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Heat and salt transfer from the Indian Ocean to the Atlantic Ocean
(Agulhas leakage) has an important effect on the global thermo-
haline circulation and climate. The lack of long transfer record
prevents elucidation of its role on climate changes throughout the
Quaternary. Here, we present a 1,350-ka accumulation rate record
of the planktic foraminiferal species Globorotalia menardii. We
demonstrate that, according to previous assumptions, the presence
and reseeding of this fauna in the subtropical southeast Atlantic
was driven by interocean exchange south of Africa. The Agulhas
transfer strengthened at glacial ice-volume maxima for every
glacial-interglacial transition, with maximum reinforcements orga-
nized according to a 400-ka periodicity. The long-term dynamics
of Agulhas leakage may have played a crucial role in regulating
meridional overturning circulation and global climate changes
during the Mid-Brunhes event and the Mid-Pleistocene transition,
and could also play an important role in the near future.

Modeling results have shown that Agulhas leakage dynamics
affects variability in Atlantic meridional overturning circu-

lation (AMOC) and global climate (1–3). Paleo studies also sug-
gest an important role of the Agulhas leakage for the climate
system (4–8). Nonetheless, modulations of Agulhas leakage prior
to about 550 ka are unknown. This lack of information prevents
elucidation of (i) forcing mechanisms governing the Agulhas
leakage on longer time interval, and (ii) the potential role of the
Agulhas exchange throughout the critical period of theMid-Pleis-
tocene transition (MPT) which saw the settling of high-ampli-
tude, low-frequency glacial variability (9).

Here, we present a continuous, high-resolution 1,350-ka re-
cord of accumulation rate (AR) of the tropical species Globoro-
talia menardii (see Materials and Methods) at Ocean Drilling
Program (ODP) Site 1087 (31°28′S, 15°19′E, 1,371-m depth)
located in the southern Benguela region (Fig. 1), in close vicinity
to the Cape of Good Hope. A previously established age model
for Site 1087 based on δ18O measurements in planktic and
benthic foraminifera was revised here by correlating this stable
isotope record with the LR04 stack (10) (Materials and Methods).

Results and Discussion
G. menardii as a Tracer of Past Indian to Atlantic Leakage South of
Africa.Although presently thriving in the tropical and subtropical
Atlantic (Fig. 1), G. menardii exhibits drastic and near-synchro-
nous changes in abundances at the scale of this ocean realm
throughout the Brunhes and Matuyama chronozones (11, 12).
Given the continuous presence of this species in planktic forami-
niferal assemblages of Indian and Pacific marine sediments
throughout the Quaternary (SI Appendix, Fig. S1A and B), as well
as the processes of interocean exchange of surface and intermedi-
ate waters presently taking place south of Africa (13), we assume,
according to previous suggestions (14–18), that abundance
changes of this species in sedimentary archives of the SE Atlantic
can be used as reliable tracer of past Indian to Atlantic leakage
south of Africa.

ODP Site 1087 was drilled on the continental margin of SW
Africa, slightly shoreward of the southeast-northwest-oriented
core track of Agulhas shed rings and filaments in the SE Atlantic
(13). Although this location explains the overall low contribution
of tropical species to the foraminiferal assemblages at the studied
site (16), a separate observation of the whole, unsplit >125-μm
fraction, indicates that specimens of G. menardii, although rare,
are near-continuously present at Site 1087 and are affected by
large-amplitude abundance changes throughout the last 1,350 ka
(Fig. 2A).

In order to confirm G. menardii as a tracer of interocean
exchange in the SE Atlantic, we compare our record obtained at
Site 1087 with a previous, approximately 550-ka-long paleorecord
obtained from a nearby core and based on the relative abundance
of “Agulhas leakage fauna (ALF)” (4) (Fig. 1 and Fig. 2B). Both
records compare well (Fig. 2 and SI Appendix, Fig. S2) and indi-
cate that extreme leakage events are strongly expressed by peak
concentrations and accumulation rates of G. menardii at ODP
Site 1087, whereas periods of reduced Indian to Atlantic transfer
are marked by minimum, if not absence of our planktonic fora-
miniferal tracer species.

