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Neogene hyperaridity in Arabia drove the
directions of mammalian dispersal between
Africa and Eurasia

1

Madelaine Bshme® 2% Nikolai Spassov3, Mahmoud Reza Majidifard4, Andreas Gartner® >, Uwe Kirscher® ',
Michael Marks!, Christian Dietzel', Gregor Uhlig®, Haytham El Atfy® 7, David R. Begun® &
Michael Winklhofer® °

The evolution of the present-day African savannah fauna has been substantially influenced by
the dispersal of Eurasian ancestors into Africa. The ancestors evolved endemically, together
with the autochthonous taxa, into extant Afrotropical clades during the last 5 million years.
However, it is unclear why Eurasian ancestors moved into Africa. Here we use sedimento-
logical observations and soluble salt geochemical analyses of samples from a sedimentary
sequence in Western Iran to develop a 10-million-year long proxy record of Arabian climate.
We identify transient periods of Arabian hyperaridity centred 8.75, 7.78, 7.50 and 6.25
million years ago, out-of-phase with Northern African aridity. We propose that this rela-
tionship promoted unidirectional mammalian dispersals into Africa. This was followed by a
sustained hyperarid period between 5.6 and 3.3 million years ago which impeded dispersals
and allowed African mammalian faunas to endemically diversify into present-day clades.
After this, the mid-Piacenzian warmth enabled bi-directional fauna exchange between Africa
and Eurasia, which continued during the Pleistocene.

TDepartment of Geosciences, Eberhard-Karls-University of Tiibingen, Tiibingen, Germany. 2 Senckenberg Centre for Human Evolution and
Palaeoenvironment, Tiibingen, Germany. 3 National Museum of Natural History, Bulgarian Academy of Sciences, Sofia, Bulgaria. % Research Institute for Earth
Sciences, Geologic Survey of Iran, Teheran, Iran. > Senckenberg Naturhistorische Sammlungen Dresden, GeoPlasma Lab, Dresden, Germany. © Institute of
Mechatronic Engineering, Technical University Dresden, Dresden, Germany. / Department of Geology, Faculty of Science, Mansoura University,
Mansoura, Egypt. & Department of Anthropology, University of Toronto, Toronto, Canada. ? Institute of Biology and Environmental Science, University of
Oldenburg, Oldenburg, Germany. ¥email: m.boehme@ifg.uni-tuebingen.de

COMMUNICATIONS EARTH & ENVIRONMENT | (2021)2:85 | https://doi.org/10.1038/s43247-021-00158-y | www.nature.com/commsenv 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-021-00158-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-021-00158-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-021-00158-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-021-00158-y&domain=pdf
http://orcid.org/0000-0003-2100-6164
http://orcid.org/0000-0003-2100-6164
http://orcid.org/0000-0003-2100-6164
http://orcid.org/0000-0003-2100-6164
http://orcid.org/0000-0003-2100-6164
http://orcid.org/0000-0002-1670-7305
http://orcid.org/0000-0002-1670-7305
http://orcid.org/0000-0002-1670-7305
http://orcid.org/0000-0002-1670-7305
http://orcid.org/0000-0002-1670-7305
http://orcid.org/0000-0003-4203-1430
http://orcid.org/0000-0003-4203-1430
http://orcid.org/0000-0003-4203-1430
http://orcid.org/0000-0003-4203-1430
http://orcid.org/0000-0003-4203-1430
http://orcid.org/0000-0003-1618-7220
http://orcid.org/0000-0003-1618-7220
http://orcid.org/0000-0003-1618-7220
http://orcid.org/0000-0003-1618-7220
http://orcid.org/0000-0003-1618-7220
http://orcid.org/0000-0003-1352-9723
http://orcid.org/0000-0003-1352-9723
http://orcid.org/0000-0003-1352-9723
http://orcid.org/0000-0003-1352-9723
http://orcid.org/0000-0003-1352-9723
mailto:m.boehme@ifg.uni-tuebingen.de
www.nature.com/commsenv
www.nature.com/commsenv

ARTICLE COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/543247-021-00158-y

he Old-World desert belt, especially the Saharo-Arabian from a late Miocene Eurasian precursor, the Pikermian

portion, plays a fundamental role in the Earth system, palacobiome, and it has been suggested that many lineages of

including (1) global aerosol production, being the most African savannah mammals originate from the midlatitudes?!.
significant dust source, by modifying solar radiation, cloud phy- This strong biogeographic link between Africa and Eurasia
sical and radiative properties, and biogeochemical nutrient cycles ~ during the Miocene?2-2>, facilitated by the expansion of the late
in oceans and on land!-%, (2) global climate evolution by inducing Miocene Old World Savannah Palaeobiome, a grassland eco-
vegetation feedbacks on albedo and hydrologic cycle’® and system in Eurasia and Africa?%, is biased, however, towards
modulating Indian monsoon rainfall due to dust-induced radia- Eurasian immigrants into Africa???7, which later evolved
tive forcing®1?, and (3) organismal evolution by acting as vicar- endemically, together with the autochthonous taxa, into extant
iant agent in speciation of plants!!~14 and animals!>~20 because ~ Afrotropical clades during the last 5 million years?4. Faunal
deserts, especially their largely abiotic hyperarid cores, form a exchange during the Plio-Pleistocene was suggested to be pro-

very effective barrier against organism dispersal. moted by eustatic sea-level variations?’ and to be limited by
Today, the Saharo-Arabian desert belt divides the major bio- North African aridification?®.
geographic units of the Afro-Eurasian landmass into the We, on the contrary, argue that climatic variations of northern

Palaearctic, Indomalayan, and the Afrotropic realms (Fig. 1). Arabia were critical for Africa-Eurasian mammalian interchange
These biogeographic units share organisms with a common in the Neogene, including important aspects of human evolution,
evolutionary history evolving in relative isolation over geologic because northern Arabia (north of ~25° N, e.g., Negev, Nefud,
timescales, such as many well-known examples of mammalian and Syrian deserts) acts as a gateway between Africa and Eurasia
lineages (great apes, elephants, rhinos, horses-zebras, felid cats, (Fig. 1). To obtain a palaeoclimatic proxy record of northern
buffalos, etc.). Arabia, we investigated geochemically and sedimentologically a

