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Benguela upwelling system triggered and
intensified southern African aridification

in the Late Miocene
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Upwelling systems are critical drivers of regional climate variability, through their influence on
ocean-atmosphere interactions and biogeochemical cycles. The Benguela Upwelling System, closely
tied to Southern Ocean fronts and Indian-Atlantic water exchange, offers key insights into regional to
global climatic shifts. This study analyses evolution of the Benguela Upwelling System during ~11.7
Ma-Holocene, using planktic foraminiferal relative abundance and oxygen and carbon stable isotope
analysis from Ocean Drilling Program Site 1087. The data reveal unimpeded flow of Indian Ocean
waters into the Southeast Atlantic before the onset of upwelling at ~10 Ma. The upwelling system was
fully developed at ~9.8 Ma, which intensified between ~8.0 and 4.8 Ma, aided by strong southeast
trade winds. The intense upwelling in Late Miocene Cooling interval triggered and intensified
aridification in southern Africa. Upwelling and aridification became decoupled between ~4.8 and
3.7 Ma, coinciding with enhanced interoceanic exchange and the intrusion of warm Angola Current
(Benguela Nifio-like conditions). The reintensification of upwelling in the Plio-Pleistocene terminated
Benguela Nifio-like conditions and overshadowed signals of Indian Ocean inflow. Our findings
underscore the pivotal role of the Benguela Upwelling System in regulating southern African climate

and its linkages with the polar fronts.

Understanding the climatic and oceanographic changes since the Miocene
is crucial to unravelling the drivers of Earth’s climate system. One key event
of the Miocene was the expansion of Antarctic ice sheets after ~13.9 Ma,
which reorganised atmospheric and oceanic circulation patterns and
intensified the equator-to-pole temperature gradient”. This thermal gradient
strengthened the trade winds over southwest (SW) Africa, drove coastal
upwelling, and triggered the Benguela Upwelling System (BUS) between
~12and10 Ma™". Several factors, including the position of Southern Ocean
fronts, extent of the subantarctic gyre, strength of the Hadley cell, and trade
winds control the intensity of the BUS*"". The Hadley cell, with equatorial
convection and descent near 30° latitudes, sustains the subtropical high-
pressure belt and triggers the southeast (SE) trade winds that drive coastal
upwelling in the BUS" (Fig. 1a). The BUS, among the most productive
Eastern Boundary Upwelling Systems, extends from 19°S to 34°S along the
southwestern margin of southern Africa'*'. South of the BUS, warm Indian
Ocean waters penetrate the Southeast Atlantic through the Agulhas
Leakage™'>'*, bringing heat and salt and affecting the Atlantic Meridional
Overturning Circulation (AMOC)*>'”"%.

A significant global cooling between ~7.8 and 5.5 Ma, known as the
Late Miocene Cooling (LMC), marked a major transition from globally
warm to cold climate conditions®”. During the LMC, widespread
aridification and ecological transformations are observed*. Although a
decline in atmospheric pCO?2 is frequently invoked as a primary driver of
the Late Miocene aridification™, regional differences in the timing of
aridification suggest that pCO2 alone cannot explain these patterns™.
Nevertheless, lower pCO2 levels likely contributed to Antarctic ice sheet
expansion and steeper meridional temperature gradients, thereby
strengthening atmospheric circulation and wind-driven upwelling®'**.
These conditions promoted progressive regional aridification, which was,
however asynchronous due to local climatic and geographic factors”.
Meanwhile, the specific role of upwelling intensification in driving Late
Miocene aridification remains poorly constrained. In southern Africa,
although initiation of the aridification has been linked to BUS onset™’, the
temporal evolution of the BUS during the Late Miocene and its mechanistic
role in shaping southern African climate and ecosystems remain insuffi-
ciently understood.
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Fig. 1 | Atmospheric circulation and major surface current systems influencing
the Benguela Upwelling System. a Schematic presentation of the Hadley cell cir-
culation driving trade winds and coastal upwelling along southwestern Africa, base
map created using Google Earth (Map data ©2021 Google). b Location of Ocean
Drilling Programme (ODP) Site 1087 C and major surface currents. Base map from
Ocean Data View (ODV). Surface currents patterns are based on””. The locations of

Annual mean sea surface temperature (°C)

N
(3]

N
o

-
o

-
o

(5]

ODP 1088

0 5°E 10°E  15°E  20°E 25°E  30°E
sediment cores discussed in the text (ODP 1081°', ODP Site 1084*7, ODP Site 1085%,
ODP Site 1088>) are marked. Blue arrows indicate cold surface currents and black
arrows indicate warm surface currents. AgC Agulhas Current and AgR: Agulhas
Retroflection, AgL Agulhas Leakage, SAC South Atlantic Current, STC Subtropical
Convergence, SAZ Sub-Antarctic Zone, BC Benguela Current, AC Angola current,

ABF Angola-Benguela Front.

During the early Pliocene warming, the global temperature was ~3 °C
above present day, and atmospheric pCO2 was ~400 ppm™'***. Extensive ice
sheet reduction occurred in both the Northern Hemisphere and Antarctica,
accompanied by weaker meridional and zonal temperature gradients"”.
These changes drove poleward migration of Southern Ocean fronts and
weakened the SE trade winds'"*. In the Southeast Atlantic, similar ocean-
atmosphere configurations are associated with enhanced Agulhas
Leakage™'*'” and Benguela Nifio events’. Analogous to Pacific El Nifios,
Benguela Nifios are short-lived, interannual-scale warm events in the
Southeast Atlantic, defined by the episodic southward flow of the warm
Angola Current, which occasionally extends to 25°S, marked by weakened
trade winds and reduced upwelling’'. However, this study emphasizes long-
term Benguela Nifio-like oceanographic patterns (which has previously
been put forward as a climate mode by Rosell-Melé et al.”) in the early
Pliocene, rather than short-term modern variability. Despite their impor-
tance, few studies have investigated potential signals of the Agulhas Leakage
and Benguela Nifo-like conditions during the early Pliocene warming.
Additionally, climate reconstructions for southern Africa during this
interval present conflicting arguments. While climate model™ suggests a
more humid environment, pollen-based records’ indicate persistent arid-
ity. This discrepancy underscores the need for detailed reconstruction of the
BUS to better understand the regional climatic responses to early Pliocene
global warmth.

