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Fluvial sediments of the middle Atbara River Valley, eastern Sudan, contain abundant vertebrate fossils and stone
tools. Previous work described two sedimentary units, the Butana Bridge Synthem (BBS) and the Khashm El
Girba Synthem (KGS), with three divisions each (BBS1-3 and KGS1-3, from bottom to top, respectively). 230Th/U
dating on bivalve shells suggested an age of ~126 and ~92 ka for the basal KGS2 and basal KGS3, respectively,
and mammalian biochronology in combination with magnetostratigraphy suggested an age of late Early to early
Middle Pleistocene for the underlying BBS. To establish a detailed chronology of this fluvial sedimentary
sequence, we collected 17 luminescence samples from both sides of the Atbara River close to the Butana Bridge.
Quartz OSL dating was applied to samples from the upper part of the profile (upper KGS2 and KGS3), but the
signal reached saturation within the upper ~10 m of the sequence. To select a suitable feldspar signal to date
older samples beyond the limit of the quartz OSL, a comparison of the quartz OSL, feldspar post-IR IRSL at 225
and 290 °C, and pulsed IRSL signal at 50 °C was conducted for a sample from KGS3. The result showed that only
the fading corrected pulsed IRSL yielded an age consistent with the quartz OSL, and the post-IR IRSL signals
(both at 225 and 290 °C) overestimated the quartz age significantly. We therefore selected the pulsed IRSL signal
to date the older deposits. The luminescence ages indicate that the entire BBS - KGS sequence was deposited
between 224 4 23 ka and <17 =+ 1 ka, corresponding to marine isotope stages (MIS) 7-2, significantly revising
previous conclusions.

Pleistocene

1. Introduction made in this region compared to contemporaneous sites in the nearby
East African Rift Valley (e.g. Clark et al., 2003; Potts et al., 2018).

The Atbara River is one of the major tributaries of the Nile in eastern The Pleistocene strata of the middle Atbara were described in detail

Sudan, originating from the Ethiopian Highlands (Fig. 1a). Its middle to
lower reaches comprise a narrow fluvial valley located between the Red
Sea Hills to the east and the Butana Desert to the west (Fig. 1b), with up
to 50 m thick fluvial sediments deposited on Cenozoic basalts, Creta-
ceous sandstones, or even older basement rocks. These fluvial sediments
contain vertebrate fossils and stone artefacts (Arkell, 1949; Abbate et al.,
2010), which indicate favourable environments existed for diverse large
mammals including hominins, although little investigation has been

* Corresponding author.
E-mail address: Sumiko.Tsukamoto@leibniz-liag.de (S. Tsukamoto).

https://doi.org/10.1016/j.quageo.2022.101312

by Abbate et al. (2010). They divided the fluvial sequence into the lower
Butana Bridge Synthem (BBS) and the upper Khashm EIl Girba Synthem
(KGS), which they separated by a major unconformity. The BBS was
divided into three ‘intervals’ (BBS1-3) and the KGS into three sub-
synthems (KGS1-3) separated by minor unconformities. 22*Th/U dating
of Etheria shells in channel fill sediments marking the bases of the KGS2
and KGS3 gave ages of 126.1 + 1.0 ka and 92.2 + 0.7 ka, respectively
(Abbate et al., 2010). Deposition of the KGS1 was correlated with the
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marine isotope stage (MIS)7 (243-191 ka; Lisiecki and Raymo, 2005),
while the KGS2 and KGS3 were correlated with MIS5 (130-71 ka;
Lisiecki and Raymo, 2005). No numerical chronology was obtained for
the BBS, but the age of the BBS1 was suggested to be Early Pleistocene
based on mammal biochronology, particularly based on the presence of
Hippopotamus cf. gorgops and Elephas recki recki. Five normal-polarity
palaeomagnetic samples from the BBS2 interval were assigned to the
Brunhes Chron, and therefore earliest Middle Pleistocene, while the
well-developed calcretes of the BBS2 and BBS3 were interpreted as
having spanned most of the Middle Pleistocene. Therefore, the overall
evidence suggested a late Early to early Middle Pleistocene age for the
entire BBS, with the unconformity between the BBS and KGS synthems
proposed to be around 100 kyr in duration. Deposition of the basal BBS
was also proposed to coincide with a humid interval (Abbate et al.,
2010).

