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f Géosciences Rennes, Université de Rennes 1, UMR CNRS, 6118 Rennes, France.

A R T I C L E  I N F O

Editor: Dr. Alan Haywood

Keywords:
Isotope geochemistry
Tectonics-climate
Silicate weathering
South African Plateau
Cretaceous cooling
Marine productivity

A B S T R A C T

Climate cooling during the late Cretaceous (ca. 100–66 Ma) has been linked to CO2 drawdown produced by 
enhanced denudation episodes recorded in the eastern margin of South America and western margin of South 
Africa. However, the onset of these episodes is recorded during rather than prior to the main climate cooling 
stage of the late Cretaceous, reported within the Santonian-Early Campanian interval (about 86–81 Ma). Here, 
we investigate the clay fraction (<2 μm) of sediments from the borehole O-A1 located in the continental slope of 
the Cape Basin, adjacent to the western South African Margin. We combine these results with previous records 
from the basin (DSDP 361) to investigate the controlling factors of the denudation record along the South African 
Plateau, and their relationship with the climate cooling during the late Cretaceous. The ΔεHf record (proxy for 
silicate weathering intensity) from site O-A1 shows an increase in silicate chemical weathering intensity during 
the Cenomanian-Maastrichtian (ca. 95–68 Ma) interval, predating the Campanian-Danian interval shown by the 
DSDP 361 record. While this offset between the sites is attributed to age model uncertainties from the site DSDP 
361, the observed increase in silicate chemical weathering intensity is concomitant to an enhanced phase of 
physical erosion and tectonic uplift of the South African Plateau and mirrors the evolution of seawater 87Sr/86Sr 
at that time. Additionally, the duration of this increase even during global climate cooling suggests that the 
increase in weathering intensity and rate are mainly tectonically driven. Our ΔεHf(80) data from site O-A1 shows 
for the first time an increase in silicate chemical weathering intensity as early as the Cenomanian, suggesting not 
only that it could have played a role in maintaining the cool global climate trend during the late Cretaceous, but 
that this episode could have contributed to trigger the CO2 drawdown responsible for the observed cooling re
cord that started by the end of the Turonian in some high-mid latitude locations and extended up to the Cam
panian. This process appears to be driven by two different mechanisms. First, via silicate reactions, and second 
through increased nutrient riverine input into the basin, which could have contributed to enhanced primary 
productivity and organic carbon storage as shown by the increase in Baexcess during the Santonian-Maastrichtian 
interval (ca. 85–65 Ma). Our study establishes enhanced weathering along the South African Plateau as a po
tential early contributor to the late Cretaceous cooling trend and highlights the importance of nutrient driven 
marine productivity as an understudied but potentially significant mechanism for CO2 drawdown.

1. Introduction

Sedimentary basins represent the best archive to track the long-term 
evolution of denudation processes in ancient environments. Recent 

studies conducted in basins adjacent to the eastern South American 
margin and the western South African margin relate tectonic activity 
with enhanced denudation episodes, subsequent CO2 drawdown, and 
climate cooling (Corentin et al., 2024; 2022, 2023; Gaitan et al., 2023). 
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These studies have shown through clay mineralogy and isotopic records 
(Hf-Nd isotopes on clays) an intensification of silicate chemical weath
ering during the late Cretaceous, an important mechanism for CO2 
drawdown (Berner et al., 1983; Gaillardet et al., 1999; Hilton and West, 
2020). These weathering episodes have been associated with the long- 
term climate cooling trend observed in the late Cretaceous (Friedrich 
et al., 2012; O'Brien et al., 2017), Hf-Nd isotopic records reveal silicate 
weathering intensification within the Santonian-Campanian interval in 
the South American margin (Corentin et al., 2022, 2023), and within the 
Santonian-Maastrichtian interval in the western South African margin 
(Corentin et al., 2024; Gaitan et al., 2023). Yet these episodes both 
coincide with the main cooling phase of the late Cretaceous climatic 
decline, but begin after its onset, reported earlier in different regions 
(Friedrich et al., 2012; O'Brien et al., 2017; Petrizzo et al., 2022). In the 
context of the South African Margin, the proposed increase in chemical 
weathering intensity relies only on the geochemical record from DSDP 
core 361. Yet this site presents relatively large uncertainties in the age 
model of the studied sediments (Gaitan et al., 2023), hindering the 
identification of a precise timing for the onset of the enhanced weath
ering episode. Additionally, no major changes in chemical weathering 
along the South African margin are detected at DSDP core 361 during 
the Turonian-Campanian interval, which includes the main cooling 
phase reported by global isotopic records during the late Cretaceous 
(δ18O benthic) (Friedrich et al., 2012; O'Brien et al., 2017; Huber et al., 
2018; Petrizzo et al., 2022). Therefore, although the recorded weath
ering episodes along the eastern South American and western South 
African margins may have contributed to sustain cooling conditions 
during the late Cretaceous, the mechanisms responsible for the cooling 
onset remain elusive.

The evolution of the chemical weathering signal from DSDP core 361 
relies on the analysis of detrital clay minerals coming predominantly 
from the South African Plateau and depositing in the abyssal plain of the 
Cape Basin (Gaitan et al., 2023). However, due to the distal location of 
the sedimentary record, the incorporation of allogenic sediments by 
deep-bottom currents is not entirely discarded (Murphy and Thomas, 
2013; Natland, 1978), and differential settling processes on clay min
erals might also be involved introducing some bias into the paleocli
matic interpretation (Gibbs, 1977; Petschick et al., 1996). Multiple 

thermochronological data — Apatite-Fission Track (AFT) and Apatite 
(U-Th)/He (AHe) — have shown that regional structures across the 
Plateau are important in the rock cooling events during the late Creta
ceous (Green et al., 2017; Kounov et al., 2009, 2013; Raab et al., 2002; 
Stanley and Flowers, 2020; Tinker et al., 2008; Wildman et al., 2015, 
2021). These regional structures could have modified the source areas of 
the denudation episodes (i.e., erosion and weathering) inferred from 
these rock cooling events. These denudation episodes have been further 
linked to tectonic uplift involving continental tilting (Baby et al., 2018a, 
2019; Braun et al., 2014; Stanley et al., 2021), responsible for drainage 
reorganization (De Wit et al., 2009; De Wit, 1999; Goudie, 2005; Ste
venson and Mcmillan, 2004), and by extension for variations in the 
sediments source areas. Estimations of sediment fluxes and volumes 
have also shown that the tilting component of the uplift appears to have 
affected the sediment distribution along the basins located adjacent to 
the eastern South African margin (Baby et al., 2019). Altogether, these 
processes affecting the source and distribution of the sediments depos
ited in the Cape Basin could have impacted the denudation record, 
particularly the chemical weathering, and hinder any interpretation of 
the impact of these processes in the climate during the late Cretaceous. 
For this reason, a process-response comparison of the denudation record 
along the Cape Basin appears of prime importance to understand the 
dynamics controlling this record and the implications for climatic 
interpretations.

The aim of this study is to investigate the sedimentary record at the 
continental slope of the Cape Basin (borehole O-A1— Fig. 1) and 
compare it with previous records from the abyssal plain (DSDP core 
361— Fig. 1; Gaitan et al., 2023). Through this comparison we study the 
impacts of changes in sediment distribution and sources in the erosional 
and chemical weathering signals recorded along the Cape Basin, also 
exploring the links of this record to the global climate cooling during the 
late Cretaceous. To do so, we combine X-ray diffraction (XRD) analyses, 
major and trace elements, Transmission Electron Microscopy (TEM), 
and Hf – Nd isotopic compositions on clay fractions (< 2 μm - Bayon 
et al., 2016). Through this suite of techniques, we seek to understand the 
dynamics affecting geochemical signals, specifically on the clay fraction 
across the sediment routing system.

Fig. 1. Map of the source-to-sink system composed by the South African plateau and the Cape basin. O-A1 borehole (33.161539◦S; 16.822406◦E) is located at the 
continental slope of the Cape Basin. DSDP core 361 is located in the abyssal plain of the basin (35.066167◦S; 15.448500◦E). Topography and bathymetry data 
compiled from NASA JPL, (2013).
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2. Geological setting

2.1. Evolution of the southwestern African margin

The South African margin evolution began with the rifting between 
the South American and African Plates and the subsequent opening of 
the Atlantic Ocean during the late Jurassic – early Cretaceous (Moulin 
et al., 2010; Torsvik et al., 2009). It has been suggested that this opening 
started at the southern segment and moved northwards (Koopmann 
et al., 2016; Rabinowitz and LaBrecque, 1979), but the rifting onset in 
the southern segment is not yet fully understood due to age uncertainties 
on the magnetic anomalies (e.g., Baby et al., 2018b; Moulin et al., 2010). 
However, it is acknowledged that magnetic anomaly M3 at 130 Ma 
marks the rifting-drifting transition in this segment (Collier et al., 2017). 
Deposition during this period was marked by large volcanic activity 
linked to the Paraná-Etendeka Large Igneous Province (ca. 135–133 Ma; 
Gomes and Vasconcelos, 2021; Renne, 2015), this is supported by the 
presence of Seaward-Dipping Reflectors (SDRs) overlying graben and 
half graben basement structures (Gladczenko et al., 1997). Regional 
Valanginian-Hauterivian fault-bounded syn-rift sequences developed 
across the southwestern African basins (Séranne and Anka, 2005). These 
sequences comprised lava flows with continental sediments, essentially 
sandstones and claystones (Hirsch et al., 2010; Jungslager, 1999; Van 
Der Spuy, 2003).

