
1. Introduction
The Messinian was a time interval that is warmer-than-modern Earth, with pCO2 levels similar to present day, 
between 350 and 410 ppm (Steinthorsdottir et al., 2021; Zhang et al., 2013). All future scenarios over the 21st 
century highlights that global warming will further amplify changes in large-scale atmospheric circulation, 
increasing the monsoon precipitation and associated flooding, e.g., in Africa (IPCC, 2021).

The late Miocene to early Pliocene (7.4-4.5 Ma) are puzzling epochs within the Neogene, in which intense reor-
ganization of atmospheric circulation took plane and led to changes in both hemispheres. Evidences from the 
South America showed that during this interval the Hadley cell strengthened, enhancing subtropical aridification, 
and allowing the expansion of C4 vegetation (Carrapa et al., 2019). Such change was accompanied by northward 
migration of the ITCZ (Allen & Armstrong, 2012) and the westerlies (Allen & Armstrong, 2012; Christensen 
et al., 2021; Groeneveld et al., 2017; Quan et al., 2014). In northern Africa, tectonic changes and reorganization of 
atmospheric circulation led to the Northern African Monsoon weakening, the ITCZ decrease its northern range, 
being more similar to current one, and all this favored the expansion of the Sahara desert (Zhang et al., 2014). 
In a coeval manner, the southeast Asian winter monsoon intensified (Holbourn et al., 2018; Jöhnck et al., 2020). 
Moreover, marine gateways configuration also changed during the late Miocene. Bethic corridor, Rifian Corridor, 
and potentially Gibraltar (marine gateways connecting the Atlantic Ocean and the Mediterranean Sea) began to 
close at that time (Duggen et al., 2003, 2004). Central American Seaway progressively narrowed since 4.8 Ma 
affecting the AMOC (Bahr et al., 2023).
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The Messinian Salinity Crisis (MSC, 5.95-5.33 Ma, Hsü, 1973; Roveri et al., 2014) is an exceptional event. The 
marine records in the Mediterranean have been well studied, but atmospheric circulation is poorly known. During 
the MSC, a complex combination of tectonic activity and/or changes in the glacio-eustatic sea level led to the 
progressive isolation of the Mediterranean Sea and, once isolated, was very sensitive on the rainfall input. As a 
result of the MSC, the Mediterranean Outflow Water (MOW) influx into the Atlantic Ocean was severely reduced 
or ceased (Ng et al., 2022) allowing the formation of a hypersaline deposits (gypsum and halite, salinity >360 g/
kg) from ∼5.9 to ∼5.6 Ma (Roveri et al., 2014). This restriction is suggested to have slowed down the Atlantic 
Meridional Overturning Circulation (AMOC) by ∼15% (Rogerson et al., 2012) as MOW provides considerable 
amounts of the salinity needed for the formation of North Atlantic Deep Water. During the brackish water phase 
from ∼5.5 to 5.6 Ma (salinity <20 g/kg, Roveri et al., 2014) the climate is thought to return to a bipolar mode, 
with cooling in the northern hemisphere (caused by an AMOC collapse) and warming in the southern hemisphere 
(Ivanovic et al., 2014).

Modeling studies suggest the MSC affected sea ice formation in high latitude northern hemisphere (Murphy 
et al., 2009), with a global salinity reduction of ∼6 psu inducing significant sea ice formation (Sun & Liu, 2006) 
in the Labrador Sea, south of Greenland, and around Iceland (Mudie & Helgason, 1983; Vidal et  al., 2002). 
Moreover, the MSC may have intensified the Southern African Monsoon (SAFM) (Ivanović et al., 2014). These 
authors showed through projections regarding boundary conditions from the MSC that some physical parame-
ters were affected in the southern hemisphere. Near our study site, occurred positive anomalies of precipitation 
(∼50%), the sea surface temperature (SST) increased (between 1°C and 3°C), and also the surface air temperature 
showed enhancement (up to 3°C). It was also demonstrated that in regions where surface and intermediate water 
masses “cooled” the atmosphere overlain these regions also cooled. This occurred close to the Northern African 
region. From this, the weakening of the Northern African monsoon is associated to mentioned changes, and thus, 
following the reasoning developed and demonstrated by Ivanovic et al. (2014) one can expect a potential intense 
SAFM to be observed in the entrance of Mozambique Channel.

Our understanding of the SAFM variability and its reconciliation by teleconnection with other global climate 
events, i.e., the MSC, is limited due to the scarcity of suitable paleoclimate archives for reconstructions of 
regional hydroclimate. Modeling predicted that the Mediterranean Sea desiccation took place when northern 
Africa received abundant rainfall (Griffin,  2002; Marzocchi et  al.,  2015) likely due strong northern African 
monsoon in contrast to weak SAFM. However, other modeling data showed that during the acme of MSC the 
northern Africa experienced a clear warming and received low precipitation (Schneck et al., 2010) due to weak 
northern African monsoon in comparison to strong SAFM. Despite such efforts to understand the evolution of 
SAFM and MSC, there is no proxy evidence available at present that reconciles the controversies found by those 
models. Thus, understanding the dynamic of SAFM and its association with MSC during the Messinian is a 
great opportunity to shed light on the mechanism behind the changes in atmospheric circulation and precipitation 
patterns, which may also help constrain accurately future projections of climate change.

Therefore, to unravel this conundrum, we reconstructed the precipitation changes that occurred in the SAFM 
through elemental geochemistry and δ 18O of planktonic foraminifera recorded in the International Ocean Discov-
ery Program (IODP) Site U1476 located at the northern entrance of the Mozambique Channel, Indian Ocean. 
Moreover, to complement our observations from a global perspective of the African monsoon system (north-
ern and southern components) from late Miocene to early Pliocene, we compared in detail our data with the 
Montemayor-1 borehole located in southwestern Iberia (van der Berg et al., 2015) due its association with the 
MOW, which is sensitive to monsoonal input by Nile River and also to the MSC. Moreover, the elemental record 
in Montemayor reflects precession-driven cyclicity in annual rainfall in midlatitude that were considered to be 
synchronous with meridional shifts in the ITCZ.