Beginning in 2018, we restarted work in this underexplored area and
made new palaeontological, sedimentological, and archaeological dis-
coveries. A major focus of the current expedition has been the
improvement of geochronological control for the middle Atbara sedi-
ments exposed in the Butana Bridge area. This study reports lumines-
cence dates of 17 samples using both quartz and feldspar minerals, and
establishes a detailed chronology of the Pleistocene fluvial sequence of
the middle Atbara. The luminescence ages are also compared with
radiocarbon (}*C) and 23°Th/U ages from fossil shells and bones, after
applying screening criteria (Scholz and Mangini, 2007; Pasquetti et al.,
2021).

| B Atbara drainage basin
[ Nile drainage basin
| === Wwetlands

SAUDI ARABIA
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2. Stratigraphy and samples

2.1. Stratigraphy

The sedimentary sequence in the Butana Bridge area (Al Sharafa and
Al Shahateb on the west and east banks, respectively) was already
described in detail by Abbate et al. (2010). On both banks of the Atbara
the sedimentary sequence of about 40 m thick is exposed, indicating that
the river started to incise after the deposition of KGS3. The sediments are
subdivided by erosional unconformities and consist of fluvial sediments,
including river channel deposits and floodplain sediments with palae-
osols. Composite graphic logs of the sedimentary sequence at both Al
Sharafa and Al Shahateb are shown in Fig. 2.

The lowest sedimentary unit, BBS, consists of three intervals (BBS1-
3), which are particularly well developed in the Al Sharafa area on the
western bank of the Atbara River. Here, channel fills of massive, hori-
zontally or cross-bedded gravels form the basal interval (BBS1), with
minor intercalations of fine-grained floodplain deposits. The sedimen-
tary characteristics, along with the palaeocurrent directions inferred
from the clast imbrications and the dip directions of the cross-beds,
indicate unidirectional northward-flowing braided river channels with
strongly fluctuating or highly seasonal runoff. The overlying interval
BBS2 contains isolated gravelly channel fills at its base but consists
predominantly of silty and fine sandy floodplain deposits with calcar-
eous palaeosols. Compared to BBS1, these sedimentary features indicate
decreasing river runoff, greater channel stability and the presence of

Ethiopian
Highlands

Atbara

Lake Tana,

DR CONGO

_TANZANIA ™
C 3

Phanerozoic siliciclastic
sedimentary rocks

- Intrusive rocks

l:l Precambrian
metamorphic rocks

l:] Cenozoic sediments
- Cenozoic volcanic rocks

l:l Mesozoic carbonates

Fig. 1. Maps showing (a) the Atbara River drainage within the larger Nile Basin (modified after Williams, 2012), and (b) the geology of the study area. The star in (b)

shows the location of the study area.
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Al Sharafa
Butana Bridge West
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Al Shahateb
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Fig. 2. Composite graphic logs of the middle Atbara fluvial sedimentary sequence as exposed at Al Sharafa and Al Shahateb, near the Butana Bridge. The strati-
graphic position and age of the luminescence (red), C (green) and 2*°Th/U (purple) samples are also shown. Circles in half-green and half-purple are samples dated
using both 1C and 2*°Th/U methods. The samples of >>°Th/U ages in parenthesis did not fullfil the screening criteria, and the ages were regarded as unreliable.

stable floodplains over longer periods in a dry climate. BBS3 consists
mainly of fine sandy and silty ripple cross-bedded channel and flood-
plain sediments with isolated rhizoliths. These sediment characteristics
show that the channel runoffs remained low. In contrast to the sediment
sequence on the west bank of the Atbara River (Al Sharafa area), river
channel deposits dominate in intervals BBS2 and BBS3 on the east bank
(Al Shahateb area), while floodplain deposits are rare.

Unit KGS1 starts at the base with sandy-gravelly and predominantly
trough cross-bedded river channel deposits cut deeply into the BBS, and
which form fining-upward sequences and show lateral accretion sur-
faces. Higher in the unit, tabular to lenticular bodies of fine sands and
muds are intercalated, often showing features of soil development. The
sediment characteristics indicate that the sandy-gravelly sediments
represent primarily subaqueous dune and point bar deposits of
meandering rivers, whereas the fine-grained sediments represent
floodplain and oxbow lake deposits, which were partly subjected to soil
formation.

Unit KGS2 again begins at the base with sandy to gravelly and pre-
dominantly trough cross-bedded channel deposits, which are deeply
incised into the underlying KGS1. The channel deposits are overlain by a
sequence of laterally extensive fine sandy and silty sediments, into
which numerous horizons with carbonate concretions and pedogenic

slickensides are intercalated. Into the fine-grained sediments, isolated
channel fills of mainly ripple cross-bedded fine sand and silt are inter-
calated, many of which show lateral accretion surfaces. In addition, the
channels are bordered by laterally extensive ‘wings’, as already noted by
Abbate et al. (2010). Mud lenses and rhizoliths often occur within the
channel fills. Palaeocurrent directions are widely scattered, but the
mean flow direction lies between north and west. Overall, the sediment
characteristics indicate high-sinuosity meandering channels, although
often rather strongly stabilised. Together with the palaeosols interpreted
as fossil vertisols, this suggests a seasonal subhumid climate.