Post-rift deposits of about 3 to 5 km of thick siliciclastic sequences 
were deposited and distributed along the 4 basins adjacent to the 
margin: Walvis, Lüderitz, Orange, and Cape (Aizawa et al., 2000). Baby 
et al. (2018b) defined three main first-order depositional phases for 
these post-rift deposits. The first phase was a retrogradational stage 
(131–93.5 Ma) marked by an increased rate of accommodation space 
compared to sediment supply. The creation of this accommodation space 
was associated with the thermal subsidence of the margin. During the 
second stage (93.5–66 Ma), deposition shifted to a predominant 
progradational-aggradational phase, while the margin was tilted sea
wards (Aizawa et al., 2000; Baby et al., 2019). A pronounced increase in 
sediment supply related to the tectonic uplift of the South African 
Plateau is linked to this depositional change. The final stage (66–0 Ma) 
comprised primarily a retrogradational phase, although there was a 
progradational stage within this period at ca. 27 Ma (Baby et al., 2018b). 
The retrogradational stage was likely associated with the stabilization of 
the inland Plateau and climate aridification, which led to a decrease in 
sediment supply.

The stratigraphy of the margin is divided in 8 units bounded by 
stratigraphic markers (e.g., unconformities or maximum flooding sur
faces) that define relevant regional deposition cycles (Baby et al., 2019; 
Baby et al., 2018b). Lithology of these post-rifting units comprises 
mainly siltstones, although limestones are also an important component 
in the Unit 1 (130–113 Ma) from the Walvis and Lüderitz basins (Baby 
et al., 2019).

2.2. Cape basin

The Cape Basin is divided in 8 units and bounded by the regional 
stratigraphic surfaces defined in the basins along the margin. The 
Cretaceous interval in the basin spans between Unit 1 and 5 (Baby et al., 
2018b). Unit 1 is bounded by the unconformities 6At1 (130 Ma) and 
13At1 (113 Ma), the former representing the breakup unconformity and 
the latter a depositional hiatus (Paton et al., 2008; Paton et al., 2007). 
This unit comprises a sedimentary package evidencing the rifting- 
drifting transition of the margin. At the base, aeolian sandstones with 
basalts are covered by carbonate cemented marine sandstones. On top, 
shelly sandstones with some local lagoonal limestones are topped by 
marine shales (Baby et al., 2018b). The upper boundary of Unit 2 is the 
seismic marker 14At1 (100 Ma). This unit is dominated by silty- 
claystones overlain by shales that define marker 14At1 (Baby et al., 
2018b). This unit comprises a predominant retrogradational trend (Baby 

et al., 2019), but most importantly evidences sediment supply from two 
disconnected deltaic systems located south of the modern Orange river 
system (Baby et al., 2018b). Unit 3 consists entirely of deep marine 
shales (Baby et al., 2018b; Paton et al., 2008), with marker 15At1 (93.5 
Ma) as the upper boundary. The depositional trend in this unit is mostly 
retrogradational, marked by wedges backstepping (Baby et al., 2019). 
The upper boundary of Unit 4 is marked by the unconformity 17At1 (81 
Ma), which has been interpreted as a major sea-level fall. Claystones 
dominate in this unit in a predominantly aggradational depositional 
trend. The top of Unit 5 is marker 22At1 at the Maastrichtian-Paleogene 
boundary (66 Ma). The depositional trend changes from aggradational 
to progradational, linked to variations in the ratio of subsidence and 
sediment supply (Baby et al., 2018b; de Vera et al., 2010). Lithology in 
this unit is dominated by clayey siltstones (Baby et al., 2018b). Unit 6 
lies on top of the Cretaceous sequence and it is bounded on top by an 
Oligocene unconformity (Baby et al., 2018b; de Vera et al., 2010). This 
unit displays deltaic progradational units (Baby et al., 2018b; de Vera 
et al., 2010).

3. Material and methods

3.1. Borehole description

In this study we analysed 91 cutting samples from the borehole O-A1 
provided by the South African Petroleum Agency. This borehole is 
located at the continental slope of the Cape Basin (Fig. 1; 33.161539◦S 
16.822406◦E), around 100 km off the southwestern African margin. The 
borehole comprises a stratigraphic succession of about 3650 m, span
ning from the Aptian - Barremian to the middle Eocene period (Valicenti 
et al., 1993), but the samples analysed in this study span between the 
Albian and Ypresian periods (i.e., 115–55 Ma), representing Unit 1 to 5 
from those described by Baby et al. (2019) (Fig. 2). The basement of the 
borehole consists of volcanic rocks presumably Hauterivian in age (ca. 
132 Ma; Valicenti et al., 1993). On top, there is an Aptian-Albian 
sequence of argillaceous sandstones (ca. 125–100 Ma), with increased 
clay abundance at the top and the base. At the late-early Cretaceous 
boundary (100 Ma), the predominant lithology are claystones inter
bedded with sandstone layers (Dudus et al., 1992), some minor dolomite 
stringers are also present in this interval. Throughout the late Cretaceous 
(100–66 Ma) the succession consists of claystones with occasional py
rite, and stringers of limestones, dolomites, and siltstones (Dudus et al., 
1992). Siltstones stringers are predominantly argillaceous and glauco
nitic. The interval between the Paleocene and the middle Eocene (ca. 
66–50 Ma) consists of claystones with sporadic fossiliferous limestones 
and siltstone stringers (Dudus et al., 1992). At the base of this interval, 
stringers are scarce and claystones are more calcareous, dolomite 
stringers are present as well. Sporadic pyrite and glauconite occur 
within the claystones along the whole interval (Dudus et al., 1992).

The selected samples were targeted considering even distribution 
within the studied time interval (i.e., 115–55 Ma) and clay content. To 
ensure an even distribution of the analysed samples, an age model 
(Supplementary material FS1) was built based on the planktonic fora
minifera report by Valicenti et al. (1993).

There were no elements to determine either the Aptian-Albian 
boundary (113 Ma) or the Albian stage (113–100.5 Ma), which could 
be missing. Only the occurrence of Globuligerina hoterivica around 4170 
mbsf indicated late Aptian ages, so the Aptian-Albian boundary was 
tentatively placed at this depth (113 Ma). A late Albian-Mid Cen
omanian (ca. 105–97 Ma) interval was defined around 3624 mbsf based 
on the last occurrence of Rotalipora appenninica. The Cenomanian- 
Turonian boundary (93.9 Ma) was placed at 3570 mbsf based on the 
appearance of Helvetoglobotruncana helvetica. The last occurrence of this 
assemblage indicated a Mid-Turonian age (ca. 91 Ma) at 3408 mbsf, but 
there were no elements to define the Turonian-Coniacian boundary 
(89.8 Ma). An increase in the occurrence of Marginotruncana coronata 
and the appearance of Globotruncana species enabled to place an interval 
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Fig. 2. Biostratigraphy (planktonic foraminifera), sedimentary log, bulk mineralogy, clay assemblages, and present-day εNd - εHf isotope compositions of the analysed 
samples from borehole O-A1. Units refer to the classification established by Baby et al. (2019). Planktonic foraminifera abbreviations: R. appenninica = Rotalipora 
appenninica; H. helvetica = Helvetoglobotruncana helvetica; M. coronata = Marginotruncana coronata; G. elevata = Globotruncanita elevata; G. aegyptiaca =
Globotruncanita aegyptiaca; A. mayaroensis = Abathomphalus mayaroensis. Error bars represent the standard deviation (2 μm) calculated for both εNd and εHf. Both 
εNd and εHf isotopic values are reported for t = 0.
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Coniacian-Santonian (89.8–83.6 Ma) around 2706–2751 mbsf, but the 
boundary cannot be determined with certainty. Following the occur
rence of Globotruncanita elevata, distinctive of Campanian age, the 
Santonian-Campanian boundary (83.6 Ma) was placed at 2697 mbsf. 
The occurrence of Globotruncanita aegyptiaca indicative of a late Cam
panian age (ca. 75 Ma) and the last occurrence of Globotruncana ven
tricosa enabled to place the Campanian-Maastrichtian boundary (72.1 
Ma) around 2580 mbsf. The presence of Abathomphalus mayaroensis 
around 2553 mbsf is indicative of a late Maastrichtian age. No charac
teristic Danian fauna was identified. The Globanomalina chapmani 
characteristic of a Selandian-Thanetian age was observed around the 
interval 1550–1340 mbsf, however it was joined by species like Globi
gerinatheka index, which is characteristic of Eocene (ca. 40 Ma). The 
Maastrichtian-Danian boundary (66 Ma) was then placed at 2553 mbsf, 
and the subsequent Cenozoic upper interval was tied to an Eocene age 
(33.9 Ma) around 1340 mbsf.

Based on these planktonic foraminifera fossil assemblages, intervals 
and age boundaries were established following the ICS chronostrati
graphic chart v2023/06 (Cohen et al., 2013; Updated 2023). The age 
model was built using linear regressions between seven tie-points: the 
Aptian-Albian boundary (113 Ma; 4170 mbsf), the Mid-Cenomanian 
(97.2 Ma; 3624 mbsf), the Cenomanian-Turonian boundary (93.9 Ma; 
3570 mbsf), the Santonian-Campanian boundary (83.6 Ma; 2697 mbsf), 
the Campanian-Maastrichtian boundary (72.1 Ma; 2580 mbsf), The 
Maastrichtian-Danian (66 Ma; 2553), and the Eocene stage tentatively at 
1340 mbsf (ca. 34 Ma).

3.2. Analytical techniques

3.2.1. X-ray diffraction (XRD) analyses
XRD analyses were performed for 77 samples for both bulk rock and 

clay fractions (< 2 μm) in the Biogéosciences Laboratory (UMR CNRS 
6282) at the University of Burgundy, France (Supplementary table S1). 
The bulk rock samples were grounded and set in disks adapters while the 
clay fractions were prepared as oriented glass slides. Both set of mea
surements were performed on a Bruker D8 Endeavor diffractometer with 
Cu-Kα radiations, a LynxEye detector coupled to a Ni filter, and under 
40-kV voltage with 25-mA intensity. For the clay fraction (< 2 μm), each 
oriented glass slide was measured three times following the protocol set 
by Moore and Reynolds (1989), including both ethylene glycol and 
heating (490 ◦C) preparation stages. The main intensity peaks were 
identified using the MacDiff software 4.2.5 (Petschick, 2001), and the 
mineral proportions, both for bulk and clay fractions, were determined 
by calculating the area under the basal reflections peaks (d001). For the 
clay fractions (< 2 μm) this calculation was done using the resulting 
diffractograms from the ethylene glycol treatment (Moore and Reynolds, 
1989).

