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Abstract. The global Late Pliocene/Early Pleistocene cool-
ing (∼ 3.0–2.0 million years ago – Ma) concurred with ex-
tremely high diatom and biogenic opal production in most
of the major coastal upwelling regions. This phenomenon
was particularly pronounced in the Benguela upwelling sys-
tem (BUS), off Namibia, where it is known as the Matuyama
Diatom Maximum (MDM). Our study focuses on a new di-
atom silicon isotope (δ30Si) record covering the MDM in
the BUS. Unexpectedly, the variations inδ30Si signal fol-
low biogenic opal content, whereby the highestδ30Si values
correspond to the highest biogenic opal content. We inter-
pret the higherδ30Si values during the MDM as a result of
a stronger degree of silicate utilisation in the surface waters
caused by high productivity of mat-forming diatom species.
This was most likely promoted by weak upwelling intensity
dominating the BUS during the Late Pliocene/Early Pleis-
tocene cooling combined with a large silicate supply derived
from a strong Southern Ocean nutrient leakage responding
to the expansion of Antarctic ice cover and the resulting
stratification of the polar ocean 3.0–2.7 Ma ago. A similar
scenario is hypothesized for other major coastal upwelling
systems (e.g. off California) during this time interval, sug-
gesting that the efficiency of the biological carbon pump
was probably sufficiently enhanced in these regions during
the MDM to have significantly increased the transport of at-
mospheric CO2 to the deep ocean. In addition, the coeval
extension of the area of surface water stratification in both
the Southern Ocean and the North Pacific, which decreased

CO2 release to the atmosphere, led to further enhanced atmo-
spheric CO2 drawn-down and thus contributed significantly
to Late Pliocene/Early Pleistocene cooling.

1 Introduction

The causes and consequences of global Late Pliocene/Early
Pleistocene cooling (ca. 3.0–2.0 Ma) have been subject to
numerous investigations in order to understand mechanisms
driving global climate from a state warmer than today to-
wards colder conditions (Lisiecki and Raymo, 2005). Re-
cent studies attributed this major climatic transition to a pro-
nounced atmospheric CO2 decline of about∼ 100 ppm, from
400–350 to 300–250 ppm (Bartoli et al., 2011; Pagani et al.,
2010; Tripati et al., 2010; Seki et al., 2010), which would
have promoted a significant extension of the polar ice caps
and the onset of significant glaciation in the Northern Hemi-
sphere (Lunt et al., 2008). However, the processes driving
this atmospheric CO2 drawn-down are not completely under-
stood. Closely related phenomena in this context are global
changes of the efficiency of the biological carbon pump and
biogeochemical cycles in both high and low latitude oceanic
regions tied to the reorganization of the nutrient distribution
and interactions between the different ocean basins.

Over the past 5.0 Ma, the most outstanding example of
long-term and global productivity changes coinciding with
oceanic and atmospheric circulation changes were recorded
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during the Late Pliocene/Early Pleistocene cooling. A pro-
nounced shift of the centres of opal deposition linked to
diatom productivity from the North Pacific and Southern
Ocean to the regions of the low-latitude eastern boundary
currents occurred between 3.0 and 2.4 Ma followed by a sec-
ond shift from the coastal upwelling regions to the South-
ern Atlantic Ocean between 2.4 and 2.0 Ma (Cortese et al.,
2004), where they are largest in the modern ocean. In the
BUS, this extremely high siliceous productivity event, the so-
called MDM (Berger et al., 2002; Lange et al., 1999; Pérez et
al., 2001), is represented by sedimentary biogenic opal con-
centrations of up to 60 % along the continental slopes off
Namibia and southwest Africa between the Walvis Ridge
and Cape Town (Wefer et al., 1998). This high biogenic
opal abundance coincided with the first appearance of the di-
atom flora (e.g.Thalassiothrix antarctica) presently prevail-
ing in the Southern Ocean (Berger et al., 2002; Lange et al.,
1999; Ṕerez et al., 2001), which paradoxically evolved under
warm surface water conditions and weak upwelling intensity
(Etourneau et al., 2009).

The reasons for these changes are particularly intriguing
because similar and synchronous maxima in biogenic opal
production have also been reported in other coastal upwelling
systems, such as off California and Mauritania (Janecek,
2000; Tiedemann, 1991), at which a similarly dramatic SST
decline of about 3–4◦C was recorded in all these three ar-
eas (Dekens et al., 2007; Etourneau et al., 2009; Herbert and
Schuffert, 1998; Liu et al., 2008; Marlow et al., 2000). The
most pressing questions regarding the cause of the MDM are
therefore: (i) how to explain the co-occurrence of the largest
amount of Antarctic diatom mats concomitant with surface
water conditions in the coastal upwelling regions character-
ized by high temperatures and stratification most of the year
during the Late Pliocene/Early Pleistocene?(ii) Why did the
decline of the Antarctic diatom flora accompany the decrease
in opal production when upwelling intensified at the begin-
ning of the early Pleistocene, despite the fact that the de-
velopment of the upwelling system should have enhanced
nutrient supply and sustained higher diatom productivity?
(iii) Given the importance of the changes in global opal pro-
ductivity for the carbon cycle, to what extent did these ma-
jor shifts of the centres of opal production promote Late
Pliocene/Early Pleistocene climate cooling?

