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Grain size analysis is a powerful tool for determining the depositional environment. Grain size analysis for 48
samples from four sections along a 280 km long, nearly north—south-trending transect, has been conducted in the
mainly Holocene Kordofan Sand in the Kordofan Region of Central Sudan. In these sections, this part of the
Kordofan Sand comprises three pedosedimentary sequences. The lower sequence (~13-10 kyr) has been
pedogenized during the African Humid Period and ends up farther West with lacustrine or palustrine carbonates.
The middle sequence (~6-3 kyr) is represented by sand with low degree of pedogenesis and corresponds to the
African Humid Period. The upper sequence was deposited after a hiatus lasting from ~3.3 to 1.1 ka BP, and
constitutes the present-day surficial deposits, showing little or no pedogenesis. Spatial grain size distribution and
mode of transport show a southward fining trend, indicating that the sandy sediments were transported from
north to south. This interpretation is supported by the results of mean grain size — sorting, and sorting — skewness
interrelations, which provided a linear relationship. Vertical variation in grain size distribution in the studied
sections shows variable energy over time in the north and constant, low energy in the south. The dominance of
saltation as a transport mode confirms that the studied sediments were deposited in aeolian environment. The
low sorting degree, the presence of coarse grains, and the still active transverse dunes and barchans in the North,
indicate that the Late Pleistocene part of the Kordofan Sandstone is submitted to reworking until now. Conse-
quently, the mainly Holocene sand sequences were fed both by distal, fine-grained Saharan material and by
proximal, coarser-grained sand proceeding from the Late Pleistocene aeolian dunes.

transportation in Sudan.
In central Sudan, most of the Kordofan region encompasses the

Introduction

Grain size analysis is a powerful tool for understanding the dynamics
and depositional mechanism, transport mode and sorting of sediment
particles. Therefore, it is crucial for determining the depositional envi-
ronments of clastic sediments (e.g. Folk and Ward, 1957; Visher, 1969;
Folk, 1971; McLaren and Bowles, 1985; Rajganapathi et al., 2013;
Vandenberghe, 2013; Liu et al., 2014; Zhu and Yu, 2014; Vandenberghe
et al., 2018). Across the Sahara, several studies aimed at reconstructing
the play and variations of aeolian activity through time (e.g. Bakhit and
Ibrahim, 1982; Swezey, 2001; Gatto and Zerboni, 2015). Zielhofer et al.
(2017) studied the Saharan dust input for the last 12 kyr in the Moroccan
Atlas based on multiproxy analysis including grain size. However, no
studies used the grain size analysis to assess the mode of transportation
of aeolian sands and the spatial variation of the aeolian energy of

* Corresponding author.

transition between Sahara and Sahel. It is covered by what is referred to
as the Kordofan Sand (Edmond, 1942; Rodis et al., 1968) and “Q0z” by
Whiteman (1971). It consists of unconsolidated surface sands covering
large areas to the west of the White Nile (Edmond, 1942), and was
considered part of a large zone characterized by widespread dune fields,
which extends from about latitude 10° N in the South up to the Sudan-
Egypt border in the North (Abdu, 1976). The thickness of this deposit
varies from a few inches to up to 200 feet in the dune-like features
(Edmond, 1942). Grabham (1935) assumed that the Kordofan Sand was
transported by wind from desert areas floored by granitic basement
rocks, while Andrew (1948) assumed their local origin. Edmond (1942)
suggested that the sand was formed by weathering and reworking of
older sandstones (Bakhit and Ibrahim, 1982). Rodis et al. (1968)
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believed that their reddish color and their gently undulating surface
reflect an aeolian origin. However, most of these interpretations are
based on geomorphological evidence and field observations. Our recent
study showed that the uppermost part of the Kordofan Sand is younger
than =15 ka BP. Nevertheless, it may be as thick as 7 m and the aeolian
sand that encompasses the last 1000 yr is locally more than 2 m-thick
(Dawelbeit et al., 2019a). These high sedimentation rates raise the issue
of the origin and processes of deposition of the Kordofan Sand. There-
fore, the aims of the present study are to determine the transport and
deposition processes, and to define the direction and energy of trans-
portation of the Kordofan Sand based on grain size variations through
time and space.

Morphology and geology of the Kordofan region
Physiography

The Kordofan region is located in central-southern Sudan (9° — 17°
N; 27° — 32.4° E), on the southern border of eastern Sahara (Fig. 1). It is
characterized by heterogeneous topography. In its northern part, low-
lying, gently undulating topography dominates (Fig. 2A), with few
scattered, low-elevated inselbergs mostly composed of magmatic rocks
of Paleozoic/Mesozoic age (Abdel Galil, 2008), and isolated outcrops of
Mesozoic sandstones. As a whole, this northern part is a gently north-
ward dipping slope (Fig. 2C). It is covered by extensive sand sheets, and
North-South oriented linear sand dunes that decrease in size and length
southward (Fig. 2B). As the dune field decreases in size, the inter-dune
depressions also decrease in size towards the south (Dawelbeit, 2018;
Fig. 2). The northern part of the region shows a poor drainage system
due to the arid climate and the development of the North-South trending
sand dunes that form dams as they cut ancient rivers (Fig. 2B). There-
fore, ephemeral rivers may form seasonal lakes behind the sand dunes,
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or vanish rapidly due to the infiltration of flowing water into the sand
dunes (Dawelbeit, 2018).

The southern part of the region shows steep massifs and inselbergs of
the “Nuba Mountains”, composed of Cambrian igneous rocks (Abdel
Galil, 2008). Some of these peaks are up to 1400 m above sea level (Jebel
Ed Dair, Fig. 2A). The plains consist of dark grey soils locally inter-
spersed with some sands and sand dunes further north (Dawelbeit,
2018). Because of a more humid climate, this area is characterized by
deep V-shaped valleys and saddles. The southern part is dominated by a
channelized, meandering, well-developed drainage pattern due to more
abundant rainfall. Small streams form the tributaries of Khour Abu
Habil, or flow southward to the Sudd area, and then to the White Nile
River.

The central part of the region is an elevated area, and separates these
two areas. West of the central part of the study area, a plateau forms the
En Nahud-El Khowei groundwater basin. This plateau consists of
Mesozoic sandstones and is controlled by NNW-SSE- and E-W-trending
fault systems (Elmansour and Omer, 2017). There, the relief is domi-
nated by smooth V-shaped valleys, while to the east and around Khour
Abu Habil, the relief is dominated by broad wadis (Dawelbeit, 2018).
The abundance of sand dunes and sheets in the central part of the region
results in a coarse dendritic drainage system (Elmansour, 2017) with
intense infiltration. The surface water of this area is drained to the south
(Fig. 2).

Pre-quaternary sediments

The study area includes a highly discontinuous rock record ranging
from Precambrian to Recent time (Rodis et al., 1968; Whiteman, 1971;
Vail, 1978). Precambrian rocks include high- to low-grade metamorphic
rocks, intruded by late- to post-orogenic granites, and acid volcanic
rocks. These are locally overlain by sandstone, shale, and thin limestone
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Fig. 1. Location map of the study area. A: location of the Kordofan Region and the general distribution geological units in the Region. B: general distribution of
surficial deposits in the Kordofan Region (in Rodis et al., 1968). The block on B is the study area, shown in detail in Fig. 2.
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Fig. 2. Physiography of the study area. A: hill-shade image showing the relief of the study area; B: geomorphological features appearing in A. C: Northeast-Southwest
topographic profile showing the topographic gradient in the study area. The studied sections are located by black points on the profile.

beds attributed to the Paleozoic-Mesozoic. The widespread Nubian
Group consists of conglomerates, sandstone, and mudstone, deposited in
continental to nearshore environments and assigned to the Cretaceous
(McKee, 1963; Schrank, 1994). They contain abundant iron-rich con-
cretions, which are assumed to have formed before mid-Miocene times
(Schwarz, 1994) and are frequently reworked in fluvial deposits in the
southern part of the studied area (Dawelbeit, 2018). The Nubian Group

is overlain by the Umm Ruwaba Formation, which is restricted to the
southeastern and eastern parts of the study area (fig. 1a). It consists
mostly of mudstone, sandstone, and conglomerates of lacustrine and
fluvial environments attributed to the late Miocene to Pleistocene (el
shafie et al., 2013).
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Stratigraphy of the Kordofan Sand

