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Past North African humid periods resulted in expanded vegetation over the Sahara, due 16 

to northward tropical African rainbelt displacement, opening new migration pathways 17 

for hominins1–4. Commonly, these precession-timed North African humid periods ended 18 

within 15 thousand years due to rainbelt retreat5,6. Eastern Mediterranean organic-rich 19 

layers (sapropels) reflect North African humid periods, at least back to 8 Myrref.4. Here 20 

we combine climate modelling with new and published proxy data to show that weakened 21 

sapropel preservation during the warm 5.3-3.3 Myr period7,8 resulted from nutrient 22 

runoff limitation associated with enhanced North African vegetation cover due to a 23 

persistently more northward-located African monsoon front, relative to the mid-Pliocene 24 

(3.3-3.0 Myr, when glacial intensity increased). We find that sapropel absence between 25 

3.8 and 3.3 Myr coincided with maximum long-term monsoon flooding and landscape 26 

stabilization by extension of humid, vegetated conditions throughout North Africa. Our 27 

model results indicate that this 0.5-Myr-long Pan-North African humid period (Pan-28 

NAHP) ended at ~3.3 Myr because of southward African monsoon front displacement 29 

with the initiation of major Northern Hemisphere glaciations. The 3.8-3.3 Myr Pan-30 

NAHP coincided with the earliest known evidence for hominin coexistence over Eastern 31 

and Central North Africa9. We posit that persistent green corridors during the Pan-32 

NAHP facilitated connectivity and migration of early hominins, expanding their habitat 33 

range over the wider North African territory. 34 

 35 
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Main 36 

North Africa (the present-day Sahara) has experienced astronomical precession controlled wet-37 

dry cycles for at least the past 11 million years (Myr)10. The wet episodes, known as Green 38 

Sahara Periods (GSPs) or African Humid Periods (AHPs), resulted from northward migration 39 

of the tropical African rainbelt during periods of increased boreal summer insolation2,11. 40 

Periodic occurrence of AHPs modified North African hydrology, leading to establishment of 41 

vast fluvial systems consisting of interconnected lakes, rivers, and inland deltas2,12. 42 

Consequently, savannah vegetation expanded over much of the currently hyper-arid landscape 43 

north of the Sahel4,5. Expanded vegetation led to development of ‘green corridors’, which 44 

enabled migration of hominins and other animals northward of the Sahel, into the otherwise 45 

inhospitable desert landscape3,4. AHPs typically terminated within a period of 8-15 thousand 46 

years as the African rainbelt retreated equatorward, progressively re-establishing hyper-arid 47 

conditions over the Sahara1,4–6. 48 

More recent AHPs (notably, the last AHP; 14.8-5.5 thousand years ago) have been studied 49 

using both terrestrial and marine geological records2,5,12. However, onshore fossil and 50 

environmental evidence of AHPs is increasingly rare going back through time4. Occurrence of 51 

AHPs through the past few million years is best documented offshore in the eastern 52 

Mediterranean sedimentary record, in the form of organic-rich layers known as sapropels2,4. 53 

Thus, the presence of Mediterranean sapropels is an important tracer of past AHPs back to the 54 

Late Miocene, which enables identification of over 230 humid episodes during the past ~8 55 

Myrs4. 56 

A 5.3-Myr eastern Mediterranean sapropel compilation indicates a phase of infrequent, 57 

irregular sapropel deposition from 5.3 to 3.3 Myr, with an absence of preserved sapropels 58 

between 3.7 and 3.3 Myr. This Early Pliocene phase of sporadic sapropel preservation 59 

terminated with initiation of Northern Hemispheric (NH) glacials at ~3.3 Myr (Fig. 1, Fig. 2, 60 

Extended Data Fig. 1). Here we investigate the nature and termination of this interval using 61 

new and compiled environmental proxy data that we interpret with targeted climate modelling 62 

scenarios. We then consider potential wider implications with respect to African landscape 63 

development, initiation of major northern hemisphere glaciation, and hominin evolution. 64 

Eastern Mediterranean sapropel record 65 

Sapropel formation during AHPs was driven by enhanced monsoon runoff to the 66 

Mediterranean via the Nile River and along the wider North African margin, during NH 67 



3 
 

insolation maxima (precession minima)13,14. Strong evidence for enhanced freshwater flux 68 

within sapropels is imprinted as distinct negative anomalies in stable oxygen isotope 69 

(δ18OCalcite) measurements of surface-dwelling (planktonic) foraminiferal calcium carbonate 70 

shells14,15. Enhanced monsoon runoff supplied nutrients that increased primary productivity, 71 

and curtailed deep water ventilation due to surface-water buoyancy increase, which together 72 

led to preservation of sinking organic matter14,16. However, not every precession minimum 73 

resulted in sapropel formation14. Instead, sapropels commonly formed as clusters during 74 

intervals of high-amplitude precession minima14, related to orbital eccentricity maxima. 75 

Eastern Mediterranean Ocean Drilling Program (ODP) sites provide a sapropel record back to 76 

the Miocene/Pliocene boundary7,8,17. Here we compile the main deep basin sediment records 77 

(ODP sites 964, 966, 967, 969) to generate a stack of preserved sapropels through the past 5.3 78 

Myr (Fig. 1, Extended Data Fig. 1). We observe that sapropels are significantly less frequently 79 

preserved before 3.3 Myr, than afterwards. This pattern corroborates a suggestion based on 80 

ODP Site 967 geochemical records alone7 (Fig. 1, Extended Data Fig. 1) that, after 3.2 Myr, 81 

an increase in the North African arid:humid contrast between AHPs and intervening dry 82 

intervals within each precession cycle gave rise to a more erodible landscape during arid 83 

periods7. Past and modern erodibility reconstructions have shown that dry, barren landscapes 84 

during glacial periods (which caused arid conditions over North Africa) led to higher erosion 85 

rates, which subsequently reduced during lengthy humid intervals when the landscape 86 

stabilized due to increased vegetation cover18. Therefore, higher erosion rates during dry 87 

intervals after 3.2 Myr would have resulted from minimized vegetation cover, leading to 88 

landscape instability and an increase in nutrient release via runoff. Increased nutrient discharge 89 

into the Mediterranean by monsoon runoff during subsequent humid intervals then resulted in 90 

enhanced productivity and, thus, increased organic carbon burial, as reflected from a rapid 91 

increase in Ba/Al ratio7 (Fig. 1). However, no mechanism was established to explain the 92 

inferred aridity increase during North African dry periods after ~3.2 Myr. 93 

Climate modelling results: termination of Early Pliocene humid conditions 94 

We find that eastern Mediterranean organic carbon burial intensification at 3.2 Myr followed 95 

initiation of NH glaciation across the 3.4-3.2 Myr interval (M2 glaciation at ~3.3 Myr)19. We 96 

observe increased mid-Pliocene (3.3-3.0 Myr) glacial ice volumes relative to the Early 97 

