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 than the Early Miocene in the eastern equatorial Atlantic20 

 The West African Monsoon intensified following warming at ~17 Ma, resulting in highly 21 

variable surface ocean conditions forced by orbital cycles. 22 

 Intensification of the monsoon system caused increased dust supply and strong upwelling 23 

alternating with hyperstratification. 24 
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Abstract 41 

Studying monsoon dynamics during past warm time periods such as the Miocene 42 

Climatic Optimum (MCO; ~16.9 – 14.5 Ma) could greatly aid in better projecting monsoon 43 

intensity, in the context of future greenhouse warming. However, studies on regional MCO 44 

temperature change and its effect on the monsoons during this time period are lacking. Here, we 45 

present the first high-resolution, low-latitude record of sea surface temperature (SST) and 46 

paleoceanographic change covering the Miocene Climatic Optimum, in the eastern equatorial 47 

Atlantic, at Ocean Drilling Program (ODP) Site 959, based on TEX86 paleothermometry. SSTs 48 

were ~1.5 °C warmer at the onset of the MCO (16.9 Ma) relative to the pre-MCO (~18.3 – 17.7 49 

Ma). This warming was accompanied by a transient increase in %total organic carbon (TOC). 50 

Prior to the MCO, sediment composition, geochemical proxy data as well as dinoflagellate cyst 51 

assemblages imply a productive surface ocean at Site 959. Immediately following the MCO 52 

onset (~16.9 – 16.5 Ma), we record an intensification of the West African Monsoon (WAM) 53 

characterized by higher amplitude variability in all proxy records on precession to obliquity 54 

timescales. We interpret increased orbital-scale SST, biogenic Ba and dinocyst assemblage 55 

variability to represent intensification of equatorial upwelling, forced by the WAM strength. 56 

Furthermore, higher SSTs during eccentricity maxima correlate to increased relative abundances 57 

of the warm and stratification-favoring dinocyst Polysphaeridium zoharyi, during periods of low 58 

WAM intensity. Finally, while long-term SSTs decline towards the middle Miocene, maximum 59 

SSTs and Polysphaeridium zoharyi abundances occur during MCO peak warming at ~15.6 Ma. 60 

 61 

Plain Language Summary 62 

 The global climate during the Miocene Climatic Optimum (~16.9 – 14.5 Ma) was warm, 63 

perhaps similar to the future. Better understanding the climate system during this time period 64 

could aid in predicting future climate change. Tropical climates are the engine of global climate 65 

because they transport heat and moisture to higher latitudes with winds and ocean currents. 66 

Monsoons are an important feature of tropical climates. Importantly, continuous sea surface 67 

temperature reconstructions covering the Miocene Climatic Optimum from the tropics are 68 

lacking. Here, we present an unprecedented resolution novel sea surface temperature record 69 

using sediments recovered in the eastern equatorial Atlantic Ocean which cover the Miocene 70 

Climatic Optimum. Surface ocean temperatures rose by ~1.5 C between the Early Miocene 71 

(~18.3 – 17.7 Ma) and the onset of the Miocene Climatic Optimum. Concomitantly, we record 72 

an increase in wind strength, surface ocean mixing and biological growth in the ocean, caused by 73 

a stronger West African Monsoon in this warmer climate. The monsoon strength is also strongly 74 

determined by variations in solar insolation, through periodic variations in the Earth’s orbit. The 75 

recorded monsoon intensification with warming is consistent with projections of future 76 

monsoons under modern global warming.  77 

 78 

1 Introduction 79 

The Early to Middle Miocene stands out in Cenozoic climate and carbon cycle records 80 

because of the Miocene Climatic Optimum (MCO; ~16.9 – 14.5 Ma). Deep ocean benthic 81 

foraminifer oxygen isotope ratios (
18

O) define the MCO with an abrupt ~1‰ negative excursion 82 

at ~16.9 Ma (Holbourn et al., 2007, 2015; Woodruff & Savin, 1991). Stable carbon isotope ratios 83 

(
13

C) show ~0.8‰ positive excursion at ~16.7 lasting approximately 3.4 Myr, termed the 84 

Monterey Excursion (ME; Diester-Haass et al., 2009; Holbourn et al., 2007, 2015; Sosdian & 85 



manuscript resubmitted to Paleoceanography and Paleoclimatology 

 

Lear, 2020; Vincent & Berger, 1985). Temperature reconstructions indicate that the MCO was 86 

on average ~7 – 8 °C warmer than today (Herbert et al., 2020; Steinthorsdottir et al., 2021a and 87 

references therein) and atmospheric pCO2 reached values between ~400 – 600 ppm, with 88 

transient peaks of 800 ppm (Cui et al., 2020; Ji et al., 2018; Sosdian et al., 2018; Steinthorsdottir 89 

et al., 2021a; Stoll et al., 2019; Super et al., 2018). Such temperature and pCO2 levels are broadly 90 

in line with projected future climate trends, particularly similar to the middle range of predictions 91 

(i.e., RCP 4.5 to RCP 6.0), subjected to climate sensitivity and emission scenarios (Collins et al., 92 

2013). During the Early to Middle Miocene, the continental configuration and vegetation 93 

patterns transitioned to conditions similar to today. Continental ice sheets were present on 94 

Antarctica, although much reduced during the MCO, a state referred to as a unipolar Coolhouse 95 

climate (Liebrand et al., 2017; Miller et al., 2020; Westerhold et al., 2020). Hence, the MCO 96 

presents an interesting ‘intermediate deep-time climate analogue’ to study past changing climate 97 

systems in the context of future greenhouse warming (Burke et al., 2018; Steinthorsdottir et al., 98 

2021b).  99 

During the onset of the MCO (~16.9 Ma), the deep ocean benthic foraminifer 
18

O 100 

excursion marks a possibly global abrupt warming phase, but reconstructions of absolute 101 

temperature trends at the Earth surface are sparse. In the western North Atlantic, a >5 °C 102 

warming is recorded just prior to the onset of the MCO (~19 – 18 Ma; Guitián et al., 2019). 103 

Across the MCO, multi-proxy reconstructions show values of up to ~15 °C higher than present 104 

day (~30 – 35°C) in the middle- to high-latitude North Atlantic Ocean and Danish North Sea 105 

(Super et al., 2018; 2020; Herbert et al., 2020). During the MCO, TEX86-based 106 

paleotemperatures from the eastern mid-latitude North Atlantic show maximum temperatures up 107 

to ~27°C (Sangiorgi et al., 2021). In the Southern Ocean, reliable temperature estimates covering 108 

the onset of the MCO are limited due to frequent hiatuses in recovered sections (Hartman et al., 109 

2018; Sangiorgi et al., 2018). However, ocean temperatures as high as ~15 °C have been 110 

reconstructed from offshore Wilkes Land (East Antarctica; Sangiorgi et al., 2018) and 111 

temperatures of ~7 °C were recorded at an ice-proximal site in the western Ross Sea (Levy et al., 112 

2016). Unfortunately, the reliability of reconstructed absolute temperatures strongly depends on 113 

the selection of calibration models and biomarker production depth (e.g., lipid biomarker proxy 114 

TEX86), proxy saturation and associated calibration limits (e.g., lipid biomarker proxy U37
k′ ), and 115 

potential bias by non-thermal effects such as considerable input of terrestrial organic matter and 116 

local effects such as meltwater pulses at ice-proximal sites. Recently, combined proxy SST 117 

reconstructions, including lipid biomarkers and clumped isotope paleothermometry, from the 118 

South Tasman Rise and offshore Northwest Australia show temperatures that are much higher 119 

than the present day ones during the MCO (Leutert et al., 2020; Modestou et al., 2020). 120 

Collectively, even though relatively high temperatures during the MCO are recorded at multiple 121 

sites, an abrupt warming at the onset of the MCO, as suggested by the deep ocean 
18

O record is 122 

not apparent in most of these surface records.  123 

Crucially, high-resolution, low-latitude (tropical) SST records covering the onset of the 124 

MCO are scarce (Steinthorsdottir et al., 2021b). This lack of low-latitude SST records is 125 

surprising given that tropical climate variability is decisive for atmospheric circulation by 126 

governing the intensity of trade winds and thereby monsoonal precipitation and weathering 127 

(Adegbie et al., 2003; Dupont et al., 1998; Steinthorsdottir et al., 2021b). This can drive 128 

extratropical warming by both marine and atmospheric teleconnections and subsequently play a 129 

key part in global climate variability. In addition, tropical temperature variability might drive 130 

carbon cycle feedbacks related to organic matter burial and the 
13

C of the global exogenic 131 
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carbon pool (Berner, 1982; Berner et al., 1983; Hedges et al., 1995), modulated by variations in 132 

regional insolation through Milankovitch cycles. During the Early to Middle Miocene, this 133 

Milankovitch forcing is reflected in strong eccentricity cycles in benthic foraminifer 
13

C 134 

records, termed Carbon Maxima (CM) events (Holbourn et al., 2015; Kocken et al., 2019; Ma et 135 

al., 2011; Woodruff et al., 1991). Previously, the focus has been on reconstructing equatorial 136 

Pacific temperature variability during the Middle Miocene to evaluate responses of the eastern 137 

Pacific cold tongue and western Pacific warm pool (Fox et al., 2021; Rousselle et al., 2013; 138 

Sosdian & Lear, 2020). Reconstructions of tropical Atlantic Ocean SSTs rely only on low 139 

resolution (>100 kyr) reconstructions from Ceara Rise in the western equatorial Atlantic 140 

(Sosdian et al., 2018; Z. Zhang et al., 2013). Overall, we lack records from tropical latitudes 141 

across the Early and Middle Miocene to assess whether the MCO was associated with tropical 142 

warming, on a resolution sufficient to quantify orbital scale variability in relation to monsoons.  143 

Recently, an orbitally-tuned age model was constructed for sediments recovered at Ocean 144 

Drilling Program (ODP) Site 959 in the eastern equatorial Atlantic (Wubben et al., 2023; 145 

Spiering et al., in review). This showed the presence of a stratigraphically extensive Early to 146 

Middle Miocene (~18.5 – 15.0 Ma) section, albeit with a ~700 kyr hiatus prior to the onset of the 147 

MCO. Importantly, previously generated lithological and geochemical records of the Miocene 148 

sequence at Site 959 suggest considerable influence of orbital cyclicity (eccentricity, obliquity 149 

and precession) likely related to West African Monsoon (WAM)-induced atmospheric 150 

circulation (Norris, 1998; Vallé et al., 2017; Wagner, 2002; Wubben et al., 2023), which is 151 

assessed in detail in a companion paper (Spiering et al., in review). The WAM is crucial for 152 

regulating the low-latitude, atmospheric moisture- and heat budget and, at present, represents a 153 

key factor in regulating rain-fed agriculture in densely populated western Sub-Saharan Africa. 154 

This region, where agricultural production is directly dependent on rainfall, is particularly 155 

sensitive due to its limited resources for adaptation to impacts by climate change (Camberlin et 156 

al., 2001; Challinor et al., 2007). The African monsoon is projected to be amplified as a result of 157 

modern global warming (Masson-Delmotte et al., 2021). Specifically, simulations predict a 158 

larger global monsoon area and both increased and intensified precipitation, due to higher 159 

atmospheric humidity by increased evaporation, changing specific sea-air moisture content and 160 

moisture convergence (Hsu et al., 2013; Seth et al., 2019). To further elucidate the response of 161 

