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Highlights

e Pleistocene pedogenic carbonates in eastern Sudan are mainly calcretes and nodules.
e Aninitially semi-arid climate that became more humid and then semi-arid again.

e A mixture of Cs and C4 vegetation cover was present.

e Mean annual precipitation was likely greater than 350 mm/yr and similar to today.

e Calcretes formed in floodplains in a climate similar to that in East Africa.
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Abstract

Pedogenic carbonates can provide important information regarding paleoclimatic conditions.
Compared with East Africa, Pleistocene pedogenic carbonates in Sudan, particularly calcretes,
have received very little attention, particularly with regard to local paleoclimatic
reconstructions. Pleistocene alluvial sediments aged from ~230 to <17 ka were deposited
along the middle Atbara River in eastern Sudan. Intercalated in these alluvial deposits are
paleosols in which different types of pedogenic carbonates occur. Petrographic, mineralogical

and isotopic analyses were performed to reconstruct the regional paleoenvironmental
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conditions. The investigated pedogenic carbonates are appropriate for paleoclimatic
reconstruction because they are free of inherited carbonate and diagenetic modification. The
paleosols identified in a previous study as Aridisols/Calcisols contain calcrete horizons that
consist of an orthic nodular horizon, sometimes overlain by a laminar horizon. Paleosols
identified as Vertisols contain slickensides, and disorthic and septaric nodules. The paleosols
show stable carbon and oxygen isotope values ranging between -9.12 and -5.12 %o, and
between -7.25 and -4.09 %o, respectively. Supporting the previous study, the inferred climatic
conditions were arid to semi-arid, with a mixture of C3 and C4 vegetation cover, and
paleoprecipitation greater than 350 mm/yr, similar to that of the present-day, with likely
higher rainfall during the formation of Vertisols than Aridisols/Calcisols. The thickness and
morphology of Pleistocene calcretes in eastern Sudan are similar to those in East Africa,
suggesting similar climatic conditions during their formation. Well-and weakly-developed
calcretes in Aridisols formed in distal and proximal floodplains, respectively, whereas well-

developed vertic horizon in Vertisols formed in distal floodplains.

Keywords: Pleistocene, pedogenic carbonates, Sudan, East Africa, paleoclimate.
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1. Introduction

Pedogenic carbonates develop in soils as rhizoliths, nodules, and calcretes, from geogenic
carbonate parent materials, biogenic carbonates and previously formed pedogenic carbonates
(Zamanian et al., 2016; Durand et al., 2018). Rhizoliths are organosedimentary structures
resulting in the preservation of roots in mineral matter (Klappa, 1980). They formed by mass
flow of water with soluble Ca?* towards the root and precipitation of calcium carbonate along
the root (Zamanian et al., 2016). Nodules are formed by the impregnation of the soil matrix
with calcium carbonate at specific locations (Durand et al., 2018). They occur in a wide
variety of forms, nodules with diffuse or irregular boundaries are orthic, those with sharp
boundaries are disorthic, and anorthic nodules are characterized by different fabrics from the
groundmass (Wieder and Yaalon, 1974; Stoops, 2021). Calcretes are surface-near
accumulations of calcium carbonate, where vadose and shallow phreatic groundwater become
saturated in calcium carbonate (Wright, 2007). Calcrete formation occurs in soil profiles,
bedrock, and sediments in various forms, ranging from powdery to indurated (Wright and
Tucker, 1991; Wright, 2007). Netterberg (1969, 1980), Esteban and Klappa (1983) and
Goudie (1983) provided a morphological classification for calcretes based on their
development in the soil profile. The early stage of calcrete formation begins with a calcareous
soil or a chalky horizon (Goudie, 1983), which, over time, passes to a nodular horizon, to a
hardpan, and later to boulder or pisolithic calcrete. These maturity-related stages are similar to
those of the Gile et al. (1966) and Machette (1985) models, in which six stages -ranging from
| to VI- of calcrete development were identified based primarily on the texture of the parent
material and carbonate accumulation. Pedogenic carbonates form in a variety of climates,
particularly in semi-arid to arid areas, where the carbonate sources in the soil profile are
dissolved. The dissolved Ca?* ions are translocated by water movement in various directions,

whether downward (leaching) or upward (capillary rise), and when the supersaturation of the
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soil solution with CaCO3 takes place due to evapotranspiration and decreasing pCO- in the
soil air, pedogenic carbonate is precipitated (Zamanian et al., 2016). Pedogenic carbonates are
important proxies of paleoenvironmental changes (Durand et al., 2018). Mesozoic and
Cenozoic calcretes form important archives for paleoclimatic and paleoenvironmental
reconstruction (Horn et al., 2013; Kaplan et al., 2013; Khalaf and Al-Zamel, 2016; Srivastava
et al., 2019; Valera-Fernandez et al., 2020; Jarraya et al., 2024). Neogene to Holocene
calcretes in East Africa were morphologically described and used to reconstruct paleoclimatic
conditions during their formation and typically indicate semi-arid conditions (Cerling et al.,
1977; Hay and Reeder, 1978; Cerling and Hay, 1986; Levin et al., 2011; Owen et al., 2014;
Felske, 2016).

In Sudan, pedogenic carbonates, particularly calcretes have received less attention
than those in East Africa. Dawelbeit et al. (2019) suggested that the nodular and tabular (root)
calcretes in Late Pleistocene-Holocene aeolian and palustrine limestone deposits in the
Kordofan region of western Sudan formed in an arid and humid climate, respectively. Sasso et
al. (2018) pointed out that a calcrete horizon in Aridisols on the western bank of the White
Nile in central Sudan consists of nodular and powdery calcretes of Early and Middle
Holocene age. The former indicates short arid phases during generally wetter climate
conditions and the latter indicates more humid phases than the climatic conditions in which
the nodular calcrete was formed. Modern Vertisols, Entisols, Aridisols, and Alfisols in
Central Sudan are characterized by pedogenic carbonates in the form of spots, powder and
nodules, particularly Aridisols contain calcic and petrocalcic horizons (Blokhuis et al., 1969;
Buursink, 1971; Blokhuis, 1993). Investigation of Pleistocene calcretes in Sudan in terms of
their stage of development and paleoclimate significance and comparing them with their
counterparts in East Africa can provide a better understanding of the environmental history of
the region during this period. Pleistocene alluvial sediments, dated from ~230 to <17 ka, are

exposed with a maximum thickness of 50 m along the middle stretches of the Atbara River in
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eastern Sudan (Abbate et al., 2010; Tsukamoto et al., 2022), which is the last major tributary
of the Nile before it flows to the Mediterranean. Intercalated in these alluvial sediments are
paleosols, characterized by either pedogenic carbonates or pedogenic carbonates and
slickensides. The paleosols were previously identified as Aridisols/Calcicsols and Vertisols
indicating an arid to semi-arid and a seasonal humid climate, respectively (Mohammednoor et
al., 2024). The given age ranges of Aridisols/Calcisols are 212 + 18-187 + 15 ka, 166 + 11-
164 £ 11 ka, 161 + 11-160 + 11 ka, 148 + 11-145 + 11 ka and 22 + 3 to ~14 ka, and Vertisols
are 123 £ 10-114 + 10 ka, 98 = 10-90 £ 10 ka and 64 + 9-40 £ 7 ka (Mohammednoor et al.,
2024).

