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ABSTRACT
The Cretaceous opening of the Equatorial Atlantic gateway (EAG) is considered a driver 

of major changes in global oceanography, carbon cycling, and climate. However, the early 
stages of EAG opening are poorly understood. We present seawater Nd-isotope, bulk geo-
chemical, and micropaleontological data from two South Atlantic drill cores that constrain 
the onset of shallow (<500 m) and intermediate (<∼1000 m) water mass exchange across the 
EAG to 113 Ma and 107 Ma, respectively. Deep water mass exchange (>2000 m) was enabled 
by at least ca. 100 Ma, as much as 10 m.y. earlier than previously estimated. In response to 
EAG opening, deep-water ventilation in the South Atlantic, North Atlantic, and Tethys basins 
intensified, thereby triggering basin-scale reductions in organic carbon burial. We propose 
that the consequent drop in carbon sequestration in concert with increased atmospheric CO2 
fluxes from subduction zones acted as major amplifiers of global warming that culminated 
in peak greenhouse conditions during the mid-Cretaceous.

INTRODUCTION
The mid-Cretaceous (i.e., ca. 120–90 Ma) 

opening of the Equatorial Atlantic gateway 
(EAG) induced a major reorganization of 
global ocean circulation patterns with impor-
tant repercussions on deep ocean oxygenation, 
carbon cycling, and climate (e.g., Poulsen et al., 
2003). In particular, the onset or intensification 
of deep water mass exchange across the EAG 
from Turonian time onward has been linked 
to global climate cooling and the transition to 
better-ventilated deep oceans (Robinson et al., 
2010; Friedrich et al., 2012). In contrast, little is 
known about the pre-Turonian evolution of the 
EAG. A growing body of paleobiogeographic 
(e.g., Bruno et al., 2020; Luft-Souza et al., 2022) 
and sedimentological (e.g., Wagner and Pletsch, 
1999; Behrooz et al., 2018) evidence, however, 
suggests an earlier (i.e., ca. 115–100 Ma) onset 
of significant water mass exchange across the 
EAG, yet the exact timing of the onset, extent, 
and depth of water mass exchange are poorly 

resolved. An early opening of the EAG at a 
time when Cretaceous greenhouse climate was 
approaching its climax (e.g., O’Brien et al., 
2017) would imply yet-unexplored linkages 
between the EAG opening and global climate.

We constrain the relative timing of changes 
in tectonics, ocean circulation, and climate in 
response to the EAG opening based on new 
Aptian to Cenomanian shallow- and intermedi-
ate-water Nd-isotope records from two South 
Atlantic drill sites, which are integrated into an 
improved stratigraphic framework.

GEOLOGICAL SETTING
The opening of the South Atlantic Basin 

started at ca. 140 Ma and progressed from 
south to north (Heine et  al., 2013). By ca. 
120 Ma, rifting had begun north of the Wal-
vis Ridge (Fig. 1B), and extensive evaporites 
were deposited in the northern South Atlantic. 
Post-evaporite deposition started during the 
late Aptian (ca. 119 Ma; Sanjinés et al., 2022), 
when surface-water exchange with the North 
Atlantic and/or the southern South Atlantic com-
menced (Fig. 1B; Bruno et al., 2020; Luft-Souza 

et al., 2022; Cui et al., 2023). Paleogeographic 
reconstructions indicate that the final break-up 
between South America and Africa occurred 
between ca. 104 and 99 Ma (Heine et al., 2013; 
Granot and Dyment, 2015). However, it has been 
suggested that deep-water passages across the 
EAG did not develop until the Turonian, given 
that the emerging equatorial Atlantic likely con-
sisted of a series of pull-apart basins with limited 
connectivity (Wagner and Pletsch, 1999; Pérez-
Díaz and Eagles, 2017).

MATERIAL AND METHODS
We present total organic carbon (TOC), total 

inorganic carbon, and seawater Nd-isotope sig-
natures from Aptian to lower Cenomanian sed-
iments of Deep Sea Drilling Project (DSDP) 
Sites 363 and 364, located on the Walvis Ridge 
and in the Kwanza Basin, respectively (Fig. 1). 
New calcareous nannofossil data and stable car-
bon isotope ratios of bulk carbonate (δ13Ccarb) 
are provided for DSDP Site 363. Seawater Nd-
isotope signatures were extracted from sedimen-
tary Fe-Mn-oxyhydroxides following Blaser 
et al. (2016). Age models for both sites were 
constructed based on published (Bruno et al., 
2020) and new nannofossil biostratigraphic data 
and corroborated by δ13C stratigraphy. Details 
on the analytical methods and age models are 
available in the Supplemental Material1.