To answer these fundamental questions, we first investi-
gate the causes of the onset and the end of the MDM in
the BUS, one of the major areas where this high biogenic
opal production was most pronounced. Using a comparison
of proxies, we reconstruct regional biogeochemical cycling
between 3.0 and 1.5 Ma in the BUS. We then compared our
results from this region to other upwelling systems and re-
garding related changes in the polar oceans during this time
interval we propose a scenario illustrating a possible signifi-
cant impact of the MDM on the Plio–Pleistocene global cli-
mate transition.

2 Material and methods

2.1 IODP Site 1082

To conduct this study, we generated a newδ30Si record of di-
atom opal for the well-dated Benguela ODP (Ocean Drilling
Program) Site 1082, Hole A (21◦06′ S, 11◦49′ E, 1279 m wa-
ter depth) located on the Walvis Ridge in the northern Cape
basin, which is compared with nitrogen isotopes (δ15N) and
biogenic opal content (BSi) and mass accumulation rates
(MAR). Stratigraphy of Site 1082 has previously been de-
scribed extensively by Etourneau et al. (2009). In the centre
of the BUS, at Site 1084 (Fig. 1), the upwelling presently is
active year-round, while in the north, where the IODP Site
1082 is located, the upwelling cells develop only seasonally
(Shannon, 1985) making the study site at a suitable loca-
tion for recording past changes in upwelling intensity. Silicic
acid (Si(OH)4) and nitrate (NO−3 ) are today mainly supplied
from the Southern Ocean (Fig. 1) through the resurgence of
Antarctic Intermediate Water (AAIW) and subantarctic mode
waters (SAMW) that form in the polar frontal system zone of
the Atlantic Sector of the Southern Ocean (Shannon, 1985).
When the wind-driven coastal upwelling off Namibia inten-
sifies, nutrients are carried to the surface and support high
productivity levels.

2.2 Silicon isotope compositions (δ30Si) of diatoms

The downcoreδ30Si record was obtained from diatom bio-
genic opal. The extraction of diatoms from the sediment fol-
lowed the procedure of Morley et al. (2004). In the frac-
tion 11–23 µm, diatoms are by far the most abundant opa-
line organisms. After each extraction and purification step,
the diatom opal samples were visually controlled under the
microscope, and were then, according to the result, treated
again with heavy liquid separation (at a slightly different
density than before) or were wet-sieved again to purify this
size-fraction as much as possible. By applying the separation
steps carefully, the “contaminations” originating from other
siliceous organisms (e.g. radiolarians) could be reduced to a
very small amount (below approximately 5 %), so that a sig-
nificant influence on the Si isotope data is highly unlikely.

The diatom opal was then dissolved in 1 ml 0.1 N NaOH
at 130◦C for several hours (usually overnight), and then cen-
trifuged. The supernatant solution was thereafter transferred
into new teflon vials. 200 µl of H2O2 were added to remove
any remaining organic matter. After most of the reaction had
ended, the samples were dried down and re-dissolved in 1 ml
0.1 N NaOH at 130◦C overnight. The still warm resulting
samples were then diluted with 4 mL MQ water, and were
neutralised with 0.1 ml 1 N HCl. Sample aliquots were used
to determine Si concentrations using a colorimetric method
on a photospectrometer (Hansen and Koroleff, 1999). The
chromatographic separation and purification (De Souza et al.,
2012; Georg et al., 2006; Reynolds et al., 2008) was achieved
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Fig. 1.Silicate and nitrate concentrations (µmol l−1) at 10 m water depth (A, B) and of water masses along a latitudinal transect (C, D). White
dots indicate the location of the Benguela ODP Sites 1082 and 1084 as well as the South Atlantic Site 1091. As illustrated here, Si is supplied
in the BUS by the upwelling of SAMW, subantarctic mode waters, and AAIW, Antarctic Intermediate Waters, formed in the Southern Ocean,
in the polar frontal system zone. AC, Angola Current; AGC, Aghulas Current; BC, Benguela Current; BCC, Benguela Coastal Current; BOC,
Benguela Oceanic Current; SAC, South Atlantic Current; STF, Subtropical Front; SAF, Subantarctic Front.

with a precleaned 1 ml BioRad ion exchange column filled
with AG50W-X8 (200–400 mesh) cation exchange resin.