2. Study Site
Site U1476 was drilled at the northern entrance of the Mozambique Channel, at Davie Ridge (15°49.25′S; 
41°46.12′E), western Indian Ocean (Figure 1) at a water depth of 2,166 m below sea level (mbsf) during the IODP 
Expedition 361 (Hall et al., 2017). Climatologically, strong air-sea interactions via atmospheric cells (Hadley 
and Walker) and the surface Mascarene high over the subtropical south Indian Ocean, drive rainfall oscillations 
in this region (de Oliveira et al., 2018; Kaboth-Bahr et al., 2021; Maslin et al., 2014; Nicholson, 2015). During 
the austral summer, the ITCZ shifts southward concurrently with the Mascarene high (Xulu et al., 2020) forming 
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a north-south pressure gradient which allows a strengthened moisture flux over southern Africa (DeBlander & 
Shaman, 2017; Xulu et al., 2020). These seasonal shifts of ITCZ bring heavy rains through SAFM (most south-
ward position of ITCZ) (Clark et al., 2003; McClanahan, 1988; Tyson & Preston-Whyte, 2000) influencing the 
small rivers catchments near the studied site.

Thus, marine sediments from the western Indian Ocean are potentially an ideal archive for monitoring local 
changes in SAFM as these riverine discharge fluctuations are controlled by monsoon precipitation linked to the 
ITCZ movement (van der Lubbe et al., 2021).

Oceanographically, the entrance of the Mozambique Channel is influenced by tropical and subtropical surface 
water masses, which form an intermittent flow that lasts for a short time and is usually referred as to Mozambique 
Current or Mozambique Channel Throughflow (hereafter MCT, Lutjehams, 2006). Its origin occurs the within 
Indian Ocean subtropical gyre, via the westward flow of the South Equatorial Current (SEC), which reaches 
Madagascar and splits into a northern and southern limb forming the East African Coastal Current (EACC) and 
the hereafter MCT, respectively (Schott et al., 2009). These waters are warm (∼30°C during the summer), strati-
fied year-round, and have low nutrients (McClanahan, 1988). Mesoscale eddies are created per year in this region 
(Schouten et al., 2003) merging at south of the Mozambique Channel (Ternon et al., 2014), triggering cyclonic 
perturbations, causing shedding of Agulhas rings south of Africa, and thus controlling interocean salt and heat 
exchange (Biastoch et al., 2008). Moreover, they act together with riverine input to enhance zooplankton biomass 
and to create habitats for higher-trophic animals (Lutjeharms, 2006).

Figure 1. Location map of the present study, Site U1476 (black star, entrance of Mozambique Channel) and mentioned sites in the discussion from the Atlantic (Ain 
El Beida section; Krijgsman et al., 2004; Montemayor-1 section, Pérez-Asensio et al., 2013; Montemayor-1 borehole, van der Berg et al., 2015; ODP Site 1081, Hoetzel 
et al., 2015; ODP Site 659, Colin et al., 2014), Indian (Site 721, Diester-Haass et al., 2006; Site 758, Gupta & Thomas, 2003; Site U1463, Christensen et al., 2017) 
and Pacific Ocean (Site 1146, Holbourn et al., 2018) over the perspective of modern oceanographic settings (i.e., sea surface temperature, SST). Black arrows indicate 
the surface water masses. MOW, Mediterranean Outflow Water; ITF, Indonesian Throughflow; SEC, South Equatorial Current; NEMC, North Equatorial Madagascar 
Current; EMC, East Madagascar Current; MC, Mozambique Current; AC, Agulhas Current; EACC, East African Coastal Current; SC, Somalia Current; ARC, Agulhas 
Retroflection Current; BC, Benguela Current; AL, Agulhas Leakage; ACC, Antarctic Circumpolar Current. Dashed blue lines represent the ITCZ position during the 
summer and winter of northern hemisphere.
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3. Material and Methods
3.1. Elemental Geochemistry and Granulometric Analysis

The elemental intensities of Si, K, Ca, and Ti were measured at high resolution (1 cm) using an Avaatech XRF 
core scanner at the Scripps Institute of Oceanography (USA). X-ray fluorescence (XRF) data for this study were 
collected over a 1 cm 2 area using 30 s count time, and intensity conditions of 10 and 30 kV. After previous clean-
ing, the surface sediments of core halves were covered with SPEXCerti Ultralene in order to avoid interferences 
such drying and contamination. We exhibited the XRF data in the natural log (ln) of relevant elemental ratios, 
as it provides a more accurate and precise value of sediment composition (Pawlowsky-Glahn & Buccianti, 2011; 
Weltje & Tjallingii, 2008).

Grain size analyses (n = 130) were conducted using a Mastersizer 3000 laser diffraction particle size analyzer 
(Malvern Instruments Ltd.) equipped with a Hydro LV unit at Niigata University (Japan). The measurement range 
for grain size analysis was 0.01–2,100 µm. Particles were separated using an ultrasonic dispersion treatment in 
which samples were placed in a water solution containing 0.2 wt.% sodium hexametaphosphate for 1 min. The 
refractive index was set to 1.580 and the absorption index was set to 0.100 for red laser. The refractive index was 
set to 2.000 and the absorption index was set to 0.100 for blue laser. Measurement time was 5 s per sample for 
both the red and blue lasers and measurements were repeated 5 times. The optimal obscuration for the measure-
ments ranged between 8% and 12%. Clay content (under 3.906 µm) and sand contents (0.062–2,100 mm) were 
calculated using the Malvern Mastersizer software (version 3.1).