Unit KGS3 in the Al Sharafa area consists, at its base, of amalgamated
lenticular to tabular sandy-gravelly sediment bodies, each of which is
erosively bounded at its base, and which are generally overlain by
massive fine sandy and carbonate-bearing sediments. In the Al Shahateb
area, the KGS3 is predominantly built up of trough or ripple cross-
bedded sands with rare lateral accretion surfaces of point bar origin.
The channel deposits represent small stabilised channels of a braided
and most probably highly seasonal or ephemeral fluvial system. How-
ever, widely scattered palaeocurrent directions and rare point bar de-
posits suggest that high-sinuosity channels were also present. In addition
to the fluvial deposits, calcareous and weakly developed palaeosols also
indicate a relatively arid climate.
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2.2. Samples

A total of 17 samples for luminescence dating were taken from the
Butana Bridge area; 15 from Al Sharafa and 2 from Al Shahateb
(Table S1). The samples were collected by hammering opaque plastic
cylinders into cleaned outcrop surfaces, except Su32/2019 which was
collected at night by scraping sediment into a light-tight container.
Samples for dose rate measurements were collected separately using
sealed plastic bags and/or plastic containers. Additionally, 3 bone and 5
freshwater mollusc shell samples were collected for radiocarbon dating
and the same 5 shell samples were also dated using the *Th/U method
(Table S2). The stratigraphic positions of all samples are marked in
Fig. 2.

3. Luminescence dating
3.1. Instrumentation

All luminescence measurements were performed using two Risg TL/
OSL-20 automated readers equipped with both blue and infrared (IR)
LEDs as stimulation light sources, as well as a calibrated *°Sr/°°Y beta
source. The reader was also equipped with a pulsed stimulation
attachment, which enables the LEDs to be pulsed, and the signal to be
detected during the off-time of the stimulation light (Lapp et al., 2009).
The quartz optically stimulated luminescence (OSL) signal was stimu-
lated with the blue LEDs (470 nm) and detected through a 7.5 mm Hoya
U-340 filter. The feldspar infrared stimulated luminescence (IRSL) signal
was measured by stimulating with the IR LEDs (870 nm) and detected
through a combination of Schott 7-59 and BG39 filters, which transmits
violet-blue luminescence signal between ~380 and 460 nm. The pulsed
IR stimulation was performed with repetitive 100 ps on- and 400 ps
off-time for 500 s, for a total on-time of 100 s. The pulsed IRSL signal was
detected only during the off-time of the LED pulses, which started at
21.5 ps after the LEDs were switched off (Tsukamoto et al., 2017).

3.2. Luminescence sample preparation

The luminescence samples were sieved using sieves of 63, 100, 150,
200, 250 and 300 pm aperture sizes. For each sample, a grain size
fraction that yielded the largest amount of material was selected for
further pre-treatments. If a single sieved fraction did not yield enough
material (less than ~5 g), two to three fractions were merged together.
The selected grain size fraction for each sample is shown in Table S1.
The sieved samples were treated with 10% hydrochloric acid, sodium
oxalate, and 30% hydrogen peroxide to remove carbonate, aggregates
and organic matter, respectively. Finally K-rich feldspar grains were
separated using sodium polytungstate (SPT) solution between the den-
sities of 2.54 and 2.58. The quartz rich fraction was separated between
the densities of 2.62 and 2.70, and was etched by 40% HF for 1 h to
extract quartz. Multigrain aliquots for luminescence measurements were
made using 9.8 mm diameter stainless steel discs. Quartz and K-feldspar
grains with ~2 or 6 mm diameter were mounted on discs using silicone
oil as adhesive material.

