
HAL Id: hal-01472057
https://hal-amu.archives-ouvertes.fr/hal-01472057

Submitted on 20 Feb 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

The late Pliocene Benguela upwelling status revisited by
means of multiple temperature proxies

Guillaume Leduc, Dieter Garbe-Schönberg, Marcus Regenberg, Camille
Contoux, Johan Etourneau, Ralph Schneider

To cite this version:
Guillaume Leduc, Dieter Garbe-Schönberg, Marcus Regenberg, Camille Contoux, Johan Etourneau, et
al.. The late Pliocene Benguela upwelling status revisited by means of multiple temperature proxies.
Geochemistry, Geophysics, Geosystems, 2014, 15 (2), pp.475-491. �10.1002/2013GC004940�. �hal-
01472057�

https://hal-amu.archives-ouvertes.fr/hal-01472057
https://hal.archives-ouvertes.fr


The late Pliocene Benguela upwelling status
revisited by means of multiple temperature proxies

Guillaume Leduc
Institute of Geosciences, University of Kiel, Kiel, Germany

Now at CEREGE, UMR7330, Aix-Marseille Universit�e, CNRS, IRD, Europôle de l’Arbois, BP80, 13545, Aix-en-
Provence CEDEX 4, France (leduc@cerege.fr)

Dieter Garbe-Schönberg and Marcus Regenberg
Institute of Geosciences, University of Kiel, Kiel, Germany

Camille Contoux
Laboratoire des Sciences du Climat et de l’Environnement/IPSL, CEA-CNRS-UVSQ, UMR8212, Orme des Mer-
isiers, CE Saclay, Paris, France

SISYPHE, Universit�e Pierre et Marie Curie & CNRS, UMR7619, Paris, France

Johan Etourneau
LOCEAN, CNRS/UPMC/IRD/MNHN, UMR7159, Paris, France

Ralph Schneider
Institute of Geosciences, University of Kiel, Kiel, Germany

[1] As compared to the late Pleistocene, Alkenone-based sea surface temperature (SST) in the Benguela
region revealed relatively warm and stable SST recorded between �3.5 and 2.0 Ma, and coincide with a
period of increasing biological productivity as revealed by increasing deposition of biogenic opal. We
assess how the hydrological patterns recorded in SST proxies are embedded in the geological record by
performing a proxy-proxy comparison. We used Laser-Ablation Inductively Coupled Plasma-Mass
Spectrometry to measure the Mg/Ca on the planktonic foraminifera species Globigerina bulloides,
allowing in situ measurements of Mg/Ca on individual foraminiferal tests. Mg/Ca-derived temperatures
provide much colder temperatures than alkenone-derived SST by up to 10�C. We build a scenario
involving contrasting sensitivities of paleothermometers upon the annual cycle, namely alkenones
preferentially capturing SST when the surface ocean is warmer than the mean-annual average SST, and
G. bulloides capturing SST when upwelling intensifies. Multichamber analysis also suggests that
G. bulloides migrates below the sea surface while calcifying its last chambers prior to gametogenesis,
allowing the extraction of both surface and subsurface temperature from Mg/Ca measured on different
chambers. The range of temperatures recorded between our multiple SST proxies is supported by the
range of temperatures simulated with a general circulation model when different seasons, different water
depth and different orbital configurations occurring during the late Pliocene are considered. A greater
seasonal cycle in SST during the Pliocene can account for alkenone and Mg/Ca-derived temperature
contrast, pointing to a radically different mode of upwelling activity in the Benguela region compared
to today.
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1. Introduction

[2] The late Pliocene (�3.3–3 Ma) was marked by
warmer and more stable climatic conditions than
the late Pleistocene (see e.g., Dowsett et al. [2009]
for the late Pliocene ocean status), and is often
used to understand climate behavior for a globally
warmer planet. As such, this time period has been
the focus of many paleoclimate modeling studies
in the frame of the Pliocene Model Intercompari-
son Project (PlioMIP, see Haywood et al. [2013a]
for a synthesis of the results). Sea Surface Temper-
ature (SST) reconstructions are in turn used as
benchmarks to evaluate the performance of cli-
mate models for simulating the late Pliocene cli-
mate, and model/data comparison ultimately helps
identifying model deficiencies in simulating some
aspects of regional climate conditions over periods
of sustained global warmth [Dowsett et al., 2012].
Identified model deficiencies might ultimately
serve as guidance for improving climate models
involved in future climate projections [Braconnot
et al., 2012].

[3] Even though the model/data comparison of Pli-
ocene SST was generally found to be satisfactory,
some pervasive regional model-data mismatches
were spotted [Dowsett et al., 2012]. Among other
places, significant model/data SST mismatches
were identified in eastern boundary upwelling
regions such as the Benguela Upwelling System
(BUS, Figure 1) [Dowsett et al., 2012]. Alkenone-
based SST has previously been reported to vary
between �27 and 24�C during the late Pliocene in
the BUS, along with a series of short-lived periods
when SST dropped below 22�C that occurred dur-
ing the early Pleistocene (Figure 2) [Etourneau
et al., 2009; Rosell-Mel�e et al., 2014]. In the mean-
time, a transient increase in opal accumulation rates
has been recorded between �3.5 and 2.2 Ma, prob-
ably reflecting an intensification of seasonally
pulsed diatom productivity associated with a
strengthening of the BUS activity and/or with inten-
sified silicate supply to the thermocline [Lange
et al., 1999; Berger et al., 2002; Etourneau et al.,
2012] (Figure 2). Such patterns cannot be easily
reconciled with the general view that increased
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Figure 1. (a) Annual-mean SST in the southeastern Atlantic Ocean extracted from the World Ocean Atlas
2005 [Locarnini et al., 2006]. (b) Annual-mean Chlorophyll a concentration derived from SeaWIFS imaging
(http://seawifs.gsfc.nasa.gov/). (c) Seasonal temperature profile across the upper 200 m water depth at ODP
1082 site extracted for January and July from the World Ocean Atlas 2005 [Locarnini et al., 2006]. Red dot in
Figures 1a and 1b indicates ODP 1082 site location.