3.2. Cyclostratigraphic, Spectral Analysis, and Sedimentation Rate

The use of spectral analysis in our record is divided in two approaches: the first one was carried out on an untuned 
ln(Si/K) ratio to help constrain our high-resolution age model, and the second was accomplished on the paleo-
climate proxy data placed on the ln(Si/K) tuned age model in order to observe the predominant orbital forcing 
signals. In the former, we preprocessed evenly spaced data (0.01 m) by detrending it to 36% and applied spectral 
analysis. In latter, it was detrended by 35% to remove the long-term trend (Cleveland, 1979) by LOWESS smooth 
curve.

The dominant cycles (peaks) and statistical significance test were observed through multitaper method (MTM) 
power spectral analysis (Thomson, 1982) and robust red noise modeling procedure (Mann & Lees, 1996), respec-
tively. All peaks above the confidence level of 95% in the spectral analysis were compared to astronomical 
frequencies from La2004 solution (Laskar et al., 2004). By applying Fast Fourier transform (FFT) (Kodama & 
Hinnov, 2015), we analyzed the evolution of signal frequencies through geologic time. All cyclostratigraphic and 
spectral analysis described below were compiled on the Acycle software package (Li et al., 2019).

3.3. Principal Component Analysis (PCA) and Pearson Correlation Coefficient

We performed PCA through the software Paleontological Statistics—PAST (Hammer et al., 2001) and Pearson 
correlation coefficients on major elements (i.e., Al, Si, K, Ca, Ti, Fe, Br, Rb, Sr, Zr, and Ba) from Site U1476 
sediments. We aimed to comprehend the main factor influencing the geochemical composition of sediments 
gathered in the entrance of Mozambique Channel. The pretreatment applied on the data included normalization, 
subtraction of mean values, and division by standard deviation (Davis, 1986). Principal components (PCs) with 
eigenvalues (axis values) of <0.8 were excluded from the interpretation as they no represent significant influence 
on records. Pearson correlation coefficients were calculated to identify meaningful relationships among PCs and 
elements.

3.4. Oxygen and Carbon Isotopes

We measure δ 18O and δ 13C, on planktonic species Orbulina universa (>150 µm), which is a hyposaline tolerant 
species (Bé & Tolderund, 1971). For each one of the 150 samples approximately 10 shells were handpicked 
under a stereomicroscope. Those ratios were determined through CO2 obtained offline by reaction with 103% 
H3PO4 (Craig, 1957; McCrea, 1950), measured on a second dual-inlet SIRA-II mass spectrometer, at the Servi-
cio General de Análisis de Isótopos Estables (NUCLEUS, Universidad de Salamanca). The isotope results are 
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expressed in per mil (‰) and represents deviations from VSMOW (Vienna Standard Mean Ocean Water) for 
oxygen and PDB (Pee Dee Belemnite) for carbon. Analytical precision was determined by repeated analysis on 
both internal and international reference materials, consisting in ±0.2‰ for δ 18O and ±0.1‰ for δ 13C.

4. Results
4.1. Elemental Geochemistry and Sediment Grain Size

The ln(Ca/Ti) and ln(Si/K) ratios showed similar trend along the entire record. They exhibit the lowest values 
at two depth intervals (172–178 and 209–215 m). The sand fraction displays general flat pattern showing small 
range of variation (0%–2%). Otherwise, the percentual of clays presents a significant gradual drop (black arrow, 
Figure 2) between ∼241 and ∼167 m.

4.2. Oxygen and Carbon Isotope Signal of O. universa

All values of δ 18O values of O. universa from U1476 ranges from −0.5‰ to −3‰. Two smooth enrichments 
can be observed from 200 to ∼182 m and from 174 to 165 m. δ 13C showed high values within a range of 1‰ 
and ∼2.55‰ (Figure 2). A remarkable drop observed in δ 13C values also occurs in δ 18O values between 172 and 
178 mbsf (gray bar, Figure 2).

4.3. Spectral Analysis

The spectral analysis (see Section 3.2) of the untuned ln(Si/K) ratio, revealed that higher power frequency was 
concentrated in two depth intervals (132–171 and 191–242 m) and marked by cycles of 1, 0.8, and 0.6 m above 
the 95% level of confidence from autoregressive model (Figure 3a). Low power frequency was observed in a 
range of 170–225 m and they exhibit cycles of 20 and ∼11 m.

4.4. Statistical Analysis

The PCA of major elements of U1476 sediments exhibits two major PCs that together explain 89.1% of the 
variance of the XRF records (Table 1). PC 1, explaining 80.6% of the total variance, shows high loadings for Al, 
Si, K, Ti, Fe, Rb, and to a lesser degree Zr and Ba (Figure 4). The former elements show correlation coefficients 
higher than 0.95 (Table 2).

5. Discussion
5.1. Age Model and Astronomical Tuning

The age model developed in the present study has precession scale resolution from 7.4 to 4.5 Ma (109.86-m thick, 
131.98–241.84 mbsf of U1476 splice, including holes U1476A, U1476D, and U1476E). Previous astronomically 
dated biostratigraphic data (tie points, Table 3) were used to constrain the age model (Table 4) based on Si/K 
ratio depths tuned to NH summer insolation. The bottom of Ceratholithus acutus has been dated in 5.32–5.35 Ma 
in different sections in the Atlantic Ocean (Backman et al., 2012; Lourens et al., 2004). This event occurred near 
the minimum of the long eccentricity cycle spanning between 5.6 and 5.2 Ma (Backman et al., 2012; Lourens 
et al., 2004). In the same way, the Top occurrence of Discoaster quinqueramus, and the top of Nicklithus amplifi-
cus were recorded at 191 mbsf, and astronomically dated at 5.54–5.59 Ma and 5.94–6 Ma, respectively (Backman 
et al., 2012; Lourens et al., 2004). The number of short-term cycles recorded in the Si/K ratio between the bottom 
of C. acutus and the bottom of N. amplificus assuming a periodicity of 1 cycle every 0.8–1 m fits well with an 
average length of 22,000 years. According to these preliminary ages we can conclude that the short-term cycles 
(0.8–1  m) correspond to precession. Based on these initial chronological constraints the record of Si/K was 
tuned to NH summer insolation, assuming that lower Si/K was related to NH summer insolation minima (see 
Section 5.3). The cyclical patterns in amplitude of the Si/K ratio were used for the tuning, with special attention 
to the low amplitude cycles typically associated to low amplitude variations in precession during eccentric-
ity minima, while high amplitude variations in the precession-driven Si/K cycles were related to eccentricity 
maxima. All the tie points used for the cyclostratigraphic tuning are listed in Table 3. Thus, the studied interval 
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of Site U1476 represents a unique continuous sedimentary succession spanning from late Miocene (∼7.4 Ma) to 
early Pliocene (∼4.5 Ma) (Figure 2e), with sedimentation rates varying from ∼3.5 to 5.5 cm/kyr.