Our study, based on planktic foraminiferal assemblages and stable
isotope ratios (8'°0 and §"C), addresses key gaps in understanding the
relationship between the evolution of the BUS and regional climate
dynamics since the Late Miocene. Planktic foraminifera, which are marine
protists with calcareous shells, are highly sensitive to surface water condi-
tions, making them reliable proxies for reconstructing upwelling dynamics.
Increased upwelling brings cold, nutrient-rich waters to the surface, causing
shift in the foraminiferal assemblages toward cold-water, upwelling-adapted
species and resulting in higher oxygen isotope values in their shells. The
carbon isotope values provide information about surface productivity linked

to nutrient availability. Together, these proxies are valuable for recon-
structing past upwelling intensity and paleoceanographic changes, parti-
cularly in dynamic systems like the BUS. Despite the advantages, no studies
have yet employed these proxies to investigate the BUS evolution since the
Late Miocene.

To address this gap, we utilize sediment core samples from ODP Site
1087 C (31°27.9137'S, 15°18.6541; 1374 m water depth) (Fig. 1b). This
study aims to: (1) reconstruct the temporal evolution of the BUS since the
Late Miocene using planktic foraminiferal assemblages and stable isotope
values; (2) investigate the links between BUS intensification and southern
African aridification; and (3) identify the presence and timing of Benguela
Nifio-like conditions and Agulhas Leakage signals during warm intervals of
the Miocene and Pliocene. Our results reveal that intensified BUS upwelling
during the Late Miocene amplified southern African aridification, whereas
early Pliocene Benguela Nifio-like conditions and Agulhas Leakage inter-
vals modulated regional climate and influenced AMOC variability.

Results

Stable oxygen and carbon isotope records

Figures 2a,b illustrate the §°O values of Globoconella miotumida (§"OG.
miotumida) and Globigerina bulloides (8'*OG. bulloides); two planktic
foraminiferal species with deep dwelling and shallow dwelling habitats,
respectively, and provide valuable insights into past variations in seawater
temperature. Between ~11.3 and 10 Ma, 8"OG. bulloides averages ~0.36%o,
with standard deviation (SD) + 0.16%o, which during ~10-8.6 Ma increases
to 0.52%o, SD +0.23%o. Like 8" OG. bulloides, §8"*OG. miotumida also
exhibits lower values between ~11.7 and 10 Ma. However, in contrast to
8"0G. bulloides, from ~10-9 Ma, the §'*OG. miotumida shows a decreasing
trend, from 1.25-0.82%o. The §"*OG. bulloides decreases from ~8.6 to 8 Ma
(averaging ~0.18%o, SD % 0.15%o), which is muted in §'*OG. miotumida.
Between ~8 and 5.5 Ma, §'*OG. bulloides exhibits a long-term increasing
trend from ~0.12-1.15%o. The 8'"*OG. miotumida is coupled with §"OG.
bulloides between ~8 and 6.3 Ma showing a long-term increasing trend from
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Fig. 2 | Comparison of proxy data from ODP Site 1087 C with global SST
anomaly. a the §"0 (%o) values of deep-dwelling planktic foraminifera (G. mio-
tumida between 11.7 and 5.6 in brown, G. crassaformis between 5.6 and 3.9 Ma in
purple and G. inflata between 3.9 and Holocene in red), (b) the §"*O (%o) values of
shallow-dwelling planktic foraminifera (G. bulloides in black), (c) the §"*C (%o)
values of deep-dwelling planktic foraminifera (G. miotumida between 11.7 and 5.6 in
brown, G. crassaformis between 5.6 and 3.9 Ma in purple and G. inflata between 3.9
and the Holocene in red), (d) the §"°C (%) values of shallow-dwelling planktic

foraminifera (G. bulloides in black), (e) Stacked Sea Surface Temperature (SST)
anomalies” for southern hemisphere mid-latitudes (green), northern hemisphere
high latitudes (light blue), northern hemisphere mid latitudes (navy blue), and
tropics (red). Isotope (8'*0 and §"°C) records between 6.1 Ma and the Holocene are
obtained from Mohanty et al."". Five-point running average plots are superimposed
on a-d. Dotted bar indicates the timing of initiation of the BUS, Blue bars indicate
intervals of cooling and yellow bar represents warm interval.
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~0.93-1.49%o. However, unlike §"*OG. bulloides, the §'*OG. miotumida
exhibits a decreasing trend from ~6.2 Ma. The Miocene-Pliocene transition
is marked by a significant decrease in §"*OG. bulloides and §"* OGloborotalia
crassaformis, with values remaining low until ~3.7 Ma'". The period between
~3.7 and 2.5 Ma is characterised by a long-term increase in 8"*OG. bulloides
and §"OGloboconella inflata. Afterwards, during 2.5-0.9 Ma, no marked
correlation is seen in the §"*OG. bulloides and §'*OG. inflata. Finally, from
~0.9 Ma to the Holocene, a pronounced long-term decrease in both §*OG.
bulloides and §"OG. inflata is evident''. Detailed statistical results sup-
porting these observations are provided in the Supplementary Note 1 and
Supplementary Figs. 1-3. Figure 2c, d display the §"°C values of G. miotu-
mida (8§°CG. miotumida) and G. bulloides (§°CG. bulloides), respectively.
Between ~7.7 and 6.5 Ma, both records show a gradual decrease. The §CG.
bulloides decreases from ~1.03 to ~—0.68%0 and §“CG. miotumida
decreases from ~1.7 to ~0.84%o.