Here, we studied pedogenic carbonates, particularly calcretes in the Pleistocene
alluvial sediments of the middle Atbara River by using petrographic, mineralogical, and
isotopic analyses. This investigation aimed to reconstruct the paleoclimate and paleolandscape
of the study area. It supports and supplements the results of Mohammednoor et al. (2024)

regarding the Pleistocene paleoclimate in the study area.

2. Environmental Setting

The study area is located along the Atbara River near the Butana Bridge, north of Khashm El
Girba (Fig. 1). The study area lies on the northern rim of the Cretaceous Gedaref Basin
(Eisawi and Schrank, 2009), which is surrounded by Precambrian rocks (Fig. 1). During the
Cenozoic, basaltic lava flows, dikes, and sills formed in the Gedaref Basin, in connection with
the uplift of the Ethiopian highlands and widespread flood basalt volcanism (Vail, 1988).
Since the Middle Pleistocene, precursor rivers of the modern Atbara River have incised into
the Cretaceous sediments and the Cenozoic volcanics. The alluvial deposits of these rivers
contain several erosional unconformities, which indicate multiple periods of river incision.

Based on these unconformities, Abbate et al. (2010) divided the sedimentary sequence into
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two major sedimentary units: the older Butana Bridge Synthem (BBS) and the younger
Khashm EI Girba Synthem (KGS), which were subdivided into three intervals (BBS1-3) or
subsynthems (KGS1-3). Each subsynthem comprises sandy to gravelly channel deposits at the
base, overlain by fine-grained floodplain deposits containing paleosols and low-thickness
channel deposits (Fig. 2). Due to the incision of the present-day Atbara River into the
sediments after the deposition of the KGS3 unit, the entire sedimentary sequence from the
BBS to the KGS3, with a thickness of approximately 40 m, is now exposed along the middle
course of the river around Khashm El Girba.

Luminescence dating revealed ages of ~220-160 ka, ~160-130 ka, ~130-30 ka and
~30- < 17 ka for the BBS1-3, KGS1, KGS2 and KGS3, respectively (Tsukamoto et al., 2022;
Fig. 2), reflecting that the deposition was continuous with no major gaps between the
sedimentary units.

Today, the region’s climate is semi-arid, with a mean annual temperature of 28°C and
mean annual rainfall ranging from ~400 to ~600 mm (Buursink, 1971; Blokhuis, 1993;
Mirghani, 2002). The vegetation cover is a woodland savanna mainly characterized by trees
and bushes of Acacia mellifera (Harrison and Jackson, 1958; Abdelmalik et al., 2024).
Modern Vertisols, Entisols, Aridisols and Alfisols are present, with wide occurrence of

Vertisols (Buursink, 1971; Blokhuis, 1993; Williams, 2019).

3. Materials and Methods

3.1. Field methods

Pedogenic carbonates from the Pleistocene paleosols, intercalated with alluvial sediments
(Fig. 2) along the Atbara River, were investigated in the surroundings of the Butana Bridge

near the village of Al Sharafa. Paleosols were examined in the field, and those characterized
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by the most representative pedogenic features were selected for investigation and sampling
(Fig. 2). Paleosol profiles were measured and described (Fig. 3). Sampling locations for the
BBS2, BBS3, KGS1 and KGS3 Aridisols/Calcisols were, respectively: 15° 04’ 39.3" N, 35°
57'29.2" E; 15° 04' 38.6" N, 35° 57' 29.5" E; 15° 04' 26.1" N, 35° 57' 31.5" E; 15° 04' 28.7"
N, 35°56' 29.1" E, and for the KGS2 Vertisol: 15° 04' 57.3" N, 35° 56' 56.4" E. 14 samples of
pedogenic carbonate were collected from investigated paleosol profiles for carbonate content
determination and bulk mineralogical, micromorphological, and isotopic analyses (Table 1;
Fig. 3). The color of the paleosols was determined using the Munsell Capsure Color Matching
Tool RM200SOIL, and calcareous rhizoliths were classified as root casts and root
petrifications following Klappa (1980). In February 2022, a sample of local groundwater from
the Butana Bridge area and four samples of Atbara River from the Butana Bridge area and
further south in the Khashm EI Girba and Wadi Turk areas were collected for isotopic
analysis (Table 1). Eight blocks of undisturbed oriented paleosol samples were extracted from
BBS2 and KGS (1-3) paleosols for micromorphological analysis (Table 1; Fig. 3).

Nodular calcretes were identified as consisting of discrete nodules embedded in a less
carbonate-rich matrix, and laminar calcretes as consisting of indurated sheets with abundant
rhizoliths, usually, but not always, overlain by indurated rock (Netterberg, 1980; Esteban and
Klappa, 1983; Goudie, 1983). To describe the stages of calcrete development, the
classifications proposed by Gile et al. (1966) and Machette (1985) were used.

The classification of boundaries between calcrete horizons, size and abundance of

calcareous nodules and size of blocky peds follows the Soil Survey Staff (2017).

3.2. Laboratory methods

3.2.1. Carbonate content
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The carbonate content of the pedogenic carbonates was determined following the “Karbonat-
Bombe” method based on Muller and Gastner (1971). For the carbonate content of the matrix

in the calcrete horizons, see Mohammednoor et al. (2024).

3.2.2. X-ray diffraction (XRD)

XRD was used in identifying the bulk mineralogy of pedogenic carbonates; the bulk
mineralogy of the paleosols was previously analyzed by Mohammednoor et al. (2024).
Samples were pulverized using a McCrown mill, mounted on a silicon crystal holder, and
measured with a Burker D2 diffractometer using Cu- Ka radiation and operated with 30 kV
and 10 mA. Diffraction data was recorded from 3° to 80° 20 with a step width of 0.02° and a
time of 0.5 s per step. The DIFFRAC.SUITE EVA (Bruker) software, equipped with the PDF-
4 mineral database, was used to identify the minerals from the positions of the diffracted
peaks. The peak position of the quartz (101) at 26.644° 26 was used to correct the peak
positions. The magnesium content of calcite in the pedogenic carbonates was determined by
measuring the position of the dios peak of calcite in the diffractogram, which displaces

depending on the MgCOz content in the calcite lattice (Goldsmith et al., 1961).

3.2.3. Optical microscopy

Pedogenic carbonate and oriented paleosol samples were sawed into blocks and immersed in
Araldite 2020 epoxy resin. After removing excess resin and to obtain a flat surface, samples
were ground smooth on one side using grinding plates, and then manually lapped. The
samples were then glued onto a 1500 pm thick glass slide and sawed using Conrad WOCO
rock saw, ground to a thickness of ~1700 pum (sample and glass) with a MPS grinder, lapped

with a Logitech machine to a thickness of ~1525 um and finally polished. The thin sections
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were examined micromorphologically using a Zeiss Axioplan polarizing microscope equipped
with a Leica Flexacam C3 digital camera. To identify pedogenic features, we followed the
guidelines of Wright and Tucker (1991), Durand et al. (2018), Kovda and Mermut (2018) and

Verrecchia and Trombino (2021).