5.2. Interpretation of the Geochemical Cycles

Elemental (Ca/Ti and Si/K ratios) proxies were interpreted together with PCA to comprehend the driving mech-
anism on SAFM evolution during the late Miocene-early Pliocene transition interval. The Ca/Ti ratio measures 
the relative proportion of biogenic calcite (Ca) versus terrigenous matter (Ti) in the sediment and has been often 
related to changes in biological productivity (Ca) versus detrital input (Ti) (Burone et al., 2019; Izumi et al., 2021; 
Maiorano et al., 2015; Riethdorf et al., 2013). Therefore, this proxy may reflect changes in productivity or varia-

Figure 2. Integrated data of Site U1476 plotted against meter below sea floor (mbsf). (a) Similar trend between standardized ln(Si/K) and ln(Ca/Ti) ratios. (b) 
Relatively high values of δ 13C of planktic foraminifera Orbulina universa. (c) Low values of δ 18O from O. universa. (d) Clay fraction exhibited in percentage (%) 
showing significant drop (black arrow) until ∼170 mbsf and following flat pattern (horizontal gray arrow). (e) Flat pattern of sand fraction.
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tions in detrital input to the basin or both. The results of PCA from U1476 elements indicate that ln(Ca/Ti) ratio 
also agree with this previous interpretation. Ca and Ti exhibits opposite loadings (Figure 4) and are coherent with 
a carbonate-based productivity versus detrital input depositional setting. In sites where productivity is almost 
constant during glacial interglacial cycle, ln(Ca/Ti) ratio variations mainly correspond to detrital input, with 
minima in ln(Ca/Ti) ratio corresponding to high riverine input (Ardi et al., 2020; Courtillat et al., 2020; Jaeschke 
et al., 2007).

Figure 3. Age model of Site U1476: (a) Spectral analysis carried out on untuned Si/K ratio data showing the most expressive cycles (20-0.6 m) above 95% of 
confidence level. (b) Purple line is the filtering output of 0.6 m. (c) Si/K ratio untuned records. (d) Summer insolation at 65°N. (e) δ 18O of benthic foraminifer from 
Site 982 (Drury et al., 2016). (f) Tuned ln(Si/K) ratio. Pink vertical lines represents the biostratigraphic datum of the following index taxa: Ceratolithus larrymayeri, 
Ceratolithus acutus, Discoaster quinqueramus, and Nicklithus amplificus. Light yellow shading indicates the correlation between the untuned Si/K ratio, summer 
insolation 65°N, eccentricity, δ 18O values from Site 982, and filtering output.
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To better understand which of the two mechanisms is driving the Ca/
Ti record, we compared it with the Si/K ratio which has been attributed 
to riverine input (Joussain et  al.,  2016; Sun et  al.,  2016). Si associated to 
quartz and coarser siliciclastics (Rodríguez-López et al., 2006) and K to the 
alumino-silicates (clays; Zarriess & Mackensen, 2010; Zarriess et al., 2011). 
Minima in ln(Si/K) ratio can correspond to the enhancements of winter 
monsoon precipitation in the southern hemisphere during glacial periods 
(Wehausen & Brumsack, 2002). The comparison of ln(Ca/Ti) and ln(Si/K) 
ratio throughout the entire U1476 record displays consistent similarity, which 

is corroborated by high r 2 value of 0.78 (Table 2). The difference between both can likely be associated with the 
variations in carbonate productivity or to changes in chemical weathering processes as K is more mobile than Si 
(e.g., Lupker et al., 2013), and therefore low Si/K ratio tend to indicate less intense weathering that do not affect 
ln(Ca/Ti) ratio. In consequence, we relate minima in Si/K ratio and minima in Ca/Ti ratio to maximum detrital 
input to the Mozambique Channel during the late Miocene-early Pliocene associated to intense rainfall periods 
inland. Based on this assumption a period of average higher Ca/Ti and higher Si/K, showing lower rainfall in 
South of Africa was recognized between 6.4 and 5.55 Ma, preceded and followed by two periods of higher detrital 
supply to the Mozambique Channel, the first one centered at around 6.5 Ma and the second near 5.4 Ma. This 
long-term oscillation generates the long-term cycle of ∼20 m seen in the spectral analysis in the depth domain 
(see Section 5.4 and Figure 3a).

