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Plants that use the C4 pathway, including savannah grasses, 
account for more than one-quarter of terrestrial primary pro-
ductivity1 and represent 40% of sub-Saharan African vegetation 

cover2. The anatomical and biochemical modifications that define 
this unique carbon fixation pathway first evolved near 32–25 mil-
lion years ago (Ma)3,4 but marked global expansion of C4 vegetation 
did not occur until the late Miocene (10–6 Ma)5,6. The late Miocene 
emergence of C4 grasslands was associated with mammalian faunal 
evolution and adaptive responses (hypsodonty), including changes 
in ancestral hominin behaviour and diet7. However, little is known 
about the antiquity of Northwest African C4 savannah grasslands, 
particularly their relationship with East African vegetation changes, 
the palaeohydrological context of their expansion, the association 
with Saharan dust activation and the principal mechanism that led 
to the emergence of this remarkably important ecosystem.

We date the emergence and expansion of C4 grassland ecosys-
tems across Northwest and East Africa using continuous, well-
dated, deep-sea drilling sedimentary sequences spanning the latest 
Oligocene to present (24.3–0 Ma, Supplementary Table 1). The 
preservation of terrestrial plant-wax molecules in these sediments 
affords the opportunity to reconstruct the abundance of C4 vegeta-
tion, a tracer for the savannah biome in modern Africa. Molecular 
carbon isotope compositions (δ13C) of plant-waxes record the pro-
portion of C4 plants (warm-season savannah grasses) versus C3 
plants (trees, shrubs, herbs and cool-season grasses) on the land-
scape (Fig. 1). Their hydrogen isotope compositions (δD) can also 
be used to reconstruct the hydrogen isotope composition of rainfall, 
a sensitive indicator of rainfall volumes in modern Africa8,9. Wind 
delivery of these compounds from the continent provides an inte-
grated, spatially averaged view of regional ecosystem evolution. We 
also evaluate these African palaeovegetation and palaeohydrologi-
cal records in the context of changes in the Saharan desert dust flux.

We analysed plant-wax n-alkane δ13C and δD values from 
drill cores offshore of equatorial West Africa (ODP Site 959) and 

Northwest Africa (ODP Site 659), and report δD analyses from 
cores off East Africa (DSDP Sites 235 and 241) in combination with 
previously published δ13C analyses10. Sites 659 and 959 span a large 
rainfall gradient that is closely mirrored by the latitudinal vegetation 
progression from wet equatorial rainforest (C3 plants) through dry 
savannah (C4 plants) to arid subtropical desert (Fig. 1). Comparison 
of the plant-wax records from these two sites captures the emer-
gence of the modern vegetation and hydrologic gradient. Sites 235 
and 241 in the Somali Basin record the evolution of the East African 
savannah and climate10.

Onset of African C4 ecosystem expansion at 10 Ma
Plant-wax δ13C values between 25 and 10 Ma indicate that Northwest 
and East African vegetation was dominated by C3 ecosystems at the 
regional scale, with no major isotope trends or differences between 
equatorial (sites 959, 235 and 241) and West African (Site 659) loca-
tions (Fig. 2a–c). At 10 Ma, however, the δ13C values of C31 n-alkanes 
increased synchronously at all sites, indicating the rise of C4 vegeta-
tion cover across Northwest and East Africa. The abrupt and larger 
δ13C increase in the C35 n-alkane at ~10.5 Ma (sites 659 and 959) 
and ~9.9 Ma (sites 235 and 241) sensitively dates the onset of C4 
vegetation expansion, as this molecule is known to be preferentially 
abundant in African C4 graminoids (grasses) compared with savan-
nah or rainforest trees11. Factors such as aridity and temperature 
may also determine the relative abundance of long-chain n-alkanes; 
however, our combined leaf-wax abundance and δ13C data indi-
cate that the increasing δ13C signature of the C35 n-alkane dates the 
onset of C4 ecosystem expansion (Supplementary Discussion 2.1, 
Supplementary Fig. 11). This C4 expansion also begins at ~10 Ma 
in a plant-wax δ13C record from Site 231 in the Gulf of Aden, off 
northeast Africa12. Carbon isotope values at Site 659 (off northwest 
Africa) and sites 235 and 241 (off East Africa) increase by over 7‰ 
from 10 Ma to present, interpreted as a rise to 60% C4 vegetation 
cover across North and East Africa.
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The emergence of widespread C4 vegetation had a significant 
and immediate impact on the diets of large mammals in East 
Africa: proboscideans and equids quickly added C4 vegetation to 
their diets, with some equids consuming significant amounts of C4 
plants (>65% of diet) by 9.9 Ma and rhinoceratids and bovids fol-
lowing suit by 9.6 Ma (ref. 13). Ultimately, many African mammalian 
lineages adopted diets based entirely or significantly on C4 vegeta-
tion13,14, including most hominin lineages7,15.