Pliocene, following a rapid ice volume increase during the M2 glaciation19 (Fig. 1, Extended 98 

Data Fig. 2). We hypothesize that the North African landscape changes that led to the observed 99 



4 
 

change in sapropel preservation around 3.3 Myr may have resulted from NH glacial 100 

intensification. To explore North African landscape/climate evolution before and after the M2 101 

glaciation, we perform climate model simulations focussed on contrasting ice volumes (based 102 

on published ice volume reconstructions19) during the Early Pliocene (5.3-3.4 Myr), the M2 103 

glaciation, and subsequent mid-Pliocene glacials (Methods, Extended Data Table 1). 104 

Polar ice sheet growth strengthens lower atmospheric meridional temperature gradients, 105 

resulting in more vigorous meridional atmospheric circulation cells, and changing precipitation 106 

patterns20,21. Accordingly, our climate model results indicate that NH meridional atmospheric 107 

circulation strengthened considerably, as polar ice sheets expanded during the M2 glaciation 108 

(Fig. 2, Methods). Over North Africa, stronger meridional circulation manifests during boreal 109 

summer in intensification of subsidence over the Mediterranean, and ascent over the Sahel. 110 

Importantly, we observe a 2°-3° southward shift of the 850 hPa easterly-westerly wind 111 

convergence zone over North Africa, which implies a southward displacement of the African 112 

monsoon front due to NH polar cooling21,22 (Extended Data Fig. 3). Our interpretation is 113 

supported by a notable decrease of 600 hPa ascent at ~20°N beyond the Sahel. Consequently, 114 

North African precipitation markedly decreases during the M2 glaciation, relative to the Early 115 

Pliocene (Fig. 2). Furthermore, we find that similar (albeit less intense) dry conditions occurred 116 

also during subsequent, less-intense mid-Pliocene glacials (Extended Data Fig. 4). We observe 117 

similar zonal wind and precipitation variability patterns, with less severity than during the M2 118 

glacial. Thus, enhanced aridity and sediment erodibility during North African dry phases 119 

(insolation minima, which were largely contemporaneous to NH glacials) since 3.3 Myr may 120 

have increased runoff-driven nutrient discharge during subsequent humid phases, and thus 121 

favoured sapropel formation following enhanced organic carbon burial and subsequent 122 

preservation due to stratification-driven bottom anoxia. Conversely, more persistently humid 123 

conditions associated with reduced NH ice volumes before 3.3 Myr may have enhanced North 124 

African vegetation cover beyond the Sahel (due to more northerly monsoon front), thereby 125 

reducing erodibility during relatively arid phases, limiting the probability of sapropel 126 

preservation. We note that our model simulations use prescribed vegetation fields as boundary 127 

conditions, which are held fixed through all 3 simulations (Methods). Previous Pliocene 128 

simulations have shown that dynamic vegetation feedbacks can amplify changes made by CO2 129 

and ice sheet reductions23 or orbital variations24. Since vegetation feedbacks are not included 130 

in our simulations but tend to force in the same direction of drying/wetting as the ice sheet 131 
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forcing, we expect that the precipitation changes we have found may be even stronger if they 132 

were simulated in a model with dynamic vegetation (see Methods).  133 

A notable shift to more positive long-term mean planktonic foraminiferal δ18OCalcite between 134 

3.4 and 3.2 Myr at ODP Site 967 offers evidence for decreased long-term mean freshwater 135 

runoff to the Mediterranean. We observe generally more negative long-term mean δ18O values 136 

through the Early Pliocene (before 3.4 Myr) compared to the period afterward, which we 137 

confirm with statistical analyses. However, there is a clear long-term shift of ≥0.3 ‰ to even 138 

more negative δ18OCalcite values at ~3.8 Myr, which lasted until the M2 glaciation (Fig. 3, 139 

Extended Data Fig. 2); the 3.8-3.3 Myr period contains the most negative long-term δ18OCalcite 140 

values since the Miocene. We do not observe a corresponding global ice volume shift, which 141 

suggests that the 3.8-3.3 Myr low δ18OCalcite values reflect a freshwater-borne anomaly for the 142 

Pliocene (i.e., Such a negative δ18OCalcite anomaly can be caused by the freshwater amount 143 

and/or freshwater δ18O. In the next section, we use geochemical data to confirm an increase in 144 

terrestrial runoff to the eastern Mediterranean)15,25 (Fig. 1, Fig. 3, Extended Data Fig. 2). While 145 

individual δ18O maxima (which indicate non-sapropel/arid intervals during precession 146 

maxima) reached similar values (~1‰) during the 5.0-3.8 Myr and 3.3-3.0 Myr intervals, even 147 

individual δ18O maxima were more negative (~0 ‰) within the 3.8-3.3 Myr interval. To 148 

estimate a possible range of mean freshwater runoff increase that could have generated the 149 

observed ≥0.3 ‰ shift to negative δ18O at 3.8 Myr, we employed a Mediterranean box model 150 

(Methods). Our sensitivity tests indicate that an increase of up to 1.6 times the pre-Aswan Nile 151 

runoff can generate such a shift to generally more negative δ18O values (Extended Data Fig. 152 

2). 153 

Observation-based Pan-North African humid period 154 

We find that the longest period of preserved sapropel absence extends within the ~3.7-3.3 Myr 155 

interval (with only two sapropels with low organic carbon contents at 3.8-3.7 Myr), even 156 

though a high-amplitude precession cluster exists within this period centred at ~3.5 Myr, which 157 

should have led to enhanced productivity and sapropel preservation (Fig. 3, Methods). While 158 

sapropel absence is usually observed during low-amplitude precession clustered modulated by 159 

eccentricity minima14,26 (hence, reduced insolation and monsoon strengths, for example 2.6-160 

