphere dynamics over the last 40 000 yr.

1 Introduction

A substantial part of the ocean’s primary productivity is supported by diatoms (Tréguer
et al., 1995). At the global ocean scale, diatom productivity primarily depends on the
availability of dissolved silica (DSi) as diatoms need DSi to build their frustule. This ex-
plains why diatoms are dominant in coastal zones, the Southern Ocean and upwelling
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systems where high stocks of DSi exist. Dissolved silica stocks in coastal zones mainly
result from sediment remobilisation and riverine input while DSi stocks in the Southern
Ocean and upwelling systems are a consequence, at first order, of the marine silica
cycle and global ocean circulation (Ragueneau et al., 2000). Conversely, diatoms are
not competitive in oligotrophic tropical gyres where high sea-surface temperatures and
low DSi stocks reduce silica uptake by diatoms (Hildebrand, 2000; Martin-Jézéquel et
al., 2000).

Diatom production and burial in the Gulf of Guinea, defined as the part of the Atlantic
Ocean northeast of a line running from Liberia to Gabon, are relatively low. Abun-
dances hardly reach 1.10” diatoms per gram in surface sediments (Romero and Ar-
mand, 2010), which is 1-2 order of magnitude lower than diatom occurrences in the
Southern Ocean (Crosta et al., 1997) and coastal upwellling systems (Romero et al.,
2002; Abrantes et al., 2007). Diatom abundances in surface sediments of the Gulf of
Guinea additionally demonstrate a westward decreasing gradient (Pokras and Molfino,
1986). Such distribution is related to low mean DSi concentrations in surface waters
with values of ~2.5 uM in the western part of the Gulf of Guinea where DSi stocks origi-
nate from the nutrient-poor South Equatorial Counter Current (Peterson and Stramma,
1991) and ~8 UM in the eastern part of the Gulf of Guinea where rivers inject nutrient-
rich freshwaters (Hugues et al., 2011). For comparison, mean DSi concentrations in
surface waters of high latitudes of the Southern Ocean are ~60 uM (World Ocean At-
las, 2001). There is therefore a direct connection between DSi stocks and diatom
production in surface waters and occurrence in sediments of the Gulf of Guinea and
precipitation regimes over western Equatorial Africa.

Past changes in siliceous productivity were reconstructed on glacial-interglacial
timescale in the east Equatorial Atlantic (Abrantes et al., 2003) and the Congo Fan
from the southeast Atlantic (Uliana et al., 2002). In the east Equatorial Atlantic, varia-
tions in siliceous productivity and marine diatom assemblages were mainly related to
the intensity of the equatorial upwelling. In addition, increased abundances of fresh-
water diatom Aulacoseira spp. and opal phytoliths further indicated enhanced aridity
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and transport intensity from central and East Africa to the marine realm during glacial
times. In the southeast Atlantic off the Congo river, variations in siliceous productivity
and marine diatom assemblages were related to the interplay of riverine discharges,
controlled by changes in precipitation in western and central Equatorial Africa, and mi-
grations of oceanic fronts, controlled by changes in wind regimes (Uliana et al., 2002;
Marret et al., 2008).

Because of the absence of upwelling and proximity to the ITCZ, the eastern Gulf
of Guinea may provide more straightforward information on climate changes in west-
ern Equatorial Africa than the eastern Equatorial Atlantic and the Congo Fan. Past
changes in siliceous productivity has been there linked to local river discharges, forced
by precipitation regime over western Equatorial Africa, though no real evidenced was
provided (Weldeab et al., 2005, 2007b). Indeed, downcore records of diatom assem-
blages have never been produced for the eastern Gulf of Guinea. We here present
diatom assemblages and opal content in core GeoB4905-4, located around 115 km
to the southwest of the Sanaga River mouth, to assess (1) the dependency of diatom
productivity to DSi delivered to the ocean by the local rivers and (2) climate changes,
i.e. precipitation and wind regimes, during the last 40000yr at the centennial scale
resolution.

2 Oceanographic and climatic settings

The sea-surface circulation in the eastern Equatorial Atlantic, driven by the atmo-
spheric surface circulation, is governed by the South Equatorial Counter Current
(SECC) that transports low nutrient saline waters towards the south (Peterson and
Stramma, 1991). Itis relayed by the Guinea Current (GC) that advects the low nutrient,
saline waters into the Gulf of Guinea (Fig. 1). The GC is stronger during the boreal
summer than the boreal winter. Surface waters exit to the south as the Angola Current
(AC). Eventually, the AC transports southward a mix of warm, nutrient-poor surface
waters and cool, upwelled waters from the Equatorial Under-Current (EUC) until the
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Angola-Benguela Front where it meets, at around 15° S, the northward surface drift
from the Cape Basin.