The Quaternary Kordofan Sand is composed of fine- to medium-
grained sand (Ginaya, 2011) and is believed to represent the southern-
most windblown sand of the Sahara (Elmansour, 2017). It is charac-
teristically made of well-rounded quartz grains (Edmond, 1942) and its
colour varies from pale buff to deep red (Edmond, 1942; Rodis et al.,
1968; Dawelbeit et al., 2019a) and is considered latest Pleistocene to
Holocene in age (Dawelbeit et al., 2019a). The red colour is due to iron
staining of the surface of the grains (Edmond, 1942). These partially
stabilized sand dunes and sand sheets grade northward into coarse re-
sidual soils and active sand dunes (Rodis et al., 1968), which may have
formed during the Last Glacial Maximum (~20-15 ka BP). The latter
period was marked by quite arid conditions (Williams et al., 2006; Gasse
et al., 2008) and a strong aeolian activity (Nicholson and Flohn, 1980;
Swezey, 2001; Williams, 2009, 2014). The linear dunes crosscut fossil
rivers that may have formed during the last interglacial episode
(~130-115 ka BP; Gierz et al., 2017), considered a rainy period (Revel
et al., 2010; Tierney et al., 2017). In the central part of the study area,
the linear dunes grade southward into sand sheets, upon which subse-
quent, small scale transverse dunes are superimposed (Whiteman, 1971;
Fig. 2A). To the South, the Kordofan Sand inter-fingers with clay-plain
deposits (Ruxton and Berry, 1978; Fig. 2). Alluvial deposits in the
channels of wadis, khours and slope-wash deposits occur mainly in the
southern part of the region; because of their limited aerial extent, they
are not shown in Fig. 2.

The stabilized sand structures (Q6z, Whiteman, 1971) are blanketed
by fine-grained sand that form the present-day soil and surficial ground
water reservoir in the Kordofan region. The stratigraphy of the latter has
been recently revised, using numerous sedimentary sections and *C
dating, and is now dated as mainly Holocene in age (Dawelbeit et al.,
2019a; 2019b; Fig. 3). The thickness of the studied sections reaches 720
cm. Climate is thought to be the main factor controlling the temporal
and spatial distribution of these deposits (Dawelbeit et al., 2019a). Be-
tween ~13 kyr and ~10.5 kyr BP, an arid climate prevailed in the
Kordofan region, except in the southern areas. This arid climate led to
the deposition of sand interpreted as aeolian sediment in most parts of
the region (U 1 on Fig. 3). Then, the region was subjected to the well-
known “African Humid Period” (AHP) up to ~6.5 kyr. This period is
marked by isolated lacustrine carbonates in the North, by abundant
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palustrine and lacustrine carbonates dated between 10.5 and 6.5 kyr to
the West (Williams, 2009; Dawelbeit et al., 2019a), by fluvial deposits in
the South (U 2, Fig. 3), and by the pedogenesis of earlier deposits
throughout the region. During the period from ~6.5 kyr BP up to the
present, the climate evolved to arid conditions (U 3, Fig. 3). These are
marked by a strong aeolian activity and erosion that peaked between 3.3
and 1.1 kyr BP. Subsequently, aeolian sedimentation resumed and
continued until now (U 4, Fig. 3). This evolution is consistent with the
aeolian activity documented during the late Pleistocene-Holocene in
Central and Eastern Sahara, the Nile Basin and East Africa (Nicholson
and Flohn, 1980; Woodward et al., 2007; Tierney et al., 2011; Williams
et al., 2000; Williams, 2014; McGee et al., 2013; Egerer et al., 2017).
There, Late Quaternary sediments indicate widespread aeolian sediment
mobilization prior to 11 kyr BP, aeolian sediment stabilization from 11
to 5 kyr BP, and a return to widespread aeolian sediment mobilization
after 5 kyr BP (Swezey, 2001).

In the studied sections, the Kordofan Sand can be divided into three
sequences (Fig. 4). The lower sequence consists of sand deposits older
than 10.5 kyr BP, which are frequently rich in calcitic nodules (Unit 1
and 2, Fig. 3). This sequence varies in color from grey to pale yellow, and
consists of mottled sand. Since mottling and root marks decrease
downward, pedogenesis is thought to have occurred during the subse-
quent AHP. As a matter of fact, in the central part of the study area, the
top of this sequence includes the palustrine carbonates mentioned
above. This unit corresponds to a pedostratigraphic, or pedosedi-
mentary, sequence as defined by Costantini (2018; Costantini and Priori,
2007) and Zerboni et al. (2015). The maximum measured thickness of
this sequence is ~350 cm. Where visible, the base of the lower sequence
unconformably overlies the Cretaceous Nubian Sandstone or the crys-
talline basement rocks (Dawelbeit, 2018).

The middle sequence consists of pale yellow to light brown, slightly
mottled and weathered sand dated between 4.5 and 3 kyr (Dawelbeit
et al.,, 2019a; Fig. 3). This unit is virtually free of calcitic nodules. It
corresponds to the period of aridification that followed the AHP and has
been removed by the subsequent aeolian erosion in large areas of the
central and northern parts of the studied region. The thickness of this
sequence reaches about 350 cm. Since it is followed by a sedimentary
hiatus, it is interpreted as a new pedosedimentary sequence.

The upper sequence corresponds to the aeolian sediment deposited
after 1.1 kyr BP (Unit 4 of Fig. 3). It overlies the middle sequence
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Fig. 3. Synthesis of the latest Pleistocene-Holocene chronostratigraphic and climatic evolution of the Kordofan Region. (based on Dawelbeit et al., 2019a).
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through an erosional, or a deflation surface (Fig. 4). In the latter case, a
thin gravelly layer represents the hiatus occurring between 3.3 and 1.1
ka BP, which is responsible for the erosion of previous deposits
(Dawelbeit et al., 2019a). The upper sequence is formed entirely of
coarse- to fine-grained red sand in the North and red fine sand in the
South. Its maximum measured thickness is &~ 255 cm. Its uppermost part
is locally reworked by human activity (e.g. Fig. 4C), and contains scarce
root remnants without evidence of clear pedogenesis in the North. To
the South, the upper sequence is locally reworked by fluvial activity
(Dawelbeit et al., 2019a); the East Abu Zabad section is preserved of
such reworking, and has been, therefore, chosen for this study. Although
pedogenesis appears absent, or little developed in the northern and
southern sections, we interpret the upper sequence as an upper pedo-
sedimentary sequence (Zerboni et al., 2015; Costantini, 2018).

Material and methods

Forty-eight samples from four excavated sections were systemati-
cally collected for grain size analysis. The studied sections are: Jabra,
North Bara, West El-Obeid, and East Abu-Zabad, which are aligned
along a 280 km long, NNE-SSW trending transect (Fig. 1). Bulk samples
range in weight from 500 to 800 g, while sieved samples range from 400
to 500 g. All sampled sections include the three sequences.

Since the presence of calcitic nodules and iron concretions in the
lower and middle sequences can affect the results of grain size analyses,
care was taken during sampling to avoid sampling zones with abundant
calcitic nodules, and we completely avoid sampling zones that contain
iron concretions. However, in order to avoid these nodules to be
considered as individual grains, the calcareous nodules were removed
before performing the grain size analysis. The coarse nodules were
removed manually in the field, while the smaller ones were treated in
the laboratory with sieve meshes larger than the individual grains and
smaller than the nodules. In addition, although the analyzed sediments
are friable, the preparation steps included the brake up of all staking
particles and it was ensured that no cementation was present.