Hydrologic change did not drive C4 expansion
What triggered the replacement of C3 plants with predominantly C4 
grasses? The C4 photosynthesis pathway is more efficient under low 
partial pressures of CO2 (pCO2

I
) and high growing season tempera-

tures, and C4 plants are favoured under conditions of lower effective 
rainfall and highly seasonal precipitation16–18. To evaluate whether 

changes in growing season hydrology drove the C4 grassland 
expansion, we measured the hydrogen isotope ratios of long-chain 
plant-wax n-alkanes (δDwax) at sites 235, 241, 659 and 959 (Fig. 2d). 
Modern δDwax values from Northwest Africa are strongly controlled 
by the amount of rainfall8,9, and ancient δDwax tracks Northwest and 
East African rainfall on orbital and millennial timescales9. Rainfall 
δD values (δDppt) show no secular trends or changes in variability 
from the middle Miocene to the present (Fig. 2e, Supplementary 
Figs. 9 and 10). The observed rainfall δDppt variability (20–30‰) 
is comparable to orbitally driven cycles observed in Pliocene to 
modern North African records (Supplementary Fig. 9), suggesting 
that similar hydroclimate variability extended to at least 15 Ma. The 
absence of significant changes in both the mean and range of our 
δDwax values indicates that growing season hydroclimate was largely 
stable across the C4 transition.
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Fig. 1 | Latitudinal patterns of modern African rainfall, carbon isotope values of long-chain plant-waxes and vegetation cover. a, Annual rainfall. b, The 
number of months per year with less than 5 cm of rainfall. c, The dominance of C4 grasses in grassland and savannah ecosystems is reflected in the more 
positive δ13C values of n-C31 alkane plant-waxes in modern marine sediments. d, These factors control the occurrence of arid (xeric shrubland, grassland and 
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Data for vegetation cover are from ref. 31, and modern marine sediment data are from refs. 32–34. The legend in d also applies to c.
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Fig. 2 | Plant-wax records of Neogene vegetation and hydrologic change. a–c, Plant-wax δ13C values corrected for atmospheric δ13C values for sites 
659 (a), 959 (b) and 235 and 241 combined (c). The fraction of C4 vegetation, fC4, for n-C31 calculated from modern African vegetation endmembers is 
plotted on the top x axis. d, Plant-wax δDwax values were corrected for seawater δD. e, Precipitation δDppt was calculated using a vegetation-dependent 
fractionation factor (described in the Methods). The bars at the top of a and d indicate the range of n-C31 δ13Cwax and δDwax values during both the past 
120 kyr and the Pliocene at Site 659 (refs. 35,36).
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We further investigate possible changes in aridity with a newly 
calculated record of dust flux from Northwest African Site 659. Dust 
fluxes increased markedly from 7 to 6 Ma, well after the onset and 
major expansion phase of C4 vegetation (10–7 Ma) and the earliest 
evidence for sand dunes in the Sahara (>7 Ma)19 (Fig. 3c). Increased 
fluxes may indicate aridification, but probably also reflect increased 
wind strength and transport20. The dust flux increase clearly  
post-dates the onset of C4 grass expansion, supporting the  
hydrogen isotope evidence that this vegetation shift was not due to 
regional aridification.

