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Abstract 27 

This research aims to define a chemical, mineralogical and strontium isotope database for clayey 28 

materials collected along the Nile River banks (White Nile, Blue Nile, Atbara and Main Nile Rivers) 29 

in Sudan, to be use for prehistoric and historic pottery provenance studies. The approach here 30 

adopted consists in using the clayey materials tout court, without any pre-treatment, such as the 31 

depuration from the sand- and silt-sized fractions, in order to maintain unaltered, the 32 



mineralogical and geochemical features of the natural resources possibly available also in ancient 33 

times for the pottery production, thus avoiding any possible preparation bias. Results indicate that 34 

sediments along different section of the Nile River display characteristic geochemical and 35 

strontium isotopic signature, representing an important discrimination tool applied to ancient 36 

ceramics provenance and human mobility studies. 37 
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1. Introduction 43 

 44 

Pottery, raw materials and tools have been always intimately related to the inscrutable events of 45 

ancient populations, including daily life, death and relationships. The technology regarding pottery 46 

production and its development involves essentially three variables (clay, fire and need for 47 

containers) that are closely intertwined with a ‘complex mix of ecological, historical, economic, 48 

and social factors that differed greatly among past human societies’ (Hoopes and Barnett 1995). 49 

Specific environmental and social processes appear to be involved in the origin of pottery, since 50 

several locations sited far away attest that fired clay containers and their technology were well 51 

known since ancient times. The appearance of ceramic materials (broadly intended as fired clay) 52 

occurred in different moments in the various region of the world: around 26000 years BP in 53 

Europe (Verpoorte 2001; Budja 2006), 20000 BP in China (Xu et al. 2012), 16000 BP in Japan 54 

(Shelach 2012), 10000 BP in Africa (Huysecom et al. 2009; Jesse 2010) and 7500 BP in South 55 

America (Roosevelt et al. 1996). All these findings date back to a period still characterized by a 56 

non-sedentary way of life based on hunting, gathering and fishing. 57 

Archaeological studies carried out in the last decades in central and northern Sudan (Usai 2021), 58 

indicate that this region has been intensively frequented by hunter-gatherer-fisher groups since 59 

the Mesolithic (since ~ mid 9500 BP). The numerous sites discovered, although in many cases 60 

stratigraphically disturbed by subsequent anthropic activities, show the use of technologically 61 

well-developed ceramic materials, an optimized exploitation of the natural resources and 62 

diversified foraging activities (Dal Sasso et al. 2014; Honegger 2014; Maritan et al. 2018; Usai 63 

2021; Varadzinovà et al. 2017). 64 



Increasing complexity and/or possible seasonal aggregations have been suggested for some 65 

hunter-gatherer groups that might have been associated with exchanges of products and/or 66 

technologies and might have occurred in specific and somehow sacred regions, related to some 67 

natural or environmental feature (Hommel 2016; Maritan et al. 2018). In order to attest relations 68 

among groups at different levels, many recent studies focus on provenance of prehistoric pottery 69 

as a key for tracing exchanges. To achieve a plausible answer to this archaeological issue, in 70 

addition to the study of pottery samples from different locations, it is necessary to build a 71 

reference collection of raw materials (i.e. clayey materials) belonging to the pertinent 72 

geographical area for comparison, and characterize them using the main and most suitable 73 

analytical techniques (Montana 2020; Hein and Kilikoglou 2020). At this regard, numerous 74 

approaches can be used, based mainly on petrographic and/or geochemical analysis, according to 75 

the ceramic paste (coarse and fine, respectively), although a multi-analytical study is always 76 

preferable for the possibility of disclosing different aspect of the ceramic production and to better 77 

assess their provenance and production technology (Maritan 2019; Gliozzo 2020). 78 

In the last years various authors faced provenance of ancient pottery using isotope analysis, and in 79 

particular strontium isotope, which allowed to solve the origin of the geomaterials used (i.e. 80 

clayey material for the ceramic body, fluxes for glaze) since other methods such as the 81 

petrographic and bulk geochemical analysis were not conclusive (Li et al. 2006; Carter et al. 2011; 82 

Alex et al. 2012; Wiegand 2016; De Bonis et al. 2018; Shen et al. 2019; Makarona et al. 2016; 83 