3.2.4. Pedogenic carbonate carbon (8'3C) and oxygen (8'20) isotopic analysis

The isotopic composition of pedogenic carbonate can be used as a paleoclimatic and
paleoecological indicator (Cerling, 1984). The §*3C value of soil carbonate is controlled by
the relative abundance of Cs, primarily trees and shrubs, and C4, mainly grasses and sedges,
plants in the local vegetation that grew in the soil during the period of pedogenic carbonate
formation (Cerling and Quade, 1993). The &0 value of pedogenic carbonate is related to the
5180 value of the meteoric water from which it is derived and the temperature of carbonate
mineral crystallization (O’Neil et al., 1969; Cerling, 1984). Isotope measurements were
conducted on pulverized pedogenic carbonate and water samples at the Museum fir
Naturkunde, Leibniz Institute for Evolution and Biodiversity Science.

For oxygen and carbon isotope measurements of pedogenic carbonate samples,
approximately 100-400 micrograms of sample material were put into a clean 10 ml exetainer.
After sealing the exetainer with a septum cap (caps and septa for LABCO exetainer 438b) the
remaining air was removed by flushing the exetainer with helium (4.6) for 6 minutes at a flow
of 100 ml/minute. After flushing, approximately 30 microliters of anhydrous phosphoric acid
were injected through the septum into the sealed exetainer by using a disposable syringe and
left for approximately 1.5 hours of reaction time at 50°C.

The oxygen and carbon isotopic composition in the CO> in the headspace were
measured using a Thermo Fisher Scientific GASBENCH |1 coupled online with a Thermo

Fisher Scientific DELTA V isotope ratio mass spectrometer. Reference gas was pure CO: (4.5)
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from a cylinder calibrated against the Vienna PeeDee Belemnite (VPDB) using International
Atomic Energy Agency (IAEA) reference materials (NBS 18, NBS 19). Isotope values are
shown in the conventional delta-notation (*¥0, 3C) in per mil (%o) relative to the VPDB. The
reproducibility of replicate measurements of lab standards (limestone) is generally better than
0.10%o (one standard deviation).

Stable isotope ratios of oxygen (*30/*°0) in water samples were measured with a
PICARRO L1102-i isotope analyzer. The L1102-i is based on the wavelength-scanned cavity
ring down spectroscopy technique (WS-CRDS; Gupta et al., 2009). Measurements were
calibrated by the application of linear regression of the analyses of IAEA calibration material
Vienna Standard Mean Ocean Water (VSMOW), Vienna Standard Light Antarctic
Precipitation and Greenland Ice Sheet Precipitation. The stable isotope ratio of oxygen is
expressed in the conventional delta-notation (*0) in permil (%o) versus VSMOW. For each
sample, 6 replicate injections were performed, and the arithmetic average and standard
deviations (1 sigma) were calculated. The reproducibility of replicate measurements is
generally better than 0.1 %o for oxygen.

The proportion of C4 biomass in the study area was calculated based on 5*°C values of
the studied pedogenic carbonates and the average §**C values of Cs and C4 plants, which are -
27 %o and -12 %o, respectively (Cerling et al., 1997), using the following linear mixing
equation (Eg. 1; Fox and Koch, 2003):

X*Cy+(1-X)*Ca= 63Ccacos-15.5%o (1)
where X is the C4 %.

The fraction of woody cover (fuc) was estimated based on §*3C values of the studied
pedogenic carbonates using the following equation (Eqg. 2; Cerling et al., 2011):

fuc [5in(-1.06688-0.08538(5**Ccacos-14))1>  (2)
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4. Results

4.1. Field description

The BBS and KGS paleosols in the outcrops were identified in the alluvial sediments that
contain them by coloration, presence of pedogenic carbonates (calcareous nodules, root casts
and calcretes), slickensides and soil peds (Fig. 2). The base of BBS2 contains two paleosol
profiles in which horizons of calcretes are present. The basal and upper parts of the BBS3
interval are also distinguished by calcretes-bearing paleosol profiles. The middle part of unit
KGS1 contains two paleosol profiles marked by calcretes and blocky peds. The multiple
paleosols intercalated in unit KGS2 exhibit well-developed vertic features and calcareous
nodules. A calcrete-bearing paleosol is present in the upper part of unit KGS3. The paleosols
are organic-matter-poor and comprise only B horizons.

The examined paleosol in the BBS2 interval (Fig. 3e) is mainly calcretes consisting of
laminar and nodular horizons from top to bottom. The profile is a 110 cm thick, medium
beige (10 Yellow-Red (YR) 8/6), and horizontally bedded. The upper horizon is a 10 cm thick
indurated, slightly laminar, and calcareous roots mat characterized by 0.3-1 cm long root
casts. An abrupt (0.5-2 cm wide) boundary is present between this horizon and the underlying
nodular horizon, possibly pointing to an erosional surface (Retallack, 2019). Approximately 1
cm of laminar calcrete fills the desiccation cracks in the underlying nodular horizon. The
nodular horizon is a 100 cm thick and comprises scattered calcareous nodules that are coarse
to very coarse (0.5-7 cm diameter), irregular in shape, and common (2-20 % of the exposed
surface). It contains a non-calcareous to slightly calcareous matrix and abundant calcareous
root casts with lengths of up to ~15 cm and diameters of up to ~10 cm.

The paleosol investigated in the BBS3 interval (Fig. 3d) shows a 100 cm thick horizon

of nodular calcretes. The profile is horizontally bedded, light beige (10 YR 5/3) at the bottom,
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and medium beige in the upper part. The nodules are irregular, medium to coarse (0.2-2 cm
diameter), and few (< 2 % of the exposed surface) to common. The matrix is a non-calcareous
to calcareous, and calcareous root casts with a length of 1-5 cm and a thickness of 0.2-0.5 cm
are abundant.

The paleosol in KGS1 (Fig. 3c) varies in color from medium beige at the bottom, dark
beige (10 YR 6/4) in the middle and light beige at the top. It contains a 70 cm thick horizon of
nodular calcretes marked by abundant and scattered calcareous root casts 1-5 cm long and
0.2-0.5 cm thick and very fine (size < 0.5 cm) angular blocky peds. The nodules are few to
common, irregular, and fine to medium (> 0.2-0.5 cm), and the matrix in the horizon is a non-
calcareous to slightly calcareous.

The studied paleosol profile in the KGS2 is a 140 cm thick (Fig. 3b), non-calcareous
to slightly calcareous, massive and medium beige. It characterized by vertic features such as
well-developed slickensides, fine (0.5-1 cm) to medium (1-2 cm) size angular blocky peds,
and Fe /Mn oxide nodules at the bottom. It contains pedogenic carbonates such as nodules and
root casts. The nodules are few, irregular, and medium to coarse, whereas the root casts are
also few, scattered with a length of ~0.5-3 cm and a thickness of 0.2-0.5 cm.

A 160 cm thick, highly calcareous light beige laminar and nodular calcretes horizon
(Fig. 3a) forms the upper part of KGS3. The upper laminar horizon is a 20 cm thick,
indurated, and slightly laminar, but mostly a massive calcareous roots mat characterized by
root casts with a length of 0.3-1 cm. An abrupt boundary separates the upper horizon
(laminar) and the underlying nodular horizon, which is a 140 cm thick and distinguished by a
calcareous matrix, and many (> 20 % of the exposed surface) scattered, irregular, and medium

to coarse nodules.