Grain size analysis was carried out at the Department of Geology,
University of Kordofan, following standard procedures described by
Folk (1971). Samples were dry-sieved in a sieve with an opening range
of 2.83 to 0.074 mm for five minutes, using a mechanical shaker. An
electronic balance with a sensitivity of 0.1 g was used to weigh the
retained material in each sieve. Due to the absence of sieve meshes
smaller than 0.074 mm, material smaller than this size was not analyzed,
and a single weight percentage is reported and plotted to represent all
grains finer than this size. Because cumulative curves have an “S-shape”
and we used a minimum mesh size of 0.074 mm, only rough estimates of
the silt and clay fraction (material < smaller than 0.063 mm), was
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obtained by an approximate drawing of the end the curves to represent
particles finer than 0.074 mm.

Surfer 11 software was used to plot the cumulative curves of the
samples. Statistical grain size parameters (mean grain size, standard
deviation or sorting, skewness, and kurtosis) can be used to reflect dif-
ferences in the sediment characteristics, as well as to refine the depo-
sitional environment (Liu et al., 2014). They were calculated for each
sample following Folk and Ward (1957; Egs. (1) to (4)). Mean grain size
represents average grain size; sorting (as standard deviation) refers to
the uniformity of grain size in the sediment; and skewness measures the
asymmetry of the size distribution curve (Folk, 1971).

DB16+Ds0 + Dsa

Mz + T m
Dsa — D16 | Dos — Ds
= 2
o 4 6.6 2)
SK, — D16+ Dsa — Dso | Ds + Bos — Dso 3)
2(@ss — D) 2(@os — Ds)
Ke Dos — Ds 4

T 244(00s — Ons)

where: My is the mean size; oy is the inclusive graphical standard devi-
ation; SK; is the inclusive graphical skewness; K¢ is the graphical
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kurtosis; and @y, is the diameter, for which n% of the sample is greater
than that diameter.

The scales of Udden (1914) and Wentworth (1922) were used to
separate the grain size fractions (very fine gravel, very coarse sand,
coarse sand, medium sand, fine sand, very fine sand, and mud). More-
over, the percentages of grain size fractions were calculated for each
curve by intersecting the limits of each grain size fraction with the
representative curve. Since these curves are cumulative, the values ob-
tained for the fraction limits are also cumulative. The normal percent-
ages of each fraction represent the difference between their cumulative
limits. Finally, the fractions were plotted in vertical graphs according to
the collection depth of the corresponding sample in order to understand
their vertical distribution and thus, to illustrate the energy variation of
the transport process over time.

Log-probability curves are considered informative with respect to
depositional processes and modes of transport. Sediment can be trans-
ported by fluids through three basic processes: rolling over the surface
(traction), jumping a short distance near the surface (saltation), and
suspended in the air (Visher, 1969; Vandenberghe, 2013). Therefore,
log-probability curves (Visher, 1969) were constructed to understand
the mode(s) of sediment transport in each sample and then in each part
of the studied sections. Each mode of transport represents an individual
subpopulation within a grain size distribution separated by truncation
points (Visher, 1969). However, grains that experienced distinct
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sediment transport mode may be mixed in a same sample (Bagnold,
1941). The log-probability curve usually shows two or three straight line
segments, though in some cases four segments may be found (Visher,
1969).

Plotting log-probability curves requires multiple record points of
cumulative weight versus grain size. However, since we used only one set
of six sieves in addition to the pan, we modified the “Visher method” by
selecting multiple recording points (intersection points between cumu-
lative weights and grain size) from the previously constructed normal
cumulative curves to help constructing the log-probability curves. Since
the log probability curve consists of at least three segments, the more
plotting points we have, the greater the accuracy.

Results

The grain size distribution of the studied samples is presented in
normal cumulative curves and log-probability cumulative curves (Figs. 5
and 8).

Cumulative curves

In semi-logarithmic distribution plot, the cumulative curves of forty-
eight samples from the four sections were plotted and compiled into one
graph and then displayed in the form of a shaded zone for each section
(Fig. 5). The curves are distributed in size range from 2.6 to 0.012 mm
(—1.38 and 6.38 ®). The maximum and minimum grain sizes are
recorded in the Jabra and East Abu Zabad sections, respectively
(Table 1).

To understand the stratigraphic and geographic evolution of trans-
port processes and energy, the data presented in Table 1 are translated
into vertical cumulative grain size plots for each section (Fig. 6). In the
Jabra section the grain size percentages show some similarity in per-
centages of the coarse, medium and fine sand as the dominant sizes
along the section. However, fine gravels are scarce and are recorded only
in the middle sequence and at the base of the upper sequence (Table 1
and Fig. 6). The very coarse sand has considerable percentage in the
upper sequence and around the contact between the middle and upper
sequence. In the North Bara section, the grain size percentage is domi-
nated by medium and fine sand in all sequences, while in the West El
Obeid and East Abu Zabad sections, the grain size percentage showed an
absolute dominance of fine sand in all sequences (Fig. 6).

Mean grain size

The mean grain size (Mz) values of the studied samples range be-
tween 0.57 and 0.17 mm (1.02 and 2.54 ®). The maximum and mini-
mum grain sizes are recorded in the Jabra and East Abu Zabad sections,
respectively. In the Jabra section, 93.3% of the analyzed samples have
My that falls in the medium sand range, while 6.7% (one sample at the
base of the lower sequence) fall in the medium sand range. In the North
Bara section, Mz values of 86.7% of the samples fall in the fine sand
range, while 13.3% (two samples around the contact between the upper
and middle sequences) plot in the medium sand range. In the West El
Obeid and East Abu Zabad sections, all samples fall in the fine sand
range (Table 2; Fig. 7).

Standard deviation

The standard deviation values (cp) for all samples range from 0.57 to
1.3 @, recorded in West El Obeid and Jabra, respectively. In the Jabra
section, 20% of the samples are moderately sorted and 80% are poorly
sorted. All standard deviation values at the North Bara section described
the samples as moderately sorted. 22% of the samples from the West El
Obeid section are moderately sorted (at the base of the lower sequence)
and 78% are moderately well sorted. In the East Abu Zabad section all
samples are moderately well sorted (Table 2; Fig. 7).
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Table 1

Percentages of grain size fractions for the studied samples. Samples are
numbered sequentially from top to bottom in each section. VFG = very fine
gravel, VCS = very coarse sand, CS = coarse sand, MS = medium sand, FS = fine
sand, VFS = very fine sand, Mud = silt and clay fractions.

Section Sample/ VFG VCS Ccs MS FS VFS Mud
Curve % % % % % % %
Jabra Jab 1 - 4 21 26 28 17 4
Jab 2 - 13 22 20 31 13 1
Jab 3 - 12 22 17 31 15 3
Jab 4 - 15 26 25 23.8 9.4 0.8
Jab 5 1 14 29 23 24 8.3 0.7
Jab 6 1.8 17.2 31 19 22 8.5 0.5
Jab 7 1.5 21 27.5 31.5 15 3 0.5
Jab 8 1.8 9.4 28.8 25 24.5 8.8 1.7
Jab 9 2 9.5 30 24.5 24 8.2 1.8
Jab 10 - 10 15 35 25 13.2 1.8
Jab 11 - 8 15 35 26.5 13.5 2
Jab 12 - 6.5 15.5 31 32 13 2
Jab 13 - 7 13.5 26.5 38 13 2
Jab 14 - 6 12 24 45 11.2 1.8
Jab1l5 - 5 11 24 44 14.2 1.8
North NB 1 - 1 6 50 35.8 8 1.8
Bara NB 2 - - 2.5 38.5 46 10 3
NB 3 - - 4.5 35.5 46.6 10.4 3
NB 4 - - 4.4 36.6 46.8 10.2 2
NB 5 - - 4 33.3 52.7 9 1
NB 6 - - 4 30 47.2 17 1.8
NB 7 - - 6 25 56 11 2
NB 8 - - 7 50 26 15.8 1.2
NB 9 - - 7 50 26 16.2 0.8
NB 10 - - 6.7 45.3 30 15.5 2.5
NB 11 - 1 3 36 41.5 12.5 6
NB 12 - 2.8 3.2 30 49 12.7 2.3
NB 13 - 1 3 31 48 14 3
NB 14 - 3 4 33 46 11.5 2.5
NB 15 - 3 5 39 39 12.4 1.6
West El- WEO 1 - - 3 24 56 15 2
Obeid WEO 2 - - 3 27 55 13.5 1.5
WEO 3 - - 3 27 55 13 2
WEO 4 - - 3 17 60 18 2
WEO 5 - - 2 18 60 17.2 2.8
WEO 6 - - 2 18 60 17 3
WEO 7 - - 2.8 20.2 60 14 3
WEO 8 - - 2 27 51 16 4
WEO 9 - 1.5 17.5 59 16 5
East EAZ 1 - - 4 22 51 17 6
Abu- EAZ 2 - - 4 23 52 17 5
Zabad EAZ 3 - - 4 22 51 17 7
EAZ 4 - - 4 14 58 17 7
EAZS5 - - 3 16 56 19 6
EAZ 6 - - 3 16 56 20 5
EAZ 7 - - 2 16 58 22 5
EAZ 8 - - 2 15 61 17 5
EAZ 9 - - 3 21 52 17 7
Skewness