3.3. Dose rate measurement

Samples were dried at 110 °C in an oven for 24 h. The dried sample
materials of either 700 g or 50 g were sealed into a Marinelli beaker or a
plastic container, and were used for the gamma spectrometry mea-
surements. The samples were stored for at least four weeks to ensure
equilibrium of 2*Rn. The gamma rays of the samples were detected
using an Ortec pure Ge N-type gamma spectrometer. The activity of
radionuclides was measured by gamma rays from *’K for K, 2!Pb and
214B; for U, and 2?®Ac, 2°°T1 and 2!?Pb for Th and converted to the
concentration of K, U, and Th. The environmental dose rate for each
sample was calculated using the dose rate conversion factors of Liritzis

Quaternary Geochronology 71 (2022) 101312

et al. (2013), beta attenuation factors by Guérin et al. (2012), and cos-
mic dose rate estimation following Prescott and Hutton (1994). The
in-situ water content was used to calculate the effects of moisture on the
dose rate. The mean burial depth was assumed from the sample position
within the composite sediment profiles (Fig. 2), and the half depth
considering +50% uncertainty (Table S1) was used. The alpha efficiency
and the internal K concentration for K-feldspar were assumed to be 0.09
+ 0.02 (Schmidt et al., 2018) and 12.5 + 0.5% (Huntley and Baril,
1997). The dose rates are summarised in Table S1.

3.4. Quartz OSL dating

The six uppermost samples from KGS2 and KGS3 were used for
quartz OSL dating. A standard single aliquot regenerative (SAR) dose
protocol for quartz OSL was applied for the OSL equivalent dose (D)
measurements (Murray and Wintle, 2000; Table S3a). To select a suit-
able heat treatment for the SAR protocol, a dose recovery test with
different preheat temperatures was conducted using Su51/2019. Ali-
quots were bleached using the blue LEDs within a reader at room tem-
perature for 300 s twice with the second bleach after a 10,000 s pause,
then a beta dose of 35 Gy was given. This artificial dose was used as a
surrogate natural dose. SAR protocols with preheat temperatures be-
tween 180 and 280 °C (10 s) with a cutheat of 20 °C lower than the
preheat were applied to test the ability of the protocol to recover the
given beta dose. The recovered to given dose ratio (dose recovery ratio)
was all close to unity between 0.97 and 1.03 except the preheat at 280 °C
with a ratio of 1.18. For the D, measurements, a preheat temperature of
260 °C (10 s) was selected, which gave the best dose recovery ratio of
0.99 + 0.02. The OSL signal intensity was calculated using the first 1 s of
the OSL signal minus the early background of the following 3 s. Between
16 and 24 aliquots for each sample were measured for the determination
of De and the mean value (+10 standard error) was calculated. All ali-
quots showing the recycling ratio and OSL IR depletion ratio (Duller,
2003) outside + 10% from unity was rejected.

The natural OSL signal of Su46,/2019 and Sul16/2020 (from KGS2)
was found to be close to the signal saturation level of the laboratory dose
response curve. For each measured aliquot of these samples, the calcu-
lated D value was compared with 2 times characteristic saturation dose
(Do) of the fitted dose response curve. For ten aliquots out of sixteen in
both samples, the D, value was larger than 2Dj. We therefore conclude
that the natural quartz OSL of these two samples was indistinguishable
from saturation, and a minimum age was given by the 2D, divided by
the dose rate. The quartz OSL ages are listed in Table 1.

3.5. Feldspar IRSL dating

To select the most suitable feldspar luminescence signal in this study,
the sample As12/2019 was measured with multiple signals and
compared to the quartz OSL age. The two commonly applied post-IR
IRSL protocols, with elevated temperature IRSL simulations at 225 °C
(termed pIRIRyy5; Thomsen et al., 2008; Buylaert et al., 2009) and at
290 °C (pIRIRygp; Thiel et al., 2011) were used, as well as the pulsed
IRSL signal at 50 °C (pulsed IR5p; Tsukamoto et al., 2017). The pIRIR
signal has been known to reduce anomalous fading, but the signal is
more difficult to bleach than the low temperature IRSL signal typically
measured at 50 °C (IRsg). Tsukamoto et al. (2017) showed that the
pulsed IRs signal is as bleachable as the continuous wave IRs and also
as stable as the pIRIR. The protocols are shown in Table S3b-d. For all
three protocols, a test of anomalous (athermal) fading was also con-
ducted using the method following Auclair et al. (2003). The fading rate
(82days-value) was determined, and both fading uncorrected and cor-
rected ages were calculated using the method of Huntley and Lamothe
(2001). The result indicates that only the fading corrected pulsed IRSL
signal agrees with the quartz OSL age (Fig. 3), whereas the fading cor-
rected pIRIRyo5 and pIRIRygy ages overestimated the quartz age by 46
and 54%, respectively. Although we currently have no firm evidence of