LEDUC ET AL.: LATE PLIOCENE BENGUELA UPWELLING STATUS 10.1002/2013GC004940

476

info:doi/10.1002/2013GC004940
http://seawifs.gsfc.nasa.gov/


upwelling activity might co-occur with decreased
SST as observed in the modern ocean. If strong
upwelling activity prevailed when diatom produc-
tivity was highest, co-occurring warm and stable
temperatures might either indicate that alkenone-
derived SST primarily captures the nonupwelling
season, or that nutrient-rich waters upwelled at
studied site were much warmer than today [Dekens
et al., 2007].

[4] In the modern BUS, Ekman transport advects
surface waters offshore that are subsequently
replaced by cold, nutrient-rich subsurface waters
associated with the shoaling of the regional ther-
mocline (Figure 1). Whether climate models simu-
lating the late Pliocene can capture subtle changes
in the thermocline structure in dynamic environ-
ments such as upwelling systems is a source of
concern, because general circulation models
(GCMs) have a coarse resolution, the width of
upwelling systems (�250 km) being comparable
to the size of a typical GCM grid. There is, how-
ever, growing evidence that marine paleother-
mometers can be skewed toward specific seasons,
making SST estimations reflective of periods
warmer or colder than the mean-annual SST
depending upon the proxy used [Leduc et al.,
2010a; Schneider et al., 2010; Lohmann et al.,
2013; Wang et al., 2013]. Consequently, in highly
dynamical regions such as in upwelling systems,
the estimated SST from planktonic organisms
might depend on the ecological niches that they
occupy. Prior to any attempt to evaluate climate

model performance in these regions, it is hence
crucial to better characterize how SST signals are
captured by planktonic organisms and transmitted
to the geological archives.

[5] We here reassess the late Pliocene SST status
within the BUS by performing a proxy-proxy com-
parison. We measured Mg/Ca on the planktonic
foraminifer Globigerina bulloides in the BUS, one
species notoriously known to proliferate where
and when high primary productivity prevails [Gir-
audeau, 1993; �Zarić et al., 2005; Lombard et al.,
2011]. In addition, G. bulloides is known to
migrate from the surface to the upper thermocline
prior to gametogenesis [Schiebel and Hemleben,
2005; Erez et al., 2003; Marr et al., 2011], so that
Mg/Ca measurements performed on different fora-
miniferal chambers that calcified at different water
depths would provide a highly spatially resolved
analysis of migratory species. We explore such
possibility by using Laser Ablation-Inductively
Coupled Plasma-Mass Spectrometry (LA-ICP-
MS) to measure Mg/Ca on different chambers
from individual foraminifera analysis. These
measurements help reconstructing seasonal and
vertical temperature gradients and inferring the
upper ocean temperature variability within the
BUS during the Late Pliocene epoch.

2. Regional Settings

[6] The BUS extends from the southern South Afri-
can to the northern Namibian coasts (Figure 1).
Among the four eastern boundary upwelling sys-
tems, the BUS is nowadays the upwelling region
where primary productivity is highest and seasonal-
ity is lowest, with relatively cold surface waters
and high primary productivity occurring year-
round (Figure 1) [Chavez and Messi�e, 2009]. ODP
site 1082 (21�060S, 11�490E, 1279 m water depth)
is situated at the northwestern edge of the northern
BUS, where SST seasonality reaches�4�C (Figure
1c). Surface currents flow along the South Africa,
Namibia and Angola shorelines, above which
upwelling-favorable winds prevail [Chavez and
Messi�e, 2009]. ODP site 1082 lies within the Ben-
guela Coastal Current (BCC), which represents the
northward-flowing branch of the broader Benguela
Current (BC) [Moroshkin et al., 1970]. The annual
cycle of SST is 4–5�C in magnitude, ranging from
�15 to 20�C between austral winter and summer,
respectively [Locarnini et al., 2006] (Figure 1). At
�15�S, the BCC meets the warm and nutrient-
depleted waters of the southward-flowing Angola
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Figure 2. Alkenone-derived SST evolution over the last 3.5
Ma (green curve) and biogenic opal mass accumulation rates
(MAR, black curve) at ODP site 1082 [Etourneau et al., 2009].
The gray box highlights the late Pliocene time interval of inter-
est, when an increase in opal MAR was associated with only
moderate SST drop. Red and blue arrows on the y axis indicate
present-day SST for January and July, respectively.
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Current, where much larger SST seasonality than at
ODP 1082 site is thought to impact both modern-
day and late Pleistocene surface waters [Hessler
et al., 2011]. Occasionally, mesoscale tongue-like
southward intrusions of the Angola current reach-
ing ODP 1082 site can lead to extreme subseasonal
SST variability during austral summer [Shannon
et al., 1985].

[7] The upwelling season occurs mainly during
the austral winter when winds intensify, but the
thermocline depth remains relatively shallow year-
round (Figure 1). The modern annual cycle of SST
and primary productivity within the BUS is, how-
ever, less marked than in other eastern boundary
upwelling systems because eddies induce high-
frequency intraseasonal hydrological variations
[Chavez and Messi�e, 2009].

3. Theoretical Background on SST
Proxies Specificities

[8] Alkenone-derived SSTs estimated from core-
top sediments from the Southeastern Atlantic Ocean
capture well the mean-annual SST from very differ-

ent biogeochemical provinces [M€uller et al., 1998].
One sample collected very close to ODP site 1082,
however, indicates alkenone-based SST signifi-
cantly warmer than the mean-annual modern SST
(see M€uller et al., 1998, Figure 3). Recently, a com-
pilation of sediment trap time series revealed that
seasonality in alkenone fluxes to the seafloor vary
largely across the oceans, but without any distin-
guishable pattern that can consistently explain the
data set as a whole [Rosell-Mel�e and Prahl, 2013].
Regardless whether alkenone-based temperatures
might be attributed to the mean-annual SST or
might be seasonally skewed in the southeastern
Atlantic ocean, an alkenone-derived SST drop
recorded over the last decades associated with a
recent upwelling-induced cooling trend within the
BUS demonstrates the ability of alkenones to cap-
ture recent SST changes [Leduc et al., 2010b; Nar-
ayan et al., 2010].