Trends in cooler- and warmer-water species

According to habitat preferences, the planktic foraminiferal species are
grouped into cooler-water and warmer-water species (see Methods, Supple-
mentary Note 3 and Supplementary Table 1). The major cooler-water species
contributors are Neogloboquadrina acostaensis, Neogloboquadrina pachy-
derma, Neogloboquadrina incompta, G. bulloides, and Globoturborotalita
woodi, while the major warmer-water species contributors include Globor-
otalia menardii, Trilobatus sacculifer, G. miotumida, Globoconella puncticu-
lata, G. inflata, G. crassaformis, Globigerina falconensis, and Globigerinoides
ruber. Minor contributors are provided in Supplementary Table 1. Figure 3a
displays the relative abundances of the cooler- and warmer- water species.
Between ~11.7 and 10 Ma, warmer-water species dominate, averaging ~75%,
while cooler-water species remain scarce. Afterwards, during ~10—8.6 Ma,
warmer-water species show a decreasing trend from ~56.6—19.3% and cooler-
water species increase from ~16.2—65.5%. The warmer-water species again
increase from ~19.3—60.6% between ~8.6 and ~8 Ma, simultaneously cooler-
water species decrease from ~65.7—29.2%. During ~8 to 4.8 Ma, the warmer-
water species decrease significantly from ~60—17%. Simultaneously, the
relative abundance of cooler-water species shows a prominent long-term
increasing trend from ~30—75%. With an abrupt drop at ~4.8 Ma, the cooler-
water species show lower relative abundance between ~4.8 and 3.7 Ma'!,
averaging ~34%, while warmer-water species increase in abundance, aver-
aging ~58%. From ~3.7 to 3 Ma, the relative abundance of warmer-water
species shows a prominent decreasing trend from ~64-17%, while the cooler-
water species increase from ~27—77%. Between ~3 and 2 Ma, cooler-water
species remain dominant over warmer-water species'’. Statistical tests con-
firming these patterns are given in the Supplementary Note 1 and illustrated in
Supplementary Figures 4-6. The ecological preferences and trends of major
planktic foraminiferal species are described and illustrated in Supplementary
Note 1 and 3 and in Supplementary Fig. 7.

Discussion

Warmer Southeast Atlantic Ocean and enhanced Agulhas
Leakage from ~11.7-10 Ma

The lower 8"°OG. miotumida and 8"OG. bulloides, along with higher
relative abundance of warmer-water species in the early Late Miocene
(~11.7-10 Ma), suggest a warmer Southeast Atlantic Ocean relative to the
subsequent interval (~10-8.6 Ma) (Figs. 2a, b and 3a). This is further sub-
stantiated by the SST data from ODP Site 1085° (Fig. 3c). We attribute this to
a poleward shift of Southern Ocean fronts and an expanded South Atlantic
gyre, which suppressed trade winds and prevented upwelling (Fig. 4a). Such
changes likely facilitated vigorous influx of Indian Ocean waters into the
Southeast Atlantic. Higher relative abundances of G. menardii and T. sac-
culifer, both key indicators of Agulhas Leakage', also support our propo-
sition (Supplementary Fig. 7c, d). Moreover, these warm conditions may
have favoured the proliferation of G. falconensis within the BUS, consistent
with lower §'°O values (Supplementary Fig. 7a, b, d). While the enhanced
Agulhas Leakage amplifies the AMOC by transporting both heat and salt to
the North Atlantic**'”*, the open or partly restricted Central American

Seaway (CAS) in the early Late Miocene allowed Pacific-Atlantic water
exchange”‘. This exchange would have lowered Atlantic salinity and, in turn,
weakened the AMOC. Therefore, we speculate that although the Agulhas
Leakage contributed to higher Atlantic water density through salt transport,
the open CAS likely counteracted this effect.

Initiation of the Benguela upwelling system at ~10 Ma

A pronounced increase in the §OG. bulloides, coupled with increased
relative abundances of cooler-water species, dominantly N. acostaensis and
N. pachyderma (Figs. 2b and 3a; Supplementary Fig. 7f, g), mark the onset of
the BUS at ~10 Ma, which was fully developed by ~9.8 Ma. Concurrently,
warmer-water species, including G. miotumida and G. falconensis, decline
sharply (Fig. 3a; Supplementary Fig. 7c, d). We attribute the onset of
upwelling to a northward shift of Southern Ocean fronts, a strengthening of
the South Atlantic high-pressure system and strong SE trade winds (Fig. 4b).
Our proposed timing of initiation of the BUS aligns well with previous
studies”. The onset of upwelling likely reduced the moisture supply to the
adjacent landmass, triggering the establishment of the Namib Desert and
aridification in southern Africa®.

Between ~10 and 8 Ma, the §*OG. miotumida and 8" OG. bulloides
differ markedly (Fig. 2a, b), reflecting distinct changes in surface and sub-
surface waters. Between ~10 and 8.6 Ma, the 8OG. bulloides increases
sharply, indicating surface cooling and stronger upwelling in the BUS,
consistent with the SST records from ODP Site 1085 (Figs. 2b and 3c). In
contrast, §'*0OG. miotumida shows an unexpected decrease. This decrease
cannot be attributed to subsurface warming, as subsurface temperature
records from ODP 1085 indicate cooling’, which would have increased
8"*0G. miotumida. Since the §"°0 in foraminiferal calcite is influenced by
temperature and salinity, a reduction in salinity driven by increased fresh-
water input may lower the §"*O signature. We suggest that this might reflect
an enhanced contribution of Antarctic Intermediate Water (AAIW) to the
BUS subsurface waters’*””. Formed at the Antarctic Convergence under high
precipitation and sea-ice melt, AAIW is relatively fresh and isotopically
light*****, and its greater influence would therefore lower §"°OG. miotu-
mida. This interpretation is consistent with Rommerskirchen et al.’, who
documented enhanced AATW inflow to the Cape Basin during this interval.