All δ30Si ratios were measured on a Nu instruments MC-
ICPMS at GEOMAR in Kiel, which is equipped with an ad-
justable entrance slit for medium resolution to ensure peak
separation of the30Si peak and the molecular interference of
14N16O. The sample and standard solutions were introduced
into the plasma via a Cetac Aridus II desolvator equipped
with a PFA nebulizer at a 60 to 80 µl min−1 uptake rate. Mea-
surements were achieved with a standard-sample-standard
bracketing method (Albarède et al., 2004). Samples and stan-
dards were measured with a concentration of 0.4 to 0.6 ppm
depending on the performance of the instrument on the mea-
surement day. All silicon isotope results in this study are pre-
sented in theδ30Si notation as follows:

δ30Si =

((
30Si

/
28Sisample

/
30Si

/
28Sistandard

)
− 1

)
· 1000,

representing deviations of the measured30Si/28Si from the
international Si standard NBS28 in parts per thousand (‰).

Measurements of the inter-laboratory standards
IRMM018 and Big Batch gave average values of
δ30Si =−1.62± 0.26 ‰ (2σ ) and −10.73± 0.27 ‰ (2σ ),
respectively. These values are in good agreement with
values obtained by other laboratories (Reynolds et al.,

2007). Samples were measured three to five times within
a day session, which resulted in external errors between
0.06 and 0.29 ‰ inδ30Si (2σ ). Duplicate measurements
over a longer period of time (n = 20 sessions/days within one
year) of an in-house matrix standard gave a reproducibility
of ± 0.25 ‰ inδ30Si (2σ ).

In order to test if the isotopic ratios are consistent with
mass dependent fractionation (mean for kinetic and equilib-
rium fractionation), as occurs during biological processes,
we plotted theδ30Si versus theδ29Si (Fig. 2). The theo-
ritical mass dependent fractionation between both isotopes
is 0.5135 (Reynolds et al., 2006). The calculated fraction-
ation for the data of our study is 0.5006. Both are, within
the uncertainties of stable silicon isotope measurements on a
MC-ICPMS, indistinguishable from each other and suggest
that any molecular interferences were fully eliminated.
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3 Results and discussion

3.1 Diatom-δ30Si evidence for local changes in Si cycling
during the MDM

During the MDM interval, the diatomδ30Si values at Site
1082 were in the range expected for an upwelling area but
experienced large amplitude changes ranging between∼ 0
and 1.7 ‰ (Fig. 3). Except between 3.2 and 3.0 Ma where
two high δ30Si values concurred with low BSi MAR, the
lowest values around 0.3–0.4 ‰ generally coincide with min-
ima in BSi content (< 20 %) and BSi MAR (1 g cm−2 ka−1),
whereas the highest values (up to 1.4–1.7 ‰) correspond to
the maxima of opal accumulation rates and diatom productiv-
ity (respectively, up to 60 % and 4 g cm−2 ka−1). Given that
diatoms fractionate the dissolved seawater Si by−1.1 ‰ dur-
ing incorporation into their opal frustules (De La Rocha et
al., 1997),δ30Si values of up to 1.7 ‰ suggest that the sur-
face waters in which the diatoms grew had isotopic val-
ues in the order of 2.8 ‰, whereas surface water values of
only 1.5 ‰ are reconstructed for minimum diatom signatures
of 0.4 ‰. For comparison, the bulk sediment and diatom-
boundδ15N was at a minimum during the MDM and revealed
very light values around 0–2 ‰, while after 2.4 Ma, the val-
ues increased to 4–5 ‰ during the Mid-Pleistocene (Fig. 3)
(Etourneau et al., 2009; Robinson and Meyers, 2002) which
is consistent with the distribution found in the modern situa-
tion (Pichevin et al., 2005).

Similar to nitrogen isotopes (δ15N), silicon isotopes
(δ30Si) are fractionated during utilisation in the surface wa-
ters in a way that the lighter Si isotopes are preferentially
incorporated into diatom frustules (De La Rocha et al., 1998,
2000; Brzezinski et al., 2002; Varela et al., 2004), which
leaves the ambient seawater enriched in the heavier iso-
topes. The degree of depletion thus determines the magni-
tude of isotopic fractionation and together with water mass
mixing controls the dissolved signature in ambient seawater
(e.g. Reynolds et al., 2006).
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et al., 2001; Robinson and Meyers, 2002).(B) Alkenone-derived
SST records at Sites 1082 (green) (Etourneau et al., 2009) and
1084 (black) (Marlow et al., 2000).(C) δ30Si (‰) (red) (this
study) and BSi mass accumulation rate (MAR) (g cm−2 ka−1)
(light green) (Etourneau et al., 2009).(D) Alkenone MAR record
(blue) (Etourneau et al., 2009).(E) Bulk δ15N (black) (Etourneau
et al., 2009) and diatom-boundδ15N (black squares) (Robinson and
Meyers, 2002) records at Site 1082. The solid lines for each records
corresponds to the smoothed curve. Age models of Sites 1082 and
1084 are described in Etourneau et al. (2009). In panel(B), the long-
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error bar.
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In this study, on the basis of our current knowledge, we as-
sume that theδ30Si signature of the water masses during the
MDM was similar to nowadays (De La Rocha and Bickle,
2005). We also consider the effects of differences in Si iso-
tope fractionation between diatom species and their respec-
tive ecological niches negligible. As previously documented,
the composition of diatom species changed at∼ 3.0 Ma, from
mixed diatom assemblages to a dominance ofT. antarc-
tica, a mat-forming diatom species characterizing the MDM,
replaced again thereafter at∼ 2.4–2.0 Ma by dominating
Chaetocerosspores and cetae (Berger et al., 2002; Lange
et al., 1999; Ṕerez et al., 2001). Changes in diatom assem-
blages may therefore potentially have affected the isotopic
signal at IODP Site 1082. However, no drastic fluctuations
in the δ30Si- andδ15N- values accompanied these faunistic
changes (Fig. 3). Instead, theδ30Si record followed the BSi
MAR variations since 3.0 Ma which implies that theδ30Si
signature was unlikely affected by changes in diatom assem-
blages but rather reflects past nutrient utilisation and supply
conditions. This assumption is supported by findings of De
La Rocha et al. (1997) who reported results from culture ex-
periments showing that three different diatom species had
strictly the same fractionation factor. There is, therefore, no
proven evidence that a change in diatom assemblage impacts
theδ30Si values reconstructed in the BUS during the MDM.

