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Abstract

A Late Pleistocene lacustrine sedimenta: * succession has recently been discovered and
investigated in Northwest Africa (Morc.~co, Anti-Atlas, Agadir-Tissint Feija). By integrating
new radiometric 2°Th/U and OS . aucs and new clay mineral analyses with previous
sedimentological evidence, we si.jniii~antly refine the origin and the timing of this succession
and its significance for Afr.~an paleoenvironments and paleoclimate. The sedimentary
succession reflects the evolutior of a paleolake, referred to as paleolake Tissint, that indicates
the abrupt establishment o1 > wet period at ~60 ka and a gradual return to drier conditions at
~50 ka. Establishmene m this paleolake coincides with a peak of precession-forced high
summer insolation center.d around ~60 ka suggesting that orbital parameters triggered humid
conditions in northwest Africa during this time interval. Comparing this observation with
others from the literature, it appears that continental-scale wet conditions prevailed across
North, Central and East Africa at that time and add evidence in support of a 60-50 ka African
Humid Period (AHP). Given that the Holocene African Humid Period was associated with
“Green Sahara” conditions, wet conditions between 60 and 50 ka likely sustained coeval
greening, at least partially, of the Sahara region. In northwest Africa, the 60-50 ka AHP is
affected by Heinrich Event HE6 which via adjustment of the Atlantic Meridional Ocean
Circulation (AMOC) seems to have delayed the onset of this AHP. In a similar way, the
younger Heinrich Event 5a resulted in short-term regional aridification about 55 ka ago that
briefly interrupted the generally wetter period. Finally, as the AHP between ~60 ka and ~50 ka
coincides with a major Human dispersal out of Africa; these particular conditions may have



offered a climatic window of opportunity for Homo sapiens to open migration routes across
Africa towards the Levant.

1. Introduction

Since the Miocene, more than 230 wet periods, referred to as African Humid Periods (AHPS),
resulted in episodes during which savannah expanded, drainage developed and lakes
established across most of North, Central and East Africa including the Saharan desert (e.g.,
Larrasoana et al., 2013). These wet periods are understood to have constituted key time
windows for faunal and human evolution and dispersal through the establishment of corridors
that connected individual hydrographic basins, which were mostly isolated during drier
periods (e.g., Drake et al., 2022). AHPs were triggered by i -reasing insolation related to
changes in precessional orbital parameters of the Earth (feM>nocal et al., 2000). These
cyclical insolation changes paced African monsoon iric. <y, notably by adjusting the
amplitude of the seasonal northward shift of the Intertrr.oic.! Convergence Zone (ITCZ), and
winter rain in the Mediterranean Basin (Kutzback e ai., 2020). In response, countless
wetlands and lakes developed or extended in both, Cen. 4l (Schuster et al., 2005; Drake et al.,
2008, 2022) and Eastern Africa (Ashley 2007 t.arcin et al., 2012; Junginger and Trauth,
2013; Nutz and Schuster, 2016; Nutz et al. 2u.i7, 2020) during periods of high summer
insolation. During the last glacial cycl:, #.HPs were recognized only during interglacial
periods, between 128-124 ka, 81-77 ka and 11-5 ka (de Menocal et al., 2000; Bard, 2013;
Larrasoana et al., 2013; Shanahan et al., ?015). Between the two last AHPs (i.e., the interval
between ca. 77 and 11 ka), persistent 'y arier conditions without significant wet intervals are
postulated in Africa, coeval with "he i.st glacial phase (e.g., Tjallingii et al., 2008; Grant et al.,
2017).

In northwestern Afr.~a, t .e overlapping effects of Atlantic and Western Mediterranean
air masses, superimpose(: on *he influence of the African monsoon add significant complexity
to the climate configurc*ion (Kuhlmann et al., 2004; Tierney et al., 2017a; Zielhofer et al.,
2017, 2019). In this conwext, some important aspects remain poorly known; first, the northern
maximum expansion of the West African monsoon is still debated for the last AHP (Tierney et
al., 2017a), and remains unknown for earlier ones; second, the potential impact of both
glacial-interglacial cycles and dynamics of the northern hemisphere ice sheet remain only
indirectly envisioned (Kinsley et al., 2021, Ait Brahim et al., 2023) and third, although a
potential effect of millennial to centennial-scale cycles in Atlantic Ocean dynamics on African
climate has been suggested for the Holocene (Olsen et al., 2012; Wassenburg et al, 2013;
Zielhofer et al., 2017, 2019), no evidence has so far been presented for earlier periods.