Given the proposed mechanism involved in the abundance
changes of G. menardii in the SE Atlantic, one can argue that
part, if not most, of the pattern recorded at ODP Site 1087 might
be a function of the abundance of this taxon within its source area
in the Indian Ocean. We therefore compare our proxy record
off southwest Africa with a mid to late Quaternary record of
concentration and AR of G. menardii from a coring site located
in the precursor area of the Agulhas current (core MD96-2048;
Figs. 1 and 2C) (Materials and Methods). From this comparison,
none of the large-amplitude abundance events recorded at ODP
Site 1087 has any equivalent in the Agulhas source area, hereby
indicating that our tracer record in the SE Atlantic is independent
of the dynamics of this taxon in the Indian Ocean. Our G. me-
nardii record therefore stands as a reliable tracer of Agulhas
leakage to the SE Atlantic, and provides a continuous history of
interocean exchange south of Africa for the last 1,350 ka. The
dynamics of Indian to Atlantic transfer at orbital scales will be
discussed elsewhere (SI Appendix, Section 1 and Fig. S3 A and B),
so here we focus on the long-term variability of Agulhas leakage
associated to important paleoceanographic events.

Reseeding of G. menardii in the Tropical-Subtropical Atlantic. Major
transfer events based on the AR of G. menardii at Site 1087
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(Fig. 2A) are enlightened by the late Quaternary succession of
this taxon (presence/absence) in the tropical and subtropical
Atlantic (11, 12, 19, 20) (Fig. 2). AR of G. menardii at ODP Site
1087 show distinct important increases that are near-synchronous
with the position of the S/T, U/V, W/X, and Y/Z zonal boundaries
in the tropical Atlantic as well as with subzonal transitions (T4/
T3, T3/T2, V3/V2, and V2/V1) (Fig. 2) (Materials and Methods).
As long as variations in G. menardii AR are a function of the
volume of Indian Ocean thermocline water transferred to the
southeast Atlantic, our record is evidence for the role of this
mechanism in the reseeding of this taxon in the tropical Atlantic
over the last 1,350 ka. Although the absence ofG. menardii in the
tropical and subtropical Atlantic during certain intervals (S, U,W,
and Y) stays an enigma (15), our record suggests that sustained
reduced Agulhas transfer prior to these periods (Fig. 2) might be
involved into this extinction process.

Long-Term Agulhas Leakage Changes: Forcing and Climatic Impact.As
previously observed for the last ca. 550 ka (4), our G. menardii
record indicates that each of the 17 terminations of the last
1,200 ka is affected by an increased transfer of Agulhas water
to the SE Atlantic (Fig. 3 A and B). A lower frequency pattern
of strengthened and sustained intensification according to a ca.
400-ka periodicity is strongly expressed by our proxy record
(Fig. 3B), and displays increased amplitudes from 1,350 ka
onward.

We propose that this observed pattern of interocean exchange
is resulting from latitudinal migration of the subtropical front
(STF) as previously suggested for shorter timescales (4, 5, 21)
(northward migration of the STF south of Africa inducing re-
duced Agulhas leakage). In order to test this hypothesis, we com-
pare our results with records of ice rafted detritus (an indicator
for the presence of icebergs) and sea surface temperature (SST)
reconstructions obtained at ODP Site 1090 (22, 23) (Fig. 3 C and
D) which monitor past meridional changes in the position of
both the subantarctic zone (SZ) and the STF in the Southern
Ocean (Fig. 1). An overall tendency of southward migration of
the STF (Fig. 3 C and D) is associated with increased amplitudes
of interocean exchanges (Fig. 3B). Peak northward positions of
the STF and SZ during glacials are organized according to a