Basal sediments of DSDP Site 364 were cored 
a few tens of meters above the underlying evapo-
rites and consist mainly of dolomite and black 
shale, deposited at neritic water depths under 
euxinic and hypersaline conditions (Kochhann 
et al., 2014; Behrooz et al., 2018). During the 
Albian, the black shales were replaced by lime-
stone, which was accompanied by deepening to 
bathyal water depths (Kochhann et al., 2014).*E-mail: dummann@em​.uni-frankfurt​.de

1Supplemental Material. Analytical methods, data quality, and age models, as well as geochemical data. Please visit https://doi​.org​/10​.1130​/GEOL.S.22151930 to 
access the supplemental material, and contact editing@geosociety​.org with any questions.
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DSDP Site 363 was drilled close to the north-
eastern crest of the Walvis Ridge and penetrated 
a sequence of limestone and marl deposited at 
shallow water depths <500 m (Holbourn et al., 
2001).

RESULTS
Seawater εNd signatures at DSDP Sites 363 

and 364 exhibit long-term (>1 m.y.) patterns 
(Fig. 2) that are persistent across lithological 
boundaries (i.e., limestone-marl alternations 
and shale-dolomite alternations; see the Sup-
plemental Material). Combined with changes 
in lithology and biotic events, the εNd patterns 
are used to define three stratigraphic phases 
(Fig. 2), each representing a distinct stage in 
the oceanographic evolution of the northern 
South Atlantic. Phase 1 encompasses Aptian 
dolomite and black shale of DSDP Site 364, 
which recorded highly unradiogenic εNd signa-
tures below −13. The basal age of phase 1 in 
DSDP Site 364 is poorly constrained due to the 
lack of diagnostic fossils. A maximum age of 
119 Ma can, however, be assigned based on the 
assumption that post-evaporite sedimentation 
commenced contemporaneously in the Kwanza 
Basin and the conjugate Campos, Santos, and 
Espirito Santo Basins (Fig. 1B), for which more 
detailed stratigraphic information is available 
(e.g., Sanjinés et al., 2022). At the base of phase 

2, calcareous nannofossils and salinity-tolerant 
foraminifera first occurred in the Kwanza Basin 
(Kochhann et al., 2013; Bruno et al., 2020), 
including Prediscosphaera columnata indica-
tive of an early Albian age (younger than ca. 
113 Ma). Across phase 2, εNd signatures at DSDP 
Site 364 increased from below −13 to above −9, 
while more radiogenic and less variable εNd sig-
natures between −7.5 and −5.5 were recorded 
at DSDP Site 363. Above the base of phase 3, 
organic carbon (OC)–poor limestone dominates 
at DSDP Site 364 and εNd signatures remain 
overall constant above −9, while DSDP Site 
363 recorded a low variability of εNd signatures 
between −6.9 and −6.1. At both sites, the base 
of phase 3 is located within a few meters above 
the first occurrence of Eiffellithus monechiae 
(ca. 107.6 Ma). DSDP Site 364 recorded a series 
of three positive εNd excursions, which occurred 
during all three phases, reached values above 
−6, and spanned short periods of time (<1 m.y.; 
Fig. 2).

DISCUSSION
Gateway Evolution and Long-Term 
Changes in Water Mass Mixing

Aptian post-evaporite sedimentation (phase 
1) in the Kwanza Basin occurred under hypersa-
line and anoxic to euxinic conditions (Behrooz 
et al., 2018). These oceanographic conditions 

have been attributed to hydrographic isolation 
of the northern South Atlantic caused by lim-
ited water mass inflow from the south and the 
north. Aptian εNd signatures at DSDP Site 364 
were highly unradiogenic and similar to those 
observed in modern surface waters off Angola 
(Fig. 2), which obtain their unradiogenic εNd sig-
nature from local weathering inputs of Precam-
brian crust exposed along the West African mar-
gin (Fig. 1B; Rahlf et al., 2020). Similar rocks 
were probably weathered during the mid-Creta-
ceous given that unradiogenic εNd signatures of 
∼−17 have also been reported for Cenomanian 
shelf waters along the Angola margin (Fig. 2; 
Grandjean et al., 1987). We therefore propose 
that Aptian water masses in the northern South 
Atlantic acquired their εNd signatures primarily 
from local African weathering inputs and were 
largely isolated from the more radiogenic water 
masses in the southern South Atlantic (∼−4.3; 
Fig. 2), the North Atlantic (∼−6.6), and the 
Tethys (∼−8.8). This pattern implies that the 
EAG was closed in the Aptian.