WAM circulation on climatic warming, the MCO can form a potential analog to evaluate the 162 

response of the paleo-WAM to climatic warming similar to today.  163 

Previous studies have focused on African monsoon dynamics from a Mediterranean 164 

perspective, reflecting North African monsoonal hydrology (Bosmans et al., 2015b; Marzocchi et 165 

al., 2015), also during the MCO (Zammit et al., 2022), but the WAM system is largely 166 

underexplored. Major element intensities have shown that Late Miocene to Early Pleistocene 167 

marine sedimentation at Site 959 was paced by eccentricity, obliquity, and precession cycles, 168 

recording variable continental run-off, dust fluxes, and upwelling, sensitive to high-latitude ice 169 

volume changes (Norris, 1998; Vallé et al., 2017). However, it remains questionable whether a 170 

much-reduced Antarctic Ice Sheet (Miller et al., 2020) could have considerably influenced 171 

African monsoon intensity. A low-resolution evaluation of dinocyst assemblages from Late 172 

Eocene to Middle Miocene sediments at Site 959 revealed strikingly variable abundances of 173 

genera indicative of upwelling zones or a stratified water column in the Early to Middle Miocene 174 

(Awad et al., 2019; Oboh‐Ikuenobe et al., 1999). Furthermore, model simulations (CESM 1.2) of 175 

WAM evolution during the Middle Miocene (14 Ma) yield a weakening monsoon system highly 176 

sensitive to paleo-location of the West African coast as well as atmospheric CO2 forcing (Acosta 177 
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et al., 2022). More particularly, a progressively more northern position of the African continent 178 

shifted monsoon circulation to the subtropics during the Miocene, which weakened circulation 179 

and increased seasonality (Acosta et al., 2022). However, the influence of changing orbital 180 

configurations has not been tested, and uncertainty in the adoption of paleogeography models 181 

and vegetation patterns remain (Acosta et al., 2022). 182 

Here, we present TEX86 (TetraEther Index of tetraethers with 86 carbon atoms; Schouten 183 

et al., 2002, 2013) -based seawater temperatures and organic dinoflagellate cyst (dinocyst) 184 

assemblages across the onset of the MCO at Site 959 (~18.3 – 15.0 Ma) and combine these 185 

records with previously published lithological and geochemical data from the same samples 186 

(Spiering et al., in review; Wubben et al., 2023). Our high-resolution sampling provides an 187 

unprecedented evaluation of surface water conditions during the MCO and allows us to assess 188 

(1) warming in the tropics during the MCO, and (2) the effect of tropical warming on WAM 189 

circulation by tracing variability in processes such as (export) productivity, upwelling and dust 190 

supply on precession to eccentricity timescales.  191 

 192 

 193 
Figure 1. (a) Bathymetric map with location of ODP Site 959. Lines and numbers represent 194 

bathymetry taken from (Basile et al., 1996), map modified from Spiering et al. (in review). (b) 195 

North-South cross section of Site 959 coring location on the Côte d’Ivoire-Ghana Marginal 196 

Ridge (CIGMR), based on multichannel seismic profiles from (Mascle et al., 1996). (c), (d) Map 197 
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of the equatorial Atlantic Ocean showing the main modern WAM wind- and ocean circulation 198 

patterns during boreal summer (c) and boreal winter (d). Both maps are modified from Spiering 199 

et al. (in review). 200 

2 Materials & Oceanographical and Geological Setting 201 

2.1 ODP Site 959 202 

The ODP Site 959 sedimentary sequence was recovered during Leg 159 in the eastern 203 

equatorial Atlantic Ocean, ~120 km offshore Ivory Coast on the southern edge of the Deep 204 

Ivorian Basin (3°37.659’N, 2°44.112’W; Fig. 1; Mascle et al., 1996). The site was located at 205 

~1S (±2.5, using the paleomagnetic reference frame of Torsvik et al. (2012)) during the Early 206 

to Middle Miocene (paleolatitude.org version 2.1; van Hinsbergen et al., 2015). Lower and 207 

Middle Miocene sediments were recovered in Hole 959A, retrieved at ~2100 m water depth on a 208 

platform north of the Côte d’Ivoire-Ghana Marginal Ridge (Mascle et al., 1996). Following Vallé 209 

et al. (2017) and van der Weijst et al. (2022), we use the depth scale introduced in Wubben et al. 210 

(2023) in which constant offsets of 0.5 m are added to each core to correct for sediment loss 211 

between cores. Consequently, the studied cores 28X to 21X span the depth interval between 212 

280.02 to 207.99 rmbsf (see Supplementary Information T1 in Wubben et al. (2023)). The 213 

detailed age model, which was constructed based on calcareous nannofossil and diatom 214 

biostratigraphy combined with orbital tuning of the bulk carbonate 
13

C record, implies that the 215 

sediment cores (28X-1W 74 cm – 21X-1W 23 cm) span the interval from ~18.3 to 15 Ma, 216 

including a hiatus between ~17.6 and 17.0 Ma (Spiering et al., in review; Wubben et al., 2023). 217 

Sediments mostly comprise marine biogenic components, notably (diagenetically altered) 218 

biogenic opal and calcareous nannofossils, with some clay and organic matter (Mascle et al., 219 

1996; Wagner, 2002). Lithological variability is characterized by decimeter-to-meter scale 220 

variations in diatom nannofossil chalk and clayey diatomite (Subunit IIA; 29X-CC – 23X-4W, 221 

40cm) in the Lower Miocene, which progressively grade into alternating nannofossil chalk and 222 

clay in the Middle Miocene (Subunit IB; 23X-4W – 21X, 40cm) (Mascle et al., 1996). We refer 223 

to Mascle et al. (1996) and Wubben et al. (2023) for detailed lithological descriptions. 224 

Bulk carbonate 
18

O and 
13

C at Site 959 imply the presence of the onset of the MCO at 225 

~258 rmbsf (~16.9 Ma), the Monterey Excursion (ME) between ~250 and 225 rmbsf, including 226 

Carbon Maxima (CM) events 1 to 4 (~16.8 – 15.2 Ma), and peak warming at ~221.19 rmbsf 227 

(~15.6 Ma; Wubben et al., 2023) (Fig. 2). Records of magnetic susceptibility (MS), mean 228 

greyscale (GS) and estimated weight percent (wt%) CaCO3 at on average <5 kyr resolution 229 

imply a dynamic depositional setting across the MCO at Site 959 (Wubben et al., 2023). Prior to 230 

the MCO onset (~18.2 – 17.7 Ma), intervals of increased productivity, characterized by dark, 231 

diatomaceous sedimentation and low wt% CaCO3 occur during eccentricity maxima (Wubben et 232 

al., 2023). It is hypothesized that these intervals are related to episodes of increased upwelling of 233 

nutrient-rich waters, supported by enrichment of biogenic Ba (Spiering et al., in review; Wubben 234 

et al., 2023). Towards the Middle Miocene, production potentially shifted to dominantly 235 

carbonate producers and lithology mainly alternates between clays and carbonates. Strikingly, 236 

immediately following the onset of the MCO (~16.9 – 16.3 Ma), high-amplitude alternations 237 

between diatomite and carbonate-rich deposits on precession to obliquity timescales coincide 238 

with a node in the long, ~2.4 Myr-long eccentricity cycle (Spiering et al., in review; Wubben et 239 

al., 2023). 240 
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 241 
Figure 2. Compilation of geochemical proxy records from ODP Site 959 prior to and during the 242 

MCO, previously generated by Wubben et al. (2023), compared to benthic foraminifer isotope 243 

trends (Holbourn et al., 2015; Westerhold et al., 2020). (a) Magnetic susceptibility (MS). (b) Site 244 

959 bulk carbonate 
18

O (light blue) and benthic foraminifer 
18

O from the eastern equatorial 245 

Pacific (dark blue). (c) Site 959 bulk carbonate 
13

C (light green) and benthic foraminifer 
13

C 246 

from the eastern equatorial Pacific (dark green). (d) Weight percentage (wt%) of CaCO3.  247 
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2.2 Regional oceanography & the West African Monsoon 248 

 249 

Modern sea surface temperatures (SST) at Site 959 range from ~25.0 to 28.5C (Locarnini et 250 

al., 2013). Surface ocean circulation in the eastern equatorial Atlantic is governed by two 251 

principal currents, i.e., the westward-flowing North Equatorial Current (NEC) and the South 252 

Equatorial Current (SEC), of which the latter facilitates the flow of warm waters towards the 253 

South American continent (Brazil margin; Norris, 1998). During boreal summer, the Intertropical 254 

Convergence Zone (ITCZ) is displaced northward, which facilitates an intensified North 255 

Equatorial Countercurrent (NECC) that extends into the eastward-flowing Guinea Current (GC) 256 

that flows into the Guinea Basin. Simultaneously, the eastward-flowing Equatorial Undercurrent 257 

(EUC) transports cool and saline waters to the Guinea Basin in the subsurface which results in a 258 

strong thermocline relative to the warm, low-salinity GC (Norris, 1998; Verstraete, 1992). The 259 

EUC strengthens during boreal summer due to strong trade winds over the western and central 260 

low-latitude Atlantic that cause increased pile-up of warm surface waters to the Brazil margin. 261 

This results in a stronger eastward-flowing subsurface current (i.e., the EUC) that withstands 262 

westward-flowing surface currents (Norris, 1998; Verstraete, 1992). Consequently, a stronger 263 

EUC transports cooler sub-surface waters into the eastern equatorial Atlantic and the Gulf of 264 

Guinea (GG) which produces seasonal upwelling along the west African coast (Fig. 1c) 265 

(Djakouré et al., 2017; Norris, 1998; Verstraete, 1992; Wagner, 1998). Conversely, the EUC and 266 

GC are relatively weak during boreal winter, when the ITCZ is in its southernmost position and 267 

westward surface winds prevent a strong NECC (Norris et al., 1998) (Fig. 1d). 268 

Sedimentation in the eastern equatorial Atlantic, and thereby at ODP Site 959 is influenced 269 

by WAM variability. The WAM system reflects extreme seasonal migrations of the ITCZ 270 

relative to the equator associated with strong differential seasonal heating between North Africa 271 

and the ocean, effectively changing the position of trade wind conversion over Africa (Gadgil, 272 

2018 and references therein). Monsoon precipitation over West Africa is the strongest during 273 

(eccentricity-modulated) precession minima, i.e., maximum boreal summer heating. Strong 274 

monsoons also occur during obliquity maxima, when increased Northern Hemisphere (NH; 275 

boreal) solar radiation enforces increased seasonality and thereby increased land-ocean 276 

temperature gradients (Bosmans et al., 2015b; Bosmans et al., 2015a; Marzocchi et al., 2015; 277 

Tjallingii et al., 2008; Weldeab et al., 2007). During precession minima and a northward shift of 278 

the ITCZ (~18 N) directly related to intensified ascending branch of the Hadley cells, 279 

precipitation increases over North Africa (Bosmans et al., 2015b; deMenocal et al., 1993; 280 

Kutzbach et al., 2014; Larrasoaña et al., 2013; Marzocchi et al., 2015; Trauth et al., 2009). 281 

During precession maxima, precipitation is increased over the Atlantic. Increased dust supply to 282 

the eastern equatorial Atlantic and GG occurs when summer insolation minima during precession 283 

maxima, modulated by eccentricity, result in a weakened monsoon and a more arid African 284 

continent (Larrasoaña et al., 2003; Norris, 1998; Tiedemann et al., 1994; Trauth et al., 2009). 285 

Dust fluxes to Site 959 are forced by intensified NE trade winds (i.e., Harmattan) which transport 286 

dust sourced from the Sahel region (Norris, 1998; Trauth et al., 2009; Vallé et al., 2017). Model 287 

simulations on sub-precession timescales show a bimodal (April – May & September – October) 288 

precipitation response over the equatorial West African region while surface air temperatures 289 

remain relatively low (~28C) because of increased cloud cover (Marzocchi et al., 2015). 290 