Renson et al. 2021; Kibaroglu et al. 2019). 84 

In the interesting geographic and archaeological context represented by Sudan, a reference data 85 

base of natural resources for the ceramic production represents an important tool to properly 86 

study ancient productions and to constrain possible pottery trades between communities (from 87 

the Mesolithic up to the more recent periods) along its main communication route: the Nile valley. 88 

Previous studies (Garzanti et al. 2006, 2015; Padoan et al. 2011; Woodward et al. 2015; Talbot et 89 

al. 2000) have explored the petrographic, mineralogical and geochemical composition of Nile 90 

sediments and those of some of its tributaries. However, in these works the statistics is quite 91 

limited, especially for central Sudan, and are excluded confluence areas, in which the 92 

geomorphological situation is complex, also in relation to their hydrographic evolution over time 93 

(Williams et al. 2015). Moreover, in these papers the authors have chosen to consider the coarse 94 

and fine (< 62 µm or < 40 µm) fractions of the deposits separately, which hardly correspond to the 95 

materials actually collected by the ancient potters, presumably represented by a sandy-silty clay. 96 



In ancient ceramic production, especially in prehistoric but also in historic periods, any possible 97 

preparation of the clay material (levigation or tempering) was carried out according to the potters’ 98 

skills and not by using the sophisticated separation methods as those available in modern 99 

laboratories (Eramo 2020). 100 

Therefore, in order to produce an adequate chemical, mineralogical and Sr isotope reference 101 

database able to provide constraints in studies on ancient pottery productions and sourcing areas, 102 

an extensive sampling campaign has been carried out along the Nile River in the Sudanese 103 

territory, and the collected samples analyzed tout-court. Moreover, the data here produced have 104 

wider archaeological and anthropological implications, because can represent a further tool to 105 

investigate human mobility along the Nile River valley and between the Nile River and the arid 106 

regions at its margins. 107 

 108 

 109 

2. General setting on the Nile River and geology of Sudan 110 

The Nile River (and its drainage system) is a mega-river flowing in East Africa from south of the 111 

Equator into the Mediterranean Sea (Williams and Faure 1980; Woodward 2007; Macklin et al. 112 

2015; Zerboni et al. in press). The Nile basin is the world's second largest world river basin and, as 113 

summarized by Woodward et al. (2007) it crosses a variety of environmental contexts and terrains 114 

including: the volcanic highlands of Ethiopia and Eritrea, the swamps of the Sudd, the ancient 115 

Nubian shield, the desert corridor between Khartoum and Cairo, the coastal zone of the 116 

Mediterranean shores. The evolution of the Nile drainage network depends on an array of 117 

triggering factors, including regional tectonic and volcanic processes and cyclical variations in 118 

erosion and sedimentation rates. The latter mostly depends on sea level changes and major 119 

Quaternary climate and land cover changes (Said 1981; Talbot and Williams 2009; Williams and 120 

Faure 1980; Woodward et al. 2015; Siam and Eltahir 2017). The drainage basin of the Nile River 121 

and major tributaries includes several sub-catchments: the White Nile, the Blue Nile, the Atbara, 122 

and the desert Nile (Main Nile). Each of the sub-catchments drain specific geological bedrocks and 123 

its headwater is fed by different water sources, therefore their loads and deposits have specific 124 

sedimentological, mineralogical and geochemical properties (Williams et al., 2000). A major 125 

implication of this fact is that the composition of sediments along the Nile River vary in 126 

correspondence of the insertion of each affluent to the main stream. 127 



The geology of Sudan is extremely differentiated with a variety of metamorphic, igneous and 128 

sedimentary rocks (Figure 1). Its whole evolution is related to dynamic of the East Africa – Red Sea 129 

Rift System (Adamson and Williams 1980). Along the Sudanese Nile Valley, the most widespread 130 

formations are those belonging to the Pre-Cambrian basement complex (also defined as Pan-131 

African basement), consisting in igneous (mainly syenite and granite, but also diorite, gabbro and 132 

rhyolite), high-grade metamorphic (mainly metapelites, orthogneisses and migmatites) and 133 

sedimentary rocks (mainly conglomerates, sandstones, marls and claystone). Cambrian intrusive 134 

rocks (mainly granite and syenite) are also included (Whiteman, 1971).  135 

The basement complex is overlain by the Mesozoic sedimentary sequences, mainly represented by 136 

the Nubian Sandstone Formation (mainly sandstones of Lower to Upper Cretaceous age) and 137 

locally by Cenozoic volcanic rocks (mainly basalts). Paleogene limestone are among the sole 138 

carbonatic rocks and outcrops only in north-western Sudan. Extensive Quaternary deposits, 139 

formed by gravel, sand and clayey materials, cover large areas not only near the river system. 140 