The Niger and Sanaga rivers are the two main rivers flowing in the eastern Gulf
of Guinea. They cover a catchment area of ~2400000 km? yr_1 and drive an annual
riverine freshwater input of ~277 km?® (Weldeab et al., 2007). More particularly, the
drainage area of the Sanaga River is 133000 km? and the mean annual discharge
is 62 km> yr‘1 (Kossoni et al., 2010). River discharges are minimal during the boreal
winter-spring (February—April) and maximal during the boreal summer-autumn (July—
November) with peak runoffs in September and October (Weldeab et al., 2007; Kossoni
et al., 2010). Annual variations in the Sanaga discharge are determined by the yearly
cycle of precipitations over Equatorial Africa, controlled by the West African monsoon
(WAM). Atmospheric surface circulation in the Gulf of Guinea is dominated all year
round by southwesterly trade winds (TW), which provide most of the moisture for the
WAM (Lebel et al., 2009). The quantity of moisture available for the WAM is partly
determined by the sea-surface temperature gradient between tropics and subtropics
and, thus, the presence and extent of the Atlantic Cold Tongue (ACT) in the subtropical
south Atlantic (Ruiz-Barradas et al., 2000). Warm sea-surface temperature anoma-
lies in the Gulf of Guinea lead to greater evaporation and water vapour in the lower
troposphere that, in turn, conducts to greater precipitation along the Guinean Coast.
From a large-scale perspective, the WAM can be described in terms of the annual
migration of the Inter-Tropical Convergence Zone (ITCZ). The ITCZ is located around
5-10°N and 15-20° N in western Equatorial Africa during the boreal winter and bo-
real summer, respectively, in response to the northward migration of the maximum
of received solar radiation energy. Large precipitation over western Equatorial Africa,
around 3000 mm yr'1 (Kossoni et al., 2010), support the presence of evergreen rain-
forest and savannah (Foley et al., 2003).

Dissolved silica in surface waters of the southwest Atlantic Ocean are around 2.5 uM
(World Ocean Atlas, 2001) and, thus, bring very little nutrient to the eastern Gulf
of Guinea. Dissolved silica concentrations in surface waters of the eastern Gulf of
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Guinea are slightly higher than in the open ocean with values of ~6—8 uM during the
boreal summer (July—October) and ~2 yuM during the boreal winter-spring (March—
June) (Conkright et al., 2002). These variations appear related to the yearly cycle
of discharge of local rivers that present mean concentrations of ~15mg 1" or ~230 pM
(Boeglin et al., 2003; Hugues et al., 2011). High dissolved silica concentrations in
African rivers are related to the prevalence of warm climate conditions that favour
chemical weathering of crystalline rocks abundant on this continent (Durr et al., 2011).

3 Material and methods
3.1 Stratigraphy

Gravity core GeoB4905-4 was retrieved during the Meteor cruise M41/1 in the east-
ern Gulf of Guinea (2°30'N, 9°23.4' E, 1328 m of water depth) around 115 km to the
southwest of the Sanaga River mouth (Fig. 1). The age model of core GeoB4905-4
was based on fourteen '*C-AMS datings of monospecific samples of the planktonic
foraminifer Globigerinoides rubber pink and mixed planktonic foraminifers for the up-
per part of the core. Additional tuning points between the 5'®0 G. ruber pink record
and GISP2 680 record allowed to extending the stratigraphy beyond the radiocarbon
range. Radiocarbon ages were corrected for the mean marine reservoir age and cali-
brated to calendar ages using CALIB5 (Stuiver et al., 2005). The core covers the last
45.000 calendar years (cal. ka BP) in 1218 cm (Adegbie et al., 2003; Weldeab et al.,
2005).

3.2 Diatom analysis

Diatom slides were prepared following the protocol outlined in Rathburn et al. (1997).
Diatom identification was achieved on a Nikon 80i phase contrast microscope at a
magnification of x1000. A minimum of 300 valves were identified, whenever possible,
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following the counting rules described in Crosta and Ko¢ (2007). Several traverses
across the coverslip were performed depending on valve adundances. Three cover
slips per samples were examined. It was not possible to reach 300 diatom valves in
samples between 12.5-13.3 cal. ka BP and 14.8—-17.1 cal. ka BP.

Diatoms were identified to species or species group level, and the relative abun-
dance of each species was determined as the fraction of the diatom species against
total diatom abundance in the sample. Identification of marine diatoms was based on
Sundstrom (1986), Moreno-Ruiz and Licea (1994), Moreno et al. (1996), Hasle and
Syversten (1997), Romero et al. (1999), Rivera et al. (2006) and a suite of species-
specific references. Identification of brackish and freshwater diatoms was based on
Servant-Vildary (1981), Gasse (1986), Lange and Tiffany (2002), Sar et al. (2010) and
a suite of species-specific references.

Diatom accumulation rates were calculated with the following equation

DAR = (Nv+WBD«SR)/2. (1)

Where DAR are the diatom accumulation rates in millions cm ™2 ka‘1, Nv are the num-

ber of diatom valves per gram of dry sediment, WBD is the wet bulk density in gcm_3
measured on board and SR are the sedimentation rates in cmka ™.

Diatom census counts were performed on the upper 932 cm of core GeoB4905-4
with a resolution of 4cm from top to 372cm and 8 cm from 372 cm to 932 cm, which
provided a temporal resolution of 150-300yr between 0.14-17 cal. ka BP and 200—
400 yr between 17-31 cal. ka BP and ~500 between 31-40 cal. ka BP.

3.3 Ecological significance of diatoms

Around 80 diatom species or species groups were identified in core GeoB4905-4.

To simplify this large dataset, species sharing similar ecology were lumped together.