3 Methods 291 

3.1 Bulk total organic carbon 292 
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To determine the percentage of bulk total organic carbon (%TOC) approximately 1 g of 293 

selected freeze-dried samples (n=145) were powdered and transferred to 50 ml Greiner tubes. To 294 

remove carbonates, the samples were treated twice with 25 ml of 1 M HCl and in between 295 

decarbonation they were shaken, centrifuged, and rinsed with UHQ. After drying in the oven for 296 

at least 72 hours at 60C, approximately 30 mg of the decalcified, homogenized residues was 297 

used to measure %TOC with a Fisons CNS analyzer at Utrecht University. A standard (GQ) was 298 

repeatedly measured in each run to determine precision (1: 0.04%). 299 

 300 

3.2 GDGT analysis and TEX86 paleothermometry 301 

Approximately 5 grams of 568 sediment samples at an average resolution of ~10 cm between 302 

~18.2 and 15.0 Ma were selected for the generation of a TEX86 paleotemperature record based on 303 

glycerol dialkyl glycerol tetraether (GDGT) lipids. Lipid extraction from freeze-dried, powdered 304 

samples was carried out using either Dionex accelerated solvent extraction (ASE 350) or 305 

microwave extraction (MEX) and using 9:1 (v:v) dichloromethane (DCM):MeOH. A known 306 

amount of synthetic C46 glycerol trialkyl glycerol tetraether (m/z 744) internal standard was 307 

added to the obtained total lipid extract (TLE) and evaporated to near dryness under a gentle N2 308 

flow. The TLEs were passed over a small Na2SO4 column to remove residual water and sediment 309 

using DCM, and, after drying under N2, separated into 3 fractions according to polarity, i.e., 310 

apolar, neutral and polar fractions, using Al2O3 column chromatography and hexane:DCM (9:1), 311 

hexane:DCM (1:1) and DCM:MeOH (1:1) as eluents, respectively. Subsequently, the polar 312 

fractions, containing the GDGTs, were dissolved in hexane:isopropanol (99:1) solution to a 313 

concentration of ~2 mg/ml, and passed over a 0.45 m polytetrafluoroethylene (PTFE) filter 314 

prior to injection on an Agilent 1260 Infinity series high performance liquid chromatograph 315 

(HPLC), coupled to an Agilent 6130 single-quadrupole mass spectrometer (MS) with instrument 316 

settings and methodology of Hopmans et al. (2016). The GDGTs were detected by their [M+H]
+
 317 

ions where a minimum peak area of 3000 and a signal-to-noise ratio >3 was maintained as 318 

threshold for quantification. GDGT abundance was determined by comparison of their peak area 319 

with that of the internal standard, and assuming a similar response of the mass spectrometer for 320 

all compounds. 321 

Seawater temperatures were reconstructed by applying the TEX86 paleothermometer. The 322 

TEX86 is based on the temperature-dependent cyclization in isoprenoid GDGTs (isoGDGT), 323 

which are membrane lipids of Thaumarchaeota (Schouten et al., 2002). The TEX86 determines 324 

the relative abundance of four different isoGDGTs i.e., GDGT-1,-2,-3 and crenarchaeol isomer 325 

(cren’) (1), in which GDGT-n represents the number (n) of cyclopentane rings on its 326 

hydrocarbon chains. The crenarchaeol isomer contains four cyclopentane as well as one 327 

cyclohexane rings.  328 

 329 

TEX86 =  
([GDGT−2]+[GDGT−3]+[cren′])

([GDGT−1]+[GDGT−2]+[GDGT−3]+[cren′])
      (1) 330 

 331 

To test for factors other than temperature that could potentially influence TEX86, we 332 

evaluated several indices to check for possible deviation from modern analogues, such as the 333 

weighted average of cyclopentane moieties (Ring Index; Zhang et al., 2016), contributions of 334 

isoGDGT produced by methanotrophic or methanogenic archaea (Methane Index; Zhang et al. 335 

(2011), GDGT-2/Crenarchaeol; Weijers et al. (2011), and GDGT-0/Crenarchaeol ratio; Blaga et 336 

al. (2009), respectively) and contributions by deep-dwelling archaeal communities (GDGT-337 
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2/GDGT-3 ratio; Taylor et al., 2013) (see Supporting Information). Furthermore, the 338 

astronomically tuned age model presented for the Early to Middle Miocene record at Site 959 339 

allows us to determine absolute accumulation rates (AR) of GDGT compounds on kyr-timescales 340 

(ng GDGT cm
-2 

kyr
-1

). Therefore, next to evaluating the branched and isoprenoid tetraether (BIT) 341 

index that quantifies the relative input of soil-derived GDGTs to marine sediments (Hopmans et 342 

al., 2004; Weijers et al., 2006), we also determine the isoGDGT and branched GDGT (brGDGT) 343 

ARs. IsoGDGT- and brGDGT ARs are normalized to TOC to correct for changes in AR induced 344 

by variability in productivity.  345 

Multiple studies have calibrated TEX86 to mean annual sea surface temperature (SST) based 346 

on modern marine core-top sediments, using linear (Schouten et al., 2002; O’Brien et al., 2017; 347 

Tierney & Tingley, 2014) and non-linear (Kim et al., 2010; Liu et al., 2009) regression models. 348 

These models differ particularly at the high temperature end, which is likely relevant for the 349 

MCO at a tropical location such as Site 959 in case that TEX86 exceeds values found for the 350 

modern ocean (up to 0.73) and the TEX86-SST relationship needs to be extrapolated. In addition, 351 

recent work has indicated that most of the sedimentary isoGDGT pool is not produced at the 352 

surface, but in the shallow subsurface, i.e., between ~50 – 200m, supporting shallow subsurface 353 

calibrations (Ho et al., 2015; Kim et al., 2010; Schouten et al., 2002; Tierney et al., 2014). 354 

Moreover, deeper dwelling GDGT-producers, characterized by high GDGT-2/GDGT-3 values, 355 

may contribute to the TEX86 signal stored in the sediments (Hurley et al., 2018; 356 

Rattanasriampaipong et al., 2022; Taylor et al., 2013; van der Weijst et al., 2022). Unfortunately, 357 

a proper calibration for the ‘right’ and dynamical depth range is not yet available. Therefore, to 358 

account for this uncertainty, by convention (Hollis et al., 2019), TEX86 will here be translated 359 

into temperature using both the logarithmic calibration model (Kim et al., 2010; TEX86
H
) (2) and 360 

a linear calibration model (O’Brien et al., 2017; TEX86-Linear) (3) (Fig. S2): 361 

 362 

TEX86
H                         SST = 68.4 × log(TEX86) + 38.6     (2) 363 

TEX86−Linear          SST = 0.017 ×  TEX86 + 0.19     (3) 364 

 365 

We consider it likely that the relatively sensitive linear SST calibration overestimates the 366 

variability at the high temperature-end (Cramwinckel et al., 2018; Ho et al., 2016), and that an 367 

exponential calibration may better reflect temperature variability in this range. Therefore, we use 368 

the exponential TEX86
H
 calibration to discuss the temperature variability at Site 959 in section 5. 369 

In addition, we explore an exponential model that is calibrated to shallow subsurface (100 – 250 370 

m water depth) temperatures (Ho et al., 2016, SubT100-250m) (4). Any calibration based on 371 

seawater temperatures below the mixed layer will lead to a lower proxy sensitivity than one 372 

based on mixed layer temperatures due to a smaller global temperature range in subsurface 373 

waters (Ho et al., 2016). Because shallow subsurface temperature variability typically reflects 374 

that at the sea surface (Ho et al., 2015), we here assume that this record is a suitable, 375 

conservative reflection of SST variability at our site (Fig. S2).  376 

 377 

SubT100−250m                       SubT = 45.91 (±1.55) × log(TEX86) + 25.6(±0.42) (4) 378 

 379 

3.3 Palynology 380 

3.3.1 Lab processing and quantification 381 

About 10 – 15 grams of 90 freeze-dried samples between ~18.2 – 15.0 Ma (Cores 27X-7, 39 382 

cm – 21X-2, 102 cm) were coarsely crushed and the sediment was processed for palynology at 383 
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Utrecht University. We chose the highest resolution between ~15.75 – 15.65 Ma (±4.4 kyr; 384 

Cores 22X-5, 103 cm – 22X-4, 17 cm) and between ~17.0 – 16.75 Ma (±10 kyr; Cores 25X-CC 385 

– 25X-3, 50 cm), and an average resolution of ±35 kyr in the remaining parts of the record. A 386 

tablet containing a known number of Lycopodium clavatum spores was added to each sample to 387 

enable determination of dinocyst absolute abundances (dinocyst/ gram dry sediment) followed 388 

by standard palynological treatment (e.g., Brinkhuis et al., 2003). Subsequently, in a 40 ml 389 

plastic vial, each sample was treated with 10% hydrochloric acid (HCl) to remove carbonates. 390 

After settling overnight, the vials were centrifuged, subsequently decanted, and filled up with 391 

deionized water. After decanting, 40% cold hydrofluoric acid (HF) was added to remove 392 

silicates, and samples were subsequently put on a shaking machine for 2 hours. After settlement 393 

overnight the samples were again treated with HCl and HF. No oxidation was carried out. 394 

Finally, the samples were decanted and rinsed with demineralized water. Residues were washed 395 

over a 10 m mesh-sized sieve and briefly put in an ultrasonic bath to break-up aggregates of 396 

organic matter and remove remaining minerals such as pyrite. For each sample, two slides were 397 

prepared using glycerin and sealed with varnish.  398 

Where possible, up to a minimum of 200 organic walled dinocysts were counted per sample 399 

at 400 and 630 magnification using a Leica DMLB microscope connected to a Leica MC120 400 

HD camera. For six samples, microscopic slides yielded less than 100 specimens, and these were 401 

not considered in statistical analyses. Dinocyst identification follows the taxonomy of Williams 402 

et al. (2017) and, where preservation and cyst size were sufficient to identify characteristic 403 

features, dinocysts were quantified one the species level. A consistency check between counts 404 

carried out by multiple analysts was performed. Terrestrial palynomorphs (pollen and spores) 405 

and acritarchs were also counted and are presented for the samples where they could be 406 

confidently determined and checked by one analyst (n=60). Percentages of single dinocyst 407 

groups and species were calculated relative to total dinocyst counts, as well as the total 408 

percentage of dinocysts relative to all palynomorphs (i.e., including terrestrial palynomorphs and 409 

acritarchs). Furthermore, given the robust, astronomically tuned age model for Site 959, we 410 

calculated dinocyst AR normalized by TOC (n cysts cm
-2

 kyr
-1

). Previous work has shown that 411 

ARs correlate with surface water chlorophyll-a concentrations and it is therefore a good indicator 412 

for cyst production and nutrient availability (Zonneveld et al., 2009). All materials are stored in 413 

the collection of the Laboratory of Palaeobotany and Palynology at the department of Earth 414 

Sciences, Utrecht University.  415 

  416 

3.3.2 Dinoflagellate cyst paleoecology 417 

Dinoflagellates are unicellular, eukaryotic, mostly planktonic protists that occur in all aquatic 418 

environments but with highest diversity in the marine realm (Fensome, 1993). Dinoflagellates 419 

have several trophic strategies and can be heterotrophic, mixotrophic and autotrophic. The 420 

geographical distribution of heterotrophic dinoflagellates, mostly belonging to the 421 

Protoperidiniacaea family, is highly dependent on food availability, while that of autotrophic 422 

taxa, mostly Gonyaulacoid, is determined by e.g., salinity, surface water temperature and nutrient 423 

availability (Marret et al., 2020; Zonneveld et al., 2013). 424 

Approximately 15% of marine dinoflagellates produce organic-walled cysts (i.e., dinocysts), 425 

which preserve well in marine sediments (Fensome, 1993). Palaeoecological implications of 426 

dinocysts occurrences are typically extrapolated from the modern for extant species, which is 427 

typically the dominant component of Miocene assemblages (De Schepper et al., 2011; Hannah, 428 