Here, we investigate the recently described Late Pleistocene sediments of the Agadir
Tissint Feija (Nutz et al., 2019) in greater detail and combine new radiometric dates and clay
mineralogy analyses to identify and chronologically constrain a previously unobserved



African wet period between 60 and 50 ka, coeval to a precession minimum during the last
glacial phase. In addition, we discriminate different second-order climatic forcings in
northwest Africa during the Late Quaternary. Finally, our findings highlight the complexity of
climate dynamics in this region; an area that is increasingly affected by current climate change
(Giorgi, 2006; Diffenbaugh and Giorgi, 2012).

2. Geological setting

Between the southern front of the Anti-Atlas (Morocco) and the escarpment of the Jbel Bani,
rivers draining the relief form narrow valleys and feed extensive 15-50 km wide lowlands
locally called ‘Feijas’ (Fig.1A). There are five major Feijas in southern Morocco, one of
which is the Agadir-Tissint Feija. It is ca. 20 km long and ca. - km wide, representing a ca.
120 km? feija located between 29.8°N and 30°N, linked to ‘.« ca:shment area of >3,200 km?
(Fig. 1B). Downstream the feija, the Jbel Bani is crossed wy tre Tissint river in a gorge that
constitutes the modern outlet of the system (Fig. 1C).

In the Agadir-Tissint Feija (Anti-Atlas, Mo'oL29), a Late Pleistocene sedimentary
succession has recently been discovered and investigaie  (Fig. 1D and 2A; Nutz et al., 2019).
The authors combined information from four sect.rs to depict the basin-scale architecture of
this depocentre. Overlying a fluvial carborate wfa interpreted as ancient carbonate-rich
fluvial system (Fig. 2B and C), the stud’zd <uJccession reveals 12 m-thick lacustrine deposits
(Figs. 2A and 3) that evidence the existence of a paleolake, referred to as paleolake Tissint.
This lake was characterized by low-eneray sedimentation of clastic- or calci-mud (Fig. 2D
and E). Low-energy vegetated marg.rs ¢ nd shores encircled this lake (Fig. 2F and G), except
where rivers entered and sandy river .aouth complexes developed. The estimated locations of
the paleoshorelines suggest the.. paleolake Tissint covered an area of, at most, ca. 10 km2,
laterally associated with a “ege.ated fluvial floodplain. Downstream, paleolake Tissint was
blocked by a carbonate tufa Yam build in the Tissint Gorge. Carbonate tufa dams result from
degassing of CO: in agitated waters with high velocity and turbulence. Several authors
(Arenas et al., 2010, 20.o; Auqué et al., 2014 ; Sancho et al., 2015 among others) depicted a
direct positive correlation between water supply and tufa precipitation, which makes tufa
dams development as a proxy for wetter periods. Azennoud et al. (2022) recently comforted
this correlation showing that during the last 5 ka humid periods led to the aggradation of tufa
dams and lake developments in central Morocco (region of Immouzzer Kandar). Similarly,
pulses of tufa dam construction in the Tissint gorge directly derived from more humid periods
associated with increased water supply due to increased precipitation in the paleolake Tissint
catchment (Nutz et al., 2019). Following, the progressive disappearance of paleolake Tissint
indicates an interruption of tufa dam aggradation in the Tissint gorge and the return to drier
conditions. Then, the Agadir-Tissint Feija was dominated by sedimentation of coarser-grained



material and was occupied by several tens of metres wide river channels that were laterally
associated with overbank deposits (Fig. 2A).

3. Materials and methods

3.1. Chronology

In addition to two previously dated layers (L1 and L8) described in Nutz et al. (2019) and
Thorp et al., (2002), respectively, three additional layers were newly dated. Layer L3 has been
dating using 2®Th/U, and layers L6 and L7 were dated using Optically Stimulated
Luminescence (OSL). In total, eight layers (L1-L8, with L1 being the oldest, Table 1)
distributed along the type section (Figs. 1D, 2A, 3) are now directly dated, or their age has
indirectly been estimated using sedimentation rates in uniforn, ‘ithologies, to provide a new
chronological framework for the Agadir Tissint Feija (Fir. o). The numerical dates are
summarized in Table 1, with their locations given Figs. 2A a.d o.

The age of L1 was obtained using the 2°Th/U Jjauy method applied to phytoherm
boundstones of stems. It is estimated at 69.45+0.3 ka (iv.'tz et al., 2019). This age agrees well
with two stratigraphically lower samples that are sitiaw 1 a few centimetres below L1 (W53-
Ul & U3; Table 1) showing slightly older ages.