2.4 Myr, 1.0-0.8 Myr - see Extended Data Fig. 1), sapropel absence within a high-amplitude 161 

precession cluster is a clear anomaly within an otherwise predictable sapropel formation and 162 

preservation pattern in relation to insolation. Despite δ18O values being more negative across 163 
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the 3.8-3.3 Myr interval (indicative of elevated freshwater runoff), the absence of preserved 164 

sapropels suggests even lower eastern Mediterranean productivity (lower nutrient runoff due 165 

to further reduced North African erodibility) than during the rest of the Early Pliocene, leading 166 

to complete post-depositional oxidation of any organic carbon that reached the sea floor. 167 

Core-scanning X-ray fluorescence (XRF) data corroborate our interpretations of enhanced 168 

freshwater runoff, and decreased erodibility over North Africa. In eastern Mediterranean 169 

sediments, the Ti/Al ratio is an established indicator of relative aeolian versus fluvial input7,14. 170 

Low long-term earliest Pliocene mean Ti/Al values gradually increase to a maximum at ~3.9 171 

Myr, followed by an abrupt return to lower values at ~3.8 Myr (Fig. 3). This supports our 172 

δ18OCalcite interpretation of a shift to higher relative fluvial input at ~3.8 Myr. Lower Ti/Al 173 

values are then maintained until ~3.3 Myr (M2 glaciation), where values increase again 174 

afterwards. Our data also indicate that the 3.9-3.8 Myr shift toward lower Ti/Al values occurred 175 

during both the alternating humid (sapropel) and dry (marl) intervals (Extended Data Fig. 5b), 176 

whereas the shift to higher Ti/Al values at ~3.3 Myr occurred mainly due to increasing aridity 177 

in dry intervals (Extended Data Fig. 5). 178 

The Nile River is the primary fluvial sediment source to the modern eastern Mediterranean27,28. 179 

Sediment provenance analysis and end-member modelling of modern eastern Mediterranean 180 

sediments indicate that most Nile River terrigenous input originates from the Ethiopian 181 

Highlands in East Africa27–29. The major aeolian dust input into the eastern Mediterranean 182 

originates from central Libya in North Africa30. Nd isotope data for eastern Mediterranean 183 

sediment provenance indicate that terrigenous sediment sources were persistently in Northeast 184 

and East Africa across sapropel-marl cycles of the past 110,000 years (εNd within -1 to -8)29. 185 

To evaluate if eastern Mediterranean sediment source regions changed considerably through 186 

the past 5 Myr, we present new Nd isotope values of the Site 967 sediment clay fraction (Fig. 187 

3c). The εNd for sapropels ranges within a narrow window of -4.3 to -6.7, which implies little 188 

provenance change through time. This range also agrees with that found in late Quaternary 189 

sapropels (approximately -3 to -7)29, and likely represents sediments originating mainly from 190 

the Blue Nile (Ethiopian Highlands)28 (Fig. 3, Extended Data Fig. 6). Within intercalated marls, 191 

εNd ranges between -4.0 and -8.4, where more negative values might indicate higher relative 192 

Central Sahara (-10 to -15) or White Nile (εNd ~-10) contributions28,29,31 (Fig. 3, Extended 193 

Data Fig. 6). Thus, our data indicate that eastern Mediterranean terrigenous sediment sources 194 

remained confined largely to North-entral and Northeast-East African regions through the past 195 

5 Myr.  196 
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Off the coast of Northwest Africa, ODP Site 659 provides the longest available Saharan aridity 197 

and dust export record, which demonstrates astronomically paced northwestern Saharan 198 

humid-dry oscillations over the past 11 Myr10. ODP Site 659 is located underneath the main 199 

modern Sahara dust plume, where most of the aeolian input originates from the West and 200 

Central Sahara (North-West to North-Central Africa)10 (Extended Data Fig. 6). For ODP Site 201 

659, the [Al+Fe]/[Si+Ti+K] ratio was used as an indicator of relative fluvial versus aeolian 202 

sediment input from Northwest Africa (higher values indicate more humid conditions with 203 

more intense chemical weathering). Intriguingly, there is a shift to increased fluvial input in 204 

ODP Site 659 at ~3.8 Myr, similar to that observed here in ODP Site 967 geochemical records 205 

(Fig. 3d). The [Al+Fe]/[Si+Ti+K] ratio decreases rapidly at the M2 glaciation, which reflects 206 

termination of the enhanced humid conditions of the 3.8-3.3 Myr period (Fig. 3b, Extended 207 

Data Fig. 6). Moreover, our 2 lowest Pliocene εNd values appear within the sapropel-barren 208 

interval, indicating likely increased terrigenous input from sustained central Saharan 209 

palaeoriver discharge during precession maxima (continuing humid conditions even during the 210 

relatively arid intervals), through the Northeast African margin to the Mediterranean (Fig. 3, 211 

Extended Data Fig. 5). Simultaneous emergence of enhanced humid conditions across 212 

Northwest, North-central and Northeast Africa implies the existence of a Pan-North African 213 

humid period (Pan-NAHP) between 3.8 and 3.3 Myr. 214 

Our observation of enhanced humidity during the Pan-NAHP, relative to the entire Early 215 

Pliocene, is supported by additional East and Northcentral African geological records. East 216 

African rift system (EARS) lake clusters were coeval to eastern Mediterranean sapropel 217 

clusters during high amplitude precession minima4,32–34 (Fig. 4). Notably, deep EARS lake 218 

clusters existed in the Turkana and Afar basins between 3.7 and 3.4 Myr, indicating 219 

substantially increased humidity33,34 (Fig. 4b). Palaeoenvironmental reconstructions using 220 

fossil assemblages estimated ~doubled precipitation during deposition of the Lokochot 221 

member (3.6-3.4 Myr) of the Koobi Fora Formation, eastern Lake Turkana shores, relative to 222 

the Early Pliocene35. In agreement, past woody cover reconstructions using fossil soils reveal 223 

maximum woody cover in the Omo-Turkana Basin and Awash Valley (Afar Basin) for the past 224 

6 Myr at 3.6-3.4 Myr, in agreement with lowered soil carbonate δ13C values covering the wider 225 

EARS36,37 (Fig. 4c). Moreover, megalake Chad in North-central Africa is the dominant 226 

hydrological feature recognized during past AHPs4,38. Analysis of Chad basin environmental 227 

conditions using Be isotopes reveals Plio-Pleistocene lacustrine sediment deposition centred at 228 