From 113 Ma onward, more oxic condi-
tions developed in the Kwanza Basin (Behrooz 
et al., 2018) and calcareous plankton prolifer-
ated implying a change to normal marine salin-
ity (Fig. 2; Kochhann et al., 2013; Bruno et al., 
2020). εNd signatures at DSDP Site 364 started 
to increase at the same time (Fig. 2), suggesting 

A B

Figure 1.  (A) Cenomanian paleogeography (Cao et al., 2017). Colored numbers indicate the average seawater εNd for each basin. (B) Paleo-
geography of the South Atlantic at 112 Ma, including major rift basins (Heine et al., 2013). EAG—Equatorial Atlantic gateway; Kwa—Kwanza 
Basin; San—Santos Basin; Cam—Campos Basin; Esp—Espirito Santo Basin; DSDP—Deep Sea Drilling Project; ODP—Ocean Drilling Program.
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enhanced advection of more radiogenic water 
masses into the northern South Atlantic. The 
direction of inflow has been debated (e.g., Cui 
et al., 2023), but strong Tethyan affinities of 
plankton in the Kwanza Basin (Kochhann et al., 
2013; Bruno et al., 2020) and basins along the 
Brazilian margin (Luft-Souza et al., 2022; Sanji-
nés et al., 2022) support the existence of surface-
water connections with the North Atlantic via 
the emerging EAG. Nannofossil assemblages at 
DSDP Site 363 also document a Tethyan low- 
to mid-latitude affinity (see the Supplemental 
Material), indicating that surface waters enter-
ing the northern South Atlantic from the north 
were advected as far south as the Walvis Ridge. 
εNd signatures of ∼−6.5 at DSDP Site 363 over-
lap with those recorded in the North Atlantic 
(∼−6.6; Fig. 2) but differ markedly from the 
more radiogenic εNd signatures of water masses 

in the southern South Atlantic (∼−4.3) and Wal-
vis Ridge basalts (>−5.6). This pattern is con-
sistent with a predominant inflow from the north, 
minor (if any) inflow from the south, and little 
(if any) influence of local Nd contributions from 
Walvis Ridge basalts. These observations sup-
port that shallow connections (<500 m) across 
the EAG existed at ca. 113 Ma, which gradu-
ally widened and/or deepened between 113 and 
107 Ma, causing an intensification of water mass 
exchange with the North Atlantic. We note, how-
ever, that the available North Atlantic εNd records 
reflect water masses at depths >1000 m. Given 
the lack of reference data from shallower depths, 
we assume a similar εNd signature for shallow 
water masses penetrating the northern South 
Atlantic (<500 m), implying that water mass 
properties in the North Atlantic were vertically 
uniform with respect to εNd.

During phase 3, εNd signatures at DSDP Sites 
363 and 364 remained essentially constant, sug-
gesting persistent circulation patterns at shallow 
and bathyal water depths, respectively. We sug-
gest that these conditions mark the opening of 
the EAG to bathyal water depths, which allowed 
unrestricted inflow of intermediate water masses 
(<∼1000 m) from the north. Contrasting εNd 
signatures persisted between the northern and 
southern South Atlantic, suggesting limited or 
absent water mass exchange across the Wal-
vis Ridge and implying tectonically restricted 
deep-water communication between the North 
Atlantic and southern high latitudes until at 
least early Cenomanian times. εNd signatures at 
DSDP Site 364 are offset by 2 εNd units to more 
negative values compared to DSDP Site 363 
(Fig. 2), which is likely caused by addition of 
weathering-derived Nd from West Africa, mask-
ing the North Atlantic–derived water mass εNd 
signal. A similar process occurs today in the 
Angola Basin, where Nd originating from con-
tinental weathering and contained in particulate 
Fe-Mn-oxyhydroxides is supplied to the surface 
waters. These phases sink and release the Nd 
at depth, resulting in shifts of local deep-water 
εNd to less radiogenic values by 1–2.5 εNd units 
(Rahlf et al., 2020).

Determining the exact timing of deep-water 
(>1000 m) mass exchange across the EAG is 
complicated by the lack of pre-Cenomanian 
strata at DSDP Site 530, which is located at 
abyssal depths (>2000 m) in the Angola Basin 
(Fig. 1A). However, the earliest Cenomanian 
εNd signatures at DSDP Site 530 are indistin-
guishable from those in the North Atlantic 
(Fig. 2), suggesting that deep-water connec-
tions across the EAG existed from at least ca. 
100 Ma onwards, as much as 10 m.y. earlier than 
indicated by paleobathymetric reconstructions 
(Pérez-Díaz and Eagles, 2017). This discrepancy 
in timing could reflect earlier connectivity of 
sub-basins in the equatorial Atlantic and/or tem-
poral uncertainties in paleobathymetric models.