[9] At ODP site 1082, core-top planktonic forami-
nifera assemblages are dominated by the subpolar
species G. bulloides and Neogloboquadrina
pachyderma (right coiling) [Giraudeau, 1993].
High abundance of G. bulloides at low latitudes is
globally associated with upwelling environments

Figure 3. SEM micrographs of G. bulloides. (a) Whole G. bulloides specimen dated at 2.19 Ma showing the
three laser ablation pits on the final f, penultimate f-1, and antepenultimate f-2 chambers. (b–d) Detailed wall
textures of G. bulloides tests for foraminifera dated at 2.23, 2.74, and 3.37, i.e., for times when high, interme-
diate and low opal MAR were recorded, respectively.
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[Lombard et al., 2011], one ecological characteris-
tic used to reconstruct primary productivity of
tropical upwelling systems by means of G. bul-
loides countings [Gupta et al., 2003; Bassinot
et al., 2011]. We hence anticipate the Mg/Ca-
derived SST reconstruction based on that species
to be reflective of seasons with SST below the
mean-annual SST, i.e., when upwelling intensifies.

[10] Apart from the affinity of G. bulloides with
environments where high primary productivity
prevails, the G. bulloides life cycle is worth being
considered while attempting to reconstruct the
upper water column structure. Adult specimens of
G. bulloides dwell in shallow waters and repro-
duce once per month, following lunar cycles
[Schiebel and Hemleben, 2005]. Prior to gameto-
genesis—which immediately precedes the death of
the foraminifer—G. bulloides migrates downward
within the thermocline [Schiebel and Hemleben,
2005] where it calcifies its last chambers, so these
last chambers should sample subsurface waters
instead of surface waters. Additional evidence for
such impact of G. bulloides ontogeny comes from
recent studies based on Mg/Ca measurements per-
formed on multiple chambers [Marr et al., 2011],
as well as a relationship between G. bulloides test
size and G. bulloides Mg/Ca [Friedrich et al.,
2012] and d18O [Birch et al., 2013]. We will use
jointly the G. bulloides ontogeny and ecological
niche to track temperature changes across a range
of different depths over periods of intensified
upwelling by measuring Mg/Ca on different G.
bulloides chambers.

4. Methods

[11] The ODP site 1082 age model is extensively
described in Etourneau et al. [2009], and is based
on the comparison of the alkenone-based SST
record with the benthic stack of Lisiecki and
Raymo [2005]. In our study, G. bulloides were
picked from the >255 mg size fraction. Even
though the sedimentary sequence was retrieved
well above the water depth where calcite dissolu-
tion is supposed to take place in the tropical Atlan-
tic Ocean [Regenberg et al., 2006], Pliocene-age
foraminiferal preservation was monitored through
Scanning Electron Miscroscopy (SEM) to ensure
that no bias associated with calcite dissolution
have impacted Mg/Ca-based SST estimation
[Regenberg et al., 2006; Tachikawa et al., 2008].
SEM pictures revealed well-preserved foraminif-
eral tests with apparent patterns of interpore ridges

(Figure 3), synonym of a good preservation as
reported in an ultrastructure study of G. bulloides
tests from the South Atlantic Ocean [Dittert and
Henrich, 2000].

[12] Foraminifera were mounted with adhesive
pads onto glass slides and arranged within a large
volume ablation cell (Zurich LDHCLAC ablation
cell, [Fricker et al., 2011]) without any cleaning
procedure. We obtained laser ablation depth pro-
files using an ArF excimer laser operating at
193nm (GeoLasPro Plus, Coherent/Lambda
Physik, Germany). The spot size was 30 mm in
diameter. Energy density at the sample surface
was kept at 2 mJ/cm2, with a pulse frequency of
10 Hz. The ablated material was carried to the
ICPMS (Agilent 7500s with a Ni interface) using
1 L/min He as the carrier gas that was mixed with
0.8 L/min Ar prior to injection into the ICP. The
integration time was 20 ms per m/z in transient
mode. We used 44Ca as an internal standard for
quantification and NIST612 [Jochum et al., 2011]
for calibration and data integration with GLITTER
software (see below). A pressed powder tablet of
ECRM-752 [Greaves et al., 2008] was analyzed
with each sample batch at the beginning and end
of each session as an unknown sample. Element
concentrations were measured using 24Mg, 27Al,
44Ca, 55Mn, 85Rb, 88Sr, with typical relative stand-
ard deviations of the element/Ca ratios lower than
5% based on repeated analysis of NIST612
(n 5 27).

[13] We performed repeat Mg/Ca analysis from
the same sedimentary horizons to provide snap-
shots of past changes in water column dynamics
and, by extension, in the amplitude and frequency
of upwelling events. We have analyzed �1300
profiles from 16 sediment horizons dated between
�3.5 and 2.0 Ma, i.e., encompassing the increased
biogenic opal Mass Accumulation Rate (MAR,
Figure 2). Between 4 and 15 foraminiferal tests
were analyzed for each horizon. Those measure-
ments were performed on the final (f), penultimate
(f-1), and antepenultimate (f-2) chambers, and
repeated three times for each chamber to allow
comparison of intrachamber, interchamber, and
interspecimen Mg/Ca heterogeneity (Figure 3 and
Table 1).