The values of the skewness (SK;) for the analyzed samples range
between the maximum value of —0.31®, recorded in North Bara, and the
minimum value of 0.2 @, found in East Abu Zabad. In the Jabra section
60% of the samples can be described as symmetrical, 33% are coarse
skewed, and only one sample (7%) is fine skewed. In the North Bara
section, 60% of the samples are considered symmetric, 33% are coarse
skewed, and only 7% (one sample) is very coarse skewed. 78% of the
samples from the West El Obeid section are symmetric and 22% are fine
skewed. In East Abu Zabad, all samples are classified as fine skewed
(Table 2; Fig. 7).

Kurtosis

The values of kurtosis (Kg) for all samples range from 0.64 to 1.89 ®.
The minimum and maximum values are recorded in Jabra and East Abu
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Fig. 6. Vertical evolution of grain size percentages. Datum is the discontinuity between the middle and upper sequence. The thicknesses of the sequences have been
homogenized according to the thickest sections: North Bara for the upper sequence, Jabra for the middle sequence, and East Abu Zabad for the lower sequence.

Zabad, respectively. 73% of the samples from the Jabra section fall
within the platykurtic range, 20% are mesokurtic and one sample (7%)
is very platykurtic. In North Bara, 77% of the samples are leptokurtic
and 33% are mesokurtic. In West El Obeid, 78% of samples fall within
the leptokurtic range, one sample (11%) is very leptokurtic, and another
one (11%) is mesokurtic. All samples in the East Abu Zabad section fall
in the very leptokurtic range (Table 2; Fig. 7).

Log - probability curves

Forty-eight log-probability curves were constructed. The curves of
each section are illustrated in one plot (Fig. 8). Thirty-five curves out of
48 show three straight line segments considered as three populations of
grains transported by different processes. Thirteen curves (7 from Jabra
and 6 from East Abu Zabad sections) show four straight line segments;
thus, four populations are recognized, representing traction, suspension
and two types of saltation transport processes.

The traction-saltation truncation points (TSTP) for all curves vary
from ~1.5 to ~0.36 mm (—0.58 to 1.47®). The maximum and minimum
TSTP are recorded in the Jabra and West El Obeid sections, respectively
(Table 4). In the Jabra curves, the TSTP values of 53% of the samples fall
within the very coarse sand, and 47% are within the coarse sand range.
In the North Bara section, the TSTP values of 33% of the samples fall
within the coarse sand, and 66% are within the medium sand range. In
the West El Obeid section, TSTP values of 56% of the samples fall at the
coarse-medium sand boundary, 33% in medium sand, and 11% (one
sample) is in the coarse sand range. In the East Abu Zabad section, 67%
of the samples have TSTP values that fall within the coarse sand range,
and 33% of the samples plot within the medium sand range.

The saltation-suspension truncation points (SSTP) for all curves
range from ~0.125 to ~0.056 mm (3.0 to 4.16®), recorded in the West
El Obeid and Jabra sections, respectively (Table 4). In the Jabra section,
93% of the samples have SSTP values falling within the very fine sand
range, while only 7% (one sample) fall within the very coarse silt. In the
North Bara section, the SSTP values for all samples are within the very
fine sand. However, some of them are exactly at the fine- to very fine
sand boundary. For the West El Obeid and East Abu Zabad sections, the
SSTP values for all samples fall within the very fine sand range.

Transport modes for all samples were calculated from Fig. 8 in terms
of traction, saltation, and suspension populations, following Visher

(1969). These calculated populations are expressed in percentages and
size ranges (Table 4). The percentage of traction population for all
samples ranges from ~1 to ~50%, recorded in the East Abu Zabad and
Jabra sections, respectively. The percentage of saltation population
(PSAP) ranges from 40 to ~95% for all samples, with both values
recorded in the Jabra section. The percentage of suspension population
for all samples varies from ~2 to ~20 % recorded in the Jabra and East
Abu Zabad sections, respectively.

In term of size, grains transported by traction vary from ~2.2 to
~0.13 mm for all samples in the Jabra and West El Obeid sections,
respectively. In the study area, grains transported by saltation fall within
the size range of ~1.5 to ~0.059 mm for all samples. Both the coarsest
and finest sizes are found in the Jabra section. In the study area, the
maximum grain size transported as suspended sediment is ~0.121 mm,
and is recorded in the Jabra section.

The calculated data in Table 4 were translated into grain populations
evolution through time expressed in percentage variations (Fig. 9A), and
into grain size variations for each section (Fig. 9B) to highlight both their
vertical and lateral evolutions. Saltation dominates in all sections. In the
Jabra section, however, the upper sequence is dominated by both trac-
tion and saltation populations as well as the top of the middle sequence.
The percentage of traction population is generally low, except locally in
the Jabra section, with a notable decrease to the south (Fig. 9A). The
suspension population is greater in the southern sections than in the
northern ones; it is variable in the northern sections (Jabra, North Bara)
and decreases slightly upward in the southern sections.

The coarsest grain size transported by traction is recorded in the
Jabra section, while the smallest size is recorded locally in the West El
Obeid section. Both the coarsest and finest grain sizes transported by
saltation are recorded in the Jabra section. However, the smallest grain
size transported by saltation seems homogeneous in the lower sequence
over the study area. The suspension population is coarsest in both the
North Bara and West El Obeid sections (Fig. 9B).

In the lower and middle sequences of the Jabra section, the traction
population is coarser than in the upper sequence; the traction-saltation
and saltation-suspension contacts are regular in the lower sequence and
irregular in the middle and upper sequences, the saltation population
occupies a wide range. In North Bara, the traction population shows a
slight fining-upward trend. Grain size of the saltation population is
nearly constant, although a slight fining upward trend can be seen
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Table 2
Summary of the calculated graphical statistics and their descriptions for the studied sections. Samples are numbered sequentially from top to bottom in each section.
The Abbreviations in this table are explained in Table 3.