In addition,Chaetocerosis a diatom species living in the
surface waters, whereasT. antarcticacan migrate through the
water column to feed in the nutricline and realise photosyn-
thesis at the surface. Few studies focused on the effects of
differences in depth, in which the diatoms grew and the pos-
sible differences of the isotopic signature of seawater on the
δ30Si values of the diatoms. Cardinal et al. (2007) and Frip-
iat et al. (2011) demonstrated that in the Southern Ocean,
the δ30Si values of the diatoms living in the mixed layer
were nearly the same as those measured on diatoms growing
in deeper layers. Some variations were found but remained
overall low and are much smaller than those reconstructed
by ourδ30Si record. We therefore conclude that the effects of
different diatom assemblages and their respective environ-
ment of growth are not significant enough to influence the
δ30Si variations.

Dissolution of diatom frustules during the downward
transport in the water column to the sediment may also af-
fect the isotopic signature of Si. According to Demarest
et al. (2009), if the preservation efficiency between differ-
ent diatom assemblages has a difference> 20 % from each
other, then theδ30Si might change by± 0.1 ‰, whereby
this process increases linearly as dissolution progresses. As
previously demonstrated,Chaetocerosshows a high resis-
tance to dissolution (Koning et al., 2001), andT. antarctica
builds mats which usually are also well protected against
dissolution (Ragueneau et al., 2000). This feature explains
why well-preserved diatoms are found in the BUS sediment
during the Plio–Pleistocene climate transition (Lange et al.,
1999). We are therefore confident that theδ30Si measured on

the biogenic opal is not significantly influenced by dissolu-
tion and its effect is most likely minor regarding the large
amplitude variations in ourδ30Si record.

Today, the BUS is mainly supplied with Si from the South-
ern Ocean waters through equatorward advection and up-
welling of SAMW and AAIW (Fig. 1). During the MDM,
the polar frontal system regions where these water masses
are presently formed may have been poorly developed prior
to 2.1 Ma (Liu et al., 2008). We therefore suspect that the
two water masses might have originated either further south
or from a wider area during the MDM. The extension of
the Antarctic ice cap and the progressive stratification of
the “warm” Southern Ocean at∼ 3.0–2.7 Ma (Haug et al.,
1999; Martinez-Garcia et al., 2010) likely favoured the de-
livery of Si to the BUS through SAMW and AAIW, and un-
likely from surface water advection. Indeed, the lack of co-
herency between theδ15N values from the BUS and the po-
lar frontal region do not support surface water advection as a
possible source of nutrients along the southwestern African
coast (Etourneau et al., 2009). The hydrological changes in
the Southern Ocean most likely allowed the transfer of a
large amount of unused Si in the Southern Ocean to the low-
latitude upwelling systems (Cortese et al., 2004; Hillenbrand
and Cortese, 2006). The presence of diatom species typical
for Southern Ocean waters in the BUS (Berger et al., 2002;
Lange et al., 1999; Ṕerez et al., 2001) confirms the close con-
nection between the two regions during the MDM. Accord-
ing to sedimentary archives, productivity during the MDM
was mostly dominated by carbonate producers in the polar
frontal (PF) region of the Southern Ocean (e.g. ODP Site
1090; Gersonde et al., 1999). In addition, very few diatoms
or other opal producers were found south of the PF at that
time (e.g. ODP Sites 1095, Hillenbrand and Cortese, 2006;
and 1096, Hillenbrand and Fütterer, 2001), which supports
the conclusion that the original silica pool feeding the BUS
was poorly utilised. This observation therefore minimises po-
tential effects of diatom dissolution in the Southern Ocean
water column potentially affecting theδ30Si values advected
waters to the BUS because this process, as previously ob-
served in culture experiments (Demarest et al., 2009), should
have led to lowδ30Si signatures in the BUS and not the high
ones observed.