Previous investigations on diatom distribution in surface water and in surface sedi-

ments from low latitude environments have demonstrated that it was indeed possible

to combine diatom species in several groups, based on habitats and nutrients and SST
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requirements. Identification of diatom groups in previous investigations were based
on simple comparison of relative abundances or statistical approaches (Schuette and
Schrader, 1981; Pokras et Molfino, 1986; Treppke et al., 1996; Schrader and Sorknes,
1997; Romero et Hebbeln, 2003; Jiang et al., 2004; Abrantes et al., 2007; Romero et
al., 2009). We here built onto the publications cited above, summarized in Romero
and Armand (2010), to identify three different marine water groups and one ben-
thic/brackish water group. Additional diatom groups were identified according to diatom
distribution in African rivers and lakes to account for freshwater diatoms and windblown
diatoms (Servant-Vildary, 1978; Gasse, 1980a, b, 1986).

Tropical diatoms are thriving in warm, oligotrophic surface waters where siliceous
productivity is low. This group is here dominated by large and highly silicified centric
diatoms such as Azpeitia spp., Planktonellia sol, Pseudosolenia calcaravis and Rhi-
zosolenia spp., Thalassiosira spp. with lesser occurrence of pennate diatoms such as
Nitzschia spp. and Thalassionema bacillare (Table 1).

Meroplankton diatoms are living in nutrient-rich coastal marine environments but,
generally, out of upwelling cells. This group tracks higher dissolved silica levels, higher
siliceous productivity but low turbulence (no upwelling conditions). This group is here
dominated by large and highly silicified centric diatoms such as Actinocyclus spp.,
Actinoptychus spp., Coscinodiscus spp., Paralia sulcata and the pennate species Frag-
ilariopsis doliolus (Table 1). Cyclotella species, dominated here by C. stylorum/litoralis
and C. striata occur both in coastal marine and coastal brackish environments (Lange
and Syversten, 1989). The record of Cyclotella spp. in core GeoB4905-4 resembles to
the record of meroplankton diatoms (Fig. 3), indicating that the two groups may share
similar ecology in the study area. Cyclotella spp. were subsequently combined to the
meroplankton group (Fig. 4).

Upwelling related diatoms are thriving in surface waters with high dissolved silica
concentrations and/or high rate of nutrient replenishment to sustain blooming con-
ditions. This group is here dominated by resting spores Chaetoceros Hyalochaete
spp. (CRS) and Thalassionema nitzschioides var nitzschioides with accompanying
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occurrences of Thalassionema nitzschioides var claviformis (Table 1). It is possible
that CRS are produced during the early upwelling phase after depletion of originally
high nutrient levels while Thalassionema nitzschioides spp. occur later in the season
when upwelling conditions are fading (Romero et al., 2002).

Diatoms of the benthic group are living attached to a substratum (rocks, sand, mud-
flats, macrophytes, etc...) present in shallow, brackish waters of coastal zones and
river mouths. This group is here dominated by pennate diatoms and, more particularly,
by Cocconeis spp. (Table 1). This group tracks transport from the coast and/or river
mouth to the core site (Pokras, 1991).

Freshwater diatoms are living in rivers beyond the marine influence. This group is
here dominated by raphide pennate diatoms such as Fragilaria spp. and Navicula spp.,
which represent the benthic community of freshwater diatoms (Table 1). This group
tracks river input to the eastern Gulf of Guinea and, ultimately, represents a record of
the continental climate (Gasse et al., 1989; Romero and Hebbeln, 2003).

Windblown diatoms are limnobionthic diatoms that live in lakes from central and East
Africa. This group is here dominated by centric diatoms, mainly Aulacoseira spp. with
very low occurrences of Stephanodiscus spp. (Table 1). Lake diatoms can not be
directly transported to the marine environment. Aulacoseira spp. are very abundant
in emerged sediments of the dessicated paleolake Tchad and, thus, represents an
indicator of wind deflation and transport intensity to the eastern Gulf of Guinea (Romero
et al., 1999; Gasse, 2000).

3.4 Opal phytoliths analysis

Opal Phytoliths were fixed on permanent slides concomitantly to diatoms. Phytoliths
were counted congruently to diatom census counts, and n specimens (0 minimum-—
13 maximum) were identified until diatom counts were completed. As such, the total
number of phytoliths is dependent on the abundances of diatoms, as well as the abun-
dances of opal phytoliths. Opal phytolith accumulation rates were calculated using the
same formula than for diatoms.
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Taxonomic identification of opal phytoliths followed the nomenclature of Bukry (1980)
and Bremond et al. (2008).

3.5 Ecological significance of phytoliths

Different shapes of opal phytoliths, formed inside the short cells of grass epidermis,
prevail in different grass subfamilies. As such, phytoliths can be used to infer changes
in vegetation cover. The Cross and Bilobate short cell types occur dominantly in the
Panicoideae grass subfamily, the Saddle type mainly occur in the Chloridoieae grass
subfamily, the Rondel and Trapezoiform polylobate types are mainly produced by the
Pooideae grass subfamily (Bremond et al., 2008). The Cross, Bilobate and Saddle
types are precipitated in C, grasses while Trapezoiform types are formed in C; grasses.
In core GeoB4905-4, the opal phytolith assemblages are dominated by Cross and
Bilobate types with minor occurrences of Saddle and Trapezoiform types.