311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

4.2. Mineralogy

The laminar horizons in the BBS2 and KGS3 calcretes have carbonate contents of ~55 % and
~48% in the root casts (see Supplementary Data 1), and the matrix contains ~40% and ~33%
carbonates, respectively. The nodular horizons in the BBS2 and KGS3 calcretes contain
nodules with carbonate contents of ~45% and ~48%, which embedded in a matrix with
carbonate contents of up to ~13% and ~18%, respectively. Nodules in the nodular horizons in
the BBS3 and KGS1calcretes consist of ~38 % and ~33 % carbonates (see Supplementary
Data 1), and the carbonate content in the matrix reaches ~15 %, and ~7 %, respectively.
Nodules in the KGS2 Vertisol contain approximately 57% carbonate and are embedded in a
matrix with a carbonate content of up to 8%. Based on field observations and the carbonate
content in the matrix, the laminar horizons in the BBS2 and KGS3 calcretes correspond to
calcrete stages IV and V, and the nodular horizons in the BBS2, BBS3, KGS1 and KGS3
calcretes to stage Il calcrete according to the calcrete development stages proposed by Gile et
al. (1966) and Machette (1985).

In addition to carbonates (calcite and dolomite), the paleosols and pedogenic
carbonates contain quartz, feldspar, hornblende, halite, mordenite, mica/illite, and clay
minerals such as chlorite and smectite (Fig. 4). Additionally, the paleosol samples include
trace amounts of gypsum in the upper part of the KGS3 paleosol. The content of MgCOs in
calcite in the analyzed pedogenic carbonates ranges between 0.11 and 2.81 mole % (see
Supplementary Data 1), indicating the presence of only low-Mg calcite, whence Netterberg
(1980) and Hardy and Tucker (1988) suggested that the threshold of low- to high Mg calcite

is 4 and 5 mole % of MgCOg, respectively.
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4.3. Micromorphology

4.3.1. Pedogenic carbonates

The pedogenic carbonates show an open porphyric pattern, in which quartz, calcite, feldspar,
and biotite grains are scattered in a dense micritic matrix (Fig. 5a), which is denser in the
nodular horizons than in the roots mat horizons. Crack voids (Fig. 5b) dominate in KGS2,
whereas in BBS, KGS1 and KGS3 channel voids, interconnected channel (chamber) voids
and vug voids are prominent.

Pedofeatures such as carbonate coatings and infillings (Fig. 5b, ¢) characterize most of
the pedogenic carbonates, in which desiccation cracks are coated or filled by only one
generation of sharply contacted sparitic calcite (Fig. 5b). Additionally, some floating quartz
and feldspar grains in the micritic matrix are partially surrounded by pores (Fig. 5d, e),
indicating the dissolution of silicate minerals under high pH conditions in arid conditions
(Durand et al., 2018). These pedofeatures and the absence of biological activity-related
features indicate that most of the calcretes in the study area are of Alfa fabric (Wright, 1990a).
The roots mat horizon in BBS2 exhibits Beta fabric, characterized by calcium carbonate
petrified roots (Fig. 5f), in which the cellular structure of the decayed roots is filled with

sparitic calcite. Spherical to ellipsoidal and micritic pellets (Fig. 5g) are also present.

4.3.2. Paleosols

The paleosols also display an open porphyric pattern. Quartz, calcite, feldspar, muscovite,

biotite, amphibole and basalt fragments are scattered in a dense siltic matrix (Fig. 6a, b) in the

BBS, KGS1 and KGS3 paleosols, and a dense clayic matrix is present in the KGS2 paleosol.
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The BBS and KGS3 paleosols mainly show calcium carbonate-related pedofeatures,
such as sparitic and micritic void coatings that are thicker in KGS3 (Fig. 6¢), sparitic to
micritic, mostly mammillate (undulating external shape; Stoops, 2003), typic (structureless
internal fabric; Bullock et al., 1985), and orthic (diffuse or irregular boundary; Stoops et al.,
2018; Fig. 6d) nodules. Additionally, micrite infillings (Fig. 6e) occupy some voids in the
KGS3 paleosol.

The KGS1 paleosol also exhibits carbonate pedofeatures, such as void coatings and
root cross-sections (Fig. 6f) filled with sparitic calcite with traces of Fe/Mn oxides.
Additionally, it contains features indicative of leaching, such as clay illuviations (Verrecchia
and Trombino, 2021), in which the clay coats voids, quartz, and feldspar grains (Fig. 6g, h).

Vertic features resulting from shrink-swell processes in clayey materials are
widespread in the KGS2 paleosol. Argilliturbation (Schaetzl and Thompson, 2015; Fig. 6i)
and a striated groundmass formed from clay translocation (Verrecchia and Trombino, 2021)
mark the KGS2 paleosol. Angular blocky peds (aggregates; Fig. 6j) with a high to moderate
degree of separation are present between the planar voids, which represent cracks. Clay
coatings occur along these planar pores and exhibit a striated b-fabric that is parallel to each
other (parallel striated b-fabric; Fig. 6k) in some parts of the groundmass, indicating
pedogenic slickensides (Mermut et al., 1996; Kovda and Mermut, 2018). Additionally, clay
illuviations occur around grains. Unlike in the BBS and KGS3 paleosols, the carbonate
nodules are microsparitic to micritic, but the latter are more abundant because of the clayic
soil matrix, typic and disorthic (sharp boundary; Stoops et al., 2018; Fig. 6l) or septaric
(radiating cracks in the center; Bullock et al., 1985: Fig. 6m) micritic nodules. These nodule
types often result from shrinkage and swelling (Stoops et al., 2018; Stoops and Marcelino,

2018).



388  4.4.8'3C and 60 isotope values

389

390  The 6'3C and 580 values are relatively homogeneous across the studied pedogenic carbonates
391  ranging between -9.12 and -5.12 %o with a mean of -7.09 %o, and between -7.25 and -4.09 %o
392 with a mean of -5.9 %o, respectively (Fig. 7a; see Supplementary Data 2). Comparisons

393  between the BBS and KGS2, the only units from which more than two samples of pedogenic
394  carbonate were taken, show similar 'C values (Fig. 7a, b), but more depleted in 5'20 in the
395  KGS2 (Fig. 7c). In the BBS2 and KGS3 calcretes, the roots mat horizons show lower §**C
396 values than the underlying micritic nodular horizons.

397 The §*80 values of the waters from which pedogenic carbonate precipitated can be
398 calculated if the temperature is known (Kim and O’Neil, 1997). Using the relationship

399  between the oxygen isotope values of carbonate and water (Zhou and Chafetz, 2010), and the
400  present mean annual temperature in the study area (28°C), the range of the 580 values of soil
401  solutions in the Pleistocene is estimated to vary from -4.22 %o to -1 %o with an average of -
402  2.83 %o (Fig. 8). This is less enriched than the present Atbara River (average = 2.47 %o; see
403  Supplementary Data 3) and local groundwater (0.22 %o; see Supplementary Data 3) in the
404  vicinity of Al Sharafa village. Our estimates of Pleistocene soil water 5'80 are however

405  similar to rainy season water in summer of the modern Shinfa River, a tributary of the Blue
406  Nile in northwestern Ethiopia (average =~ -2 %o; Tabor et al., 2021), and to the precipitation
407  in Sudan as measured in August and September 2021 (average = - 3.66 %o0; IAEA/World