2006; Hoem et al., 2021; Louwye et al., 2007; Quaijtaal et al., 2014; Sangiorgi et al., 2018, 2021; 429 
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Schreck et al., 2017). For extinct species, inferences are typically based on empirical information 430 

(De Schepper et al., 2011; Frieling et al., 2018; Pross et al., 2005).  431 

Here, we divide the dinocyst taxa in two main groups: Gonyaulacoid and Protoperidiniceae. 432 

The latter group of dinocysts derive from obligate heterotrophic dinoflagellates and therefore 433 

indicate sufficient food supply (Brinkhuis et al., 1992; Sluijs et al., 2005). Based on previous 434 

work on Early to Middle Miocene palynological assemblages at Site 959, these dinocyst taxa 435 

could be further assigned to more specific environmental niches (Awad et al., 2019; Oboh‐436 

Ikuenobe et al., 1999). Certain Gonyaulacoid dinocyst taxa are interpreted to represent offshore 437 

environments, i.e., Batiacasphaera spp. (Schreck et al., 2013), Cerebrocysta spp. (Pross et al., 438 

2005), Hystrichokolpoma spp. (Pross et al., 2005), Impagidinium spp. (Jaramillo et al., 1999; 439 

Pross et al., 2005), Nematosphaeropsis spp. (Harland, 1983; Pross et al., 2005; Wall et al., 1977), 440 

Operculodinium spp. (Harland, 1983; Wall et al., 1977), and Spiniferites spp. (Brinkhuis et al., 441 

1988; Jaramillo et al., 1999; Wall et al., 1977). Furthermore, we regard taxa including 442 

Lingulodinium spp. (Jaramillo et al., 1999; Zevenboom et al., 1994) and Cleistosphaeridium spp. 443 

(Jaramillo et al., 1999; Köthe, 1990) to indicate outer-to-inner-neritic conditions. Finally, 444 

Polysphaeridium cpx. and Homotryblium spp. are typically found in restricted-marine (i.e., 445 

lagoon) conditions with lower salinities (Jaramillo et al., 1999; Köthe, 1990). Protoperidinioid 446 

taxa include Lejeunecysta spp. and Selenopemphix spp. It was shown that organic cysts produced 447 

by heterotrophic Protoperidinioid dinoflagellates are relatively more sensitive to oxic 448 

degradation compared to cysts produced by phototrophic Gonyaulacoid dinoflagellates 449 

(Zonneveld et al., 1997). Therefore, a considerable presence of well-preserved Protoperidinioid 450 

dinocyst taxa has been used as an indicator for the degree of preservation of the analyzed 451 

palynology samples. 452 

Modern and relatively recent dinocyst assemblages close to Site 959, taken from recent 453 

marine sediments from the (western) Gulf of Guinea, comprise dominantly of Spiniferites spp. 454 

and Operculodinium spp., and lesser abundances of Impagidinium spp., Nematosphaeropsis spp. 455 

and Protoperdiniaceae including Brigantedinium spp. and Echinidinium spp. (Marret, 1994; 456 

Marret et al., 2008).  457 

 458 

3.3.3 Statistical analysis 459 

Detrended Correspondence Analysis (DCA) and Canonical Correspondence Analysis (CCA) 460 

on the dinocyst assemblages were performed using the ‘vegan’ R package (Oksanen et al., 2022). 461 

CCA analyses was carried out to evaluate the correspondence of dinocyst taxa to environmental 462 

indicators, including geochemical proxy records, TEX86-based SST, biogenic Barium (Babio) and 463 

wt% CaCO3. Higher resolution datasets were linearly interpolated to the sampling resolution of 464 

the palynology. Because dinocyst assemblages occasionally comprise of less than 100 specimens 465 

and taxa could not consistently be identified on species-level, we did not perform diversity 466 

analyses to avoid bias by under-representation.  467 

 468 

4 Results 469 

4.1 Total Organic Carbon 470 

 471 

On average, the %TOC decreases across the onset of the MCO from average values of 0.6% 472 

between 18.2 and 17.7 Ma, to ~0.4% between 16.9 and 15.0 Ma (Fig. 3d). This is also evident 473 
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from the gradually lighter sediment color, reflected in the greyscale record in Wubben et al. 474 

(2023). Prior to the MCO onset, multiple %TOC peaks of ~1.0 – 2.0% are recorded which are 475 

spaced approximately 100 kyr apart (at 18.0, 17.9, 17.8 and 17.7 Ma). At the MCO onset (~16.9 476 

Ma), the %TOC record is characterized by a transient peak to 2.7% which occurs simultaneously 477 

with peak values of Babio and Ti/Ca, and by a persistent increase in MS values (Spiering et al., in 478 

review; Wubben et al., 2023). Two %TOC peaks are recorded at 15.50 and 15.25 Ma with values 479 

up to 1% and 1.7%, respectively.  480 

Throughout the Site 959 record, %TOC shows a robust, apparent logarithmic, positive 481 

correlation with Babio (r
2
 = 0.63), a proxy for export productivity. Immediately following the 482 

MCO onset (16.9 – 16.5 Ma), Babio peaks denote relatively organic-rich, bio-siliceous 483 

sedimentary intervals paced by a combination tone of precession and obliquity (Spiering et al., in 484 

review).  485 

 486 

Figure 3. Early to Middle Miocene proxy records from ODP Site 959 plotted against depth 487 

(rmbsf-scale, left) and age (Ma, right). (a) TEX86-SST calibrated with the exponential TEX86
H
 by 488 

Kim et al., 2010 (dark orange). (b) GDGT-2/GDGT-3 ratio. (c,d) isoGDGT (light blue) and 489 

brGDGT (green) accumulation rates, normalized by TOC. (e) %Total organic carbon. (f) 490 

Biogenic barium, proxy for export productivity. (g) Ti/Ca ratio, proxy for dust supply. 491 

4.2 GDGT concentrations and relative abundances 492 

The GDGT pool is dominated by isoGDGTs (~80%), particularly crenarchaeol and GDGT-0 493 

have continuously high abundances. The average, TOC-normalized isoGDGT AR is 6.410
3
 494 

(±6.110
3
) ng cm

-2 
kyr

-1
, with peak values up to ±5.010

4
 ng cm

-2
kyr

-1
 (Fig. 3). IsoGDGT AR 495 

shows an increasing trend between 18.2 and 17.7 Ma towards values up to 3.010
4
 ng cm

-2
kyr

-1
. 496 

Between 17.0 and 16.6 Ma, isoGDGT AR peaks up to 3.510
4
 ng cm

-2
kyr

-1
 occur spaced 497 
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approximately 50 kyr apart, starting at the MCO onset (~16.9 Ma; Fig. 3). Towards the Middle 498 

Miocene, isoGDGT AR peaks occur at ~16.6, ~16.4, ~16.3, ~16 and ~15.5 Ma. The average, 499 

TOC-normalized brGDGT AR is much lower (5.310
2
 ±4.810

2
 ng cm

-2
kyr

-1
), but the record 500 

does exhibit striking peaks of >5.010
3
 ng cm

-2
ky

-1
 at ~16.5, ~16.4, and up to 6.310

3 
ng cm

-
501 

2
kyr

-1 
at ~15.4 Ma (Fig. 3). Both isoGDGT and brGDGT ARs are on average higher prior to the 502 

MCO onset (~18.3 – 17.7 Ma). Furthermore, iso- and brGDGT ARs show similarly paced 503 

variability following the onset of the MCO (~16.9 – 16.6 Ma) to other geochemical records (e.g., 504 

MS, Babio, Ti/Ca and wt% CaCO3; Spiering et al., in review, Wubben et al., 2023), i.e, relatively 505 

high amplitude variability paced by ~55 kyr cycles.  506 

Of the in total 567 TEX86 measurements, 3 TEX86 values were discarded based on high RI 507 

values (0.32 – 0.37; Zhang et al., 2016) (Fig. S1). Five samples yielded BIT values that exceeded 508 

0.4 which could point at a potential bias of TEX86 by soil-derived isoGDGTs (e.g. Weijers et al., 509 

2006) (Fig. S1). However, variability in the BIT index is mainly forced by isoGDGT ARs as the 510 

BIT index represents a closed-sum between isoprenoid and branched GDGTs (Hopmans et al., 511 

2004). Moreover, given the likely absence of soil input (i.e., rivers) to Site 959, we do not 512 

exclude TEX86 values based on the BIT index. Furthermore, 5 TEX86 measurements were 513 

excluded due to high values of the methanogenesis indicators (GDGT-2/cren, Weijers et al., 514 

2011; and/or Methane Index, Zhang et al., 2011) (Fig. S1). No TEX86 measurements exceeded 515 

the set cut-off value for the GDGT-0/cren index (Blaga et al., 2009) (Fig. S1), indicating no 516 

considerable contribution by GDGTs produced by methanogenic archaea. Throughout the record, 517 

GDGT-2/GDGT-3 values remain relatively stable and show an increase from ~4 (±0.4) prior to 518 

the onset of the MCO (~18.2 – 17.6 Ma) to ~5.1 (±0.6) towards the Middle Miocene (~15.5 Ma), 519 

except for 1 low value of 2.3 at ~15.55 Ma (Fig. 3). Such GDGT-2/GDGT-3 values indicate 520 

dominant production of- and/or export of GDGTs from between ~50 – 200 m water depth 521 

(Hurley et al., 2018; Rattanasriampaipong et al., 2022; Taylor et al., 2013; van der Weijst et al., 522 

2022). Even though GDGT-2/GDGT-3 values exceeding 5 suggest a small component of 523 

GDGTs derived from slightly deeper in the water column (Rattanasriampaipong et al., 2022; 524 

Taylor et al., 2013), we do not exclude the corresponding TEX86 values from our record because 525 

their influence on TEX86 is rather small (Varma et al., 2023). Rather, we acknowledge a small, 526 

but relatively constant contribution to the GDGT pool by deeper dwelling archaea during the 527 

Early and Middle Miocene at Site 959. This is in line with results from the Middle to Upper 528 

Miocene section at Site 959 that shows elevated (~5 – 10) GDGT-2/GDGT-3 values (van der 529 

Weijst et al., 2022). Evidently, absolute SST values should be taken with care, but the direction, 530 

relative amplitude, and timing of changes in the TEX86-based SST record can be considered 531 

robust.  532 

 533 

4.2.1 SST  534 

The SST record at Site 959 (n=554) shows a warming of ~1.5C, based on the TEX86
H
 535 

calibration, from the earlier Miocene (~18.3 – 17.7 Ma; average SST 28.4C) to the MCO (<16.9 536 

Ma; average SST 29.9C, Fig. 3). Prior to the MCO, SST variability of ±4C follows 100 kyr 537 

eccentricity cycles (Spiering et al., in review). Two 100 kyr eccentricity SST peaks between 538 

~17.9 – 17.7 Ma show a remarkable asymmetric shape which could point to an influence of high-539 

latitude glacial variability (Spiering et al., in review). Following the onset of the MCO (~16.9 – 540 

16.5 Ma), SST variability remains remarkably high and even increases to on average ±5C. 541 

However, in this interval the SST variability is paced by a combination tone of precession and 542 

obliquity, resulting in a ~55 kyr cycle (Spiering et al., in review). This interval falls within a 543 
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node of the long ~2.4 Myr eccentricity cycle, causing a relative increase in the expression of 544 

obliquity (Spiering et al., in review), which is also evident from the absence of clear ~400 kyr 545 

eccentricity amplitude modulation relative to the interval between ~16.5 – 15.0 Ma (Fig. 3). 546 