Quaternary sediments include sand dunes and sheets, and deposits formed in fluvial and lake 141 

environments; the latter are related to environmental conditions wetter than today. Going into 142 

detail, the White Nile and its catchments in the Sudanese territory (after the swamps of the Sudd, 143 

northern of Sud Sudan) insist on rocks of the basement complex (Whiteman 1971; Stern et al. 144 

2006; Abdersalam and Stern 1996), locally intruded by Precambrian and Cambrian granitoids, and 145 

near to the confluence with the Blue Nile on the Mesozoic sedimentary sequences (Fig. 1). The 146 

Blue Nile pass through the Cenozoic volcanic rocks of the Ethiopian plateau and the Precambrian 147 

basement and the Mesozoic sedimentary sequences (Fig. 1), analogously also to the Atbara River. 148 

The Main Nile flows on terrains of the Precambrian basement complex and of the Mesozoic 149 

sedimentary sequences, locally intruded by Precambrian and Cambrian granitoids, especially near 150 

the VI, V, IV, III and II cataracts (Fig. 1). 151 

Due to different solid load of each part of the river and its catchments, the composition of the 152 

sediments locally laid down will reflect not only the geology of the terrain that the river crossed, 153 

but also the contribution of its tributaries (Garzanti et al. 2015 and citations therein), especially for 154 

the Main Nile. 155 

 156 

3. Materials and methods 157 

Clayey materials have been sampled from the riverbanks along the Blue Nile (BN), White Nile (WN) 158 

and Main Nile after the confluence between White and Blue Nile in Khartoum (MN1) and after 159 



that of the Atbara River (MN2). Preferential sampling points were located in the vicinity of 160 

attested Mesolithic, Neolithic and/or Meroitic archaeological sites (Figure 1). Bulk samples were 161 

collected from exposed outcrops along the present-day riverbanks at variable depth according to 162 

the local topography and after cleaning the outcrops’ surface. In one case, samples were collected 163 

at different depth by hand-coring the plain in the vicinity of the Al Khiday prehistoric 164 

archaeological sites (clayey sediments 1, 1-35cm, 1-70cm, 1-90cm). 165 

Samples have been studied adopting a multidisciplinary approach, consisting in petrographic 166 

analysis at the polarized light optical microscope (OM) and scanning electron microscope (SEM), 167 

mineralogical analysis by X-ray powder diffraction (XRPD) and thermal analysis (TA), bulk 168 

geochemical analysis by X-ray fluorescence (XRF), and Sr isotope analysis by Thermal Ionization 169 

Mass Spectrometry (TIMS). 170 

More in detail, in order to obtain thin sections, the loose materials were mixed with ultrapure 171 

water in a plastic paste to prepare green briquettes, which were then air-dried for some days and 172 

fired at 500°C for 7 hours to remove the organic matter and be hardened. Thin sections, 173 

representing an analogous to ceramic material, were then analyzed under polarizing light 174 

microscope, with the description protocol reported by Whitbread (1986, 1989, 1995) and revised 175 

according to Quinn (2013). 176 

Polished thin sections of the clayey sediments were also analyzed by SEM to detect the presence 177 

of possible mineralogical and petrographic markers, using a CamScan MX 2500 electron 178 

microscope, coupled with an energy dispersive spectrometer (EDS), equipped with a LaB6 cathode, 179 

working in high vacuum mode (HV) and operating at 20 kV and 160 nA. 180 

All the clayey samples were ground in an agate mortar and about 1 g of each sample was heated 181 

in a furnace at 860°C for ~ 20 minutes and then at 980°C for ~ 2 hours for the determination of 182 

loss on ignition (L.O.I.): the released volatile elements which can be identified as hydrogen, oxygen 183 

and carbon. Samples for XRF analysis were then prepared as glass beads mixing 0.65 g of calcined 184 

powder with di-lithium tetraborate Li2B4O7 flux with a dilution ratio of 1:10 and melted using a 185 

fluxer Claisse Fluxy (~1150°C). XRF analysis were carried out using a WDS sequential Philips 186 