408  Meteorological Organization, https://www.iaea.org/services/networks/gnip).

409

410 5. Discussion

411

412  5.1. Assessing the viability of the pedogenic carbonates for paleoclimate reconstructions
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Pedogenic carbonates can contain inherited carbonate or be mineralogically and chemically
altered after formation (Zamanian et al., 2016), which may lead to false paleoclimate
reconstruction. However, this is most likely not the case for the pedogenic carbonate samples
investigated. Microscopic analysis shows that the pedogenic carbonates are free of inherited
carbonate, such as allochthonous limestone fragments. Additionally, the orthic calcareous
nodules in the BBS and KGS3 paleosols, which are similar in fabric to the surrounding
groundmass, as well as the absence of anorthic nodules in the sedimentary units, indicate that
the carbonate nodules formed in situ and are not allochthonous (Wieder and Yaalon, 1974;
Stoops, 2021). The isotopic composition of the studied pedogenic carbonates does not show a
large variation (Fig. 7a), which suggests that they are not modified by diagenetic overprinting
(Richoz et al., 2017), such as recrystallization. The absence of significant diagenetic change is
supported by microscopic evidence, as the pedogenic carbonates contain sparite (coarse
calcite crystals) in the form of filling or coating of voids, whereas coarse calcite crystals are
absent in the micritic (fine crystalline) matrix (Durand et al., 2018). Additionally, sharp
contacts (Fig. 5b) with no pronounced serration between sparitic calcites are evidence of the
absence of dissolution (Durand et al., 2018). Because the pedogenic carbonates in the study
area seem free of inherited carbonate and diagenetic influence, they are suitable for

paleoclimatic reconstruction.

5.2. Paleoclimatic implications

Pedogenic calcretes form because of the accumulation of calcium carbonate in the B horizon
of soils due to intense evapotranspiration, predominantly in arid and semi-arid climates

(Alonso-Zarza, 2003; Zamanian et al., 2016). The calcrete horizons in the BBS2, BBS3, and
KGS1 paleosols indicate an arid to semi-arid climate during their formation. Generally, arid

or semi-arid climatic conditions are also supported by the dominance of Alfa fabrics and the
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microscopic features of the pedogenic carbonates, such as coatings, infillings, and nodules in
the BBS and KGS1 calcretes, which indicate high evaporation rates under arid to semi-arid
conditions (Wright and Tucker, 1991; Durand et al., 2018). Additionally, the high carbonate
content, such as seen in the roots mat horizon in the BBS2 calcrete, and the presence of
evaporite minerals, such as halite in the BBS and KGS1 paleosols, suggest arid conditions
during calcrete formation in these units.

Laminar calcretes occur either at the top of calcrete horizons, embedded in
sedimentary deposits or at the top of any type of rock substrate, with the formation of root
mats controlled by low water availability (Netterberg, 1980; Goudie, 1983; Wright et al.,
1995; Alonso-Zarza, 1999, 2003; Alonso-Zarza and Silva, 2002; Zhou and Chafetz, 2009;
Alonso-Zarza and Wright, 2010; Durand et al., 2018; Rodrigues et al., 2019). In the BBS2
calcrete, roots extend horizontally at the top of the profile; the roots obviously tried to obtain a
maximum amount of water in an arid environment (Alonso-Zarza, 1999; Alonso-Zarza and
Silva, 2002). The low Mg-calcite in the laminar horizon, the abundance of long calcareous
root casts in the nodular horizon, and the presence of vertical laminar calcretes filling
desiccation cracks in the nodular horizon likewise indicate that the groundwater table was
deep. Laminar calcretes require a long time to develop, often 3 ka to over 1 Ma (Leeder,
1975; Hawley et al., 1976; Hay and Reeder, 1978; Wright, 1990b; Candy et al., 2004). The
presence of laminar calcrete at the top of the calcrete horizon is also an indicator of a high
maturity stage (Alonso-Zarza and Silva, 2002). Therefore, the arid period during the
formation of the BBS2 calcrete thus was most likely longer and warmer than in the BBS3 and
KGSL1. In the KGS1 calcrete, the angular blocky peds imply shrink-swell processes related to
the wetting and drying of argillic soil (Tabor et al., 2017; Beverly et al., 2018; Retallack,
2019). Clay illuviations point to the presence of an argic horizon and, thus, a wetter climate

during the formation of the KGS1 than the BBS. The calcified root remains with traces of
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Fe/Mn oxides in the KGS1 also indicate water saturation or fluctuations of the groundwater
table during a humid period (Vepraskas et al., 2018; Verrecchia and Trombino, 2021).

In the KGS2 paleosol, vertic features (slickensides) indicate intense pedoturbation
caused by the shrinking and swelling of expandable clay minerals during wetting and drying
(Retallack, 2019). Argilliturbation, parallel striated b-fabric, angular blocky peds, and septaric
and disorthic nodules suggest alternating wet and dry periods (Kovda and Mermut, 2018).
Additionally, clay illuviation around mineral grains and rock fragments points to the
translocation of clay by water during humid periods (Fedoroff et al., 2018). The lighter
oxygen isotopic values also suggest lower evaporation and wetter conditions than those
during the formation of the other paleosols. Such climatic conditions are consistent with the
results of Mohammednoor et al. (2024), who showed that the amount of smectite in the KGS2
is higher than in the BBS2, BBS3, KGS1 and KGS3, indicating seasonally humid conditions.

Similar to the BBS and KGS1, the presence of a calcrete horizon, the Alfa fabric,
microscopic features associated with pedogenic carbonate, the high carbonate content, and
evaporite minerals such as halite and gypsum in the KGS3 paleosol indicate a return to arid
conditions. The near absence of calcareous root casts in the nodular horizon suggests poor soil
drainage, which led to water being confined mainly to the uppermost part of the profile, above
the nodular horizon. In arid conditions, the confined water above the nodular horizon
encouraged plant roots to maximize the amount of water they absorb. They, therefore, grow
preferentially laterally and develop sub-horizontal networks (Alonso-Zarza and Silva, 2002),
and then a laminar horizon formed above the nodular horizon. Similar to the BBS2 calcrete,
the laminar horizon at the top of the KGS3 calcrete indicates that the climate was warmer than
in the BBS3 and KGS1. The thicker carbonate coatings in the KGS3 calcrete than those in the
BBS2 suggest that the KGS3 formed under more arid conditions than the BBS2.

Since Aridisols/Calcisols and Vertisols within each stratigraphic unit share similar

pedogenic features, we suggest that they formed under similar climatic conditions. Hence,
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four arid intervals (212 + 18-187 + 15 ka, 166 + 11-164 + 11 ka, 161 + 11-160 + 11 ka and
148 + 11-145 * 11 ka) occurred in the study area during formation of BBS and KGS1
Aridisols/Calcisols (calcrete horizons) which correspond to Marine Isotope Stages (MIS) 7-6,
three humid episodes (123 + 10-114 + 10 ka, 98 + 10-90 + 10 ka and 64 + 9-40 +7 ka) during
formation of KGS2 Vertisols (vertic horizon) which correspond to MIS 5-3, and arid phase
(22 £ 3 to ~14 ka) during the formation of KGS3 Aridisols/Calcisols (calcrete horizon) which
corresponds to MIS 2 (Fig. 9).

d13C values of soil carbonates in pure Cs habitats average around -12 %o and in pure C4
habitats around +2 %o (Zamanian et al., 2016). Accordingly, the 5'C values of the pedogenic
carbonate in the study area show a mixture of Cs and C4 vegetation. Although the climatic
conditions during the formation of the KGS2 paleosol seem to have been more humid than
those of the other paleosols, §*3C values from all units together indicate the presence of ~15 to
40 % C4 plants, with no significant differences among units. These values indicate a
woodland/bushland/thicket/shrubland vegetation (Cerling et al., 2011; Fig. 7a, b). The
similarity in the isotope values is attributed to the presence of the roots mat horizon (laminar
calcretes) in the BBS2 and KGS3 calcretes, in which the 5'°C values are generally more
negative (Tandon and Andrews, 2001) during calcretization due to dense vegetation cover.