[14] We first screened the obtained LA-ICP-MS
profiles in order to remove those sections that
appeared to show contamination of the tests by
clays and/or authigenic contaminants, which usu-
ally affect the inner and outer parts of the test. The
integration window was set manually using the
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GLITTER software package (Macquarie Univer-
sity), and all the profiles were integrated using
only signal intensities but neglecting software out-
put for Mg and Ca concentrations. This procedure
ensures the integrity and reproducibility of the
integration method. The time window of the test
ablation was deduced through visual inspection of
the shape of the Ca and Sr intensity profiles using
the GLITTER software (Figure 4). Other elements
were used to monitor contaminant phases, in order
to ensure proper integration of Mg/Ca by avoiding
those parts of the test where Mg is unrelated to
biomineralized calcite. Rubidium (Rb) and Al,
which are associated with clays adhering to the
inner and outer parts of the tests, were used to
remove parts of the integration windows where
spikes in Mg are associated with spikes of Rb and
Al (Figure 4). Strontium (Sr) was used to identify
parts of the test affected by severe alteration,
which has never been the case within our samples.
Anomalously high Mn is usually associated with
Mg-rich contaminant phases consisting of authi-
genic Mn-rich carbonates and ferromanganese
oxides [Pena et al., 2008]. Important increases in
Mn intensity were removed from the laser ablation
profiles to avoid any bias in Mg/Ca toward anoma-
lously high values (Figure 4) [Pena et al., 2005,
2008]. In general, the LA profiles and element/Ca
values obtained are similar to the ones obtained
from core tops published in Marr et al. [2011],
suggesting that diagenetic recrystallization does
not alter Mg/Ca.

[15] Once the profiles were integrated with the
GLITTER software, a second screening of the full
data set was performed to ensure removing incon-
sistent concentrations that were not detected on
the basis of simple visual inspection of the ele-
mental profiles. For this second screening step, the
intrachamber relative standard deviation (RSD)
was computed using the triplicate analyses per-
formed on each chamber, and was used as an inde-
pendent estimate of the efficiency of the first data
screening step that was using the GLITTER soft-
ware. In most cases, the intrachamber RSD of Mg/
Ca was better than 5%, i.e., comparable to the
RSD estimated from standard analysis. When the
RSD was larger than 10%, anomalous Mg/Ca val-
ues of LA profiles were systematically screened
for possible alteration and/or contamination by
checking other element/Ca ratios. RSD larger than
10% occurred in about 5% of the analyzed cham-
bers; about half of those anomalously high intra-
chamber RSD were due to one of the LA profiles
for which some element/Ca values unambiguouslyT
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Figure 4. Typical LA profiles used to screen geochemical data for contaminated sections of the tests cham-
bers. (top) Raw elemental intensities and (bottom) element/Ca ratios. Gray vertical band indicates the integra-
tion time over which the element/Ca ratios were computed.
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pointed to contamination by clays or Mn hydrox-
ides not apparent within the first screening step.
Those anomalous LA profiles, once discarded,
lead to intrachamber RSD of Mg/Ca values lower
than 5%, ensuring the integrity of the data set as a
whole.

[16] For some horizons where G. bulloides speci-
mens were abundant enough, we also measured
Mg/Ca in bulk samples. Approximately 10 tests of
G. bulloides were measured for Mg/Ca. Tests were
gently crushed and cleaned following the standard
procedure including a reductive step as detailed in
Martin and Lea [2002]. Samples were analyzed by

Inductively Coupled Plasma-Optical Emission
Spectrometry (Spectro Ciros SOP) with cooled
cyclonic spraychamber and microconcentric nebu-
lization (200 lL min21). Intensity ratio calibration
followed the method of de Villiers et al. [2002].
Instrumental error was 60.3% RSD, as indicated
by replicate standards. All Mg/Ca measurements
presented in this study were performed at Kiel
University.

[17] G. bulloides is a nonsymbiotic species that
does not form gametogenic calcite [Spero and
Lea, 1996]. We hence neglect potential Mg/Ca
artifacts associated with vital effects and/or game-
togenic processes that may modify the incorpora-
tion of Mg into the calcite test in some planktonic
foraminifera species other than G. bulloides [Sade-
kov et al., 2005]. To interpret interchamber and
intertest Mg/Ca variability, we will rely only on G.
bulloides ecology.

[18] To translate the G. bulloides Mg/Ca into tem-
perature, several approaches have been applied.
Calibration equations for G. bulloides were devel-
oped using sediment trap, core top, and culturing
data [Lea et al., 1999; Elderfield and Ganssen,
2000; McConnell and Thunell, 2005; Cl�eroux
et al., 2008; Marr et al., 2011], each approach
having advantages and disadvantages [Barker
et al., 2005]. Because we are interested in environ-
mental parameters such as seasonality and water
depth when/where G. bulloides thrives, we use the
calibration based on calcification temperature of
Elderfield and Ganssen [2000], while recognizing
that large uncertainties on G. bulloides d18O might
obscure such a calibration method [Elderfield and
Ganssen, 2000; Mortyn and Charles, 2003; Skin-
ner and Elderfield, 2005]. We, however, note that
this calibration agrees well with the one derived
from the culturing study of Lea et al. [1999].