The age of layer L3, based on sample * IS5-20-08 collected in phytoherm boundstones
of stems, is added in the present studv Tta geochronological analysis was carried out at
CEREGE laboratory. Due to the generally relatively large amount of initial detrital Th in
sediments of the Agadir Tissint Feija u.~ three-dimensional isochron method was used as a
more reliable approach for this type o” scmples (Ludwig and Titterington, 1994). Five aliquots
of sample TISS-20-08 were prepareu within two batches (2 aliquots in 2020 and 3 in 2021)
and spiked with a mixture of 2= Th-+33U-23%y following the method described in Weil-Accardo
et al. (2022). Analyses we.= ca ried out using a Neptune+ MC-ICP-MS. Procedural blanks
were <5 fg for 224U, <3( pg for 238U, <5 fg for 22°Th and <60 pg for 22Th. The (Z°Th/?8U)
ratios of preparations >t the HU-1 uraninite standard were 1.003+0.005 in 2020 and
1.004+0.002 in 2021 in agreement with the accepted value (Cheng et al., 2013). Results on
the 5 aliquots show good overall consistency and provide a calculated three-dimensional
isochron age of 55.4+3.5 (based on the Maximum Likelihood Estimation of IsoplotR;
Vermeesch, 2018; Fig. S1). The uncertainty arises from the expansion using the high MSWD
= 60 which likely results from a large geological scatter linked to high variability in the
detrital end-member. The calculation of the initial (3*°Th/?2Th) of the detrital endmember
based on the three-dimensional isochron is 0.9+0.1, in agreement with the bulk Earth ratio of
0.8+0.4, which provides robustness to the isochron age of sample T1SS-20-08.

The ages of layers L6 and L7 are based on the OSL method carried at the Copenhagen
laboratory. L6 and L7 were collected in fluvial sandstones. Sample tubes used for
luminescence sampling were opened in subdued orange light (Sohbati et al., 2017) to avoid



signal loss during sample preparation. Approximately 170 g of outer tube material was used
for dose rate analysis using high resolution gamma spectrometry (Murray et al., 2018). One
portion of the inner material was wet-sieved to isolate 180-250 pum grains and this fraction
was first treated with 10% HCI and 10% H.O>. The samples were washed at least 3 times with
deionised water after each acid treatment. The grains were then immersed in a 10% HF
solution for 40 mins to remove oxide coatings from the grains and to remove the outer alpha-
irradiated layer from the K-feldspar grains. K-rich feldspar grains were separated from the
heavier quartz grains using a 2.58 g/ml heavy liquid solution (LST Fastfloat™). The quartz
grains were then etched again using concentrated HF for 1 hour. After each HF treatment the
grains were washed in 10% HCI to avoid precipitation of CaF2. Another portion of the inner
tube material was used to determine the ‘in situ’ present day w . ter content and to determine
the saturation water content using the syringe method (Murrzy €. al., 2021). Extracted quartz
grains were mounted as large aliquots on stainless steel disc. and K-rich feldspar grains as 2
mm diameter aliquots in stainless steel cups using si'icon oil as an adhesive. All
measurements were made using Risg TL/OSL read:1> mudel DA-20 (Bgtter-Jensen et al.,
2010) equipped with blue and IR diodes. For blue-hy' 't stimulated quartz OSL signals the
initial 0.8s of the signal minus the subsequent 0.5 ¢ was used for calculations; preheat and cut-
heat settings were 260°C/10 s and 220°C, restecuvely. For K-rich feldspars, the initial 2 s of
the IRSL decay curve minus the last 20 s was used for calculation. Quartz OSL measurements
were made using a double-SAR protoco. (Banerjee et al., 2001) because we found a
significant IRSL response from the guar.-rich extract. The post-IR blue signal from quartz is
dominated by a fast component but 1c a1 three samples the natural signal lies close to or is in
saturation on the dose response ¢ irve (data not shown). Therefore, the quartz OSL signal was
not considered further to date these samples. Feldspar was measured using a pIRIR200,290
protocol (e.g., Li and Li, 2712, Stevens et al., 2018) which has been shown to not require
fading correction. The h ird-.2-bleach component of the pIRIR200,290 Signal was estimated by
bleaching 3 aliquots pe: sample under a HOnle Sol2 solar simulator. The measured residual
dose is 14.8+0.5. Gy which was subtracted from all measured D. values prior to age
calculation. The analytical results and ages are presented in Table 1. Finally, samples collected
in layer L6 indicate ages of 46.2+2.1 ka and 42.9+2 ka and reveal a mean age of 44.6+1.8 ka
while the age of layer L7 is based on a single sample dated to 34.4+1.4 ka.