5.3. Phase Relationship Between Si/K Sedimentary Cycles and Precession

Sediment color reflectance in U1476 changed as a function of the carbonate content, with higher reflectance, 
whiter colors, indicating higher values of Ca and therefore higher Ca/Ti (Hall et  al.,  2017). During the last 
kyr, especially in the early Holocene, 11 kyr ago, at the time of maximum summer insolation in the northern 
hemisphere, during formation of sapropel 1 in the eastern Mediterranean due to northward shift of the ITCZ 
and maximum intensification of north African summer monsoon, rainfall in southern Africa was minimum, 
as demonstrated by the higher values of ln(Ca/Ti). In contrast, today, with minimum summer insolation in the 
northern hemisphere, ln(Ca/Ti) is minimum, indicating maximum precipitation in southern Africa driven by 
a southward shift of the ITCZ, which was probably caused by an intensification of winter monsoons in the 
northern hemisphere. The strong similarity between northern hemisphere summer insolation and the ln(Ca/Ti) 

PC Eigenvalue Variance (%)

1 8.06 80.63

2 0.85 8.51

3 0.54 5.37

Table 1 
Principal Components of Site U1476 From 135.014 to 241.840 m

Figure 4. Loadings values of two major principal components of U1476 sediments: (a) PC 1 indicates the dominance of 
continental sediments. (b) PC 2 is dominated by Sr and Zr.
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demonstrates the link between both parameters (Figure 5). In consequence, 
we related minimum Ca/Ti with minimum summer insolation in the northern 
hemisphere.

5.4. Orbital Time Scale Variations of SAFM From Late Miocene to 
Early Pliocene

The spectral analysis of ln(Si/K) ratio revealed the predominance of four 
different settings of orbital forcing from late Miocene to early Pliocene. First, 
precessional cycles (23.8 kyr) drove SAFM variability from 7.4 to ∼6.9 Ma 
(Figure 6d). At 6.9 Ma a marked shift of power toward low frequency cycles 
occurred (405-kyr long eccentricity), this is contemporaneous to a marked 
increase in global ice volume (Billups,  2002). At ∼5.9  Ma, the power of 
high frequency cycles decreases in our record until 5.3 Ma (Figure 6d) and 
variability is dominated by long eccentricity. In the early Pliocene, from 5.3 
to 4.5 Ma precessional cycles (23.8, 22.7, and 19.2 kyr) again drive SAFM 
while long eccentricity weakens.

5.4.1. Precessional Pacing of SAFM During Latest Tortonian and Early 
Messinian

Spectral analysis of the ln(Si/K) ratio from U1476 sediments reveals that 
orbital precession is the prevailing driver of variability (Figures 6c and 6d) 

from 7.4 to 6.9 Ma, similar to model simulations (Bosmans et al., 2015; Marzocchi et al., 2015, 2019; Rohling 
et  al.,  2015) and other paleoclimate records such as Cretan sedimentary cycles (Krijgsman et  al.,  1994). 
Precession-dominated fluctuations in monsoonal activity in low-latitude regions are well documented (Huang 
et al., 2018; Liu et al., 2014; Xinzhou et al., 2017). These cycles are driven by oscillations of summer insolation 
in the northern hemisphere (Berger & Loutre,  1997; Milankovitch,  1941; Ruddiman,  2001), resulting in the 
deposition of sapropels (organic rich beds) during periods of more northward position of ITCZ and intensifi-
cation of the northern African monsoon, resulting in high freshwater discharge to the Mediterranean (Wagner 
et al., 2019). Precipitation in tropical Africa, north of the Equator shows an opposite trend compared with our 
studied record. Intense SAFM system during northern hemisphere insolation minimum will increase fluvial input 
associated to higher detrital input, as demonstrated by low ln(Ca/Ti) ratio (Figures 7a and 7b). During this period, 
humid conditions have also been recognized in southwestern Africa, and pollen data from Namibia coast (Site 
1081; Hoetzel et al., 2015) that could indicate a southward extension of the SAFM system compared to present 
days. Thus, during warm conditions with less ice  sheet extent, the monsoon belt would move further north and 
southward.

During at least the last 2  Ma to the present, hydroclimate in southeastern Africa (20–25°S) is controlled by 
interplay between low-latitude insolation forcing (precession and eccentricity) and changes in ice volume at 
high latitudes (Caley et al., 2018). Precession drivers of late Miocene SAFM sedimentary records must affect 
orbital-scale precipitation changes in southeastern Africa and are more closely related to the contrast between 
land and ocean temperatures than to SST changes. At Site U1476, the ln(Ca/Ti) record suggests that strong SAFM 

Elements PC 1

Al 0.97

Si 0.98

K 0.98

Ca −0.99

Ti 0.98

Fe 0.95

Rb 0.95

Zr 0.84

Ba 0.70

Sr −0.52

Note. Bold values represent highest positive correlation coeficients.

Table 2 
Pearson Correlation Coefficient of the Major Principal Component (PC 1) 
of Site U1476 and Studied Elements

Depth (mbsf) Tie point Type Astronomically calibrated age (Ma) Reference

171.163 B—Ceratolithus larrymayeri Bioevent 5.34 Grandstein et al. (2012)

171.963 B—Ceratolithus acutus Bioevent 5.35 Grandstein et al. (2012)

177.977 T—Discoaster quinqueramus Bioevent 5.53 Backman et al. (2012)

191.01 T—Nicklithus amplificus Bioevent 5.94 Grandstein et al. (2012)

239.44 B—Nicklithus amplificus Bioevent 6.82 Backman et al. (2012)

Note. Depths are exhibited in meters below sea floor (mbsf). T, top or terminal occurrence; B, base occurrence.

Table 3 
Tie Points Utilized on Age Model Construction of the IODP Site U1476 for the Late Miocene-Early Pliocene
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(intense riverine input) consistently occurs during precession maxima after 
∼6.9 Ma with this relationship poorly expressed before.