Planktic foraminiferal data suggest that the upwelling-driven cooling
persisted between ~10 and ~8.6 Ma, before a warming event disrupted it
during ~8.6-8 Ma. The surface warmth is marked by a sudden decrease in
the 8"*OG. bulloides, coupled with sharp increase in the relative abundance
of warmer-water species, which is dominated by G. falconensis and T.
sacculifer (Figs. 2b and 3a; Supplementary Fig. 7d). A similar increase in T.
sacculifer is seen in the Subantarctic zone (ODP 1088)™. This could be due
to the expansion of oligotrophic waters in the Southeast Atlantic, driven by
expanded South Atlantic gyre, diminished trade winds, and poleward shift
of Southern Ocean fronts. These conditions may have allowed enhanced
Agulhas Leakage, as evidenced by the higher relative abundance of T.
sacculifer and G. falconensis (Supplementary Fig. 7d). However, the §"*OG.
miotumida shows a modest decrease between ~8.6 and 8 Ma (Fig. 2a),
implying that subsurface warming was likely less intense than surface
warming. Reduced wind stress and weakened upwelling may have
enhanced stratification and suppressed vertical mixing, restricting down-
ward penetration of warm surface waters. This vertical decoupling likely
resulted from distinct surface and subsurface processes during this interval.

Intensification of upwelling and aridification in southern Africa
during the Late Miocene Cooling (~8-5.5 Ma)

After ~8 Ma, the relative abundance of warmer-water species, notably G.
miotumida and G. falconensis, decreases significantly (n =158, p<0.001),
while cooler-water species, dominated by N. pachyderma and N. acostaensis,
increase, a trend that persisted until ~4.8 Ma (Fig. 3a; Supplementary Note 1;
Supplementary Figs. 7c-g). Meanwhile, the §“OG. bulloides gradually
increases from ~8 to 5.5 Ma (Fig. 2b). Together, faunal and isotope records
suggest that unlike the warmer conditions of the early Late Miocene, the ~8-
5.5 Ma interval was marked by progressive cooling and increased productivity,
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Fig. 3 | Comparison of proxy data from ODP Site 1087 C with records from
previously published data. a Relative abundance of warmer-water (orange) and
cooler-water species (blue), (b) Grass-pollen (%) considering the total pollen and
spore sum from ODP Site 1081 (blue)’' and ODP Site 1085 (green)” and (c) U*37-
derived SST (°C) record from ODP Site 1085 (magenta)’ and ODP Site 1087
(purple)®, (d) pCO2 proxy data compilation obtained from variety of different
methodologies (https://paleo-co2.org) (references cited in Methods). Relative

abundance (warmer and cooler water species) records between 6.1 Ma and the
Holocene are obtained from Mohanty et al."'. Five-point running average plots are
superimposed on (a, b) and thirty-point running average plots are superimposed on
(d) (SST 1087) with dark lines. Dotted bar indicates the timing of initiation of the
BUS, grey bar represents the LMC and blue bar represents the Late Miocene
intensification of the BUS.
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Fig. 4 | Schematic presentation of ocean-atmosphere interactions influencing
southern African hydroclimate from the Late Miocene to the Holocene. a ~11.7-
10 Ma, (b) ~10-4.8 Ma, (c) ~4.8-3.7 Ma, (d) ~3.7-2 Ma, and (e) ~2 Ma to the
Holocene. Yellow star represents our study site ODP 1087, fire symbols indicate fire
activities™ and large mountain symbols in (a—e) indicate high elevation of
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Drakensberg Escarpment’. The boldness of the black arrows indicates the strength
of the trade winds, whereas the boldness of the blue arrows illustrates the strength of
the Benguela Current (BC). AgC Agulhas Current, AgR Agulhas Retroflection, AgL
Agulhas Leakage, BC Benguela Current, AC Angola Current, SAF Subantarctic
Front. Base map created using Google Earth (Map data ©2021 Google).

reflecting intensification of the BUS. In addition, the increasing §°OG. bul-
loides may also indicate early Northern Hemisphere ice buildup. Notably,
prominent §°OG. bulloides maxima between ~6.0 and 5.5 Ma coincide with
the ephemeral Northern Hemisphere glaciation®* (Fig. 2b), indicating a
broader global influence on the BUS. The §"*0G. miotumida also follows a
similar increasing trend like §"*OG. bulloides, but starts to decline after ~6.2 Ma
(Fig. 2a, b and Supplementary Figs. 1, 2). A decoupling between the §"*OG.
bulloides and 8"OG. miotumida during ~6.2 to 5.5 Ma reveals simultaneous
surface cooling and subsurface warming in the BUS. Similar subsurface
warming in the Benguela region was also observed by Rommerskirchen et al.’,
who attributed it to weakened NADW formation during the Messinian Sali-
nity Crisis due to reduced salt transport into the Atlantic.