~2.31±0.21 Myr, 3.00±0.19 Myr, 3.60±0.13 Myr and 4.20±0.19 Myr38, with maximum 229 
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Pliocene sedimentation rates between 3.7 and 3.4 Myr, which has been attributed to enhanced 230 

runoff intensity under humid conditions39 (Fig. 4b). In summary, North-central and East 231 

African lacustrine records indicate that the coevally wettest Pliocene phase of these regions 232 

occurred simultaneous to the Pan-NAHP identified here. 233 

Wider implications and possible influence on early hominin dispersal 234 

Our climate model results indicate that generally humid conditions over North Africa before 235 

3.3 Myr resulted from a persistently more northerly monsoon front, relative to the mid-236 

Pliocene, which enhanced precipitation over the Sahara and Ethiopian Highlands (Fig. 4e). Our 237 

results support previous suggestions of globally coherent humid subtropics through the warm 238 

Early Pliocene, due to decreased global meridional temperature gradients40. Moreover, we find 239 

that the long-term North Atlantic meridional temperature gradient decreased stepwise since 240 

~3.9 Myr, culminating in lowest values at 3.6-3.4 Myr. North Atlantic warmth is reflected by 241 

reduced NH ice volumes and elevated global sea levels during the Pan-NAHP41,42 (Extended 242 

Data Fig. 7). We postulate that reduced meridional temperature gradients during the Pan-243 

NAHP, compared to the rest of the Pliocene, may have optimized northward tropical African 244 

monsoon front displacement, yielding more humid conditions over North Africa11,43. 245 

Finally, our findings provide new insights into environmental changes associated with African 246 

early hominin evolution and dispersal. Australopithecine remains have been recovered from 247 

multiple locations over East and Central Africa during the 3.7-3.3 Myr period (within the Pan-248 

NAHP identified here) 44–46 (Fig. 4, Extended Data Fig. 8). While it has been suggested that 249 

hominin diversity expanded within this period, apparent diversity expansion might reflect 250 

improved sample availability relative to the rest of the Early Pliocene47. Australopithecus 251 

bahrelghazali from the Chad Basin (3.58±0.27 Myr, the oldest existing Pliocene hominin fossil 252 

remains from Central Africa)9,38 was contemporaneous to the East African australopithecine 253 

remains recovered some ~2,500 km to the west from Turkana and Afar basins44,48 (Fig. 4, 254 

Extended Data Fig. 8), although it remains ambiguous whether A. bahrelghazali was a 255 

geographical variant within the A. afarensis taxon, or a different species45,46. Periods of 256 

enhanced humidity are associated with increasing hominin habitat suitability beyond the Sahel, 257 

and hydrological modelling demonstrates that the probability of along-rift hominin dispersal 258 

increases under more humid conditions49,50. Accordingly, it has been proposed that stable 259 

Pliocene climate periods (with major lake phases) provided vegetated corridors for early 260 

hominins to migrate out of east African refuge areas to the adjacent rift valleys and beyond34. 261 
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Our analysis here suggests that simultaneous major Central and East African Lake phases, 262 

together with maximum woody cover (reaching 60%) to the North of Turkana Basin36, 263 

occurred only during the Pan-NAHP (Fig. 4). While the source of hominin dispersal to North-264 

central Africa is uncertain due to inadequate fossil records from Northwest and Northernmost 265 

Africa, we infer that the 3.8-3.3 Myr Pan-NAHP reconstructed here may have facilitated the 266 

earliest known expansion of hominin geographical range toward the Chad basin, likely via 267 

enduring green corridors connecting open East African habitats with North African Savannah34 268 

(Extended Data Fig. 8). 269 
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Figure 1| Eastern Mediterranean sapropels across the past 5 Myr. a, NH ice volume 301 
evolution through the Plio-Pleistocene19. A rapid ice volume increase during glaciation M2 302 
(~3.3 Myr.) is indicated. Mean NH ice volume increases across the shaded transition (3.4-3.2 303 
Myr) b, ODP Site 967 stable oxygen isotope record7. For a and b, thick black lines represent a 304 
60-kyr moving average, where upper and lower lobes indicate 95% upper and lower confidence 305 
intervals. c, ODP Site 967 Ba/Al record, in which enhanced organic carbon burial is evident 306 
after 3.2 Myr7. d, Orbital precession variability through the Plio-Pleistocene26. e, Eastern 307 
Mediterranean sapropel stack (see Methods). Sapropel occurrence is sporadic between 5.3 and 308 
3.3 Myr. No sapropels are preserved within the 3.7-3.3 Myr period, with only two low-organic 309 
carbon sapropels existing within the 3.8-3.72 Myr period.  310 

  311 
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 312 

Figure 2| North Africa drying during the M2 glaciation. a, Boreal summer precipitation 313 
change (M2 glacial-Early Pliocene), with strong drying over North Africa. Contours indicate 314 
Early Pliocene isohyets. b, Zonal mean meridional stream function change for boreal summer. 315 
Contours represent Early Pliocene wind velocities. Positive (grey) contour values indicate 316 
clockwise overturning circulation; negative (red) contour values indicate anti-clockwise 317 
overturning circulation. The Southern Hemisphere Hadley cell strengthens and contracts (with 318 
a tropopause height decrease), while all NH meridional cells are strengthened during the boreal 319 
summer. 320 
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 357 