S. Tsukamoto et al.

Table 1
Equivalent doses and ages.
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Sample Quartz D, Quartz age Feldspar D, 8adays-value Recombination centre Fading uncorrected age Fading corrected age
(Gy) (ka) (Gy) (%/decade) density (ka) (ka)
Al Sharafa
Su53/2019 22 +3 19+3 25.7 + 1.4 2.7+0.3 1.9E-06 + 1.6E-07 14+1 17 +1
Su51/2019 23+3 21 +3 40.1+5.1 2.6 +0.2 1.7E-06 + 1.7E-07 20+ 2 25+ 2
Su133/2020 91 +3 62+ 4 98.3+ 2.0 1.3+£0.3 9.1E-07 + 2.1E-07 44 4 4 5845
Su46,/2019 >122 + 18 >72 + 11 131+5 3.1+0.3 2.1E-06 + 1.7E-07 56 + 5 92+8
Su115/2020 130+ 5 23+0.3 1.5E-06 + 2.0E-07 62+6 91+8
Su39/2019 265+ 9 1.9+ 0.3 1.4E-06 + 2.2E-07 92+ 10 134 + 14
SuSTS1/2019 268 + 10 2.4 +0.3 1.6E-06 + 2.0E-07 86+ 9 134 + 14
SuSTS2/2019 186 + 4 2.7+0.3 1.9E-06 + 2.1E-07 89+7 148 + 12
Su114/2020 243+ 8 2.7+0.3 1.8E-06 + 1.8E-07 82+ 10 132+ 16
Su32/2019 210+ 6 2.7+ 0.3 1.9E-06 + 1.7E-07 99 + 9 163 + 15
Su24,/2019 277 + 10 22+0.3 1.5E-06 + 2.2E-07 96 + 10 147 £ 15
Su23/2019 291 + 12 25+ 0.3 1.7E-06 + 1.7E-07 98 + 10 160 + 17
Su17,/2020 192+ 5 3.1+03 2.1E-06 + 2.1E-07 87+7 157 + 13
Su3/2019 246 + 10 2.9+0.3 2.0E-06 + 2.1E-07 112+ 10 195 + 18
Su16,/2020 249 + 14 3.0+0.3 2.0E-06 + 2.2E-07 126 + 13 224 + 23
Al Shahateb
AS12/2019 53+5 28 +3 54.6 + 1.5 23+0.3 1.5E-06 + 1.7E-07 2241 27 +2
Su116/2020 >112+7 >75+7 124+ 3 2.0+0.3 1.4E-06 + 2.0E-07 57+6 81+9
temperatures, with a tendency of increasing ratio with the temperature.
® Uncorrected age However, t.he fading rate also slightly increased with the preheat tem-
Quartz OSL O Fading corrected age perature with the gagays-values from 1.95 + 0.18% for 230 °C to 2.32 +
0.09% at 270 °C and 2.29 + 0.13% at 290 °C. We selected the preheat
temperature of 230 °C for the pulsed IR5( protocol, because of the lower
fading rate and acceptable dose recovery ratio.
Pulsed IR50 @ The signal intensity of the pulsed IRsy was calculated by the initial
20 s of the signal minus the last 30 s (the initial 4 s and the last 6 s of the
LED on-time). The dose recovery test for the applied pulsed IRs5( protocol
was also conducted for all samples, and the mean dose recovery ratio
pIRIR225 ——+O—1 was 0.92 + 0.01, which is in the acceptable range (Fig. 4c). A fading test
was conducted for all samples, and the goqays-value as well as the
recombination centre density (Huntley, 2006) was calculated.
Twelve aliquots per sample were used for the D, measurements. The
pIRIR290 —@—+—+—O— D, values and fading uncorrected ages of three young samples from
KGS3 (Su51/2019, Su53/2019 and AS12/2019) were calculated using
T T T T T T the arithmetic mean of 12 aliquots obtained from the standard SAR
15 20 25 30 35 40 45 50 . . .
procedure. The ages were fading-corrected following Huntley and
Age (ka) Lamothe (2001), because the natural pulsed IRs5, of these samples are

Fig. 3. Comparison of quartz OSL, feldspar pIRIR;35 and pIRIRygo, and pulsed
IRso ages of AS12/2019.

the cause of the overestimation of the pIRIRyy5 and pIRIRyg¢ ages, a
plausible explanation is incomplete resetting of the pIRIR signal before
deposition, since the pIRIR signal needs much longer time to be bleached
compared to the low temperature IRso signal (Colarossi et al., 2015;
Tsukamoto et al., 2017).