The decrease of global SST between ~8 and 5.5 Ma, referred to in
existing publications as the LMC>”, is clearly evident in our isotope records
(Fig. 2a—e). This cooling phase strengthened the Hadley cell, steepened the
equator-to-pole temperature gradient, and shifted Southern Ocean fronts
northward®”*. Such atmospheric changes likely intensified trade winds
over the Southeast Atlantic, enhancing upwelling in the BUS. Wu et al.*
noted that enhanced ocean overturning increased nutrient delivery to
upwelling regions during this interval. Such nutrient supply to the inten-
sified BUS potentially increased productivity, as indicated by the increasing
relative abundance of N. acostaensis and N. pachyderma (Supplementary
Fig. 7f, g). This elevated regional productivity coincided with the Late
Miocene Biogenic Bloom (LMBB), a global increase in marine productivity
associated with higher nutrient levels, driven by factors such as altered
oceanic and atmospheric circulation”', gradual shoaling of the Isthmus of

Panama®, initiation of the Indian Monsoon System®, and enhanced riv-
erine input from mountain uplift'**. Diester-Haass et al.' linked the
enhanced productivity in the BUS during the LMBB exclusively to elevated
global nutrient levels, ruling out regional upwelling as factor. In contrast, we
argue that the intensified regional upwelling was likely a critical driver of
increased productivity in the BUS. Our interpretations align with previous
studies***, who suggested that during the LMBB, intensified upwelling itself
significantly increased productivity in upwelling regions.

The widespread cooling during the LMC across ocean basins indicates
a global driver, perhaps linked to the declining atmospheric pCO2 to a
critical threshold (below ~280 ppm)>'******’ (Fig. 3d). This decline, driven
by intensified rock weathering and reorganisations in ocean circulation*"*,
not only contributed to global cooling but also triggered profound terrestrial
responses. Across Asia, Africa, and Australia, the LMC was associated with
extensive aridification and vegetation shifts*****. During this time,
grasslands expanded globally, and C4 plants, which are better adapted to low
pCO2 and arid conditions, gradually replaced C3 plants**. This underlines
the crucial role of atmospheric pCO2 in driving the Late Miocene vegetation
shift. However, contrasting evidence from other studies suggests no link
between Late Miocene C4 plants expansion and pCO2. Instead, they have
attributed this vegetation shift to factors like tectonic and oceanographic
changes, gradual aridification, seasonal precipitation shifts, altered hydro-
logical conditions, and increased fire activity’>"”". Regardless of its primary
driver, the expansion of C4 plants likely contributed a global transfer of *C
from the marine to the terrestrial carbon pool’**. This coincided with a
major decline in global benthic and planktic §°C, known as the Late
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Miocene Carbon Isotope Shift (LMCIS)'*****, Consistent with this, our
record shows a marked decline in §°CG. miotumida and §"°CG. bulloides
between ~7.7 and 6.5Ma (Fig. 2¢, d), which we interpret as a regional
response to this global event. The vegetation shifts and increased wind
strength caused intensified erosion, mobilising organic-rich, *C-depleted
soils into rivers and ultimately the oceans. This contributed to the LMCIS
and supplied nutrients that further fuelled the LMBB>. Dupont et al.”'
proposed that around 8 Ma, a shift in the primary moisture source from the
Atlantic to the Indian Ocean, along with changes in summer rainfall pat-
terns, triggered increased aridification in southwest Africa, which was fur-
ther reinforced by fire activity’ (Figs. 3b and 4b). Meanwhile, in southern
Africa, the expansion of C4 plants at ~8 Ma’"*" (Fig. 3b), closely coincides
with our proposed timing of BUS intensification. Between ~8 and 5.5 Ma,
the enhanced cold water upwelling along the west coast of southern Africa is
marked by the higher §'°O values and increased abundance of cooler-water
species including N. pachyderma, N. acostaensis and G. bulloides (Figs. 2a,
b and 3a; Supplementary Fig. 7e—g) This upwelling probably diminished the
moisture-holding capacity of the adjacent air masses, thereby altering
regional precipitation pattern. Concurrently, stronger SE trade winds fur-
ther limited the inland flow of Atlantic moisture transported by westerlies,
which shifted the main moisture source from the Atlantic to the Indian
Ocean’'. The westward transport of Indian Ocean moisture was also hin-
dered by major topographic barriers (Fig. 4a), particularly the Drakensberg
Escarpment (a high-elevation terrain in southeastern Africa that divides the
high interior plateau from the lower coastal plains) and the high relief of
eastern Africa, both of which exacerbated regional moisture deficit™*. We
propose that while global pCO2 decline contributed to overall climate
cooling during the LMC, the intensified BUS exerted a more direct influence
on southern African climate. Regionally, upwelling led to pronounced
cooling and increased moisture deficit, acting as the primary driver of
widespread aridification and the expansion of C4 vegetation in southern
Africa, whereas declining pCO2 likely played a marginal role.

Reversal of the Late Miocene Cooling during the early Pliocene

warming (~5.5-3.7 Ma)

While the Late Miocene conditions may have temporarily supported the
Northern Hemisphere ice sheets, the lack of sustained higher 8O values
and lower global SST anomaly” (Fig. 2a—e) suggest that the LMC did not lead
to permanent Northern Hemisphere glaciation. Instead, much of the
cooling probably reversed during the early Pliocene warming’. After
~5.5 Ma, the marked decrease in the §"OG. bulloides and 8" OG. crassa-
formi, along with increased global SST anomaly, imply that the LMC halted
near the Miocene-Pliocene boundary. Despite this global warming trend
after ~5.5 Ma, productivity in the BUS remained high until ~4.8 Ma, as
evidenced by the higher relative abundance of N. acostaensis and N.
pachyderma (Supplementary Fig. 7f, g). These findings suggest that
although the LMBB in the BUS was initially contemporaneous with lower
SSTs during the LMC, it probably was not solely dependent on cooler
temperatures. At ~4.8 Ma, a sharp decrease in the relative abundance of N.
acostaensis and N. pachyderma (Supplementary Fig. 71, g) signals reduced
productivity and termination of the LMBB in the BUS.