 358 

Figure 3| Evidence for enhanced humid conditions across North Africa during the 3.3-3.8 359 
Myr interval. a, Orbital precession variability through the Plio-Pleistocene26. b, West African 360 
ODP Site 659 [Al+Fe]/[Si+K+Ti] ratio, where higher values indicate more fluvial sediment 361 
input under more humid conditions. c, ODP Site 967 εNd values for sapropel and marl 362 
sediments back to the Miocene-Pliocene boundary (see Extended Data Fig. 6 for provenance). 363 
d, Eastern Mediterranean ODP Site 967 Ti/Al ratio7, where lower values indicate more alluvial 364 
sediment input. e, ODP Site 967 stable oxygen isotope record, indicating considerably negative 365 
mean values across the Pan-NAHP (highlighted in grey). Coloured dots (marked with arrows) 366 
for b, d and e represent linear change points for each record (Methods). Eastern Mediterranean 367 
sapropel stack is shown above the age axis. More extreme individual data points for panels b 368 
and d are not shown. See Extended Data Fig. 5 panels b and d for complete range of data for 369 
each record. 370 
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Figure 4| The Pan-NAHP and hominin evolution. a, ODP Site 967 stable oxygen isotope 371 
record for the 2-5 Myr period. b, Calculated Chad basin sedimentation rates38, with a 372 
significant increase within the Pan-NAHP. Occurrence of Chad basin lacustrine sediments 373 
and East African lake pulses over the Pliocene are shown32,33. c, Reconstructed woody cover 374 
fraction for Omo-Turkana Basin and Awash Valley (Afar Basin)36 and soil carbonate δ13C 375 
values from wider east Africa37, with a minimum within the Pan-NAHP d, Estimated time 376 
spans for multiple hominin remains discovered within the Pan-NAHP (see Extended Data 377 
Fig. 8). The oldest known stone tools follow the Pan-NAHP termination48. Eastern 378 
Mediterranean sapropel stack is shown below. e, Climate model results with annual 379 
precipitation change from Early Pliocene to Mid-Pliocene glacials, indicating enhanced Early 380 
Pliocene North African precipitation. Circled numbers 1, 2 and 3 represent fossil discovery 381 
sites for A. bahrelgazali (Koro Toro, Chad Basin)9, and other East African australopithecines 382 
from Woranso-Mille, central Afar and Lake Turkana, Kenya44,45 (see Extended Data Fig. 8). 383 
Contours indicate isohyets for Mid Pliocene glacial climate. f, Map with the East and Central 384 
African rift systems, which have been suggested as a possible migration path for East African 385 
hominins to the Chad Basin33 (see Extended Data Fig. 8). Miocene-Holocene East African 386 
rift system and Early-Late Cretaceous Central African rift system are highlighted in red and 387 
purple, respectively33. ODP Sites 659 and 967 are indicated by white dots. CASZ, Central 388 
African shear zone (thick black line); CB, Chad Basin; AB, Afar Basin; TB, Turkana Basin. 389 
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Methods 390 

Eastern Mediterranean sapropel compilation 391 

To generate the sapropel stack, we combine sapropel stratigraphies of all available deep eastern 392 

Mediterranean Ocean Drilling Program (ODP) sites, recognized based on visual core 393 

descriptions and colour reflectance data. These were subsequently tuned to NH boreal 394 

insolation maxima and subsequently correlated with our ODP Site 967 stable oxygen isotope 395 

record. All available ODP sediment records are located at >900 m water depths7,17 (Extended 396 

Data Fig.1). 397 

At shallower than ~400 m depth in the eastern Mediterranean, sapropels are unlikely to be 398 

preserved due to sufficiently ventilated conditions14,16,51. Below this level, the organic matter 399 

quantity buried in sediment changes with water depth16,51, and is determined by a) the 400 

degradation rate during settling through the water column and b) the degradation rate at the 401 

sediment-water interface51. The organic matter import flux (amount of organic matter reaching 402 

the sediment-water interface at a certain depth) decreases with water depth16,51. However, 403 

burial efficiency during sapropel formation (amount of organic matter amount buried in 404 

sediment, after water column and sediment-water interface degradation) increases with water 405 

depth, due to decreasing oxidant fluxes at the sediment-water interface. 406 

After burial, organic matter undergoes post-depositional oxidation in the modern, unstratified 407 

Mediterranean. Therefore, high organic carbon contents reported from sapropels are a 408 

consequence of both elevated productivity and enhanced preservation52. The abundance of 409 

microfossils has suggested that sapropel deposition dominantly resulted from increased 410 

productivity, due to the presence of a deep chlorophyll maximum (DCM) in the photic zone 411 

resulting from pycnocline shoaling forced by reduced buoyancy followed by elevated 412 

freshwater influx14,53. Furthermore, elevated Ba/Al ratios within sapropels have been attributed 413 

to barite (BaSO4) enrichment in sinking organic matter, linking to enhanced productivity14. 414 

Barite dissolution and Ba mobilization can alter the original sea floor Ba content, if sulfate 415 

reducing conditions occur54. However, Ba/Al has been established as an indicator of original 416 

sapropel extent where organic matter has been oxidized, as biogenic Ba flux preservation is the 417 

highest of all biogenic components54 and has been applied to estimate Mediterranean 418 

paleoproductivity55. Alternatively, depleted bulk sediment N isotope values (δ15N) has been 419 

suggested to reflect enhanced preservation rather than elevated productivity, as oxidation 420 

would have released 15N-enriched components to the sediment, elevating sedimentary 421 
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δ15Nref.56. Similar depleted δ15N values to that of the most recent sapropel were recorded from 422 

modern Mediterranean sinking particulate matter, suggesting lower productivities during 423 

sapropel formation56. Sapropel preservation is mainly affected by the post-depositional oxygen 424 

availability. Post-depositional oxidation can partially or completely degrade organic carbon 425 

(sapropel burndown), resulting in the loss of dark appearance of sediments. The Ba/Al ratio is 426 

commonly used to identify burned down sapropels7,14. Modelling efforts have shown that the 427 

burndown rate is inversely proportional to the organic matter content of a sapropel57. 428 

Intensification of eastern Mediterranean organic carbon burial over time can be observed at the 429 

four ODP sites, which increased substantially the sapropel preservation frequency. At ODP 430 

sites 967 and 969, preserved sapropels are absent for 3.2-5.3 Myr and 3.2-4.3 Myr, respectively, 431 

which indicates complete post-depositional oxidation. This observation is further supported by 432 

ODP 967 Ba/Al record. Before 3.2 Myr, nutrient supply to the eastern Mediterranean was likely 433 

substantially reduced7. Therefore, we suggest that low organic carbon fluxes to the deep basin 434 

were insufficient to generate preserved sapropels during these intervals. Occasional sapropel 435 

preservation can be observed at Site 969, before 4.3 Myr. At ODP Site 966, the sediment record 436 

is tectonically disturbed within the 5.3-4.5 Myr interval58. Between 4.5 and 3.8 Myr, Site 966 437 

sapropel preservation is frequent, compared to Site 96917. We interpret this to be a result of the 438 

organic carbon import decrease to deeper water depths at Site 969, which was insufficient for 439 

organic carbon burial. Between 3.70 and 3.82 Myr, there are only two preserved sapropels at 440 