Basically, opal phytoliths presence in marine sediments can be due to transport by
rivers and winds. Phytoliths and freshwater diatoms in surface sediments in the Zaire
fan region do not present the same distribution. Phytoliths accumulation rates are
maximal 700 km offshore while freshwater diatom accumulation rates are maximal at
the river mouth and decrease offshore (Jansen et al., 1989). This suggests a significant
aeolian transport of opal phytoliths from the Namib desert to the ocean by southeast
trade winds. Phytoliths were also found in aeolian dust collected at Mbour, Senegal
(Skonieczny et al., accepted) along with Aulacoseira spp. and Hantzschia amphioxys
and in sediment traps off western Africa (Romero et al., 1999). This information and
the good agreement between the phytolith and the Aulacoseira gp records in core
GeoB4905-4 (Fig. 3) argue for an aeolian origin of opal phytoliths in the eastern Gulf
of Guinea.
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3.6 Biogenic opal analysis

Opal was determined with the sequential leaching technique developed by Muller and
Schneider (1993). Reproducibility of the method is less than 2 %. Biogenic opal accu-
mulation rates were calculated with the following equation

OpalAR = (O+WBD+SR). )

Where Opal AR is the opal accumulation rate in gcm'2 ka™', O is the opal content of
the sediment, WBD is the wet bulk density in gcm'3 measured on board and SR are

the sedimentation rates in cmka™ .

4 Results

4.1 Biogenic opal

Biogenic opal accumulation rates varied between a minimum value of ~0.2 g cm?ka™

at 15-16 cal. ka BP to a maximum value of 3.590m_2 ka~' at 8-9cal. ka BP (Fig. 3a,
red line). Values were ~1 .Sgcm'2 ka™' during the period between 40 cal. ka BP and
22cal. ka BP and ~290m_2 ka™ during the Last Glacial Maximum (LGM). Opal AR
subsequently dropped to reach lowest values of ~0.290m'2 ka~' between 17 cal. ka
BP and 15 cal. ka BP, when they started to increase again. The increasing pattern be-
tween 15 cal. ka BP and 8 cal. ka BP was interrupted by two lows centred at ~13 cal. ka
BP and ~10 cal. ka BP. Opal AR subsequently decreased slightly between 8 cal. ka BP
and 6 cal. ka BP, when they abruptly dropped to values of ~O.8gcm‘2 ka™' that per-
sisted during the last 5 cal. ka BP.

4.2 Diatom and phytolith accumulation rates

Total diatom accumulation rates (DAR) present the same pattern as opal AR durin
the last 40 cal. ka (Fig. 3a, black line). Values oscillated around 200 x 10°cm™2ka~
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between 40 cal. ka BP and 22 cal. ka BP. Diatom AR increased to ~500 x 108 cm 2 ka™"

during the LGM. Lowest diatom accumulation rates of ~10 x 10°cm™2ka™' were ob-
served during the 17—15cal. ka BP period. Diatom AR increased again at 15cal. ka
BP to reach a maximum of ~850 x 10°cm™2ka™' centred at 7.5 cal. ka BP. High DAR
values were recorded until 5.7 cal. ka BP when they abruptly dropped to reach low val-
ues of ~150 x 10°cm™2ka™" that persisted during the last 5cal. ka. Millennial-scale
events of low occurrences centred at 13 cal. ka BP, 10cal. ka BP, 8.5cal. ka BP and
6 cal. ka BP interrupted the period of highest DAR.

Tropical diatoms presented very low AR between 40 cal. ka BP and 12.5cal. ka BP,
although a small increase occurred during the earliest phase of the LGM (Fig. 3b).
Tropical diatom AR presented values above ~100 x 10°cm™2ka ™' between 12.5cal. ka
BP and ~5cal. ka BP. Highest DAR around 350 x 10° cm™2ka™" were recorded at
~7.5cal ka NP. Centennial-scale events of low occurrences centred at ~10 cal. ka BP,
~8.5 cal. ka BP and ~6 cal. ka BP interrupted the period of high accumulation rates of
tropical diatoms. Very low AR values were again recorded since ~5 cal. ka BP.

Accumulation rates of meroplanktonic diatoms (Fig. 3c, black line), Cyclotella spp.
(Fig. 3c, grey line) and upwelling-related diatoms (Fig. 3d) present a similar pattern dur-
ing the last 40 cal. ka BP than observed for total DAR (Fig. 3a, black line). Centennial-
scale events of low AR centred at ~20cal. ka BP, ~13cal. ka BP, ~10cal. ka BP,
~8.5 cal. ka BP and ~6 cal. ka BP are similarly apparent. Accumulation rates of mero-
planktonic diatoms, Cyclotella spp. and upwelling-related diatoms presented variability
of higher amplitude during the 40—18cal. ka BP period than observed for total DAR
and tropical diatom AR.

Accumulation rates of freshwater (Fig. 3e, black line) and benthic (Fig. 3e, grey line)
diatoms co-vary during the last 40 cal. ka BP. They present low values until the LGM
when they abruptly increased. A short-lived drop in freshwater and benthic AR oc-
curred at ~20 cal. ka BP. Accumulation rate values were low again between 18 cal. ka
BP and 15cal. ka BP when they started to increase to reach maximum values at
~7.5cal. ka BP. Centennial-scale events of low occurrences centred at ~13cal. ka
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BP, ~10cal. ka BP, ~8.5 cal. ka BP and ~6 cal. ka BP interrupted the period of highest
freshwater and benthic diatom AR.