Section Sample Mean Standard deviation Skewness Kurtosis
Value / phi Description Value /phi Description Value / phi Description
JABRA Jab 1 1.76 1.25 Ps —0.21 Csk 0.87 Pk
Jab 2 1.52 1.30 Ps —0.08 Sy 0.79 Pk
Jab 3 1.63 1.27 Ps —0.22 Csk 0.64 Vpk
Jab 4 1.39 1.28 Ps —0.11 Csk 0.67 Pk
Jab 5 1.34 1.22 Ps 0.06 Sy 0.68 Pk
Jab 6 1.17 1.25 Ps 0.19 Fsk 0.75 Pk
Jab 7 1.02 0.98 Ms 0.10 Sy 0.95 Pk
Jab 8 1.44 1.20 Ps —0.01 Sy 0.72 Pk
Jab 9 1.40 1.27 Ps —0.04 Sy 0.72 Pk
Jab 10 1.72 1.15 Ps 0.04 Sy 0.80 Pk
Jab 11 1.78 1.11 Ps —0.09 Sy 0.84 Pk
Jab 12 1.75 1.08 Ps —0.05 Sy 0.83 Pk
Jab 13 1.84 1.01 Ps —0.05 Sy 0.95 Mk
Jab 14 1.97 0.99 Ms -0.27 Csk 1.00 Mk
Jabl5 2.03 0.96 Ms —0.26 Csk 1.02 Mk
NORTH BARA NB 1 2.22 0.83 Ms —0.057 Sy 0.99 Lk
NB 2 2.17 0.72 Ms -0.071 Sy 1.24 Mk
NB 3 217 0.82 Ms —0.180 Csk 1.07 Lk
NB 4 2.15 0.73 Ms —0.135 Csk 1.22 Lk
NB 5 212 0.73 Ms —0.287 Vesk 1.15 Lk
NB 6 213 0.73 Ms —0.312 Csk 1.21 Lk
NB 7 2.28 0.72 Ms —0.281 Csk 1.17 Lk
NB 8 2.14 0.75 Ms —0.160 Csk 1.19 Mk
NB 9 1.94 0.78 Ms —0.101 Sy 1.06 Lk
NB 10 1.98 0.80 Ms —0.091 Sy 1.13 Mk
NB 11 2.18 0.97 Ms 0.098 Sy 1.31 Lk
NB 12 2.19 0.84 Ms —0.011 Sy 1.19 Lk
NB 13 2.27 0.82 Ms —0.007 Sy 1.24 Lk
NB 14 2.25 0.84 Ms 0.067 Sy 1.27 Mk
NB 15 2.03 0.90 Ms 0.086 Sy 1.11 Mk
WEST EL OBEID WEO 1 2.35 0.66 MWs —0.05 Sy 1.345 Lk
WEO 2 2.27 0.60 MWs —0.06 Sy 1.164 Lk
WEO 3 2.31 0.64 MWs 0.04 Sy 1.328 Lk
WEO 4 2.45 0.69 MWs 0.06 Sy 1.457 Lk
WEO 5 2.42 0.64 MWs 0.12 Fsk 1.395 Lk
WEO 6 2.33 0.70 MWs 0.09 Sy 1.438 Lk
WEO 7 2.21 0.57 MWs -0.07 Sy 1.048 Mk
WEO 8 2.33 0.79 Ms 0.13 Fsk 1.542 Vik
WEO 9 2.42 0.79 Ms 0.05 Sy 1.496 Lk
EAST ABU ZABAD EAZ 1 2.58 0.85 Ms 0.13 Fsk 1.62 Vik
EAZ 2 2.53 0.87 Ms 0.18 Fsk 1.57 Vik
EAZ 3 2.60 0.84 Ms 0.18 Fsk 1.69 Vik
EAZ 4 2.65 0.86 Ms 0.17 Fsk 1.89 Vik
EAZ 5 2.59 0.84 Ms 0.15 Fsk 1.67 Vik
EAZ 6 2.54 0.87 Ms 0.20 Fsk 1.82 Vik
EAZ 7 2.59 0.80 Ms 0.15 Fsk 1.88 Vik
EAZ 8 2.60 0.84 Ms 0.09 Sy 1.65 Vik
EAZ9 2.58 0.87 Ms 0.19 Fsk 1.70 Vik
Table 3
Abbreviation of the graphical statistic descriptions that shown in Table 2 and Fig. 7.
Standard deviation Skewness Kurtosis
Description Abbreviation Description Abbreviation Description Abbreviation
Very well sorted VWs Very fine skewed Vfsk Very platykurtic Vpk
Well sorted Ws Fine skewed Fsk Platykurtic Pk
Moderately sorted Ms Symmetrical Sy Mesokurtic Mk
Poorly sorted Ps Coarse skewed Csk Leptokurtic Lk
Very poorly sorted VPs Very coarse skewed Vesk Very leptokurtic Vik
Extremely poorly sorted ExPs Extremely leptokurtic Exlk
(Fig. 9B). In the latter section, the boundary between the saltation and mm.

suspension population shows very little grain size variation. The size
range of the traction population in the West El Obeid and East Abu Interpretation
Zabad sections is narrow and stable over time. The grain size range of

the saltation population shows a fining-upward trend. The contact be- Energy of transport
tween the saltation and suspension populations is fairly regular with a
slight fining upward trend, and its grain size is generally less than 0.109 Most of the continental siliciclastic sediments are transported by
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(North Bara for the upper sequence, Jabra for the middle sequence, and East Abu Zabad for the lower sequence). Abbreviations are explained in Table 3.

fluids (water) or winds (Boggs, 2006). The velocity, speed or strength of
transportation factor have been expressed as energy by many sedimen-
tologists (e.g. Folk and Ward, 1957; Visher, 1969; Tucker, 2003; Boggs,
2006; Nichols, 2009). Thus, we use the term “energy of transport” to
express the strength of the transportation factor that allowed deposition
of the Kordofan Sand. The transport energy can be inferred from the
dispersion of the cumulative curves of the individual sections, the
variation of grain size, and the graphical statistical intercorrelations.
Based on these key parameters, we interpreted the energy of transport in
terms of temporal and spatial evolutions.

Temporal evolution of energy

According to the grain size cumulative curves (Fig. 5), the samples
from the Jabra section are widely scattered, reflecting a high variability
in transport energy over time. In North Bara, the scatter of the curve is
moderate, also reflecting variability in energy, while the curves from the
other sites have a narrower scatter, indicating low variability in trans-
port energy over time for West El Obeid, and energy stability for East
Abu Zabad.

In all sequences, the grain size distribution in the Jabra section shows
strong irregularities (Fig. 6), demonstrating a high variability of energy,
with a notable upward increase from the lower to the middle sequence,
as indicated by the presence of fine gravels in the middle sequence and
the base of the upper sequence. The distribution is irregular in the North
Bara section, indicating variable energy over time, while it is moderately
regular in the West El Obeid section, indicating a moderately stable
energy (with a notable upward decrease in energy around the lower-
middle sequences boundary and in the middle sequence). The regular
vertical distribution of grain size in the East Abu Zabad section indicates
a stable energy of transport over time. Moreover, the samples from the
northern part of the study area show a wide grain size distribution,
indicating temporal variations in transport energy. Conversely, the
samples from the southern areas show a narrow grain size distribution,
indicating constant or low variability of transport energy during the
same time-span.

The vertical homogeneity of the mean grain size in the East Abu
Zabad, West E1 Obeid, and North Bara sections (Fig. 7), suggests uniform

10

sedimentary processes, a common sedimentary origin, and a relative
energy stability over time for all sequences. In contrast, the scatter of
mean grain size values in Jabra not only indicates variable energy over
time, but may also indicate multiple depositional mechanisms.

Skewness is a function of grain size and is geometrically independent
of sorting (Folk and Ward, 1957). This means that if a sample is formed
of very coarse to very fine sand, it can be described as coarsely skewed
when the ratio of the very coarse sand is greater than the very fine sand;
it can also be described as finely skewed if the amount of the very coarse
sand exceeded the very fine sand (Folk and Ward, 1957). Therefore, it is
difficult to use the skewness as a direct indicator of energy strength, but
it can be used as an indicator of energy variation through time. The
values of skewness (Fig. 7) are very heterogeneous in the northernmost
Jabra section, heterogeneous in the North Bara section, homogeneous in
the west El Obeid section, and very homogeneous in the southernmost
East Abu Zabad section. This indicates that the temporal evolution of
energy is highly variable in the Jabra section, variable in the North Bara
section, stable in the west El Obeid section, and very stable in the East
Abu Zabad section.

Spatial evolution of transport energy

The regular decrease in the mean grain size diagram from the
northernmost Jabra section to the southernmost East Abu Zabad section
(Fig. 7), indicates a gradual decrease in transport energy from North to
South. The kurtosis curves evolve from North to South, from platykurtic
to leptokurtic and very leptokurtic. This indicates a wide range of grain
size and energy variability in the North, and a narrow range of grain size
and a stable transport energy in the South.