Site 966, with low (~1%) organic carbon contents. Therefore, preserved sapropels are absent 441 

across the entire eastern Mediterranean ODP cores within the 3.3-3.7 Myr period (while only 442 

two low-organic carbon sapropels are observed between 3.7 and 3.82 Myr, only at Site 443 

966)7,17,58. We posit that organic matter imported to even the shallowest eastern Mediterranean 444 

site (Site 966 at ~940 m water depth) was insufficient for sapropel preservation during the 3.3-445 

3.7 Myr period, which indicates even more reduced surface productivity compared to the Early 446 

Pliocene. Our hypothesis is further supported by ODP Site 967 δ18O data, which reflects that 447 

the freshwater runoff was maximized during the 3.8-3.3 Myr period, compared to the rest of 448 

the Pliocene, which would have caused more intense stratification and bottom anoxia. The 449 

absence of sapropels during the period of maximum possible stratification and anoxia (that lead 450 

to higher preservation) suggests further reduced organic carbon flux (therefore, surface 451 

productivity) during the 3.8-3.3 Myr period.     452 

 453 
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Climate Model Experiments 454 

We observe a considerable mean global ice volume increase during the M2 glaciation and 455 

subsequent Mid-Pliocene glacials, compared to the Early Pliocene. Pan-NAHP termination is 456 

coeval with the M2 glaciation (~3.34-3.27 Myr), and eastern Mediterranean organic carbon 457 

burial intensifies subsequently. We calculate mean ice volumes for Early Pliocene and Mid 458 

Pliocene glacials using a published ice volume reconstruction19 (Extended Data Table 1). Our 459 

calculations indicate that NH ice volume increased significantly more, compared to the 460 

Southern Hemisphere (SH), during the M2 glaciation. As explained in the text, we speculate 461 

that the ice volume increase disrupted stable humid conditions during the Pan-NAHP (and 462 

relatively humid conditions through the 5.3-3.3 Myr period). To evaluate the possible impact 463 

of increasing ice volumes on North African climate, we employed a coupled climate model, as 464 

described below. 465 

Model components. Model experiments were carried out using the coupled climate model 466 

GFDL CM2.1, which consists of dynamic ocean, atmosphere, land and sea ice components59. 467 

The ocean component is updated to incorporate Modular Ocean Model version 5.1.0 (MOM5), 468 

using a resolution of 1° latitude x 1° longitude x 50 vertical levels, with latitudinal refinement 469 

within ± 30° latitude down to 0.33° at the equator, as in ref.59. The ocean and sea ice horizontal 470 

grid uses a tripolar configuration, consisting of a regular latitude-longitude grid from 85°S to 471 

65°N, and a bipolar grid north of 65°N with poles over North America and Eurasia. The other 472 

model components are the same as in GFDL CM2.1, namely the GFDL Atmosphere Model 2, 473 

Land Model 2 and Sea Ice Simulator. The atmosphere resolution is 2° latitude x 2.5° longitude 474 

x 24 levels, as in the original GFDL CM2.1. 475 

Boundary conditions. In this study, we use three experimental configurations, representing (i) 476 

the Early Pliocene (5.3-3.4 Ma), (ii) the M2 glaciation (~3.3 Ma) and (iii) Mid Pliocene glacials 477 

(3.27-3.0 Ma). A summary of these configurations is shown in Extended Data Table 1. The 478 

Early Pliocene simulation serves as a control experiment, where our intention is to compare 479 

results from glacial simulations with the Early Pliocene reference simulation. 480 

Early Pliocene simulation. The early Pliocene simulation is set up using PRISM4 boundary 481 

conditions, as used in the Pliocene Model Intercomparison Project 2 (PlioMIP2)60. The 482 

palaeogeography, including topography and bathymetry, ice sheet extents, and vegetation types 483 

are all set according to the PRISM4 protocol. Note, we do not use the PlioMIP3 boundary 484 
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conditions61, since the simulations were designed and implemented before the PlioMIP3 485 

protocols became available. 486 

The M2 glacial and Mid Pliocene glacial simulations use PRISM4 boundary conditions as a 487 

starting point, with modifications to the ice sheets to match the total ice volume from the 488 

compilation of ref.19. The chosen timeslices of published ice sheet reconstructions represent a 489 

physically realistic representation of a target ice volume, rather than an exact Pliocene ice sheet 490 

reconstruction. We note that a similar approach of reconstructing ice boundary conditions was 491 

used in the Pliocene modelling experiments of ref.62, where they used ice model reconstructions 492 

from different time periods to match their targeted ice volume for the Pliocene M2 scenario. 493 

M2 glacial simulation. For the M2 glacial simulation, NH and SH ice sheets were derived 494 

from 12.5 kyr and 7.5 kyr timeslices of the ICE-7G_NA reconstruction63, to match total ice 495 

volumes calculated for each hemisphere (NH = 52.13 m, SH = 62.16 m). 496 

Mid Pliocene glacial simulation. For this case, we imposed NH ice sheets derived from the 497 

ice sheet reconstruction of ICE-7G_NA using their 8 ka timeslice63, to achieve a total ice 498 

volume of 10.17 m sea level equivalent (SLE). For the SH, we used ref.64, with their RCP4.5 499 

scenario at year 5000 to achieve a total ice volume of 55.32 m SLE. 500 

Land surface properties The topography and bathymetry for all three configurations are 501 

shown in Extended Data Fig.9. Since the vegetation types are prescribed as a boundary 502 

condition, we keep vegetation fixed in all three scenarios, except where the land surface type 503 

is specifically adjusted to become an ice sheet. The land-sea mask is adjusted to accommodate 504 

the larger ice sheets in the glacial simulations (especially M2), but these changes are limited 505 

only to the ice regions. We do not make far-field adjustments for sea level change, i.e. 506 

continental shelves remain unchanged outside of the polar ice sheet regions. 507 

One limitation of this approach is that it does not permit vegetation feedbacks induced by the 508 

ice sheet and climate changes. As noted above, vegetation changes and/or dynamic feedbacks 509 

have been found to play an important role in previous Pliocene simulations23,24,65,66. Since the 510 

vegetation changes tend to force precipitation in the same direction as our ice sheet perturbation 511 