PW2400 spectrometer, and the following major and minor chemical elements (expressed as 187 

oxides wt%), and trace elements (expressed as ppm) were analyzed: SiO2, TiO2, Al2O3, Fe2O3, MnO, 188 

MgO, CaO, Na2O, K2O and P2O5; Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Nd, Pb, Th 189 

and U. Internal instrumental precision is within 0.6% relative for major and minor elements, and 190 

within 3% relative for trace elements. Detection limits are within 0.01% for major elements Al2O3, 191 



MgO and Na2O, within 0.2% for SiO2, within 0.005% for TiO2, Fe2O3, MnO, CaO, K2O and P2O5. 192 

Detection limits for trace elements are (in ppm): Sc = 5, V = 5, Cr = 6, Co = 3, Ni = 3, Cu = 3, Zn = 3, 193 

Ga = 5, Rb = 3, Sr = 3, Y = 3, Zr = 3, Nb = 3, Ba = 10, La = 10, Ce = 10, Nd = 10, Pb = 5, Th = 3, U = 3. A 194 

set of geological standards, analytically tested by the international scientific community 195 

(Govindaraju, 1994), was used for calibration; they were supplied by the following agencies: USGS 196 

(United States Geological Survey, Reston, USA), CRPG (Centre de Recherches Pétrographiques et 197 

Géochimiques, France), ANRT (Association Nationale de la Recherche Technique, Paris, France), 198 

GIT-IWG (Groupe International de Travail - International Working Group, France), RIAP (Research 199 

Institute of Applied Physics, Irkutsk, Russia), GSJ (Geological Survey of Japan, Japan), MINTEK 200 

(Council for Mineral Technology, South Africa) and WIHG (Wadia Institute of Himalayan Geology, 201 

India). 202 

The chemical data were then statistically treated using both univariate and multivariate approach. 203 

The R Project for Statistical Computing was used to explore the compositional variation matrix, 204 

according to the method proposed by Buxeda i Garrigós (1999). Chemical data were then 205 

processed with standard statistical tools such as Principal Component Analysis (PCA) and cluster 206 

analysis (CA) on a subset of elements, excluding those with a low ratio between total variation (vt) 207 

and variance (τ.i). Raw data were transformed according to procedures designed by Vitali and 208 

Franklin (1986), Baxter (1999) and Buxeda i Garrigós (1999), by log-normal ratio transformation 209 

and the centered log-ratio transformation, therefore data were transformed to the base 10 210 

logarithm and divided by the element showing the lowest value of variance (τ.i) in order to avoid 211 

misclassifications due to the different orders of magnitude and range of variation of the variables 212 

(Papageorgiou 2020). 213 

XRPD analysis was carried out using a Philips X-Pert PRO diffractometer (PW3710 parafocusing 214 

geometry Bragg-Brentano diffractometer) equipped with a copper anode, sample spinner, a 215 

goniometer PW3050/60 (Theta/Theta) with a minimum step size 2Theta = 0.001° and a RTMS 216 

detector (X’Celerator). The analyses were conducted in the range 3–80° 2Theta using a step 217 

interval of 0.017° 2Theta, with a counting time of 100 s. The phase identification and semi-218 

quantitative analyses were performed using the software package X'Pert HighScore Plus (3.0 219 

version) with which the shape of multiple peaks was closely examined. Phase identification was 220 

gained by the comparison with the reference pattern databases PDF2 (ICDD), Panalytical-ICSD and 221 

COD (Crystallography Open Database). XRPD patterns were statistically treated by cluster analysis 222 

according to the procedure proposed by Piovesan et al. (2013) and Maritan et al. (2015). 223 



The thermal behavior of all the clayey materials was investigated by simultaneous thermal 224 

analyses (STA) under controlled humidity conditions: TG (thermal gravimetric and calculated 225 

differential thermal gravimetric: DTG) and DSC (differential scanning calorimetry), to respectively 226 

define loss of components and endothermic and exothermic transformations. For these purposes, 227 

was used a NETZSCHSTA 449 F3 Jupiter coupled with a FTIR BRUKER Tensor 27 for the Evolved Gas 228 