Between ~4.8 and 3.7 Ma, warm climatic conditions prevailed in the
BUS. This is evidenced by the lower 8" OG. bulloides and 8§"OG. crassaformis,
elevated global SST anomalies’, and higher relative abundance of warmer-
water species (Figs. 2a-e and 3a). Across the Miocene-Pliocene boundary, G.
miotumida became extinct and was replaced by another warmer-water spe-
cies, Globoconella puncticulata, which dominates between ~4.8 and 3.7 Ma
(Supplementary Fig. 7c). The relative abundance of G. falconensis, which
constantly decreases throughout the LMC, shows significant increase in this
interval (n = 58, p < 0.001, Supplementary Note 1 and Supplementary Fig. 7d).
Conversely, cooler-water species, primarily Neogloboquadrina incompta and
N. pachyderma, show lower relative abundances (Fig. 3a and Supplementary
Fig. 7f, g). Collectively, this evidence points to a transition from long-term
cooling in the LMC to significant warming and reduced upwelling during the
early Pliocene in the BUS.

Higher abundance of warm-water diatoms in the central Benguela in
the early Pliocene” further support the interpretation of warmer conditions.
Similar reduced upwelling in other Eastern Boundary Upwelling Systems™
implies a global forcing mechanism. The reduced meridional SST gradient
expanded the Hadley cell, which weakened the subtropical high-pressure
systems and trade winds”. Simultaneously, an expanded Pacific warm pool
limited the heat release at high latitudes, deepening the global thermocline
and enhancing global warming™”. Additionally, the elevated pCO2 levels
(~400 ppmv) during the warm Pliocene” likely amplified global warming
through atmospheric heat retention®.

Rosell-Melé et al.”* suggested the presence of Benguela Nifio-like
conditions during the early Pliocene warming. Our data from ODP Site
1087 C show an anomalously high relative abundance of G. crassaformis
during this interval (Supplementary Fig. 11c). As G. crassaformis serves as an
indicator of warm Angola Current in the BUS", its increased relative
abundance suggests a southward shift of the Angola-Benguela Front,
extending the Angola Current further south. Previous studies’* on modern
Benguela Nifos similarly report southward intrusions of the warm,
nutrient-poor Angola Current. Thus, our data reveals that oceanographic
conditions in the BUS during the early Pliocene warming were analogous to
a persistent Benguela Nifio-like state. Furthermore, Mohanty et al."'
reported that during this interval, the BUS experienced both surface and
subsurface warming, linked to weakened trade winds and sustained deep
thermocline, features consistent with modern Benguela Nifios.

During the early Pliocene warming, the Antarctic ice sheets retreated™,
Southern Ocean fronts shifted poleward3 0 and the Agulhas Current warmed
extensively””. Simultaneously, Site 1087 C records show a significant
increase in the relative abundance of warmer-water species G. falconensis
(n=58, p<0.001, Supplementary Note 1; Supplementary Fig. 7d), coin-
ciding with the potentially enhanced Agulhas Leakage into the BUS". We
propose that the intrusion of warm Indian Ocean waters may have created
favourable ecological conditions for G. falconensis to flourish in the BUS.
Meanwhile, the closure of the CAS reached a critical threshold, supporting a
strong AMOC and North Atlantic Deep Water (NADW) formation®. Since
the increased Agulhas Leakage also enhances these processes®™"’, we
hypothesise that amplified Agulhas Leakage may have acted in support of
CAS closure to reinforce AMOC and NADW formation during the early
Pliocene warming. This interpretation agrees with studies that associate
increased Agulhas Leakage with AMOC intensification during the Late
Pliocene™", and is further corroborated by Pleistocene records™".

Climate models predict wetter conditions in southern Africa during the
early Pliocene™. However, palynological evidence instead indicates that
aridity increased in the region”. This apparent discrepancy may be
explained by a poleward shift of the westerlies**”, reducing the transport of
Atlantic-derived moisture into southern Africa'’. Furthermore, with the
main moisture source having already shifted from the Atlantic to the Indian
Ocean”', moisture delivery to southern Africa was likely further reduced.
This moisture deficit was likely further amplified by the Drakensberg
Escarpment™ and the elevated relief of eastern Africa™. Concurrently, the
tectonic constriction of the Indonesian Gateways cooled the Indian Ocean,
diminishing moisture transport to East Africa® (Fig. 4c). Although weaker
upwelling in the BUS would typically promote more humid conditions, the
combined effects of altered wind patterns, shifting moisture sources, and
topographic factors overpowered this influence, resulting in sustained ari-
dification. Thus, we propose a decoupling between upwelling in the BUS
and aridification in southern Africa during the early Pliocene warming.

Termination of early Pliocene warming and re-establishment of
upwelling during Plio-Pleistocene cooling (~3.7-2.0 Ma)

The early Pliocene warming may have ended due to the significant effect of
Ocean gateway closure and the emergence of cold waters in the upwelling
regions’*”. In the BUS, this is marked at ~3.7 Ma by significant increase in
the 8"0G. inflata (n=69, p<0.001) and 8"OG. bulloides (n=67,
p<0.001), coupled with a decrease in warmer-water species (Figs. 2a,
b and 3a; Supplementary Note 1). The simultaneous increase in cooler-
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water species underscores the re-establishment of upwelling (Fig. 3a). The
decrease in the relative abundance of G. crassaformis after ~3.5 Ma (Sup-
plementary Fig. 11c) suggests a northward shift of the Angola Current. We
hypothesise that the increasing meridional temperature gradient, intensified
trade winds, and subsequent cold water upwelling in the BUS likely ter-
minated widespread Benguela Nifio-like conditions.