[19] One way to test the validity of our conceptual
model is to compare alkenone and Mg/Ca recon-
structed temperatures with Pliocene climate model
outputs. As our foraminifera sampling is highly
irregular and the age model cannot unambiguously
determine under what orbital configuration tem-
perature signals have been fossilized, our results
must be compared to model simulations using dif-
ferent orbital configurations. This provides a way
to encompass a wider range of climatic back-
grounds that likely occurred over the late Pliocene
time window. We thus compare our results to mid-
Pliocene model simulations using the IPSL-CM5A
atmosphere ocean general circulation model
(AOGCM) [Contoux et al., 2012]. Atmospheric

Figure 5. Late Pliocene multiproxy records of temperature
and productivity. Temperature estimated from alkenones
(dark green), from Mg/Ca measured by LA-ICP-MS on differ-
ent chambers from multiple specimens (blue, purple, and red
colors) and by ICP-OES on multiple G. bulloides specimens
(black diamonds) are converted to temperature on the same y
axis (error bars denote interforam temperature RSD for each
chamber). Also shown are total C37 alkenones MAR (light
green) and opal MAR (black curve). Temporal changes in the
precessional parameter are reported on top of the figure (sinu-
soid black curve) [Laskar, 1990]. Vertical gray bars indicate
time intervals where abundant G. bulloides were found, and
subsequently targeted for Mg/Ca measurements. The standard
errors associated with temperature estimates are �1�C for
both alkenones and Mg/Ca [Rosell-Mel�e et al., 2001; Greaves
et al., 2008].
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resolution is 3.75� in longitude by 1.9� in latitude,
with 39 vertical levels. Oceanic resolution is �2�

in the Benguela current region, with 31 vertical
levels. Boundary conditions such as topography,
reduced ice-sheet extent, and vegetation are
derived from the ones imposed by the PlioMIP
experiment 2, and atmospheric CO2 concentration
is fixed to 405 ppm [Haywood et al., 2011]. The
ability of this particular state-of-the-art climate
model to simulate the late Pliocene climate is
assessed in Haywood et al. [2013a], and although
the global SST warming simulated by the IPSL-
CM5A model is in the lower range, it is compara-
ble to other GCMs of the PlioMIP, such as
CCSM4 and MRI-CGCM 2.3 models. It was
recently shown that different insolation forcings
provide important changes in simulated SSTs,
especially on the annual cycle of SST [Haywood
et al., 2013b]. To better capture the full range of
climate variability that characterized the Late Plio-
cene, we also use different orbital parameters than
those applied in the PlioMIP project which assigns
modern orbital configuration. We apply two
extreme orbital configurations which correspond
to the maximum (Plio_max) and the minimum
(Plio_min) summer solstice insolation occurring
during the Late Pliocene at 65�N, based on Laskar
et al. [2004] to force the IPSL-coupled model
[Contoux et al., 2013].

5. Results and Discussion

[20] Temperature values estimated by G. bulloides
Mg/Ca are colder than the alkenone-based SST
estimation by �3 to 10�C over the studied time
interval (Figure 5). Overall, the Mg/Ca-derived
temperature estimations based on the leaching pro-
cedure leads to temperature estimates that margin-
ally agree with the laser ablation-based
temperature estimation (Figure 5), suggesting that
the difference in SST estimates based on alke-
nones and Mg/Ca does not depend on the analyti-
cal technique used to measure foraminiferal Mg/
Ca. Unlike in the alkenone-based SSTs, we do not
detect any significant cooling trend in G. bulloides
Mg/Ca associated with the increase in opal accu-
mulation rate (Figure 5).

[21] Several processes other than temperature can
affect the Mg/Ca-derived temperature estimates
and might contribute to the SST contrast between
the two paleothermometers. Dissolution is known
to lower Mg/Ca because it preferentially removes
Mg relative to Ca [see e.g., Regenberg et al.,

2006]. Good preservation of foraminiferal tests
illustrated in SEM indicated that dissolution is
unlikely to have affected our coring site over the
studied time interval (Figure 3). It is not surprising
given that the dissolution proxies based on G. bul-
loides test preservation indicate no effect of disso-
lution down to a water depth of �3000 m and a
lysocline deeper than 4000 m in the Cape Basin,
South of the Walvis Ridge [Henrich et al., 2003].
Biologically mediated dissolution is somehow
responsible for supra-lysoclinal dissolution in the
Cape Basin, but takes place at water depths much
greater than at the drilling site [Henrich et al.,
2003].

[22] Salinity has also been shown to affect Mg/Ca
in high-salinity environments such as the Red Sea
[Hoogakker et al., 2009] and the Mediterranean
Sea [Ferguson et al., 2008], and to a lesser extent
in open ocean areas where surface salinities are
above 35.5 [Arbuszewski et al., 2010; Mathien-
Blard and Bassinot, 2009]. At coring site, how-
ever, neither surface nor subsurface waters reach
salinities values of 35.5 [Locarnini et al., 2006].
We also note that a recent re-evaluation of the
salinity effect on foraminiferal Mg/Ca points to a
much lower Mg/Ca sensitivity to salinity changes
than previously reported [Hertzberg and Schmidt,
2013; Hönisch et al., 2013].

[23] Finally, seawater Mg/Ca is thought to have
changed over million-year time scales, and adjust-
ing the Mg/Ca for long-term changes in seawater
Mg/Ca has led to revising Pliocene-age equatorial
Pacific SST toward warmer conditions by up to
2�C [Medina-Elizalde et al., 2008]. In Medina-
Elizalde et al. [2008], the seawater Mg/Ca used in
such correction was derived from indirect estima-
tion of seawater Mg measurements performed on
pore fluids revealing a rapid rise in seawater Mg/
Ca over the last 10 Ma, with seawater Mg/Ca val-
ues of about 30% lower than modern values during
the late Pliocene [Fantle and DePaolo, 2006]. As
emphasized by Broecker and Yu [2011], such an
increase over the last �3 Ma would be extreme as
the residence time for seawater Mg is �13 Myr.
We also note that a more recent study based on
calcite carbonate veins indicates that the strong
increase in seawater Mg/Ca that started at �30 Ma
reached present-day values a few million years
ago, suggesting essentially stable seawater Mg/Ca
values over the last 10 Ma [Rausch et al., 2013].
Another difficulty is embedded in uncertainties
in the relationship between the Mg partition
coefficient in calcite and the seawater Mg/Ca
[Evans and M€uller, 2012]. Applying a 20%
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reduction in seawater Mg/Ca and using the nonlin-
ear correction between seawater Mg/Ca and fora-
miniferal Mg/Ca determined from inorganic
calcite as done in Medina-Elizalde et al. [2008]
would lead to adjusting the estimated temperatures
toward temperatures warmer by a degree Celsius
(see supporting information Figure S11).