In terms of grain size, the northernmost Jabra section shows poor
sorting and abundant coarse grains (Fig. 6). Further South, the North
Bara section is dominated by medium to fine sand, the West El Obeid
section is dominated by fine sand, while the East Abu Zabad section is
also dominated by fine sand with notable increases in very fine sand and
mud contents. This distribution indicates a general southward fining
trend, which in turn reflects a southward decrease in the energy of
transport and deposition. The decrease in mean grain size from North to
South (Fig. 7, right) supports this interpretation.
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Fig. 8. Log-probability curves for all samples from the studied sections.

Fig. 10 shows that the maximum size driven by the traction mode
picks up an average value of about 2.0, 1.3, 1.0, and 0.9 mm in the Jabra,
North Bara, West El Obeid, and East Abu Zabad sections, respectively.
This observation strongly supports the above interpretation of a gener-
ally southward decreasing energy.

Mode of transportation
The dominance of saltation population throughout the area (Fig. 9A)

indicates the dominance of aeolian processes in the studied units
(Visher, 1969). The high percentage of traction population in the upper

11

sequence in Jabra (Fig. 9A) indicates that this unit was deposited under
high energy, compared to the middle and lower sequences. However, the
grain size range of the traction population of the upper sequence in the
Jabra section is finer than in the middle and lower sequences (Fig. 9B),
suggesting an opposite interpretation. These variations suggest that,
either the energy was higher during deposition of the upper sequence
than during that of the middle and lower sequences, or the sand of the
middle and lower sequences was mixed with residual coarse grains.

In the North Bara, West El Obeid, and East Abu Zabad sections, stable
transport modes with slightly fining upward trends (Fig. 9B) indicate
that (1) depositional processes did not change over time, and (2) the
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Results of the transportation modes in the study area. TSTP is the traction-saltation truncation point and SSTP is the saltation-suspension truncation point. Samples are

numbered sequentially from top to bottom in each section.

Section Sample TSTP (mm) SSTP (mm) Traction population Saltation population Suspension population
Percentage Size range (mm) Percentage Size range (mm) Percentage Size range (mm)
JABRA Jab 1 0.63 0.118 22 1.5-0.63 68 0.63-0.118 10 <0.118
Jab 2 0.5 0.121 41 1.35-0.5 50 0.5-0.121 10 <0.121
Jab 3 0.56 0.121 50 1.3-0.43 40 0.43-0.121 10 < 0.121
Jab 4 0.5 0.111 44 2-0.5 49 0.5-0.111 7 < 0.111
Jab 5 1.5 0.088 20 2.2-15 76 1.5-0.088 4 < 0.088
Jab 6 1.0 0.081 23 22-1.0 75 1.0-0.081 2 < 0.081
Jab 7 0.8 0.105 3 2.1-0.8 95 0.8-0.105 2 < 0.105
Jab 8 0.86 0.081 3 2.1-0.86 94 0.86-0.081 3 < 0.081
Jab 9 1.5 0.056 4 2.1-1.5 93 1.5-0.056 3 < 0.056
Jab 10 1.25 0.111 2 2-1.25 90 1.25-0.111 8 < 0.111
Jab 11 0.95 0.111 2.5 1.75-0.95 91.5 0.95-0.111 6 <0.111
Jab 12 1.0 0.111 2.5 1.75-1.0 92 1.0-0.111 5.5 <0.111
Jab 13 1.1 0.111 2.5 1.9-11 92 1.1-0.111 5.5 < 0.111
Jab 14 1.15 0.111 2 2.1-1.15 92 1.15-0.111 6 < 0.111
Jabl5 1.25 0.111 2 2.15-1.25 92 1.25-0.111 6 <0.111
NORTH BARA NB 1 0.4 0.125 3 0.68-0.4 89 0.4-0.125 8 <0.125
NB 2 0.425 0.115 3 0.75-0.425 92 0.425-0.115 5 < 0.115
NB 3 0.413 0.108 3.5 1.1-0.413 93.5 0.413-0.108 3 < 0.108
NB 4 0.44 0.102 3.5 1.1-0.44 93.5 0.44-0.102 3 < 0.102
NB 5 0.44 0.108 3.5 1.0-0.44 90.5 0.44-0.108 6 < 0.108
NB 6 0.45 0.125 3 0.9-0.45 87 0.45-0.125 10 < 0.125
NB 7 0.425 0.108 8 0.8-0.425 89 0.425-0.108 3 < 0.108
NB 8 0.4 0.102 7 0.9-0.4 90 0.4-0.102 3 < 0.102
NB 9 0.425 0.108 6 1.0-0.425 88 0.425-0.108 6 < 0.108
NB 10 0.463 0.115 3 1.2-0.463 87 0.463-0.115 10 <0.115
NB 11 0.5 0.115 3 1.1-0.5 87 0.5-0.115 10 <0.115
NB 12 0.525 0.108 3 0.9-0.525 87 0.525-0.108 10 < 0.108
NB 13 0.55 0.111 3 0.9-0.55 87 0.55-0.111 10 <0.111
NB 14 0.55 0.125 3 1.45-0.55 87 0.55-0.125 10 <0.125
NB 15 0.6 0.125 3 1.6-0.6 87 0.6-0.125 10 < 0.125
WEST EL OBEID WEO 1 0.55 0.113 2 1.0-0.55 93 0.55-0.113 5 <0.113
WEO 2 0.36 0.121 7 0.88-0.36 89 0.36-0.121 4 <0.121
WEO 3 0.38 0.121 6 0.9-0.38 90 0.38-0.121 4 < 0.121
WEO 4 0.43 0.121 5 0.93-0.43 89 0.43-0.121 6 <0.121
WEO 5 0.5 0.121 2 0.95-0.5 88 0.5-0.121 10 <0.121
WEO 6 0.5 0.118 2 0.95-0.5 87.5 0.5-0.118 10.5 <0.118
WEO 7 0.5 0.118 2 0.95-0.5 87 0.5-0.118 11 < 0.118
WEO 8 0.5 0.125 2 0.95-0.5 86.5 0.5-0.125 11.5 <0.125
WEO 9 0.5 0.125 2 0.95-0.5 86 0.5-0.125 12 <0.125
EAST ABU ZABAD EAZ 1 0.48 0.063 2 0.9-0.48 90 0.48-0.063 8 < 0.063
EAZ 2 0.45 0.074 2 0.9-0.45 89 0.45-0.074 9 < 0.074
EAZ 3 0.49 0.095 2 0.8-0.49 88 0.49-0.095 10 < 0.095
EAZ 4 0.5 0.115 1.5 0.75-0.5 85.5 0.5-0.115 13 <0.115
EAZ 5 0.52 0.118 1 0.9-0.52 85.5 0.52-0.118 13.5 < 0.118
EAZ 6 0.58 0.118 1 1.05-0.58 85 0.58-0.118 14 <0.118
EAZ 7 0.58 0.118 1 1.1-0.58 84 0.58-0.118 15 <0.118
EAZ 8 0.58 0.118 1 0.95-0.58 82 0.58-0.118 17 < 0.118
EAZ 9 0.55 0.118 1 0.9-0.55 79 0.55-0.118 20 <0.118

transport energy did not evolve significantly over time, or was slightly
decreasing through time.

The southward decrease in the percentages of the traction population
(Fig. 9A), the southward increase in the percentages of the suspension
population (Fig. 9A), and the southward fining trend of the traction
population (Fig. 9B) all indicate that transport energy decreased
southward during the deposition of the Kordofan Sand.

