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Abstract

Deep-sea records provide valuable information about high-latitude climate variability
during the Miocene Climatic Optimum (MCO), however, records on tropical dynamics remain
underrepresented. Therefore, the aim is to investigate the response of low-latitude climate to
astronomical insolation forcing across the onset of the MCO. We present new high-resolution
TEXss and elemental records from Ocean Drilling Program Site 959 (eastern equatorial
Atlantic Ocean) spanning ~2 Myr (~17.4-15.4 Ma) and analyse these together with other data
from Site 959. Power spectral analysis reveals variability related to periods of ~10 m, ~2.5 m,
~1.5 m and ~0.5 m, corresponding to ~400 kyr eccentricity, ~100 kyr eccentricity, ~50 kyr
cyclicity, and ~19-23 kyr precession, respectively. The astronomical age model is based on
the correlation of bulk carbonate 6*C minima to ~100 kyr eccentricity maxima, using
biostratigraphy and isotope stratigraphy as initial age control. The ~50 kyr cycle originated
from interference between precession and obliquity during which every second, and
sometimes third, precession cycle was amplified by obliquity. Three phases with distinct
climate variability were observed: (1) asymmetrical ~100 kyr variability before the MCO (~17.4-
17 Ma), (2) strong obliquity forcing at the beginning of the MCO (~17-16.5 Ma) during a ~2.4
Myr eccentricity minimum, and (3) symmetrical ~100 kyr variability and ~400 kyr modulation
in the later part of the MCO (~16.5-15.4 Ma). Our results indicate that climate at Site 959,
before and during the MCO, was influenced by both regional monsoon dynamics and high-
latitude (glacial) forcing.




1 Introduction

Deep-sea records provide valuable information about high-latitude climate variability,
however, records on tropical dynamics during the Early/Middle Miocene remain
underrepresented. Climate during the Early and Middle Miocene changed from an early
(unipolar) icehouse world to a warmer climate state of the Miocene Climatic Optimum (MCO)
(~17-15 Ma) (De Vleeschouwer et al., 2017; Miller et al., 2020; Westerhold et al., 2020). The
MCO, referred to as an ‘intermediate deep-time climate analogue’ (Steinthorsdottir et al.
2021), provides a good opportunity to study monsoon dynamics in a warmer climate state,
which is important considering global warming and the large population affected by monsoons.

Deep-sea records show that the Early/Middle Miocene climate was dynamic and
responded to astronomically-forced changes in insolation mainly on ~100 and ~400 kyr
eccentricity scales (Holbourn et al., 2007; 2015; Liebrand et al., 2016). Most atmospheric
pCO; reconstructions for the MCO indicate levels of 400-600 ppm (Foster et al., 2012;
Steinthorsdottir et al., 2019; Super et al., 2018; Zhang et al., 2013), although some studies
suggest higher levels of ~800-1100 ppm (Sosdian et al., 2018; Stoll et al., 2019). The global
mean surface temperature is estimated at ~23-25°C (Burls et al., 2021), significantly higher
than today and near-future estimates (IPCC, 2021). Climate models generally fail to
reconstruct the flattened surface temperature gradient and the full extent of the MCO warmth
as indicated by proxy data (Burls et al., 2021), suggesting that some processes in the climate
system are not fully understood yet.

To date, little is known about African monsoon dynamics during the Early and Middle
Miocene and the transition across the onset of the MCO. Modelling experiments and
sedimentary records covering more recent periods show that the North African monsoon
responded strongly to astronomically forced changes in insolation (Bosmans et al., 2015a;
Larrasoafia et al., 2003). During times of increased summer insolation, monsoonal winds,
moisture transport and continental precipitation were intensified (Bosmans et al., 2015a). At
low latitudes, insolation is mainly affected by climatic precession modulated by eccentricity,
and to a small extent, by obliquity. However, obliquity can influence low-latitude climate
through changes in inter-hemispheric insolation gradients (Bosmans et al., 2015b) or indirectly
by remote high-latitude (glacial) forcing.

Therefore, the aim of this study is to investigate the response of low-latitude African
climate to astronomical insolation forcing across the onset of the MCO. Previously presented
Early/Middle Miocene sedimentary records from Ocean Drilling Program (ODP) Site 959
reveal well-expressed orbital cyclicity (Wubben et al., in prep.). This site is located in the
eastern equatorial Atlantic Ocean, a region affected by the African monsoon. This indicates
that Site 959 is very suitable for our aim. Here, we present new Early/Middle Miocene (~17.4-
15.4 Ma) high-resolution TEXgs and elemental records (biogenic Ba, Fe/Al, V/Al) from ODP
Site 959. These records can be used to reconstruct variations in sea surface temperature
(SST), coastal upwelling, terrigenous sediment input and productivity, which are strongly
related to monsoon dynamics. We analyse the new TEXgs and elemental records together with
the records of bulk magnetic susceptibility (MS), bulk carbonate stable carbon and oxygen
isotopic composition (3*3C and 8'80), and weight% (wt%) CaCOs presented in Wubben et al.
(in prep.). With this multi-proxy dataset we can investigate how different parts of the climate
system responded to astronomical insolation forcing and how the response changed across
the onset of the MCO. In light of future climate change, it is important to understand the
sensitivity of the climate under higher atmospheric CO, concentrations and therefore
understand the processes affecting SST.



2 Background
2.1 Miocene climate evolution

Sediment records from the tropical Pacific Ocean indicate that the onset of the MCO at
16.9 Ma was marked by a sharp ~1%o. decrease in benthic and bulk carbonate oxygen
isotopic composition (3'80), coinciding with a ~0.6%. decrease in benthic and bulk carbonate
carbon isotopic composition (3'3C) and a drop in CaCOs; percentages (Holbourn et al.,
2015). This indicates an intense perturbation of the carbon cycle, with increased carbonate
dissolution and shoaling of the carbonate compensation depth (CCD). The negative d°C
excursion is followed by a rapid recovery and onset of a long-lasting positive 8**C excursion
recognized globally in planktic and benthic foraminiferal records, called the Monterey
Excursion (16.7-13.5 Ma) (Flower & Kennett, 1993; Holbourn et al., 2007; 2014; 2015;
Vincent & Berger, 1985; Woodruff & Savin, 1991). Starting from 14.6 Ma, a stepwise cooling
and/or expansion of the Antarctic Ice Sheet occurred, evident from sustained increases in
080, called the Middle Miocene Climatic Transition (MMCT) (Holbourn et al., 2013). The
Monterey Hypothesis linked the MMCT to drawdown of pCO- due to enhanced organic
carbon burial in a cooling climate (Vincent & Berger, 1985). Although, recently it was
proposed that organic carbon burial increased due to drowning of continental shelfs related
to elevated volcanic carbon emissions, global warming and sea level rise (Sosdian et al.,
2020).

Most atmospheric pCO- reconstructions for the MCO indicate levels of 400-600 ppm
(Foster et al., 2012; Steinthorsdottir et al., 2019; Super et al., 2018; Zhang et al., 2013),
although some studies suggest higher levels of ~800-1100 ppm (Sosdian et al., 2018; Stoll
et al., 2019). The MCO was significantly warmer than today and near-future estimates
(IPCC, 2021), with a global mean surface temperature of ~23-25°C and a weakened
equator-to-pole temperature gradient (Burls et al., 2021). SST reconstructions indicate an
average of 26-30°C for the middle- to high latitude North Atlantic (Super et al., 2020) and
30°C for the eastern tropical Indian Ocean (northwest of Australia) (Sosdian & Lear, 2020).
A bottom water temperature of 11°C was found for the Indian Ocean, ~9°C warmer than
present (Modestou et al., 2020). Climate models generally fail to reconstruct the flattened
surface temperature gradient between the tropics and midlatitudes and the full extent of the
MCO warmth as indicated by proxy data (Burls et al., 2021). Simulations with ~850 ppm
pCO; successfully reconstructed the MCO global mean surface temperature estimate of
~23°C, however, cold SST biases remained in the North Atlantic and Indian Ocean, while
the tropics warmed too much (Burls et al., 2021).

Across the MMCT, in the Indian Ocean, tropical average SST decreased ~2°C
(Sosdian & Lear, 2020) and bottom water temperatures decreased ~3°C, resulting in a
bottom water 580 increase of ~0.6%. (Modestou et al., 2020). The equator-to-pole
temperature gradient steepened (Herbert et al., 2016) and atmospheric pCO
reconstructions indicate a decline of ~100-200 ppm across the MMCT (Foster et al., 2012;
Sosdian et al., 2018; Steinthorsdottir et al., 2019; Super et al., 2018; Zhang et al., 2013).

Climate variability during the MCO was primarily paced by eccentricity, characterized
by high-amplitude (~1%o) 100-kyr variations in benthic 520 and prominent 400-kyr variability
in benthic 3*C with superposed 100-kyr variations (Holbourn et al., 2007; Holbourn et al.,
2014). Warming pulses, expressed by decreases in 5*¥0, coincided with negative shifts in
d'3C and were paced by 100-kyr eccentricity (Holbourn et al., 2014). These transient
warmings concurred with increases in carbonate dissolution (Holbourn et al., 2014) and
might be related to the large ~200 ppm variations in CO; reaching levels of >780-1100 ppm
observed by Sosdian et al. (2018). An aberrant warming pulse occurred at 15.6 Ma, perhaps



superimposed on Milankovitch variability, coinciding with maxima in eccentricity (100 kyr,
400 kyr, and 2.4 Myr amplitude modulation) and obliquity (1.2 Myr modulation) (Holbourn et
al., 2013) and paced by precession (Holbourn et al., 2014). This implies insolation to be a
contributing trigger in the MCO transient warmings. Benthic 380 responded strongly to
precession with lowest values occurring during high eccentricity when Earth reached
perihelion in January (De Vleeschouwer et al., 2017). This suggests that Antarctic ice cover
and/or deep water temperature (represented by benthic 5'80) was mainly dependent on
southern hemisphere summer insolation.