5.4.2. Long Eccentricity Modulation From ∼6.9 to ∼5.9 Ma

At ∼6.9 Ma cyclicity at Site U1476, though still paced by precession, shifted 
to longer-term frequencies (∼405  kyr, Figures  6c and  6d). This shift of 
power frequency recorded by our data agrees with the increase in global ice 
volume registered at ∼6.9 Ma, based on the increase in δ 18O values of benthic 
foraminifera in northeastern Atlantic (Drury et al., 2016; Hodell et al., 2001), 
Equatorial Pacific (Drury et  al.,  2017,  2018) and Indian Ocean (Boulton 
et  al.,  2022). This increase corresponds to ∼40 m of sea level fall (Miller 
et al., 2020). The aforementioned global cooling was also felt in North Atlan-
tic and Equatorial Pacific (Drury et  al.,  2016), and north sector of Indian 
Ocean (Herbert et al., 2016) exhibiting a significant drop.

The dominance of low frequency cyclicity (405 kyr) observed in our data 
from 6.9 to ∼5.9 Ma is also recorded by monsoonal records of eastern Asian 
region (Ao et al., 2021; Berger & Loutre, 1997; Tabor et al., 2018). In the 
northern hemisphere, eccentricity maximum (minimum) will strengthen 
(weaken) the monsoons (Wang,  2019). Our sediments started to be sensi-
tive to long eccentricity since 6.9 Ma, when a northward movement of the 
Southern Ocean frontal system, as registered by planktonic δ 18O data from 
South Atlantic (Site 1088, Tanner et al., 2020). This movement of the fron-
tal system has been related to the Antarctic ice sheet expansion (Grützner 
et al., 2005). The movement of the frontal system can be accompanied by 
atmospheric circulation changes, pushing the westerlies northward. This 
could allow the establishment of a high-pressure cell over South Africa 
(Dedekind et al., 2016), which pushed ITCZ and Mascarene High northward 
(Xulu et al., 2020) during the cold intervals as demonstrated by weak SAFM 
and less riverine input (Figures 7a, 7b, and 8). The relatively cold SSTs from 
Indian Ocean (Herbert et  al.,  2016) give clues of the decreasing moisture 
supply to the continent (due to weakening of easterlies). These long eccen-
tricity cycles can be related to the changes in the dynamics of the carbon 
cycle when intensification of winter monsoon took place associated to global 
cooling around 7 Ma (Holbourn et al., 2018). Obtained δ 13C signal from O. 
universa seems to be registering these long eccentricity cycles (Figure 7d) 
but also could be linked with internal system oscillations like CO2 changes 
(Stap et al., 2020).

5.4.3. Cyclicity During the Latest Miocene and Earliest Pliocene 
(5.9-5.3 Ma)

From ∼5.9  Ma, we observe a weakening in the precessional expression. 
This weakened precession in our records could be explained by (a) a change 
in sedimentation rates (Gorgas & Wilkens,  2002), (b) increased bioturba-
tion, and (c) more influence of ice volume. We did not detect significant 
changes in sedimentation rates so we can discard this factor affecting the 
capacity of our record to discern high frequency orbital shifts (Figures 6b 
and 6d). Records with low sedimentation rates, such as U1476 sediments, 
can be potentially affected by biological disturbance masking high frequency 
orbital signal (Orme et al., 2015; Su et al., 2019), but to date no significant 
changes in bioturbation has been observed in our core in the depth which 
correspond to the discussed period (Hall et al., 2017). During the Messin-
ian glacial period, the ice volume was controlled by obliquity cycles rather 
than precession as shown in the benthic δ 18O record (Drury et al., 2018) as 

Depth (mbsf) Age (kyr)

137.27 4,554

148.13 4,802

149.05 4,837

154.45 4,955

159.29 5,070

163.42 5,184

165.27 5,237

167.12 5,274

172.12 5,402

183.39 5,689

187.67 5,784

190.05 5,846

190.5 5,864

193.28 5,940

194.87 5,992

196.09 6,033

197.24 6,069

200.03 6,145

201.12 6,183

205.08 6,286

206.16 6,331

209.15 6,411

209.87 6,433

211.58 6,488

214.1 6,561

214.88 6,596

216.6 6,647

217.85 6,677

218.67 6,697

221.48 6,779

224.01 6,857

225.26 6,886

226.27 6,918

226.86 6,940

228.35 6,983

229.31 7,005

230.14 7,032

230.78 7,053

234.85 7,167

235.58 7,192

236.35 7,210

Table 4 
Age Model for IODP Site U1476 for Late Miocene (7.4 Ma) to Early 
Pliocene (4.5 Ma) Based on Si/K Ratio Depths Tuned to NH Summer 
Insolation, and Constrained by Previous Astronomically Dated 
Biostratigraphic Data
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may be seen in Figure 10b. This intensification in the impact of obliquity 
over ice volume can mask the expression of precession in the U1476 sedi-
mentary record. Additionally, the increase aridity provided by global ice 
volume rise followed by internal positive feedback as intensification of dust 
flux of Sahara desert since ∼6.9 Ma (Crocker et al., 2022) and the Tethys 
Sea shrinkage (Zhang et al., 2014) could have played a major role in orbital 
forcing sensitivity of this SAFM record. Enhanced aridity in northern hemi-
sphere (i.e., Asian and northern Africa), evidenced by grasses in China (Lu 
et al., 2020; Wang et al., 2019) and temperature gradients, changed the land-
sea heat distribution, promoting atmospheric circulation reorganization and, 
thus, affecting more intensely the SAFM sensibility to the beat of long-term 
pacing from 5.9 to ∼5.3 Ma.

5.4.4. Early Pliocene Cyclicity

The Miocene-Pliocene Boundary (∼5.3 Ma) is well marked in our spectral records and exhibits the resumption 
of low-latitude forcing expressed by higher frequency cycles modulation (23.8 kyr), consistent with the response 
of the East Asian monsoon system (Wang et al., 2019). This orbital shift can be attributed to a warmer Earth 
whose global ice volume declined after 5.5 Ma (Ao et al., 2021). The return of climate system to an interglacial 
condition (Clotten et al., 2019; Fedorov et al., 2013; O’Brien et al., 2014; Salzmann et al., 2011) associated to 
sea level changes might have acted as a low filter pass, favoring the tropical forcing instead of high latitude forc-
ing controlled by ice sheet growth. The orbital forcing of SAFM records during the early Pliocene (5.3-4.5 Ma) 
is quite similar to the interval from 7.4 to 6.9 Ma (Figure 6d) which intense SAFM were linked to maximum 
precession.