Accumulation rates of windblown diatoms (Fig. 3f, black line) and opal phytoliths
(Fig. 3f, grey line) present a similar evolution between 40 cal. ka BP and 4 cal. ka BP.
Low AR values were generally observed throughout this period except during Heinrich
Events (HE), a short-lived event centred at ~20 cal. ka BP and the Younger Dryas (YD).
Low values were also observed during the 13-5cal. ka BP period when highest DAR
and opal AR were recorded. After 5cal. ka BP, AR of windblown diatoms and phytoliths
differ, with high occurrences of windblown diatoms and continuously low occurrences
of opal phytoliths.

4.3 Diatom relative abundances

The relative contribution of each group to total diatom assemblages is depicted in
Fig. 4. During the 40-35 cal. ka BP period, tropical diatoms, meroplanktonic diatoms
and upwelling diatoms amounted for ~95 % of the diatom assemblages, while fresh-
water and benthic diatoms accounted for ~5 %. Windblown diatoms were absent ex-
cept for a short-lived occurrence at ~36 cal. ka BP. After 35 cal. ka BP, the contribution
of tropical diatoms decreased slightly, the contribution of meroplanktonic diatoms de-
creased sharply (mainly because of less abundant Cyclotella litoralis/stylorum), while
the contribution of upwelling-related diatoms increased. Freshwater and benthic di-
atoms were still present at low percentages while windblown diatoms occurred episod-
ically at percentages below 2%. An increase in both tropical and meroplanktonic di-
atoms was recorded between 22cal. ka BP and 17.5cal. ka BP at the expense of
upwelling-related diatoms. A very abrupt and pronounced decrease in marine diatoms
occurred subsequently between 17.5cal. ka BP and 15 cal. ka BP. During this period
marine diatoms, produced locally, accounted for less than 50 % of the assemblage.
The other fraction of the diatom assemblage was mainly represented by windblown di-
atoms with accompanying freshwater and benthic diatoms. However, the contribution
of freshwater/benthic diatoms and windblown diatoms were out-of-phase during this
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event as identified in the AR records (Fig. 3e and f). It is worth noting that less than 50
diatom valves per sample could be counted during this period. A second similar event,
though much less pronounced, was observed between 12.5 cal. ka BP and 13.5 cal. ka
BP. Here again, highest contribution of freshwater and benthic diatoms occurred just
before and immediately after the peak abundance of windblown diatoms. Around 50—
80 diatom valves per sample could be counted during this period.

Between 12.5cal. ka BP and 5cal. ka BP, the period of highest accumulation rates
in core GeoB4905-4, tropical diatoms increased to account for ~40 % of the diatom as-
semblages. Meroplanktonic diatoms accounted for ~10-15 % while upwelling-related
diatoms decreased to ~30 % of the diatom assemblage. Freshwater and benthic di-
atoms concomitantly represented ~5-10% of the assemblages while windblown di-
atoms were totally absent. After ~5cal. ka BP, both tropical and meroplanktonic di-
atom abundances dropped while abundances of upwelling-related diatoms increased
to ~45 % of the assemblages. Freshwater and benthic diatoms almost disappeared
while windblown diatoms congruently increased to ~3 % of the diatom assemblages.

5 Discussion
5.1 Diatom productivity during the last 40 cal. ka BP

The low range of sedimentation rates and sediment density values in core GeoB4905-
4 (Fig. 2) indicates that variations in biogenic opal and diatom AR reflect changes in
siliceous productivity. DAR and opal AR records demonstrated relatively low siliceous
productivity during the 40-22 cal. ka BP period, higher productivity during the LGM,
extremely low productivity during the 19—15 cal. ka BP period, high productivity during
the 15-5.5cal. ka BP and, eventually, low productivity since 5.5cal. ka BP (Fig. 5a).
Siliceous productivity was highest during the 13-5.5 cal. ka BP period, i.e. during the
African Humid Period (AHP) (deMenocal et al., 2000). Variations in siliceous pro-
ductivity over the last 40 cal. ka were congruent to changes in accumulation rates of
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freshwater (Fig. 3e, black line) and benthic (Fig. 3e, grey line) diatoms. The positive
relationship between opal AR and freshwater diatom AR, and the fact that highest DAR
and opal AR occurred during the AHP, suggests that diatom productivity in the east-
ern Gulf of Guinea is supported by DSi input from local river discharges rather than
DSi transported by the GC and EUC. Siliceous productivity was therefore indirectly
controlled by precipitation variations over western Equatorial Africa. Short lived drops
in siliceous productivity, superimposed to the long trend, occurred at ~20 cal. ka BP
during the LGM, ~16 cal. ka BP during H1, ~13cal. ka BP during the YD, ~10cal. ka
BP, ~8.5cal. ka BP and ~6cal. ka BP. These drops probably represented less DSi
availability and, thus, more arid conditions over western Equatorial Africa.