[24] We believe that none of the above-
mentioned uncertainties can explain the alke-
none-Mg/Ca contrast in estimated temperature,
and now interpret Mg/Ca as estimates of ambient
temperature when G. bulloides calcified its test.
Reproducible modes of intrachamber, intercham-
ber, and interspecimen Mg/Ca can be distin-
guished (Figure 6 and Table 1). As expected, the
intrachamber variance is much lower than the
interchamber and interspecimen variability over
the entire data set (Figure 6 and Table 1). This
indicates that the information contained in inter-
chamber and interspecimen Mg/Ca can be used
as indicators of the upper ocean temperature
structure beyond analytical uncertainty. Overall,
the coldest temperatures are consistently esti-
mated from the final (f) chamber while the warm-
est temperatures are always estimated from the
antepenultimate (f-2) chamber, with the penulti-
mate (f-1) chamber accordingly providing inter-
mediate temperature estimates (Figures 5 and 6).
This pattern is in agreement with analogous Mg/
Ca measurements performed on core tops from a

Southwestern Pacific Ocean transect [Marr et al.,
2011], and highlights the potential of LA-ICPMS
technique to capture different water depths as one
would expect from the G. bulloides ontogeny
because the species calcifies its last chambers
within the thermocline [see e.g., Schiebel and
Hemleben, 2005].

[25] Such inference is further supported by the
observed relationship between Mg/Ca and Mn/Ca
(Figure 6). Seawater Mn rapidly drops with water
depth because Mn desorbing from aeolian material
deposited at the sea surface by winds are rapidly
adsorbed by particles and scavenged [Statham et al.,
1998]. Foraminiferal Mn/Ca have also been shown
to reflect seawater Mn concentration as long as ana-
lytical techniques such as LA-ICP-MS or flow-
through leaching procedures ensures that calcite
Mn/Ca values are unambiguously unrelated to Mn-
rich contaminant phases [Klinkhammer et al., 2004].
Measurements of Mn/Ca performed on multiple
planktonic foraminifera species occupying different
water depth levels were then proposed to monitor
past changes in the seawater Mn content induced by
environmental parameters [Klinkhammer et al.,
2009]. One might expect the interchamber G. bul-
loides Mn/Ca contrast to portrait the vertical
decrease recorded in seawater Mn occurring below
the sea surface in the southeastern Atlantic [Statham
et al., 1998], if different water depth sampling were
to be the explanation for the different Mg/Ca values
measured on different chambers. We just find such
a positive relationship between Mg/Ca and Mn/Ca
(Figure 6), giving additional evidence that the

Figure 6. Example of one Late Pliocene sample dated at 2.9 Ma showing the Mg/Ca increase from the final
to the f-2 chamber ((left) error bars indicate intrachamber standard deviation) and the relationship between
Mg/Ca and Mn/Ca for the same sample ((right) error bars indicate intrachamber standard deviation).

1Additional supporting information may be found in the online
version of this article.
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interchamber temperature contrast can be attributed
to different water depths.

[26] The proxy-dependent temperature offset
might be explained by assuming that the two SST
proxies are either strongly skewed toward warm
(nonupwelling) and cold (upwelling) seasons for
alkenones and Mg/Ca SST, respectively, and/or by
the possibility that G. bulloides captures a temper-
ature signal integrating a larger depth range in the
water column as the relationship between Mg/Ca
and Mn/Ca suggests (Figure 6). It is instructive to
consider regional alkenone and Mg/Ca-based SST
estimates to better encompass the full spectrum of
SST captured by those two thermometers. Core-
top values of alkenone-derived SST from the
Angola Margin are �20�C [Kim et al., 2002],
while core-top values of Mg/Ca-derived tempera-
tures performed on G. bulloides from the Nami-
bian margin rather point to recent SST of �13�C
[Farmer et al., 2005]. This 7�C difference is two
times larger than the mean-annual SST difference
between the two sites that are situated at different
latitudes [Farmer et al., 2005], indicating that both
thermometers cannot be assigned to mean-annual
temperature. Alkenone-derived SSTs estimated for
core-top and late Pleistocene interglacial periods
are close to 20�C, which agrees perfectly with

modern summer SST (Figure 2). We do not have
core-top Mg/Ca values at coring site, but late
Pleistocene G. bulloides Mg/Ca derived from sites
situated North [Hessler et al., 2011] and South
[Farmer et al., 2005] of ODP site 1082 suggest
that assigning G. bulloides to winter surface to
subsurface temperature (i.e., �16 and 14�C at our
coring site, respectively, Figure 1) is realistic (Fig-
ures 1, 2, and 7). This is in line with sediment trap
time series from a nearby site, that recorded two
pulses of G. bulloides shell fluxes when the
upwelling was active, but almost no shell flux
when the upwelling was quiescent [Giraudeau
et al., 2000].