Lowest SSTs correlate to pronounced Babio peaks and increased Ti/Ca values.  547 

Between 16.5 – 15.0 Ma, SST reaches peak values during 400 kyr eccentricity maxima at 548 

~16.4, ~16.0 Ma and ~15.6 Ma up to ~32.5, ~32.8 and ~33.2C respectively (Fig. 3). Throughout 549 

this interval, SST shows prominent high amplitude variability paced by short (~100 kyr) 550 

eccentricity and, in intervals where the sampling resolution is sufficient, by precession (i.e., 15.8 551 

– 15.5 Ma). Between 16.5 – 15.0 Ma, a negative correlation between %TOC and SST is 552 

observed, except for the period between ~16.3 – 15.8 Ma which shows significantly less %TOC 553 

variability. 554 

Highest SSTs at 15.6 Ma correspond to MCO peak warming, which was previously 555 

identified in the bulk carbonate 
18

O record at Site 959 (Wubben et al., 2023), and in published 556 

benthic foraminiferal 
18

O records from the eastern equatorial Pacific (Holbourn et al., 2015).  557 
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Figure 4. Most important groups of Early to Middle Miocene dinocyst assemblages at Site 959 559 

plotted against depth (rmbsf scale, left) and age (Ma, right). Dinocyst accumulation rates in 560 

brown and black graphs (cysts 10
3
 cm

-2
ky

-1
). Areaplot shows relative abundances of the three 561 

palynomorph groups; dinocysts, acritarchs and, pollen and spores.  562 

 563 

4.3 Palynology 564 

Dinocyst preservation varies from good to poor and ARs are low, averaging 210
3
 cysts cm

-
565 

2
kyr

-1 
(Fig. 4). Transient peaks occur between ~17.0 – 16.7 Ma (±410

3
 – 1210

3
 cysts cm

-2
kyr

-
566 

1
) and at 15.7 Ma (±610

3
 cysts cm

-2
kyr

-1
). Especially between ~17 – 16.7 Ma, variability is high 567 

with ARs varying between ±110
3
 – 1210

3
 cysts cm

-2
kyr

-1
, paced by obliquity and precession 568 

(Fig. 4). Besides dinoflagellate cysts, palynological residues are often dominated by pyritized 569 

bio-siliceous material such as diatom and radiolarian fragments and contain varying abundances 570 

of amorphous organic matter, i.e., structureless and unidentifiable organic particles, organic test 571 

linings of benthic foraminifera, organic linings of calcareous dinocysts and occasionally 572 

degraded phytoclasts. Pollen and spores, mostly represented by trilete spores and triporate 573 

pollen, are present throughout the record but only make up on average 5 – 10% of the total 574 

palynomorph assemblage (Fig. 4). ARs of terrestrial palynomorphs are on average 0.1510
3
 575 

palynomorphs cm
-2

kyr
-1

, with highest values up to 0.410
3
 – 1.010

3
 cysts cm

-2
kyr

-1
 prior to the 576 

MCO and immediately following the MCO onset (~16.9 – 16.7 Ma). Finally, the prasinophyte 577 

algae Cymatiosphaera spp. is encountered sporadically but always comprise <5% of the total 578 

palynomorph assemblage. Acritarch abundances average ~10% of the total palynomorph 579 

assemblage (2.510
2
 acritarchs cm

-2
kyr

-1
) but are high between 16.9 – 16.6 Ma, (peaks ~20 – 580 

45%; ~410
2
 cysts cm

-2
kyr

-1
) and between 15.7 – 15.6 Ma (~20 – 55%; >1.010

3
 cysts cm

-2
kyr

-
581 

1
). This group comprises small (~10 m), round skolochorate cysts with numerous spines of 582 

variable lengths and occasional septa. 583 

Despite the variable preservation, we do not expect a significant oxidation bias given that 584 

well-preserved Protoperidinioid cysts were found throughout the record. Dinocyst assemblages 585 

are generally dominated by Gonyaulacoid cysts with highest abundances of the cosmopolitan 586 

Spiniferites spp. (5% – 75%) and common taxa like Batiacasphaera spp. (7% – 45%), 587 

Cleistosphaeridium cpx. (also including Adnatosphaeridium spp.; 4% – 25%), Hystrichokolpoma 588 

spp. (mostly H. rigaudiae; 3% – 30%), Impagidinium spp. (3% – 15%), Lingulodinium cpx. 589 

(mostly L. machaerophorum; 2% – 13%) and Operculodinium spp. (2% – 15%) (Fig. 4, S2). 590 

Goniodomidae group Polysphaeridium cpx. (mostly P. zoharyi and including Homotryblium 591 

spp.) is present throughout the record (6% – 32%), occasionally showing peak abundances. 592 

Apteodinium spp. is encountered at several intervals in the record and exhibits peak abundances 593 

immediately following the onset of the MCO (~16.95 Ma; 25% – 45%) and at ~15.6 Ma (~13%). 594 

Furthermore, Nematosphaeropsis labyrinthus is present in relatively low quantities between 18.2 595 

– 15.8 Ma (~0% – 5%) but becomes more abundant between 15.8 – 15.0 Ma (up to ~22%). 596 

Heteraulacacysta spp. (mostly H. campanula) and Tuberculodinum vancampoae occur 597 

sporadically at relatively low abundances (~0% – 5%) (Fig. 4). Protoperidinioid dinocysts are 598 

common throughout the record (~18%) and dominantly include Brigantedinium spp. (mostly B. 599 

simplex), Lejeunecysta spp. (mostly L. attenuata, L. cinctoria and L. fallax), and Selenopemphix 600 

spp. (mostly S. nephroides and S. selenoides/undulata). A complete overview of dinocyst taxa is 601 

presented in SI Figures S3-S5. 602 
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 603 

4.3.1 Dinoflagellate cyst paleoenvironmental interpretations 604 

Continuous dominance of Spiniferites spp. and presence of Batiacasphaera spp. and 605 

Impagidinium spp. support previous inferences of a relatively warm, open ocean setting at Site 606 

959 throughout the Early to Middle Miocene, with periodic influx of (inner-)neritic taxa. The 607 

consistent presence of Protoperidinioid dinocysts, produced by obligate heterotrophic 608 

dinoflagellates, indicates sufficient food supply, consistent with the diatom-rich sediments. 609 

Moreover, increased Protoperidinioid dinocysts are typically found in dark, diatom-rich 610 

sediments, consistent with increased productivity at the time of deposition. 611 

Prior to the onset of the MCO (~18.2 – 17.7 Ma), the relative abundance of Protoperidinioid 612 

cysts is high (~30%) and their abundances seem to be paced by eccentricity, with peak 613 

abundances up to ~55% during eccentricity minima (Fig. 6). Relatively increased cyst production 614 

by heterotrophic dinoflagellates in this interval (18.5 – 17.7 Ma) is supported by relatively high 615 

total dinocyst and P-cyst ARs (~9.310
2
 cysts cm

-2
kyr

-1 
and ~3.510

3
 cysts cm

-2
kyr

-1
, 616 

respectively) compared to the MCO (<17.0 Ma; ~3.010
2
 cm

-2
kyr

-1
 and ~1.710

3
 cm

-2
kyr

-1
, 617 

respectively). Furthermore, Batiacasphaera spp. and Spiniferites spp. are abundant and a peak 618 

abundance of Hystrichokolpoma spp. (~20%) occurs at 17.95 Ma. Collectively, this points to 619 

open ocean waters with eccentricity-paced episodes of enhanced nutrient availability to support 620 

high Protoperidiniacaea abundances.  621 

The MCO onset is characterized by peak abundance of Apteodinium spp. (~45%) at ~16.95 622 

Ma, followed by highly variable abundances of taxa that are typically known from (inner-)neritic 623 

and lagoonal settings and favor relatively warm conditions; Cleistosphaeridium cpx. (~25%), 624 

Polysphaeridium cpx. (~45%) and T. vancampoae (~3%). These taxa alternate with increased 625 

relative Protoperidinioids and other Gonyaulacoid taxa (i.e., Batiacasphaera spp., Lingulodinium 626 

spp. and Operculodinium spp.) paced by the combination tone of precession and obliquity (~55 627 

kyr). Furthermore, total dinocyst ARs are comparably higher in this interval (~17.0 – 16.6 Ma). 628 

During the early phase of the MCO, oceanographic conditions seem considerably variable, with 629 

dinocyst assemblages implying warmer, stratified waters that alternate with increased nutrient 630 

availability paced by precession and obliquity.  631 

From 16.6 Ma to the youngest part of the record, the amplitude variability in dinocyst 632 

abundances decreases and the assemblage becomes more uniformly dominated by Spiniferites 633 

spp. (~20 – 70%), with Polysphaeridium cpx. (~5 – 20%) and Protoperidiniaceae (~5 – 35%) 634 

between ~16.6 – 15.8 Ma. We should note that a relatively lower temporal resolution of the 635 

palynological record in this interval could have affected the apparent decrease in dinocyst 636 

abundance amplitude variability. However, this change in general dinocyst abundances coincides 637 

with a shift to CaCO3-dominated lithologies at the cost of bio-siliceous material, suggesting it 638 

could reflect a true signal. At ~15.7 Ma, the record is characterized by a transient peak in 639 

Polysphaeridium cpx. abundance (~30%, 3.7810
3
 cysts cm

-2
kyr

-1
), which correlates with 640 

increased absolute concentrations of Nematosphaeropsis spp. (~610
3
 cysts cm

-2
kyr

-1
) and 641 

Protoperidinioid cysts (~710
3
 cysts cm

-2
kyr

-1
). In the youngest part of the studied interval, N. 642 

labyrinthus becomes one of the dominant taxa (~10 – 20%) together with Spiniferites spp., which 643 

is comparable to modern dinocyst assemblages in the region, i.e., more open ocean conditions 644 

close to oceanic fronts. N. labyrinthus is specifically abundantly found in the upwelling region of 645 

the modern eastern equatorial Atlantic (Marret, 1994). Furthermore, highest resolution dinocyst 646 

analyses between ~15.8 – 15.5 Ma reveals conspicuous alternating abundances of 647 
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Nematosphaeropsis spp. and Polysphaeridium cpx. on precession timescales, whereby the latter 648 

has a striking peak abundance at ~15.7 Ma (~30%, ~3.810
3
 cysts cm

-2
kyr

-1
).   649 

 650 

4.3.2 Statistical analyses 651 

 652 

DCA and CCA analyses of the dinocyst assemblage, including dinocyst groups that represent 653 

at least 5% of the total dinocyst assemblage or are otherwise grouped in a ‘G-cyst rest’ group, 654 

show that the variability is governed by Apteodinium spp. and Hystrichokolpoma spp. (Fig. 5a), 655 

which plot together towards Babio on CCA axis 2 (Fig. 5b). DCA axis 1 (eigenvalue: ~0.22) 656 

shows a division of Polysphaeridium cpx. and Cleistosphaeridium cpx. on one side, and 657 

Nematosphaeropsis spp., Spiniferites spp. and Batiacasphaera spp. on the other side. Based on 658 

palaeoecological interpretations, this division represents a signal between warm and conditions 659 

typical for more (inner-)neritic and/or lagoonal settings (i.e., by the occurrence of 660 

Polysphaeridium cpx., Cleistosphaeridium cpx. and Apteodinium spp.) versus more open ocean 661 

conditions represented by Nematosphaeropsis spp., Spiniferites spp. and Batiacasphaera spp. 662 

(Schreck et al., 2013; Wall et al., 1977; Zonneveld et al., 2013). Considering the offshore setting 663 

of Site 959 during the Miocene, it could be hypothesized that the latter groups represent in-situ 664 

taxa while the (inner-)neritic to lagoonal taxa could have been transported from the shelf. 665 

However, comparison to other geochemical proxy records is necessary to verify this. 666 