Greater availability of DSi particularly favoured sub-tropical diatoms that increased
by 10% and 20 % during the LGM and AHP, respectively, compared to their relative
contribution during MIS 3 (Fig. 4). Conversely, relative abundances of upwelling-
related diatoms decreased during the LGM and AHP. Upwelling-related diatoms are
fast blooming diatoms (Hargraves, 1972) thriving in coastal, nutrient-rich and relatively
cold environments due to the resurgence of intermediate-to-deep waters (Romero and
Armand, 2010). Tropical diatoms are conversely slow-developing, large and heavily
silicified diatoms thriving in warm surface waters (Romero et al., 1999) in comparison
to upwelling-related diatoms. Today, the decreasing gradient in diatom abundances
towards the western Gulf of Guinea may indicate that upwelling-related diatoms out-
compete sub-tropical diatoms and uptake most of the DSi injected by rivers in the
eastern Gulf of Guinea, thus preventing development of sub-tropical diatoms. Warmer
SST during the early Holocene may have been less favourable to upwelling-related di-
atoms while more favourable to tropical diatoms that could extend their distribution and
could make use of the higher DSi stocks.

After the termination of the AHP at 5.5 cal. ka BP, drier, windier and cooler conditions
may have induced upwelling-like conditions in the eastern Gulf of Guinea but less nu-
trient input by local rivers, which was unfavourable to sub-tropical diatoms. As a result,
relative abundances of upwelling-related diatoms increased while relative abundances
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of sub-tropical diatoms decreased. Diatom AR and assemblages did not show drastic
changes since 5.5 cal. ka BP, though a more detailed investigation of the last centuries
would be necessary to document how the recent warming of the ACT and greater pre-
cipitation over the coast of the Gulf of Guinea have impacted diatom communities.

5.2 Precipitation changes in western Equatorial Africa during the last
40 cal. ka BP

The diatom records in core GeoB4905-4 (Fig. 3) demonstrate highest precipitation over
western Equatorial Africa during the LGM and the AHP, and lowest precipitation during
HEs and the YD. Short-lived dry spells occurred at ~20cal. ka BP, ~10cal. ka BP,
~8.5cal. ka BP and ~6cal. ka BP, thus interrupting the LGM and the AHP. Lowest
precipitation was estimated during the HEs and the YD.

Our results are supported by marine records from the Equatorial Atlantic and conti-
nental records from Equatorial Africa. Record of sea-surface salinities (Weldeab et al.,
2005) in core GeoB4905-4 demonstrated high salinities during the 22—15 cal. ka BP
and 5.5-0 cal. ka BP periods while low salinities were encountered during the 15-5.5
cal. ka BP (Fig. 5c). Highest salinities were observed during H1 and the YD, while
lowest salinities were recorded during 12—7 cal. ka BP period.

Records of fluvial delivery (Weijers et al., 2009) and continental rainfall (Schefuss et
al., 2005; Marret et al., 2008) in cores located at the mouth of the Congo River (Fig. 1),
provided additional insight on regional freshwater discharges to the eastern Gulf of
Guinea. All together these marine records argued for higher precipitation and river
discharges during the AHP and lower precipitation and discharges before and after the
AHP (Fig. 5). Over the last 40 000 yr, lowest precipitation and river discharges occurred
during H1 and the YD.

A phase lag is present between records from core GeoB4905-4 and records from
cores located at the mouth of the Congo River. Disregarding dating uncertainties, this
phase lag may indicate that past precipitation dynamics over the basins drained by the
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Sanaga and Congo rivers were slightly different or that the impact of river discharges
onto the marine environment was different. First, the Congo drainage basin is influ-
enced by both the WAM and the East African Monsoon (Gasse, 2000; Tierney et al.,
2011) while the Sanaga drainage basin is essentially influenced by the WAM. Sec-
ond, southeastern trade winds promote a seasonal upwelling off the Congo River that
does not occur in the eastern Gulf of Guinea (Uliana et al., 2002; Marret et al., 2008).
Enhanced upwelling during times of stronger trade winds generally intensified marine
paleoproductivity in the Congo fan area during cold stages, but strongest river dis-
charges also yield to upwelling of nutrient rich sub-surface waters during warm stages
(Kim et al., 2010).

African lake level fluctuations give further indication on Equatorial Africa climate vari-
ability. Lake Abhé (Fig. 5g, black curve) in eastern Equatorial Africa evidenced high
precipitation during the Marine Isotope Stage 3 (MIS 3) and the earliest phase of the
LGM, and reduced precipitation during HEs and at ~20 cal ka. BP. Lake Abhé subse-
quently dried out until ~15 cal. ka BP (Gasse et al., 1989; Talbot and Livingston, 1989),
thus demonstrating a drastic reduction in precipitation during this period in agree-
ment with diatom records in core GeoB4905-4. Lake Abhé and lake Bar-El-Ghazal
(Fig. 59, red curve) in central Equatorial Africa had highest lake levels during the 11.5—
5 cal. ka BP period, in good agreement with records of freshwater and benthic diatoms
in core GeoB4905-4. Two prominent dessication events occurred at ~8.5cal. ka BP
and 6.5 cal. ka BP (Fig. 5g, black curve) in phase with the dry spells interrupting the
AHP as evidenced by the diatom records. Lake levels sharply dropped at 5 ka BP.
These results suggest that the precipitation changes inferred from the diatom records
in core GeoB4905-4 affected the whole Equatorial Africa as part as large scale climate
changes.
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5.3 Forcing of precipitation changes in Equatorial Africa during the last
40 cal. ka BP