[27] These lines of evidence suggest that the SST
contrast recorded between alkenones and G. bul-
loides Mg/Ca is most likely embedded in differen-
ces in the ecological niches occupied by
coccolithophorids and G. bulloides. G. bulloides
thrives during upwelling events, and is hence suit-
able to monitor surface and subsurface tempera-
ture over time periods when upwelling intensifies.
If we assume that coccolithophorids were mainly
sampling the warm and stratified surface ocean
during periods of the year when upwelling ceases,
we can comment on the annual cycle of late Plio-
cene SST. Our study indicates that surface

Figure 7. (left) Comparison between modern-day annual cycle of ocean temperature at studied site for sur-
face, 50 and 100 m water depths as extracted from Locarnini et al. [2006] (dashed lines) and simulated by the
IPSL-CM5A model [Contoux et al., 2012, 2013] (solid lines). (right) Late Pliocene annual cycle of ocean tem-
perature at studied site for surface, 50 and 100 m water depths as simulated by the IPSL-CM5A model for the
Plio_max (solid lines) and Plio_min (dashed lines) experiments [Contoux et al., 2012, 2013]. Rectangular
boxes infer temperature range estimated between 3.3 and 3 Ma by alkenones (green rectangle) and Mg/Ca
measured on f-2, f-1 and final chambers (red, purple and blue rectangles, respectively) as a function of
hypothesized season likely to be captured by coccolithophorids and G. bulloides according to our conceptual
model (see text for details).
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temperatures during upwelling events likely cap-
tured by the f-2 chamber was colder by more than
5�C than alkenone-based SST prior to 3 Ma, and
were followed by a smooth reduction of the SST
contrast mainly induced by a SST decrease
recorded by alkenones (Figure 5). Overall, the
proxy-proxy comparison suggests a late Pliocene
SST seasonality equal or larger than that seen
nowadays (Figures 1 and 5). If any, a decrease of
SST seasonality over the time interval studied
might be mediated by decreasing summer SST
under constant winter temperatures (Figure 5), i.e.,
not directly reflecting the upwelling season.

[28] A coherent pattern of decreasing temperature
is captured from the f-2 to the final chamber, sug-
gesting a temperature contrast between depths at
which G. bulloides calcified those two chambers
being �3–5�C (Figure 5). This contrast would
imply an equal or greater temperature difference
between the surface and the subthermocline during
winter when compared to nowadays assuming that
G. bulloides dwells within the upper 200 m (Fig-
ure 1). For two samples, the SST estimated from
all chambers were virtually the same, and were
associated with anomalously low temperature cap-
tured by the f-2 chamber rather than an anoma-
lously high temperature captured by the final
chamber, leading to a SST contrast between alke-
nones and Mg/Ca of �10�C. The mean tempera-
ture captured by the final chamber is estimated to
be about 15�C over the entire time interval studied
(Figure 5), which is close to modern-day tempera-
ture found at a depth of 50 m according to the
World Ocean Atlas (WOA) [Locarnini et al.,
2006] (Figure 1).

[29] We build a conceptual model that assigns
SST proxies to different seasons and water depths.
Namely, alkenone-derived SST might be skewed
toward summer while Mg/Ca measurements per-
formed on different G. bulloides chambers might
capture different levels of the upper water column
during upwelling events—i.e., during winter.
Model simulations designed to reproduce the late
Pliocene climate can provide a diagnostic for our
conceptual model. The IPSL-CM5A-coupled
model standard simulation of the late Pliocene
using modern orbital parameters has been shown
to compare well with other AOGCMs in the
framework of the PlioMIP project [Haywood
et al., 2013a].

[30] As a proof of concept, we first analyze the
preindustrial model run. The comparison of the
annual cycle of SST as simulated by this model

with SST derived from the WOA indicates that the
model performs well, despite inherent difficulties
to capture the dynamic of complex environments
such as the BUS (Figure 7). The annual cycle of
subsurface temperature suggests that the model
underestimates temperature and/or that the WOA
overestimates temperature by �2–3�C (Figure 7).
Virtually, none of the models does capture per-
fectly the oceanic temperature, while the gridding
procedure applied to the WOA might suffer from a
lack of in situ observations below surface. Moor-
ing deployment time series from the northern Ben-
guela region suggest in situ temperature at 50 and
100 m seasonally varying between 12 and 13�C,
and 11.5 and 12.5�C, respectively [Mohrholz
et al., 2008], i.e., inferring subsurface temperature
colder than estimated by the ocean atlas and sug-
gesting that the model realistically captures
modern-day ocean temperature.

[31] We now turn to seasonal temperature simu-
lated for two insolation configurations of the late
Pliocene at surface, 50 and 100 m water depths
(Plio_min, Plio_max in Figure 7) to highlight the
likely changes in the degree of the upper water col-
umn stratification. We stress that it is impossible to
assign firm calcification water depths to the differ-
ent chambers analyzed on G. bulloides because of
multiple uncertainties that are associated with its
thriving water depth range. By design, our concep-
tual model cannot be used to comment on the
model performance based on G. bulloides ecology,
or to attribute a water depth range for G. bulloides
life cycle on the basis of the model output. Rather,
we test the ability of our conceptual model to
explain proxy-proxy mismatch in the light of the
expected ecological niches occupied by coccolitho-
phorids and G. bulloides.

[32] The IPSL-CM5A model output indicates that
the alkenone-derived temperatures are in better
agreement with the SSTs simulated for austral
summer to early autumn between 3.3 and 3 Ma. In
particular, alkenone temperatures match remark-
ably well to summer temperatures when the model
is set up with the higher austral summer insolation
(Plio_min experiment), while the Plio_max
experiment simulates temperatures slightly colder
than alkenones SST. The alkenone SST variability
is, however, �3�C between 3.3 and 3 Ma, which is
comparable to the summer SST difference simu-
lated between the Plio_min and the Plio_max
experiments. The sampling resolution cannot
resolve all the orbital configurations over the time
interval studied, as it is lower than the precession
index depicted at the top of Figure 5. Conversely,
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Mg/Ca-derived temperatures better match with
surface and subsurface temperature simulated for
the austral winter to early spring (Figure 7). High-
est fluxes of G. bulloides shown as gray bars on
Figure 5 coincide, in general, to lowest fluxes of
alkenones. The timing of high fluxes of alkenones
and G. bulloides suggests that other processes
operating on time scales longer than one preces-
sional cycle probably affect the SST records. All
together, those features suggest that our concep-
tual model that accounts for differences in ecologi-
cal seasonality of planktonic organisms is valid
(Figure 7). Accordingly, we assign both SST prox-
ies to distinct ecological niches within the Late
Pliocene time window over which orbital parame-
ters possibly played some additional role in deter-
mining temperature at coring site.