Moreover, supposing a similar reorganization of the nutri-
ent cycles between the North Pacific and the Southern Ocean
during the extension of the polar ice cover and the strat-
ification of the polar oceans∼ 3.0–2.7 Ma, the decline in
biogenic opal producers in both regions may have been ac-
companied by a reduced silicate utilisation in the Southern
Ocean and thereby have led to lowerδ30Si values compara-
ble to those reconstructed in the North Pacific (from∼ 1.6 to
∼ 1.2 ‰ around∼ 2.73 Ma) (Reynolds et al., 2008). This im-
plies that the isotopic signature of waters entering the BUS
was most likely low or at least much lower than the values
calculated for the surface waters in the BUS for the subse-
quent period between 3.0 and 2.0 Ma. We therefore argue that
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the extracted isotopic signal of the diatoms in the Benguela
upwelling system most likely reflects a local signature and
recorded the utilisation of Si by locally produced diatoms
rather than changes in the advected dissolvedδ30Si signature.

3.2 Evidence for a weak BUS during the MDM

According to our results, a relatively high degree of silicic
acid utilisation should correspond to heavy diatomδ30Si val-
ues, i.e. close to 1.8 ‰, and vice versa. Consequently, the
MDM was characterized by a high rate silicate utilisation by
locally-produced diatoms, mostlyT. antarcticamats. How-
ever, these high isotopic values occurred during the inter-
val of highest BSi concentrations. In addition, the highest
BSi values also appeared during a period where the nitrate
was largely unutilised as illustrated by the lowδ15N values
(Fig. 3) (Etourneau et al., 2009). Although the bulkδ15N val-
ues recorded an isotopic signature derived from a mixture of
organic matter, its good coherency with the diatom-bound
δ15N values determined at the same site (Robinson and Mey-
ers, 2002) demonstrates that the sedimentaryδ15N signatures
mostly reflected changes in surface water conditions and ni-
trate uptake by locally produced diatom species. Taken to-
gether, the high BSi MAR andδ15N records would there-
fore suggest a strong upwelling of nutrient-rich subsurface
waters. The MDM in the BUS thus should also have corre-
sponded to a lower and not a higher degree of silicate util-
isation because of the silica-rich subsurface waters supply,
whereas the opposite is observed.

An anticorrelation between theδ15N and δ30Si records
has also been described in the North Pacific (Reynolds et
al., 2008) during the onset of significant Northern Hemi-
sphere glaciation and the associated establishment of strat-
ification of the surface waters at 2.73 Ma. A similar pattern
has been found in the Southern Ocean during the last glacial-
interglacial cycles (De La Rocha et al., 1998; Brzezinski et
al., 2002). In the latter study, the authors ascribed the high
δ15N and the lowδ30Si and BSi during the last glacial periods
to enhanced iron (Fe) fertilisation that would have generated
preferential utilisation and uptake of N by diatoms instead of
Si and therefore, to a higher degree of N fractionation com-
pared with Si isotopes (Brzezinski et al., 2002). Compara-
tively, in the North Pacific, theδ15N increased with the strat-
ification of the surface waters at 2.73 Ma, while theδ30Si and
BSi MARs declined. Reynolds et al. (2008) argued that the
inverse relationship between the proxies could not have been
caused by an increase in Fe fertilisation as the opal produc-
tivity decreased instead of increased. They rather ascribed
the anticorrelation to the combined sea ice and surface water
stratification effects that limited the light and largely inhib-
ited the upwelling of nutrients, thus causing a more complete
N utilisation in this region compared with that of Si.

Contrary to the North Pacific or the Southern Ocean, the
BUS has been located along the coast and is supplied with
large amounts of Fe through aeolian dust. It is therefore

unlikely that Fe has played a major role for the observed
δ15N, δ30Si, and BSi variations, despite possible changes
in Fe supply tied to varying hinterland climate conditions
(Dupont, 2006). In upwelling areas, such as the Benguela
system, for which currently no water column or sedimentary
diatom Si isotope data exist, it is expected that during peri-
ods of most intense upwelling activity the continuous sup-
ply of relatively unfractionated Si with lowδ30Si leads to
a strong or complete utilisation signature of the Si, owing
to the presence of other limiting nutrients (e.g. phosphorus),
and thus does not lead to strongly fractionated Si in the di-
atoms (at least not as high as 1.8 ‰). In contrast, when up-
welling is weaker, most of the Si in the surface waters should
be utilised and the corresponding Si isotope values recorded
by the diatoms is high as observed in the subtropical gyre of
the North Pacific (Reynolds et al., 2012). This is probably the
case for the period between 3.2 and 3.0 Ma during which the
system behaved as “expected” with a high utilisation of Si
(high δ30Si values) accompanied by a low opal productivity
and at the same time a low utilisation of nitrate (lowδ15N
values) within a warm BUS. During this time interval, the lo-
cal primary productivity was probably limited by silicic acid
availability owing to a weak upwelling activity.