For relatively young samples (<30 ka) used by Tsukamoto et al.
(2017), all measurement performances of the pulsed IRsq signal (with a
preheat of 250 °C for 60 s) were satisfactory. However for older samples,
a poor dose recovery ratio of ~0.80 was reported (Li et al., 2018). We
therefore compared the performance of the pulsed IRsg protocol in terms
of anomalous fading rate and the dose recovery ratio, applying different
preheat temperatures between 230 and 290 °C with 20 °C increments
(60s) for Su39/2019. For the dose recovery test, aliquots were bleached
using a solar simulator (Honle SOL2) for 4 h. A beta dose of 246 Gy was
given for all aliquots and the pulsed IRso protocol was used to measure
the applied dose. Three aliquots for each preheat temperature were
used. A fading test was also conducted using the same set of preheat
temperatures using six aliquots. The results are shown in Fig. 4a and b.
The dose recovery ratios fell in the range of ~0.9-1.0 for all

still in quasi-linear part of the dose response curve. For all the other
samples, three aliquots for each sample were used to construct the full
dose response curve, and the remaining aliquots were measured only for
the natural signal and a test dose signal (L, and Ty). A standardised dose
response curve for each sample was used to calculate the unfaded and
simulated natural dose response curves for the fading correction method
of Kars et al. (2008) using the R Luminescence Package. D, values,
fading uncorrected and corrected ages are summarised in Table 1.

4. Radiocarbon and 2°°Th/U dating

Radiocarbon dating of all 8 samples (3 bone, 5 freshwater molluscs)
was performed at the Leibniz-Laboratory for Radiometric Dating and
Stable Isotope Research, Kiel, Germany, using the type HVE 3 MV
Tandetron 4130 accelerator mass spectrometer (AMS). Since the bone
samples (19-129, 19-132, 19-134) did not contain collagen, the mea-
surement was conducted on the carbon fraction of the bioapatite, after
removing contaminated calcite using acetic acid. '*C age, 8'3C, and
calibrated 'C ages using Intcal20 (Reimer et al., 2020) are summarised
in Table S4.

230Th/U dating of the same 5 shell samples was carried out by Isobar
Science, using Thermo Fisher Neptune PlusTM multi-collector induc-
tively coupled plasma mass spectrometry (MC-ICP-MS), and the data are



S. Tsukamoto et al.

(a)

0.9+ ins =

Dose recovery ratio
(=5
1
H
H
H
H
H
H
H
H
H
H
H
H
hei

0.8

0.7 T T T T T T T
220 230 240 250 260 270 280 290 300

Preheat temperature (°C)

(©)

15

104

Count

0_ L
0.70 0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20
Dose recovery ratio

Quaternary Geochronology 71 (2022) 101312

(b)

3.0

254

E '

Godays Value (%/decade)

1.0 T T T T T T T
220 230 240 250 260 270 280 290 300

Preheat temperature (°C)

(d)

Natural
signal

Fading corrected De

Normalised luminescece intensity
w
1

T T T T
0 500 1000 1500 2000 2500
Dose (Gy)

Fig. 4. Pulsed IRs( signal characteristics. (a) Dose recovery ratio and (b) fading rate of Su39/2019 at different preheat temperatures, (c) dose recovery ratio of all
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shown in Table S5. The aragonite/calcite ratio of the shell samples was
determined by X-ray diffractometry at Technische Universitit Berlin
(Table S4 and S5).

5. Chronology results

For the uppermost part of the Al Sharafa and Al Shahateb sections,
where both quartz OSL and fading corrected K-feldspar pulsed IR5q ages
were obtained, the ages from the two minerals are in good agreement
(Table 1, Fig. 2). Since the bleachability of the IRsq signal is more than
an order of magnitude slower than the quartz OSL signal (e.g. God-
frey-Smith et al., 1988; Murray et al., 2009), the agreement indicates
that both signals were well bleached before burial and the ages are
reliable. The quartz OSL signal, however, reached saturation at ~70 ka
(~120 Gy). We therefore relied on the fading-corrected pulsed IRs5( ages
(Table 1, Fig. 2) to determine the chronology of the Pleistocene middle
Atbara sediments.

The shell samples dated using *C and 2**Th/U methods were orig-
inally aragonite but contained varying amounts of calcite due to
diagenesis (1-78%, Tables S4 and S5). Diagenesis of aragonite to calcite
can significantly affect both 1*C and 22Th/U ages, therefore a selection
of reliable results is necessary. Scholz and Mangini (2007) listed several
screening criteria for corals for 22°Th/U dating, and two of these could
be applied to freshwater aragonitic shells: 1) 232Th concentration lower
than 2 ppb, and 2) calcite content lower than 2%. More recently,

Pasquetti et al. (2021) developed criteria for selecting reliable ages from
large numbers of published 2*°Th/U data from the Mediterranean Sea,
and those applicable to aragonitic shells were: 1) calcite content lower
than 3%, 2) 238U concentration of less than 1%, and 3) 2°°Th/?%2Th
activity ratio larger than 40. None of our dated shell samples fulfils these
criteria and the ages could not be considered as reliable (Table S5).