Furthermore, the Protoperidinioid group and Batiacasphaera spp. closely correspond along DCA 667 

axis 2, while they respond oppositely to Hystrichokolpoma spp. and Nematosphaeropsis spp. 668 

CCA results show that the Protoperidinioid group corresponds closely to Babio, following 669 

previous interpretations of increased Protoperidinioid cysts production by heterotrophic 670 

dinocysts during increased nutrient conditions. More specifically, it seems that increased 671 

Protoperidinioid dinocysts coincide with phases of increased biogenic opal production (i.e., high 672 

Babio) by diatoms, indicated by the dark, bio-siliceous-rich layers deposited between ~18.5 – 16.5 673 

Ma (Fig. 2; Wubben et al., 2023). Conversely, Nematosphaeropsis spp. plots closely to CaCO3 674 

on CCA axis 2 which supports ‘open ocean’ conditions and potentially represents increased 675 

carbonate production relative to opal towards the Middle Miocene portion of the Site 959 record. 676 

As previously shown in Wubben et al. (2023), a shift in the depositional system occurs at ~16 677 

Ma whereby increased productivity becomes characterized by elevated CaCO3 deposition instead 678 

of biogenic silica. Therefore, increased relative abundances of Nematosphaeropsis spp. between 679 

~16 – 15 Ma seems to further demonstrate this shift in depositional dynamics at Site 959.  680 

 681 

 682 
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 683 

Figure 5. Results of statistical analyses on dinocyst assemblages of Site 959. (a) Detrended 684 

Correspondence Analysis (DCA) output with Gonyaulacoid- and Goniodomid taxa in blue and 685 

Protoperidioid group in green. (b) Canonical Correspondence Analysis (CCA) output.   686 

5 Discussion 687 

5.1 SST across the MCO 688 

Average absolute SSTs during the MCO (~17 – 15 Ma) varied from ~27 to 33C (Fig. 3). 689 

With the TEX86
H
 calibration, this is ~2 – 5C warmer than the present-day seasonal SST range in 690 

the eastern equatorial Atlantic (~25.0 – 28.5C; Locarnini et al., 2013). During the later stages of 691 

the MCO (15 – 13 Ma), average SSTs were ~30C at Site 959 (Van der Weijst et al. 2022), 692 

consistent with the MCO portion of the SST record presented in this study. An abrupt increase of 693 

GDGT-2/GDGT-3 values from approximately 5 to 7 points to a downward expansion of the 694 

GDGT export zone at the MMCT (~13.6 Ma), hypothesized to be associated with a Middle to 695 

Late Miocene cooling trend in the TEX86 (van der Weijst et al., 2022). We also record a gradual 696 

increasing trend in GDGT-2/GDGT-3 values during the Early to Middle Miocene from ~16.3 – 697 

15.0 Ma (Fig. 3), albeit less steep than at ~13.6 Ma, and therefore a shallow subsurface 698 

calibration might be more relevant here. However, since the relationship between temperature 699 

change in the surface and subsurface is 1:1 over longer timescales (Ho et al., 2016), a subsurface 700 

calibration could accurately represent SST changes as well (Fig. S2). Moreover, we find a poor 701 

correlation between TEX86 and GDGT-2/GDGT-3 (r
2
 = 0.18), suggesting that GDGTs 702 

potentially produced in the sub-surface do not have a significant effect on our reconstructed 703 

SSTs.  704 

SSTs at the onset of the MCO were ~1.5 C higher than background values of 28.7 ± 2.3C 705 

between ~17.7 – 18.5 Ma. Even though the Site 959 sedimentary record does not completely 706 

capture the MCO onset due to a hiatus and/or a condensed lithological interval (Wubben et al. 707 

2023), this is the first low-latitude SST record covering the MCO onset and associated warming 708 

(see Lawrence et al., 2021 for the most recent Miocene SST compilation). Increasing abundances 709 

of the thermophilic Polysphaeridium cpx. between 16.95 – 16.60 Ma aligns with the warmer 710 

SSTs detected at the MCO onset at Site 959. In comparison, North Atlantic TEX86 and U
k’

37-711 

based SST reconstructions imply relatively warm conditions during the MCO, although they do 712 
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not reflect a significant warming at the MCO onset but rather gradual warming since the Early 713 

Miocene (Herbert et al., 2020; Super et al., 2018, 2020). A lack of clear MCO warming in the 714 

North Atlantic basin might be ascribed to regional changes related to dynamic circulation 715 

patterns, i.e., polar gyres and Meridional Overturning Circulation (MOC) initialization, and 716 

establishment of ocean gateways during the Early and Middle Miocene. Rather, both short- and 717 

long-scale SST variability at Site 959 is similar to benthic 
18

O records from the equatorial 718 

Pacific, including warming at the MCO onset (Holbourn et al., 2015). Furthermore, SST changes 719 

throughout the Site 959 record show strong Milankovitch cyclicity, most notably ~100 kyr, ~400 720 

kyr and ~2.4 Myr eccentricity, which is in line with Early and Middle Miocene isotope 721 

stratigraphy and supports the global nature of MCO warming recorded at Site 959 (Beddow et 722 

al., 2016; Holbourn et al., 2007, 2015; Liebrand et al., 2016). 723 

 724 

5.1.1. Cooling towards the Middle Miocene 725 

Even though SST variability remains high throughout the entire MCO interval, average SST 726 

decreases by ~1C between ~16.05 – 15.85 Ma, coinciding with a ~400 kyr eccentricity 727 

maximum at 16 Ma (Fig. 3, 9). A similar ‘cooling’ trend is recorded in the equatorial Pacific 728 


18

Obenthic record, indicating a global trend (Holbourn et al., 2015; Kochhann et al., 2017) (Fig. 729 

2). Coeval cooling was also recorded at a continental shelf-site drilled in the Porcupine Basin 730 

(Sangiorgi et al., 2021). Collectively, it seems this cooling was global in nature. In the Porcupine 731 

Basin, this cooling corresponds to increased productivity indicated by dinoflagellate cyst proxies, 732 

supporting potential enhanced carbon burial contributing to CO2 drawdown and subsequent 733 

cooling. Dinoflagellate cyst assemblages at Site 959 do not imply an increase in productivity 734 

(i.e., increased Protoperidinioid cysts) in this interval. However, the cooling trend does coincide 735 

with a decrease in wt% CaCO3 and a relative increase in terrigenous material, i.e., clays (MS) 736 

and dust (Ti), and peak Babio and %TOC values (Fig. 2, 3), indicating increased surface water 737 

productivity and terrigenous material input to Site 959.  738 

Moreover, the cooling trend coincides with the (first) zenith of the carbon isotope Monterey 739 

Excursion (CM-3), recorded in global 
13

Cbenthic records (Holbourn et al., 2004, 2007, 2015; Lear 740 

et al., 2010; Sosdian et al., 2020), as well as in the bulk carbonate 
13

C record of Site 959 741 

(Wubben et al., 2023) (Fig. 2). Consequently, the drop in both deep-marine and surface ocean 742 

temperatures at this time could have been caused by increased organic carbon burial along 743 

continental margins during a time of elevated CO2 concentrations, which acted as a negative 744 

carbon cycle feedback (i.e., the Monterey Excursion, Sosdian et al., 2020; Vincent and Berger, 745 

1985). To facilitate this increased burial and the resulting cooling, the long-term negative carbon 746 

cycle feedback associated with the ME would have needed to prevail over the positive carbon 747 

cycle feedback mechanism linked with the shorter-scale CM-events as previously described by 748 

Sosdian et al. (2020). During the ~400 kyr eccentricity maxima at 16.8 Ma (CM-1) and 16.4 Ma 749 

(CM-2), we record comparably less (shorter-scale) variability than during the eccentricity 750 

maxima at 16 Ma (CM-3) and 15.6 Ma (CM-4). This might be ascribed to decreased ~100 kyr 751 

eccentricity power compared to the subsequent ~400 kyr eccentricity maxima at 16 Ma and 15.6 752 

Ma due to a node in the 2.4 Myr eccentricity cycle. Therefore, the cooling trend at 16 Ma at Site 753 

959 could have been amplified relative to other ocean basins by intensified upwelling of colder 754 

waters during ~400 kyr eccentricity minima. Moreover, this suggests that after ~16.4 Ma, 755 

upwelling intensity at Site 959 was amplified on ~400 kyr eccentricity timescales, akin to the 756 

phasing recorded in the pre-MCO interval at this site.  757 
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At Site 959, we do not record significantly increased SSTs during the eccentricity maximum 758 

at ~15.6 Ma, previously called ‘peak warming’ of the MCO (Holbourn et al., 2015). This finding 759 

is supported by relatively subdued amplitude of variability in the bulk carbonate 
18

O at ~15.6 760 

Ma at Site 959 (Wubben et al., 2023). Notably, SST was similarly elevated during other 761 

eccentricity maxima during the MCO. Other biomarker-based SSTs do not record significant 762 

warming at 15.6 Ma either, but is should be noted that the temporal resolution of these records is 763 

comparably lower (Herbert et al., 2020; Sangiorgi et al., 2021; Super et al., 2018, 2020). This 764 

absence of a striking warming at 15.6 Ma is in contrast to benthic foraminiferal 
18

O and bottom 765 

water temperatures (BWT) from the eastern equatorial Pacific, where a distinct ~2.6C warming 766 

is recorded (Site U1337; Holbourn et al., 2007, 2015; Kochhann et al., 2017). As eastern 767 

equatorial Atlantic BWTs are derived from colder waters sourced from higher latitudes, a lack of 768 

SST ‘peak warming’ at 15.6 Ma at the tropical location of Site 959 might be explained by higher 769 

temperature variability at high latitudes compared to the tropics (i.e., polar amplification).   770 

 771 

 772 
 773 

Figure 6. Compilation of geochemical- and palynology proxy records immediately prior to the 774 

MCO onset (~18.25 – 17.7 Ma) at Site 959. (a) Eccentricity, Tilt, Precession (ETP; black) and 775 

Eccentricity (grey) from Laskar et al. (2004). (b) TEX86-SST calibrated with exponential 776 

calibration TEX86
H
 of Kim et al. (2010). (c) Biogenic barium. (d) TOC-normalized accumulation 777 

rate of total GDGTs. (e) %Total Organic Carbon (TOC) plotted on a logarithmic scale. (f) Ti/Ca 778 

ratio, indicator for dust supply. (g) Area plot showing relative abundances (%) of major dinocyst 779 

groups. 780 

 781 

5.2 Monsoon forcing of surface ocean dynamics at Site 959 782 

Wubben et al. (2023) and Spiering et al. (in review) showed a strong imprint of eccentricity, 783 

obliquity and precession throughout the Early and Middle Miocene proxy records at Site 959 and 784 

attributed this to orbitally-forced intensity variations of the WAM. Here, we aim to provide a 785 

mechanistic explanation of how monsoon intensity variability impacted regional climate and 786 

oceanography. 787 

 788 
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5.2.1 Pre-MCO (~18.3 – 17.7 Ma) 789 

Prior to the onset of the MCO (>17 Ma), variability in the proxy records is dominantly paced 790 

by ~400 kyr and ~100 kyr eccentricity. Notably, SST changes during ~100 kyr eccentricity 791 

cycles exhibit a conspicuous asymmetric shape between 17.7 and 17.9 Ma (Fig. 6). Spiering et 792 

al. (in review) attribute this asymmetric shape to an influence of high-latitude glacial variability 793 

related to prolonged ice-sheet growth and abrupt melting phases, as previously recorded in the 794 