Climate modeling indicate that diminished SST gradient along the equator is linked to a Hadley cell weakening 
making its southern branch weaker than the northern branch (Brieley et  al.,  2009). Relatively high smectite/
kaolinite ratio from the Cape Verde Plateau (ODP Site 659, Colin et al., 2014) implies more humid conditions due 
the ITCZ influence and monsoon system during early Pliocene. Comparatively, it is likely that the northern limit 
of ITCZ was similar to its modern position over Africa during the early Pliocene. The weaker southern branch of 
the Hadley cell influenced the southward position of ITCZ, which did not reach Namibia and favored the aridity 
in this region (Site 1081, Hoetzel et al., 2015). Low sedimentation rates and low amplitude in ln(Ca/Ti) ratio from 
our study site reinforces the interpretation of critical changes in atmospheric circulation (contraction of rainfall 
belt in southern hemisphere) during the early Pliocene.

5.5. SAFM and the MSC (5.96-5.33 Ma)

The early restriction of the Atlantic-Mediterranean gateway influence was felt in the Mediterranean Sea since 
7.1  Ma, as shown by benthic assemblage related to oxygen deficiency (Bulian et  al.,  2021; Kouwenhoven 
et al., 1999) and was more intense at 6.9 Ma (Butler et al., 1995; Roveri et al., 2014; Sierro et al., 2003). Previous 
studies indicate a link between Mediterranean thermohaline variations during this period and Antarctic evolution 
associated with a combination of tectonic activity (Capella et al., 2020; Garcia-Castellanos & Villaseñor, 2011) 
and glacio-eustatic variations induced by orbital forcing (Hodell et al., 1994; Ohneiser et al., 2015), which culmi-
nated in the MSC event. At Site U1476, as previously described, we identify a shift toward low power frequency 
(eccentricity) at ∼6.9 Ma linked to an increase in Antarctic Ice Sheet volume.

The dominance of eccentricity forcing recorded in both proxy records from the Mediterranean region at the 
onset of the MSC (e.g., Hilgen et al., 2007) and the U1476 sediments recording the intensity of SAFM, allows 
us to suggest a direct climate teleconnection between both regions. Comparison between the ln(Ca/Ti) ratio 
from Montemayor-1 borehole (southwestern Iberian Peninsula; van der Berg et al., 2015) and U1476 reveals 
similar variability pattern but with probably opposite phase relationship assuming that the relative influence 
of monsoonal precipitation over these regions between 6.4  Ma and the MSC onset was opposite (Figure  8). 
In particular, when strong precipitation took place in southern Africa (low ln(Ca/Ti) ratio), weak precipitation 
evidenced by high ln(Ca/Ti) ratio were recorded in Montemayor-1 record (Figure 9).

On average between 5.8 and 5.6 Ma climate in southern Iberia was progressively more humid, while in south-
ern Africa, this time is characterized by weak SAFM and a drier climate. During the Messinian glacial period 

Depth (mbsf) Age (kyr)

238.64 7,263

239.21 7,283

239.76 7,301

240.53 7,321

241.65 7,342

Table 4 
Continued
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(∼6.4-∼5.55  Ma, Drury et  al.,  2016) the main source of moisture asso-
ciated to the low-latitudes region would have stabilized near the tropical 
region and for this reason the ITCZ was not reaching the south of Africa 
neither the influence of midlatitude moisture reached southern Iberia. 
Persistent high values ln(Ca/Ti) and ln(Si/K) related to weak SAFM and 
relatively dry conditions support this interpretation and are also correlated 
to maximum mean insolation of northern hemisphere. At the MSC acme 
(∼5.55  Ma), we observe the strongest SAFM at Site U1476 activity for 
the entire MSC and minimum in northern African monsoon (orange bar, 
Figure 9). Intense riverine input due a more southward ITCZ position is 
also evidenced by abrupt increasing of potassium (K) content in the north-
west shelf of Australia at 5.5  Ma associated to weathering (Site U1463, 
Christensen et al., 2017). After ∼5.5 Ma, the general opposite trend of rain-
fall in southern Iberia and the SAFM and northern African monsoon is not 
clear, and the northern African monsoon system seemed to be progressively 
weakening (Figure 9).

Benthic δ 18O values reflected global cooling from ∼5.4 to ∼5.6  Ma 
(Montemayor-1 borehole, Pérez-Asencio et  al.,  2013 and planktonic δ 18O 
indicated weaken northern African monsoon (Figure  10, Ain el Beida, 
Krijgsman et al., 2004)). Nevertheless, for studied Site U1476, overall lower 
Ca/Ti points to an increase in precipitation and SAFM intensification. This 
is in agreement with models that predicted the MSC weakened the AMOC, 
which transferred this climate change through the atmosphere favoring a 
southward shift of ITCZ, cooling of north Africa, and warming of south 
Africa (Ivanović et al., 2014). Yet, our data support that the MSC affected the 
atmospheric circulations in a global-scale climate, or at least they occurred 
synchronously.