We also applied the criterion of the calcite content for shells for **C
dating, because when aragonite is recrystalized to calcite, carbon atoms
should be replaced by modern carbon. Only the sample Su 131N/2020
has less than 3% calcite content, and therefore the 1*C age of this sample
should be reliable. We regard other **C dates from shells as minimum
ages.

The remaining 3 samples (19-129, 19-132, 19-134) for *C dating
are fossil bones. Cherkinsky (2009) and Zasso and Saliege (2011) sug-
gested that bioapatite could be a suitable material for *C dating. They
compared 1*C ages obtained from different materials from the same
bone samples (collagen, bioapatite of calcined and non-calcined bones)
and found that these were generally in agreement for samples from
Africa and the Arabian Peninsula in arid environments. We therefore
regard the bone 1“C ages as reliable, although there are no established
quality assessment criteria for bioapatite. All luminescence, *C and
230Th/U ages from Al Shahateb are plotted in Fig. S1. The selected and
rejected ages according to the screening are shown in filled and open
symbols, respectively. The selected ages are internally and strati-
graphically consistent, whereas the rejected ages are widely scattered,
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indicating the validity of the screening, as well as the reliability of the
selected dataset.

The pulsed [R5 ages of samples from BBS intervals 1 and 2 indicate
an age of 224 + 23 to younger than 157 + 13 ka, corresponding to MIS7
and MIS6. The pulsed IRs ages of all 6 samples from KGS1 show high
overlap, and are consistent with a range from 163 + 15 to 132 + 16 ka,
corresponding to MIS6. According to our luminescence chronology
therefore, there is no significant age gap between the KGS and BBS
synthems, contrary to the findings of Abbate et al. (2010).

The age of the KGS2 spanned from 134 + 14 ka to younger than 58
+ 5 ka, as determined by four samples from the Al Sharafa section. The
age of Sull6,/2020 from a channel about midway in the KGS2 at Al
Shahateb is 81 + 8 ka, which is also consistent with two samples in the
Al Sharafa section from a similar depth (91 + 8 ka). The depositional
period of KGS2 therefore corresponds to MIS5 to MIS4 or 3. The 23°Th,/U
age of a shell at the bottom of KGS2 (126 + 1ka) by Abbate et al. (2010)
is consistent with our pulsed IRsy age of Su39/2019 (134 + 14 ka),
though we are unable to fully assess whether this sample passes our
screening criteria.

The pulsed IRsy ages as well as three bone '*C ages from KGS3
indicate that this unit spans from 27 + 2 ka to younger than 17 + 1 ka
and can therefore be correlated to MIS2. This is in contrast to the results
of Abbate et al. (2010), who correlated the base of the KGS3 to MIS5¢
using a?3Th/U age of 92.2 + 0.7 ka. However, this sample does not
fullfil our streening criteria, because the 238U concentration exceeds 1%
(Table 5 of Abbate et al., 2010). The shell sample Sul31N/2020 was
collected from a surface scatter that included shells, lithics, and ce-
ramics, located high up on KGS3 sediments at Al Shahateb. Its C age
(4.4 £ 0.1 cal ka BP, Table S4) suggests this assemblage may correspond
to the Holocene occupations described from this region by Marks
(1987). Since this was a surface find, however, the exact relationship to
the rest of the sequence is unclear.

6. Discussion

The mean palaeocurrent directions derived from the palaeocurrent
indicators in the BBS and KGS suggest that the headwaters of the rivers
were predominantly located in the south and east, i.e. in what is now the
northern Ethiopian highlands and Eritrea (Fig. la). Therefore, we
discuss the chronology of the fluvial sedimentation of the BBS and KGS
in view of the climate of the headwater area, and compare with the
chronologies of the Blue Nile, as well as with that of the Omo River, in
southern Ethiopia, since the Atbara, Blue Nile and Omo share a common
watershed divide near Lake Tana (Fig. 1a).