Analysis (EGA) by a transfer line heated at 200°C. Samples were heated from 40°C to 1050°C, with 229 

a heating rate of 10°C/min in nitrogen atmosphere (flow rate 60 mL/min). Thermal measurements 230 

were coupled with Fourier-transformation Infrared spectroscopy (FTIR) of the gas derived from 231 

the phase decomposition (EGA), to better correlate functional groups of the released volatiles 232 

with specific mass loss. TG and DSC curves were acquired and after processed with the NETZSCH 233 

Proteus6.1 Software. 234 

High precision measurements of 87Sr/86Sr isotope ratios were performed by Thermal Ionization 235 

Mass Spectrometry (TIMS), using a Micromass VG 54E single-collector mass spectrometer. 236 

Approximately 1g of clayey powder were heated at 750°C for 1 night in platinum crucibles. Then 237 

~100mgs were dissolved in Savillex PFA teflon vials by repeated acid attacks (1:4 = HNO3 : HF; 238 

6.2N HCl), and  final dissolution in 2.5N HCl. After ion-exchange chromatography on column to 239 

separate strontium from rubidium (BioRad AG50W-x12 resin), strontium eluates were loaded as 240 

nitrate over degassed single tungsten filaments, after a drop of a solution of TaCl5 used as an 241 

activator. The software used for the acquisition of the isotopic data was ‘Analyst’ (Version 2.20; 242 

Ludwig 1985). The measured values of the 87Sr/86Sr isotopic ratio were typically normalized to a 243 
86Sr/88Sr value of 0.1194 (the value obtained by Nier 1938) by assuming that the isotopic 244 

fractionation in the residue occurred according to the exponential model of mass fractionation of 245 

Russel et al. (1978). Over the time-span in which the measurements were performed, repeated 246 

analysis of NIST SRM 987 gave the following weighted-average value: 0.7102595 +/- 0.0000080 247 

(2σ, n = 4). To measure the concentration of strontium by isotope dilution mass spectrometry (ID-248 

MS), appropriate aliquots of an 84Sr-enriched spike solution obtained by a Sr carbonate from Oak 249 

Ridge National Laboratories (enrichment ~82%) was added to the samples. The isotopic 250 

composition of the spike solution was determined using the method of Cavazzini (2005), and the 251 

strontium concentration was calculated by repeated (n = 2) mixing of the solution with 252 

appropriate aliquots of NIST SRM 911 to minimize error magnification. Isotope dilution data-253 

reduction software was SAMSPK (Cavazzini 2001). Precision of the ID-MS Sr concentration results 254 

was ∼ 0.4%. 255 



 256 

 257 

4. Results and discussion 258 

 259 

4.1 Petrographic analysis 260 

The petrographic analysis of the fired briquettes revealed high variability of the clayey materials 261 

due to the different mineral phases and rock fragments occurring as inclusions (grains larger than 262 

10 µm), both in terms of type, absolute and relative quantity, related to the geology of the 263 

associated hydrographic basins. 264 

Clayey samples from the White Nile (WN) basin are all characterized by homogeneous 265 

groundmass, with inclusions composed of rounded to well-rounded quartz grains, associated to 266 

rare crystals of plagioclase, K-feldspar, white mica and biotite flakes, very rare crystals of 267 

amphibole, ilmenite and small carbonate inclusions (also caliche) and ochers (Fig. 2a-d). According 268 

to the sampling point they display different quantities of inclusions. More in detail, samples 269 

collected near Ed Dueim (clayey sediment 30 and 31) about 200 km south of the confluence with 270 

the Blue Nile, show poorly-sorted inclusions, up to 300 µm and 800 µm size respectively, with a c:f 271 

(coarse:fine) ratio of 30:70 (Fig. 2a-b). Samples collected near the Blue Nile confluence contain in 272 

one case (clayey sediment 1) well-sorted inclusions, up to 200 µm in size, with low c:f ratio (20:80) 273 