2.2 Regional setting

The latitudinal position of the Intertropical Convergence Zone (ITCZ) shifts seasonally
following sensible heating over the continent (Figure 1). During boreal summer, the ITCZ is
centered over the North African continent at ~18°N (Trauth et al., 2009). Southwest (SW)
monsoons carry moisture from the tropical Atlantic into North Africa, converging with the dry
northeast (NE) trades at the ITCZ. Here, dust is mobilized and transported westward by the
Saharan Air Layer (SAL) at mid-tropospheric levels (Trauth et al., 2009). During boreal winter,
the ITCZ shifts southward to the Guinea coast and into the southern hemisphere African
continent. Surface airflow over North Africa is dominated by the NE trades. A specific part of
the NE trades, the Harmattan, transports dust from the Bodélé depression in Chad to the
equatorial Atlantic (Prospero et al., 2002; Stuut et al., 2005; Trauth et al., 2009).

The Comoé River discharges into the Gulf of Guinea on the east side of lvory Coast.
However, sediment transport is effectively canalized, probably since the Oligocene, and
therefore does not significantly influence Site 959 (Wagner, 1998). The main currents in the
equatorial Atlantic are the westward flowing North Equatorial Current (NEC) and South
Equatorial Current (SEC) and the eastward flowing Equatorial Undercurrent (EUC) (Norris,
1998a) (Figure 1). The EUC carries cool, saline water from the South Atlantic and is deflected
northward into the Gulf of Guinea, producing a strong thermocline (Norris, 1998a). The Guinea
current flows eastward into the Gulf of Guinea and is enforced by the North Equatorial
Countercurrent (NECC) during boreal summer when the ITCZ moves northward (Norris,
1998a). Prior to the establishment of the Guinea Current at ~5 Ma, it was hindered by a too
southerly position of the Guinea coast (<2.5°N) (Norris, 1998a). In the eastern equatorial
Atlantic, oceanic upwelling occurs along the Equatorial Divergence Zone (Wagner, 1998) and
wind-induced coastal upwelling occurs off Ivory Coast and Ghana during boreal summer due
to the combination of the Guinea Current and winds flowing parallel along the coast (Vallé et
al., 2017; Wagner, 1998). A minor coastal upwelling event occurs during boreal winter due to
the displacement of the ITCZ and corresponding wind systems (Wagner, 1998; Wagner,
2002). Present-day SST in the Gulf of Guinea varies seasonally between ~25°C in summer
and ~29°C in winter (Djakouré et al., 2017).
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Figure 1. Generalized atmospheric circulation patterns (A-B) (Wagner, 1998) and major
currents (C-D) (Norris, 1998a) during boreal summer and winter in the region around Site 959.
A-B: Solid arrows = surface wind, open arrows = mid-level African Easterly Jet (AEJ) and
Saharan Air Layer (SAL), dark grey shaded area = dust source area, light grey shaded area
= seasonal dust plume. C-D: Solid arrows = surface currents , dashed arrows = undercurrents.
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3 Material and methods
3.1 Material collection and site information

The material was collected during ODP Leg 159 at Site 959 hole A, located at 2102 m
water depth in the eastern equatorial Atlantic Ocean ~120 km offshore of Ivory Coast
(8°37°39.5”N, 2°44°6.7”W) (Figure 1) (Mascle et al., 1996). Site 959 is located on the southern
edge of the Deep Ivorian Basin (DIB), just north of the top of the Céte d’lvoire-Ghana Marginal
Ridge (CIGMR). The CIGMR and DIB were formed due to the opening of the equatorial
Atlantic during the early Cretaceous (Basile et al., 1993). At 17 Ma, Site 959 was located at a
latitude of around 1°26°24”S (Van Hinsbergen et al., 2015).

Drilling at Site 959A resulted in a penetration of 480.7 m and an average core recovery
of 94.9%. Shipboard and post-cruise age assessment suggest that a nearly complete
Neogene section was recovered (Mascle et al., 1996; Norris, 1998b; Shafik et al., 1998; Vallé
et al., 2017). The relatively shallow bathymetric position near the top of the marginal ridge
allowed the recovery of relatively unaltered and undisturbed sediments.



This study focusses on Early to Middle Miocene sediments from cores 22X-26X (~218-
268 rmbsf), retrieved using an Extended Core Barrel (XCB). The lithology was described as
nannofossil chalk and clay, with interbedded diatomite in the lower part (23-26X) (Mascle et
al., 1996). Alternations in sediment color were observed from light to dark, in which generally
siliceous phases represent the darker lithology and clay/calcareous phases represent the
lighter lithology (Mascle et al., 1996). Individual lithologies range in thickness from 10 to 80
cm (Mascle et al., 1996).

A revised meters below sea floor (rmbsf) depth scale was established by assuming 50
cm gaps at core breaks, based on triple-cored intervals in the Pliocene part of the section
(Vallé et al., 2017). The cores were sampled continuously at the Bremen Core Repository at
~2 cm intervals.

We used the bulk magnetic susceptibility (MS), bulk carbonate stable carbon and
oxygen isotopic composition (d3C and 5'®0) and wt% CaCOj; records presented by Wubben
et al. (in prep.). Additionally, we generated new records of GDGT distribution (incl. TEXss) and
elemental records. For the interval 22X-26X (~218-268 rmbsf), MS was measured on an
average resolution of ~4 cm, bulk isotopic composition on ~5 cm resolution, elemental
composition on ~30 cm resolution for cores 22X-23X and on ~10 cm resolution for cores 24X-
26X, and GDGT distribution on ~10 cm resolution.

3.2 Glycerol dialkyl glycerol tetraethers (GDGTS)

At Utrecht University, the samples were freeze-dried and cleaned by scraping of the
outer surface layer to avoid contamination. The samples were crushed using a mortar and
pestle to a fine powder. 25 ml of dichloromethane (DCM):methanol (MeOH) (9:1, v/v) was
added to ~5 g of powdered sample material, after which microwave extraction was performed
at a temperature of 70°C. At least 1 blank solution was included per 21 samples, subjected to
all steps of the procedure. The extract was separated from the sediment and 99 ng synthetic
C4 GDGT (m/z 744) internal standard was added. The extract was concentrated under a flow
of nitrogen until most of the solvent was removed. To remove residual water and sediment,
the extract was filtered using a column plugged with extracted cotton wool and 1-1.5 cm of
Na.SO. powder. The filtered extract was concentrated in a 30°C heating block under a flow of
nitrogen to remove all solvent, resulting in the total lipid extract (TLE).

The TLE was separated into different polarity fractions by alumina oxide (AlOy) column
chromatography. The column was plugged with extracted cotton wool and ~4 cm of AlOx
powder. Firstly, the apolar fraction was eluted using hexane:DCM (9:1, v/v), followed by the
neutral fraction using hexane:DCM (1:1, v/v), and lastly the polar fraction using DCM:MeOH
(1:1, v/v). The fractions were concentrated in a 30°C heating block under a flow of nitrogen to
remove all solvent. The masses of the fractions were determined by weighing the filled vials
and subtracting the empty vial mass.

The polar fractions were dissolved in hexane:isopropanol (99:1, v/v) to a concentration
of ~2 mg/ml. 50 pl of this fraction was filtered over a 0.45 pum polytetrafluoroethylene (PTFE)
filler to remove any undissolved particles. Measurements were performed by high
performance liquid chromatography — mass spectrometry (HPLC-MS) using an Agilent 1260
Infinity series HPLC coupled to an Agilent 6130 single-quadrupole mass spectrometer in
selected ion monitoring (SIM) mode, following Hopmans et al. (2016). Peak areas in the mass
chromatograms were calculated to determine relative GDGT abundances. For the terminology
of isoprenoid and branched GDGTs we follow Sluijs et al. (2020) and Weijers et al. (2014).

The TetraEther indeX of tetraethers with 86 carbon atoms (TEXgg) is a proxy for annual
mean SST, based on the relative abundance of four isoprenoid GDGTs produced by
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Thaumarchaeota in the upper water column (Schouten et al., 2002). SST was reconstructed
using the calibration of Kim et al. (2010), based on an extended marine core-top dataset and
satellite-derived SST, excluding data from the Red Sea and (sub)polar oceans, applicable for
SST >15°C:

[GDGT — 2] + [GDGT — 3] + [Cren’]
[GDGT — 1] + [GDGT — 2] + [GDGT — 3] + [Cren']

TEXL. =logTEXge = log

SST (°C) = 68.4 TEXLL + 38.6 (£2.5°C)

The Branched and Isoprenoid Tetraether (BIT) index was used to track the contribution
of terrestrially-derived isoprenoid GDGTs. The BIT is based on the relative abundance of
branched GDGTSs, which are mostly soil-derived, and crenarchaeol, which is dominantly
marine-derived (Hopmans et al., 2004; adjusted to include branched GDGT isomers):

la+1la+Ila" + Illa + 11a'

BIT =
la+1la+1Ia’" 4+ 1lla+ Illa’" + Cren

The BIT index mainly reflects fluvial transport of terrestrial organic matter (Hopmans et
al., 2004). TEXss-derived SSTs are considered unreliable for BIT values above 0.3 or 0.4
(Weijers et al., 2006).