400-ka periodicity (Fig. 3 C andD), and slightly precede strength-
ened Agulhas leakage events (Fig. 3B). A recent study (5) indi-
cates that the extreme northward position of the STF during
glacial marine isotopic stages (MIS) 12 and 10 (around 400 ka)
is responsible of the reappearance and abundance in the SE
Atlantic of the ALF due to the deglacial strengthening of the

Fig. 1. Abundance (wt%) of the tropical species Globorotalia menardii in surface sediments of the World Ocean (compilation from the MARGO database; see
Materials and Methods). Schematic view of the main oceanic surface circulation involved in the transfer of this taxon into the Atlantic Ocean via the Agulhas
current is indicated. The studied sites (ODP 1087 and MD96-2048), reference sites (MD96-2081, ref. 4 and ODP 1090, refs. 22 and 23), and locations of the STF
and the SZ are also indicated.

Fig. 2. Mid- to late-Quaternary reseeding of G. menardii in the tropical-sub-
tropical Atlantic. (A) Concentration and AR ofG. menardii at ODP Site 1087 in
the southern Benguela region. (B) Relative abundance of Agulhas Leakage
Fauna (ALF) at Cape Basin (4). Note that a new age model for core MD96-
2081 was built based on the correlation between the δ18O of the benthic
foraminifer and the LR04 stack to allow comparison with our dataset. This
new age model extends the previous record of Peeters et al. (4) from 550
to approximately 700 ka. (C) Concentration and AR of G. menardii at site
MD96-2048 in the SW Indian Ocean. The top frame indicates the G. menardii
zones in the tropical-subtropical Atlantic as defined by Ericson and Wollin
(11) and according to the revised stratigraphy of Martin et al. (19, 20)
(green/white frames point to the presence/absence of the taxon, respectively)
(seeMaterials and Methods). Dashed lines indicate events of reseeding in the
tropical-subtropical Atlantic Ocean.
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Indian–Atlantic connection. This pattern is well documented in
our record (Fig. 3B).

Interestingly, all the periods of successive, extreme northward
positions of the STF correspond to important changes in modes
of global climate variability over the Quaternary. Indeed, the per-
iods centered at 800 ka B.P. and 1,200 ka B.P. roughly bracket the
MPT (9) (Fig. 3). TheMPT, starting at 1,025 ka B.P. and completed
at 700 ka B.P. (9), saw the emergence of low-frequency (100-ka
cycles), high-amplitude glacial variability, for so far unknown rea-
sons (24). The period centered at 400 ka B.P. corresponds to the
Mid-Brunhes event (MBE) (25) and is characterized by a further
increase of ice-volume variations leading to four large-amplitude
100-ka glacial–interglacial cycles from then to present.

The important northward position of the STF every 400 ka
could be a response to both cooler global climates (26) and anom-
alously cool equatorial temperatures (5). Indeed, a minimum of
eccentricity every 400 ka might reduce the Hadley cell (27) (cool
tropical SST), drawing the STF northward (Fig. 3 D and E).
A reduction of obliquity amplitude occurs around 800 ka B.P.
and, although of minor amplitude, at 1,200 ka B.P. (Fig. 3E).
Caley et al. (6) have shown the importance of this parameter
for controlling the Agulhas current system via its role on latitu-
dinal migration of the STF and associated westerlies. Concerning
the effect of global cooling, recent studies suggested that the cli-
mate/dust/CO2 feedback might play an important role, in parti-
cular across the MPT (24, 28). The global coccolithophoride
production varied with a ca. 400-ka periodicity (29) and could
affect the global carbon cycle although the pCO2 changes during

the Pleistocene could be compensated biogeochemically (29) or
masked by higher frequency cycles in the record. Future modeling
experiments could be helpful to better constrain forcings on the
STF shifts.