Pleistocene soil water 520 values were estimated to be similar to those of modern-day
precipitation in Sudan and to the Shinfa River in Ethiopia today, suggesting that the climatic
conditions in the study area during the Pleistocene might have been similar to those of the
present. Today, atmospheric moisture over Sudan and Ethiopia is largely supplied by the
Indian and Atlantic Oceans, which explains the similarity in 'O values across this region.
Mean annual precipitation in the region around Khashm EI Girba ranges from ~400 mm in the
north to ~600 mm in the south (Climatological Normals 1941-1970, Sudan Meterological
Department; Mirghani, 2002). Areas receiving less than 350 mm have rainfall 50 values

greater than -2 %o (Talma and Netterberg, 1983). In contrast, the studied pedogenic carbonates
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do not show &*80 values higher than -2 %o, implying that the annual rainfall during their
formation was higher than ~350 mm. The high §*20 values in the modern Atbara River
relative to those of modern Shinfa River water and rain water in Sudan might result from high
evaporation, which likely has increased since dams were constructed in the upstream area
(Fig. 1b). The relatively high 680 values in the Al Sharafa groundwater might have arisen
from evaporation/evapotranspiration after rainwater, or during runoff from irrigation using
Atbara River water.

During the Pleistocene, calcretes formed widely in East Africa under semi-arid or arid
conditions with low and probably seasonal rainfall (Felske, 2016). The Ndutu (50-400 ka) and
Naisiusiu (16-22 ka) beds in the eastern part of Olduvai Gorge in northern Tanzania comprise
calcretes formed in an arid climate (Cerling et al., 1977; Hay and Reeder, 1978; Cerling and
Hay, 1986). The calcrete horizon typically consists of ~0.4-5 cm thick laminar calcretes that
overlie ~30-100 cm thick massive calcretes that correspond to mature stage 1V pedogenic
calcretes and are derived from carbonatite ash, which was a dominant source for the calcium
carbonate (Hay and Reeder, 1978). Three distinct pedogenic calcrete layers (350-50 ka) occur
in the southern Kenya Rift Valley (Felske, 2016). The calcretes mark dry periods when
wetlands or shallow lakes dried up and were exposed subaerially (Owen et al., 2014; Felske,
2016). The older calcretes are well-developed pisoidal calcretes, whereas the calcretes
forming the present land surface are laminar to massive. At Lake Magadi in the southern
Kenya Rift Valley, an extensive 300-200 ka old and up to 50 cm thick calcrete lies at the
contact between the Oloronga Beds (780-300 ka) and the overlying High Magadi Beds (~23
ka 9 ka; Felske, 2016).

Our results indicate that the calcretes in the study area, particularly the BBS2 and
KGS3 calcretes, have similar characteristics in terms of thickness and maturity as Late
Pleistocene calcretes in East Africa, in which the calcrete horizons are capped by laminar or

pisoidal calcretes (stage V, IV and VI calcretes). These characteristics suggest that the
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climatic conditions in the study area — mostly semi-arid and seasonal — were similar to those

in East Africa during the Late Pleistocene.

5.3. Regional and global scale paleoclimatic comparison

During the arid periods when the BBS and KGS1 calcretes formed (212 + 18-187 + 15 Kka,
166 £ 11-164 + 11 ka, 161 + 11-160 + 11 ka and 148 + 11-145 £ 11 ka), two distinctly humid
intervals occurred in the Chew Bahir Lake region of Ethiopia, from ~275 to 210 ka and ~210
to 125 ka (Foerster et al., 2022). High lake levels also existed in the Lake Natron-Lake
Magadi area in the southern Gregory Rift Valley at 240 and ~135 ka (Hillaire-Marcel et al.,
1986). The aridity during the formation of the BBS and KGSL1 calcretes appears to partially
coincide with the Penultimate Glacial Period (PGP) in the late Middle Pleistocene (Cohen and
Gibbard, 2019), but this is inconsistent with the extremely arid conditions (megadroughts) in
tropical Africa between 135 and 70 ka (Cohen et al., 2007; Scholz et al., 2007; Fig. 9), when
the water volume of lakes in East Africa was much reduced. The water level of Lake Malawi
in southeast Africa was approximately 100 m lower than today between 133 and125 ka and
109 and 97 ka (Stone et al., 2011), and Lake Challa (equatorial East Africa) experienced
severe drought between ~114 and ~97 ka (Moernaut et al., 2010). During these megadroughts,
humid conditions prevailed in the study area from 123 + 10 to 114 + 10 ka and 98 + 10 to 90
+ 10 Kka.

The first and second humid intervals during the formation of the KGS2 paleosols (123
+10to 114 + 10 ka and 98 + 10 to 90 + 10 ka) may coincide with wet climatic conditions
documented in the Goda Mea Cave in Ethiopia at ~129 and ~108 ka (Asrat et al., 2018), the
first of the three humid episodes (125-93, 82-73 and 42-34 ka; Lamb et al., 2018) in Lake
Tana, and the existence of a megalake in the White Nile River region in Sudan around 109 ka

(Barrows et al., 2014). The three wet phases represented in the KGS2 paleosols may also
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correspond to the formation of S5, S4, and S2 sapropels in the Mediterranean Sea (124, 102,
and 55 ka; Williams et al., 2015; Fig. 9). The third humid period documented in the KGS2
paleosols (64 + 9-40 +7 ka) may correspond to the humid climate recorded in Lake Challa
from ~97 to ~20 ka (Moernaut et al., 2010). Around 70 ka, Lake Tanganyika, Lake Malawi
(East Africa; Schloz et al., 2007), and Lake Bosumtwi (West Africa; Scholz et al., 2007;
Gosling et al., 2022) experienced a rise in water level due to increasingly wetter conditions.

The aridity during the formation of the KGS3 calcrete (22 + 3 to ~14 ka) correlates
with arid climatic conditions during the Last Glacial Maximum (LGM), which are also
documented in other paleoclimate archives from the region that show low lake levels during
this period. For example, Chew Bahir Lake experienced a dry episode between ~30 and 10 ka
(Foerster et al., 2022), and the desiccation of the White Nile headwaters and Sudd swamps in
South Sudan occurred between ~27-18 ka (Williams, 2019; Leplongeon, 2021). In Lake
Malawi, the lake level fell by about 100 m between 23 and 19 ka (Stone et al., 2011), and
another dry period occurred between ~18- ~15 (Barker et al., 2007). The sediments of Lake
Besaka in the Afar region of Ethiopia indicate a cold and dry climate between 20 ka and 15 ka
(Abell and Williams, 1989), and Lake Tana and Lake Tanganyika were also affected by
desiccation and drought between 16 ka and 15 ka (Felton et al., 2007; Lamb et al., 2007). The
eastern part of the Gulf of Guinea in West Africa also experienced a cold and dry climate
prior ~15 ka (Crosta et al., 2012; Kallweit et al., 2012; Marret et al., 2013).