Several other indices were calculated to assess potential biases in TEXgs-derived SSTs:
Ring Index (RI) and ARI (Zhang et al., 2016), Methane Index (MI) (Zhang et al., 2011), GDGT-
2/crenarchaeol ratio (Weijers et al., 2011), GDGT-0/crenarchaeol ratio (Blaga et al., 2009),
GDGT-2/GDGT-3 ratio (Taylor et al., 2013), #ringstra (Sinninghe Damsté, 2016), and llla/lla
ratio (Xiao et al., 2016) (supplementary information).

3.3 Elemental records

Quantitative bulk elemental composition was measured with Inductively Coupled
Plasma — Optical Emission Spectroscopy (ICP-OES) as described in Wubben et al. (in prep.).
Biogenic barium (Bawio) is used as a proxy for export productivity (Dymond et al., 1992). At
sites with significant terrestrial input, the barium signal in sediments may be strongly
influenced by detrital barium present in aluminosilicates (Dymond et al., 1992). The Bayi, signal
was estimated by correcting the measured total Ba concentration for the detrital contribution
(Dymond et al., 1992):

Ba
Bapio = Batotar — (Al X ( ) )
Al detrital

Babio = Batotal - (Al X 00029)

This approach is accurate at sites where <50% of Ba is aluminosilicate Ba (Dymond et
al., 1992). It was assumed that all Al is off aluminosilicate origin, the (Ba/Al)getital ratio can be
estimated independently, the (Ba/Al)qerital ratio remains constant over the studied interval, and
the measured Ba signal only consists of biogenic and detrital Ba. We assumed a (Ba/Al)getital
value of 0.0029, as this resulted the lowest positive Bai, values (a value >0.0029 resulted in
negative Bauio values).

From the measured elemental concentrations, we calculated several other elemental
ratios to reconstruct variations in terrestrial input and redox-conditions: Fe/Al, V/Al, and
additionally Ti/Al, K/Al, and Mg/Al for validation purposes (supplementary information). Al was
used as normalization parameter as it generally behaves conservatively (Calvert & Pedersen,
2007).



3.4 Age model and spectral analysis

Acycle (Li et al., 2019) was used for depth and time series analyses. Depth/time series
were sorted, interpolated to uniformly spacing, and detrended to remove long-term trends.
Power spectral analysis was performed in the depth/time domain using the multi-taper method
(MTM) robust AR(1) model. For statistical significance, 95% confidence levels (CLs) were
indicated. Band-pass filtering was applied to isolate specific frequency components present in
the depth/time series using the Gauss algorithm. Evolutionary spectral analysis was
performed to evaluate changes in spectral power with depth/time. The coherence and phase
were calculated between a reference and a series for specific frequencies. The phase in
degrees was converted to phase in kyr:

period (kyr)

Phase (kyr) = 360°

X phase (°)

For conversion to the time domain, we used an adapted version of the orbitally-tuned
age model presented by Wubben et al. (in prep.). Initial age control was based on calcareous
nannoplankton, planktic foraminifer and diatom biostratigraphy (Mascle et al., 1996; Norris,
1998b; Raffi, pers. comm.; Shafik et al., 1998; Witkowski, pers. comm.) and isotope
stratigraphy.

4 Results
4.1 Description of the records

The data is plotted against depth in Figure 2. Values of 3*C gradually increase from an
average of 0.2%o in cores 26-25X to 0.5%o in core 24X to 1.2%o. in cores 23-22X. Values of
080 decrease from an average of -1.1%o in core 26X to -1.6%. in cores 25-23X and then
increase to -1.3%o in core 22X. MS increases from an average of 5.7E-8 m3/kg in core 26X to
8.4E-8 m¥/kg in cores 25-22X. CaCOs values fluctuate between 0 and 60%. Several large and
steep decreases of up to 40% are recorded in cores 25-24X. In core 26X, TEXg-SST
fluctuates between 26.2 and 30.8°C with an average value of 28.2°C. In cores 25-22X, TEXge-
SST fluctuates between 27.1 and 33.0°C with an average value of 30.0°C. The highest SST
of 33.0°C is reached at 221.05 rmbsf and the lowest SSTs are recorded in core 26X. The BIT
index varies between 0.0 and 0.5. Out of the 477 measurements, 24 values are above 0.3 and
7 values are above 0.4. All values >0.4 occur in core 25X and are indicated in the TEXgs-SST
record (Figure 2). The other calculated GDGT ratios do not suggest TEXgs is affected by
nonthermal processes (supplementary information).

Baui, varies between 29 and 2103 ppm and the record is characterized by large peaks
with significantly lower peaks in between. These large peaks reach >850 ppm in cores 26-
24X. Peaks in lower-resolution part of the record (23-22X) are less defined, possibly due to
the lower sampling resolution in this interval. The Bauic peaks correspond to darker layers seen
on the core photos (Figure 2). The Fe/Al and V/Al records resemble the Baui, record, with clear
peaks corresponding to large Bawic peaks and smaller peaks in between. Records of Ti/Al, K/Al
and Mg/Al display similar patterns (supplementary information). Fe/Al varies between 0.33
and 1.22 ppm and V/Al between 0.0011 and 0.0030 ppm.

From ~260 rmbsf, the lithology gradually darkens and then sharply switches back to light
grey at ~257 rmbsf. Between ~259 and ~257 rmbsf, 3°C decreases by 1.31%., 30
decreases by 1.11%o, and TEXgs-SST increases by 5.1°C. From ~260 rmbsf, MS decreases
and then gradually increases to reach its average of 8.4E-8 m¥kg from 256.9 rmbsf. CaCO3
decreases to 3% at 257.7 rmbsf and then increases sharply to 51% at 257.1 rmbsf. Two Bauio
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peaks of >1000 ppm occur between ~260 and ~257 rmbsf. The first peak concurs with high
values of Fe/Al and V/Al and the second peak concurs with the second-highest Fe/Al peak of
the whole interval and with high V/AI.

Regular alternations of ~10, ~2.5-3, ~1.5-2 and ~0.5-1 m are recognized between ~258-
218 rmbsf (cores 25-22X). Between ~268-258 rmbsf (core 26X), 4 m variations are observed
instead of ~2.5-3 m variations. Generally, minima of 3'*C and &0 correspond to maxima of
CaCO;3 and TEXgs-SST and minima of Bapio. Stronger minima, occur every ~2.5-3 m for 380
and every ~2.5-3 and ~10 m for 8**C and correspond to increased amplitudes of small-scale
fluctuations. In the TEXgs-SST record, bundles of relatively high SST peaks occur every ~2.5-
3 m and are separated by lower SST peaks and more pronounced SST minima. These
bundles are asymmetrical in core 26X and relatively symmetrical in cores 25-22X. Deviations
from this bundling pattern are observed in the intervals ~258-243 rmbsf and ~237-232 rmbsf.
In core 25X, pronounced SST minima occur every ~1.5-2 m and concur with BIT index minima.
The pronounced Bayic peaks in cores 25-24X occur regularly every ~1.5-2 m and are
separated by two or three ~0.5-1 m fluctuations with significantly lower amplitude. They concur
with pronounced TEXgs-SST and CaCOs minima. Intervals with lower amplitude variation are
recognized from ~248-246 rmbsf in the MS record and from ~238-233 rmbsf in the 3'°C, §'¥0
and MS records, which overlap with intervals in the TEXgs-SST record with deviating bundling
patterns. Highest variation in the 3'3C and d'20 records is seen in cores 26, 25 and 22X.
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Figure 2. ODP Site 959 records of core colour (A), bulk carbonate 3'3C (B), 520 (C), MS (D),
wt% CaCO:s (E), TEXgs-SST (F), BIT (G), Bawio (H), Fe/Al (1) and V/AI (J) plotted against depth.
The colour record is derived from core photos (Wubben et al., in prep.). The records span from
~268 to ~218 rmbsf corresponding to cores 26-22X. F: TEXgs-SST values with a BIT index
>0.4 are marked by black crosses. G: the BIT threshold of 0.4 is indicated by the dashed black

line.
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4.2 Spectral analysis and bandpass filtering in the depth domain

Spectral analysis in the depth domain is in line with the visual observations and reveals
four frequency bands in which significant spectral power is regularly found: 0.085-0.12 m?,
0.22-0.5 m*?, 0.5-0.65 m™* and 0.85-2.1 m, corresponding to periods of 11.8-8.3 m, 4.5-2 m,
2-1.5 m and 1.2-0.5 m, respectively (Figure 3). Significant spectral power in the 0.85-2.1 m?
(2-1.5 m) band is present in all depth series. Power in the 0.085-0.12 m* (11.8-8.3 m) band
reaches only above the 95% CL in the spectrum of 8*C. Power in the 0.22-0.5 m (4.5-2 m)
band is strong in spectra of 8'3C, 80, TEXgs-SST, Fe/Al and V/Al. The spectrum of Bayio iS
dominated by power in the 0.5-0.65 m* (2-1.5 m) band, which is also strongly present in
spectra of Fe/Al and V/AI.