Palaeobotanical evidence suggests that C3 wooded grassland 
and woodland ecosystems dominated the North and East African 
landscapes before C4 grasses expanded (Supplementary Discussion 
2.2). These studies indicate heterogeneous ecosystems were pres-
ent, including significant C3 grass abundances12,21. Hence, it is 
likely that C4 grasses would have replaced C3 grasses in existing 
open and dry environments22. It is unlikely that C4 grasses would 
have replaced rainforests or other, mesic ecosystems as C4 plants 
are shade-intolerant23. Fire is important in maintaining modern 
C4 savannahs and has been suggested as a driver for late Miocene 
C4 grass expansion24. However, charred grass cuticle is consistently 
found in post-16 Ma sediments of the Niger Delta25, indicating 
that grass fires greatly predated the expansion of C4 grasses. Fire 
was therefore not a direct cause, but could have been a positive 
feedback to C4 grass expansion. The palaeobotanical evidence, 
along with our δDppt record, suggests that C4 grasses expanded into 
already seasonally dry ecosystems without any substantial hydro-
climate change.

Global synchronization of C4 ecosystem expansion
What then led to the establishment of the modern C4 ecosystems 
in Africa? We suggest that decreasing atmospheric CO2 ultimately 
spurred the emergence of C4 vegetation in Northwest and East 
Africa. Although published pCO2

I
reconstructions do not indicate a 

CO2 decrease at this time26, emerging records suggest a decline dur-
ing the late Neogene, around the time that C4 plants began increas-
ing in North and East Africa27,28. Herbert et al.29 also argue for a CO2 
decline at this time based on the latitudinal pattern of late Neogene 
sea surface temperature (SST) cooling.

We compared detailed marine cooling records with our North 
African palaeovegetation proxy data to explore this proposed rela-
tionship (Fig. 3a). Global average SSTs declined nearly continuously 
between 12 and 6 Ma and cooling was enhanced at high latitudes, 
consistent with declining CO2 levels and high-latitude feedbacks. 
We posit that declining CO2 levels reached the threshold at which 
C4 grasses gained a competitive advantage, first in the warm trop-
ics such as North and East Africa, and later in the subtropics—as 
proposed in earlier studies5,16. In this scenario, middle Miocene 
temperatures and rainfall patterns in Northwest and East Africa 
were close to a threshold at which small CO2 decreases conferred 
critical advantages to C4 plants. A continued CO2 decline progres-
sively crossed this competitive threshold in other wetter and/or 
cooler regions, leading to the asynchronous onsets of C4 expansion 
observed globally (Fig. 3e). The increased dust flux from Northwest 
Africa after 6 Ma probably reflects increased wind strength from 
intensified meridional temperature gradients20.

Our vegetation reconstructions constrain the timing of C4 veg-
etation expansion across Northwest and East Africa to ~10 Ma. 
Our plant-wax hydrogen isotope and dust flux records indicate this 
event was not associated with regional palaeohydrologic changes. 
The most parsimonious conclusion is that declining CO2 levels dur-
ing the late Miocene conferred photosynthetic advantages that pro-
moted the expansion of C4 vegetation across Northwest and East 
Africa, in agreement with pioneering studies5,16. Available palaeo-
botanical evidence suggests that C4 grasses would have replaced C3 
grasses in existing open and dry environments. We cannot ascer-
tain from our data alone when aridification of Northwest and East 
Africa began, and whether a proto-Saharan desert existed before the 
expansion of C4 vegetation at ~10 Ma remains an open question.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of code and data availability and 
associated accession codes are available at https://doi.org/10.1038/
s41561-019-0399-2.
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Fig. 3 | evolution of global SST and African dust flux compared with C4 expansion and African hydrologic change. a, SST anomalies (SSTa) indicate late 
Miocene cooling and strengthening latitudinal gradients that establish the modern latitudinal distributions (see Methods). b, Dust flux off Northwest 
Africa measured at Site 659 increases at the end of the Miocene, post-dating the major phase of C4 expansion (c). d, No apparent change in rainfall  
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the main phase of cooling and strengthening of SST gradients. The timing of C4 expansion is indicated by the dotted horizontal lines (Supplementary 
Discussion 2.3).
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Methods
Sampling and chronology. Marine sediment core information for all sites 
is provided in Supplementary Table 1. Sediments from Site 659 are pelagic 
foraminifer–nannofossil oozes deposited outside the upwelling zone, away from 
turbidite fans and under the present Saharan air layer37,38. Site 959 is located on a 
small plateau in the Deep Ivorian Basin with foraminifer–nannofossil ooze from 
the Holocene–mid Miocene, and interbedded nannofossil chalk, diatomite and clay 
from the lower Oligocene to mid Miocene39. We revised the composite depth scales 
for Site 65940–42 (Supplementary Table 2) and the calcareous nannofossil, planktonic 
foraminifera and palaeomagnetic datums for sites 65941–43 and 95944 according to 
updated age estimates45–47 (Supplementary Methods 1.1 and Supplementary  
Tables 3 and 4). Supplementary Figs. 1 and 2 show the revised age–depth models 
and sedimentation rates for sites 659 and 959. Sampling information and updated 
age models for sites 235 and 241 were published previously10.