Our results show that the climatic conditions in the study area from ~ 70 ka, especially
during the LGM, are consistent with the global and regional climatic records (Fig. 9).
Although the humid intervals during KGS2 do not correspond to the episodes of lake level
rise in Lake Tana and Chew Babhir, they correspond to the main phases of extreme flooding of
the White and Blue Nile, such as the Megalake White Nile, and the Mediterranean Sea
sapropels. This variability in local climate in the region may be due to different contributions

from atmospheric moisture sources such as the Indian Ocean, Atlantic Ocean, Mediterranean
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Sea, and the Red Sea, which may play a role in the migration of the Intertropical Convergence

Zone and Congo Air Boundary (Levin et al., 2011; Costa et al., 2014).

5.4. Paleolandscape

Based on the sedimentological characteristics of the deposits, the landscape during the
deposition of BBS and KGS is interpreted as a low-gradient alluvial plain traversed by river
channels bordered by extensive floodplains. This landscape probably resembled the present-
day region of the lower Atbara River. Soil formation in alluvial environments and the
properties of calcretes vary greatly depending on the distance to the river channel, positional
stability of the rivers, and deposition and drainage conditions on the floodplain. Well-
developed and poorly drained soils preferentially form on distal, fine-grained floodplains of
river systems with stable channels and low sedimentation rates (Kraus, 1999; Alonso-Zarza,
2003). During the deposition of BBS and KGS, poorly fixed and repeatedly shifting braided
rivers and more stabilized meandering rivers developed (Abbate et al., 2010; Mohammednoor
et al., 2024). Paleosols formed predominantly in flood plains of relatively stable channels and
reduced discharge (Mohammednoor et al., 2024).

In the BBS3 and KGSL1 paleosols, the stage 1l calcretes indicate only weak calcrete
development, and the calcareous root casts in the nodular horizon reveal a well-drained
environment (Kraus and Hasiotis, 2006). Kraus (1999) suggested calculating sediment
accumulation rates by dividing the thickness of a given stratigraphic section by its known or
estimated time span. The calculated life spans of the studied BBS3 and KGS1 paleosols were
approximately 2 ka (166 + 11 to 164 + 11 ka; Mohammednoor et al., 2024) and 3 ka (148 +
11 to 145 + 11 ka; Mohammednoor et al., 2024), respectively, and using their thicknesses, the
sedimentation rates are calculated to have been 0.5 and 0.23 mm/yr, respectively, higher than

those of the other paleosols. Based on these properties, the BBS3 and KGS1 calcretes are
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likely to have formed in a proximal floodplain. In BBS2 and KGS3 paleosols, the stage 1V
and V calcretes indicate mature development, with abundant calcareous root casts in the
nodular horizon in BBS2 and few in the nodular horizon in KGS3 reflecting good drainage in
BBS2 and poor drainage in KGS3, respectively. The calculated life spans of the studied BBS2
and KGS3 paleosols were 25 ka (212 + 18 to 187 + 15 ka; Mohammednoor et al., 2024) and 8
ka (22 £ 3 to ~14 ka; Mohammednoor et al., 2024), respectively, and using their thicknesses,
the sedimentation rates are calculated to have been 0.04 and 0.2 mm/yr, respectively. Based
on these characteristics, the BBS2 and KGS3 calcretes are likely to have formed more distally
in the floodplain than the BBS3 and KGS1 calcretes. In the KGS2 paleosol, well-developed
slickensides and blocky peds indicate a vertic horizon and a well-developed paleosol
(Retallack, 2019), and the Fe/Mn oxide nodules reflect oxidizing and well-drained conditions
(Retallack, 2019). The calculated life span of the studied KGS2 paleosol was 9 ka (123 + 10-
114 £10 ka; Mohammednoor et al., 2024), and the sedimentation rate is calculated to have
been 0.16 mm/yr. Based on these characteristics, similar to the BBS2 and KGS3 calcrete-
bearing paleosols, the KGS2 paleosol is likely to have formed more distal in the floodplain

than the BBS3 and KGS1 (Fig. 10).

6. Conclusions

Aridisols/Calcisols and Vertisols intercalated in the Pleistocene (~230 to <17 ka) alluvial
sediments in the middle Atbara River region in eastern Sudan contain pedogenic carbonates
mainly such as calcretes, and disorthic and septaric nodules, respectively. The calcretes partly
consist of orthic nodular horizons overlain by laminar horizon, and partly of orthic nodular
horizon. Since the pedogenic carbonates studied seem free of inherited carbonates and
diagenetic modification, they are most likely well-suited for paleoclimatic analysis. In the

study area, an arid to semi-arid climate prevailed during the formation of calcretes in units
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BBS and KGS1 during MIS 7-6. Then the climate became more humid during the formation
of KGS2 paleosols in MIS 5 to 3, and it finally became drier again during the formation of
KGS3 calcrete in MIS 2. The vegetation cover was a mixture of Cz and C4 plants with rainfall
generally exceeding 350 mm/yr. The well-developed calcretes (stage IV-V) in the BBS2 and
KGS3 paleosols (Aridisols) and well-developed vertic horizon in the KGS2 paleosols
(Vertisols) formed in distal floodplain settings, whereas the weak-developed calcretes (stage
I1) in the BBS3 and KGS1 paleosols (Aridisols) formed in proximal floodplain area.
Similarities in thickness and morphology of the Pleistocene calcretes in eastern Sudan with
Pleistocene calcretes in East Africa indicate similar climatic conditions during their
formation. However, the regional climate record reconstructed from different proxies shows
that the climatic conditions in the study area were similar to those in East Africa after ~ 70 ka,
especially during the LGM. Therefore, further studies of Pleistocene pedogenic carbonates
from the terrestrial sedimentary record of the Nile Basin and Sahel region, particularly
quantitative climatic reconstructions, are needed to improve continental climatic comparisons.
Such studies would lead to a better understanding of the environment of African mammalian
evolution, including that of Homo, which may have dispersed to Eurasia via the Nile corridor

during this time.
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Figure Caption

Fig. 1: Maps of (A) the middle Atbara River region in eastern Sudan and (B) the geological

units of the study area (modified after Mohammednoor et al., 2024).

Fig. 2: Stratigraphic log of the Pleistocene alluvial sediments of Butana Bridge Synthem and
Khashm EI Girba Synthem near Al Sharafa, with luminescence ages, stratigraphic positions of
the studied paleosols (see Fig. 3), pedogenic carbonates and slickensides (modified after
Tsukamoto et al., 2022). Abbreviations: cl, clay; si, silt; fs, fine sand; ms, medium sand; cs,

coarse sand; gr, granule; pe, pebble; co, cobble; bo, boulder.

Fig. 3: Logs of the Butana Bridge Synthem and Khashm EI Girba Synthem paleosols, with
pedogenic carbonates, slickensides, stratigraphic positions of pedogenic carbonate (circles
filled with black) and oriented paleosol (empty circles) samples, carbonate contents in the
matrix, calcrete horizons and their stage of developments in the BBS, KGS1 and KGS3
(modified after Mohammednoor et al., 2024). (A) A 160 cm-thick calcrete horizon in KGS3,
consisting of a stage V-V laminar calcrete overlying a stage Il nodular calcrete. (B)
Pedogenic carbonates and well-developed slickenside in a 140 cm-thick in the KGS2. (C) A
70 cm-thick, stage Il nodular calcrete in KGS1. (D) Stage Il nodular calcrete in a 100 cm-
thick BBS3. (E) A 110 cm-thick calcrete horizon in BBS2, consisting of a stage IV-V laminar
calcrete overlying a stage Il nodular calcrete.