Bandpass filtering of 8*C and TEXss-SST shows good correspondence in terms of
pacing and amplitude modulation between ~0.5, ~2.5 and ~10 m cycles (Figure 4). Higher
amplitudes of the ~0.5 m cycle mostly occur during ~2.5 m d*C minima and ~2.5 m TEXss-
SST maxima. Amplitude modulation of the ~2.5 m cycles approximately follows the ~10 m
cycle, with highest amplitudes corresponding to ~10 m 3*C minima and ~10 m TEXgs-SST
maxima. In the lower interval (~258-248 rmbsf), the ~10 m filter is slightly displaced from the
peak of amplitude modulation at ~254 rmbsf. Usually, one ~10 m cycle contains four ~2.5 m
cycles and one ~2.5 m cycle contains four or five ~0.5 m cycles. The ~1.5 m cycle in the Baio
series follows the large Bawio peaks, while the ~0.5 m cycle also follows the lower-amplitude
fluctuations and correlates with ~0.5 m cycles in the 5*3C and TEXgs-SST series (Banic maxima
correlate with 3*C maxima and TEXgs-SST minima) . One ~1.5 m cycle consists of two or
three ~0.5 m cycles.
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Figure 3. Power spectral analysis (MTM) in the depth domain of 3'3C (A), 50 (B), MS (C),
wt% CaCOs (D), TEXgs-SST (E), Bavio (F), Fe/Al (G) and V/AI (H) (black). The 95% CL is
indicated in red. The numbers indicate the periods (in m) of specific peaks.
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Figure 4. Bandpass filtering of ~0.5 m (light grey), ~2.5 m (blue) and ~10 m (dark grey) cycles
for 8*3C (B), TEXss-SST (D) and Bawi, (F) depth series in the interval ~258-~218 rmbsf (cores
25-22X) compared to the interpolated and detrended series (A, C, E). 3°C and TEXgs-SST
were detrended using the LOWESS method and Bayis was demeaned. 8*3C was filtered at
frequencies of 0.9-2.1, 0.26-0.415 and 0.085-0.12 m™*, TEXg-SST at 0.937-2.02, 0.22-0.5 and
0.065-0.18 m1, and Bayi, at 0.93-1.71 and 0.5-0.65 m™. Blue dotted series indicate amplitude
modulation of the 3*C 0.26-0.415 m™* and TEXgs-SST 0.22-0.5 m* filters.

5 Age model and analyses in the time domain
5.1 Age model

Based on cycle ratios, amplitude modulation and the initial biostratigraphic age model,
power in the 0.085-0.12 m* (11.8-8.3), 0.22-0.5 m* (4.5-2 m) and 0.85-2.1 m™* (1.2-0.5 m)
bands is linked to 400-kyr eccentricity, 100-kyr eccentricity and precession, respectively. ~10
m and ~2.5 m &3C minima are linked to eccentricity maxima, in agreement with amplitude
modulation of 3'3C and TEXss-SST bandpass filters.

The age model is based on that of Wubben et al. (in prep.), in which eccentricity related
d*3C minima were linked to the orbital solution using isotope- and biostratigraphy. In the age
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model, ~100 kyr is missing either between cores 22 and 23X or between cores 23 and 24X.
In contrast to Wubben et al. (in prep.), we assume ~100 kyr is missing between cores 22 and
23X because in this option the two weaker 100-kyr eccentricity maxima at ~16.2 and 16.3 Ma
correlate well with the ~233-237 rmbsf interval of decreased variability of 8**C, %0 and MS
and the less distinct bundling pattern of TEXgs-SST.

Tuning of the ~258-218 rmbsf interval corresponds well with the available bioevents and
the observed isotope events at ~221 and ~258 rmbsf related to the ~15.6 Ma hyperthermal
event and MCO onset (~17 Ma), respectively (Figure 5). Tuning of the lower interval (~258-
268 rmbsf) results in ages that are >0.5 Ma younger than suggested by the bioevents. Possibly
a larger hiatus is present at ~258 rmbsf. We consider the age scale in this interval as a floating
tuning, in which tie-points can be displaced to older 100 kyr eccentricity maxima.

Conversion of the depth series to time results in a resolution of ~1 kyr for MS (except ~3
kyr in core 23X), ~2 kyr for 3*3C and 850, ~3 kyr for TEXgs-SST, and for the elemental records
(Bawio, Fe/Al, V/AI) ~3 kyr in the high-resolution part (26-24X) and ~13 kyr in the low-resolution
part (23-22X).
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Figure 5. Correlation between &C and eccentricity (La2004) and the resulting age-depth
model (black) with positions of calcareous nannofossil and diatom bioevents. Age model for
the ~15.4-17 Ma interval (black line) and floating age scale for the ~17-17.4 Ma interval
(dashed black line).
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5.2 Spectral analysis and bandpass filtering in the time domain

The orbitally-tuned time series display significant power in the period ranges ~19-24 kyr,
~40-70 kyr and ~87-134 kyr (Figure 6). All time series display high spectral power for periods
of ~19-24 kyr. Power is divided in peaks at ~19-20 kyr, ~23-24 kyr, and in some cases also
~21 kyr. This corresponds well with periods of precession (19, 22, 23 kyr). Other communal
high-frequency peaks are observed at ~16 kyr and ~30 kyr. Spectra of 880, CaCOs, TEXgs-
SST, Bawio, Fe/Al and V/Al show significant power in the ~40-70 kyr band. Although some
peaks correspond to the period of obliquity (41 kyr), most power is located around a period of
~50 kyr. In the ~87-134 kyr band, high power is present in spectra of 3'3C, 50, MS, CaCOs,
TEXgs-SST, Fe/Al and V/Al and corresponds well with the periods of short eccentricity (90, 95,
100, 106, 115, 124, 132 kyr). Power around these periods is very low in the spectrum of Bayio.
For periods >150 kyr, high spectral power is found around ~150 and ~167 kyr in the spectrum
of 380 and around ~223, ~282, ~367 and ~525 kyr in the spectrum of 8*C. The periods of
~367 and ~525 correspond with periods of long eccentricity (~334, ~417, ~527 kyr).

Bandpass filtering (Figure 7) shows that the filtered ~100 kyr cycle of 3*C and TEXsge-
SST corresponds well with the solution of eccentricity, in terms of ~100 kyr pacing and ~400
kyr amplitude modulation. The ~367 kyr d'3C filter corresponds well with long eccentricity.
Bandpass filtering and evolutionary spectral analysis of TEXgs-SST (Figure 8) show that the
highest amplitudes of the ~40-50 kyr cycle occur during intervals with lower variance of
eccentricity (~400 kyr and ~2.4 Myr minima), where the bundling pattern is less well
expressed. This pattern of amplitude modulation does not correspond to that of the filtered
~40-60 kyr Bapio cycle, except around ~16.8 Ma. The ~40-50 kyr TEXgs-SST cycle and ~40-
60 kyr Bapio cycle are generally out of phase, but the TEXgs-SST filter picks up an additional
cycle around ~16.71, ~16.06, ~15.67 and ~15.59 Ma. The ~40-50/~40-60 kyr cycle is
approximately in phase with ~19-24 kyr cycle, with mostly two and sometimes three ~19-24
kyr cycles within one ~40-50/~40-60 kyr cycle.
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Figure 6. Power spectral analysis (MTM) in the time domain of 3'3C (A), 30 (B), MS (C),
wt% CaCOs (D), TEXgs-SST (E), Bawio (F), Fe/Al (G) and V/AI (H) (black) in the time domain
for the interval ~16.9-15.4 Ma (cores 25-22X). The 95% CL is indicated in red. The numbers
indicate the periods (in kyr) of specific peaks. For comparison, the spectrum of the sum of
normalized eccentricity, tilt and precession (ETP) (La2004) is plotted in light grey.

16



Age (Ma)

15.4 15.6 15.8 16 16.2 3 16.6 16.8 17 17.2 17.4
. , : ; : ; . ; : ; ! ; ; ; , ; . ; ; .
0.06
M/\/MW\/\/\A/ e
0

-0.9

o foRandysmndoifit Il |-
WWWA TR N T R P

8"™C (%o)
&'3C filters Eccentricity

w
s

TEXs6-SST (°C)

26

TEXse-SST  filters

el i f

,UM o

[\ | ‘ I 1\' f\Jn
‘\// ‘V\J\/“\«N J V’\A w w \,J‘\«)“ J \N\u‘ U\J\A‘J’ “ F

A
| | 4

! - /| | I
N \‘W\/ \/ \ A /\;]\L/\ /'U ARG A LJ UM J

Babio (ppm)

450

GO e f\/\NWM/W\/ \/\/W\/W W :

r T T + -450
15.4 15.6 15.8 16 16.2 16 4 17 17:2 174

Age (Ma)

Ba bio filters

Figure 7. Bandpass filtering of ~19-24 kyr (light grey), ~40-70 kyr (orange), ~87-134 kyr (blue)
and ~367 kyr (dark grey) cycles for 3'3C (C), TEXss-SST (E) and Bawi, (G) time series in the
intervals ~17.4-17.1 Ma and ~16.9-15.4 Ma. For comparison, the solution of eccentricity
(La2004) (A) and the 8%C, TEXss-SST and Bauwio time series are plotted (B, D, F). For the
~17.4-17.1 Ma interval, d*C was linearly detrended and TEXg-SST and Bani, were
demeaned. d'3C was filtered at frequencies of 0.035-0.05 and 0.01-0.028 kyr?, TEXgs-SST at
0.038-0.05 and 0.007-0.011 kyr?, and Bawi, at 0.038-0.05, 0.012-0.025 and 0.0065-0.01 kyr.
For the interval ~16.9-15.4 Ma, d'C and TEXss-SST were detrended using the LOWESS
method and Bawi, was demeaned. d'°C was filtered at frequencies of 0.0381-0.0531, 0.069-
0.0125 and 0.00218-0.00313 kyr?, TEXss-SST at 0.0391-0.0553, 0.0185-0.027 and 0.00619-
0.01235 kyr?, and Bawi, at 0.041-0.047 and 0.0158-0.025 kyr™. Blue dotted series indicate
amplitude modulation of the TEXgs-SST 0.00619-0.01235 kyr filter.
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Figure 8. Evolutionary spectral analysis (Fast Fourier transform, LAH) of TEXgs-SST time
series (B) in the interval ~17-15.4 Ma. TEXgs-SST was detrended using the LOWESS method
(A). A sliding window of 150 kyr and step size of ~3.5 kyr was used. The degree of power is
indicated by the colour scale (C).