3.2.2. Transmission Electron Microscopy (TEM) observations
TEM analyses were performed on clay fractions from 6 samples 

(Supplementary table S1) at the Agroécologie Institut from the Institut 
National de Recherche pour l'agriculture, l'alimentation et l'environne
ment (INRAE) at the University of Burgundy, France. The samples were 
dispersed in distilled water and 2% v/v butylamine solution and then set 
on a carbon formvar Cu grid. Images were taken using a MET Hitachi 
4800.

3.2.3. X-ray fluorescence (XRF) analyses
Forty samples were processed for major and minor oxides abun

dances (Supplementary table S1) using XRF at the Institut Sciences de la 
Terre, at the University of Lausanne, Switzerland. Fused disks were 
prepared from 1.2 g calcined sample powder mixed with Lithium- 
Tetraborate (1:5 proportions). The measurements were done using a 
wavelength dispersive PANalytical AxiosmAX spectrometer fitted with a 
4 kW Rh X-ray tube. Rock silicate reference materials were used for 
calibration.

3.2.4. Chemical processing for trace element and isotopic analyses
Twenty four samples were grounded and processed (1.3 to 1.5 g of 

powder) through sequential leaching following a procedure based on the 
protocols described in Bayon et al. (2002) and Gutjahr et al., (2007 
—(Supplementary table S1). Carbonates were first removed using 10% 
v/v acetic acid reacting overnight with the samples. After a rinsing stage 
with ultrapure 18.2 MΩ water, the Fe-Mn oxyhydroxide phases were 
removed using a 0.5 M hydroxylamine hydrochloride solution in 20% v/ 
v acetic acid reacting with the samples for 48 h. After another rinsing 
stage with ultrapure 18.2 MΩ water, organic matter was removed using 
a 5% H2O2 solution reacting with the samples for 48 h, to finally be 
rinsed again with ultrapure 18.2 MΩ water. Clay fractions (< 2 μm) were 
separated after this leaching sequence using particle decantation ac
cording to the Stokes law.

After leaching and sampling of the clay fraction (< 2 μm) the samples 
were dried and processed by alkaline fusion following the protocol 
described in Bayon et al., 2009. Three 3 certified reference standards 
(BHVO-2, MAG-1, and BCR-2) from the United States Geological Survey 
(USGS) were also included during the alkaline fusion. Around 50 mg of 
each sample were placed into carbon crucibles together with 0.6 g of 
NaOH, 1.2 g of Na2O2, and 0.5 g of Tm spike. The crucibles underwent a 
heating stage at 650 ◦C during 12 min in a furnace, to then be cooled 
down with ultrapure 18.2 MΩ water, resulting in the precipitation of Fe- 
hydroxides. The samples were then centrifuged, and finally dissolved in 
3,3 ml of 6 M HCl. From this solution, 0.3 ml were extracted for trace 
elements analyses. The Tm spike was added as an internal standard in 
the quantification of trace elements following the method described in 
Barrat et al. (1996).

3.2.4.1. Trace elements. Trace element concentrations were measured 
by inductively coupled plasma mass spectrometry (ICP-MS) on a Thermo 
Scientific X-Series II®, at the Pole Spectrométrie Océan in Brest, France 
(Supplementary table S2). We used standard bracketing with the Tm 
spike to quantify trace elements as described in Barrat et al. (1996) and 
Freslon et al. (2011). Accuracy control and reproducibility were assessed 
analysing the 3 USGS reference standards: BHVO-2, MAG-1, and BCR-2 
(Supplementary table S3). Deviations of trace elements from the refer
ence BHVO-2 (Jochum et al., 2016) were below 14%. For MAG-1 and 
BCR-2 standards, some elements presented higher deviations, in 
particular the light rare earth elements (LREE) at around 20% (Sup
plementary table S3).

3.2.4.2. Hf-Nd Isotopic analyses. Extraction of Hf and Nd for 24 samples 
was performed by ion chromatography using singled customed columns 
with AG50W-X8 (200–400 mesh) resin for REE + Hf, Ln Spec resin 
(50–100 μm) for the Nd fraction, and Ln Spec resin (100–150 μm) for the 
Hf fraction. Column chromatography was performed applying the 
adapted separation protocol for Hf and Nd described in Gaitan et al. 
(2023) for the low pressure, automated column chromatography, 
PrepFAST-MC® system device. Isotopic measurements were performed 
using a MC-ICP-MS Neptune Plus® (ThermoFisher-Scientific) at the 
École Normale Supérieure (ENS) of Lyon, France. Errors are reported as 
2 standard deviations (2 sd).

Hafnium isotope measurements performed at the ENS consisted of a 
static acquisition method of 40 cycles, with an average intensity of 4.3 V 
throughout the session. Ratios were corrected for mass bias through 
exponential law and using the stable isotope ratio 176Hf/177Hf = 0.7235. 
Mass bias corrected 176Hf/177Hf ratios were normalized to a JMC 475 
value of 0.282163 (Blichert-Toft et al., 1997). Repeated measurements 
of bracketed JMC 475 standards during the analytical session gave a 
ratio of 176Hf/177Hf = 0.282270 ± 0.000006 (21 ppm, n = 17). Refer
ence standards BHVO-2 and BCR-2 gave 176Hf/177Hf normalized iso
topic values of 0.283103 ± 0.000020 (70 ppm, n = 3) and 0.282869 ±
0.000004 (14 ppm, n = 1) respectively. Both standards were within the 
range of reference values determined by Weis et al. (2005). Four 
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procedural blanks for Hf were also measured, obtaining values between 
27 and 44 pg (Supplementary table S3).

Neodymium isotope measurements performed at the ENS consisted 
of a static acquisition method of 40 cycles, with an average intensity of 5 
V. Ratios were corrected for mass bias through exponential law and 
using the stable isotope ratio 143Nd/144Nd = 0.7219. Mass bias corrected 
143Nd/144Nd ratios were normalized to a JNdi-1 value of 0.512115 
(Tanaka et al., 2000). Repeated measurements of bracketed JNdi-1 
standards during the analytical session gave a ratio 143Nd/144Nd =
0.511980 ± 0.000009 (18 ppm, n = 16). Reference standards BHVO-2 
and BCR-2 gave 143Nd/144Nd normalized isotopic values of 0.512984 
± 0.000013 (25 ppm, n = 3) and 0.512644 ± 0.000009 (17 ppm, n = 2) 
respectively. Both standards were consistent with the reference values 
determined by Weis et al. (2005). Four procedural blanks for Nd were 
measured as well, obtaining values between 18 and 313 pg, which are 
approximately 1 × 103 times lower than the average concentrations 
obtained for the samples (Supplementary table S3).

Results for hafnium and neodymium isotopic compositions are re
ported in epsilon notation relative to the deviation from the chondritic 
reference material (CHUR) reported in Bouvier et al., 2008, 
176Hf/177HfCHUR = 0.282785 and 143Nd/144NdCHUR = 0.512630: 
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εNd and εHf values are also reported age corrected (t = 80 Ma; 
Table 1). The εHf values were corrected for radioactive decay of 176Lu to 
177Hf using the measured Lu and Hf concentrations (176Lu/177Hf = Lu/ 
Hf * 0.1419), the 176Lu radioactive decay constant λ (1.867 ± 0.008 ×
10–11 year-1; Söderlund et al., 2004), and the present-day 
176Lu/177Hf(CHUR) value of 0.336 (Bouvier et al., 2008). The εNd values 

were corrected for radioactive decay of 147Sm to 144Nd using the 
measured Sm and Nd concentrations (147Sm/144Nd = Sm/Nd * 0.6049), 
the 147Sm radioactive decay constant λ (6.54 × 10− 12 year− 1; Lugmair 
and Marti, 1977), and the present-day 147Sm/146Nd(CHUR) value of 
0.1960 (Bouvier et al., 2008).

Calculations of the epsilon values and ΔεHf were done at 80 Ma to 
interpret the data. This is the age used for the data from site DSDP 361 to 
compare with the source units from the South African Plateau due to the 
significant uncertainties in the age model of the site (Gaitan et al., 2023). 
This age represents approximately the midpoint of the analysed time 
interval.

εNd and εHf values from clay fractions display a correlation that is 
denominated as the “Clay Array” (Bayon et al., 2016). Offsets in εHf 
values from this array are expressed as ΔεHf (Eq. 1) and account for the 
intensity in chemical weathering (Bayon et al., 2016). ΔεHf values were 
calculated using εNd and εHf values at present time (t = 0) and age- 
corrected to 80 Ma, these values are reported in Table 1. Calculations 
of the epsilon values and ΔεHf were done at 80 Ma to interpret the data. 
This is the age used for the data from site DSDP 361 to compare with the 
source units from the South African Plateau due to the significant un
certainties in the age model of the site (Gaitan et al., 2023). This age 
represents approximately the midpoint of the analysed time interval. 

ΔεHf(t) = εHf(t)–(0.78* εNd(t)+5.23 ) (1) 

4. Results

4.1. Bulk rock composition and clay mineral assemblages – XRD analyses

Bulk rock composition measured shows a predominance of quartz 
and phyllosilicates (i.e., clays and micas) along the section, with calcite 
only becoming predominant after the Santonian (~2800 mbsf; ca. 84 
Ma) (Supplementary table S4; Fig. 2). At the base, during the Aptian- 
Albian interval (ca. 114–110 Ma), quartz content increases reaching 
values around 88%. Above, quartz content decreases while phyllosili
cates content increases, reaching values up to 35% in the Turonian (ca. 
90 Ma). An increase in calcite concentrations is observed at the 

Table 1 
Hf-Nd isotopic compositions. Depth interval represents the range from where the sample was taken. Reported depth is the depth used to calculate the sample age and 
plot the data in Fig. 2. Depth and depth interval are reported in meters below the sea floor (mbsf). *Ages were calculated using an age model built from the 
biostratigraphy report by Valicenti et al. (1993). Error accounts for the standard error. ΔεHf was calculated using the clay array correlation: ΔεHf = εHf – (0.78 * εNd +

5.23) published in Bayon et al. (2016). 2σ is the standard deviation calculated for both εNd and εHf.