The evolution of the present day African savannah fauna has 2.6 km-thick terrestrial section spanning 10 million years of
been strongly influenced by the dispersal of faunal elements continuous stratigraphy between the middle Miocene and early
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Fig. 1 Topographic map of the Eastern Mediterranean and Western Asia. The red star indicates the field area in the folded Zagros; about 1000 km East of
the Mediterranean Sea and 570 km south-southeast of the Caspian Sea, between the Mesopotamian plain and the Zagros Mountains. Light blue line
represents coastline of Paratethys during the Pontian (6 Ma) highstand, dark blue line represent coastline during Pliocene lowstand (Productive
Series®288) Highlighted are large-sized extant deserts west of Mesopotamia, the source of Euphrates and Tigris rivers in the Armenian highland north of
Mesopotamia, and the principal positions of mid-latitudinal storm tracks during northern hemispheric summer (bringing dust) and winter (bringing rain).
The present-day transition between Afrotropic (purple) and Palaearctic biogeographic realms (sensu'3) runs around 25° northern latitude. Topographic
map is created using generic mapping tools of'24 and the topographic dataset ETOPOT1 of!25,
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Fig. 2 Gahsaran Formation. a Symmetrical wave ripples (13.0 Ma). b Massive pedogenic gypsum (12.5 Ma). ¢ Last marine bed of fossiliferous sandy
limestone (12.3 Ma). d Coccina of Clausinella amidae (Veneridae) from the top bed (c).

Pleistocene?®, exposed in the present-day arid Mesopotamian
Basin at the foothills of the Zagros Mountains (Fig. 1). We
combine our results with genus-level analysis of mammalian
dispersals collected from Eurasian and African faunas between 9
and 3 Ma. Our study reveals a sustained period of hyperaridity in
the Pliocene and a number of transient hyperaridity intervals in
the late Miocene, which coincide with lake-level lowstands of the
Paratethys, and explain observed temporal changes in Afro-
Eurasian mammal dispersals. Based on these observations, we
propose a new climatically driven model for faunal dispersion
between western Asia and Africa.

Results and discussion
Geology and sediment characteristics. The SE-NW trending
Zagros Mountain Belt originated from the collision of the Arabian
and Persian plates during closure of the Neothetys2>30. Tt is
divided into four main parts comprising 1) the Sanandaj-Sirjan
metamorphic zone, 2) the Imbricated Belt, 3) the Simple Zagros
Folded Belt, and 4) the Mesopotamian Foreland Basin?8, The
Zagros Fold Belt is comprised of more than nine kilometers of
Mesozoic to Cenozoic sediments of largely marine Neotethyan
origin, including a continuous 3 km-thick sequence of continental
sediments of the Agha Jari and Bakhtyari Formations. The field
area in the Push-e Kush arc of the Folded Zagros Belt is
near the Iran-Iraq border (coordinates 33N, 46.5E). Today, it is
characterised by arid climate and excellent natural exposures with
~3 km long continuous profiles from the Gahsaran, Agha Jari to
Bakhtyari Fms, exposed in two easily accessible synclinal-anticlinal
structures of Changuleh (Supplementary Fig. S1) and Zarrinabad.
A previous magnetostatigraphic study by Homke et al.28 gives
robust temporal control for 2.6 km-thick sediments exposed in
both structures, which are dated to between 13 and 2 Ma.

The shallow marine Gahsaran Formation (corresponding to
Lower Fars Fm in Syria, Fatah Fm in Irag, Dam Fm in Arabia)
consists of thick and well-bedded evaporites, red silty clays and

green to brown sandstones. The upper part of the Gahsaran Fm is
characterised by reddish muds, alternating with dm-scale carbonate
and fine-sandstone beds (Fig. 2). Sandstones show frequently
symmetric wave-ripples on top (Fig. 2a) with carbonates (marls)
rich in marine, mud-flat type trace-fossils (fecal pellets and cf.
Dactyloides). Red muds contain regularly pedogenic gypsum
concretions, sometimes showing redox-mottling and, at profile
meter 110, a 0.8 m thick gypcrete (Fig. 2b). These observations
suggest fluctuating sea-levels between shallow marine (shoreface)
and terrestrial (backshore) depositions. The top of Gahsaran Fm
can be placed at the last marine bed, which we observe at
stratigraphic meter 130. This 0.25 m thick sandy limestone contains
abundant marine shells (Fig. 2c, d, Clausinella amidae, a venus
clam) and dates to 12.3 Ma.

The Agha Jari Fm represents a 2.4 km-thick depositional profile
of fine-clastic to fluvial sediments (Fig. 3), which is widely
distributed in the Mesopotamian Foreland Basin (also known as
Upper Fars Fm in Syria, Injana Fm in Iraq and Dibdiba Fm in
Kuwait) and dated by magnetostratigraphy in the Push-e Kush arc
from the late Middle Miocene (12.3 Ma) to the base of the
Pleistocene (~2.5 Ma28). It is subdivided into two members: the
lower Agha Jari Member and the Lahbari Member. The basal parts
of the Agha Jari Member consists of greyish to reddish silty clays
with interbedded channels filled with sandstones?8. Overbank
sediments between 12.3-11.5 Ma show a dominance of pedogenic
gypsum-bearing red muds (Fig. 3a), virtually indistinguishable
from the underlying Gashraran muds, intercalated by few dm-scale
fine-sandstone horizons without wave-ripples. At 11.5 Ma one of
the last pedogenic gypsum concretions for the entire section occurs
(Fig. 3i and Supplementary Fig. S2e) and the fine-clastic sediments
show increasingly better developed palaeosol-horizons (Fig. 3b),
including rubification and clay lessivage. Beginning at 11.45Ma
fluvial sandstones thicken (>5m, thus contributing to rough
surface topography) and show the first cross-bedding structures
(Fig. 3¢). At 10.8 Ma strongly cross-bedded sandstone bodies are
>10 m thick and show substantial channel-lag clasts (mainly chert
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Fig. 3 Agha Jari Formation. a Base of Agha Jari Formation; red mud and dm-scale fine-sandstones (12.3-11.5 Ma). b Intensification of palaeosol formation
and (b(i)) concretion of pedogenic gypsum (11.5 Ma). ¢ Cross-bedded sandstones becoming dominant (>10 m thickness) sedimentary features (10.8 Ma).
d Thinning sandstones and dispersed pedogenic carbonates (d(i)—rhizocretes) appear (9.4 Ma). e-h Indicators for elevated soil moisture and ephemeral
floods between 8.70 and 8.55 Ma and at 8.39 Ma (e manganese staining of clay cutans, f root halos, g mud-ball erosion on channel-fill base, h charophyte
gyrogonite, scale bar is 100 um). i Most massive sandstone bodies (60 m thick) of cross-bedded medium-grained sandstones deposited between 6.15 and
5.95 Ma. Circled is the first saline soil bed (see j). j Salt efflorescence as it appeared few days after rain (6.25 Ma).