Precipitation over western Equatorial Africa is controlled by the WAM. The quantity of
moisture available for the WAM is partly determined by the sea-surface temperature
gradient between tropics and subtropics and, thus, the presence and extent of the
Atlantic Cold Tongue (ACT) in the subtropical south Atlantic (Thorncrof et al., 2011).
Warm sea-surface temperature anomalies in the Gulf of Guinea lead to greater evap-
oration and water vapour in the lower troposphere that, in turn, conducts to greater
precipitations along the Guinean Coast (Lebel et al., 2009). Historical observations of
meteorological measurements along ships lanes in the Equatorial Atlantic have shown
that the ACT weakened and warmed by 1.5°C over the last sixty years (Tokinaga et
al., 2011). This SST warming reduced southwesterly trade winds intensity and en-
hanced marine cloud cover over Equatorial Atlantic and land precipitation over western
Equatorial Africa during the boreal summer season.

Based on the modern observations depicted above, we expect a causal relationship
between SST in the eastern Equatorial Atlantic and precipitation regimes in western
Equatorial Africa during the last 40 cal. ka BP (Fig. 5). We also expect a positive cor-
relation between the SST record in core GeoB4905-4 (Weldeab et al., 2007) and our
records of freshwater and benthic diatom accumulation rates, and a negative correla-
tion between the SST record and the records of windblown microfossils (Fig. 3).

The SST record in core GeoB4905-4 showed strong variability during the LGM with
a pronounced cooling event at ~20ka BP interrupting warmer periods. Freshwater
and benthic DAR during the LGM “warm” periods were relatively high and dropped
abruptly during the cooling event (Fig. 3f). Conversely, accumulation rates of windblown
microfossils were very low during the LGM “warm” periods and increased drastically
during the LGM cool event. Similarly, H1 and the YD were periods of cool surface water
temperatures interrupting the deglaciation warming in the eastern Gulf of Guinea. Our
diatom records argued for congruent arid conditions. Highest SST in the eastern Gulf
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of Guinea were recorded during the 12-5.5ka BP period when greatest freshwater
and benthic DAR rates were observed while windblown diatoms and opal phytoliths
were almost absent. During the Holocene, millennial-scale events of warmer (colder)
surface waters in the Gulf of Guinea were congruent with greater (lower) freshwater
DAR. Lower SST since 5 cal. ka BP were in phase with lower freshwater DAR and
greater windblown material AR.

The SST record in core GeoB4905-4 therefore suggests that the ACT was reduced
during the AHP in terms of intensity and extent with temperature ~2°C above the pre-
industrial mean. Weakened and warmer ACT yielded to less vigorous southwesterly
trade winds, greater cloud convection and greater precipitation in western Equato-
rial Africa at the origin of greater nutrient-rich freshwater input to the eastern Gulf
of Guinea. Variations in the ACT intensity and extent may have interplayed with the
tropical-subtropical SST gradient in the South Atlantic Ocean (Scheffus et al., 2005)
and the land-sea thermal gradient (Weijers et al., 2003) that were suggested to exert a
strong control on precipitation changes over central Africa.

6 Conclusions

Analyses of biogenic opal and diatom assemblages in core GeoB4905-4, located
115 km southwest of the mouth of the Sanaga River, demonstrate that siliceous produc-
tivity changes in the eastern Gulf of Guinea during the last 40 cal. ka BP was controlled
by the dissolved silica delivered by local rivers to the ocean. Siliceous productivity
was therefore indirectly controlled by precipitation variations over western Equatorial
Africa. Precipitation was more intense during the African Humid Period (15-5 cal. ka
BP) though centennial-to-millennial timescale dry events were observed at ~13 cal. ka
BP, ~10cal. ka BP, ~8.5cal. ka BP and ~6cal. ka BP. The Last Glacial Maximum
(LGM) was also relatively wet in western Equatorial Africa, though it was interrupted
by a 1500yr dry event centred at ~20 cal. ka BP. Especially dry conditions occurred
during H1, the Younger YD and since 5.5cal. ka BP as evidenced by the presence
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of windblown diatoms and phytolithes in the core during these intervals. Precipitation
changes were linked to variations in the west African monsoon regime, partly forced
by variations in intensity and extent of the Atlantic cold Tongue. Diatoms did not record

important changes in precipitation during 40 cal. ka BP and the LGM, indicating more 7, 2445-2476, 2011

stable, relatively arid conditions during this period.

Warmer sea-surface temperatures and greater discharge of dissolved silica during Climatically-
the early Holocene promoted the development of tropical oceanic diatoms at the ex- controlled siliceous
pense of coastal, upwelling-related diatoms. Tropical diatoms are large and highly productivity in the
silicified, and their export to the sediment resulted in the high opal accumulation during Gulf of Guinea

the early Holocene.
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Table 1. List of diatom species or species groups included in the different groups. Diatom

group identification and diatom species assignment are detailed in the text.