5.3 Origin of the ~50 kyr cycle

Spectral analysis between ~17 and ~15.4 Ma shows that high spectral power is present
around ~50 kyr, and sometimes also around ~40 or ~60-70 kyr in series of Bawio, Fe/Al, V/IAI,
TEXgs-SST and CaCOs (Figure 6). Bandpass filtering shows that this cycle follows the
pronounced Bawio, Fe/Al, and V/Al peaks and minima of TEXg-SST and CaCOs (Figure 7).
Bandpass filters of the ~40-60 kyr cycle and ~100 kyr eccentricity-related cycle do not show a
clear correlation, suggesting that the ~50 kyr cycle is not related to half a short eccentricity
cycle. Obliquity has a period of ~41 kyr, but its spectrum also shows power around ~29 kyr
and ~51-54 kyr. However, these cycles are very weak and cannot explain the presence of a
strong ~50 kyr cycle in our records.

In the high-resolution part between ~17 and ~16.3 Ma, bandpass filtering of Baui, reveals
that maxima of the ~40-60 kyr cycle correspond to every second, and sometimes every third,
precession-related cycle (Figure 7). Thus, it seems that Bayic, peaks are paced by precession
but amplified every second or third cycle. This pattern is similar to interference between
astronomical solutions of precession and obliquity, with a ratio close to 2:1. Summer insolation
is increased during obliquity maxima and decreased during obliquity minima. At latitudes
where both precession and obliquity influence insolation, obliquity enhances or reduces the
insolation maxima and minima caused by precession. As the ratio between solutions of
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precession and obliquity is not exactly 2:1, the interference pattern is not perfect and obliquity
sometimes enhances the third next precession cycle instead of the second. Bandpass filtering
and evolutionary spectral analysis of TEXgs-SST support this hypothesis, as they reveal that
the ~40-60 kyr cycle is mainly present within ~400 kyr and ~2.4 Myr eccentricity minima. Within
these minima, the amplitude of the ~100 kyr eccentricity cycle is reduced and obliquity
becomes relatively more important.

As the solutions of precession consists of components of ~23.5, ~22 and ~19 kyr, two
cycles span ~38-47 kyr and three cycles span ~57-69 kyr. Power of the ~19 kyr component is
weak during ~2.4 Myr eccentricity minima, making two precession cycles ~44-47 kyr and three
66-69 kyr. From ~16.9 to ~16.3 Ma, durations between large Bani, peaks are approximately
58, 45, 42, 56, 59, 93, 87, 56 and 54 kyr (Figure 7). The ~40-60 kyr filter picks up an additional
cycle between the peaks spanning 93 and 87 kyr. This means that the total duration of 550
kyr corresponds to 11 cycles, resulting in an average of 50 kyr per cycle. The average in the
interval ~16.9-16.7 Ma is 52 kyr and the average in the interval ~16.7-16.3 is 48 kyr. Thus,
spectral power around 50 kyr is present because this period gives in the best fit with the large
Bawio peaks.

In total, the 550 kyr interval spans 23 or 24 precession cycles according to bandpass
filtering of 8*C, TEXss-SST and Bawio (Figure 7). This results in an average of ~24 or ~23 kyr
per precession cycle, which is approximately in line with the expected period of precession in
this interval. However, some intervals that include 2 precession cycles are 54-58 kyr, which
results in precession cycles of 27-29 kyr on average. One interval of 59 kyr spans 3 precession
cycles, resulting in an average of 19.7 kyr per cycle. These periods are longer or shorter than
expected. The discrepancies might be the result of distortion and/or slightly incorrect positions
of some tie-points used in the age model. The tie-points are based on the positions of
pronounced dC minima, which are linked to ~100 kyr eccentricity maxima. Their actual
position might be slightly displaced from eccentricity maxima as it depends also on precession.

In conclusion, the ~50 kyr cycle originates from interference between precession and
obliquity during which every second, and sometimes third, precession cycle is amplified by
obliquity.

5.4 Phase relations

Coherence and phase were calculated for periods of ~23 and ~44 kyr in the interval
16.65-16.93 Ma (core 25X) using CaCOs; multiplied by -1 as reference series (Table 1). Also,
the TEXgs-SST series was multiplied by -1. In this way, maxima of -CaCOj3 correspond to
maxima of -TEXgs-SST, 8'3C, 820, MS, Bawio, Fe/Al and V/AI.

At the ~23 kyr period, 380 and -TEXg-SST are approximately in phase and lead -
CaCOs; by ~4.6 kyr. Also, 8'3C and Bayi, are approximately in phase and lead -CaCOg3 by ~2.5
kyr. Fe/Al leads -CaCOs by 2.0 kyr. V/Al is approximately in phase with -CaCO3 and leads by
just 0.2 kyr. MS lags -CaCOs by 2.9 kyr. At the ~44 kyr period, 20 significantly leads -CaCOs
(by 14.2 kyr) and the other series. TEXgs-SST leads -CaCOs3 by 0.7 kyr and Bawic and Fe/Al
are approximately in phase with a lead of ~0.4 kyr. V/Al lags -CaCOs by 3.6 kyr. Phases of
O'3C and MS are left out as these series do not show significant power around a period ~44
kyr.
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Table 1. Coherency and phase relative to -CaCOs at a period of 23.4 kyr and 43.8 kyr for the
interval ~16.93-16.65 Ma (core 25X).

23.4 kyr 43.8 kyr
Coherency Phase (°) Phase (kyr) Coherency Phase (°) Phase (kyr)
5180 0.92 71.6 4.7 0.90 116.3 14.2
-TEXgs-SST 0.83 68.8 4.5 0.95 5.5 0.7
53C 0.93 38.8 25 N.A.
Bawio 0.84 36.5 2.4 0.97 3.6 0.4
Fe/Al 0.69 314 2.0 0.99 2.8 0.3
VI/AI 0.84 2.6 0.2 0.95 -29.6 -3.6
MS 0.72 -45.1 -2.9 N.A.

6 Interpretation and comparison of proxy records
6.1 TEXgs-SST

Annual SST at Site 959 was highly variable during the Early/Middle Miocene. Modern
SST around Site 959 varies between ~25°C in summer when upwelling occurs and ~29°C in
winter with an annual mean of ~28°C (Djakouré et al., 2017). Before ~17 Ma, TEXss-derived
SST fluctuates between 26.2-30.8°C with an average of 28.2°C, close to the modern annual
mean SST. Pronounced minima are up to 2°C colder than the modern annual mean, but
warmer than modern summer upwelling SST. Pronounced maxima are up to 3°C warmer than
modern annual mean SST and up to 2°C warmer than modern non-upwelling winter SST.
After ~17 Ma, SST fluctuates between 27.1-33.0°C with an average of 30.0°C, 2°C warmer
than the modern annual mean SST. Temperatures of pronounced SST minima are close to
the modern annual mean SST, while pronounced SST maxima are 2-5°C warmer than the
modern annual mean.

MCO (~17-15 Ma) SSTs at Site 959 are comparable to those obtained for the Indo-
Pacific and mid-latitude North Atlantic. During the MCO (~17-15 Ma), Mg/Ca-derived SST in
the Indo-Pacific region varied between ~27 and ~31.5°C, with an average around ~29.5°C
(Sosdian & Lear, 2020). This is very similar to TEXgs-SSTs at Site 959, except for maximum
temperatures which are ~1.5°C higher at Site 959. Sosdian & Lear (2020) suggested a tropics-
wide response to changes in greenhouse gas forcing, AIS dynamics and high-latitude
temperature. In the Indo-Pacific, SSTs were warm during periods of high pCO., high sea level
and warm deep waters (and vice versa) (Sosdian & Lear, 2020). The Indo-Pacific and Site
959 SST records display similarities, however, the resolution differs too much for good
comparison. Like Site 959 TEXgs-SST, mid-latitude North Atlantic TEXgs-SST varied between
~27 and ~33°C during the MCO (~17-15 Ma) (Super et al., 2020). Although resolution is
relatively low, North Atlantic (mid- and high-latitude) SSTs display an overall decreasing trend
during the MCO (Super et al., 2020), which is not seen in the Site 959 SST record. Additionally,
pre-MCO (~18.5-17 Ma) North Atlantic SSTs are relatively high compared to those during the
MCO (Super et al., 2020), in contrast to Site 959 pre-MCO SST which was on average ~2°C
colder than MCO SST. These differences suggest that the North Atlantic was likely influenced
by different processes or water masses compared to Site 959. Between ~15 and 11 Ma, Site
959 TEXgs-SST fluctuated around an average of ~29°C (Van Der Weijst, 2021 preprint), only
1°C lower compared to the MCO. Thus, SST at Site 959 remained relatively stable between
~17 and ~11 Ma.
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At Site 959, TEXss mainly represents (sub)surface temperatures as GDGT-2/3 values
are below 5 in most on the studied interval. TEXgs values vary between 0.66 and 0.83 (on
average 0.74), indicating that the type of calibration (linear or non-linear) affects reconstructed
SSTs in the upper range (Sluijs et al., 2020). TEXg-SSTs might not completely represent
annual SST as TEXss might be biased towards the season with the highest export production
(Sluijs et al., 2020).