and intra-formational clasts) at their base. Palaeosols show a
relatively intense reddish-green mottling at this time (Munsell dry
colour: 10R 5/4, Gleyl 8/5G) and common root halos. They are
highly calcareous (carbonate content of all fine-clastics of the Agha
Jari Formation is high, probably 20-30% according to field/HCl
tests). Heavy mineral composition of sandstones shows the
presence of olivine and a strong garnet-mica-amphibole signal,
indicating the (palaeo-)Tigris as the main source (see Supplemen-
tary information chapter 3 and Fig. S9). This agrees with published
channel orientation and palaeoflow directions towards to SE,
parallel to the Mesopotamian drainage and the course of present-
day Tigris river?8,

At 9.7Ma sandstone bodies thin and the first pedogenic
carbonates occur as rhizocretes (Fig. 3d). The sparitic infill of
these plant-root tubes suggests diagenetic overprinting. Despite
the highly calcareous sediments, pedogenic carbonates were only
observed as small rhizocretes and calcareous mycelium between
9.78 and 6.9 Ma. At 8.8 Ma sandstones thicken again and show
cross-bedding and through-bedding structures. Fluvial channels
show frequent mud-ball erosion (Fig. 3g) at their base, which are
reported to be indicative of ephemeral floods in mostly semi-
arid®!, but also humid climates®2. Between 8.75 and 7.5 Ma
indicators of higher soil-moisture, such as manganese staining on
clay cutans (Fig. 3e) and large and intense plant-root halos
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Fig. 4 Lahbari Member. a Transition of lower member Agha Jari Formation (foreground, with minor sandstone layers) to Lahbari Member (background,
“pyramidal” erosional features) at 5.6 Ma. b After rain, massive salt efflorescence on silts (5.5-5.1 Ma). ¢ Transition from mud-dominated (foreground with
salt efflorescence) to very-fine sand dominated part (background) of the Lahbari Member (5.0 Ma). d First cobble-size conglomerates at 3.5 Ma indicate
the transition to the Bakhtyari Formation starting at 2.5 Ma with boulder-sized conglomerates. The transition to Bakhtyari Formation is concordant

(contra28).

(Fig. 3f) are regularly observed. Furthermore, rare finds of aquatic
gastropods at 8.78 Ma and charophyte algae (Fig. 3h) at 8.69 and
8.56 Ma indicate the existence of water bodies within the alluvial
plain. The extremely small size (463-580 um, n=7) and mass
occurrence of charophyte gyrogonites (10 specimens per gram of
sediment), suggest that this water bodies were seasonal in nature
(the absence of fluvial erosive features excludes ox-bow lakes) and
may have developed after extensive rains. Mass occurrence of
small-sized gyrogonites is indicative for environmental stress
within temporary ponds?3.

Further up-section (after 8.4 Ma) sandstone bodies decrease in
thickness again and indications of elevated soil-moisture are
lacking. At 6.25 Ma a 1-m thick whitish horizon is found (Fig. 3i),
which turned out to be a reddish silty mud covered by needle-like
salt crystals on the surface (Fig. 3j). This salt efflorescence was
observed 1 week after rain (November 15/16. 2018) and
disappears rapidly (according to local observers) probably due
to wind erosion and hygroscopic behaviour. Macroscopic salt
crystals, salt crusts or pans, halite pseudomorphs, or other signs
of leaching and reprecipitations have not been observed within
this (and younger salt-bearing) sediment, suggesting that the salt
(mostly halite) is finely dispersed in the mud and was not leached
after deposition. Directly above this saline horizon a package of
the most dominant fluvial channels of the entire Agha Jari
Formation appears (Fig. 3i, three sandstone bodies of 60-m total
thickness), dated to between 6.15-5.95Ma. Afterwards sand-
stones became rare and disappear at 5.6 Ma, marking the top of
lower Member of Agha Jari Formation.

The Lahbari Member, the upper part of Agha Jari Formation, is
a regionally continuous lithostratigraphic unit, developed parallel
to the Zagros Mountain front over a distance of ~900 km, from
the Lurestan Province in northwest Iran till the Coastal Fars

Province in southern Iran34. The Lahbari Member is charac-
terised by structureless and uniformly beige (hue 5-10R, 2.5YR)
coloured saline mud sedimentation without palaeosol develop-
ment (e.g., absence of rubification, lessivation, redoximorphic
features, and accumulations of carbonates, sulphates or chlor-
ides). It shows infrequent fluvial channels (Fig. 4) of very fine
sandy grainsize (in contrast to fine-to-medium sized sand in the
lower Agha Jari Member), where sandstone layers are clay-rich,
less consolidated and thinner than 5 m. A colour changes in aerial
photographs (see Supplementary Fig. S1) is related to this
suppression of fluvial sandstones. The most intriguing feature of
the Lahbari Member, however, is that it is predominantly
composed of saline sediments, giving their outcrops (especially
during time interval 5.59-5.1 Ma) a “snow-coverage”-like appear-
ance after a rain event (Fig. 4b, ). Stratified salt accumulations as
crusts or pans are not developed. Sandstones are mostly lacking in
this time period and re-appear after 5.1 Ma (Fig. 4c). At 3.5Ma
the first cobble-sized conglomerates of predominantly Mesozoic
limestone clasts were observed as small-scale channels inter-
fingering the silty to fine sandy background sediments (Fig. 4d). A
further coarsening upward trend in conglomerate size is observed,
but first boulder-sized objects (characterising the Bakhtyari
Formation) appear concordantly and rather suddenly at the
beginning of the Pleistocene (2.5Ma), which documents the
progression of the Zagros Mountain Front Flexure?8:3°,

North Arabian hyperaridity. It has been shown that the geo-
chemistry of soluble salts in desert soils is sensitive to humidity
gradients from hyperarid to semi-arid conditions?®37, with less
soluble salts in wetter soils. In particular, chloride and nitrate
contents in soils are excellent proxies for hyperaridity (Table 1,
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Table 1 Climatic thresholds of soluble anion concentration in Neogene Iranian sediments.
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Arid <0.2 100-400 0.05-2 0.2-40 <650
Semi-arid <0.5 400-1000 <0.05 <0.2 <125
aBased on actual PET at sampling site of 2000 mm (Flint et al.'26).
bBased on data from Rosenthal et al.37 and Ewing et al36.
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Fig. 5 Neogene of the Zarrinabad and Changuleh syncline: chronological, geochemical, and sedimentological data. a Lithology, stratigraphy?8, and
sampling points. b Chloride and nitrate concentration of silts and palaeosols (Supplementary Data 1), ¢ Chloride/bromide molar ratio (dashed line
represents ratio in the upper troposphere; red line is the ratio of seawater, see “Methods"” section). d Chloride/nitrate molar ratio. This ratio does not
exceed 700 in continental evaporites, but is increased by two to three orders of magnitudes in seawater and marine halite (see “Methods” section,
Supplementary Fig. S4 and Supplementary Data 2). e Dust mass accumulation rates (DMAR) of dry deposition (for details see Supplement chapter 2).
f Paratethyan sea-level (see “Methods” section), blue line Ponto-Caspian sea-level (Black Sea since 6 Ma), orange line Caspian sea-level. g Climatic
interpretation according to thresholds in chloride and nitrate concentrations in solutions (see “Methods"” section and Table 1, red—hyperarid, orange—arid,
green—semi-arid). Climate classification is based on ratio of precipitation (P) to potential evapotranspiration (PET) and mean annual precipitation (MAP)
is calculated based on actual PET at sampling site of 2000 mm. Arabian hyperarid periods are shaded in grey.