Short-Term Shifts in ɛNd in the Kwanza 
Basin

Three positive εNd excursions occur randomly 
distributed and without apparent sedimentary 
changes in the record of DSDP Site 364 (Fig. 2). 
By analogy with previous studies of DSDP Site 
530 (Murphy and Thomas, 2013), we speculate 
that the εNd excursions reflect the transient input 
of radiogenic Nd from the dissolution of vol-
canic ash, potentially ejected at Walvis Ridge 
during brief episodes of active volcanism.

Implications for Deep Ocean Ventilation 
and Carbon Cycling

The gradual opening of the EAG coincided 
with major changes in deep ocean ventilation 
on a regional to supraregional scale, affecting 
local and probably also global carbon cycling. 

Figure 2.  Aptian to Cenomanian εNd data, including new data from Deep Sea Drilling Project 
Sites 363 and 364. NC nannofossil zonation of Bralower (1995) is shown on the left. Thick 
vertical lines indicate average values for each ocean basin prior to 94.6 Ma (i.e., prior to the 
onset of oceanic anoxic event 2). For site locations, see Figure 1A. Note that reference sites 
are located at variable paleo–water depths generally >1000 m. Age models and εNd(t) values 
of all reference sites were updated (see the Supplemental Material [see footnote 1]). Data 
sources: 1Robinson et al. (2010); 2Murphy and Thomas (2013); 3Dummann et al. (2020); 4Jimé-
nez Berrocoso et al. (2010); 5Martin et al. (2012); 6MacLeod et al. (2008); 7Robinson and Vance 
(2012); 8Soudry et al. (2006); 9Pucéat et al. (2005); 10Grandjean et al. (1987); 11Hoernle et al. 
(2015). Archives used: *Fe-Mn oxyhydroxides; †fish debris; §authigenic carbonate fluorapatite. 
EAG—Equatorial Atlantic gateway; FO—first occurrence.
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On a regional scale, enhanced ventilation of 
deep waters caused a transition from euxinic to 
oxic conditions in the Kwanza Basin (Behrooz 
et al., 2018). In concert with this redox shift, 
TOC contents at DSDP Site 364 decreased by 
about two orders of magnitude (Fig. 3A), sug-
gesting a major drop in OC burial rates.

Major facies changes from OC-rich sedi-
ments to chalk also occurred in the Tethys and 
northern North Atlantic between ca. 104 and 
100 Ma, suggesting intensification of deep-
water ventilation also on a supraregional scale 
(Giorgioni et al., 2015). Consistent with gen-
eral circulation model results (Poulsen et al., 
2003), we consider this ventilation change to 
be a far-field effect of the EAG opening. By 
ca. 113 Ma, OC burial rates in the southern 
South Atlantic also decreased, albeit related to 
the opening of southern South Atlantic–South-
ern Ocean gateways (Dummann et al., 2020). 
These results imply changes in carbon cycling 
in at least three of the major ocean basins, which 
had acted as important depocenters of OC and 
cumulatively contributed 30% to total global OC 
burial (McAnena et al., 2013). We hypothesize 
that reduced OC burial in these basins may have 

caused, or at least contributed to, changes in the 
global carbon cycle that are reflected in a con-
current global decline in δ13C values (Fig. 3B).

Implications for Cretaceous Climate
The Albian marked a turning point in the 

evolution of Cretaceous climate, heralding 
a period of global warming that culminated 
in extreme greenhouse conditions during the 
Turonian (Fig. 3C; O’Brien et al., 2017; Bot-
tini and Erba, 2018). The mechanisms that trig-
gered peak greenhouse conditions are contro-
versial, with mounting evidence questioning 
the importance of magmatism (e.g., Matsumoto 
et al., 2022), which is widely considered to be 
the main cause of warming. In particular, there 
are long-term increases in seawater 187Os/188Os 
and 87Sr/86Sr ratios across the warming inter-
val, suggesting reduced submarine magmatism 
and hydrothermal activity (Figs. 3D and 3E; 
Bralower et al., 1997; Matsumoto et al., 2022). 
Thermodynamic modeling likewise indicates 
reduced CO2 outgassing from mid-ocean ridges 
(Fig. 3F; see the Supplemental Material; Mül-
ler et al., 2022). However, carbon fluxes from 
subduction zones increased (Fig. 3F). Although 

minor in comparison to the carbon flux from 
mid-ocean ridges, injection of carbon from 
subduction-related volcanism directly into the 
atmosphere may have had greater potential to 
influence climate trends than submarine volca-
nism (Matsumoto et al., 2022). We therefore 
propose that the disappearance of oceanic car-
bon sinks in the South Atlantic, North Atlantic, 
and Tethys basins induced by the opening of 
the EAG and southern South Atlantic–Southern 
Ocean gateways, combined with enhanced CO2 
fluxes from subduction volcanism (Fig. 3F), was 
instrumental in driving the Cretaceous climate 
toward peak warming.
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