Compared to the high silicate utilisation, the supply of ni-
trate in the BUS between 3.0 and 2.4 Ma was probably sur-
passing the nitrate demand of primary producers in the BUS
(Etourneau et al., 2009), as suggested by the reconstructed
light δ15N values (Fig. 3e). These low values have been in-
terpreted as the result of enhanced nitrate supply from the
Southern Ocean surpassing the nitrate demand of primary
producers in the BUS (Etourneau et al., 2009) and in a much
lesser extent, of a possible lighter isotopic signal of the nu-
trients circulating within the nutricline owing to a more re-
duced global denitrification (Etourneau et al., 2009; Liu et
al., 2008). The nitrate uptake in the Southern Ocean was
likely poor due to a weakly iron-stimulated local primary
productivity (Martinez-Garcia et al., 2011). In modern con-
ditions, nitrate is not fully consumed in the surface waters
of the Southern Ocean because of other limiting factors (sili-
cate and Fe) and the nitrate concentration remains year-round
high. Compared to today, the overall poor nutrient utilisa-
tion by the low primary productivity in this region during the
MDM suggests an even more concentrated nitrate pool in this
region. When considering that silicate was also poorly con-
sumed in the Southern Ocean as illustrated by the very low
siliceous productivity (Cortese et al., 2004), this implies that
both nitrate and silicate concentrations in the advected wa-
ters circulating through SAMW and AAIW towards the BUS
were elevated and their associated isotopic signatures were
low.

The observed high (low) degree of fractionation and of sil-
icate (nitrate) utilisation accompanied by the occurrence of
a large production of diatom mat-forming species therefore
clearly indicates mainly stratified surface water conditions
and does not support strong upwelling activity. Numerous
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studies (Berger et al., 2002; Lange et al., 1999; Marlow et
al., 2000; Ṕerez et al., 2001) already suggested that the MDM
was characterized by long periods of stratified conditions of
surface waters and weak upwelling activity in the BUS due to
the presence ofT. antarctica, a mat-forming diatom species
which requires extended periods of stable and stratified con-
ditions for growing and consuming a significant amount of
silicate to build their mats. In addition, the appearance of a
smaller dominant diatom species (Chaetocerosspores), typ-
ical of modern upwelling conditions, only occurred when
the MDM declined after 2.4–2.0 Ma (Fig. 2). Very few other
diatom species (e.g.Chaetoceros radicansand C. cinctus)
that developed under strong upwelling conditions sporadi-
cally appeared during the MDM and might have accompa-
nied the excursions to lightδ30Si as recorded during episodes
of BSi MAR low between 3.0 and 2.0 Ma. However, those
species remained globally rare and were more abundant in
the south than in the north of the BUS (Lange et al., 1999).
The distribution of these diatom species along the Namibian
coast implies that developed upwelling cells were restricted
to the south of the BUS that corroborates the low presence
or absence ofT. antarcticain the southern BUS (Lange et
al., 1999). Warm sea surface temperatures (SST) and low
north–south SST gradients reported through the Benguela
region between 3.0 and 2.4 Ma (see Fig. 3b) also support
our assumption that the upwelling activity was globally weak
(Etourneau et al., 2009, 2010; Marlow et al., 2000) during the
period of increased diatom and opal productivity. This hy-
pothesis is furthermore consistent with pollen data obtained
at Site 1082, demonstrating that wetter conditions dominated
the first part of the MDM due to weak upwelling activity
and enhanced moisture transport to the continent (Dupont et
al., 2005; Dupont, 2006). Thus, compelling evidence from
different markers strongly supports weak coastal upwelling
systems off Namibia as a feature of the Late Pliocene/Early
Pleistocene cooling.

According to this line of evidence, we therefore empha-
size that nutrient feeding the biological production in the
BUS originated from SAWM and AAIW. The diatom species
(T. antarctica) dominating the MDM probably mostly mi-
grated through the water column to abundantly feed, in re-
sponse to global cooling, from shallow thermocline and nu-
tricline waters (Etourneau et al., 2009; Philander and Fe-
dorov, 2003) where the silicate and nitrate-rich SAMW
and AAIW circulated. In addition, the growth of diatoms
and other phytoplankton species (e.g. coccolithoporids), that
were not able to migrate through the water column like di-
atoms, may have also been sporadically fueled by brief sea-
sonal episodes of mixing supplying nutrients to the surface as
well as surface water advection through the Coastal Benguela
Current transporting nutrients from the active upwelling cells
located south of the BUS.