Subsequently, sedimentation rates were estimated based on the dated layers L3, L6, L7
and L8 (Fig. 3; Table 1) and extrapolated to adjacent portions of sections with comparable
lithologies. Based on ages of layers L6 and L7, a mean sedimentation rate of 0.4 m/ka is
applied in the lower part of the fluvial sandstones to extrapolate the age of L5 that is now
estimated around ~50 ka (Fig. 3). A sedimentation rate of 0.3 m/ka in the upper part of the
fluvial sandstones, between L7 and L8, reveals a relative constant mean sedimentation rate in
fluvial sandstones (Fig. 3). Approximating a mean sedimentation rate of 1.5 m/ka in lacustrine



deposits between layers L3 and L5, we estimated the ages of L2 and L4 at ~59 ka and ~55 Ka,
respectively. In Nutz et al. (2019), an additional interval was dated with a single sample
(Ti_S1_014; Table 1) collected around 3.5 m below L3, in calci-mud. Showing a younger age
than the isochron-based age of L3 located above, we excluded this age from our newly refined
chronological framework.

3.2. Clay mineralogy

A total of 21 samples, collected along the type section (Figs. 2A, 3B), were analysed for their
mineralogy using X—ray diffraction (XRD). Eleven samples were processed at the Department
of Geoscience, Aarhus University, Denmark, and 10 samples were analysed at the CEREGE
laboratory, Aix-Marseille University, France. In both laborato, ‘=s, analyses were performed
on oriented mounts of decarbonated clay-sized particles (<2 pm). “or each sample, three XRD
runs were carried out after air—drying, ethylene—glycol sol* a..n1i and heating to 500°C for one
hour. In both laboratories, a PANalytical X'Pert Pro MPT. 11,2 ument was used. Proportions of
smectite, illite, kaolinite, and chlorite were estimated i1u. each sample based on diffractogram
analyses. Estimates of clay mineral abundances are ha. «d on the integrated peak areas of the
individual peaks and weighting factors.

Smectite (S) and kaolinite (K) mine'als iesult from moderate to intense chemical
weathering (Chamley, 1989). In contra~, i lite (I) and chlorite (CI) are considered to be
products of physical disaggregation, or mcerate chemical alteration of feldspar and mica
(Chamley, 1989). In parallel, recent sridies suggested that evaporation-forced increased
alkalinity and/or salinity may foste: "ov/-temperature illitisation of smectite (Foerster et al.,
2018; Schaébitz et al., 2021). Thus, v/e consider smectite and kaolinite are likely to form in
soils affected by significant chemical weathering in warm and humid conditions, while illite
and chlorite are derived fiom jower-intensity chemical weathering or physical erosion of
bedrock in cooler and dr er vonditions (Chamley, 1989) or illitisation of smectite during drier
intervals. Consequently, *he (S+K)/(1+Cl) ratio is a valuable proxy for the relative intensity of
(wet) chemical or (dry) piysical weathering used as a robust indicator for weathering intensity
in the paleolake catchment and for increased evaporation.

4. Results

Building upon new dating, clay mineralogy and previous sedimentological observations, we
are now able to detail the evolution and timing of paleoenvironmental changes in the Agadir
Tissint Feija including paleolake Tissint establishment, fluctuations and disappearance.

Fluvial tufa of the lowermost part of the succession is direct evidence of a relative dry
period, probably comparable to present-day, when perennial rivers drained the Agadir Tissint
Feija (Fig. 3A). Dating reveals that this fluvial system was active for at least 5,000 years,
between ~75.10+0.3 ka and ~69.75+0.2 ka (Nutz et al., 2019). After ~69.75+0.2 ka, according



to the estimated age of layer L2, we suspect a ~10 kyr long non-depositional period in the
central portion of the Agadir Tissint Feija before paleolake Tissint flooded the area (Fig. 3A).
During that period, development of the fluvial tufa interrupted likely in response to reduced
riverine water flows due to slightly drier conditions in the depocentre. On the contrary, the
subsequent transition to a lacustrine environment, estimated to have occurred at ~59 Ka,
provides clear evidence for wetter conditions in the region. The sediment succession of
paleolake Tissint starts with a ~5 m thick deposit of muds (interval S1 according to Nutz et
al., 2019; Fig. 2A and 3) revealing perennial lacustrine conditions. Interval S1 is topped by a
m-scale interval of carbonate tufa mostly composed of phytoherm boundstones (Fig. 2F and
G). This tufa is evidence of a shallow lake margin laterally associated with paludal shores
(Fig. 3B) indicating a short-term aridification estimated arounu ~55 ka (Fig. 3). Sequence S1
is overlain by a second ~6 m thick mud interval (S2 accordi'ig o Nutz et al., 2019; Fig. 2A)
which suggests renewed perennially lacustrine conditions. ('nward, the lacustrine muds are
overlain by ~13 m thick fluvial sandstones indicating tha. p.!zolake Tissint disappeared due to
the return of progressively drier conditions; this arid’«acotiun occurred at ~50 ka (Fig. 3E). It
worth noticing that the aforementioned chronology of p. ‘eolake Tissint evolution significantly
differs from the chronology proposed by Nu’z :t al., (2019). In this pioneer study, the
lacustrine interval was tentatively estimated “etwcen 69 ka and 20 ka; new ages for L3, L5
and L6 layers now discard such interpretat on. Superimposed on this long-term lacustrine
interval that spans S1 and S2 are 51 alterna..ons of dm-scale carbonate and clastic mud beds.
Of these, 26 alternations are in sequence S1 and 25 in sequence S2. Expressing the repetitions
of open and endoreic lacustrine condiccns (Nutz et al., 2019), these alternations reveal high-
frequency fluctuations of the pal-olak2 level that mirror successive short-term arid and humid
periods, respectively. Even if \he radiometric age uncertainties do not allow to accurately
estimate their periodicity, *hes: alternations represent submillennial cycles of significant
paleohydrological chang :s.