see “Methods” section for details). In the absence of leaching,
both highly soluble anions accumulate in hyperarid regions
(P/PET <0.05) from atmospheric (aeolian) wet and dry
deposition38.

Our Mesopotamian proxy record (median sampling resolution
90 kyrs) reveals substantial changes in total soluble salt (TSS)
content between 0.05-8.70% along the studied section (Supple-
mentary Fig. S2). Fluctuations in anion concentrations started to
become pronounced from 9 Ma onwards (Fig. 5 and Supplemen-
tary Figs. S2 and S3) and reached maximum amplitudes during the
second part of the late Miocene, with overall elevated values during
most of the Pliocene. Chloride and nitrate exceeded the threshold
values for hyperaridity (Table 1) at 8.75Ma (~8.76 to ~8.72 Ma),
778 Ma (~791 to ~7.75Ma), 7.50Ma (~7.57 to ~7.40 Ma)
and 6.25Ma (~6.30 to ~6.10 Ma) and especially between 5.59
and 3.3 Ma, with a short interruption at 4.48 Ma (Fig. 5b and
Supplementary Fig. S3a, b). We interpret this salinity signals in
terms of aridity rather than tectonics, because the Mesopotamian
Foreland Basin was well-drained and hydrologically open during

its  existence®® with lithostratigraphic formations widely
distributed*, excluding the development of dry playas near the
Zagros front, which typically develop in the centre of tectonically
closed basins*0.

The highly soluble anions chloride and nitrate were signifi-
cantly elevated during hyperarid periods (20-65 wt% relative to
TSS; Supplementary Fig. S3d), during which no palaeosol
formation was observed in the field. This is especially true for
the Lahbari Member, composed of structureless beige mud, a
sustained hyperarid period, which we term the Neogene Arabian
Desert climaX (NADX). Palynological investigations reveal for
the beginning of NADX a herbal halophytic desertic vegetation
dominated by Chenopodiaceae (for details see Supplementary
information chapter 4). This period is also characterised by
significantly elevated dust mass accumulation rates (DMAR)
reaching almost 800 gm~2 y~! (Fig. 5e), a reduced fluvial run-off
(Supplementary Fig. S2e) and common occurrence of the mineral
celestine (an aridity indicating strontium sulphate, see Supple-
mentary information chapter 3). In contrast to sandstones from
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the pre-NADX period, which show a (palaeo-)Tigris provenance,
muds and fine-sands from hyperarid intervals rather resemble the
(palaeo-)Euphrates and thus a more westerly source (for minerals
and provenance analysis see Supplementary Fig. S10 and
Supplementary information chapter 3), suggesting a change in
prevailing wind-direction during NADX.

The NADX is bracketed by two prominent glacial intervals; the
Messinian marine isotope stage (MIS) TG14 glacial (5.585 Ma*!)
and the Piacenzian MIS M2 glacial (3.295 Ma#>43), both marked
by significant eustatic sea-level drops down to 60 m below present-
day values*»%>. The termination of the NADX at 3.3 Ma coincides
with the beginning of the mid-Pliocene Warm Period
(3.265-3.025 Ma*%), whereas NADX initiation at 5.59 Ma is
coeval with the acme of the Messinian Salinity Crisis (MSC, stage
2 or “Messinian gap”4’) supposedly related to a high-amplitude
Mediterranean base-level drop of >1500 m*-°0 and a low-
amplitude base-level drop in the Ponto-Caspian part of the
Paratethys>1>2. The highest concentration of TSS (8.70%) and
chloride (1432 umol/g) is recorded in sample IC45 dated to 5.50 +
0.05Ma, thus overlapping in age with the “Messinian gap”
(5.59-5.53 Ma*!). This sample shows an exceptionally high
chloride/nitrate ratio of 13 x 103 (Fig. 5d), unlike hyperarid
desert soils (see “Methods” section), but similar to sea-water and
marine halite (6-53 x 103; Supplementary Fig. S4), suggesting a
marine origin of anions in this sample. During the NADX, fluvial
runoff from the palaeo-Tigris river is extremely reduced, especially
between 5.6 and 4.3 Ma (Fig. 4, Supplementary Fig. S2e). The
highest runoff in terms of most densely stacked fluvial channels is
observed immediately before the NADX, between 6.15 and 5.95
Ma (Fig. 3h and Supplementary Fig. S2e), suggesting intense
rainfall in Tigris headwaters in the Armenian highlands (Fig. 1) at
this time.

In contrast to NADX, the duration of Miocene hyperarid
periods are relatively short ranging between 70-200 kyrs (at
6.25 Ma) and ~40 kyrs (at 8.75 Ma). From 9.4 to 5.6 Ma DMAR
are comparatively low and the amplitudes of humidity changes
are maximal, containing six shorter periods of semi-arid climate
conditions during which DMAR are strongly reduced. The most
humid climate according to field-based soil-moisture indicators
and fossils (Mn-staining, clay cutans, root halos and depletion
coatings, temporary pond charophytes and snails; Fig. 3e-h)
occurs between 8.70-8.55 Ma, similar to the Mediterranean®3.
In the older part of our record geochemical proxies and
well-developed, partly rubified B-horizons of palaeosols with
reddish-green mottling, root halos, clay lessivation, and rare
gypsum concretions (Fig. 3b and Supplementary Fig. S2e)
point to a persistent semi-arid climate lacking strong variability
on longer timescales. A period of significantly elevated DMAR,
decreased Tigris runoff and rhizocrete formation is observed
between 9.8 and 9.4 Ma (Figs. 3d and 5e and Supplementary
Fig. S2e), coinciding with a period of a reduced hydrologic
cycle in Europe®3. Between 7.4 and 6.8 Ma, the time of
initial Sahara desertification®#-56, the Mesopotamian climate is
comparatively humid, switching between arid and semi-arid
conditions (Fig. 5g).