Precipitation in the Ethiopian highlands is dominated by the summer
monsoon, when the Intertropical Convergence Zone (ITCZ) shifts
northwards in boreal summer. Intensified monsoonal precipitation over
East Africa leads to high Nile runoff into the eastern Mediterranean,
resulting in the deposition of organic-rich muds, called sapropels (Ros-
signol-Strick et al., 1982). Occurrences of Mediterranean sapropel units
over the last ~240 ka (S9 to S1) are believed to have coincided with
insolation maxima in the northern hemisphere (Rossignol-Strick, 1983).
(Ages and numbers of the sapropel units follow Lourens et al. (1996).)
More recently, insolation maxima were shown to also match with the
precipitation index (leaf wax hydrogen isotopes) from Chew Bahir lake,
and that these were mainly controlled by orbital precession at a 21 kyr
cycle (Lupien et al., 2022).

The correlation between Nile flooding and Mediterranean sapropel
formation was further confirmed by a chronology of extreme flooding
episodes along the Nile River, and which were synchronous with sap-
ropel units S5 (~124 ka) to S1 (~8 ka, Williams et al., 2015). A temporal
correlation between flood sediments and older sapropel units — S9
(~240 ka) to S6 (~172 ka) — was less clear, but this was due to the
larger uncertainty of the quartz OSL dating (Williams et al., 2015).

The Middle to Late Pleistocene sediments of the Omo River, i.e. the
Kibish Formation, have been studied extensively and have produced
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Fig. 5. Comparison of pulsed IRso ages from the Middle Atbara, quartz OSL
ages from the Blue Nile channels (Williams et al., 2015), OAr/3Ar ages of
intercalated tephras in the Kibish Formation (Omo River, McDougall et al.,
2005; 2008) and the timing of eastern Meditranian sapropels (Lourens et al.,
1996; Vidal et al., 2022). Oscillations of the low latitude insolation in summer
(June) is also shown (Lasker et al., 2004).

important fossils of early Homo sapiens, namely the crania Omo I and
Omo II. The Kibish Formation was divided into 4 Members (from bottom
to top, I-IV). Members I and III were dated to ~196 and ~104 ka,
respectively, based on “°Ar/3°Ar dating of tuffs within them, and these
were then correlated to sapropel units S7 (~195 ka) and S4 (~102 ka),
respectively (McDougall et al., 2005; 2008). However, this correlation
was recently questioned by the dating of a tuff in Member II to 233 + 22
ka, indicating that Member I must be older, and shedding doubt on the
proposed correlation of Kibish Member deposition with Mediterranean
sapropel units (Vidal et al., 2022).

Due to the relatively large uncertainty of the fading corrected pulsed
IRsp ages of the middle Atbara sediments, one-to-one correlation be-
tween individual sapropel units and higher energy deposits of the BBS
and KGS is difficult. Nevertheless, the ages of the higher energy beds the
BBS, KGS1 and KGS2 are broadly consistent with precession cycles, and
with the ages of S9 to S2 (Fig. 5). It is also interesting to note that the age
range of the eastern Mediterranean sapropels (S9 — S1), high-energy
fluvial sediments deposited under humid climate of the Middle
Atbara, Nile and Omo rivers are similar, starting from ~240 ka. The
deposition of these sediments may be triggered by a climatic shift in
their catchments with an increase in runoff. This period coincides with
increased amplitude of low latitude insolation (Lupien et al., 2022).

7. Summary

New luminescence ages suggest the entire BBS and KGS sequence
exposed along the middle Atbara River was deposited between 224 + 23
ka and <17 + 1 ka. For the KGS3, the quartz and feldspar pulsed IRsg
ages showed excellent agreement, confirming the reliability of the
applied protocol. The luminescence age of each unit was determined as
~220-160 ka (BBS), ~160-130 ka (KGS1), ~130-60 ka (KGS2), and
~30 - <17 ka (KGS3), indicating a continuous sequence of deposition
through the late Middle and Late Pleistocene, with episodes of high-
energy deposition possibly correlated with periods of high Nile
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discharge and sapropel formation in the Mediterranean.

Our results significantly revise the chronology of the middle Atbara
River Valley. We confirm Abbate’s et al.’s (2010) interpretation for the
relatively young age (i.e. <200 ka) of Acheulean assemblages in the
KGSL1. In contrast to these authors, we find that the underlying BBS is
entirely late Middle Pleistocene in age, and that no major time uncon-
formity exists between it and the overlying KGS. Additionally, we find
that the KGS 2 and KGS 3 span a much longer interval than previously
proposed, from ~130 ka to younger than 17 ka. The sedimentary se-
quences of the middle Atbara therefore have high potential for the
reconstruction of archaeological and faunal dynamics in the middle Nile
Basin over the last 200 kyr.
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