Leaf-wax n-alkane biomarker extraction and quantification. ODP core 
samples were freeze-dried, and the outside of each sample removed before 
extraction. Samples were extracted by triplicate sonication with a solution of 9:1 
dichloromethane:methanol (v/v), spiked with a recovery standard, purified with 
silica gel column chromatography and quantified by gas chromatography with 
flame ionization or mass-spectrometry detection (Supplementary Methods 1.2).

Compound-specific δ13C and δD analysis. Compound-specific δD and δ13C 
measurements were performed with a Thermo Delta V Plus Isotope Ratio Mass 
Spectrometer coupled to a Thermo Trace GC Ultra through a high-temperature 
pyrolysis or combustion interface, respectively. The GC oven temperature was 
held at 60 °C for 1.5 min, ramped at 15 °C min−1 to 150 °C and held for 0 min, 
then ramped at 4 °C min−1 to 320 °C and held for 10 min. δD measurements were 
automatically corrected by the operating software for isobaric contributions from 
H3

+ produced in the ion source of the mass spectrometer, using the H3
+ factor that 

was determined daily. Standard mixtures of n-alkanes and esters with known δ13C 
and δD isotope values (Mix A4, A5 and F8 purchased from A. Schimmelmann, 
Indiana Univ.) were regularly interspersed between sample measurements to 
calibrate the isotope measurements. Uncertainties (1 s.e.m.) for δ13Cwax and  
δDwax were calculated using the method of ref. 48, and include both our  
analytical uncertainty and the uncertainty in realizing the VSMOW and 
PDB reporting scales. Carbon and hydrogen isotope values are reported in 
Supplementary Table 5.

Corrections for atmospheric δ13C. Changes in the δ13C value of atmospheric 
CO2 (δ13CCO2) through time are recorded in δ13Cwax, and these changes must be 
accounted for to accurately quantify vegetation composition. We corrected our 
measured δ13Cwax data for variations in δ13CCO2 using the benthic foraminifera-
based reconstruction of ref. 49 (3 Myr running average). We performed linear 
interpolation on the dataset to calculate δ13CCO2 values at the same ages as our 
samples, calculated the photosynthetic fractionation of plant-wax isotope values 
from atmospheric CO2 (εp, Eq. 1) and then calculated the corrected isotopic 
composition of plant-waxes (δ13Cwax,corr) to a pre-industrial atmospheric CO2 
composition of −6.5‰ VPDB (δ13CCO2,PI, equation (2))50:

εp ¼ ðδ13Cwax þ 1Þ=ðδ13CCO2 þ 1Þ � 1 ð1Þ

δ13Cwax;corr ¼ ðεp þ 1Þðδ13CCO2;PI þ 1Þ � 1 ð2Þ

The effect of the δ13CCO2 corrections on the data is shown in Supplementary 
Fig. 3 and reported in Supplementary Table 5.

Corrections for oceanic δD variability. Changes in ice volume over time affect the 
isotopic composition of seawater and thus of rainfall, which in turn is recorded by 
δDwax in lipid biomarkers such as those produced by plants. We correct for changes 
in the seawater isotopic composition by using a compilation of global benthic 
foraminifera δ18O values, which records changes in ice volume and deep-sea 
temperatures over time. We created a composite stack of benthic foraminifera δ18O 
values by splicing the LR04 stack (0–5.3 Ma)51 into the stack from ref. 52 smoothed 
with a moving 0.25 Myr window (5.3–34.5 Ma). We adjust the stack by calculating 
anomalies relative to the modern value and then scaling the stack by the change 
in oceanic δ18O due to ice volume during the last glacial maximum (1.0‰; ref. 53) 
divided by the change in the benthic δ18O anomaly from the same time interval 
(~1.5‰). These scaled anomalies are an estimate for the anomaly in the oxygen 
isotope composition of seawater (Δδ18Osw). We calculate the seawater δD anomaly 
(ΔδDsw) from the Δδ18Osw anomaly using the 8:1 relationship between δD and δ18O 
in modern precipitation. The ΔδDsw anomalies are linearly interpolated at sample 
ages, and ice volume-corrected δDwax values (δDwax,IVC) were calculated using  
the equation:

δDwax;IVC ¼ ðδDwax þ 1Þ=ðΔδDsw þ 1Þ � 1 ð3Þ

The effect of these corrections on the original data is shown in Supplementary 
Fig. 4 and reported in Supplementary Table 5.