Driving forces of North Arabian deserts. During present-day
northern hemispheric summer, the Mediterranean and the Near
East are under the influence of the subtropical jet stream and the
associated high-pressure belt, leading to subsidence and surface
divergence of stratified dry air masses. Precipitation in Mesopo-
tamia is derived from the southward retreat of the polar front jet
stream during the boreal winter, and its westerly storm-tracks
originating over the Mediterranean®’. Cyclonic activity and labile
air masses convey rain into North Arabia. Hence, we propose that

Arabian hyperaridity could be a consequence of disruption and
blocking of winter-season westerlies and cyclogenesis.

A mechanism explaining our observations is represented by the
influence of the Siberian High (SH) pressure system®® on
Southwest Asia. The extent of the eastern Paratethys in Central
Asia and within the Ponto-Caspian domain affect synoptic
atmospheric pressure systems over Eurasia via seasonal change of
land-sea thermal contrast®. Paratethys retreat and concomitant
decrease of moisture production will enforce the SH during
winter and expand its influence westward®0. Clockwise motion of
the SH anticyclone enforces south-easterly winds over Western
Asia, thereby deflecting westerlies northward and inhibiting
cyclogenesis over the eastern Mediterranean®®. During boreal
summer, a smaller Paratethys weakens surface pressure over West
Asia®, thereby enforcing the low over the Zagros Mountains,
which today is responsible for advection of strong dust-laden
north-westerly wind during summer in Mesopotamia, the so-
called Shamal®l. In summary, modelling indicates that a
Paratethys shrinkage reduces winter rain and increases summer
storminess in Western Asia, particularly northern Arabia.

The history of proposed Ponto-Caspian sea-level fluctuations (see
“Methods” section) matches very well our Arabian aridity and dust
records, where periods of low Caspian sea-level correspond to
hyperaridity, enhanced DMAR and reduced palaeo-Tigris run-off
in Mesopotamia (Fig. 5e-g and Supplementary Fig. S2e). This
is especially evident during the 2.3Myr long NADX interval
(5.59-3.3 Ma), which corresponds to the >2 Myrs long separation of
the Caspian Sea from the Black Sea Basin and hence the
Mediterranean®293, Caspian sea-level dropped by at least 200 m
in two steps at 5.6 Ma (climax of MSC “stage 2”) and 5.38 Ma
(Fig. 50)°2. During the following Pliocene lowstand (“Productive
Series™2) the delta of the palaeo-Volga shifted 800 km to the south,
while the endorheic Caspian lake shrank to ~25% of its present-day
size and was confined to the South Caspian Basin (Fig. 1).

The shorter Miocene Arabian hyperarid intervals correspond in a
similar way to significant Ponto-Caspian lowstands at the end of the
Meotian and Khersonian regional stages (6.25, 7.5, and 7.78 Ma)
and during the Khersonian (8.75Ma). The end-Bessarabian
lowstand corresponds in our record to maximum DMAR values
(Fig. 5e). During periods of pronounced Ponto-Caspian highstands
(e.g., during the Akchagylian, Pontian, or Bessarabian) Mesopota-
mian climate is semi-arid to arid and Tigris runoff is high.

Our identification of the NADX agrees well with climate
simulations for the early Pliocene (5-4 Ma), where zonal mean
humidity indicates dryer-than-present midlatitudes in the north-
ern hemisphere®* (Fig, 2b, c), whereas late Pliocene models (3 Ma)
reveal increased humidity in northern midlatitudes®®. This
suggests that in addition to a regional Paratethyan forcing, we
may also interpret the NADX interval as a midlatitudinal response
to tropical ocean forcing, in particular the Pacific in concert with
the Indian Ocean. During the latest Miocene to early Pliocene
(5.5-3.3 Ma), reduced zonal and meridional temperature gradients
and a deep thermocline in the equatorial Pacific lead to sustained
El Nifo-like conditions (El Padre) with low amplitude El Nifo-
Southern Oscillation (ENSO) events®®%7, During Pacific El Nifio
conditions, heating of the southwest Indian Ocean establishes the
canonical Indian Ocean Dipole (IOD%) pattern, resulting in a
strengthening of local Hadley circulation, stronger convergence,
increased East African monsoon rain and substantial divergence
anomalies over West Asia propagated by Rosby waves to the
midlatitudes of Eurasia®®. Starting from the mid-Piacenzian (after
3.3Ma) increased amplitudes of ENSO events are observed,
sometimes similar to extent values®’, corresponding in our results
to increased humidity and arid climate similar-to-present in
Mesopotamia (Fig. 5g). In support of this teleconnection, an
increase of winter precipitation with increasing ENSO amplitudes
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African lakes and deserts

Mammalian dispersals

Age Chad  Kenya African faunas Eurasia-to-Africa Africa-to-Eurasia
(Ma)
%
3-{ N mid Piacencian, 3.4-3.2 Ma Giraffa, Hippotragus, Elephas,
I3 Shungura B2/3, Usno 12, Canis, Nyctereutes, Metridiochoerus, Budorcas Mammuthus, ?Pachycrocuta
o) lower Lomekwi, Tulu Bor
12 Denem Dora Homotherium
Dinofelis
4 —
= Neogene Arabian Desert Climax
N % African Endemism
5
N
5 —
late Messinian, ,6'1'5'6 Ma ?Hyaenictis, Metailurus, Eucyon, Ceratotherium, Ancylotherium,
6 & — Asa Koma, Il_ukelno, Kos:som Paracamelus, cf. Caprini
= Bougoudi, Lemudong‘o
.qa_) I
= early Messinian, 7.3-6.6 Ma Plesiogulo, Hyaenotheriini, Chasmoporthetes, Adcrocuta, Vulpes,
Toros Menalla, Sahabi, Lower Indarctos, ?Agriotherium, Anancus, Stegodon, Suinae, Sivatherium,
7 Nawata, Upper Chorora, ?Bohlinia, Tragoportax, Afrotragus, Prostrepsiceros, Pachyportax,
—— —— Mpesida, Baynunah Dorcadoxa, Caprini, Bovini, Leporidae, Hystrix
— [
= [
8| & .
S late Tortonian, 7.7-8.7 Ma
;5 Chorora Fm ,series 2
9

Fig. 6 Intercontinental mammalian dispersals between Africa and Eurasia during the late Miocene and Pliocene and African lacustrine periods.
Mammalian taxa that most probably have dispersed into/from western (eastern) Eurasia are read in bold (regular). For discussion of fossil mammal
taxonomy and biogeography see Supplementary information chapter 5. Dispersals of (semi-)aquatic mammals are excluded. Arabian hyperarid periods
are highlighted in pale. Chronologic occurrences of deep lakes in Kenya (Omo-Turkana Basin’!) are shown in blue and lacustrine facies as well as desert
dunes in northern Chad’3 are marked in green, respectively red. Desertic periods in northern Sahara during Miocene>¢ and western Sahara during
Plio-Pleistocene’47€ are shown in orange. The pictogram of a globe (created using generic mapping tools of ref. 124 and the topographic dataset ETOPO1
of ref. 125) highlights the scale of desert expansion in West Asia, arrows symbolise dispersal routes during Miocene transient desertic events.

has 7%een observed in present-day climatology of southwestern
Iran’®.