6.2 Fe/Al

Terrigenous elements (e.g. Fe, Ti, K, Mg) can be transported to marine sediments
through aeolian or fluvial processes and both may result in similar elemental ratios measured
in the sediment (Martinez-Ruiz et al., 2015). The BIT index was generally low and pronounced
peaks of Fe/Al concurred with BIT minima, indicating that fluvial processes were not
responsible for the increased input of Fe. The Fe/K ratio is commonly used as a proxy for soll
weathering and humidity, as strongly weathered soils in tropical humid regions are generally
enriched in Fe and Al (Govin et al., 2012). However, Saharan dust also contains Fe
(Moskowitz et al., 2016) and Bozzano et al. (2002) used Fe/Al as indicator of Saharan and
Sahelian dust input off northwest Africa. Dust input is a more logical reason for increased Fe/Al
at Site 959 as fluvial input was low and both Fe and Al are enriched in strongly weathered
soils (cancelling each other out). This interpretation is supported by records of Ti/Al, K/Al and
Mg/Al, which show similar trends as the Fe/Al record (supplementary information). The Ti/Al
ratio has often been used as a proxy for aeolian input and sediment grain-size (Akinnigbagbe
et al., 2018; Beckmann et al., 2005; Calvert & Pedersen, 2007; Govin et al., 2012; Martinez-
Ruiz et al., 2015; Vallé et al., 2017). Ti in aeolian dust mainly resides in heavy minerals, which
are transported along with coarser quartz grains (Calvert & Pedersen, 2007; Martinez-Ruiz et
al., 2015). Both K and Mg are enriched in sand dunes and arenosols in (semi-)arid regions
with very low weathering in the Sahara and Sahel (Govin et al., 2012). Although K/Al and
Mg/Al are often used as indicators of fluvial input (Calvert & Pedersen, 2007; Martinez-Ruiz et
al., 2015), they more likely represent variations in dust input at Site 959.

North Africa holds a large dust source, including the most intense source located in Chad
(Lake Chad Basin and Bodélé depression) which is active all year long (Prospero et al., 2002).
Ti, Fe, K, and Mg are all present in Saharan mineral dust (Linke et al., 2006) and NE trade
winds transport dust from central North Africa (Chad) to the eastern equatorial Atlantic during
winter (Prospero et al., 2002; Stuut et al., 2005). Aridification of North Africa occurred from the
Early Miocene (Hounslow et al., 2017; Zhang et al., 2014). Based on climate simulations, the
Early Miocene North African climate was mainly semiarid with restricted arid areas (Zhang et
al., 2014). Beckmann et al. (2005) assigned the desert areas of the proto-Kalahari in southern
Africa as dust source at Site 959 in the Cretaceous. However, in the Upper Cretaceous (~80
Ma), the African continent was displaced to the south compared to the present and Miocene,
with the equator located over the North African continent and Site 959 located at ~10°S
(Beckmann et al., 2005; Van Hinsbergen et al., 2015). At present, only two small dust sources
are present in southern Africa in July (Etosha pan and Makgadikgadi depression and pan)
(Prospero et al., 2002). During the Miocene, dust deposited at Site 959 seems more likely to
have originated from North Africa rather than southern Africa as the continental configuration
was more similar to the present than the Cretaceous. We thus interpret increased Fe/Al at Site
959 as increased dust input from North Africa, transported by NE trade winds during winter.
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6.3 Bawio

Bauio is used to reconstruct past variations in ocean productivity, as it is strongly linked
with export productivity (Dymond et al., 1992; Gingele & Dahmke, 1994; Kasten et al., 2001;
Piela et al., 2012; Rutsch et al., 1995). Barite is the main carrier of particulate barium and
forms in supersaturated microenvironments after the release of Ba during plankton
decomposition (Ganeshram et al., 2003). Banio has an average burial flux of 30%, which is
higher than other biogenic components (Dymond et al., 1992). Remobilization and diagenetic
redistribution of barite can occur in anoxic sediments where sulphate reduction is common
(Dymond et al., 1992; Gingele & Dahmke, 1994). The biogenic Ba fraction was estimated
using a (Ba/Al)geritar ratio of 0.0029. Although this value is lower than the 0.005-0.01 range
based on the average crustal composition and values of 0.0045 determined for the Ceara Rise
(Kasten et al., 2001) and the continental slope of the Congo Fan (Rutsch et al., 1995), it falls
within the range of values obtained directly by sequential extraction for various sites in the
Atlantic (0.0014-0.0041) (Reitz et al., 2004).

Decomposition of organic matter at the seafloor can reduce oxygen concentrations. V is
a redox-sensitive element and can be used to reconstruct past redox conditions. V is sensitive
to minor changes in oxygen concentration and starts to accumulate as oxyhydroxides under
dysoxic to suboxic conditions, in the absence of oxygen and sulfide (Calvert & Pedersen,
2007; Martinez-Ruiz et al., 2015).

7 Discussion
7.1 Global monsoon perspective

On a global scale, monsoon dynamics affect weathering rates and nutrient supply, and
thereby the oceanic carbon reservoir and 8*C (Ma et al., 2011; Wang, 2009). Orbital-scale
monsoon variability is dominated by precession which is modulated by eccentricity. In contrast
to precession, the response to eccentricity is in phase between the northern and southern
hemisphere. ~400 kyr long eccentricity cycles were recognized in various 8'3C records from
the Cenozoic (e.g. Cramer et al., 2003; Holbourn et al., 2007; Liebrand et al., 2016) and from
the Cretaceous (Giorgioni et al., 2012), under both greenhouse and icehouse conditions. The
relatively strong ~400 kyr 8*3C cycle probably originates from the long residence time of
carbon in the oceanic reservoir (>100 kyr) (Wang, 2009).

The bulk carbonate d'C record of Site 959 is strongly imprinted by ~400 kyr and ~100
kyr eccentricity, which modulate the precession-scale variations. Minima of 3'3C correspond
to eccentricity maxima, in agreement with other tuned d'3C records (e.g. Holbourn et al., 2007;
Liebrand et al., 2016) and modelling simulations (Ma et al., 2011). Bulk carbonate 5*C can
be influenced by both surface and deep water processes, but it is shown that both surface and
deep water 3'3C co-vary at the ~400 kyr cycle (Ma et al., 2011).

The MCO part (~16.9-15.4 Ma) of the Site 959 5'C record starts just after carbon-
isotope maximum 1 (CM1) and ends at CM4a (Holbourn et al., 2007; Woodruff & Savin, 1991),
spanning approximately four ~400 kyr cycles.

Prominent ~400 and ~100 kyr variability is also observed in Early Miocene records of
CaCOs; and benthic foraminiferal 3°C and &'0 from Walvis Ridge (southeastern Atlantic
Ocean) (Liebrand et al., 2016) and MCO records of carbonate dissolution and benthic
foraminiferal 8*3C from the Pacific (Holbourn et al., 2007).
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7.2 Regional monsoon

Regionally, the response of the monsoon to astronomical insolation forcing and its effect
on the local climate depends on the regional setting. In North Africa, the regional monsoon
affected sea surface temperature, dust input and productivity.

Overall, the sedimentary records of Site 959 show that the regional climate was paced
by precession, obliquity and eccentricity during the Early/Middle Miocene (~17.4-15.4 Ma).
Although, the response to astronomical insolation forcing varied between proxies and through
time. Three phases with distinct climate variability were observed: (1) asymmetrical ~100 kyr
variability before the MCO (~17.4-17 Ma), (2) strong obliquity forcing at the beginning of the
MCO (~17-16.5 Ma) during a ~2.4 Myr eccentricity minimum, and (3) symmetrical ~100 kyr
variability and ~400 kyr modulation in the later part of the MCO (~16.5-15.4 Ma) (Figure 7).

Pronounced SST minima occurred during eccentricity minima while the highest SSTs
occurred during eccentricity maxima in response to an enhanced seasonal contrast. Obliquity-
related SST maxima (minima) most likely correspond to obliquity maxima (minima), because
this configuration also increases (reduces) the seasonal contrast. Pronounced SST minima
concurred with dust (Fe/Al) and productivity (Bawio) maxima.

7.2.1 Precession phasing of upwelling and dust input

The large SST fluctuations of ~4°C at a low latitude suggest a periodic influence of
upwelling of colder water. The temperature fluctuations could be related to variations in the
degree of upwelling and/or variations in temperature of the upwelled water related to its source
area. Upwelling likely occurred seasonally and depended on the position of the ITCZ. Around
~17 Ma, Site 959 was located in the southern hemisphere at a latitude ~5° more south than
today. Likely, the more southerly position of the Guinea coast prevented the inflow of the
NECC and EUC into the Gulf of Guinea, the establishment of the Guinea Current, and thus
the establishment of coastal upwelling during boreal summer (Norris, 1998a; Wagner, 2002).
In this scenario, the westward flowing SEC would be the main current in the Gulf of Guinea.
Therefore, coastal upwelling more likely occurred during boreal winter in response to the
southward displacement of the ITCZ and westward flowing surface winds. This suggests that
SST minima occurred during precession maxima (NH summer insolation minima), when the
ITCZ was in a more/prolonged southerly position compared to precession minima.