This weak BUS activity during the MDM was probably
closely linked to the system of atmospheric pressure cells
that engender strong trade winds and cause the upwelling

of deep waters along the Namibian coast. The ocean high
pressure cells were likely situated at a more southern posi-
tion during the MDM owing to warmer atmospheric tem-
peratures and a reduced ice cap over Antarctica, as well as
warmer SSTs in the Southern Ocean (Martinez-Garcia et al.,
2010; Pollard and Deconto, 2009). This would probably have
maintained the South Atlantic high pressure cells far from
the African continental low and prevented the formation of
strong trade winds along the shore, especially in the northern
part of the BUS, thus resulting in a weaker upwelling inten-
sity. The transfer of advected nitrate and silicate-rich waters
masses supplying the BUS during the MDM associated with
long periods of stratified surface water conditions therefore
offered favourable and stable conditions for the growth of
mat-forming diatoms, the most significant contributor of bio-
genic opal production. Silicate was nearly completely con-
sumed byT. antarcticafor growing and building their ex-
tensive mats and progressively became the limiting factor of
growth as revealed by their highδ30Si signatures. By com-
parison, the utilisation of nitrate remained much lower owing
to its important supply from the Southern Ocean to the BUS,
as indicated by the lowδ15N signatures.

In contrast, between 2.4 and 2.0 Ma, the MDM decline
is marked by a pronounced reduction of the biogenic opal
production and a progressive shift from Antarctic species
(T. antarctica) to upwelling diatom species (Chaetoceros
spores and cetae) in concert with the intensification of the up-
welling activity (Etourneau et al., 2009; Marlow et al., 2000)
and the establishment of a strong meridional atmospheric cir-
culation (Etourneau et al., 2010). In parallel, the polar frontal
system in the Southern Ocean developed (Liu et al., 2008),
which was accompanied by an increase in Southern Ocean
siliceous productivity (Cortese et al., 2004), likely stimu-
lated by increasing iron supply via aeolian dust (Martinez-
Garcia et al., 2011). This probably restricted the Si and N
export to low-latitude upwelling regions and the nutrient ac-
cess to upwelling productivity. Concomitantly, theδ30Si val-
ues and biogenic opal content in the BUS decreased, whereas
the δ15N increased (Fig. 1). Any significant effects of the
changing diatom community on Si isotope fractionation are
unlikely because no abrupt variation inδ30Si was observed
during the shift from Antarctic to upwelling species. We also
suppose that theδ30Si was essentially only measured on bio-
genic opal derived from the same diatom species as those
producing the organic matter on which bulkδ15N was mea-
sured. Hence, taken together these arguments strongly sug-
gest that the decreasingδ30Si and increasingδ15N values
have been the consequence of a diminished utilisation of sil-
ica and a higher utilisation of nitrate, respectively, although
the δ15N may be also overprinted by heavier isotope sig-
natures circulating through the nutricline (Etourneau et al.,
2009). The development of the upwelling system likely trig-
gered a more continuous supply of both bioavailable Si and
N. However, the higher utilisation of nitrate likely drove the
latter to become a more limiting factor for phytoplankton
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growth, as illustrated by the higherδ15N values, so that Si
utilisation by local diatoms was reduced and led to lighter
δ30Si values. In addition, the production ofChaetoceros
spores instead ofT. antarcticaprobably drove to reduced sil-
icate utilisation and biogenic opal production as the former
species generates less biogenic opal owing to their smaller
size than the Antarctic species and its lesser competitive ca-
pacity against the other micro-organisms.

4 Implications for Late Pliocene/Early Pleistocene
atmospheric CO2

The shift of the centres of opal deposition away from the
polar oceans and low latitudes most likely had fundamental
consequences for the carbon cycle and as such may also have
had dramatic consequences for global climate. Although fur-
ther (modelling) studies are required to precisely quantify
the impact of the MDM on global climate, our new results
suggest a possible scenario linking this event, nutrient dis-
tribution and opal productivity changes in the BUS, as well
as in other coastal upwelling systems (Fig. 4), to the Late
Pliocene/Early Pleistocene global climate shift (Fig. 5),

Here, we propose that during the warm Pliocene (A) verti-
cal mixing probably dominated the surface waters of the po-
lar oceans (Haug et al., 1999; Sigman et al., 2004), whereas
conditions of warm surface waters and weak upwelling ac-
tivity governed the low-latitude eastern boundary current re-
gions (e.g. Etourneau et al., 2009; this study). Siliceous pro-
ductivity was mainly focused in the Southern Ocean and
North Pacific while low phytoplankton productivity, limited
by nutrient (Si and N) supply, developed along the upwelling
areas (Cortese et al., 2004). Contrary to the low latitude
coastal upwelling systems, the ocean/atmosphere CO2 ex-
change was probably intense and acted as a source in polar
regions, which thus contributed to maintain high atmospheric
pCO2 levels (350–400 ppm).