The age models for Site 659 have sufficiently small uncertainties that exact ages 
were used to interpolate the seawater δD anomaly. The age models for sites 959, 
235 and 241 have uncertainties large enough that estimates for the δD anomaly of 
seawater during the Pleistocene glacial/interglacial cycles could be substantially 
in error. To account for the age model uncertainty, we used a 0.15 Myr window 
centred on each age and take the mean of the minimum and maximum ΔδDsw 
anomaly in this window.

Calculation of the C4 vegetation fraction. We calculate the fractional 
contribution of C4 vegetation to each plant-wax n-alkane homologue using 
endmembers determined from modern African plant datasets tabulated by ref. 54. 
We recalculated the endmembers using an atmospheric δ13C value of −6.5 ‰ 
(Supplementary Fig. 5) and used the All Africa endmembers in all manuscript 
figures and calculations. For comparison, we also separately show the δ13C values 
of savannah plants, rainforest plants and grasses (Supplementary Fig. 5). Fractional 
contributions were calculated from the measured δ13C value of a homologue 
(δ13Cwax, corrected for variations in atmospheric δ13C) assuming linear mixing, 
between the endmembers for that homologue (δ13CC3, δ13CC4):

f C4 ¼ ðδ13Cwax � δ13CC3Þ=ðδ13CC4 � δ13CC3Þ ð4Þ

Other approaches have been applied to calculate the contribution or coverage 
of C4 vegetation from leaf-wax δ13C values54. We take the linear mixing approach 
here as it directly estimates the fC4 of the leaf-waxes themselves, which we use in the 
calculation of hydrogen isotope fractionation factors.

Vegetation, landscape apparent fractionation and calculation of precipitation 
δD. To calculate precipitation δD (δDppt) from plant-wax δD values it is necessary 
to apply a fractionation factor that depends broadly on the plant-waxes contributed 
by each plant functional type to a sample. Here we reconstruct plant functional 
types using fC4 calculated from n-alkane homologues as an indicator for changing 
mixtures of endmember vegetation groups. The first endmember is based on the 
modern distributions of plant types. The modern savannah and xeric shrubland 
vegetation in west and east Africa consists of a mixture of C4 grasses, C3 savannah 
trees and C3 shrubs. In Northwest Africa (Site 659) and off East Africa (sites 235 
and 241) the modern fC4 is between 50 and 75%, based on the δ13C of the C31 n-
alkane (see the fC4 axes in Fig. 2a–c). Xeric shrubs and savannah trees are the likely 
sources for the modern C3 vegetation. Vegetation endmember 1 is modelled as 80% 
C4 grass and 20% C3 shrub on the basis of these observations (Supplementary  
Table 6). The second endmember is based on palaeobotanical evidence. The 
few existing data on early and middle Miocene vegetation in Northwest Africa 
(Supplementary Discussion 2.2) suggest a dominantly open woodland with C3 
grasses commonly present. Vegetation endmember 2 in vegetation scenario 1 is 
therefore modelled as 90% C3 angiosperm tree and 10% C3 grass on the basis of this 
evidence. Reflecting the range of grass abundances in middle Miocene vegetation, 
we increased the C3 grass abundance to 20% in vegetation scenario 2. The 
vegetation scenarios are further discussed in Supplementary Methods 1.3, reported 
in Supplementary Table 6, and shown in Supplementary Figs. 6–8.

The δD of plant-wax molecules is related to δDppt through an empirical factor 
(termed the apparent fractionation; εa) that depends on plant type and, to a lesser 
extent, aridity55:

εa ¼ ðδDwax þ 1Þ=ðδDppt þ 1Þ � 1 ð5Þ

To reconstruct δDppt from plant-wax δD, it is necessary to apply a plant-type-
specific εa to the dataset, which requires broad knowledge of the plant types and 
the proportions contributing plant-waxes to each sample.