At ~3.3 Ma, extensive Antarctic glaciation triggered a northward shift
of Southern Ocean fronts’, likely increased the influx of cold, nutrient-rich
AAIW into the BUS. This is indicated in our data by the increased §"*OG.
inflata and 8"OG. bulloides, along with the significantly higher relative
abundance of cold-water species (n = 40, p < 0.001, mostly N. incompta and
N. pachyderma) (Figs. 2a, b and 3a; Supplementary Note 1; Supplementary
Figs. 7f, g). Moreover, the northward migration of Southern Ocean fronts
may have effectively reduced Agulhas Leakage, which is reflected in the
lower relative abundance of G. falconensis. Furthermore, the restriction of
the Indonesian Throughflow (ITF) between ~4 and 3 Ma diminished the
heat transport via the Agulhas Current to the South Atlantic® (Fig. 4c). The
combined effects of reduced Agulhas Leakage and diminished heat trans-
port might have weakened the AMOC™*, possibly setting the stage for the
impending Northern Hemisphere glaciation.

Mohanty et al." proposed that following the early Pliocene warming,
the BUS evolved into a stronger upwelling regime between ~3.7 and 3.0 Ma.
The emergence of strong upwelling in the BUS and in other Eastern
Boundary Upwelling Systems appears to have occurred before the estab-
lishment of permanent Northern Hemisphere glaciation'”. Between
~3 and 2Ma, the BUS experienced prolonged upwelling activity'’,
coinciding with significant deposits of Southern Ocean diatom in the
BUS, referred to as the Matuyama Diatom Maximum?”. During this
interval, contrasting findings have been reported regarding the strength of
the BUS™". Our benthic foraminiferal abundance data show a notably
higher relative abundance of Uvigernia spp. during this time (Supplemen-
tary Fig. 12¢), suggesting enhanced productivity in the BUS, consistent
with Mohanty et al."". Peak upwelling occurred between ~2.2 and 2.0 Ma,
indicated by a higher relative abundance of N. pachyderma (Supplementary
Fig. 7g). Meanwhile, the upwelling expanded into the central and north-
ern Benguela regions between ~ 2.4 and 2 Ma””, implying both intensifi-
cation and spatial expansion of the BUS. The associated cooling of climate
induced by this upwelling likely further amplified the aridification in
southern Africa™.

Modern upwelling condition in the BUS since ~2Ma

Since ~2 Ma, N. incompta has been the dominant Neogloboquadrina species
while N. pachyderma has remained low (Supplementary Fig. 7f, g). Alter-
nating high abundance of N. incompta and low abundance of G. inflata, and
vice versa (Supplementary Fig. 7c, f), indicate unstable upwelling strength at
Site 1087 C, marking the initiation of long-term marginal upwelling''. After
~1.5 Ma, northern BUS sites (ODP 1084 and ODP 1081) exhibit higher
alkenone concentrations and lower SSTs than the southern site (ODP
1087)”. This marked the development of two quasi-independent upwelling
systems: the southern BUS (SBUS) and the northern BUS (NBUS)"**.
Increased relative abundance of N. incompta from ~1.5 to 0.8 Ma (Sup-
plementary Fig. 7f) suggests higher productivity. However, the lower relative
abundance of N. pachyderma implies the supply of nutrients from distant
upwelling regions.

Between ~0.9 Ma and the Holocene, warmer SST and lower relative
abundance of N. pachyderma (Fig. 3c: Supplementary Fig. 7g) suggest
weakened upwelling at Site 1087 C, indicating growing separation from the
primary upwelling cell'*”. The northward migration of upwelling cells and
fluctuations in the position of Southern Ocean fronts might have modulated
the winter rainfall in the southernmost South Africa, shaping unique flora
and fauna compared to drier northern and northeastern regions”.

Conclusions
Our findings support that the evolution of the BUS since the Late Miocene was
closely linked to large-scale ocean-atmosphere reorganisation and Southern

Hemisphere cryospheric changes. Between ~11.7 and 10 Ma, before the
development of the BUS, the Southeast Atlantic experienced warmer condi-
tions, an expanded South Atlantic gyre, and a dramatically northward-
extended Agulhas Leakage. We infer that stronger SE trade winds and a
northward shift of Southern Ocean fronts, associated with Antarctic ice sheet
expansion, triggered the onset of the BUS at ~10 Ma. This mechanism
strengthened during the LMC, contributing to the intensification of the BUS
and enhanced regional productivity between ~8 and 4.8 Ma. Unlike other
regions where the role of atmospheric pCO2 in driving Late Miocene aridi-
fication remains debatable, our findings point to a stronger link between BUS
intensification and southern African aridification. Between ~4.8 and 3.7 Ma,
cooling and upwelling were halted and perhaps reversed. We speculate that the
southward shift of Southern Ocean fronts during the early Pliocene warming
led to enhanced Agulhas Leakage and a prominent Benguela Nifio-like con-
ditions. Aridification, however, continued suggesting a temporary decoupling
between upwelling strength and regional climate. Between ~3.7 and 3 Ma, the
Antarctic ice expansion strengthened atmospheric circulation and re-
intensified the BUS, effectively terminating Benguela Nifio-like conditions.
This reduced the influence of Indian Ocean inflow and contributed to regional
aridification. The upwelling persisted until ~2 Ma before declining as the main
upwelling cells shifted northward. This study presents the continuous
reconstruction of the BUS since the Late Miocene and demonstrates its
dominant role in driving southern African aridification, resolving key gaps
about the timing and mechanisms linking BUS evolution, global climate
changes, and vegetation shifts.