Clay mineralogy analyses of the lacustrine deposits show that smectite and illite
dominate throughout tie type section (Fig. 3) while kaolinite and chlorite are found
subordinate. From base to top, smectite dominates with maximum values of 75% of all clay
minerals in the lowermost part of the succession, but progressively diminishes to 25% in the
upper part. lllite is anticorrelated to smectite, representing 25% of the clay mineral
assemblage in the lower part of the succession, and grading to 70% in the upper part. Thus,
clay mineral ratios testify intense chemical weathering in paleolake Tissint catchment coeval
with the lowermost part of the lacustrine succession and a subsequent progressive reduction of
the weathering intensity and/or the replacement by increasing mechanical disaggregation.
Additionally, if we consider a proportion of illite abundance derived from low-temperature
illitisation of smectite, this suggests a coeval progressive increase of alkalinity due to
increasing evaporation. Thus, the replacement of smectite with illite reflects progressive



regional aridification. The wettest conditions occurred shortly after the establishment of
paleolake Tissint, followed by a progressive aridification throughout the evolution of the
paleolake. Clay mineralogy shows a single humid phase that reached its maximum shortly
after ~60 ka and successively shifted towards drier conditions until ~50 ka. Interestingly, the
evolution of the clay mineralogy seems to be independent of the intense arid episode
estimated at ~55 ka. This suggests that this short-term aridification did either not persist long
enough to modify weathering processes in the catchment area or did not affect the Anti-Atlas
relief and was focused only the Agadir Tissint Feija lowland.

5. Climatic implications

5.1. A 60-50 ka African Humid Period

New chronological constraints of paleolake Tissint reveal 7 1..7ud period in the Agadir Tissint
Feija that occurred shortly after ~60 ka and lasted until ~ 350 .. Clay mineral analyses indicate
that weathering intensity in the catchment of the Agar.ar Tissint Feija closely responded to this
humid period, with a maximum estimated shortly after «0 ka. The peak of this humid period
is coeval with a maximum in summer insola.io 1 at ~60 ka, and subsequent progressive
aridification coincides with decreasing summ-~r insulation from ~60 to ~50 ka (Fig. 3). In this
context, the establishment of wetter conritios in the Agadir Tissint Feija is attributed to the
intensification of the West African monso.n. Precession-forced insolation increase pushed
northward the influence of the ITCZ n.~reasing rainfall; a traditional origin for successive
AHPs since the Miocene (Larrasoaii e al., 2013). In previous publications, some authors
invoked an influence of the We-t A.vican monsoon up to 31°N during the Holocene AHP
(Tierney et al., 2017a; Sha et ai., 2019) comforting the potential influence of the West African
monsoon in the Agadir Tiscint Feija. Here, we suggest a similar configuration during the 60-
50 ka period. Alternative(y, .o precipitation increase is reported between 60 and 50 ka in the
Mediterranean realm (v.'agner et al., 2019). This suggests a relative minor contribution of
humidity from the Mec..erranean region. Moreover, the location of the Agadir Tissint Feija
southeastward the SW-NE oriented High-Atlas and Anti-Atlas ranges likely limits the
potential impact of both Mediterranean air masses and westerlies as precipitation providers
due to orographic effects.