Early Miocene (Liebrand et al., 2017). An influence of Southern Ocean climate variability 795 

recorded in the TEX86 could derive from South Atlantic Central Waters that make up the shallow 796 

subsurface at Site 959 (SACW; van der Weijst et al., 2022), which derive from the subtropical 797 

front in the Southern Ocean (e.g., Stramma et al., 1999). Via the EUC, SACW are transported to 798 

the Gulf of Guinea where they presently occupy sub-thermocline water depths and contribute to 799 

seasonal upwelling (Locarnini et al., 2013; Verstraete, 1992). However, even though pre-MCO 800 

SSTs seem clearly influenced by high-latitude dynamics on eccentricity timescales, we do not 801 

find a similar asymmetric shape in the 
18

Obulk record of Site 959. Moreover, aside from 802 

variability over longer timescales (i.e., onset of the MCO), both 
18

Obulk
 
and SST do not exhibit a 803 

robust correlation with 
18

Obenthic from the eastern equatorial Pacific (Holbourn et al., 2015; 804 

Westerhold et al., 2020) during this interval. Therefore, we surmise that variability in 
18

Obulk 805 

and SST is most dominantly a function of upper ocean dynamics induced by monsoon 806 

circulations on shorter (precession) timescales, while high-latitude ice volume variability likely 807 

forces SSTs on longer (eccentricity) cycles.  808 

Lowest SSTs consistently correlate with increased export productivity (i.e., high Babio), 809 

organic carbon (%TOC) preservation and increased abundances of Protoperidinioid cysts during 810 

eccentricity minima (Fig. 6). This indicates elevated food supply prior to the MCO onset. Higher 811 

nutrient availability could have come from enhanced input of (1) fluvially-sourced terrigenous 812 

material, (2) dust from the arid West African continent and/or from (3) upwelling of nutrient-rich 813 

waters. In contrast to the MCO (~17 – 15 Ma), between ~18.2 – 17.7 Ma there is a robust 814 

positive correlation between MS and dark colored, biogenic silica-rich lithologies (i.e., 815 

productivity indicators, Wubben et al., 2023). Furthermore, we find relatively increased 816 

abundances of terrestrial palynomorphs between ~17.9 and 17.7 Ma (~0.410
3
 palynomorphs 817 

cm
-2

kyr
-1

). These findings suggest that terrestrially sourced nutrients may have contributed to 818 

fueling increased surface productivity prior to the MCO. However, high MS could reflect 819 

increased Fe sourced by dust, rather than merely clays from rivers. Moreover, Site 959 is located 820 

approximately 120 km offshore at present day and because of higher sea levels (~40 – 50 m 821 

higher relative to present day; Rohling et al., 2022), the coastline was likely positioned even 822 

further inland during the Miocene. Furthermore, the position of Site 959 relative to the shelf-823 

slope break was not significantly different from today during the Early and Middle Miocene 824 

(Basile et al., 1998). This means that the influx of fluvially-sourced nutrients would have 825 

required intense West African offshore surface currents or a major river system to have reached 826 

Site 959. Given that the amount of terrestrial material at Site 959 is generally relatively low, and 827 

the Niger River delta was far away, also during the Miocene (Grimaud et al., 2018), we surmise 828 

that fluvially-sourced nutrients did not play an important part in increasing surface water 829 

productivity at Site 959.  830 

It was previously proposed that turbidity currents could have caused deposition of terrestrial 831 

palynomorphs as well as a lagoonal dinocyst taxa to Site 959 (e.g., Polysphaeridium cpx., Awad 832 

et al., 2019). However, there is no evidence for disturbed sedimentation or increased clast sizes 833 
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because of mass flows in the Early and Middle Miocene aged sediment cores (Mascle et al., 834 

1996). Rather, sedimentation is strongly controlled by orbital forcing (Spiering et al., in review; 835 

Wubben et al., 2023). Therefore, it may be possible that seasonal offshore winds transported 836 

surface waters offshore, particularly during boreal winter, explaining the occurrences of typical 837 

lagoonal dinocyst taxa, and some pollen and spores. Increased seasonal offshore winds could be 838 

caused by relatively increased southward displacement of the ITCZ over the southern-West 839 

African coast during precession and eccentricity maxima. Offshore winds can be traced by Ti 840 

and Fe deposition, which typically resides in aeolian dust and is transported via northeastern 841 

(NE) trade winds (i.e., Harmattan winds). Al-normalized Ti and Fe records show similar 842 

variability throughout the Early Middle Miocene record at Site 959, with Ti concentrations being 843 

consistently somewhat lower than Fe. Previous work has shown that the Ti/Ca ratio is a good 844 

indicator for offshore dust flux in tropical West Africa (Tiedemann et al., 1994) and at Site 959 845 

during the Late Miocene to Early Pleistocene (Vallé et al., 2017). Therefore, we apply this ratio 846 

as a proxy for dust supply as well. Prior to the MCO, increased Ti/Ca values correspond to Babio 847 

peaks, suggesting that increased productivity was related to dust supply (Fig. 6). Modelling 848 

studies show that the onset of considerable aridification of the North African continent occurred 849 

during the Early Miocene (Z. Zhang et al., 2014), likely caused by a combination of tectonic 850 

changes and greenhouse warming. The high Ti/Ca peaks, as well as its correlation with high 851 

Babio values at Site 959 potentially support increased aridification of the African continent. This 852 

increased aridification likely caused fertilization of the surface ocean by dust, resulting in Babio 853 

peaks. Furthermore, highest Ti/Ca occur especially during ~400 kyr eccentricity maxima and to a 854 

lesser extent during ~100 kyr eccentricity maxima, suggesting that NE trade winds were 855 

intensified when the ITCZ was maximally (i.e., by eccentricity modulation of precession) 856 

positioned towards the south. Sapropel formation in the Mediterranean during Late Miocene to 857 

Pleistocene times show that monsoon-induced atmospheric circulation varied largely on shorter, 858 

precession timescales, whereby increased precipitation over North Africa resulted in enhanced 859 

Nile River runoff during precession minima (Larrasoaña et al., 2003; Rossignol-Strick, 1985). 860 

Given the prominent longer (~100 kyr) eccentricity cyclicity in almost all pre-MCO records at 861 

Site 959 (Spiering et al., in review), WAM circulation was likely less sensitive to changes in 862 

insolation compared to Late Miocene to Pleistocene times. 863 
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Figure 7. Compilation of geochemical- and palynology proxy records immediately following the 866 

MCO onset (~16.95 – 16.5 Ma) at Site 959. (a) Eccentricity, Tilt, Precession (ETP) from Laskar 867 

et al. (2004). (b) TEX86-SST calibrated with exponential calibration TEX86
H
 of Kim et al. (2010). 868 

(c) Biogenic barium. (d) TOC-normalized accumulation rate of total GDGTs. (e) %Total 869 

Organic Carbon (TOC) plotted on a logarithmic scale. (f) Ti/Ca ratio, indicator for dust supply. 870 

(g) Area plot showing relative abundances (%) of major dinocyst groups. Horizontal grey bars 871 

represent intervals associated with intensified monsoon circulation, decreased SSTs, coastal 872 

upwelling and dust supply. 873 

 874 

5.2.2 MCO onset (~17.0 – 16.6 Ma) 875 

Immediately following the MCO onset and associated relatively warm SSTs, all proxy 876 

records show anomalously high amplitude variability on ~20 to 55 kyr timescales, which is 877 

unmatched during the younger part of the MCO (<16.5 Ma; Fig. 7). Strikingly high Babio peaks 878 

(>1000 ppm) correspond to increased absolute abundances of dinocysts and relatively low SSTs. 879 

This suggests that increased export productivity is related to intensified upwelling of colder 880 

subsurface waters. At present, coastal upwelling occurs during boreal summer when the EUC 881 

and NECC converge in the Gulf of Guinea and the ITCZ is located over North Africa. However, 882 

because of the more southernly position of the Gulf of Guinea coastline during the Miocene, 883 

upwelling likely occurred during boreal winter and was facilitated by westward flowing SEC 884 

waters (Norris, 1998; Wagner, 2002). In this case, alongshore westward flow causes offshore 885 

Ekman transport of surface waters, thereby creating divergence to facilitate upwelling 886 

(Verstraete, 1992). Therefore, when the ITCZ was displaced most southernly during precession 887 

maxima, upwelling would have intensified, which caused elevated export productivity from 888 

surface waters at Site 959 (Spiering et al., in review). As was proposed for the Late Miocene to 889 

Pleistocene (van der Weijst et al., 2022), and as we surmise for the pre-MCO interval of our 890 

records, upwelled waters were likely sourced from SACW, which is approximately 10 – 20C 891 

colder than the surface waters in the GG. Hence, variations in upwelling strength likely explains 892 

the high SST amplitude variability we record between ~17.0 – 16.6 Ma, and to a lesser extent 893 

during our entire Early to Middle Miocene record. Furthermore, within the early MCO interval, 894 

increased export productivity indicated by Babio peaks correlates with enhanced dust influx, 895 

indicated by Ti/Ca peaks (Fig. 7). This relationship fits with the modern WAM circulation 896 

patterns, whereby NE trade winds (i.e., Harmattan) are increased during boreal winter when the 897 

ITCZ is displaced southward. As this increased variability in our SST, export productivity and 898 

dust records are unmatched in the younger parts of the MCO (~16.5 – 15.0 Ma) as well as prior 899 

to the MCO onset (~18.2 – 17.7 Ma), we conclude that WAM circulation was intensified 900 

immediately following the onset of the MCO. The strong orbital control on the WAM intensity 901 

variations (Spiering et al., in review) corroborates this conclusion. 902 

During intervals characterized by high SSTs between ~16.9 – 16.6 Ma, we record peak 903 

relative abundances of Polysphaeridium cpx., Cleistosphaeridium spp. and Apteodinium spp., as 904 

well as minor abundances of Tuberculodinium spp., paced by the ~55 kyr-long precession-905 

obliquity combination tone. These dinocyst taxa are characteristic for (inner-)neritic to lagoonal 906 

conditions in modern and past systems. However, the paleodepth at Site 959 during the early 907 

MCO was likely similar to present-day at ~2000 m (Basile et al., 1998; Miller et al., 2020). 908 

Hence, these taxa could have been transported to the offshore (a) or could have been produced 909 

in-situ (b) in the surface waters of Site 959.  910 
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Multiple lines of evidence contradict that offshore transport caused increased periodic 911 

abundances of lagoonal and inner-neritic dinocyst taxa following the MCO onset. Firstly, there is 912 

no sign of strong episodic sediment transport (e.g., turbidity currents) considering the regular, 913 

orbitally driven sedimentological patterns that characterize sedimentation at Site 959 (Mascle et 914 

al., 1996; Wubben et al., 2023). Secondly, terrestrial palynomorphs make up a negligible part of 915 

the total palynomorph assemblages and fluxes of soil microbial-derived brGDGTs are relatively 916 

low. We find that increased relative abundances of (inner-)neritic and lagoonal taxa between 917 

~16.95 – 16.5 Ma correlate to decreased dust supply and upwelling, and relatively high SSTs. 918 

These conditions occur during precession (and eccentricity) minima, when WAM circulation is 919 

weaker over the Gulf of Guinea and southwest (SW) monsoons and onshore winds prevail. 920 

Therefore, typical mechanisms for offshore transport via wind, offshore surface currents and 921 

upwelling, were actually reduced in intervals where we find increased abundances of (inner-922 

)neritic and lagoonal dinocyst taxa. Thirdly, there is no correlation between these (inner-)neritic 923 

and lagoonal taxa and MS, an indicator for supply of terrestrial material. These lines of evidence 924 

imply that offshore transport was not responsible for inner-neritic and lagoonal taxa at Site 959. 925 

Taxa such as Polysphaeridium cpx. could have been produced in-situ at Site 959 by extreme 926 

stratification of the surface waters, i.e., ‘hyperstratification’, analogous to occurrences in the 927 