Sample Depth interval (mbsf) Depth (mbsf) Age (Ma)* 143Nd/144Nd εNd 2σ 176Hf/177Hf εНf 2σ εNd(80) εНf(80) ΔεНf(80)

O-A1/1 2145–50 2147 55 0.512149 − 9.39 0.12 0.282647 − 4.87 0.16 − 8.45 − 3.60 − 2.24
O-A1/5 2235–45 2240 57 0.512132 − 9.72 0.12 0.28267 − 4.08 0.21 − 8.76 − 2.87 − 1.27
O-A1/10 2346–55 2349 60 0.512138 − 9.59 0.13 0.282667 − 4.16 0.18 − 8.66 − 2.97 − 1.45
O-A1/14 2439–45 2442 63 0.512158 − 9.21 0.14 0.282707 − 2.77 0.14 − 8.36 − 1.59 − 0.30
O-A1/16 2481–90 2485 64 0.512164 − 9.1 0.13 0.282716 − 2.44 0.18 − 8.17 − 1.29 − 0.15
O-A1/18 2529–35 2532 65 0.512159 − 9.19 0.14 0.282707 − 2.75 0.15 − 8.30 − 1.63 − 0.39
O-A1/21 2562–71 2560 67 0.51215 − 9.37 0.06 0.282715 − 2.48 0.2 − 8.47 − 1.36 0.01
O-A1/23 2577–83 2580 72 0.512152 − 9.33 0.16 0.282711 − 2.63 0.18 − 8.44 − 1.49 − 0.13
O-A1/24 2583–92 2588 73 0.512142 − 9.51 0.14 0.282679 − 3.74 1.8 − 8.64 − 2.62 − 1.11
O-A1/27 2604–07 2605 74 0.512147 − 9.42 0.17 0.282701 − 2.96 0.2 − 8.52 − 1.86 − 0.44
O-A1/30 2619–25 2622 76 0.51215 − 9.37 0.15 0.282704 − 2.88 0.24 − 8.46 − 1.73 − 0.36
O-A1/33 2637–43 2640 78 0.512145 − 9.47 0.11 0.282693 − 3.26 0.26 − 8.55 − 2.16 − 0.72
O-A1/37 2661–67 2665 80 0.512157 − 9.22 0.17 0.282692 − 3.3 0.25 − 8.23 − 2.09 − 0.90
O-A1/37 (2) 2661–67 2665 80 0.512167 − 9.04 0.12 0.282695 − 3.18 0.17 − 8.23 − 2.09 − 0.90
O-A1/40 2685–94 2690 83 0.512167 − 9.04 0.13 0.282725 − 2.14 0.29 − 8.13 − 1.01 0.11
O-A1/43 2790–96 2792 85 0.512172 − 8.94 0.17 0.282695 − 3.17 0.32 − 7.98 − 2.12 − 1.12
O-A1/46 2943–46 2944 86 0.5122 − 8.4 0.14 0.282696 − 3.15 0.28 − 7.42 − 2.13 − 1.57
O-A1/49 3102–08 3105 88 0.512214 − 8.11 0.17 0.282704 − 2.87 0.4 − 7.14 − 1.77 − 1.44
O-A1/51 3201–07 3204 89 0.512201 − 8.37 0.14 0.282667 − 4.17 0.36 − 7.45 − 3.18 − 2.59
O-A1/52 3255–61 3258 90 0.512208 − 8.22 0.13 0.282668 − 4.12 0.35 − 7.32 − 3.20 − 2.73
O-A1/57 3492–98 3494 93 0.512214 − 8.12 0.13 0.282685 − 3.53 0.31 − 7.14 − 2.53 − 2.19
O-A1/60 3582–91 3587 95 0.512206 − 8.27 0.1 0.282661 − 4.38 0.36 − 7.31 − 3.41 − 2.94
O-A1/63 3624–27 3624 97 0.512183 − 8.72 0.14 0.282693 − 3.24 0.3 − 7.73 − 2.32 − 1.52
O-A1/66 3693–96 3694 99 0.512132 − 9.71 0.14 0.282698 − 3.09 0.29 − 8.63 − 2.06 − 0.56
O-A1/70 3792–98 3795 102 0.512175 − 8.87 0.15 0.282694 − 3.21 0.26 − 7.84 − 2.41 − 1.53
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Cenomanian (ca. 96 Ma). Since the Coniacian, calcite content increases 
in parallel with a decrease in quartz content, while phyllosilicates pro
portions remain stable at values around 35%. The increase in calcite 
content continues up to the Maastrichtian-Paleogene transition, where it 
reaches values around 50%. Between the Danian and the Ypresian, 
quartz and phyllosilicates content increase up to values around 35% and 
40%, respectively. Calcite content decreases from the Danian onwards, 
reaching values close to 20% and only showing a positive excursion 
around the Danian-Selandian boundary with values close to 55%. 
Plagioclase and K-Feldspar are present throughout the section but in 
minor proportions. The percentages along the section are around 8%, 
except for sample O-A1/− 91 at the base of the section with 16% and 
19% for K-Feldspar and plagioclase, respectively. Other minerals like 
pyrite, halite, and gypsum, are also present along the section but in 
proportions lower than 10% (Supplementary table S4).

The clay assemblages at the base of the section are dominated by 
smectite with values close to 75% (Supplementary table S4; Fig. 2). 
However, in the late Aptian (ca. 113 Ma), smectite disappears simulta
neously with the appearance of illite-smectite mixed layer, which rea
ches values around 10%. During the Aptian-Albian interval, illite and 
chlorite increase to values around 50% and 30%, respectively. By the 
early Cenomanian (ca. 100 Ma), illite values decrease to around 15%, 
following an increase in illite-smectite and kaolinite. From the Cen
omanian to the Turonian, most of the clay assemblages remain stable, 
with values around 35% for both chlorite and illite, 15% for kaolinite, 
and around 10% for illite-smectite. Chlorite displays an increase around 
the Turonian-Coniacian transition and chlorite-smectite mixed layers 
start to appear in the late Coniacian (ca. 86 Ma), whereas illite decreases 
to values around 20%. By late Coniacian (ca. 87 Ma), illite-smectite and 
kaolinite disappear concomitantly with the appearance of smectite, with 
illite also showing a decrease to 10%. Since then, smectite increases 
steadily up to the Danian (ca. 65 Ma) where it peaks at values around 
75%. Concomitant with such an increase, chlorite-smectite abundance 
decreases and reaches values around 25% in the Maastrichtian-Danian 
transition. Illite oscillates during this period but displays a subtle in
crease reaching values close to 30% in the Maastrichtian-Danian tran
sition. During the Danian-Ypresian interval, smectite remains the most 
abundant assemblage with values close to 70%, while illite and chlorite- 
smectite decrease significantly to values around 8%. However, during 
the Thanetian, illite shows a continuous increase to values around 20%.

4.2. Hf - Nd isotopic compositions

The measured εHf values range between − 4.8 and − 2.1 ε-units 
throughout the section (Fig. 2; Table 1). During the Albian, εHf values 
remain stable around − 3 ε-units, only to decrease to − 4.3 ε-units in the 
Cenomanian (ca. 95 Ma). Above, values show a slight increasing trend 
up to the late Santonian (ca. 85 Ma), where they reach values around − 2 
ε-units. During the early Campanian there is a drop in the values down to 
− 3.7 ε-units, followed by a very minor increasing trend that continues 
up to the early Danian (ca. 65 Ma), where they reach back to values 
around − 2.5 ε-units. Lastly, the values decrease during the Danian- 
Ypresian to reach a minimum of − 4.9 ε-units. Measured εNd values 
range between − 9.7 and − 8.1 ε-units throughout the section (Fig. 2; 
Table 1). From the Albian up to the early-Coniacian (ca. 89 Ma), εNd 
values display a slight increase from − 8.8 to − 8.4 ε-units, apart from a 
negative excursion (− 9.7 ε-units) in the late Albian (ca. 102 Ma). Above 
the Coniacian, the εNd values display a long subtle negative trend up to 
the Thanetian (ca. 58 Ma), where they reach values around − 9.7 ε-units. 
However, in this interval there is a minor increasing period during the 
Danian, where values show a show a very minor increase from − 9.3 to 
− 9.1 (Fig. 2).

4.3. Major and REE elements

Major oxides concentrations are reported in the Supplementary table 

S5. The SiO2 wt% is predominant among the samples with percentages 
between 24% and 82%. Second in abundance are CaO wt%, Fe2O3 wt%, 
and Al2O3 wt%, with concentrations reaching up to 28%, 19%, and 15%, 
respectively. Other major oxides like MgO wt%, K2O wt%, and Na2O wt 
%, are present at percentages lower than 4 wt%, whereas major oxides 
like TiO2 wt%, MnO wt%, P2O5 wt%, Cr2O3 wt%, and NiO wt%, are at 
percentages lower than 1 wt%.

REE elements for the clay fraction (< 2 μm) are reported together 
with other trace elements in Supplementary table S2. The REE concen
trations for samples below sample O-A1/43 (below 2793 mbsf – 85 Ma) 
display a flat pattern with a very subtle depletion in HREE over LREE 
(Fig. 3). In contrast, samples in the upper part of the section (above 2793 
mbsf – 85 Ma) show REE patterns with a slight depletion in LREE and 
MREE. Additionally, these samples show positive Eu anomalies (Eu/Eu* 
> 1; Supplementary table S2). Such anomalies are likely introduced due 
to undercorrected isobaric interferences associated with high Ba con
tents (>2000 ppm; Supplementary table S2) (e.g., Lidman et al., 2019; 
Zhu and Itoh, 2021), therefore Eu values were removed from the REE 
plot.