Tropical diatoms Meroplankton diatoms Upwelling Benthic/brackish Freshwater ~ Windblown
diatoms diatoms diatoms diatoms
Alveus marinus Actinocyclus spp. Chaetoceros Achnantes Fallacia Aulacoseira
Hyalochaete spp. pygmaea granulata
Azpeitia africana Actinocyclus curvatulus resting spores Amphora spp.  Fragilaria Aulacoseira
construens  gotzeana
Azpeitia nodulifera Actinocyclus octonarius Thalassionema Catenula spp.  Fragilaria Stephanodiscus
nizschioides parasitica spp.
Azpeitia tabularis Actinoptychus spp. var capitula Cocconeis Fragilaria
spp. pinnata
Bacteriastrum spp. Actinoptychus senarius Thalassionema Cocconeis Navicula
nizschioides distans spp.
Chaetoceros Phaeoceros spp. Actinoptychus vulgaris var claviformis Cocconeis Rhopalodia
fluminensis spp.
Nitzschia spp. Asteromphalus spp. Thalassionema Cocconeis Synedra
nizschioides scutellum spp.
Nitzschia bicapitata Biddulphia spp. var nitzschioides  Diploneis spp.
Nitzschia braarudii Coscinodiscus spp. Eunotogramma
spp.
Nitzschia interruptestriata Coscinodiscus centralis Gomphonema
spp.
Nitzschia sicula Coscinodiscus decrescens Opephora ma-
rina
Planktonellia sol Coscinodiscus radiatus Pleurosigma
spp.

Proboscia spp.
Pseudosolenia calcaravis

Rhizosolenia spp.
Rhizosolenia acuminata
Rhizosolenia bergonii
Rhizosolenia clevei
Rhizosolenia setigera
Roperia tessalata
Thalassionema bacillare
Thalassionema frauenfeldii
Thalassionema nitzschioides var parva
Thalassiosira spp.
Thalassiosira eccentrica
Thalassiosira leptopus
Thalassiosira oestrupii
Thalassiothrix spp.

Cyclotella spp.
Cyclotella caspia

Cyclotella striata
Cyclotella litoralis/stylorum
Cymatotheca spp.
Fragilariopsis doliolus
Hemidiscus cuneiformis
Paralia sulcata
Pseudo-Nitzschia spp.
Trigonium spp.

Surirella spp.
Trachyneis as-
pera
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Fig. 1. Bathymetric map of the Gulf of Guinea displaying location of core GeoB4905-4 and
other reference sites, along with main surface (plain black arrows) and subsurface currents
(dashed black arrows), main atmospheric circulation (green arrows), position of the boreal win-
ter ITCZ (red dashed line), main rivers flowing into the Gulf of Guinea and vegetation distribu-
tion in western equatorial Africa (Foley et al., 2003). The boreal winter ITCZ is located around
15-20° N, out of the figure. GC: Guinea Current; AC: Angola Current; EUC: Equatorial Under-
current; TW: Trade Winds.
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Fig. 2. Age model of core GeoB4905-4. The table details the different steps taken to develop Full Screen / Esc
an age-model from raw '4C dates to calibrated ages. The graph depicts calibrated ages versus
depth. The line depicts the linear interpolation between two consecutive ages. More details Printer-friendly Version
can be found in Adegbie et al. (2003) and Weldeab et al. (2005). Numbers associated with the

curve represent sedimentation rates in cmka ™. sz Dy
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Fig. 3. Accumulation rates of diatoms and biogenic silica in core GeoB4905-4 versus calen-
dar ages. (A) — Total diatom accumulation rates (black line) and BSi accumulation rates (red
line), (B) — accumulation rates of tropical diatoms, (C) — accumulation rates of meroplanktonic
diatoms (black line) and Cyclotella spp. (grey line), (D) — accumulation rates of upwelling re-
lated diatoms, (E) — accumulation rates of freshwater diatoms (black line) and benthic diatoms
(grey line) and, (F) — accumulation rates of Aulacoseira spp. (black line) and opal phytoliths
(grey line). Blue and yellow shading represents periods of inferred high precipitations and low
precipitations over western Africa, respectively.
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Fig. 5. Comparison of diatom and biogenic silica accumulation rates recorded in core
GeoB4905-4 with climate proxies from Equatorial Africa. (A) — Total diatom accumulation rates
(black curve) and biogenic silica accumulation rates (red curve), (B) — eastern Equatorial At-
lantic sea-surface temperatures based on Mg/Ca ratios in Globigerinoides ruber (Weldeab et
al., 2007), (C) — eastern Gulf of Guinea salinities calculated using the 61805W-SST-SSS re-
lationship suggested for eastern low latitude Atlantic (Weldeab et al., 2005), (D) — BIT index
tracing the input of continental organic carbon to the eastern equatorial Atlantic (Weijers et al.,
2009), (E) - relative changes in central African humidity based on 6D values of plant wax n-Coqg
alkanes (Schefuss et al., 2005), (F) — proportion of lowland rainforest pollens in cores T89-16
and GeoB1007-4 (Marret et al., 2008), (G) — lake level height above present level in Lake Abhé
(11°05' N-41°50" E, black curve) and Bar-El-Ghazal (18°N-17°E, red curve) (Gasse, 2000).
Locations of cores are quoted in Fig. 1. P: inferred precipitations over western Equatorial
Africa.
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