The proportion of different plant types for each sample is used to calculate a 
landscape εa value by averaging each plant type’s apparent fractionation value (εa,i) 
weighted by their relative proportion (wi) from the vegetation reconstructions:

εa landscape ¼
X

wiεa;i ð6Þ

The apparent fractionation values for each plant type were calculated from the 
compilation of ref. 55 and are listed in Supplementary Table 6. The εa_landscape values 
and resulting δDppt values for each site are shown in Supplementary Figs. 6–8 
and reported in Supplementary Data 5. Qualitatively, the trend (or lack of trend) 
in water δD values through time is similar between scenarios. The maximum 
difference in δDppt values between scenarios is ~5.2 ‰.

Comparison of Pleistocene and Neogene δDppt variability. It seems that the 
range of variability in the δDppt at Site 659 is similar to the orbital-precession-
paced variability for the late Pleistocene (ice volume-corrected range of 35‰, 
0–0.12 Ma)35 (Fig. 2d) and Pliocene (ice volume-corrected range of 36‰)36 at Site 
659. To confirm this observation, we tested whether the Neogene variability is 
statistically similar to the late Pleistocene variability by comparing the distributions 
of δDppt values. We used δDppt values for the Neogene Site 659 from our study 
compared to late Pleistocene δDppt values from ref. 35 that we recalculated 
with the same methodologies (vegetation correction using scenario 1, δ13C of 
atmosphere and δD of seawater). We used a Monte Carlo approach, resampling 
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the late Pleistocene dataset 1,000 times with a sample size equal to the Neogene 
dataset (n = 20). We treat the late Pleistocene values as a continuous function and 
randomly sample its cumulative distribution by interpolation using a polynomial 
cubic hermite interpolant.

The question we asked is whether the variability of the Neogene δDppt values 
is statistically different from that of the late Pleistocene δDppt data. We used the 
Monte Carlo resampled datasets to calculate quantiles at 2% intervals from 2 
to 98% and, for each quantile, calculate the 95% range of the resampled data. 
We visualized the comparison of the Neogene and late Pleistocene data on a 
quantile–quantile (Q–Q) plot that has the advantage of effectively dealing with 
non-normal distributions. On a Q–Q plot, two datasets with identical means 
and distributions plot along a 1:1 line, whereas samples with different means but 
identical distributions plot along a line of slope 1 offset from the 1:1 line by the 
difference in their means. Datasets with different distributions diverge from a line 
of slope 1. The Q–Q plot of the Neogene versus late Pleistocene data is shown in 
Supplementary Fig. 9. The data plot close to a line of slope 1 that is offset from 
the 1:1 line by ~10 ‰, suggesting that the two datasets have similar variability but 
slightly different mean values. The slope = 1 line falls completely within the 95% 
range of the resampled late Pleistocene data, indicating no statistically significant 
difference in variability between the two datasets.

Direct evidence for orbitally paced precipitation in Northwest Africa only 
extends to ~10 Ma (refs. 56,57), but based on this analysis and recent modelling 
work58 it seems that orbital insolation has been a major regulator of North African 
climate since the Middle Miocene (~16-14 Ma), when the Arabian Peninsula 
neared its present geographic position (Supplementary Discussion 2.4).

We do not have comparable Pleistocene datasets to compare with the Neogene 
δDppt variability at sites 959, 235 and 241. However, on the basis of the analysis 
for Site 659, we suggest that the variability of δDppt at these other sites largely 
reflects persistent orbital-scale variations throughout the Neogene. Supporting 
this, the range of variability at sites 235 and 241 is similar to that present in 
orbital-scale records from the Gulf of Aden59 and the eastern Mediterranean60. 
This interpretation of the variability is supported by our analysis below, which 
demonstrates no long-term trends in δDppt values. Thus, the variability present 
in the records must largely reflect the random sampling of a stationary process 
such as orbital variability, whose effects on δDppt have not changed enough to be 
detectable in our records.