During the Late Pliocene/Early Pleistocene cooling (B),
stratification of the Southern Ocean and North Pacific due to
the extension of the polar ice caps from 3.0–2.7 Ma (Sigman
et al., 2004) likely led to limitation of the ocean–atmosphere
exchange in these regions, and therefore progressively re-
duced the capacity of the polar ocean to release CO2 to the
atmosphere, as was the case in the low latitude coastal up-
welling regions during the preceding warm Pliocene. This
stratification was accompanied by an efficient nutrient leak-
age towards the low latitudes, stimulating diatom productiv-
ity in upwelling areas such as off Benguela, California and
Mauritania (Janecek, 2000; Tiedemann, 1991) (Fig. 3), thus
replacing the active productivity pumping and removing at-
mospheric CO2 in the polar regions. This nutrient leakage
may have been amplified by a weak Fe fertilisation of the
surface waters in the Southern Ocean (Martinez-Garcia et
al., 2011), which would have favored an extensive transfer
of unused nutrients from the high to the low-latitude oceanic
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Fig. 4. BSi MAR at Sites(A) 882 (Maslin et al., 1996),(B) 1018
(Janecek, 2000),(C) 1082 (Etourneau et al., 2009),(D) 1091
(Cortese et al., 2004) and(E) 1096 (Hillenbrand and F̈utterer, 2001).
(F) AtmosphericpCO2 estimate derived from planktic foraminifera
(blue line, Seki et al., 2010; blue square, Bartoli et al., 2011;
Hönisch et al., 2009) and alkenones (grey and red, Seki et al., 2010)
at the Caribbean Site 999. The grey zone corresponds to the pe-
riod of increasing siliceous productivity and decreasingpCO2 as
illustrated by the black arrows. The dashed line indicates the max-
imum biogenic opal production during the MDM. The associated
map shows the respective locations of the different sites and the
major opal centres shift, from the Southern Ocean and the North
Pacific (blue) to the low-latitudes upwelling regions (green) around
3.0–2.7 Ma, and from the latter to the Atlantic sector of the South-
ern Ocean (orange) around 2.4–2.0 Ma (modified from Cortese et
al., 2004).
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regions and thus promoted high primary productivity rates in
these areas. For most of the time, on both decadal scales but
probably also during the annual cycle, stratification prevailed
within the eastern boundary currents between 2.8 and 2.4 Ma
but was interrupted by most likely short seasonal episodes
of mixing supplying nutrients, thus fuelling bioproductivity
in the low latitude upwelling systems and thereby increasing
atmospheric CO2 uptake. The long seasonal period of strat-
ified conditions probably prevented significant upwelling of
dissolved CO2-enriched waters to the surface, which dimin-
ished the CO2 flux from the ocean to the atmosphere in these
regions. Given the extremely high opal production in these
regions, we infer that the uptake of CO2 was probably con-
siderably enhanced and higher in flux than release from the
deep ocean to the atmosphere via upwelling.

The opposite trends between the opal content in the up-
welling systems and globalpCO2 recently obtained from
several regions (Bartoli et al., 2011; Pagani et al., 2010; Tri-
pati et al., 2010; Seki et al., 2010) probably reflects the im-
pact of the efficiency of the biological pump on atmospheric
carbon dioxide levels associated with significant hydrologi-
cal changes (Fig. 4). Although it remains difficult to precisely
estimate the impact of such nutrient and primary produc-
tivity reorganization in the Late Pliocene/Early Pleistocene
ocean, we suggest that both stratified conditions in the high
latitudes and weak upwelling activity in the low latitudes co-
inciding with high productivity in the coastal upwelling re-
gions probably contributed to a significant reduction of at-
mospheric CO2 ∼ 3.0–2.7 Ma ago. For comparison, a large
silica transfer during the last glacial periods between a strat-
ified Southern Ocean and intensive low-latitude upwelling
systems would have accounted for a reduction of the atmo-
spheric CO2 by 60 ppm (Brzezinski et al., 2002). However,
it must be noticed that the major difference between the last
glacial and the Late Pliocene/Early Pleistocene cooling pe-
riods resides in the fact that Fe dust fertilisation likely did
not play a significant role on nutrient utilisation in the South-
ern Ocean during the MDM, and therefore on nutrient dis-
tribution towards the low-latitudes upwelling regions, as Fe
remained poorly transported to the surface waters between
3.0 and 2.0 Ma (Martinez-Garcia et al., 2011) probably as
a result of a weak atmospheric circulation and a displace-
ment south of the South Atlantic atmospheric high pressures
cells (Etourneau et al., 2010; Martinez-Garcia et al., 2010;
this study).

In contrast, when the MDM ended (C), diatom production
in the upwelling areas dropped because nutrients were mostly
utilised by the opal production developing in the Atlantic sec-
tor of the Southern Ocean (Cortese et al., 2004). Less CO2
was thereby sequestered by biological production in the low
latitude coastal upwelling areas and the balance between the
Southern Ocean and low-latitudes upwelling systems became
more equilibrated, thus leading to a slowdown of the CO2
decline (close to 250–300 ppm). In addition, the strengthen-
ing of the global upwelling activity from 2.4–2.0 Ma likely
increased the exposure of deeper water CO2 to the atmo-
sphere, thus counterbalancing the effects of the phytoplank-
ton production.
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