(i.e. drier for more glacial climates), we would expect the signal to be larger if vegetation 512 

changes were included in the model. However, our method has the benefit of allowing a simpler 513 

chain of causality: We can directly attribute the climate changes to the presence of larger ice 514 

sheets, whereas adding vegetation changes would make this causality harder to determine. 515 
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While vegetation feedbacks are beyond the scope of the modelling presented here, a possible 516 

way to extend the study would be to use the climate model outputs from all 3 scenarios to drive 517 

an offline vegetation model (e.g. BIOME4)67. The offline-generated vegetation outputs could 518 

then be used as boundary conditions to re-run the climate model simulations, to check for an 519 

amplification (or otherwise) of the precipitation and circulation changes we have found. 520 

Mixing across narrow ocean gateways 521 

In the pre-industrial simulation of GFDL CM2.1ref.59, the Black Sea, Red Sea and 522 

Mediterranean Sea use parameterised tracer mixing across the narrow straits that connect these 523 

seas to the rest of the ocean (Turkish Straits, Bab el-Mandeb Straits and Strait of Gibraltar). 524 

This mixing is implemented because those straits are too narrow for the ocean grid to resolve. 525 

(The ocean model requires a minimum strait width of two grid-cells, i.e. ~200 km width). For 526 

our Pliocene simulations, we retain this parameterised mixing connecting all 3 of these 527 

marginal seas to the world ocean (Black Sea, Red Sea and Mediterranean Sea). This ensures 528 

the closest agreement to the PRISM4 topography and consistency with the pre-industrial 529 

simulation, while enabling the water mass properties of these marginal seas to be connected to 530 

the world ocean. 531 

Initial conditions and spinup. Climate model runs were initiated using idealised ocean 532 

temperature and salinity initial conditions. Salinity was set to a uniform global value of 34.7 533 

psu. Initial temperature was constructed using (i) surface sea surface temperature (SST) values 534 

from the PRISM4 dataset, (ii) a uniform deep ocean 6 °C value everywhere below 500 m depth, 535 

and (iii) linear interpolation between 0 and 500 m from the PRISM4 SST and deep ocean 536 

temperatures. The deep ocean value was chosen to be slightly warmer than the anticipated 537 

equilibrium to enable the start of deep ocean circulation that tends to initiate when the ocean is 538 

losing heat. Atmosphere and land components were initiated using a “cold start” condition. 539 

These components have a much lower heat capacity than the ocean, so they quickly reach quasi-540 

equilibrium and the long-term spinup depends largely on ocean evolution. All three simulations 541 

were spun up from idealised initial conditions for 2000 years, using CO2 forcing demarcated 542 

in Extended Data Table 1. The analyses use the mean of the last 50 years of simulation to 543 

reduce the impact of short-term variability. 544 

ODP Site 967 Nd isotopes 545 

To evaluate sediment provenance at ODP Site 967 over the past 5 Myr, we measured Nd 546 

isotope values of the clay fraction of selected bulk sediment samples. Samples were chosen for 547 
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consecutive sapropel-marl couplets covering the entire 0-5 Myr age range (Extended Data Fig. 548 

6). Sample preparation was carried out at the Fenner School of Environment & Society, 549 

Australian National University. The procedure involved clay separation to separate aeolian silt, 550 

followed by ultrasonic leaching to remove non-detrital matter as outlined in ref.68. 551 

To separate the clay fraction from bulk sediment, ~1.5-2.5 g of each sample was gently crushed 552 

with an agate mortar and pestle. Each crushed sample was treated with a 5% NaPO3 solution 553 

in a 50 ml centrifuge tube, and then kept on a mixing wheel overnight to prevent clay 554 

flocculation. The next day, the samples were centrifuged at 1,000 rpm for 360 seconds to 555 

separate the clay and silt fractions. The supernatant was decanted into a separate vial and 556 

centrifuged at 4,000 rpm to recover the clay fraction. This procedure was repeated 4-5 times 557 

for the remaining bulk sediments to extract as much clay as possible from each sample. 558 

Sequential leaching involved initially mixing the separated clay fraction with ~8 ml of H2O at 559 

room temperature to remove the water soluble fraction. Samples were then centrifuged at 4,000 560 

rpm to remove the supernatant solution. All samples were subsequently treated with 0.5 M 561 

Mg(NO3)2 solutions at room temperature (to remove the exchangeable fraction, i.e. cations 562 

adsorbed to mineral surfaces), 1 M CH3COONa at room temperature (to remove the acid-563 

soluble fraction such as carbonate, with sonication at room temperature for 5 minutes, repeated 564 

3 times), 0.1 M NH2OH*HCl at 80 °C (to remove reducible fraction such as Fe and Mn oxides, 565 

with sonication at 80°C for 6 minutes, repeated 3 times), 15% H2O2-0.02 M HNO3 at 80 °C 566 

(sonication at 80°C for 3 minutes, repeated 5 times) and 3.2 M CH3COONH4 in 20% HNO3 at 567 

room temperature (centrifuged at 4000 rpm for 10 minutes, repeated three times, to remove 568 

oxidisable fraction such as organic matter and sulphides), successively. Sequential leaching 569 

was supported by sonication following the procedure elaborated in ref.68. 570 

Dried samples were analysed for Nd isotope values at the Mawson Analytical Spectrometry 571 

Services (MASS) at the University of Adelaide (UoA). Following grinding, complete HF 572 

sample dissolution, and column exchange chromatography to separate Nd from the sample 573 

matrix, Nd isotope analyses were carried out using an ISOTOPX Phoenix thermal ionisation 574 

mass spectrometer (TIMS). Nd concentrations in each sample, required to determine the 575 

amount of Nd loaded for column exchange chromatography, were analysed using an Agilent 576 

8900x triple quad inductively coupled plasma mass spectrometer (QQQ-ICP-MS) at Adelaide 577 

Microscopy (UoA). All Nd isotope ratios were normalized to the JNdi-1 standard (143Nd/144Nd 578 

= 0.512115 ± 0.000007), with independent measurements of JNdi-1 = 0.512121 ± 0.000006 579 
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(2σ, n=2). Isotopic signatures are expressed in epsilon notation, relative to the chondritic 580 

uniform reservoir value of 0.512638. 581 

Mediterranean box model experiments 582 

To estimate the freshwater input magnitude capable of generating a minimum shift of ~0.45‰ 583 

in ODP Site 967 δ18Ocalcite to more negative long-term 18Ocalcite values, a Mediterranean Winter-584 