The Agulhas leakage is supposed to have important effect on
thermohaline circulation and ice-volume modulation (1–7).
Benthic δ13C gradients between the Atlantic and the Pacific
Oceans, used as a ventilation proxy (5) (Fig. 4A), are indicative
of high-amplitude changes in Atlantic overturning and/or in
Pacific ventilation throughout the last 1,500 ka according to a
400-ka periodicity. This long-term variability in the strength of
Atlantic overturning is phased with meridional shifts of the STF
and SZ, which (SI Appendix, Fig. S4), as explained above, mod-
ulate the efficiency of the Indian–Atlantic transfer of thermocline
waters. This observation supports the idea that the Agulhas
leakage played an important role on the dynamics of the global
overturning circulation over long timescales. This hypothesis is in
agreement with a recent modeling study showing that a north-
ward shift of the westerlies caused a contraction of the subtropi-
cal gyres in the southern hemisphere, which both reduced the
Agulhas leakage and North Atlantic deep-water formation (30).

We argue that changes in Agulhas leakage constitute therefore
a key internal process leading to the major climate shifts of the
Quaternary period—i.e., the MPT and the MBE.

Strengthening of the Agulhas leakage may have induced a re-
sumption of the AMOC during terminations and a more vigorous
AMOC during the interglacial periods of the last 450 ka (Fig. 4).
The resumption could have promoted more heat transport to
northern high latitudes, warming of the northern hemisphere,
and northward movement of the intertropical convergence zone
(31). We confirm, for long time periods, that the Agulhas leakage
can constitute a precursor for the reestablishment of full intergla-
cial conditions.

Our interglacial period (the Holocene) is included into a new
cycle of 400 ka (Fig. 3). Our study indicates that this configura-
tion, together with long-term tendency in Agulhas leakage
changes (Fig. 4), could be favorable for an important strengthen-
ing of Indian–Atlantic transfer, itself leading to a more stable and
vigorous AMOC (3, 4, 32) (SI Appendix, Fig. S5). A recent work
also suggests that anthropogenic forcing contributed to increased
Agulhas leakage during the past decades (21), a pattern which is
projected to continue and accelerate during the 21st century (33).
Both the natural climate configuration enlightened by our study
and the modern anthropogenic perturbation are therefore prone

Fig. 3. Coupled histories of Agulhas leakage and STF migration over the
last 1,350 ka. (A) δ18O of benthic foraminifera Planulina wuellerstorfi at
ODP Site 1087 and comparison with the LR04 stack (10) (see Materials and
Methods). Glacial marine isotopic stages and terminations are indicated.
(B) Agulhas leakage as inferred from AR of G. menardii at ODP Site 1087.
Fine dashed lines point to reinforcement of transfer at terminations. Gray
frames indicate sustained periods of transfer strengthening according to a
400-ka periodicity. (C and D) Concentrations of Ice Rafted Detritus (IRD)
and SST reconstruction at ODP Site 1090 as tracers of meridional shifts in
the location of the STF and SZ (22, 23). (E) Eccentricity and obliquity cycles
over the last 1,500 ka (43). Top frame indicates the MPT (the 900-ka event
and the MBE are also indicated) (9, 25).

Fig. 4. Link between the Agulhas leakage and ocean overturning changes.
(A) Δδ13C as an indicator of the overturning strength (5). (B) Agulhas leakage
as inferred from AR of G. menardii at ODP Site 1087. Increased leakage dur-
ing terminations is triggered by deglacial strengthening of Indian–Atlantic
transfer. This process leads to an increase of overturning and a potential re-
sumption of the AMOC (32). Long-term changes in Agulhas leakage (horizon-
tal lines and arrow) seem to induce a more vigorous AMOC during the
interglacial periods of the last 450 ka.
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to an important role for the transfer of heat and salt from the
Indian Ocean to the Atlantic Ocean in the near future, with im-
portant implications on the freshwater budget and the deep-water
formation in the subpolar North Atlantic (2, 3).