Even with limited data currently available for the 60-50 ka interval in most African
catchments that experienced more humid environments or hosted paleolakes during some
Quaternary African Humid Periods (i.e., Ahnet-Mouydir, Chad, Chew Bahir, Chott, Congo,
Darfur, Draa, Fezzan, Niger, Nile, Timbuktu, Turkana, Tushka), wetter conditions seem to be
observed at that time in multiple areas across Africa where records exist. Here we present a
compilation of paleohydrological conditions for the 60-50 ka time interval at different
locations in Africa (Fig. 4). Direct evidence of wetter conditions at ~60 ka is recorded in the



Dakhla oasis with the deposition of the “Pleistocene Lacustrine sediments” revealing a lake
developed at that time (Brooke, 1993) and wet conditions in northeast Africa. Meanwhile,
humidification of northwest Africa between ~60 and ~50 ka was recently proposed by Kinsley
et al. (2021) based on indirect evidence (i.e., dust concentration) in a marine core from the
Atlantic (Fig. 4B). These authors show that dust flux broadly decreased from ~60 to ~50
likely indicating vegetation development onshore, in the western Saharan domain, except
during a brief episode centred around ~55 ka during which dust flux drastically increased
likely originated from a short-term vegetation reduction. A decrease in Total Organic Carbon
(Fig. 4B) comparable with the decrease observed during the last AHP in deposits of the Congo
deep sea fan (Dalibard et al., 2014) suggests reduced marine productivity during the 60-50 ka
interval. Moreover, the Ba/Ca ratios in that core suggest lowe. salinity offshore the Congo
River mouth (Fig. 4B) which the authors attribute to increased 1. >snwater supply in response
to stronger West African monsoon intensity and more Jhundant rainfall in the Congo
catchment. Similarly, evidence for reduced salinity in the: N.gor River delta (Fig. 4B) between
~60 and ~50 ka supports increased freshwater runo”s o1 the Niger catchment and wetter
conditions in the Sahel region (Weldeab et al., 2007 ..- the Nile delta, higher Fe abundance
during the 60-50 ka interval (Revel et al., 20”.u- Ehrmann et al., 2016; Fig. 4B) suggests
higher discharge linked to wetter conditions 1 the Nile catchment. More recently, Schaébitz
et al. (2021) and Foerster et al., (2022) cuge 2sted wetter conditions in the Chew Bahir basin
(Ethiopia, East Africa) between ~63 and ~C9 ka and around ~60 ka, respectively. Although
this wetter period is shorter and sliohti, earlier to the 60-50 ka AHP, it coincides with the
insolation maximum and likely indicé e a rapid response of rainfall and the establishment of
a short-term precession-driven t imiu period in this part of East-Africa. By contrast, 6D in
core RC09-166 in the Gulf m Aden, northeast Africa (Tierney et al., 2017b), reveals drier
conditions at around 60 ka. Howcver, a rapid transition to wetter conditions observed between
~58 and ~48 ka would b : in ‘ine with our inferred 60-50 AHP interval, possibly with a 2-3 ka
lag. Thus, even if data v~r the considered time interval are scarce, direct evidence of a more
humid period in northvwest Africa and indirect indications of humidification in different
African basins, including the three largest catchments of Africa (i.e., Nile, Congo, and Niger
rivers catchments), support a previously unrecognized continental-scale African Humid
Period between ~60 and ~50 ka. AHPs are commonly presumed to occur during interglacial
phases and inhibited during glacial phases as cooling due to enhanced ice-sheet albedo limits
their amplitude. The 60-50 ka AHP indicates that wetter conditions have nevertheless
established during a glacial phase and these wet conditions were intense enough to allow the
development of significant lakes together with increased vegetation cover. As a consequence,
we propose that associated environmental changes may have offered favourable conditions for
faunal expansion, including Homo sapiens, over north, central, and east Africa and thus
promoted dispersal out of Africa by opening inland migration routes. Such inland humid



corridors may have provided the environmental context for the latest major dispersal event of
Homo sapiens out of Africa around 60 ka (Groucutt et al., 2015; Galway-Witham et al., 2019;
Bergstrom et al., 2021).