5.6. Productivity and Rainfall Intensifications During Miocene-Pliocene Transition

At Site U1476, we observed a persistent long eccentricity cycle in the isotope (δ 13C) records of O. universa 
at least from 6.3 to 5.0 Ma (Figure 7d). At the northwestern Pacific Ocean, similar cyclicity in δ 13C of plank-
tic foraminifera between 7.1 and 5.5 Ma, has been associated with the strengthening of winter monsoon 
during an expansion of ice sheets in the northern hemisphere, affecting marine productivity (Site 1143, 
Holbourn et al., 2018). In the studied site, the maximum in productivity occurs when the monsoon is weak 
and is coeval with the most intense paleoproductivity recorded in the west and north Indian Ocean between 
6 and 5  Ma (Site 710, Dickens & Owen,  1999; Site 721, Diester-Haass et  al.,  2006; Site 758, Gupta & 
Thomas, 2003; Site 707, Hempel & Bohrmann, 1990). The comparison of our isotope data with modern 
mean δ 13C value of O. universa (0.55‰, Birch et al., 2013) also indicates stronger biological activity during 
the latest Miocene. These values indicate that our site is also sensitive to the reported late Miocene Biogenic 
Bloom (LMBB) that has been recognized in many regions and took place between ∼8.0 and 4.5 Ma (Drury 
et al., 2018).

Detrended values of O. universa from the Site U1476 δ 18O can also be interpreted as local fresh water input, 
salinity, and temperature changes that can be linked to SAFM activity and/or Mozambique Throughflow changes. 
In near equatorial region, such as Site U1476, temperature variations are small during glacial/interglacial cycles 
(Herbert et al., 2016; Martinot et al., 2022), so fresh water input and salinity may be the main drivers of the 
oxygen isotopic record. Detrended and nondetrended O. universa δ 18O values reached a minimum peak at the 
beginning of the MSC (Figures 7c and 7e) that points to changes in the sea surface conditions. During the latest 
Miocene and MSC acme we show a general decrease in detrended O. universa δ 18O values (gray bar, Figure 7f) 
that is compatible with progressive increase in precipitation. Such interpretation is corroborated by a global 
warming between ∼5.5 and 5.3  Ma evidenced by decreasing δ 18O record of benthic foraminifera (Holbourn 
et al., 2018; Westerhold et al., 2020).

Figure 5. Sedimentological and spectral analysis data of Site U1476 from late 
Miocene to early Pliocene: (a) Stratigraphic profile composed by foraminifer 
ooze. (b) Sedimentation rates expressed in cm per kyr (cm/kyr). (c) Spectral 
analysis exhibiting the peaks above confidence level (95%). (d) Evolutionary 
spectral analysis and four prevailing orbital forcing from 7.4 to 4.5 Ma. 
Dashed horizontal black lines marks the shift of power frequencies. Dashed 
red lines delimits the Messinian Salinity Crisis (MSC).
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Figure 6. Integrated reflectance from U1476 (age scale from Barker et al. (2022)) and summer insolation (65°N, Laskar et al., 2004) curve exhibiting phase 
relationship.

 25724525, 2023, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022PA

004588 by W
elsh A

ssem
bly G

overnm
ent, W

iley O
nline L

ibrary on [29/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Paleoceanography and Paleoclimatology

DE AZEVEDO ET AL.

10.1029/2022PA004588

14 of 20

Figure 7. Integrated data of Site U1476 (X-ray fluorescence, grain size, and isotope geochemistry): (a) Ln(Ca/Ti) ratio 
displaying riverine input versus relative biogenic production. Moving average of 30 points is expressed by dark brown line. 
(b) Ln(Si/K) ratio reflecting riverine input with moving average of 30 points (dark blue line). (c) δ 18O values of O. universa 
expressed in permil (‰) calibrated to Vienna Pee Dee belemnite (VPDB) with expressive long-term variability between 
5.9 and 5.1 Ma (pink line). (d) Relatively high δ 13C values O. universa and its long-term (400 kyr) variability between 
6.2 and ∼5.05 Ma (dark green line, moving average of five points). (e) Detrended δ 18O values of O. universa obtained 
by subtraction of global ice signal. (f) Clay fraction exhibiting decreasing trend (dark purple line, moving average of five 
points). (g) Sand fraction (moving average of five points highlighted by orange line). Dashed horizontal lines represent the 
mean values of ln(Ca/Ti) ln(Si/K) and δ 18O. (h) Global sea level extracted from benthic foraminifera (Miller et al., 2011). 
Gray bar and black arrow indicate the intensification of rainfall. Glacial stages TG22, TG20, TG14, and TG12 are 
represented vertical blue bars.
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6. Conclusion
We reconstructed the SAFM evolution based on the continuous sedimentary record from IODP Site U1476 
(Mozambique Channel) throughout the late Miocene-early Pliocene.

Maximum precession drove intense SAFM from ∼7.4 to 6.9  Ma and during the early Pliocene. Eccentricity 
cycles forced the SAFM contemporaneously to the MSC and synchronous changes have been observed between 
studied area and Mediterranean Sea dynamic. Orbital forcing influence changes in insolation driving global ice 
sheet evolution and SSTs that control SAFM.

During the MSC acme at ∼5.5 Ma, intense SAFM occurred resulted in enhancement of rainfall in the studied 
region. Our results agree with models that predict a disruption of the African monsoonal system during the MSC.

Obtained planktonic carbon isotope record is sensitive to the long eccentricity cycle associated with enhance-
ments of the biological pump and monsoon activity and appear to be sensitive to the Late Miocene Biogenic 
Bloom, observed in other major ocean basins.

Figure 8. Ln(Si/K) from Site U1476 Ma versus (a) long eccentricity (405 kyr) and (b) Gaussian bandpass filtering from latest Tortonian (∼7.4 Ma) to Zanclean (∼4.5 ma).

Figure 9. (a) Comparison of riverine input from Site U1476 (our study, brown line) and Montemayor-1 core (van der Berg et al., 2015, pink line). (b) Stages of 
Messinian Salinity Crisis (MSC, Roveri et al., 2014). Ln(Ca/Ti) values of both sites were standardized in order to make them directly comparable. Orange bar indicates 
the acme of Messinian Salinity Crisis (∼5.5 Ma). Top horizontal bars indicate prevailing orbital forcing. Vertical dashed line highlights the shift of power frequency 
between two-time intervals.
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