Materials and Methods
G. menardii Accumulation Rate. Because of the scarcity ofG. menardii in plank-
tic foraminiferal assemblages at ODP Site 1087, we conducted a separate
count of this species on the total unsplit >125-μm fraction. We subsequently
expressed G. menardii abundance as both concentration (number of
specimens∕g bulk sediment) and AR (number of specimens∕cm2∕ka) accord-
ing to the formula AR ¼ concentration × SR × DBD, where SR (sedimentation
rate in centimeters per thousand years) equals sedimentation rate after
conversion of original depth (meters below seafloor) into corrected
depth (meters composite depth) and construction of the final age model.
Dry bulk density in grams per cubic centimeter ðDBDÞ ¼ 2.65 ×
ðgamma-ray attenuation bulk density − 1Þ∕ð2.65 − 1Þ. The same method
was used to calculate the AR of G. menardii in core MD96-2048 off Mozam-
bique. In this study, G. menardii refers to the complex assemblage which
combines G. menardii spp. and Globorotalia tumida without distinction of
the different morphotypes or subspecies.

G. menardii Abundance and Multiproxy Approach for the Reconstruction of the
Glacial Ocean Surface (MARGO) Database. The modern and last glacial maxi-
mum distributions (wt%) of G. menardii in the World Ocean (Fig. 1 and SI
Appendix, Fig. S1A) were interpolated from the MARGO database (34–36)
using the ArcGIS Geographic Information System software.

Age Models. The oxygen isotope stratigraphy at ODP Site 1087 is based
on δ18O measurements on shell on the benthic and planktic foraminifera
Planulina wuellerstorfi and Globorotalia inflata, respectively. The timescale
calibration of the inferred isotopic stages was previously published for the

0- to 400-ka (37) and for 400- to 1,500-ka (38) intervals, and was revised in
the present study by correlating the δ18O records with the LR04 benthic
stack (10) (Fig. 3) using Analyseries software (39). The age model for core
MD96-2048 is taken from Caley et al. (6). All the data in Figs. 2–4 are plotted
according to the LR04-based age model (10).

Age of G. menardii Biozones in the Tropical-Subtropical Atlantic. The ages of
biozones are essentially based on Martin et al. (19, 20), which revised the
Ericson and Wollin (11) zonation scheme for the Caribbean, dividing the
Pleistocene interval into 17 zones and subzones with an average resolution
of approximately 100 ka. Whereas the boundary ages of zones Z to T are
relatively well constrained, the results are more uncertain for transition
T4/S and S/R. According to Martin et al. (19, 20), the T4/S boundary is located
within MIS 24–25 (ca. 940 ka B.P. on the LR04 age scale). A more recent study
(40) confirms that the T4/S boundary seems occur after the Jaramillo, which is
dating at 990 ka (41). By correlation with magnetostratigraphy and oxygen
isotope stratigraphy proposed by Wei (42) this result gives an occurrence
after MIS 26. For the R/S boundary, we choose the ideal zonation of Martin
et al. (20) (ca. 1,200 ka).
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The Agulhas leakage as a key process in the modes of Quaternary climate changes 
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Section 1: Orbital scale Agulhas leakage at site ODP1087 

 

Independent orbital age models are required to address the role of orbital forcing on the 

Quaternary dynamics of Agulhas leakage. The oxygen isotope stratigraphy of ODP Site 1087 

is based on the orbitally-derived LR04 age scale (1). To solve the problem of orbital 

dependency, we developed another approach based on the so-called depth-derived stack
 
H07

 

(2) which is not relying upon orbital assumptions (Fig. S3-A).  

The G. menardii transfer index is ideal to investigate interocean exchanges on long time-scale 

but is less adapted for documenting the history of leakage at the scale of orbital changes. 