4.4. Transmission electron microscopy

Six samples evenly distributed along the section were analysed 
through TEM imagery (Fig. 4; Supplementary table S1). At the base of 
the section (sample O-A1/88; 4151mbsf – 112 Ma) clay particles show 
rather regular textures with defined edges, specially illite particles that 
are present as elongated euhedral prisms (Fig. 4A). By the low-middle 
part of the section (sample O-A1/61; 3607 mbsf – 96 Ma) particle 
texture shows a rather altered structure, and illite-smectite mixed-layers 
(I-S R1) start to appear. The texture shows smaller, thinner, elongated 
and more fibrous particles (Fig. 4B; ‘hairy-like’ type). Above (sample O- 
A1/50; 3155 mbsf – 88 Ma), illite-smectite mixed-layers (I-S R1) seem 
less altered, but still rather long and fibrous (Fig. 4C). Kaolinite also 
starts to become more frequent, with a characteristic hexagonal regular 
shaped texture (Fig. 4C). By the upper-middle part of the section (O-A1/ 
32; above 2635 mbsf – 77 Ma), clay particles show predominantly flaky- 
shape texture, characteristic of smectite particles (Fig. 4D). Thin- 
elongated particles interpreted as illite also become more frequent 
(Fig. 4D).

5. Discussion

5.1. Clay minerals origin

Detrital clay minerals deposited in sedimentary basins are useful 
tracers to understand the evolution of surface continental processes (e. 

Fig. 3. REE concentrations of the clay fraction (< 2 μm) from borehole O-A1. 
REE contents were normalized to the Post-Archean average Australian Shale 
(PAAS; Taylor and McLennan, 1985).
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g., Bougeault et al., 2017; Chamley, 1989; Corentin et al., 2022, 2023; 
Dera et al., 2009; Gaitan et al., 2023). However, clay minerals can also 
form within sedimentary basins through processes such as hydrothermal 
activity, reverse weathering, alteration of volcanic ash falls, or in deep- 
sea conditions by the interaction between sediments constituents and 
seawater (Chamley, 1989; Velde, 1995; Warr, 2022). Clay mineral as
semblages can also be modified after formation or deposition during 
burial diagenesis in the basin (Chamley, 1989; Ketzer et al., 2003; 
Lanson et al., 2002). Therefore, to interpret variations in clay mineral 
assemblages in terms of surface continental processes, clay minerals at 
sedimentary basins should be identified first as detrital particles 
inherited from the landmasses where they were formed and without 
significant alteration.

The clay record of borehole O-A1 shows from top to bottom a clear 
and progressive influence of burial diagenesis, which is common for the 
depths range observed in borehole O-A1 (i.e., > 2500 mbsf; Fig. 2). At 
the top of the section, smectite predominates with minor presence of 
illite and chlorite-smectite mixed layers. Smectite disappears progres
sively with depth, illite-smectite (R1) layers start to appear, and chlorite 
becomes more abundant in chlorite-smectite mixed layers, until only 
illite and chlorite are remaining at the base of the section (Fig. 2). This 
transition in clay assemblages is diagnostic of burial diagenesis. Smec
tites are the most sensitive clay minerals and start to transform into 
illite-smectite mixed layers around 70 ◦C through illitization process, 
until a full transformation into illite is completed (Chamley, 1989; 
Lanson et al., 2009; Nadeau et al., 1985; Surdam and Crossey, 1987; 
Warr, 2022). Illitization and chloritization processes lead to the 

complete transformation into illite and/or chlorite depending on the 
chemistry of fluids and enclosed rocks, in particular the availability of K 
and Mg (Chamley, 1989; Lanson et al., 2009; Warr, 2022). The presence 
of kaolinite from the middle part of the section (ca. 3000–3600 mbsf) to 
the top can still represent a remnant of a detrital component, as kaolinite 
is often more resistant and preserved in diagenetically affected sediment 
deposits under 120–140 ◦C (Chamley, 1989; Lanson et al., 2002; Warr, 
2022). The smectite peak at the very bottom of the section (ca. 4180 
mbsf) is highly unusual at such depths. In this case, this peak is rather 
related to interlayered chlorite-smectite (i.e., corrensite). The presence 
of corrensite has been reported in metabasalts and related to hydro
thermal environments (Bettison-Varga, 1997; Inoue and Utada, 1991), 
which would be consistent in this case as the sediments at the bottom of 
the section are in contact with the basaltic basement that due to the 
depth and temperature could have undergone low-degree 
metamorphism.

The TEM images across the section support this interpretation 
(Fig. 4). Clay mineral textures in the upper part of the section (Cam
panian-Ypresian; 2650–2100 mbsf) indicate a rather detrital origin 
(Fig. 4D). The flake-shaped textures on smectite particles, and the 
polygonal shaped texture of illite and chlorite are indicative of detrital 
origin (Chamley, 1989; Clauer, 1990; Fagel et al., 2001). Below this 
upper part (2650 mbsf; Campanian), the progressive appearance of 
Illite-Smectite (R1) particles with fibrous textures is already indicative 
of illitization, consistent with burial diagenetic processes (Bauluz et al., 
2012; Lanson et al., 2009; Pearson and Small, 1988). Such textures 
become more prominent with depth, as interlayered particles become 

Fig. 4. A) TEM image from sample O-A1/88 exhibiting long elongated regular-shaped illite particles. B) TEM image from sample O-A1/61 showing interlayered 
illite-smectite highly altered, thin, and fibrous. C) TEM image from sample O-A1/50 showing interlayered illite-smectite, showing an elongated fibrous texture. At the 
bottom of the image a hexagonal kaolinite particle can be observed as well. D) TEM image from sample O-A1/32 showing smectite particles and regular polygonal 
illite and chlorite particles.
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smaller, thinner, and occur as elongated fibres (i.e., ‘hairy-like’ textures 
— Fig. 4B-C), which is commonly observed in diagenetic affected se
quences (Lanson et al., 2009; Nadeau et al., 1985). A semi-quantitative 
approach to interpret these clay mineral textures is the calculation of the 
Kübler or ‘crystallinity’ index on illite-smectite interstratified clay par
ticles at the 10-Å X-ray diffraction peak. High crystallinity (i.e., low 
FWHM — Full Width at Half-Maximum height) is associated with clays 
recrystallised during diagenesis, whereas lower crystallinity (i.e., high 
FWHM) is associated with detrital non-altered clay particles (Kübler and 
Jaboyedoff, 2000; Jaboyedoff et al., 2001). This index shows the pro
gressive effect of diagenesis between 2500 and 3800 mbsf, with a pro
gressive increase in crystallinity along this interval of the section (FS2). 
The section above 2500 mbsf shows a shift to lower FWHM values, these 
values are associated with the absence of illite-smectite interstratified 
clay particles, which is also observed in the clay mineralogy with a 
significant increase in the smectite content above 2500 mbsf (Fig. 2). 
This level appears to represent the threshold between the pristine 
detrital clay particles and the clay minerals altered by burial diagenesis 
processes. Similarly, the values around 0.4 observed below 3800 mbsf 
(FS2) seem to be linked to a change in lithology in the borehole, shifting 
from claystones to more silty-sandy sediments. Therefore, illite-smectite 
interstratified clay particles are rather absent in this interval and their 
crystallinity cannot be assessed. REE concentrations can also offer in
sights into the origin of clay minerals (Abbott et al., 2019; Bayon et al., 
2023; Cullers et al., 1975). Excluding the Eu/Eu* anomalies as they are 
likely related to undercorrected high Ba contents in the samples (Fig. 3; 
See section 4.3 — Major and REE elements) (e.g., Lidman et al., 2019; 
Zhu and Itoh, 2021), the REE exhibit predominantly flat patterns, which 
are commonly observed in detrital clays (Fagel et al., 1992; Zhao et al., 
2021). Although there is some variability within the REE patterns, with 
part of the samples showing a slight depletion in LREE, these patterns 
resemble those observed in clay particles derived from large river basins 
(Bayon et al., 2016). More importantly, the REE patterns do not display 
any Ce anomalies accompanied by marked enrichments in HREE char
acteristic of seawater patterns, thus suggesting that authigenic imprints 
during the early diagenesis stages are mostly absent (Nozaki, 2001; Zhao 
et al., 2021). The burial diagenetic imprint observed on clay minerals 
does not appear either to have impacted the REE concentrations. The 
clay mineral assemblages affected by burial diagenesis from below the 
middle part of the section (2700 mbsf; Santonian) display in fact the 
most typical shale-like flat patterns (Fig. 3).

The clay mineralogy, the clay particle textures, and the Kübler index 
indicate clearly that the clay minerals assemblages, at least between 
2500 and 3800 mbsf, have been modified by burial diagenesis, although 
REE patterns seem to be unaffected. This interval within the borehole 
corresponds to most of the late Cretaceous section, and therefore the 
changes in clay mineralogy from borehole O-A1 cannot be interpreted in 
terms of changes in continental denudation processes along the South 
African Plateau.

5.2. Sediment provenance

Sediment provenance in ancient environments has been largely 
assessed through neodymium isotopes (e.g., Goldstein et al., 1984; 
Hindshaw et al., 2018; Peucker-Ehrenbrink et al., 2010). This isotopic 
system is particularly suited for provenance studies because it is rela
tively unaffected by weathering processes (Goldstein and Jacobsen, 
1988; Hindshaw et al., 2018; McCulloch and Wasserburg, 1978) and as 
Nd is a quite immobile element, it is resistant to diagenetic effects (e.g., 
Chakrabarti et al., 2007; Clauer and Chaudhuri, 1995). This is also 
supported by the absence of correlation between εNd(t) and the Kübler 
Index (FS3), suggesting that burial diagenesis did not affect the evolu
tion of εNd values at this site.