During the early Pliocene (with sustained equatorial El Padre-
IOD conditions), the subtropics (10-30°N) behave opposite to
midlatitudinal regions in showing positive zonal humidity relative
to today®. Therefore, during the NADX interval, the rainfall
gradient is expected to be maximal between East Africa and West
Asia. This is corroborated by East African lake level history
(Fig. 6), showing during the latest Miocene and Pliocene periodic
development of deep lakes, paced by 400 kyr eccentricity
maxima’!, and the lack of long-term aridification’2. Similarly,
stratigraphic distribution of lake sediments in Chad show
prevailing humid conditions in the Sahel between 6.5 and 3 Ma
with recurrent lacustrine and peri-lacustrine facies (Fig. 6)73 and
persistent fluvial discharge off West Africa’®. The oldest field
evidence of a Sahara Desert>* points to a first climax about
7.2 Ma>>°, in accord with the near absence of Mediterranean
sapropels between 7.5 and 7.175 Ma”>, followed by a desert event
at 6 Ma’3. Regular deserts start to develop in West Sahara from
2.7 to 2.5 Ma onward’®. Thus, hyperarid periods in northern
Arabia do not correspond to Sahara Desert expansions, suggest-
ing out-of-phase relationships between tropical and extra-tropical
aridity during the Neogene in the Old-World.

Eurasian-African mammal interchange. It has long been
observed that faunal interchange between Eurasia and Africa was
not reciprocal during the Neogene?2, but strongly biased toward
into-Africa dispersals during the late Miocene (Fig. 6 and see
Supplementary information chapter 5 for detailed analysis). Sti-
mulated by ideas of Charles Darwin’’ this pattern was explained

with the traffic-light model?”, which assumes emerging land
bridges during glacial times tracked by cool-adapted mammals
southwards. During the Neogene however, eustatic sea-level
fluctuations were neither as large as during the Pleistocene* (and
hence did not open land bridges between Africa and Eurasia), nor
were African immigrants cool-adapted, because their mid-
latitudinal Eurasian source areas exhibit largely (sub-)tropical
temperatures during the late Miocene’8. Here, we propose that
the Miocene imbalance between Eurasian and African transcon-
tinental dispersers and the Pliocene African endemism (see ref. 23,
see below) can be largely explained by the out-of-phase rela-
tionship of desert formation in North Africa and North Arabia
and the recurrent development of transient late Miocene and
sustained Pliocene deserts in extra-tropical West Asia (Fig. 7).

To begin with, two isolated maxima of North Arabian desert
expansions during late Tortonian (7.9-7.4 Ma, Fig. 5) triggered the
most significant wave of Eurasian dispersers observed in Africa
during the early Messinian (7.3-6.6 Ma), with first appearance of
important tribes of carnivores, bovids, giraffids, suids, leporids,
proboscidians, and possibly hominines. The majority of these
immigrants inhabited savannah landscapes of the Pikermian biome
in western Eurasia during late Tortonian times (e.g, Adcrocuta,
Ictitherium, Bohlinia, Tragoportax, Prostrepsiceros; see Fig. 6),
whereas others have eastern Eurasian affinities deriving from mesic
habitats in South Asia (Siwaliks, e.g., Stegodon, Suinae, Reduncini,
Bovini). A similar structured, but less species-rich wave of into-Africa
dispersers can be observed during late Messinian (6.1-5.6 Ma),
following the 6.25 Ma hyperarid event in North Arabia.

Next, in the wake of the Mediterranean desiccation at stage 2
of the MSC, the Arabian dispersal corridor turned into a durable
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Fig. 7 Idealized model explaining late Neogene mammalian dispersals between Palaearctic and Afrotropical biogeographic realms along a meridional
transect between West Asia and East Africa (40°-55° E longitude). Upper panel: Reduced Paratethys and Arabian hyperaridity (e.g., at 6.25, 7.50, 7.78,
8.75 Ma) increase humidity gradient between subtropics and midlatitudes, thereby forcing Palaearctic savannah mammals (Pikermian biome) to disperse
into Africa. Middle panel: Large Paratethys and North African aridity (e.g., at 7.2 and 6 Ma) increase humidity gradient between low-/mid-latitudes and
subtropics preventing into-Africa dispersal. Lower panel: Large Paratethys and reduced African and Arabian aridity (absence of deserts) during mid-
Piacenzian enables bi-directional dispersals between Palaearctic and Afrotropics (the usage of names for present-day biogeographic realms is conditionally
to denote the territories, which through the Quaternary represent the respective units).

hyperarid barrier to terrestrial faunal interchange between
Eurasia and Africa. Thus, in contrast to the transient late
Miocene Arabian hyperaridity events, which did promote
dispersals, the NADX (5.6-3.3 Ma) defined a long period during
which Arabia served as vicariant agent. Indeed, many clades of
African mammals, some of which already represented former
Eurasian dispersers, diversified during the NADX through
continental-scale African endemism, such as the Bovini
(Ugandax, Simatherium), Alcephalini (Damalacra, Parmular-
ius), Hippotragini (Hippotragus, Oryx), Reduncini (Kobus,
Redunca), Sivatheriinae (Sivatherium), Tetraconodontinae
(Nyanzachoerus, Notochoerus), Suinae (Kolpochoerus, Potamo-
choerus), Canidae (Eucyon), Hyaenidae (Chasmoporthetes),
Machairodontinae (Homotherium, Dinofelis), Dicerotini (Cer-
atotherium, Diceros), Elephantini (Elephas, Mammuthus, Lox-
odonta), and also Hominini (Ardipithecus, Australopithecus). In
contrast, to our kowledge only two potential African immigrants
into western Eurasia are documented between 4.0-3.6 Ma, the
sabre-tooth cats Dinofelis and Homotherium (Fig. 6).