(Fig. 2c), whereas in the other (clayey sediment 2) more abundant (c:f ratio = 50:50) and larger-274 

size inclusions with an average diameter of about 400 µm (Fig. 2d). The mineral-petrographic 275 

nature of inclusions in these clayey materials of the White Nile clearly reflect the geology of the 276 

hydrographic basin after the Sudd marshes, dominated by the metamorphic (high-grade gneiss 277 

and migmatites) and the granitoid rocks constituting the Precambrian basement, and the quartz-278 

rich Nubian Sandstone. This is consistent with what observed by Garzanti et al. (2006, 2015) 279 

analyzing the petrography of sand-sized grains heavy minerals. 280 

Clayey samples from the Blue Nile (BN) show different microscopic features, since abundant 281 

quartz grains are associated to alkali feldspar, plagioclase, subordinated amphibole, pyroxene, 282 

volcanic rock fragments often very weathered, biotite and white mica flakes (Fig. 2e-f). The clayey 283 

sediments collected from the eastern bank are characterized by well-sorted, fine-sand and silt 284 

sized inclusions (up to 100 µm), with a c:f ratio of 25:75 (clayey sediment 13, Fig. 2e), whereas 285 

those from the western bank that can be considered as part of the Gezira mega-alluvial fan (Fig. 1) 286 

(see Williams et al. 2000; Sulieman et al. 2016; Zerboni et al. in press) are poorly-sorted, with 287 



inclusions up to 600 µm, sub-rounded in shape and with c:f ratio of 30:70 (clayey sediment 15, Fig. 288 

2f). As suggested by Garzanti et al. (2006, 2015), the higher mafic component of the Blue Nile 289 

clayey sediments is consistent with the river headwater that is located along geology of the 290 

Ethiopian highlands. Therein the bedrock consists of volcanic and volcanoclastic rocks (mainly 291 

basalts and ignimbrites), across which the Blue Nile and its main tributary (Abay River) flow. 292 

The clayey sediments collected along the banks of the Main Nile 1 (MN1) after the confluence 293 

between the White and the Blue Nile and before that of Atbara are characterized by low quantity 294 

of inclusions (e.g. c:f = 5:95 in sample 4 and 15:85 in sample 6B) with fine maximum grain-size (e.g. 295 

up to fine 40 µm in sample 4 and to 200 µm in sample 6B). They are composed of quartz, biotite 296 

and white mica, opaque minerals, K-feldspar (microcline), plagioclase, clinopyroxene, amphibole, 297 

volcanic rock fragments, weathered olivine, rare limestone fragments, and aggregates of 298 

montmorillonite (Fig. 3a-c). The latter represent the alteration products of volcanic mafic rocks, 299 

and forms fine silty-sized aggregates of lamellar crystals (Fig. 3c), similar to those also observed in 300 

the sediments from the Blue Nile. 301 

Higher amount of mafic constituents are present also in the clayey material collected from the 302 

Atbara River (sample 9), characterized by a high c:f ratio (60:40) and inclusions reaching 150 µm. 303 

In this clayey sediment, inclusions includes sub-rounded quartz grains, abundant crystals of 304 

plagioclase, flakes of biotite, chlorite and subordinated white mica, crystals of clinopyroxene, 305 

olivine, weathered volcanic rock fragments and opaque minerals (Fig. 3d). As for the Blue Nile, 306 

Atbara’s sediments reflect the composition of the Cenozoic volcanic rocks of its catchment and of 307 

its occasional affluents, as the Gash River (Fig. 1) (Costanzo et al., 2021). 308 

Very similar to the Atbara clayey sediments is also the sample collected along the Main Nile 2 309 

(MN2) after their confluence (sample 8), in both textural and composition terms (high c:f ratio and 310 

mineral-petrographic nature of inclusions) (Fig. 4a). But when the distance from the confluence 311 

between the Atbara and the Main Nile increases, the quantity of mafic minerals decreases, since 312 

the sandy heavy fraction undergoes progressive deposited, being depleted from the transported 313 

silty and sand-sized fragments. Clayey materials collected after the IV cataract are composed by 314 

abundant quartz, subordinated crystals of K-feldspar, plagioclase, fragment of volcanic mafic 315 

rocks, flakes of white mica and biotite, scarce pyroxene, amphibole, opaque minerals and 316 

carbonate rocks fragments (Fig. 4b-c). From a textural point of view these clayey materials are 317 

quite similar (e.g. 21 and 28), with c:f ratio = 15:85, grain-size up to 200 µm (Fig. 4b-c). Finally, the 318 

clayey materials collected between the III and the II cataract (e.g. 24) are characterized by fewer 319 



inclusions, up to 100 µm in size, formed by predominant quartz, subordinated microcline, 320 

plagioclase, opaque minerals and rare pyroxene and white mica (Fig. 4d). 321 

It is important to remark that the clayey sediments collected along the Nile river in Sudan display 322 

textural features (in terms of abundance of silt and sand fractions), which depends on the local 323 