The εNd(80) values from site O-A1 are relatively stable around − 8.5 
ε-units throughout the studied interval, except for a radiogenic excur
sion encompassing the Cenomanian to Coniacian interval where values 

reach about − 7 ε-units. The recorded clay εNd(80) values are compatible 
with a mixed contribution of different sediment sources located on the 
western-central areas of the South African Plateau (Fig. 5; Gaitan et al., 
2023). The increase from − 8.6 to − 7.1 in clay εNd(80) values between 
the Cenomanian to Coniacian interval (ca. 97–87 Ma) points to an in
crease in sediment input from rather radiogenic sources (Fig. 6). Such 
contribution could have come from the Saldania Belt located in the 
southwestern African margin (Chemale et al., 2011; mean εNd(80) = − 6; 
Supplementary table S6) or the Karoo basalts (Hawkesworth et al., 1984; 
mean εNd(80) = − 4.8; Supplementary table S6). A concomitant increase 
in P2O5 wt% and clay εNd(80) values during the Cenomanian to Con
iacian interval tends to support contributions from the Karoo basalts 
rather than the Saldania Belt (Fig. 6). P2O5 wt% content is typically high 
(> 0.4 wt%) in volcanic rocks, including Continental Flood Basalts (CFB) 
like the Karoo basalts (e.g., Carlson, 1991; Jourdan et al., 2007). This 
interpretation is consistent with previous works based on thermo
chronometry of kimberlites reporting an episode of enhanced Karoo 
basalt erosion in the 110–90 Ma interval (Stanley et al., 2015). From the 
Coniacian onwards, the clay εNd(80) values decrease, reaching values 
around − 8.5 in the Campanian (ca. 80 Ma), and remaining stable up to 
the Ypresian (Fig. 6). These more negative values indicate increased 
contributions from more nonradiogenic units (i.e., lower εNd values), 
such as the Namaqua Belt (Reid, 1997; mean εNd(80) = − 15.7; Sup
plementary table S6), the Cape Belt (Dia et al., 1990; mean εNd(80) =
− 10; Supplementary table S6) or the Karoo sediments (Dia et al., 1990; 
mean εNd(80) = − 8.9; Supplementary table S6), all located at south
western – central areas of the South African Plateau (Fig. 5). Given the 
nature of these units which include very heterogeneous lithologies, 
further analyses including trace elements and other isotopic systems will 
be required to better constrain their relative contribution to the sedi
ment sources at site O-A1. Importantly, the geological units composing 
the South African Plateau, that provided the sediments deposited in the 
Cape Basin, are largely composed of various metamorphic rocks and 
crystalline basement (Gaitan et al., 2023). A large area was likely 
covered by Karoo basalts during the late Cretaceous, and partly eroded 
during this interval (Stanley et al., 2015), exposing underlying Permian 
and Triassic sediments to erosion. Although it cannot be excluded that 
some clays reworked from these sediments contributed to the overall 
clay budget at site O-A1, we argue here that this part would have been 
limited compared to the clays formed in soil by weathering of the largely 
dominating metamorphic and crystalline basement. This is supported by 
the dominance of smectites in the upper part of the section not affected 
by diagenetic burial. Smectites are very sensitive to diagenesis and is 
unlikely to be inherited from ancient metamorphosed or ancient sedi
mentary rocks (Permian or Triassic).

The changes in contribution from the sediment sources presented 
here can be partially associated with the tectonic uplift experienced by 
the South African Plateau throughout the late Cretaceous. The initial 
phase of the uplift (ca. 93–80 Ma) appears to have modified the sediment 
sources, while the latter phase (ca. 80–70 Ma) only the sediment dis
tribution along the western South African Basins.

The tectonic uplift of the Plateau involves a margin tilting, with a 
first uplift phase (ca. 93–80 Ma) affecting predominantly the eastern 
margin and tilting the African plateau toward the west, followed by a 
second phase (ca. 80–70 Ma) affecting predominantly the western 
margin and tilting the African plateau toward the east (Baby et al., 2019; 
Baby et al., 2018a; Braun et al., 2014; Stanley et al., 2021). This tilting 
has been inferred based on changes in sedimentation rates from the 
basins adjacent to the South African margin (Baby et al., 2019, Baby 
et al., 2018a; Braun et al., 2014; Stanley et al., 2021). Although the onset 
of the first uplift stage is set around 93 Ma (Baby et al., 2019, Baby et al., 
2018a; Braun et al., 2014; Stanley et al., 2021), thermochronological 
data reports erosional cooling as early as 100 Ma (e.g., Flowers and 
Schoene, 2010; Stanley et al., 2013; Wildman et al., 2015). This eastern 
margin uplift could have brought sediments from central areas of the 
Plateau to the Cape Basin, which could be consistent with the increased 
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input of radiogenic sediments derived from the Karoo basalts. The 
switch to more nonradiogenic clay εNd(80) values after the Coniacian 

(ca. 87 Ma) could be related to a decrease in the contribution of radio
genic Karoo basalts that could have been partly eroded by then (Stanley 

Fig. 5. Lithological units from the South African Plateau. The εNd data compilation are as follow: 1) Karoo Basalts (Hawkesworth et al., 1984) 2) Cape Belt and Karoo 
Sediments (Dia et al., 1990) 3) Namaqua Belt (Reid, 1997) 4) Saldania Belt (Chemale et al., 2011). Modified after Gaitan et al. (2023).

Fig. 6. P2O5 wt%, εNd(80) and ΔεHf(80) values for borehole O-A1 (continental slope), εNd(80) and ΔεHf(80) values are also reported for the DSDP 361 core (abyssal 
plain; Gaitan et al., 2023). Values were calculated at t = 80 Ma. 87Sr/86Sr ratios from McArthur et al. (2020). Palaeoprecipitations of the South African plateau are 
based on flora data set (Rayner et al., 1997; Sandersen, 2006; Smith, 1986). Sedimentation rates of the Cape and Orange Basins are estimations done by Baby et al. 
(2019). δ18O records from global benthic foraminifera (black circles) are compiled from Friedrich et al. (2012); including data from Zachos et al. (2008) for the 
Cenozoic. Sea Surface Temperatures (SST ◦C) have been calculated from planktonic foraminifera δ18O and Tex86 data reported in the PhanSST database (Judd et al., 
2024) for paleolatitudes of 40–60◦ and excluding data with a questionable preservation indicated in the DiagenesisFlag of the database. The equation of Erez and Luz 
(1983) with a δ18Oseawater of 0‰ has been used for SST from planktonic foraminifera δ18O, and using the linear Tex86-SST calibration designed for application in 
warm Cretaceous climate (eq. (4) of O'Brien et al., 2017). Sample O-A1/37 was the only sample with a replicate for both the εNd and ΔεHf values, the values were 
averaged, and the mean was used for the plots. A smoothed curve and its 95% confidence interval were calculated for the P2O5 wt% using Kernel regressions 1) Rock 
cooling interval based on multiple AFT and AHe thermochronology data across the South African Plateau (Brown et al., 2002; Gallagher and Brown, 1999; Green 
et al., 2017; Kounov et al., 2009, 2013; Raab et al., 2002; Stanley et al., 2013, 2015, 2015; Stanley and Flowers, 2020; Tinker et al., 2008; Wildman et al., 2015, 
2016) 2) Timing of the South African Plateau margins uplift is based on the erosion-deposition model proposed by Baby et al. (2019). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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et al., 2015) or to an increased input of sediments from nonradiogenic 
units (e.g., Namaqua, Karoo sediments or Cape Belt), which could have 
been progressively incorporated during the later initial part of this first 
tectonic uplift stage (ca. 93–80 Ma; Fig. 6). During the second uplift 
stage (ca. 80–70 Ma), affecting the western margin, sediment redistri
bution occurred, highlighted by a decrease in sedimentation rates in the 
Orange basin and a concomitant increase in the Cape Basin (Fig. 6). This 
change could have resulted from modifications of drainage patterns, 
leading eventually to the merging of the Kalahari and Karoo paleorivers 
into the modern Orange river system that is thought to have occurred 
during the Maastrichtian (De Wit et al., 2009; De Wit, 1999; Goudie, 
2005). Unlike the first uplift stage, this second uplift stage (ca. 80–70 
Ma) does not seem to have had a major impact in the sediment sources 
contribution to the Cape Basin, as by the Campanian (ca. 80 Ma), the 
εNd(80) values have already stabilised and remained quite stable up to 
the Ypresian (Fig. 6).

5.3. Evolution of silicate chemical weathering in the southwestern African 
margin

The evolution of silicate chemical weathering is often investigated 
using major element ratios and indices (e.g., Baiyegunhi et al., 2017; 
Dinis et al., 2020). Among these indices the most commonly used is the 
CIA index (Chemical Index of Alteration; Nesbitt and Young, 1982). 
However, at site O-A1, the impact of burial diagenesis across the section 
could have perturbed the major elements used in this index, especially as 
Na and K are very mobile elements and could have been impacted by 
illitization processes. In addition, this index is sensitive to sediment 
sorting and changes in sediment sources, which vary at this site as 
indicated by changes in lithology and in clay εNd(80) values. Hence, the 
use of the CIA is not adequate for site O-A1. To investigate the evolution 
of silicate chemical weathering intensity, we employed the combined 
Sm-Nd and Lu-Hf isotopic systems from clay fractions, which have 
already been used in both modern and ancient environments and have 
shown to be independent to changes in sediment sources (e.g., Bayon 
et al., 2022, Bayon et al., 2016; Corentin et al., 2022). Additionally, the 
clay εNd and εHf values show no correlation with the Kübler index (FS3), 
suggesting that the burial diagenetic processes identified in this site did 
not affect the clay isotopic compositions.