Indeed, gaps of data occur in the benthic stratigraphy of ODP Site 1087 (Fig. S3-A). This 

limitation in mind, and because the orbital forcing on Agulhas leakage has been investigated 

over the last 550 ka (3), we focused our interpretation on supra-orbital scale changes over the 

last 1,350 ka. 

A B-Tukey cross correlation analysis using Analyseries software (4) (time interval 0-1,200 

ka, 2 ka step) between G. menardii record and ETP (constructed by normalizing and stacking 

eccentricity, tilt and negative precession) on the LR04 and H07 age models indicates some 

weak differences suggesting that a small part of the variance observed with the LR04 age 

model is linked to its δ
18

O tuning with orbital parameters (Fig. S3-B). However, weak spectral 

power signal in the precession band (23 ka cycle), and more important power in the 41 ka 

(obliquity) and 100 ka cycles are observed with the H07 age model. These results confirm 

Caley et al. (5) and Peeters et al. (3)
 
assumptions that mid- to late Quaternary changes in the 

Agulhas current system are essentially driven by 41 and 100 ka cycles over the last 800 ka. 

The 400 ka cycle is also visible (Fig. S3-B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S1-A): Global distribution (wt%) of the Globorotalia menardii complex during the Last 

Glacial Maximum (LGM) (compiled from the PANGAEA-hosted MARGO database (6-8)) 

showing the absence (presence) of this foraminiferal taxon in the Atlantic Ocean (tropical-

subtropical Indo-Pacific ocean).  
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Fig. S1-B): Distribution (wt%) of G. menardii in Indian and Pacific sediment cores  providing 

evidence for the continuous presence of this species complex in this tropical-subtropical 

ocean realm throughout the last 1,500 ka (MD96-2048: this study; ODP 722
 
(9); ODP 758 

(10), 17957-2
 
(11)). The grey boxes refer to the periods where G. menardii is absent from the 

tropical-subtropical Atlantic according to the foraminiferal zonation scheme given in the top 

frame. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S2: Cross-correlation analysis confirming the relationship between the Agulhas leakage 

fauna (ALF) (3) and the ODP 1087 G. menardii AR records of Indian-Atlantic interocean 
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exchange. This B-Tukey analysis (time interval 0-630 ka, 2.15 ka step) was performed using 

the Analyseries software
 
(4). The horizontal grey line indicates the 95% confidence level for 

the coherency. We observed a high coherency in the 100, 41 and 23 ka bands with no 

significant phase offset between records. Both records appear therefore closely related in 

spectral power and phasing. 

 

A) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S3: Alternative stratigraphy (see section 1). 
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Fig. S4: ∆δ
13

C as an indicator of the overturning strength (12) and comparison with 

abundance of Ice Rafted Detritus (IRD) at ODP Site 1090 as a proxy of extreme northward 

migration of the STF and SZ during glacial periods (13). IRD data at ODP Site 1090 indicate 

extreme northward position of the STF during glacial periods every ~400 ka, at times of 

extreme, sustained reduction of overturning strength. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S5: Comparison between termination 1 (T1, toward the Holocene period) and termination 

5 (T5, toward MIS 11 period) for the Agulhas leakage. We choose MIS 11 as a reference for 

comparison because 1) the low amplitude precession cycle is similar to the present day (14, 

15), 2) a detailed study on MIS 11 indicates that the inter-ocean exchange of warm, salty 

waters into the southeast Atlantic was directly related to changes in the activity of the AMOC 
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(16) and 3) the Holocene period is included into a new cycle of 400 ka as it was the case for 

MIS 11, with moderate to high levels of G. menardii (Fig. 3). Note that the structure of events 

are very similar and that the period of decreased leakage during MIS 11 (blue frame) 

correspond to a period for which the leakage is always more important during the Holocene.  

Consequently, long-term natural climatic configuration of the Agulhas leakage is rather 

favourable for a stable and vigorous AMOC in the near future.  
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