Methods

Age model

The age model between 1.5 Ma and the Holocene is based on foraminiferal
oxygen isotope stratigraphy”'. The age model between 5.96 and 1.5 Ma, is
based on nannofossil datums’?, updated to new timescale”’. The Late
Miocene age model for ODP Site 1087, as used in previous studies*’, is
based on astronomically calibrated age model”. This model was developed
by tuning a high resolution composite XRF-Fe intensity record of ODP 1085
and ODP 1087, using shipboard nannofossil datums’>. However, a recent
study’® introduced a revised age model for ODP 1085 which show large
discrepancies with the shipboard age model and highlighting the need for
caution when relying on the shipboard stratigraphy. In this study, we have
constructed the age model for Late Miocene section (~11.7-6.6 Ma) of ODP
1087 by employing the tie-points between Sites ODP 1085 and ODP 1087,
as identified in previous study” (Supplementary Table 2). Based on the
revised age model for ODP 10857, we determined the ages corresponding to
the tie-point depths at ODP 1085 (Supplementary Table 2). These, in turn,
provide the age constraints for the corresponding depths at ODP 1087
(Supplementary Table 2). Linear sedimentation rates were assumed
between all age control points, and the depth—age relationship is presented
in Supplementary Fig. 13.

Stable isotope analysis

For the stable oxygen and carbon isotope analyses, we used shallow-dwelling
planktic foraminifer Globigerina bulloides (250-350 um, about 10-15
individuals) between ~11.3 Ma and 6.1 Ma. Additionally, we analysed deep-
dwelling planktic foraminiferal species Globoconella miotumida
(about 10-15 individuals from 250—350 pm) between ~11.7 and 6.1 Ma.
Published isotope data (§'*0 and §"°C) from Site 1087 C were used for the
interval younger than 6.1 Ma'. Stable isotopes were analysed using a
Thermo MAT 253 Plus dual inlet isotope ratio mass spectrometer attached
to Kiel IV Carbonate device at Brown University, U.S.A. Replicate
analysis of in-house standards Brown Yule Marble (BYM) and Carrara
Marble (CM) was carried out throughout these analyses to evaluate preci-
sion. The average value for BYM and CM standards of carbon isotopes are
—2.25+0.02 %o and 2.05 + 0.02 %o (10; n = 15, n = 27), respectively and for
oxygen isotopes —6.50 + 0.08%o and —1.89 +0.05 %o (10; n =15, n=27),
respectively. Removal of one outlier BYM oxygen standard vyields
—6.52+0.06 (103 n =14). The results are reported relative to the Vienna
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Pee Dee Belemnite (VPDB). Long-term calibration of these two in-house
marble standards relative to NBS-19 has been conducted in the course of
calibrating fourteen 5L cylinders of reference CO, gas produced in the
laboratory between 2001 and 2020. These calibrations yield values of
—2.26%0 and —6.50%0 for BYM carbon and oxygen and 2.05%o and
—1.89%o for Carrara carbon and oxygen, respectively (10, n = 223 for BYM
and n = 257 for Carrara).

Counting of planktic foraminifera

Ocean sediment samples were obtained from ODP Site 1087 (31°27.9137'S,
15°18.6541'E; 1374 m water depth) on the continental slope off southwestern
Africa. Samples were provided by the International Ocean Drilling Pro-
gramme (IODP) repository. Census counts of planktic foraminifera were
made from 500 sediment core samples from ODP Site 1087 C, at an average
temporal resolution of ~23,000 years per sample. A total of 68 planktic for-
aminiferal species were identified following the established taxonomic
criteria” . Planktic foraminiferal abundance analyses followed the metho-
dology from Gupta and Thomas®, involving the counting of ~300 specimens
from the size fraction >149 pm for each sample. The ecological preferences of
planktic foraminiferal species were determined based on earlier studies”*"*”.
According to these habitat preferences, the species were grouped into cooler-
water and warmer-water species (Supplementary Note 3; Supplementary
Table 1). The cooler- and warmer water species grouping is specific to the
Benguela upwelling region, where the cooler-water species are associated with
cooler, productive waters of Benguela upwelling region, while the warmer-
water species thrive in warmer, less-productive waters away from the main
upwelling cells. Key members of the cooler-water species include N. pachy-
derma, N. incompta, N. acostaensis, G. bulloides and Globoturborotalita woodi.
Major representatives of the warmer-water species consist of G. menardii,
Globigerinoides ruber, T. sacculifer, G. inflata, G. puncticulata, G. miotumida,
G. falconensis, and G. crassaformis. Further details are provided in Supple-
mentary Note 3 and Supplementary Figs. 8-10. Additional minor contributors
to both cooler- and warmer-water species groups are listed in the Supple-
mentary Table 1 (also see Supplementary Note 3). For the interval younger
than 6.1 Ma, we used published data on the relative abundance of planktic
foraminifera from Site 1087C".

Completion of palaeo-CO2 data

In Fig. 3d. paleo-CO2 data derived from alkenone and boron isotope
methods is represented from ~11.7 Ma to the Holocene. We use latest
available datasets for each method, obtained from https://paleo-co2.org.
Alkenone-based palaeo-CO2 estimates are depicted as blue triangles®**
while for the boron isotope-based estimates are represented by orange
diamonds™.

Statistical analysis

We employed a combination of statistical approaches to evaluate the tem-
poral trends and differences in our proxy records. Welch’s t-tests were
conducted in Microsoft excel to compare mean values between key intervals,
given their robustness against unequal variances and sample sizes (see
Supplementary Note 1). Long-term trends were assessed using piecewise
linear regression, performed using the Statsmodels package in Python 3.13,
and Locally Weighted Scatterplot Smoothing (LOWESS) implemented in
Acycle” (Supplementary Figs. 1, 2, 4, 5). Together, these statistical
approaches increased the robustness of our interpretations by providing
consistent insights across multiple methods.

Data availability

All the data generated from ODP Site 1087 C and presented in this paper are
available via the Zenodo database (https://doi.org/10.5281/zenodo.
15393113).
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