Aeolian dust input depends on dust production and transportation, which in turn depend
on vegetation cover (aridity), availability of fine-grained sediments, and wind direction and
strength (Trauth et al., 2009). This means that dust maxima can be related to strengthened
NE winter trades and/or increased aridity of North Africa. In North Africa, precipitation and
vegetation cover increased during NH summer insolation maxima and decreased during NH
summer insolation minima (Bosmans et al., 2015a; Trauth et al., 2009). This suggests that
dust peaks occurred during precession maxima (NH summer insolation minima). This is in
agreement with the most likely precession phasing of SST minima concurring with Fe/Al
maxima. Larger scale SST minima were related to eccentricity minima, and most likely,
obliquity minima. Indeed, this configuration leads to lowest NH summer insolation and thus
increased aridity and dust production.

This phasing differs (partly) from that assumed in Tiedemann et al. (1994) and Vallé et
al. (2017). Tiedemann et al. (1994) linked Pliocene dust flux maxima off West Africa to
eccentricity maxima and precession maxima, the latter in agreement with the phase relation
assumed here. Vallé et al. (2017) followed the approach of Tiedemann et al. (1994) and tuned
Late Miocene to Early Pleistocene dust maxima at Site 959 to eccentricity maxima. However,
Vallé et al. (2017) linked dust flux maxima to precession minima (NH insolation maxima). This
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interpretation was based on the correlation of dust (Fe) maxima to high values of benthic 50,
linked to global ice volume (Vallé et al., 2017). However, the resolution (>10 kyr) of the benthic
O80 record seems too low to determine the relation relative to precession. Additionally, they
linked dust maxima to obliquity maxima (see Figure 8 in Vallé et al., 2017), which likely
correspond to periods with reduced ice volume as summer insolation increases and thus lower
values of benthic 0. This is contrast to their correlation of dust maxima to high values of
benthic 580.

7.2.2 Leads and lags

At the precession period, bulk carbonate 30 and -TEXgs-SST are approximately in
phase, suggesting that precession-scale changes in bulk carbonate 80 are mainly related
to temperature changes in the (sub)surface waters. It is not clear why 50 leads -TEXgs-SST
significantly (by 13.5 kyr) at the obliquity period. Bulk carbonate &C and Baw, are
approximately in phase, lagging -TEXss-SST by ~2 kyr. Although bulk carbonate d*3C slightly
leads Bawio by 0.1 kyr, this ‘in-phase’ relationship suggests that enhanced productivity resulted
in increased burial of organic C relative to CaCOs, thereby increasing oceanic 8**C and bulk
carbonate 5*C (Ma et al., 2011).

The pronounced peaks in the Bauic record correspond to darker layers related to
diatomites, which have high abundances of diatoms, radiolarians and other siliceous
components (Mascle et al., 1996). Diatom blooms are associated with upwelling systems and
dust deposition (Calil et al., 2011). The Bawic peaks concur with Fe/Al maxima and SST
minima, meaning increased productivity could be related to increased delivery of nutrients via
dust and/or upwelling. At precession and obliquity periods, -TEXgs-SST leads Bawio by 2.1 and
0.3 kyr, respectively, while Fe/Al slightly lags Bawio by 0.4 and 0.1 kyr, respectively. This means
that (export) productivity responded to upwelling on delay or, considering uncertainties in the
phases, responded approximately in phase to dust input. Fe/Al peaks lag SST minima by 2.5
kyr and 0.4 kyr at the period of precession and obliquity, respectively. This indicates that
upwelling might have responded more directly to changes in insolation, while it took more time
for North Africa to become arid enough to deliver dust to Site 959.

V/Al and -CaCOj3; lag Baui, at the precession period by 2.2 and 2.4 kyr and at the obliquity
period by 4 and 0.4 kyr, respectively. Thus, increased productivity resulted in increased
decomposition of organic matter at the sea floor, resulting in dysoxic-suboxic and more
corrosive bottom waters.

MS lags Bawio by 5.3 kyr, Fe/Al by 4.9 kyr and -CaCOs3 by 2.9 kyr at the precession
period. This phasing of MS might be related to dilution of magnetic minerals by detrital (quartz)
input, biogenic silica, and CaCO; (Larrasoafia et al., 2008). This could explain in the
occurrence of MS maxima in between productivity/dust maxima and CaCO3; maxima.

7.2.3 Eccentricity pacing

Before the MCO (~17.4-17 Ma) and in the later part of the MCO (~16.5-15.4 Ma), SST
at Site 959 was strongly paced by ~100 kyr eccentricity. The ~100 kyr SST cycles were
relatively symmetrical during the MCO, indicating a direct response to orbital insolation forcing.
However, SST varied asymmetrically before the MCO, indicating a non-linear response to
insolation forcing and the influence of additional processes/feedbacks.

The intensity or duration of upwelling must have varied significantly to produce the large
SST fluctuations of ~4°C observed at Site 959. This suggests that wind strength varied
significantly or that wind direction was favourable for upwelling for a prolonged period of time.
However, as SST minima are linked to a reduced seasonal contrast (obliquity and eccentricity
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minima), wind strength most likely did not increase significantly and increased upwelling might
be related to a seasonally more stable position of the ITCZ.

Before the MCO (~17.4-17 Ma), Fe/Al, Bayic and V/Al were also strongly paced by ~100
kyr eccentricity. Large Fe/Al peaks occurred during pronounced SST minima, just before the
rapid increase in SST in response to eccentricity maxima. However, between these large
peaks variation of Fe/Al was small, suggesting that North Africa did not become arid enough
(or winds strong enough) for significant amounts of dust to be delivered to Site 959. Indeed,
modelling studies suggest that the North African climate was mostly semiarid and was not
very sensitive to orbital changes in insolation during the Early Miocene (Zhang et al., 2014).

7.2.4 Early MCO obliquity pacing

After the onset of the MCO, between ~17 and ~16.5 Ma, the climate was more dynamic
and dominated by obliquity and precession. The increased variance of Fe/Al compared to the
pre-MCO interval suggests that the North African climate was overall more arid and more
sensitive to changes in astronomical insolation forcing. The second-highest Fe/Al peak
occurred around ~16.9 Ma, suggesting significantly more arid conditions and/or greater wind
speeds at the start of the MCO.

Strong obliquity pacing is observed in records of SST, Fe/Al, Bawo, V/Al and CaCOs.
Relatively large Fe/Al and Bawi, peaks occurred during pronounced SST minima, most likely
related to obliquity minima in combination with precession maxima. The lower SSTs during
obliquity minima might have reduced moisture transport to North Africa (Van der Ent &
Savenije, 2013), amplifying the aridity and dust production. However, moisture transport
mainly occurs during summer while upwelling (and thus lowest SST) is expected to have
occurred during winter. The Bawic record shows a stronger obliquity signal compared to the
records of TEXgs-SST and Fe/Al. This might be related to the increased input of nutrients
through both dust delivery and upwelling during obliquity minima, amplifying productivity and
thus the Bawio signal. Additionally, Bawi, might have responded in a non-linear way to changes
in nutrient delivery, maybe through processes of Bawi, formation, transport and burial.

The influence of obliquity on low-latitude insolation is very small, however, it can affect
low-latitude climate through its influence on inter-hemispheric insolation gradients (Bosmans
et al., 2015b). Obliquity maxima increase the inter-tropical insolation gradient by increasing
insolation in one hemisphere and decreasing insolation in the other hemisphere at the same
time (and vice versa). It is shown that moisture transport to North Africa is reduced during
obliquity minima (Bosmans et al., 2015b), increasing aridity and dust production. Additionally,
the subdued northward migration of the ITCZ during obliquity minima likely stimulated coastal
upwelling, thereby further reducing SSTs. However, could this direct forcing through changes
in the inter-hemispheric insolation gradient solely be responsible for the strong obliquity signal
observed in the proxy records?

The interval with strong obliquity pacing corresponds to a node in eccentricity (~2.4 Myr
minimum). During this node, the amplitude of the ~100 kyr cycle is reduced, making the
influence of obliquity relatively more important. Between ~16.9 and ~16.7 Ma, eccentricity
remained relatively high due to ~400 kyr eccentricity modulation, resulting in a relatively long
period of high seasonality with high-amplitude changes at the precession-scale. During ~400
kyr eccentricity minima, the relative influence of obliquity also increases due to low values of
eccentricity. Indeed, increased obliquity influence is observed during these ~400 kyr minima
in the SST record. Still, during the ~17-16.5 Ma interval, the obliquity signal in the proxy
records is stronger than seen in curves of low-latitude insolation or inter-hemispheric insolation
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gradients. Moreover, a strong obliquity signal is not present in the d*C record during this
interval. This suggests an influence of remote high-latitude insolation changes.

7.3 High-latitude (glacial) influence

The asymmetry of ~100 kyr SST cycles before the MCO (~17.4-17 Ma) and the strong
influence of obliquity at the beginning of the MCO (~17-16.5 Ma) suggest that the low-latitude
climate was influenced by high-latitude (glacial) climate variability.

Before the MCO, ~100 kyr SST cycles are characterized by a rapid increase in response
to eccentricity maxima followed by a gradual decrease with lower eccentricity, punctuated by
smaller variations related to precession and obliquity. The asymmetry of the ~100 kyr cycles
indicates a non-linear response to insolation forcing. Asymmetric, sawtooth-shaped cycles are
typical for glacial cycles of the Late Pleistocene (Lisiecki & Raymo, 2007) and are also found
in an Early Miocene benthic foraminiferal 30 record from Walvis Ridge, linked to prolonged
ice sheet growth on Antarctica and subsequent rapid retreat (Liebrand et al., 2017). This
suggests that, at least before ~17 Ma, SST at Site 959 was influenced by glacial-interglacial
variability, possibly through changes in atmospheric or oceanic circulation.