5.2. Influence of the NH ice sheet in northwest Africa

In the Agadir Tissint Feija, the seemingly early climax of the 60-50 ka humid period suggests
the absence of progressive humidification with increasing insolation between ~65 and ~60 ka.
Interestingly, this configuration mirrors the onset of the last AHP (11-5 ka), during which, at
comparable latitudes (i.e., 30°N), the AHP onset was abrupt and broadly coeval with the peak
of insolation (Tierney et al., 2017a). Menviel et al. (2021) recently suggested a similar delay
for the 128-124 ka centered AHP. Based on modelling, these authors propose that Heinrich
Event (HE) stadials (Heinrich, 1988) can delay the response of cinfall to increased insolation
by weakening the AMOC as a response to a freshwater piise ‘n the polar north Atlantic,
thereby limiting the northward migration of the ITCZ. In th:Z cace, the respective onsets of the
128-124 and 11-5 AHPs would be controlled by AMOC s*rergthening at the end of stadials,
which in these cases coincide with peak insolation, le2a,>a to a rapid increase of rainfall. In
the Agadir Tissint Feija, the estimated onset of the naledlake Tissint (~59 ka) slightly lags
HESG, ending at around 60 ka (Channell et al., 2012,. Tn.us, our results support the proposed
impact of AMOC dynamics related to stadial HI-€ oi the onset of the 60-50 ka centered AHP.
Subsequently, the 60-50 ka AHP is interrup.™d In the Agadir Tissint Feija by a short-term
aridification period recorded by an arFcup' shallowing of paleolake Tissint until partial
emersion. Considering the estimated age o1 Mis interval (~55 ka), it is important to note that it
coincides with stadial HE5a. Short-te,m aridification during this stadial is also indirectly
observed along the western Africin 1.2rgin and sediments of the Nile Delta (Fig. 4B).
Recently, Ait Brahim et al. (20273, "bserved a similar configuration in northwest Africa for
HE1, HE7a, HE7b and HES.. Recontly, Zielhofer et al., 2017 demonstrated that during early
Holocene, winter precipitaticn u~creased in northwest Africa during periods of increased
meltwater discharge from u.» NH ice sheet (i.e., equivalent to Heinrich Events). Even if no
information exists prior “he t'olocene, this relationship is envisaged for pre-Holocene periods
to support observed .riaification during Heinrich event HE5a. In parallel, summer
precipitation also decrezzes during these particular periods of high meltwater discharge into
the North Atlantic Ocean in response to weakened AMOC (Menviel et al., 2021). Weakened
AMOC leads to reduced SST in the North Atlantic Ocean and as a consequence limits the
northward shift of the ITCZ. Finally, it seems that during HE, both summer and winter
precipitation were reduced.

6. Conclusions

New 22°Th/U and OSL ages and clay mineral analyses, together with geological investigations
allow us to refine the origin and timing of Paleolake Tissint. We discuss the significance of
this lacustrine succession for African paleoclimate. In the Agadir Tissint Feija, northwest



Africa, a wet period started at ~60 ka and ended ~50 ka, coeval with a precession-forced
summer insolation peak. Compiling field-based observations with evidence across Africa
from the literature, we propose that this wet period is observed in North, Central, and East
Africa and constitutes a previously unknown 60-50 ka humid period likely coeval with
continental-scale greening during the last Glacial phase. This wet period may have opened
dispersal corridors that facilitated H. sapiens migrations across and out of Africa during the 60
ka dispersal event. Greening of the Agadir Tissint Feija during this interval confirms the
potential action of the African monsoon up to 30°N latitude during periods of high insolation
and wetter climate in northwest Africa even during glacial phases. At the same time, stadials
HEG6 and HE5a delayed the onset of, or interspersed the 60-50 ka centered AHP in northwest
Africa, through their impacts on the AMOC. As such, we com'.m the fundamental influence
of the northern hemisphere ice sheet dynamics on northwest A ‘ca paleoclimate for periods
prior to the Holocene. Finally, we also identified significa.: suomillenial paleohydrological
changes before the Holocene in northeast Africa even :f they remain to be precisely
characterized. The Agadir Tissint Feija provides « particularly valuable archive for
understanding local to regional responses of terrestriai ~vstems to global climatic processes.
This study also highlights the importance of cun.idering regional terrestrial archives as an
essential complement to long-term marine cor-s.

Acknowledgements

This work is a contribution to the FAG ! oroject (A. Nutz) funded by CNRS INSU SYSTER
action. S. Bodin thanks the Faculty ©f Science and Technology of Aarhus University for a
2016 starting grant, which was 1strumental in initiating this research project. CEREGE has
received fundings from 2 frenci. « Investissement d’avenir » program: the EQUIPEX ASTER-
CEREGE and the DATCARB yroject from the « Excellence Initiative » program of Aix
Marseille University A*MILEX. M. Defrance and H. Mariot are thanked for their careful
maintenance of the cieai. lan at CEREGE.

Figures

Fig. 1. Locations maps and photograph. A) Digital elevation model of southwestern Morocco
showing the Anti-Atlas and its surrounding areas. Location of the Agadir Tissint Feija is
indicated by the red rectangle (modified after Nutz et al., 2019). Topographic profiles reveal
that feijas constitute the first lowlands south of the Anti-Atlas. B) Digital elevation model of
the Agadir-Tissint Feija catchment. The main rivers draining the area are shown together with
the catchment area of the Tissint depocentre. C) Satellite image (Google Earth, 2016) showing
the studied depocentre and the location of the type section. D) Photographic panorama of the
Agadir Tissint Feija with the location of the type section.