hydrodynamic conditions and sedimentary facies. But the nature of the inclusions clearly indicates 324 

important differences among the various segments of the river (WN, BN, MN1, MN2) which 325 

ultimately depend on the geology of the headwaters and catchments. Garzanti et al. (2006, 2015) 326 

and Padoan et al. (2011) found general trends differing along each segment of the Nile River based 327 

on the petrography of sands, and the inter-sample compositional variability was interpreted in 328 

terms of their grain size. 329 

 330 

4.2 Mineralogical composition 331 

The mineralogical analysis by XRPD data indicates that the clayey materials contain, in different 332 

proportions, quartz, plagioclase, K-feldspar, calcite, amphibole, pyroxene, montmorillonite, 333 

illite/muscovite and kaolinite, according to the related hydrographic catchment. Since the 334 

quantification of mineral phases in such a complex type of polyphase geomaterials (mainly 335 

characterized by the occurrence of clay minerals which tend to orient parallel to the (00l)), is bases 336 

on a procedure time consuming and expensive, in the present study a different approach, based 337 

on the statistical comparison between pattern profiles, was adopted to emphasize the differences 338 

between samples. When statistically treated by cluster analysis (according to Piovesan et al. 2013, 339 

and Maritan et al. 2015), XRPD data tend to cluster according to position and intensity of 340 

diffraction peaks (Fig. 5). The dendrogram obtained from the cluster analysis (Fig. 5) indicates that 341 

the clay materials from the White Nile and those from the Gezira mega-fan are grouped in 342 

adjacent clusters (CL1-CL4), whereas those from the Main Nile 1 cluster all together with some of 343 

the Main Nile 2 (just after the confluence with the Atbara) in cluster CL5, those from the Blue Nile 344 

in cluster CL6 and those of the Main Nile 2 in cluster CL7 and CL8. Three outliers are represented 345 

by the clayey sediments from the Atbara ( 9), and two from the Main Nile ( 4 and 20). Going into 346 

more detail, clay materials collected near Ed Dueim along the White Nile ( 30 and 31), before the 347 

Gezira plain (corresponding to a mega-fan, therefore defined as the Gezira Fan; see Williams et al. 348 

(2015)), clearly differ from all the others for the high dissimilarity level, since they are very rich in 349 

quartz and contain subordinate plagioclase, calcite, kaolinite and very little montmorillonite (Fig. 350 

6a). Moving northwards along the White Nile, a second cluster (CL2) comprises clayey materials 351 



collected from the Pleistocene lake sediments (Williams et al., 2015; Spinapolice et al., 2018) and 352 

on the left bank of the White Nile just after the Jebel Aulia dam (where little sediment of the river 353 

is nowadays deposited), characterized by a higher content of quartz, associated to very low 354 

quantity of plagioclase, calcite and kaolinite. Microscopic evidence of quartz-rich lake sediments 355 

reported in Zerboni (2011) and Williams et al. (2015) supports our data. Clayey materials collected 356 

from the Gezira Plain, reflect the mixing of the White and Blue Nile deposits, despite those 357 

sampled near the Blue Nile contain more calcite (Fig. 6c), which is likely inherited by the 358 

dismantling of pedogenic carbonates (samples 15 and 16 are soils collected in the plain far from 359 

the river banks) that are very common in the region (Dal Sasso et al., 2018; McCool, 2019), while 360 

those from the White Nile are richer in kaolinite and contain illite/muscovite (Fig. 6d), a character 361 

also described by Garzanti et al. (2015). Clayey sediments of the Blue Nile (cluster CL6) are 362 

characterized by a high content of montmorillonite, associated to illite/muscovite and kaolinite as 363 

clay minerals, in addition to quartz, plagioclase, feldspar, calcite, pyroxene and amphibole (Fig. 364 

6h). Analogous mineralogical association is attested also for the clayey material of the river Atbara 365 

River, although characterized by lower quantity of calcite and higher content in pyroxene (Fig. 6e). 366 