Tests for trends in Neogene δDppt. Qualitatively, there does not seem to be a trend 
in the δDppt values at Site 659 or sites 235/241, whereas there may be a small trend 
at Site 959 (Fig. 2). Here we test whether any significant trends in δDppt with sample 
age exist in our data, across the different vegetation scenarios used to calculate 
δDppt values from δDwax values, and across drilling sites from the three regions. We 
restricted the analysis to samples younger than 16 Ma to isolate trends immediately 
before and during expansion of C4 vegetation. We evaluated significance with two 
methods. The first fits a line to the δDppt values versus sample age and determines 
the probability that the slope of the line is significantly different from zero using 
the t-test included in MATLAB’s fitlm.m function. The second method uses a 
Monte Carlo approach, resampling each δDppt dataset 5,000 times (as described in 
the last section) and calculating slopes from the resampled data. The actual age–
δDppt slope of the Neogene δDppt dataset is then compared with the distribution 
of slopes from the resampled data, and the percentile of the actual slope in the 
distribution of resampled data slopes is computed. To determine the probability 
that the actual slope arose by chance from sampling a stationary process whose 
variability is equal to the measured data, the percentile of the actual slope in the 
data is compared to the 95% and 99% confidence intervals of the slopes in the 
resampled data. The age–δDppt slopes for the different vegetation scenarios and 
datasets are plotted on top of the data in panel D of Supplementary Figs. 6–8, 
while the measured slopes and the distribution of slopes from the resampled 
datasets are shown in Supplementary Fig. 10. Each panel in Supplementary Fig. 
10 also includes a P value from the t-test (P), and the percentile of the slope in the 
cumulative distribution of the resampled slopes (q).

We find that the slope of δDppt with time at Site 659 is small and not 
significantly different from zero in any of the more realistic vegetation scenarios 
that include C3 grasses (scenarios 1 and 2, Supplementary Fig. 10). This analysis 
indicates that there is no detectable change in δDppt with time at this site. At sites 
235/241, the slope is small and not different from zero in vegetation scenarios 1 
and 2. Therefore, we also conclude that it is highly unlikely a true change in δDppt 
occurred at these sites. At Site 959, the slope is consistently positive (decreasing 
δDppt from the Miocene to present) and significantly different from zero in both 
vegetation scenarios 1 and 2. The positive slopes are largely driven by the three 
negative data points younger than 5 Ma. We cannot exclude the possibility that 
some change in δDppt may have occurred at Site 959. Further analyses of samples 
younger than 5 Ma would confirm this finding. However, from the data it seems 
that this change at Site 959 post-dates the onset and major phase of C4 expansion 
in Northwest and East Africa. There is therefore no compelling evidence of δDppt 
change at Site 959 accompanying the onset of C4 vegetation expansion at 10.5 Ma.

Dust flux at Site 659. We calculated a new record of dust flux to Site 659 from 
a compilation of published compositional data and our revised age model. The 

sediments at Site 659 are a mixture of terrigenous sediments dominated by aeolian 
dust41 and biogenic carbonates. We compiled calcium carbonate (%CaCO3) and 
dry bulk density (DBD) data from published and shipboard measurements42,61,62. 
We determined the linear sedimentation rate (LSR) with linear interpolation. We 
further smoothed the rapid sedimentation rate changes of the past 5 Myr from the 
astronomically tuned age model to make them comparable in spacing and rate of 
change to those from nannofossil datums deeper in the core. The age–depth data 
were smoothed with a moving linear least-squares fit with a 0.5 Myr window and 
the LSR calculated from the slope of the least-squares line. Dust flux was  
calculated as:

dust flux g cm�2 kyr�1� �
¼ 1�%CaCO3=100ð Þ ´ LSR ´DBD ð7Þ

We then calculated median and the 10 and 90% quantiles of the dust flux 
data in overlapping 1 Myr bins, which are plotted over the data in Fig. 3. Raw and 
smoothed dust fluxes are reported in Supplementary Table 7.

Calculation of Neogene SST anomalies. The long-chain alkenone SST records of 
ref. 29 were reanalysed here to calculate SSTa values in different latitude bands  
(Fig. 3a). First, the SSTa for each site was determined by calculating the SST 
difference between the measured temperatures and the modern ocean temperature 
at the past latitude and longitude of the site. Each SSTa record was then averaged in 
overlapping 0.250 Myr bins to create a record that filters out orbital variability and 
captures long-term trends. Sites were then grouped by latitude and SSTa averaged 
across grouped sites to create the SSTa records in Fig. 3b.

Data availability
All data presented in this paper are freely available in Supplementary Tables 1–7.
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