Summer-Monsoon box model was employed (Extended Data Fig.2). The box model employed 585 

here is based on a family of models developed in refs.15,25,69. The box model is coupled to an 586 

exchange transport model with the Atlantic via the Strait of Gibraltar and consists of a winter 587 

mixed-layer box, which is subsequently split into a summer-mixed box and a summer-588 

subthermocline box. For two months in late summer a surface layer monsoon box is included 589 

into which monsoon freshwater runoff is added. At the end of summer, the summer-mixed, 590 

summer-subthermocline, and monsoon boxes are homogenized to form a new winter mixed 591 

box. This annual cycle can then be repeated until the model reaches equilibrium under a given 592 

fixed forcing scenario.  593 

The Mediterranean box model in ref.15 employed a δ18Ocalcite forward modelling strategy to 594 

estimate relative sea level at Gibraltar (RSLGib). In our version of the model, RSLGib is a forcing 595 

parameter, which was estimated from the global mean eustatic sea-level (ESL) record of ref.19 596 

based on the RSLGib to ESL conversion of ref.15. Thus, if the key properties of the model boxes, 597 

such as temperature, salinity, and δ18Ocalcite, are fixed while RSLGib is allowed to change, the 598 

mean Mediterranean δ18Ocalcite change solely due to RSLGib changes can be separated from the 599 

initial δ18Ocalcite record. This enables the model to be used in a sensitivity analysis to 600 

differentiate potential underlying causes of large-scale changes in ODP Site 967 δ18Ocalcite. 601 

Mediterranean surface freshening during times of sapropel formation lead to negative δ18Ocalcite 602 

anomalies due to both 1) isotopically depleted monsoon waters and 2) temperature 603 

concentration due to freshwater layer heating70. It is not possible to determine the contribution 604 

from monsoon waters alone, without temperature measurements from surface-dwelling 605 

foraminifera70. Therefore, to estimate the possible range of freshwater runoff and temperature 606 

concentration that would have generated the ~0.45‰ shift, we estimate 3 parameters: 607 

                                                   ∆δ18OSST =  ∂δ
18OCalcite
∂SST

,                                                       (1) 608 
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where ∆δ18OSST is the δ18Ocalcite change per 1°C of mean annual sea surface temperature 609 

change, at a given RSLGib, and 610 

                                                    ∆δ18OTC =  ∂δ
18OCalcite
∂TC

,                                                       (2) 611 

where ∆δ18OTC is the δ18Ocalcite change per 1°C of surface layer temperature concentration, at 612 

a given RSLGib, and 613 

                                                  ∆δ18OFWF =  ∂δ
18OCalcite
∂∆R

,                                                    (3) 614 

where ∆δ18OFWF is the δ18Ocalcite change for a freshwater runoff increment equivalent to pre-615 

Aswan Nile runoff at a given RSLGib (Extended Data Fig. 2).  616 

We observe that in existing SST records42,71,72 (only the record from Pissouri section, Cyprus 617 

goes back to 4 Myr), a rise in SST that can explain the δ18Ocalcite drop around 3.9-3.8 Myr does 618 

not exist (Extended Data Fig. 2b). Therefore, a large rise in SST can be excluded. Sensitivity 619 

studies on the temperature concentration effect during the deposition of Sapropel 5 (S5, 128-620 

122 kyr) suggests that the surface warming for a runoff increase by two times that of pre-Aswan 621 

Nile runoff may have resulted in an extra warming of the upper summer mixed layer of ~1.2 622 

°C. Our sensitivity test indicates that a 1.2 °C can result in a δ18Ocalcite drop of only 0.24 ‰, 623 

which is less than the minimum of 0.45 ‰ δ18Ocalcite drop we observe around 3.8 Myr. This 624 

suggests that at least 0.21 ‰ δ18Ocalcite drop should be explained by an increase in runoff, which 625 

is equivalent to 75% pre-Aswan runoff. 626 

Statistical analysis of palaeoclimate proxy records 627 

We have employed two well-established geochemical ratios for Northwest Africa and the 628 

eastern Mediterranean, to assess the hydroclimate variability over the Plio-Pleistocene. For 629 

west African ODP Site 659, aeolian material is mainly transported from the Sahel and the 630 

Sahara, via the Saharan Air Layer10,73. Additional minor components are derived from 631 

northward regions around Morocco, which are then delivered via Trade winds74. The major 632 

fluvial material contributor is the Senegal River suspension, which brings weathered lateritic 633 

soils formed under tropical conditions10,73. The [Al+Fe]/[Si+K+Ti] ratio has been established 634 

as a traditional indicator of relative input of chemically weathered material under humid 635 

conditions (Al and Fe rich) versus Si-rich Saharan dust10,73, providing a superior record of short 636 

and long-term hydroclimate variability over Northwest Africa10. 637 
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For the eastern Mediterranean ODP site 967, the Ti/Al ratio is well-established over several 638 

studies as a reliable indicator of relative aeolian versus fluvial transport of terrigenous material 639 

from North Africa7,75. Aeolian material (Ti-rich) is mainly derived from hyperarid regions of 640 

northeastern Sahara via low-level winds. Fluvial component (Al-rich) from North Africa is 641 

transported via the White Nile (from Sudd swamps) and the Blue Nile (from Ethiopian 642 

Highlands), which later combines as the Main Nile27,76,77. While the Si content in Saharan dust 643 

is enriched, the K/Al ratio in eastern Mediterranean sediments has been determined to reflect 644 

the K-rich illite supply from the Northern Mediterranean borderlands, via Southeast European 645 

rivers27,76,77, preventing the addition of K content to geochemical ratios as an indicator of North 646 

African hydroclimate in eastern Mediterranean sediments. 647 

We further employ statistical methods to assess critical transitions in North African 648 

hydroclimate variability. To detect regime shifts in ODP Sites 967 and 659 geochemical and 649 

stable oxygen isotope records7,10, change points were estimated using the MATLAB built-in 650 

function ‘findchangepts’, following ref.7. Change-points were determined based on ice volume 651 

mean and standard deviation; a maximum of three change-points was stipulated as a 652 

parsimonious balance between constraining outputs to the most significant changes while 653 

allowing a >1 outcome. 654 

Data availability 655 

The authors declare that all the data supporting the findings of this study are available with the 656 

manuscript, uploaded as additional files. 657 
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