During magmatic processes, the Sm-Nd and Lu-Hf isotope systems 
behave alike, with mantellic material enriched in Sm and Lu, leading 
with time to more radiogenic εNd and εHf values in mantellic material 
when compared to crustal material. This is highlighted by the correla
tion of crustal and mantellic εNd and εHf material, called the “Terrestrial 
Array” (Vervoort et al., 2011). Conversely, during surface continental 
processes these isotope systems behave differently, leading to a decou
pling between εNd and εHf in weathering products. Autogenic processes 
within sediment transport such as mineral sorting are partly responsible 
for this decoupling, mainly due to the control exerted by zircon over εHf 
values, as zircon is characterized by high concentrations and highly 
nonradiogenic Hf values (Bayon et al., 2006; Carpentier et al., 2014; 
Patchett et al., 1984). In consequence, the clay fraction — usually 
devoid of zircons in comparison to coarser fractions — displays higher 
εHf values (Carpentier et al., 2014; Chauvel et al., 2014; Garçon et al., 
2013). The clay fraction of sediments display a distinct correlation be
tween εNd and εHf values denominated the “Clay Array” (Bayon et al., 
2016). Within the clay fraction, it has been shown that the offset in εHf 
values from the clay array, expressed as ΔεHf, is dependent on silicate 
weathering intensity (Bayon et al., 2016). Enhanced weathering would 
tend to augment the release of radiogenic Hf from easy weatherable and 
Lu-enriched mineral phases (Bayon et al., 2006) into the solutes from 
which clay minerals precipitate, therefore they exhibit an increase in 
their εHf values.

While zircons are typically present in trace amounts within clay 
fractions, if they are present in substantial quantities they can have an 
impact on the evolution of εHf on clay fractions. In our study, Zr 

concentrations of the analysed samples oscillate between 120 and 180 
ppm (Supplementary table S2), which falls within the range of the 
zircon-poor clay fraction and thus discards any significative influence of 
zircons in our εHf values (Bayon et al., 2016; Corentin et al., 2022). Most 
importantly, there is no correlation between Zr concentrations and the 
ΔεHf and εHf values (FS4), indicating that changes in ΔεHf are not 
controlled by zircon abundance, but can be attributed mainly to changes 
in silicate chemical weathering intensity.

Following Eq. 1, ΔεHf(80) values were calculated to assess changes in 
silicate chemical weathering intensity. As for εNd values, an age 
correction of t = 80 Ma has been uniformly applied to the εHf values to 
calculate the ΔεHf(80) (Table 1). This correction corresponds to the 
average age of the analysed time interval. Based on Bayon et al. (2016), 
the increase in ΔεHf(80) values observed from the Turonian to the 
Maastrichtian (ca. 95–68 Ma; Fig. 6) points to a long-term enhancement 
of silicate chemical weathering intensity in the South African Plateau, 
that only decreases after the Cretaceous-Paleogene (K-Pg) boundary. 
The initial increase in ΔεHf(80) values between the Turonian and the 
Coniacian is concomitant to the suggested weathering of the Karoo ba
salts, as previously shown by εNd(80) values and P2O5 wt%. However, 
while there is a shift to more nonradiogenic εNd(80) values around the 
Coniacian (ca. 87 Ma), indicating the input of a different sediment 
source, the ΔεHf(80) still shows a continuing increase in the intensity of 
silicate chemical weathering that extends up to the Maastrichtian. 
Therefore, if weathering of fresh, easily weatherable basaltic material 
could have participated at first to intensify silicate weathering on the 
continent, an other driver is needed to explain the continuing increase in 
ΔεHf until the Maastrichtian that is not related to a change in sediment 
sources.

The new combined εNd and εHf data from site O-A1 support the 
intensification of silicate chemical weathering processes in the South 
African Plateau during the late Cretaceous, which has been depicted at 
the more distal site DSDP 361 (Gaitan et al., 2024). Both sites display 
mostly concordant sediment sources as suggested by the εNd(80) values 
(Fig. 6). However, the geochemical signals recorded at both sites display 
differences in their evolution. While records from borehole O-A1 show 
an enhancement in silicate chemical weathering through an increase in 
ΔεHf(80) values between the Cenomanian to the Maastrichtian (Fig. 6), 
records from DSDP core 361 show an increase from the Campanian to 
the Danian. Part of this discrepancy can be related to the uncertainties in 
the age model from DSDP core 361, which are more pronounced for the 
Turonian-Santonian interval (Gaitan et al., 2023). However, during the 
Maastrichtian-Danian interval where the age model is better calibrated 
for both sites their ΔεHf(80) records clearly differ. These differences in 
the isotopic record during the K-Pg transition could be related to the 
input of different source material into the abyssal plain where the DSDP 
core 361 is located, which would explain differences in εNd(80) values 
between the two sites at that time.

5.4. Insights on climate, erosion, and weathering

Clay mineralogy is commonly used to assess the relative evolution of 
physical erosion (e.g., Corentin et al., 2022, 2023; John et al., 2012), 
however, the clay mineralogy from site O-A1 cannot be used. The clay 
assemblages have been clearly affected by burial diagenetic processes at 
least below 2500 mbsf (ca. 66 Ma), thus their content is not indicative of 
surface continental processes below this depth. Published clay mineral 
assemblages reported for the abyssal plain of the Cape Basin (i.e., DSDP 
361) show an increase in illite and chlorite over smectite during the 
Campanian-Danian interval (Gaitan et al., 2023). This increase in pri
mary clays over secondary clays has been interpreted as a relative in
crease in physical erosion processes, and it is coherent with existing 
thermochronological analyses across the South African Plateau that 
have constrained rock cooling episodes interpreted as enhanced denu
dation during the mid-late Cretaceous (Brown et al., 2002; Gallagher 
and Brown, 1999; Green et al., 2017; Kounov et al., 2009, 2013; Stanley 
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et al., 2013, 2015; Stanley and Flowers, 2020; Tinker et al., 2008; 
Wildman et al., 2015, 2016). The onset of these cooling episodes around 
the margins — interpreted primarily as erosional cooling — are dated 
around 100 Ma and extending up to 70 Ma (Brown et al., 2002; Gal
lagher and Brown, 1999; Green et al., 2017; Kounov et al., 2009, 2013; 
Tinker et al., 2008; Wildman et al., 2015, 2016). Additional AHe data 
(Apatite-Helium) from inner areas of the Plateau have also shown an 
eastern erosional wave between ca. 120 and 60 Ma (Stanley et al., 2015; 
Stanley et al., 2013; Stanley and Flowers, 2020).

These rock cooling episodes have been used to link tectonic uplift 
with enhanced physical erosion and increases in sedimentation rates 
along the South African margin during the late Cretaceous (Baby et al., 
2019, 2018a; Braun et al., 2014; Stanley et al., 2021). The data point to a 
relatively large interval of rock cooling (100-70 Ma), with sedimentation 
rates showing a climax in the Turonian-earliest Campanian interval 
(93.5 to 81 Ma; Baby et al., 2019). Considering the age uncertainties and 
resolution of these thermochronological and sedimentary data, this 
overall interval of high denudation may reflect a single uplift event as 
well as multiple exhumation episodes within this interval. This period 
also corresponds to the main increase in ΔεHf(80) associated with 
enhanced weathering of the margin, suggesting that the tectonic uplift of 
the South African Plateau and associated increase in denudation rates 
during the late Cretaceous resulted in an enhancement of chemical 
weathering intensity.

The increase in silicate chemical weathering intensity recorded by 
ΔεHf(80) data starting from the Turonian onward slightly predates the 
onset of the global climatic cooling recorded during the late Cretaceous 
(Friedrich et al., 2012; O'Brien et al., 2017; Huber et al., 2018). Sea- 
surface temperatures at all latitudes inferred from Tex86 and plank
tonic foraminifera δ18O as well as global deep-sea temperatures from 
benthic foraminifera δ18O record a cooling starting after the Turonian. 
The exact timing of the cooling onset appears to differ depending on 
localities (Petrizzo et al., 2022), within the end-Turonian to the earliest 
Campanian interval, but compilations highlight a phase of more pro
nounced cooling in the Santonian to Early Campanian interval 
(Friedrich et al., 2012; O'Brien et al., 2017; Huber et al., 2018; Petrizzo 
et al., 2022; Judd et al., 2024). If the initial increase in silicate chemical 
weathering intensity may have been favoured by the persistence of a hot 
greenhouse climate up to part of the Coniacian, from the Santonian 

onward ΔεHf(80) values remain stable or slightly increase to reach their 
highest values in the Maastrichtian (Fig. 6). This long-term increase 
from the Turonian to the Maastrichtian (ca. about 90 to 70 Ma) per
sisting even during cooling climate conditions hints to the predominance 
of tectonic over climate as the main driver of weathering processes in the 
studied region, as these later cooler conditions tend to hamper the ki
netics of silicate chemical weathering reactions (Maher, 2010; Riebe 
et al., 2004).

Interestingly, the global seawater 87Sr/86Sr records a concomitant 
increase from the Turonian to the Maastrichtian (Fig. 6; McArthur et al., 
2020). The strontium isotopic composition of seawater is controlled by 
continental Sr fluxes linked to chemical weathering rates and isotopic 
composition of weathered material, and by mantle input from ridge 
spreading. A reduction in oceanic crust production (Van Der Meer et al., 
2014) could have partly contributed to raise the seawater 87Sr/86Sr ratio 
during the late Cretaceous. Yet the striking temporal correspondence of 
increasing 87Sr/86Sr with enhanced weathering intensity depicted by 
ΔεHf(80) and enhanced denudation of the south-eastern African margin 
hints to a possibly increasing contribution to seawater of continental Sr 
weathered from the South African continent. If this hypothesis is 
confirmed, it would imply a concomitant increase of denudation, 
weathering rates, and weathering intensity of the southwestern African 
margin during the late Cretaceous.