Finally, global warming and retreat of deserts during the mid-
Piacenzian reactivated the Arabian corridor and enabled bi-
directional faunal exchange between both landmasses, as
evidenced by the spread of African taxa to Asia (Elephas and
Hippotragus), Europe and the Levant (Mammuthus and Giraffa),
and vice versa of groups of Eurasian mammals (e.g., true dogs,
goats, warthogs) to Africa. These bi-directional dispersals
continued further during the early Pleistocene. To conclude, the
desert dynamics in West Asia had a strong control on large-scale
mammalian dispersals between Africa and Eurasia. Our results
are in support of models for the origin of the modern African
savannah biome?® by providing the driving forces for the late
Miocene constitution, and the early Pliocene continental
fragmentation of the Old-World Savannah Palaeobiome.

Methods

Age model and sampling. A previous magnetostatigraphic study by Homke

et al.?8 gives excellent temporal control for the 2.6 km thick sediment succession
exposed in both structures using a best-fit solution correlating 22 normal polarity
chrons or subchrons, which leads to absolute ages between 13 and 2 Ma. Nearly all
magnetochrons present in this interval were identified by Homke et al.28, whose
absolute ages were corrected here using the most recent geomagnetic polarity
timescale””. In the present study, samples were taken from exactly the same
georeferenced palaeomagnetic sampling sites of Homke et al.?® using a handheld
GPS device following exactly the investigated profiles. This procedure provided
extremely high-resolution age-constrains for the studied samples with uncertainties
related only to the exact position of the reversal between two consecutive points of
opposite polarity in the order of +50 kyrs. Given limitations in the field at the
Iran-Iraq border our primary strategy was to sample the 2.600 m thick profile
evenly spaced to construct of geochemical and physical proxy data record. We
achieved this goal with 84 sampled strata from silty horizons from the Zarrinabad
and Changuleh profiles representing a mean (median) sampling resolution of 115
(90) kyrs.

Proxy data record. Each sample was analysed in terms of ionic composition,
magnetic susceptibility, and grain-size distribution. In addition, as a reference for
marine halite we measured eight samples from Phanerozoic rock salts.

Aqueous extracts (30-40 ml MilliQ water in 200-500 mg sample) from all
samples were measured for cations (NaT, Kt, Ca2*, Mg2™, Sr2t, Ba?t) and anions
(F~, CI~, Br—, SO42~, NO;3~, PO4~) by ion chromatography using a 930 Compact
IC Flex chromatograph (Metrohm) in Tiibingen (as described in ref. 8). For a
subset of the samples (n = 11) each two aliquots where extracted to check for the
importance of sample heterogeneity, which was found to be very minor. The major
ions detected were Na™, Cl~, Ca2*, SO,2~, and NO;~, whereas PO~ was
practically absent, suggesting absence of anthropogenic or biogenic contamination
(Supplementary Fig. S3 and Supplementary Data 1).

Magnetic bulk susceptibility was measured using an MFK-1 AGICO
kappabridge housed in the Palacomagnetic laboratory of University of Tiibingen
(Supplementary Fig. S2d).

Particle size distribution (PSD) was determined with a Laser Particle Sizer
(Mastersizer 2000, Malvern Instruments, University of Tiibingen) using sodium
pyrophosphate (Na,P,O;-10 H,0) as dispersant. Pre-treatment of samples
included decalcification®®. End-member analysis of PSD along the profile was
performed with EMMAgeo®! to identify sedimentological distinct components and
study their variation along the profile (see Supplementary information chapter 2,
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Table S1, and Figs. S6-8 for details). The dust accumulation rate was calculated by
multiplying the sedimentation rate with the relative contribution (score) of the
fine-to-medium silt end member (2-30 pm, with mode at 20 um) and converted to

dust mass accumulation rate by using a density of 2.65 gcm™3.

Heavy mineral provenance. For heavy mineral separation, we selected four fluvial
sandstone samples (Gachsaran Fm, IZ 165 SS, 13.1 Ma; lower Agha Jari Fm, IZ 158
SS, 9.47 Ma; Lahbari Mb, IC 26c¢ SS, 7.0 Ma and IC 67 SS, 4.27 Ma) in addition to
four silty samples (lower Agha Jari Fm, IC 35, 6.25 Ma; Lahbari Mb, IC 45, 5.50 Ma,
IC 50c, 4.93 Ma and IC 71, 3.98 Ma). Heavy minerals were separated from the
crushed and sieved samples using sodiumheteropolytungstate in water at a density
of 2.85 g cm~3, following the general separation scheme of Andd®2. To avoid any
biasing of ferromagnetic heavy minerals, no metal tools were used during the entire
sample preparation process. Automated elemental analysis of single mineral grains
was performed on a Quanta 600F scanning electron microscope (SEM) coupled to
an Oxford x-max 80 EDX-detector. The SEM was operated at 25kV in low-vacuum
mode at 40 Pa and a spot size of 4 um, with a data acquisition time of 1 s per grain.
Logging of morphometric parameters (length, width, shape) and elemental spectra
was performed using the Oxford INCA software. Although heavy minerals were
characterised in detail (see Supplementary information chapter 3 and Supplemen-
tary Data 3), single mineral types were grouped as opaque, mica, garnet, amphibole,
pyroxene, epidote group, rutile, zircon, tourmaline, and other minerals to facilitate
comparison with published data (see refs. 83-8¢ Supplementary Fig. S10). The
“others” group comprises e.g., andalusite, apatite, barite, celestine, kyanite, mon-
azite, olivine, sillimanite, titanite, etc. Individual grain size fractions with less than
200 transparent grains are generally interpreted with caution.

Ponto-Caspian sea-level evolution. The Eastern Parastethyan, resp. Ponto-
Caspian sea-level curve (Fig. 5f) was modified according to refs. °1:6287-89 The age
of the Caspian lake-level drop and hence the base of the Productive Series??%1
follows Van Baak et al.%2. The end of the ‘Productive Series’ by a marine re-flooding
of Caspian basin (Akchagylian transgression) is controversial. Ages vary between
3.6, 3.2, and 2.7 Ma528892.93,

The geochemistry of chloride and bromide. As chloride and bromide tend to
form highly soluble minerals, their ratio is not significantly affected by
evapotranspiration®. The soil content of non-anthropogenic chloride and bromide
originate from atmospheric dry and wet deposition or from evaporites leached by
groundwater?>®, Atmospheric halogens stem from sea spray or from terrigenous
mineral dust, especially in arid regions. Both sources can be distinguished by their
characteristic chloride/bromide ratios. The CI~/Br~ molar ratio of seawater is
650%7, similar to bulk deposition in near coastal areas®. In evaporitic settings
this ratio stays constant until the halite stage is reached. As precipitated halite is
generally bromide-poor, CI=/Br~ ratios in the residual brines strongly decrease,
especially in some playas?®99. The first halite precipitating in marine evaporative
stages has a Cl7/Br~ molar ratio of around 20,000, which decrease significantly
during later stages and in systems with several evaporates?®°$100, Furthermore,
aged sea-salt and long-range transported dust can be depleted in chloride and
especially bromide due to photochemical reactions and aerosol acidic
components!0l,