Abbreviations: cl, clay; si, silt; vfs, very fine sand; fs, fine sand.

Fig. 4: X-ray diffractograms showing the typical bulk mineralogy of the studied paleosols

(sample SU 45 2020; Mohammednoor et al., 2024) and pedogenic carbonates (sample SU 04
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2022). Abbreviations: Sm, smectite; 1l/Mi, illite/mica; Mo, mordenite; Ho, hornblende; Gy,

gypsum; Ch, chlorite; Qtz, quartz; Feld, feldspar; Ca, calcite; Do, dolomite; Ha; halite.

Fig. 5: Micromorphology of pedogenic carbonates. (A) A biotite in a dense micritic matrix,
KGS2, plane-polarized light (PPL). (B—C) Desiccation cracks coated and filled with sparitic
calcite in a micritic matrix in an Alfa fabric calcrete, KGS1 and KGS3, respectively, cross-
polarized light (XPL). (D-E) Quartz (Qtz) and feldspar (Fsp) grains partially surrounded by a
pore in a micritic matrix in an Alfa fabric calcrete, BBS3 and BBS2, respectively, XPL. (F)
Tissue of decayed root filled with sparitic calcite (petrified root) in a dense micritic matrix in
a Beta fabric calcrete, BBS2, PPL. (G) Spherical to ellipsoidal micritic peloids in a dense

micritic matrix in a Beta fabric calcrete, BBS2, XPL.

Fig. 6: Micromorphology of paleosols. (A—B) Amphibole and porphyritic basalt grains in a
dense siltic matrix, BBS2, PPL and XPL, respectively. (C) Thick calcite void coating, KGS3,
XPL. (D) Micritic, mammillate, typic and orthic nodule, KGS3, XPL. (E) Micritic infilling,
KGS3, PPL. (F) Calcified root remain influenced by Fe/Mn oxide indicating water saturation
or water table fluctuation during a humid period (Vepraskas et al., 2018; Verrecchia and
Trombino, 2021), KGS1, XPL. (G) Void clay illuviation, KGS1, XPL. (H) Clay illuviation
around quartz (Qtz) grains, KGS2, XPL. (1) Argilliturbation in KGS2, XPL. (J) Angular
blocky peds with a high degree of separation, KGS2, XPL. (K) Parallel striated b-fabric
caused by shrink-swell processes, indicating a pedogenic slickenside, KGS2, XPL (L)

Micritic, typic and disorthic nodule, KGS2, XPL. (M) Septaric nodule, KGS2, XPL.

Fig. 7: Pedogenic carbonate stable carbon and oxygen isotope data. (A) 5'°C and &0 values,

percentage Ca plants indicated on the right-side vertical axis. (B) 8*3C values and estimated
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fraction of woody cover (fuc) indicated on the right-side vertical axis. (C) §*80 values of the

studied pedogenic carbonate.

Fig. 8: Relationship between the oxygen isotope values of carbonate and water (Zhou and
Chafetz, 2010) showing the estimated ranges of 5'80 values of the soil water from which the
Butana Bridge Synthem and Khashm El Girba Synthem pedogenic carbonates were formed (a

range is not shown for KGS1 because only one sample was measured).

Fig. 9: A comparison between the climatic conditions during the Pleistocene in the study area
and paleoclimatic records in the surrounding region in Africa. The red and blue colors of the
bars and filled circles symbolize arid and humid climate, respectively. The shaded part in grey
scale indicates the agreement of the climate in the middle Atbara River region from ~ 70 ka
ago, especially during the LGM, with regional climate records. The paleoclimatic records are
based on the Hillaire-Marcel et al. (1986), Abell and Williams (1989), Frédoux (1994), Barker
et al. (2007), Cohen et al. (2007), Felton et al. (2007), Lamb et al. (2007), Scholz et al. (2007),
Moernaut et al. (2010), Stone et al. (2011), Crosta et al. (2012), Kallweit et al. (2012), Marret
et al. (2013), Barrows et al. (2014), Williams et al. (2015), Asrat et al. (2018), Lamb et al.
(2018), Cohen and Gibbard (2019), Williams (2019), Leplongeon (2021), Foerster et al.
(2022), Gosling et al. (2022) and Mohammednoor et al. (2024). Abbreviations: MIS, Marine
Isotope Stage; Med. Sea, Mediterranean Sea; BBS, Butana Bridge Synthem; KGS, Khashm EI

Girba Synthem; PGP, Penultimate Glacial Period; LGM, Last Glacial Maximum.

Fig. 10: Schematic illustration of the relationship between paleosol profiles and landscape in
the vicinity of Al Sharafa. Stage Il calcretes in the BBS3 and KGS1 Aridisols formed in
proximal floodplains, stage IV-V calcretes in the BBS2 and KGS3 Aridisols, and well-

developed vertic horizon in the KGS2 Vertisol formed in distal floodplains.
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Table 1: Type of studied samples, sample location, and types of laboratory analyses.

carbonate

Methods
. . 613C
Sample Type Location  Carbonate X-ray Optical and
content diffraction  microscopy 5150
KGS3
Aridisol/Calcisol
SU 60 2019 Pedogenic | sharafa - * * *
carbonate
SU 76 2022 Orientated | gparata x
paleosol
SU 77 2022 Pedogenic  »| oporafa - * . .
carbonate
KGS2 Vertisol
Pedogenic * - * *
SU 61 2019 carbonate Al Sharafa
SU 62 2019 Pedogenic  »| oporafa * * * *
carbonate
SU 63 2019 Pedogenic | oporafa * * * *
carbonate
SU 01 2022 Pedogenic | sparafa * * * *
carbonate
SU 07 2022 Orientated | gy 1ot x
paleosol
Orientated *
SU 08 2022 paleosol Al Sharafa
SU 09 2022 Pedogenic A oparafa x * x x
crbonate
SU 10 2022 Orientated | gy rata x
paleosol
SU 11 2022 Orientated 5 oot x
paleosol
KGS1
Aridisol/Calcisol
SU 05 2022 Orientated 5 oot x
paleosol
SU 27 2022 Pedogenic | oporafa * * * *
carbonate
BBS3
Aridisol/Calcisol
SU 04 2022 Pedogenic 5| oporafa x * x x
carbonate
BBS2
Aridisol/Calcisol
SU 02 2019 Orientated | gparata x
paleosol
SU 03 2019 Orientated | op 1ot x
paleosol
SU 05 2020 Pedogenic — »| oporafa - x x x
carbonate
SU 20 2020 Pedogenic | qporafa * * * *
carbonate
SU 02 2022 Pedogenic | oporafa x * x x
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Pedogenic

SU 03 2022 Al Sharafa *
carbonate

SU192022  edogenic o rafa x
carbonate

Water

SU 06 2022 River Al Sharafa *

SuU 42 2022 River Al Sharafa *

SU 43 2022 Groundwater Al Sharafa *

SU 51 2022 River Wadi Turk *

SU 74 2022 River ~ (hashmEl *

Girba