Van der Weijst et al. (2021 preprint) linked Pliocene TEXgs variability at Site 959 to
Antarctic Intermediate Water (AAIW), which is formed at the Antarctic Polar Front. During the
Pliocene/Pleistocene, AAIW formation was related to the strength of the westerlies and extent
of sea ice, which increased in response to colder middle/high southern latitudes. Tagliaro et
al. (2021) showed that the Southern Ocean was very sensitive to ~100 and ~400 kyr
fluctuation of the Antarctic Ice Sheet (AlS) during the Early Miocene. Therefore, it could be
possible that pre-MCO SST at Site 959 was influenced by (proto-)AAIW, linking tropical SST
changes to glacial-interglacial variability. In this case, changes in Southern Ocean dynamics
during glacials resulted in an expansion and/or decreased temperature of AAIW, decreasing
the temperature of upwelled water in the Gulf of Guinea. SH glacials occurred during SH
summer insolation minima, which agrees with the phasing of SST minima during eccentricity
and obliquity minima but disagrees with the expected precession phase of SST minima.
Possibly, this discrepancy is related to the mechanism behind coastal upwelling in the Gulf of
Guinea. In this scenario, upwelling itself would be related to local low-latitude forcing while the
temperature of upwelled waters would be related to southern high-latitude forcing and glacial-
interglacial variability.

Large Fe/Al peaks only occurred during peak glacial conditions. Glacial conditions might
have affected North African aridity (or wind strength) through changes in atmospheric/oceanic
circulation or the lowering of atmospheric CO, concentrations.

The strong obliquity signal recorded in records from Site 959, suggest that the climate
at southern high latitudes was paced by obliquity during the early MCO (~17-16.5 Ma). SST
cycles were relatively symmetrical during the MCO, indicating a more direct response to orbital
forcing. During the MCO, the AIS was probably small and restricted to the inner continent
(Colleoni et al., 2018) and southern-derived deep waters retracted (Tagliaro et al., 2021).
During ~400 kyr maxima, ice volume might have been reduced to near ice-free conditions
(Miller et al., 2020). A smaller AIS could have been more sensitive and respond more directly
to changes in insolation. However, its influence on the surrounding climate probably
decreased. It is not clear if the formation of (proto-)AAIW could be dependent on high-latitude
insolation changes without the influence of a large ice sheet.

The Early/Middle Miocene SST record of Site 959 shows that in order to interpret SST
changes and determine climate sensitivity it is important to understand where the SST signal
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derived from and which processes were involved. In order to do so, high-resolution records
are needed that capture the full variation over orbital time-scales.

7 Conclusions

The high-resolution Early/Middle Miocene (~17.4-15.4 Ma) records from Site 959 reveal
well-expressed orbital cyclicity related to frequencies of precession, obliquity and eccentricity.
The interval before the MCO (~17.4-17 Ma) is dominated by strong variability related to ~100
kyr eccentricity, punctuated by lower-amplitude fluctuations related to precession and
obliquity. The TEXgs-SST record reveals asymmetrical ~100 kyr cycles, suggesting a link to
glacial-interglacial variability. The interval between ~17 and ~16.5 Ma, after the onset of the
MCO, is characterized by high-amplitude fluctuations related to obliquity and corresponds to
a node in eccentricity (~2.4 Myr eccentricity minimum). The influence of obliquity is expressed
as the amplification of every second or third precession cycle, resulting in an average cyclicity
of ~50 kyr. The influence of high-latitude processes might be needed to explain the strong
obliquity signal. The interval between ~16.5 and ~15.4 Ma is again strongly influenced by ~100
kyr eccentricity. The ~100 kyr TEXgs-SST cycles are relatively symmetrical, suggesting a more
direct response to orbital forcing compared to the pre-MCO interval. The influence of obliquity
is recognized during ~400 kyr eccentricity minima.

TEXss-SST minima were likely related to phases of intensified/prolonged upwelling in
the Gulf of Guinea and concurred with Fe/Al maxima, interpreted as increased dust input from
North Africa, and Bawi, maxima, linked to increased (export) productivity due to increased
nutrient delivery. At least before ~17 Ma, TEXgs-SST was linked with glacial-interglacial
variability possibly through the supply of southern-sourced intermediate water. Lowest TEXgs-
SST occurred during eccentricity minima and most likely obliquity minima, as both reduce
seasonal contrast. Probably, TEXg-SST minima, Fe/Al maxima and Ban, maxima
corresponded to precession maxima (NH insolation minima) as this configuration would result
in a more/prolonged southerly position of the ITCZ, favouring coastal upwelling in the Gulf of
Guinea and dust production in North Africa.
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Supplementary information

Calculation of GDGT indices

Several GDGT indices were calculated to assess potential biases in TEXss-derived
SSTs. The Ring Index (RI), based on the weighted average of cyclopentane moieties, was
used to determine the potential influence of non-thermal factors and deviation from modern
analogues (Zhang et al., 2016):

RI
_ (0 X GDGT — 0) + (1 X GDGT — 1) + (2 X GDGT — 2) + (3 X GDGT — 3) + (4 X Cren) + (4 x Cren’)
- GDGT — 0 + GDGT — 1 + GDGT — 2 + GDGT — 3 + Cren + Cren’

Rlzgy = (=0.77 x TEXEs) + (3.32 x TEX£" ) + 1.59

ARI = RITEX - RI

ARI values above |0.3| indicate a GDGT distribution that deviates from the modern
TEXss-RI relationship (Zhang et al., 2016). The Methane Index (MI) was used to quantify the
contribution of anaerobic methanotrophic Euryarchaeota, represented by GDGT-1, -2, and -3,
relative to Crenarchaeota, represented by crenarchaeol and its isomer (Zhang et al., 2011):

GDGT —1+ GDGT — 2+ GDGT — 3

MI =
GDGT — 1+ GDGT — 2 + GDGT — 3 + Cren + Cren’

MI values above 0.5 represent a dominance of GDGT-1, -2 and -3 over crenarchaeol,
indicating a substantial contribution of anaerobic methanotrophic Euryarchaeota (Zhang et al.,
2011). Additionally, the GDGT-2/crenarchaeol ratio was calculated to determine the
contribution of anaerobic methanotrophic archaea (Weijers et al.,, 2011). The GDGT-
O/crenarchaeol ratio was calculated, which indicates a substantial methanogenic origin of
GDGT-0 for values above 2. (Blaga et al., 2009). The GDGT-2/GDGT-3 ratio was used to
determine the contribution from archaea living in the deeper water column (Taylor et al., 2013).
Values above 5 indicate contributions of deep water (>1000 m water depth) archaea (Taylor
et al., 2013). The #ringStera (Sinninghe Damsté, 2016) and llla/lla ratio (Xiao et al., 2016) were
used to evaluate the source of branched GDGTs:

Ib+ (2 x Ic)

#ringStetra = la+1b+Ic

#ringsterra is low in sediments close to the river mouth (0.22), reaches the highest values
in sediments on the shelf (0.83), and decreases gradually in deeper sediments (0.29)
(Sinninghe Damsté, 2016). Terrestrially-derived branched GDGTs have lower llla/lla values
(<0.59 in soils) while marine-derived branched GDGTs have higher Illa/lla values (0.59-0.92
and >0.92 in marine sediments with and without significant terrestrial inputs, respectively)
(Xiao et al., 2016).
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Results of GDGT indices
The calculated GDGT ratios do not suggest TEXgs is affected by nonthermal processes.

The ARl is below |0.3| except for two values at 220.93 and 240.65 rmbsf. The Ml is below
0.5 with values varying between 0.12 and 0.30. GDGT-2/Cren varies between 0.05 and 0.25.
GDGT-0/Cren is below 2 with values varying between 0.08 and 0.64. GDGT-2/-3 varies
between 2.97 and 5.69, except for two lower values (1.81 and 0.97) and two higher values
(~6.5). 49 values are above 5, of which 39 occur in core 22X. High values correspond to both
low and high SSTs. Values of #rings(tetra) vary between 0 and 0.68. llla/lla varies between
1.18 and 4.25, except for one value of 0.51.

Results of additional elemental ratios

Records of the elemental ratios Ti/Al, K/Al, Mg/Al resemble the Fe/Al record, with clear
maxima corresponding to clear Fe/Al peaks (Figure S1). Smaller peaks are present between
the more pronounced peaks, although these smaller peaks do not always correlate well
between the different elemental records. Noticeable in the Ti/Al record are the three large
peaks >0.054 ppm in core 25X. Ti/Al varies between 0.036 and 0.078, Fe/Al between 0.33
and 1.22, K/Al between 0.069 and 0.151, Mg/Al between 0.079 and 0.191, and V/Al between
0.0011 and 0.0030 ppm. K/Al and Mg/Al values have the same order of magnitude, while
some Fe/Al peaks an order of magnitude higher, Ti/Al values are an order of magnitude
lower, and V/Al values are two orders of magnitude lower.
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Figure S1. ODP Site 959 records Fe/Al (A), Ti/Al (B), K/AI (C) and Mg/Al (D) plotted against
depth. The records span from ~268 to ~218 rmbsf corresponding to cores 26-22X.
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