[33] Although G. bulloides Mg/Ca has long been
recognized as being associated with temperature
conditions during upwelling seasons at low lati-
tudes [see e.g., Gupta et al., 2003], the alkenone-
based SSTs that best fit to mean-annual SSTs in
the modern ocean are often assigned to mean-
annual SST when applied to past geological times
[M€uller et al., 1998]. From an evolutionary per-
spective, diatoms have evolved a nutrient storage
vacuole and thrive best in regions where high
nutrient supply to the sea surface occurs sporadi-
cally, such as coastal upwelling, eventually out-
competing coccolithophorids that thrive over
seasons when surface waters stratify [Falkowski
et al., 2004]. This led diatoms and coccolithophor-
ids opting for an ecological divergence, with dia-
toms following opportunistic strategies while
coccolithophorids grow under more stratified
water conditions [Iglesias-Rodriguez et al., 2002;
Falkowski et al., 2004]. Nowadays, phytoplankton
community distribution in the Atlantic Ocean
reflects this ecological divergence, where the rela-
tive distribution of diatoms and coccolithophorids
is used to track nutrient supply to the upper mixed
layer [Cerme~no et al., 2008]. Consequently, coc-
colithophorids and, by inference, alkenone-based
proxies such as SST and primary productivity
might not be accurate recorders of upwelling
intensity per se.

[34] Our suggestion that alkenone-based SSTs in
the BUS might represent warm season SSTs has, if
applicable to other upwelling systems, implica-
tions for Pliocene evolution of upwelling systems.
On the one hand, G. bulloides Mg/Ca-based esti-
mates of surface and subsurface temperatures at
times of intensified upwelling were probably not
warmer by more than �2�C during the Pliocene

than today, evolving at the surface from �18 to
�16�C, and probably at the base of the thermo-
cline from �15 to �14�C (Figures 1 and 5). On
the other hand, alkenone-based SST suggest a
cooling by up to 6�C over the last 3.5 Ma, evolv-
ing from �26 to �20�C. It suggests that the BUS
seasonality decreased over the last 3.5 Ma. Today,
the modern annual cycle in SST and in primary
productivity is less marked in the BUS than in
other upwelling systems [Chavez and Messi�e,
2009]. Further multiproxy SST studies must be
conducted in other upwelling systems to assess
whether the peculiarity of the BUS seasonality
with respect to other upwelling systems can be
attributed to asymmetric changes in winter and
summer SST.

[35] Hence, on basis of the data we have in hands,
we find it difficult to use alkenone-based SSTs and
alkenone MAR as reliable indicators for the
upwelling season because alkenones seem to cap-
ture hydrological features over times when upwell-
ing ceases (Figure 5). Rather, alkenone-based SST
jointly used with Mg/Ca temperature records
based on upwelling-skewed planktonic foraminif-
era might provide more accurate estimates of the
status of past upwelling intensity and seasonality
because G. bulloides likely captures surface and
subsurface temperature reflective of the upwelling
season (Figure 5). We are also cautious in inter-
preting G. bulloides Mg/Ca as an evidence that
intensified upwelling prevailed over the late Plio-
cene. While warm and cold temperature values
occurring during seasonal extremes may not have
changed much over this time window, G. bulloides
fluxes were occurring unevenly between 3.5 and 2
Ma (Figure 5), indicating that cold temperatures
captured by G. bulloides might occur as pulses
when favorable conditions for upwelling pre-
vailed. Rather, changes in the upwelling seasonal
time window during which upwelling intensifies
or ceases may explain the opal MAR increase
observed over the studied time interval, probably
acting synergistically with changes in the path-
ways by which silicate was supplied to the
euphotic zone [Etourneau et al., 2012].

[36] For subtropical coastal upwelling, SSTs dur-
ing the Pliocene are exclusively derived from alke-
nones and subsequently used as templates for
Pliocene SSTs in upwelling zones [Fedorov et al.,
2013]. Extreme alkenone-derived SST decreases,
however, might not be reflective of intensification
of upwelling and/or of a cooling of subsurface
water fuelling the upper mixed layer, but rather of
a cooling predominantly affecting the warm and
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stratified season. Our finding that G. bulloides Mg/
Ca provides winter surface and subsurface temper-
ature estimates only slightly warmer than at
present-day should be considered while attempting
to identify physical mechanisms related to sub-
tropical mixing [Fedorov et al., 2010, 2013], since
it appears that the seasonal thermocline in the
BUS and other subtropical upwelling systems
were probably undersampled in previous studies
based only on alkenones [Dekens et al., 2007].
Whether some aspects of seasonality and subsur-
face temperatures that we have observed in the
BUS may apply elsewhere during the late Pliocene
clearly needs to be investigated by performing
multiproxy SST estimations. Recent work by Frie-
drich et al. [2013] comparing alkenone and Mg/
Ca-derived SST for clarifying some aspects of the
North Atlantic current variability during the late
Pliocene seems to go into the same direction.

6. Conclusion

[37] We reassessed SST estimates of past upwell-
ing temperature conditions in the upper water col-
umn in the Benguela region during the late
Pliocene. We compared SST proxies likely to be
reflective of either different seasons and/or differ-
ent water depths and built a scenario that
accounts for ecological niches occupied by the
different planktonic organisms when constraining
temperature variability. Our conceptual model
agrees well with seasonal temperatures as simu-
lated in the upper water column by a state-of-the-
art coupled climate model (IPSL-CM5A), and
implies only moderately warmer temperatures
during the late Pliocene when seasonality and
upper water column stratification are considered.
We believe that if the specific features of the dif-
ferent temperature proxies are taken into account
in future studies, this will help to unravel some
aspects of the late Pliocene climate warmth
conundrums that were previously pointed out in
model/data comparison exercises, and refine our
understanding of key parameters involved in pic-
turing how upwelling systems likely behaved dur-
ing that period.
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