Fig. 2. Field photographs and close-up views on facies observed in the type-section. A)
Photographic panorama of the central portion of the Agadir Tissint Feija with the type section.
Lacustine sequences S1 and S2 are overlain by fluvial sandstones. Datum layers (L1-L8) are
located on the exposure. B and C) Successive cascades and pools forming a stepped fluvial
tufa system. This system was subsequently flooded by paleolake Tissint. D and E) Lacustrine
deposits made of clastic muds (D) or alternations of clastic and calci-muds (E). F and G)
Paludal lake shore deposits made of phytoherm boundstones (F) and showing moulds of
vertical stems (G). These deposits are intercalated between S1 and S2 and mark an important
lake shallowing and partial emersion phase between the two lacustrine intervals S1 and S2.
See Nutz et al. (2019) for detailed facies interpretations.

Fig. 3. Summary of sedimentary data, chronological constraints and inferred palaeoclimate
evolution for the ~75-10 ka time interval. Successive sed.men:ary systems are presented
through time (see details in Nutz et al., 2019) and the typr-section is shown with locations of
dated layers. Comparison with the insolation curve (Las.ar et al., 2004) shows that paleolake
Tissint coincides with a high insolation period at 6” ka, initiating just after the HE6 stadial
and interspersed by stadial HE5a.

Fig. 4. A) Map showing the main African h'/a. oraphic catchments and their hydrological
conditions at ~60 ka. AG, Aden Gulf; AM3, Ah..2t Mouydir Basin; ATF, Agadir Tissint Feija;
BC, Bosumtwi crater; CB, Chotts Basin; C'3B, Chew Bahir Basin; ChB, Chad Basin; ConD,
Congo river delta; NiD, Niger river u~lta; NileD, Nile river delta; DO, Dakhla Oasis; FB,
Fezzan Basin; TB, Timbuktu Basin; s Tamanrasset paleoriver mouth; TurB, Turkana Basin.
B) Compilation of humidity prox’es *or different locations of Africa (location. Fig. 4A). From
left to right, dust concentratio” in core ODP658C (Kinsley et al., 2021). TOC in the Congo
deep sea fan and Ba/Ca ratios ‘n the Congo and Niger deltas as marker of productivity and
salinity changes, respectiv.'v (Weldeab et al., 2007; Dalibard et al., 2014). Fe abundance in
the Nile delta as a pro.-v  * ine Nile River discharge (Ehrmann et al., 2016). K abundance in
lacustrine sediments of tt.e Chew Bahir basin (Schaébitz et al., 2021) as proxy of increase
alkalinity and salinity and by extension of lake level. 6D in core RC09-166 of the Gulf of
Aden (Tierney et al., 2017b) showing indication of rainfall intensity. Altogether, proxies
provide evidence for wetter conditions associated with the 60 ka centered peak of insolation
and suggest the establishment of an African Humid Period between 60 and 50 ka.

Table 1. Compilation of 22°Th/U and OSL ages used to date the L1 to L8 layers along the type
section. The new 2°Th/U age of L3 is based on a three-dimensional isochron calculated by
IsoplotR (Vermeesch, 2018) in the (28U/%2Th) — (2°Th/?®2Th) space, also called Rosholt
(Ludwig and Titterington, 1994). Regression uses a Maximum Likelihood estimation. Half
live values are given in Cheng et al. (2013). Concerning OSL dating of L6 and L7, burial
depth below topographic surface, water content (w.c.), radionuclide concentrations, total dose



rate to 180-250 um K-feldspar grains, equivalent dose, number of aliquots (n) and pIRIR200,290
age are indicated. Radionuclide concentrations were converted to beta and gamma dose rate
components using the conversion factors from Guérin et al. (2011). All uncertainties are given
at 1 standard error. The pIRIR200, 290 are not corrected from instability (e.g., Buylaert et al.,
2012).

Fig. S1. °Th-U isochron diagram of sample TI1SS-20-08. Results for the 5 analyzed aliquots
are plotted in the (28U/?%2Th) vs (2°Th/Z2Th) “Rosholt” space with IsoplotR (Vermeesch,
2018) using the maximum likelihood estimation for regression. Uncertainty of the isochron
age is given at the 95% confidence interval level (left) and expanded by the MSWD (right).
2 error ellipsoids are shown for each aliquot. The calculate « initial (3°Th/Z2Th) is also
provided.
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Highlight

U/Th and OSL ages date the occurrence of paleolake Tissint to between ~60 and ~50 ka.

African Humid Period related to a 60-ka-centered insolation peak derived from precession
variation.

Heinrich event 6 (~60 ka) delayed the onset of humidification in northwest Africa.

Heinrich event 5a (~55 ka) triggered short-term aridification in northwest Africa within the 60-50
ka humid interval.

The 60-50 ka AHP may have facilitated the 60 ka human dispersal out of Africa.
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