Arabian Sea following glacial overturning events (Reichart et al., 2004). In this scenario, during 928 

precession minima, SW monsoon winds were weaker which prevented sufficient cooling of the 929 

relatively warm surface waters during this time. Consequently, relatively warm, and less saline 930 

waters remained at the surface, creating a strong pycnocline at shallow depths which acted as a 931 

pseudo-sea floor and optimum living conditions for taxa such as Polysphaeridium (Fig. 8b). 932 

Evidence for this includes high SSTs simultaneous with decreased Ti/Ca values and high 933 

abundances of Polysphaeridium cpx., Cleistosphaeridium spp. and Apteodinium sp., indicating 934 

warm, stratified surface waters during times of decreased WAM intensity. Conversely, during 935 

precession maxima intensified NE trade winds facilitate increased offshore surface currents, 936 

coastal upwelling, and sufficient mixing of surface waters (Fig. 8a). Evidently, between ~16.9 – 937 

16.6 Ma, decreased eccentricity power during a long ~2.4 Myr eccentricity node presented an 938 

astronomical configuration that resulted in hyperstratification on ~55 kyr timescales, the 939 

combination of precession and obliquity (Spiering et al., in review). Hyperstratification has also 940 

been proposed to account for massive P. zoharyi occurrences in the Mediterranean Sea during 941 

sapropel formation (Sangiorgi et al., 2006), and at Site 959 during the Middle Eocene Climatic 942 

Optimum (Cramwinckel et al., 2019). Furthermore, acmes of the calcareous nannofossil 943 

Braarudosphaera in the South Atlantic Ocean during the Oligocene were also related to recurrent 944 

hyperstratification episodes during a ~2.4 Myr eccentricity node (Liebrand et al., 2018). Similar 945 

to conditions during the MCO at Site 959, a ‘Monsoon Hypothesis’ was proposed in the South 946 

Atlantic whereby increased rainfall caused a reduction of surface ocean salinities and mixing, 947 

creating a shallow pycnocline (Liebrand et al., 2018). Clearly, careful evaluation of microfossil 948 

paleoenvironmental interpretations should be carried out in conjunction with a multi-proxy 949 

approach to account for processes such as hyperstratification.  950 

To summarize, we propose that increased WAM intensity following the MCO onset at ~16.9 951 

Ma was caused by warming during the MCO onset relative to the pre-MCO, resulting in 952 

increased seasonality. Consequently, the strikingly high amplitude variability in dust influx, SST 953 

and export productivity is related to monsoonal winds and resulting coastal upwelling and 954 

hyperstratification of the surface waters. Additionally, elevated CO2 concentrations during the 955 

MCO, as evidenced from several proxy studies (Cui et al., 2020; Ji et al., 2018; Sosdian et al., 956 
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2018; Steinthorsdottir et al., 2021a; Stoll et al., 2019; Super et al., 2018), could have been a 957 

determining factor in intensifying monsoonal precipitation by increasing the land-ocean surface 958 

temperature gradient and enhancing precipitation (Acosta et al., 2022). 959 

 960 

 961 
Figure 8. Schematic transect of the continental margin offshore West Africa showing major 962 

oceanographical conditions. The position of ODP Site 959 is shown by the red dot on the Côte 963 

d’Ivoire-Ghana Marginal Ridge. Upper panel: major ocean currents at Site 959, influenced by a 964 

strong WAM (i.e., strong Northeast (NE) trades). Lower panel: major ocean currents at Site 959, 965 

influenced by a weaker WAM (i.e., weak Southwest (SW) Monsoon winds). The red surface 966 

ocean indicates enhanced salinities and hyperstratification. SEC = South Equatorial Current, 967 

SACW = South Atlantic Central Waters.  968 

5.2.3 Towards the Middle Miocene and MCO peak warming 969 

During the younger part of the MCO at Site 959 (~16.5 – 15.0 Ma), SST shows prominent 970 

variability on ~100 kyr eccentricity timescales, while the records of export productivity and dust 971 

influx show much less variability on shorter (precession) timescales (Fig. 9), in contrast to the 972 

astronomical forcing immediately following the MCO onset (~17.0 – 16.6 Ma). Highest SSTs 973 

Strong West African monsoon

Weak West African monsoon
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occur during ~100 kyr and ~400 kyr eccentricity maxima. This suggests the WAM was less 974 

sensitive to short or small-scale insolation variations towards the Middle Miocene, which caused 975 

less intense and dynamic monsoon circulation over the Gulf of Guinea. Furthermore, dinocyst 976 

assemblages become less diverse and consist of mostly Spiniferites spp., Nematosphaeropsis spp. 977 

and Protoperidinoid cysts (Fig. 9). These taxa are typical for modern surface water assemblages 978 

in the Gulf of Guinea, indicating more oceanic conditions with elevated SSTs and nutrient 979 

availability (Marret, 1994; Marret et al., 2008).  980 

A decreased WAM in the Middle Miocene, characterized by a smaller monsoon area and 981 

weaker circulation compared to the Cenomanian (~95 Ma) and Eocene (~55 Ma), was also 982 

suggested from Community Earth System Model simulations by Acosta et al. (2022). Their 983 

Miocene simulations, which incorporate a ‘high ice sheet’ and atmospheric CO2 concentrations 984 

of 280 ppm, yielded a monsoon system similar to preindustrial simulations. They ascribed a 985 

weakening of the Middle Miocene monsoon to a wider South Atlantic basin compared to during 986 

the Eocene and Cenomanian. A narrower Atlantic basin, as well as the Atlantic Ocean protruding 987 

into the central African continent due to elevated sea levels, caused increased cross-equatorial 988 

convection which delivered moisture from the eastern coast of South America to West Africa 989 

(Acosta et al., 2022). Moreover, the relatively more northern position of the African continent 990 

during the Miocene, relative to the Eocene, shifted monsoon circulation to the subtropics which 991 

weakened circulation and increased seasonality (Acosta et al., 2022), although it should be noted 992 

that the Miocene simulations were run with modern geography. Relative to the early MCO and 993 

intensified WAM at Site 959, we do not find evidence for a change in relative sea-level towards 994 

the Middle Miocene and we propose that continental drift was the most important factor 995 

determining WAM systematics and intensity.  996 

Similar to dinocyst assemblages immediately following the MCO onset, warm- and inner-997 

neritic to lagoonal taxa show elevated abundances during eccentricity maxima at ~16.4 Ma and 998 

~16 Ma (Fig. 9). Temporal resolution of the Site 959 palynological record is insufficient between 999 

~16.5 – 15.0 Ma to determine whether hyperstratification on precession timescales caused the 1000 

periodic occurrence of taxa such as Polysphaeridium cpx. Nevertheless, increased WAM 1001 

variability during eccentricity maxima could have potentially caused hyperstratification (by 1002 

modulating precession) when the monsoon was least intense (i.e., weak SW monsoon winds). 1003 

This eccentricity phasing is apparent from peaks in relative Polysphaeridium cpx. abundances 1004 

during three adjacent ~100 kyr eccentricity maxima between 15.75 and 15.45 Ma.  1005 

During the ~400 kyr eccentricity maximum at 15.6 Ma, previously associated with peak 1006 

warming (Section 5.1), SST shows prominent precession variability. Where temporal resolution 1007 

in the palynological record allows, specifically between ~15.75 and 15.45 Ma, ~100 kyr 1008 

eccentricity maxima are associated with increased inner-neritic and lagoonal dinocyst taxa, 1009 

similar to variability recorded immediately following the MCO onset (~16.9 – 16.5 Ma). So, 1010 

even though SST seems sensitive to insolation variation, and thereby WAM dynamics, on 1011 

precession timescales, conditions such as hyperstratification are seemingly only induced during 1012 

phases of extreme seasonality through eccentricity modulation of precession. Additionally, 1013 

increased relative abundances of Nematosphaeropsis spp. and Protoperidinoids during relatively 1014 

low SST alternate with Polysphaeridium spp. and other (inner-)neritic taxa, which may imply 1015 

that Nematosphaeropsis spp. thrived during times characterized by increased upwelling of 1016 

nutrient-rich waters, similar to today. The temporal resolution of Babio and Ti/Ca records, 1017 

however, are too low in this interval to assess this relation.  1018 

 1019 
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 1020 
Figure 9. Compilation of geochemical- and palynology proxy records between ~16.5 – 15.0 Ma 1021 

at Site 959. (a) Eccentricity, Tilt, Precession (ETP; black) and Eccentricity (grey) from Laskar et 1022 

al. (2004). (b) TEX86-SST calibrated with exponential calibration TEX86
H
 of Kim et al. (2010). 1023 

(c) Biogenic barium. (d) TOC-normalized accumulation rate of total GDGTs. (e) %Total 1024 

Organic Carbon (TOC) plotted on a logarithmic scale. (f) Ti/Ca ratio, indicator for dust supply. 1025 

(g) areaplot showing relative abundances (%) of major dinocyst groups.  1026 

6 Conclusions 1027 

We studied the nearly complete, orbitally-tuned Early to Middle Miocene sedimentary record 1028 

retrieved from ODP Site 959 in the eastern equatorial Atlantic to investigate the tropical climate 1029 

response across the onset of the MCO and associated dynamics of the West African Monsoon 1030 

(WAM). The TEX86-based SST record from ODP Site 959 provides the first, nearly continuous 1031 

high-resolution tropical temperature record for this time interval and shows SSTs of ~1.5C 1032 

warmer compared to the pre-MCO at the onset of the MCO (~16.9 Ma) to average MCO (~17 – 1033 

15 Ma) SSTs of 30C. SSTs drop by ~1C at ~16 Ma, likely the result of increased organic 1034 

carbon burial along continental margins during the Monterey Excursion, acting as a negative 1035 

carbon cycle feedback. Previously reported peak warming at ~15.6 Ma is not as strongly 1036 

apparent from SSTs as well as bulk carbonate 
18

O at Site 959 as in deep ocean benthic 1037 

foraminifer 
18

O records. Therefore, we propose that the deep ocean signal, sourced from high 1038 

latitudes, was amplified relative to the tropics due to polar amplification. 1039 

Our proxy records imply that the WAM system was likely intensified, i.e., stronger winds 1040 

and upwelling, immediately following the MCO onset (~16.9 – 16.6 Ma). Prior to the MCO 1041 

(~18.2 – 17.7 Ma), SST dominantly varies on eccentricity timescales and asymmetrically-shaped 1042 

cycles imply potential influence by high-latitude ice volume changes. Protoperidinioid 1043 

dinoflagellate cysts and relatively elevated Babio concentrations imply a highly productive 1044 

surface ocean, likely caused by increased dust influx and upwelling of nutrient-rich waters. 1045 

Following the MCO onset (~16.9 – 16.6 Ma), we record anomalously high amplitude variability 1046 

on precession-to-obliquity timescales in all proxy records. Strikingly high SST amplitude 1047 

variability at Site 959 (±5C) is forced by enhanced upwelling and coincides with increased dust 1048 

peak warming
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supply, paced by a combination tone of precession and obliquity (~50 kyr). Colder and 1049 

productive conditions alternate with relatively high temperatures and a weaker WAM, i.e., weak 1050 

SW monsoon winds, on 50 kyr timescales. Surprisingly, we record peak absolute concentrations 1051 

of lagoonal dinocyst taxa Polysphaeridium cpx. which we interpret to represent periods of 1052 

extreme stratification of the surface waters, i.e., hyperstratification, caused by diminished 1053 

vertical mixing of surface waters by weak SW monsoons. Increased Polysphaeridium cpx. 1054 

occurrences during eccentricity maxima in later parts of the MCO (~16.6 – 15.0 Ma) suggests 1055 

that hyperstratification occurred on longer timescales, when monsoon intensity was more 1056 

sensitive to most extreme insolation variations during ~400 kyr eccentricity maxima.  1057 
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