In contrast, continental rainwater and dry deposition is commonly enriched in
bromide relative to seawater due to particle-size dependent fractionation in
aerosols and bromide release from vegetation and burned biomass!02-104, There
are also hints that plant material is enriched in bromide!9>106, Decomposition of
soil organic matter leads to a decrease of the Cl~/Br™ ratio in vegetated soils, most
pronounced in warm climates!07:108,

We therefore expect that atmospheric deposition dominated by evaporites as
halogen donators (e.g., desert dust) show Cl~/Br~ molar ratios higher than 650. In
contrast, wet or dry deposition by halogens of marine (as sea salt from
Mediterranean >1000 km towards west) and/or biomass origins, but without
significant evaporitic admixture from deserts, is expected to show Cl~/Br~ molar
ratios <650. The lowest CI~/Br~ molar ratios (<125, the mean ratio of upper
tropospheric aerosols!?%) are expected to occur in our record in soil samples
reflecting highest past biomass, respectively palaeo-humidity. Leaching of pure
marine halite deposits will show high molar CI~/Br~ ratios much over 3500,
which are not observed in our record.

Atmospheric nitrate. Atmospheric nitrate (as nitric acid) is formed by photo-
chemical reactions of NOx and ozone on aerosol surfaces!1%111, Atmospheric
chloride derives from sea spray and terrigenous (evaporitic) dust!!2113, In aged
sea-salt particles (e.g., far from the sea) chloride (and bromide) can be partly or
entirely substituted by nitrate! 01110111113 "This results in significant enrichment of
nitrate in atmospheric deposition relative to chloride. The chloride/nitrate molar
ratios from oceanic deep waters are in the range of 11-14 x 103 (Supplementary
Fig. S4 and Supplementary Data 2). Our data for halite from marine evaporites
(n = 8; Permian, Triassic, Miocene, Recent) also indicate very high chloride/nitrate
molar ratios up to 53 x 10? (Supplementary Fig. S4 and Supplementary Data 2).
A literature survey on chloride and nitrate concentrations from mid-latitudinal
hyperarid desert soils (Atacama, Mojave, Death Valley, Turpan Hami, Negev;

n = 193) reveal however, that chloride/nitrate molar ratios do not exceed 700
(median value 12.3; Supplementary Fig. S4 and Supplementary Data 2) similar to
our results from the Agha Jari Fm (n = 80, median value 14.0; Fig. 5d and Sup-
plementary Data 1), except sample IC45. Here, the ratio is 12.77 x 10® (Fig. 5d and
Supplementary Data 1), suggesting a marine origin of anions from this sample
dated by magnetostratigraphic correlation to 5.50 + 0.05 Ma.

Climatic interpretation of nitrate and chloride content of soils. Following
Ewing et al.>¢ the content of soluble salts in desert soils reveal thresholds along a
humidity gradient from hyperarid to arid conditions, with most soluble salts
preserved in dryer soils. In particular chloride and nitrate contents in soils are
excellent proxies for hyperaridity?®111:114-116_Dye to the absence of leaching, both
highly soluble anions accumulate in hyper-arid regions (precipitation to potential
evapotranspiration, P/PET < 0.05) from atmospheric wet and dry deposition3$117.
To discriminate between hyperarid (P/PET < 0.05), arid (P/PET 0.05-0.2), and
semi-arid (P/PET > 0.2) climates in Mesopotamia we adopt empirical relationships
between aridity and chloride/nitrate concentrations established in major mid-
latitudinal deserts.

Ewing et al.3¢ investigated soluble salt contents in Atacama Desert along a humidity
gradient within hyperarid conditions, ranging in P/PET from 0.005 to 0.05. Chloride
(nitrate) concentrations vary between 12,000 (500) and 40 (2) umol g~, the lowest
values are approached at the hyperarid to arid transition. In the arid (P/PET 0.07)
Negev Desert, Rosenthal et al.>” find maximum chloride (nitrate) concentrations of 10
(0.5) pmol g1, comparable to the arid (P/PET 0.14) Mu Us Desert, where Jin et alll8
find maximum nitrate concentrations at 0.07 umol g~. Similar values have been found
in other major mid-latitudinal deserts®”:115118-120, Based on these findings we set the
chloride (nitrate) thresholds for the hyperarid-to-arid transition at 40 (2) umol g~! and
for the arid-to-semi-arid transition at 0.2 (0.05) pmol g~! (Table 1). However, we have
to admit that soluble salt concentration may very between deserts due to local control
on salt preservation and (mostly unknown in details) palaeoclimatic conditions!2!, so
that the absolute values of our thresholds have to be seen as approximations.
Nonetheless, comparing our palaeoclimatic interpretations based on chloride and
nitrate thresholds with measured Cl=/Br~ molar ratios founds a generally good
correspondence with theoretically expected values (Supplementary Fig. S5). The
Cl~/Br~ molar ratios of samples interpreted as hyperarid reach values well above
seawater (650), suggesting that their halogens derive predominantly from desert dust. In
contrast, arid samples are enriched in bromine relative to seawater, which is even more
amplified in samples interpreted to derive from semi-arid climates, which fall generally
below upper tropospheric Cl~/Br~ ratios, probably due to bromide enrichment by
biomass.

Palynology. Around 20 g of the sample IC44b (the oldest sample of our NADX
interval) was prepared for palynological analysis following standard extraction
techniques including HCI-HF demineralization treatment!?2. Afterwards, the
residues were sieved using 10 um nylon meshes. No oxidative acids were employed.
An aliquot of the concentrate residue of each sample was mounted on coverslips
dried at 30-40 °C to get a single plane of focus, and adhered to the coverslip using
Glycerine Gelatine. Semi-quantitative and qualitative analyses have been done.
Counts of 150 palynomorphs were made through several traverses per each slide. A
selected suite of the well-preserved pollen taxa was photographed and illustrated
(Supplementary Fig. S11). Microscopic investigation and photomicrographs were
made using Axiocam 512 color camera attached to a Zeiss Axio Imager.M2
microscope.

Mammalian dispersals between Africa and Eurasia. To investigate the late
Neogene history of mammalian megafaunal dispersals we reviewed existing lit-
erature on African and Eurasian fossil mammals between 9 and 3 Ma, including
their stratigraphic or chronologic ages (see Supplementary information chapter 5
for details).
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