The increase in ΔεHf(80) in site O-A1 slightly precedes an increase in 
Ba (ppm) and CaO wt% during the Santonian-Maastrichtian interval (ca. 
85–65 Ma) suggesting also a local increase in marine productivity 
(Fig. 7A). The increase in CaO wt% can be initially linked to carbonate 
productivity, especially due to the presence of the planktonic forami
nifera used to establish the age model of the site. However, to determine 
whether this increase is associated with marine productivity or to a 
detrital input, the fraction of Ba can be normalized to Al to determine the 
biogenic component of Ba (Baxs), which can be used as a proxy to 
determine export production (i.e., carbon flux to the deep ocean) 
(Bridgestock et al., 2019; Dymond et al., 1992; Eagle et al., 2003; Liu 
et al., 2018; Paytan and Griffith, 2007). The evolution of Baxs shows 
indeed an increase during the Santonian-Maastrichtian interval, but 
more importantly appears to show a positive correlation with ΔεHf(80) 
(Fig. 7B). This link suggests that enhanced chemical weathering, 
favouring phosphorus release either from apatite in magmatic rocks or 

Fig. 7. A) Evolution of Ba (ppm) and CaO wt% along the borehole O-A1. B) Linear correlation and its 95% confidence interval between Baxs and ΔεHf(80). Baxs was 

calculated as: Baxs = Batotal −

(
Ba
Al

)

ter
× Altotal. (Ba/Al)ter ratio value used for the calculations was 0.0075, which reflects the average upper crust (Dymond 

et al., 1992).
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from apatite or secondary phosphate-bearing minerals in continental 
soils (Banfield and Eggleton, 1989; Chen et al., 2023), could represent a 
source of nutrients promoting and sustaining high productivity in this 
setting (e.g., Pogge von Strandmann et al., 2013; Yobo et al., 2021; Guo 
et al., 2024). The correlation between increases in silicate chemical 
weathering intensity (based on ΔεHfclays) and nutrient export produc
tion, has already been proposed as a mechanism by which silicate 
chemical weathering can also impact atmospheric CO2 levels. This 
mechanism occurs through enhanced organic carbon burial driven by 
increased nutrient release, in addition to the CO2 drawdown from sili
cate weathering reactions (e.g., Chen et al., 2023; Bayon et al., 2024). 
Analyses such as TOC (total organic content), δ13C, or organic phos
phorus, are however required to get independent insights on the po
tential evolution of export production (Schoepfer et al., 2015).

Our new data from site O-A1 reveals an onset of enhanced silicate 
chemical weathering intensity, which may have been accompanied by 
an increase in chemical weathering rates suggested by seawater 
87Sr/86Sr as early as the Turonian (Fig. 6), thus preceding the onset of 
the late Cretaceous cooling (Friedrich et al., 2012; O'Brien et al., 2017; 
Huber et al., 2018; Petrizzo et al., 2022). This evolution could also have 
potentially contributed to promote and sustain primary productivity 
between the Santonian and the Maastrichtian (Fig. 7). This suggests, for 
the first time, that the increase in silicate chemical weathering intensity 
and possibly rate across the South African Plateau could have contrib
uted as one of the triggering factors in the atmospheric CO2 drawdown 
and subsequent onset of the global cooling trend during the late Creta
ceous. First, through atmospheric CO2 drawdown by silicate weathering 
reactions, and later in the Santonian - Maastrichtian by potentially 
enhancing primary productivity and organic carbon storage sustained 
by enhanced nutrient supply from the South African Plateau.

Importantly, weathering intensity alone does not provide constraints 
on absolute quantities of carbon involved in biogeochemical reactions 
during continental weathering, that requires quantification of weath
ering rates and fluxes. In addition, although our new data point to a 
potentially important role of southern Africa uplift in triggering and 
sustaining the late Cretaceous cooling, enhanced weathering of other 
parts of the world have likely contributed as well. Relief formation has 
been reported around the Tethys linked to the convergence of Africa and 
Eurasia at that time (Chenot et al., 2018, 2021). Tectonic uplifts have 
also been reported on the western African and eastern South American 
margins based of ΔεHf records although starting later in the late Creta
ceous, as the response of chemical weathering strongly depends on local 
tectonic and climatic conditions (Corentin et al., 2022, 2023, 2024). A 
decrease in mantle CO2 degassing has also been suggested to partly 
contribute to this long-term climate cooling (Van Der Meer et al., 2014; 
Brune et al., 2016; Corentin et al., 2022, 2023). Coupled geochemical 
and climate models are now needed to quantify carbon fluxes and 
constrain quantitatively the impact of these processes in atmospheric 
CO2 drawdown and on global climate evolution.

6. Conclusion

Our data from borehole O-A1 suggest, for the first time, that 
tectonically driven enhancement of silicate chemical weathering along 
the South African Plateau might have played a crucial role in the trig
gering of the late Cretaceous global cooling trend that started around the 
Cenomanian-Turonian transition. Additionally, the impact of enhanced 
silicate chemical weathering in CO2 seems to extend beyond the silicate 
mineral reactions, and also could be potentially related to the 
enhancement of primary productivity and organic carbon storage, 
which is a process that also captures carbon.

Our new ΔεHf(80) data indicate an increase in silicate chemical 
weathering intensity and rate from the Cenomanian up to the Maas
trichtian. The early phase (i.e., Cenomanian-Coniacian) of enhanced 
erosion and silicate chemical weathering is linked to the denudation of 
the Karoo basalts. This is supported by εNd(80) and P2O5 wt% data, 

which show patterns relatable to the incorporation of sediments derived 
from basaltic volcanic rocks. The εNd(80) data suggest that the main 
sediment source of the Cape Basin are units from the western-central 
areas of the South African Plateau, including the Karoo basalts, Karoo 
sediments, and potentially the Cape, Saldania, and Namaqua belts. Yet, 
there are some discrepancies between the DSDP core 361 and the 
borehole O-A1 record. Discrepancies in the ΔεHf(80) evolution during 
the Cenomanian-Santonian interval (ca. 97–83 Ma) are likely linked to 
age model uncertainties from the DSDP core 361. Overall, our study 
highlights the pertinence of extended basin analysis using multiple re
cords across the basin to understand and interpret denudation records, 
and to link them with changes in response to climatic and tectonic 
forcings.
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Lidman, F., Laudon, H., Taberman, I., Köhler, S., 2019. Eu anomalies in soils and soil 
water from a boreal hillslope transect – a tracer for Holocene lanthanide transport? 
Geochim. Cosmochim. Acta 267, 147–163. https://doi.org/10.1016/j. 
gca.2019.09.014.

Liu, K., Feng, Q., Shen, J., Khan, M., Planavsky, N.J., 2018. Increased productivity as a 
primary driver of marine anoxia in the lower Cambrian. Palaeogeogr. 
Palaeoclimatol. Palaeoecol. 491, 1–9. https://doi.org/10.1016/j. 
palaeo.2017.11.007.

Lugmair, G.W., Marti, K., 1977. SmNdPu timepieces in the Angra dos Reis meteorite. 
Earth Planet. Sci. Lett. 35, 273–284. https://doi.org/10.1016/0012-821X(77)90131- 
5.

Maher, K., 2010. The dependence of chemical weathering rates on fluid residence time. 
Earth Planet. Sci. Lett. 294, 101–110. https://doi.org/10.1016/j.epsl.2010.03.010.

McArthur, J.M., Howarth, R.J., Shields, G.A., Zhou, Y., 2020. Chapter 7 - Strontium 
Isotope Stratigraphy. In: Gradstein, F.M., Ogg, J.G., Schmitz, M.D., Ogg, G.M. (Eds.), 
Geologic Time Scale 2020. Elsevier, pp. 211–238. https://doi.org/10.1016/B978-0- 
12-824360-2.00007-3.

McCulloch, M.T., Wasserburg, G.J., 1978. Sm-Nd and Rb-Sr Chronology of Continental 
Crust Formation: Times of addition to continents of chemically fractionated mantle- 
derived materials are determined. Science 200, 1003–1011. https://doi.org/ 
10.1126/science.200.4345.1003.

Moulin, M., Aslanian, D., Unternehr, P., 2010. A new starting point for the South and 
Equatorial Atlantic Ocean. Earth Sci. Rev. 98, 1–37. https://doi.org/10.1016/j. 
earscirev.2009.08.001.

Murphy, D.P., Thomas, D.J., 2013. The evolution of late cretaceous deep-ocean 
circulation in the Atlantic basins: Neodymium isotope evidence from South Atlantic 
drill sites for tectonic controls. Geochem. Geophys. Geosystems 14, 5323–5340. 
https://doi.org/10.1002/2013GC004889.

Nadeau, P.H., Wilson, M.J., McHardy, W.J., Tait, J.M., 1985. The conversion of smectite 
to illite during diagenesis: evidence from some illitic clays from bentonites and 
sandstones. Mineral. Mag. 49, 393–400. https://doi.org/10.1180/ 
minmag.1985.049.352.10.

NASA JPL, 2013. NASA Shuttle Radar Topography Mission Global 30 Arc Second. 
https://doi.org/10.5067/MEASURES/SRTM/SRTMGL30.002.

Natland, J.H., 1978. Composition, Provenance, and Diagenesis of Cretaceous Clastic 
Sediments Drilled on the Atlantic Continental Rise off Southern Africa, Dsdp Site 
361. (Implications for the early circulation of the south atlantic).

Nesbitt, H.W., Young, G.M., 1982. Early Proterozoic climates and plate motions inferred 
from major element chemistry of lutites. Nature 299, 715–717. https://doi.org/ 
10.1038/299715a0.

Nozaki, Y., 2001. Rare Earth elements and their Isotopes in the Ocean. In: Steele, J.H. 
(Ed.), Encyclopedia of Ocean Sciences. Academic Press, Oxford, pp. 2354–2366. 
https://doi.org/10.1006/rwos.2001.0284.

O’Brien, C.L., Robinson, S.A., Pancost, R.D., Sinninghe Damsté, J.S., Schouten, S., 
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