Discussion

The existence of the calcitic nodules resulting from pedogenesis in
the lower and middle sequences might affect our results and interpre-
tation. Such pedogenic calcitic features have been observed in Central
Sudan, and are believed to have development during wetter climatic
conditions (Dal Sasso, et al., 2018). Calcitic nodules in the Kordofan
Sand were mostly developed above the water table as evidenced by their
tubular morphology (Dawelbeit, 2018), which suggests that they formed
through the replacement of organic material of roots by calcium car-
bonate (Alonso-Zarza et al., 2011). In addition, the presence of some
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biogenic features in the tubular calcrete suggests that it formed in the
vadose zone (Arakel, 1996), where precipitation of carbonate usually
occurs above the water table and within the sediment (Alonso-Zarza,
2003). This indicates that carbonate precipitated in the sediment after it
has been deposited. Therefore, the presence of the calcitic nodules in the
sampled sediments may affect the results of the grain size analysis. In
order to avoid these nodules to be considered as individual grains, the
calcareous nodules were removed as mentioned in section 3. For these
reasons, we did not treat our samples with acid to remove the carbonate
material. Since the calcitic nodules are concentrated in the lower
sequence, their impact on the results should appear through the relative
increase in the muddy fraction in the lower sequence. In fact, the results
do not show such effects, as the percentages of the mud (silt and clay)
shows approximately the same values along the sequences of each sec-
tion (Table 1 and Fig. 6). Therefore, we assume that removing such
nodules does not affect significantly the grain size distribution of the
analyzed sediments. In more details, the muddy portion is greater in the
upper sequence of the Jabra section than in the middle and lower
sequence, although the upper sequence does not contain calcitic
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nodules. In the North Bara section, the muddy content is nearly constant
throughout the three sequences, except in two samples in the lower and
middle sequence. In the West El Obeid section, the slight upward
decrease in the muddy content may represent a little effect of the calcitic
nodules. In the East Abu Zabad section, the very homogeneous mud
percentage throughout the sequences, indicates the absence of effects of
calcitic nodule.

As reported in section 2.3, the Kordofan region, as much of the
Saharan Desert, had been affected by the African Humid Period.
Therefore, in addition to pedogenic features, these more humid condi-
tions might have resulted in different post-depositional processes. The
increase of rainfall likely favored the vegetation cover and consequently
enhanced the pedogenesis, as discussed above. Vegetation might also
have contributed in the stabilization of the sandy deposits, thus limiting
aeolian transport. We are aware that this observation may influence our
results regarding the second sequence. However, on one hand, the sec-
ond sequence presents the coarsest grains in the Jabra section, showing
that this influence was limited, and on the other hand, our work mainly
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focuses on mode of transport and the role of topography. The enhanced
activity of organisms during wet periods might have also affected the
grain size distribution through bioturbation processes, which might
actively mix the sediment. We assume, however, that these processes did
not affect significantly our result. As a matter of fact, no such mixing has
been observed across the sequence boundaries, and sedimentary figures
are commonly preserved (Dawelbeit et al., 2019a). Therefore, although
our results may be viewed cautiously, we assume that they are
representative.

When determining the depositional processes for different environ-
ments of ancient clastic rocks and sediments, Visher (1969) reported
that the aeolian sediments are normally dominated by the saltation
transportation mode. Therefore, the dominance of saltation in all stud-
ied sections (Table 4 and Fig. 9B), supports an aeolian origin of the
Kordofan Sand. Vandenberghe (2013) wrote that grain-size analysis of
aeolian sediments is a fairly valuable tool to distinguish different aeolian
processes of transport and deposition, transport distance and origin in a
particular sediment. This author pointed out that in purely aeolian



A. Dawelbeit et al.

A

1.6
1.5 e Jabra %.
1.4 <%
Poorly sorted 13 | + North Bara . ° ‘%Q
o %
124 |e WestEI-Obeid ®e <
- 1144 |« East Abu-Zabad .
£ 1.0 . O“\\ Ve .
0.9 % .
g Moderately ‘% s %
= sorted 0.8 ¢°“~\ 2 ‘e
z 0.7 = % "3
0  Moderately ¢ 20\ o o
well sorted B\ e
0.5 o\ %
% &
Well sorted ¢ 4 | %\
" 5,4
0.3 |
Very well o |
sorted
0.1
0 ] ] | !
0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 mm
0.2 0.3 0.5 0.7 1.0 13 1.7 23 3.3 phi
Coarse sand | Medium sand | Fine sand
MEAN GRAIN SIZE
c 1.5
14 High Ene, e Jabra
1.3 fgi ¢ North Bara
Poorly sorted * e West El-Obeid
1.2+ * East Abu-Zabad
1.1
= 1.0
=
Q. 0.9
6’ Moderately
> sorted 1
E 0.7
14
O Moderately 0.6-
» wellsorted
0.5
Well sorted 4 |
0.3
Very well (.21
sorted
0.1
0 T T T T 7 |
© BT N 9T N 0T N g ~ ®
S ©6 o0 o 0o ©© 6 & 6 & o = o
° ] ' ] 1 o ! . ] v
£3 ] .31 & | 33 Es
2 c 3 - FE] o9
>3 o 7] < 3 Sz
o X L x £ Q x )
S0 n £ Own ox
> 9
n >

SKEWNESS (phi)

Aeolian Research 55 (2022) 100785

B
0.6
Very fine 0.5
skewed ¢4 + (&) _
0.3 ;
Fine i A
skewed 0.2 '%%k\ ° . & /
= N\ /
= - o .
= 01 (‘;&\\ » N . .‘ * // 5
L& symmetrical 0 -| % - ."‘ . /lﬁ
2 -0 R JE
A Coarse +¢/ 8
g 02
c skewed ™ Y- o® ~
2 N o,/
) - 6,3 N 2/
73 -0.4 \ /
-0.51 |e Jabra moderate Energy
Very coarseo 6 -
skewed = + North Bara
.0_7 |
08 - o West El-Obeid
09- » East Abu-Zabad
— 1.0 0 ; : : - ‘ :
0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 mm
02 03 05 07 1.0 13 1.7 23 33 phi
Coarse sand Medium sand | Fine sand
MEAN GRAIN SIZE

Fig. 10. Interrelation plots between the graphical statistics parameters indicating the transport energy. A: mean grain size vs sorting B: mean grain size vs skewness C:

skewness vs sorting.

sediments, the fine sand to coarse silts of local origin are generally
transported by saltation or in near-surface suspension, medium to coarse
silts are transported in low suspension clouds as large dust, and fine to
very fine silts and clays are transported over long distances in high
suspension as small dust. However, these processes are controlled by
many factors including provenance of the sediment, source area condi-
tions, transport height above the surface, distance and direction of
transport (Vandenberghe, 2013). In our studied sections, the sediments
transported by saltation and suspension modes are coarser that those
determined by Vandenberghe (Fig. 9B). Linking these observations with
the observations by Visher (1969), we can conclude that the studied
deposits are transported by aeolian processes from local origin that
might be close to the Jabra section as suggested by Andrew (1948).
Among the various depositional environments, Visher (1969) re-
ported that in fluvial environment, the coarse truncation points (CT) of
the saltation mode and the fine truncation points (FT) of the saltation
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mode range from —1.5 to —1.0 @ and from 2.75 to 3.5 ®, respectively,
while in well-sorted aeolian dune environment, CT and FT of the
saltation mode range from 1.0 to 2.0 ® and from 3.0 to 4.0 ®, respec-
tively. In the studied sediments, the CT in the Jabra section are range
from —0.58 to 1.0 ® and the FT are range from 3.05 to 4.16 @ (Fig. 9B).
Comparing these values with those determined by Visher, it appear that
the coarse truncation points (CT) in the Jabra section are neither fall
within CT range of fluvial nor aeolian environment; however, they fall
between the fluvial and aeolian environments. This suggests that the
sediments of the Jabra section have been reworked and experienced a
weak degree of aeolian transport. On the other hand, the FT of saltation
in the Jabra section have characteristics of both fluvial and aeolian
sediments. In more details, the FT in the lower and upper sequences
typically falls within the fluvial range and close to the FT of aeolian
environment, while in the middle sequence and the base of the upper
sequence, the FT fall mainly within the aeolian FT zone, with an upward
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inclination to the fluvial zone. These observations suggest that in the
northern part of the study area, the sediments may have reworked
fluvial deposits of paleo-rivers (fossil wadis) located west of the Jabra
section (Fig. 2B). However, reworking due to aeolian activity is also
considered. In the North Bara, West El Obeid, and East Abu Zabad sec-
tions, the CT points range from 0.74 to 1.32, 0.86 to 1.47, and from 0.79
to 1.15 @, respectively, while the FT points range from 3.0 to 3.29, 3.0 to
3.5, and 3.08 to 3.99 @, in the North Bara, West El Obeid and East Abu
Zabad sections, respectively (Table 4 and Fig. 9B). Comparing these
values with those determined by Visher (1969) and referring to Fig. 9B,
we observe the following. (1) In the North Bara and East Abu Zabad
sections, the CT for the upper and middle sequences fall within the
aeolian range, while the CT for the lower sequence falls out of the
aeolian range with clear upward inclination to the coarsest CT limit of
the aeolian range of Visher (1969). (2) All CT values in the West El Obeid
section fall within the CT aeolian field of Visher (1969), except one
sample at the top of the section. (3) The FT points of the North Bara,
West El Obeid, and East Abu Zabad sections are falling within the
aeolian range of Visher (1969). Accordingly, the sediments of the North
Bara, West El Obeid and East Abu Zabad sections are regarded as of
typical aeolian environment. The small variation of the CT (in the lower
sequence of these sections and those provided by Visher) can be
explained in two ways. (1) Our studied sections are located in interdune
and sand sheet environments (Fig. 2B), whereas Visher (1969) studied
sediments of typical dune environment, and (2) the interdune and sand
sheet environments are more likely to be affected by reworking pro-
cesses, either aeolian or fluvial.

Bakhit and Ibrahim (1982) reported a tight relationship between the
Kordofan Sand and the occurrence of the Nubian Sandstone Formation
around the dunes and sand sheets. Supporting this suggestion,
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Whiteman (1971) reported the existence of outcrops of Nubian Sand-
stone Formation located north of our present study. However, because
pre-Quaternary rocks are mostly covered by the Kordofan Sand (Fig. 2),
their outcrops are of quite limited extension; moreover, the Nubian
Sandstones are usually well lithified, and are usually coarser-grained
than the studied deposits (McKee, 1963). Therefore, if the aeolian
erosion of the Nubian Sandstones contributed to the origin of the studied
deposits, its contribution was marginal.

On the other hand, Vandenberghe (2013) reported that aeolian
sediments are often affected by post-depositional reworking. In the
northern part of the studied area, large linear dunes grade southward
into extensive sand sheets of Late Pleistocene age, which locally support
still active transverse dunes and barchans (Fig. 2A). This shows that the
Late Pleistocene large liner dunes are submitted to reworking until now.
Consequently, we propose that the studied, mainly Holocene sand se-
quences were fed both by distal, fine-grained Saharan sands and by
proximal, coarser-grained grains proceeding from the Late Pleistocene
aeolian dunes. This may explain the presence of coarse grains (fine
gravel to coarse sand) and the low degree of sorting observed in the
northern sections. The increase in coarse grains in the northern sections,
particularly grains transported by traction in the middle sequence and
base of the upper sequence, suggests that this area experienced strong
aeolian activity resulting in the removal of fine grains, which were
transported further south as suspended sediments (Fig. 11). This can be
correlated with the event of non-deposition between 3.3 and 1.1 kyr
recorded in parts of Kordofan Region (Dawelbeit et al., 2019a). This
hiatus, as well as the coarser grains of the upper sequence in the Jabra
section and the aeolian erosion recorded in other sections can be
correlated with (1) the increase in Saharan dust flux into the Atlantic
between 5 and 0 kyr (Williams, 2014), (2) the desertification and
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aeolian deflation recorded during the middle and late Holocene in Egypt
and northern Sudan (Nicoll, 2004), and (3) the wind regime established
around 2.7 kyr B.P over the Sahara (Kropelin et al., 2008).

To refine the above interpretation, we created interrelation plots
between the graphical parameters. The plot of mean grain size versus
sorting (Fig. 10A) shows a good linear relationship between the different
sites and a clear trend from North to South. The shape of the mean grain
size — sorting curve depends on the grain size range; it varies from the M-
shaped, V-shaped or inverted V-shaped trend, and only one limb of V-
shaped will develops if the range of grain size is wide, medium, and very
small, respectively (Folk and Ward, 1957). The studied samples pro-
duced a linear trend, indicating that the grain size range is very small.
However, one sample from the Jabra section, falls out of this linear
trend, and it seems that relationship would have produce an inverted V-
shaped trend if well-sorted, coarser-grained sediments were added in the
northern part of the study area. Since the long distance of transportation
results in well sorted sediments, and the grain size decreases whit the
distance, the relationship in Fig. 10A, indicates a gradual decrease in
energy from the Jabra to the West El Obeid section. The southernmost
East Abu Zabad section is characterized by the finest mean grain size,
and a less good sorting than the West EI Obeid site.

The relationship between mean grain size and skewness does not
show a linear relationship, but rather a “V” shape (Fig. 10B). Normally,
in case of samples showing a bimodal grain size distribution or a wide
grain size range, such relationship produces a sinusoidal curve with
nearly equal numbers of positive-skewed and fine-skewed samples (Folk
and Ward, 1957). Although the studied samples do not show a wide
grain size range (Fig. 7), their mean size — skewness relationship, likely
provide a V-shaped sinusoidal curve (Fig. 10B). On the other hand, the
mean grain size is a positive function of energy, while the same skewness
value can be found at both high and low energy. Therefore, the basal
angle of the “V shaped curve” indicates the medium transport energy
that led to the accumulation of these sediments, while the limbs of the
“V” to the coarser and finer mean grain sizes indicate high and low
energy, respectively.

The plot of sorting (standard deviation) versus skewness provides a
linear relationship from Jabra to West El Obeid, supporting a decreasing
transport energy from North to South (Fig. 10C). However, the East Abu
Zabad sands are less sorted than the West El Obeid samples, and also less
than part of those from North Bara. This peculiarity of the East Abu
Zabad section can be attributed to a sudden drop in energy due to its
geographical location in the lee side of a topographic crest, which pro-
tects this site from high energy dominant winds (Fig. 2C). This drop in
energy would result in the rapid deposition of suspended sediment with
less efficient sorting.

Nottebaum et al. (2014) suggested that topography may play an
important role in terms of sediment supply and availability along
aeolian transport pathways. This hypothesis may provide an explanation
for (1) the sudden drop in energy and the relatively less sorted sediments
seen in East Abu Zabad section, which is located on the lee side of a
topographic crest (Fig. 2C), and (2) the availability of coarse residual
particles to the North with the southward decrease in grain size along
the transport pathway.

Conclusions

The Holocene Kordofan Sand comprises a lower, pedogenized, yel-
low to pale grey sand sequence, a middle, mildly pedogenized pale
yellow to light brown sand sequence, and an upper, little or non-
pedogenized red sand sequence. Locally, the lower and middle se-
quences are separated by palustrine and lacustrine carbonates. All se-
quences show vertical and geographic variations in grain size
distribution. The vertical grain size variations reflect a variable and high
energy of transport over time in the northern area, while in the South,
the energy was low and stable over time. The spatial grain size distri-
bution shows generally coarser size in the North and a gradual decrease
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towards the South, where very fine-grained sand predominates. Such
geographical variation suggests that the Kordofan sand was transported
from North to South. The dominance of the saltation mode of transport
in all areas suggests a common aeolian depositional environment for all
sequences. Finally, the topography of the northern part of the study area,
characterized by a gently north-dipping slope, opposite to wind direc-
tion, strongly contributed to the erosion of fine sediments, which were
probably deposited in the southern part of the study area, which is
located in the lee side of the central plateau, and thus sheltered from the
prevailing winds. The studied sediments have the characteristics of both
distal and proximal source. This is evidenced by their low sorting degree,
the presence of coarse grains, and the still active transverse dunes and
barchans in the North, which indicate that the Late Pleistocene part of
the Kordofan Sandstone is submitted to reworking until now. Conse-
quently, the mainly Holocene sand sequences were fed both by distal,
fine-grained Saharan sands and by proximal, coarser-grained sediments
proceeding from the Late Pleistocene aeolian dunes of the Kordofan
region.
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