As for the Main Nile, all the samples show high content in montmorillonite, associated to 367 

illite/muscovite and kaolinite, as well as high content in plagioclase, and often in amphibole and 368 

pyroxene (Fig. 6g, i, l), consistently with the clayey sediments of the Blue Nile and Atbara, from 369 

which they receive the greater solid contribution (Garzanti et al., 2015 and citations therein). A 370 

peculiar case is represented by the clayey materials collected just before the VI cataract and after 371 

the IV cataract (4 and 20, respectively) (Fig. 6f), where granite and syenite complexes outcrop. For 372 

this reason, these materials show higher kaolinite (from the weathering of the feldspars) and 373 

calcite contents and lower quartz. 374 

It is important, therefore, to remark that clayey materials studied in this research are affected, in 375 

compositional terms, by the proportions between clay minerals (sheet silicates) and aplastic 376 

fragments (lithic and mineral) mainly constituting the silty and sandy fractions of the collected 377 

sediments. Therefore, possible differences in quantitative terms with the mineralogical 378 

composition of sediments of the Nile system as reported by Garzanti et al. (2015) can be explained 379 

considering the dilution effect caused by the sand-sized fraction. 380 

The presence of clay minerals of the smectite group (montmorillonite) in the clayey materials here 381 

studied is also confirmed by the weight loss in the thermal interval between 100°C and 200°C and 382 

the occurrence of an endothermic peak around 150°C (see DSC data in Table 3) related to the loss 383 



of interlayer water, as shown by FTIR-EGA. This characteristic peak is observed in clayey materials 384 

from the Blue Nile, Atbara, Main Nile (MN1 and MN2) and those collected from the Gezira Plain 385 

(White Nile right bank), whereas those collected from the White Nile and from the Pleistocene to 386 

Holocene wetland deposits (Williams et al., 2006, 2015; Cremaschi et al., 2007; Williams and 387 

Jacobsen, 2011; Zerboni, 2011) do not contain smectite minerals. Since the clay sediments contain 388 

different quantity of clay minerals and other phases, as well as different proportions between the 389 

various clay minerals (illite, smectite, kaolinite, chlorite), in order to better define the content of 390 

smectite, the quantity of interlayer water (weight loss between 100 and 200°C) was divided by the 391 

total weight loss due to the clay minerals (summing the weight loss of the thermal interval 100-392 

200°C, 400-600°C and 850-1050°C) (Fig. 7a). This approach was preferred to the quantification 393 

based on XRPD data, since the quantitative analysis by Rietveld method (normally used) of clay 394 

minerals can suffer of great errors due to preferential orientation of the clay mineral flakes, as 395 

well as the presence of many other mineral phases for which the structural model is difficult to 396 

choose for the intrinsic nature of the sedimentary deposits (such as the occurrence of various 397 

terms of isomorphic minerals). Although the different minerals of the smectite group have 398 

different water content, diffraction patterns of the analyzed clays, as well as the chemical 399 

composition determined by microanalysis at the SEM on the aggregates observed in thin section, 400 

indicate that it is invariably montmorillonite. 401 

The thermal analysis of the clayey sediments also allowed to define the content of organic matter 402 

and calcite. More in detail, organic matter was determined by the weight loss in the thermal 403 

interval 200-400°C (Table 2) and resulted to vary between 0.7% to 3.5% but without any 404 

systematic trend for the various river branches (Fig. 7b). Calcite content was determined using the 405 

CO2 released in the thermal interval 600-850°C and resulted to range mostly between 1 and 4% 406 

(Fig. 7c) with the exception of clayey sediment 16, which resulted to have 5.7% of calcite. This 407 

sample was collected along the Gezira Plain, quite far from the Nile banks, where soils are 408 

occasionally enriched in calcium carbonate nodules and concretions (Buursink, 1971). It might be 409 

argued that in the case of sample 16 the occurrence of calcite is relate to the precipitation of soil 410 

carbonates. 411 

 412 

4.3 Geochemical composition 413 

When the geochemical composition is considered, an interesting picture arises. All the samples 414 

from the White Nile, also those collected from the eastern river bank along the Gezira Plain (WN-415 



G) and those from the area of the Upper Pleistocene and Holocene wetlands (WN-L), cluster 416 

together (Cluster 1 in Fig. 7a). Only one sample from the Main Nile 1 ( 4), collected immediately 417 

downstream the outcrops of granite and syenite, resulted to be geochemically very similar to the 418 

White Nile sediments (Figure 7a), and in particular to those from the Gezira Plain. This is related to 419 

the contribution of sediments derived from the weathering of acidic rocks and transported 420 

towards the Nile from the east by a network of local wadis, causing a dilution effect on the more 421 

mafic composition characteristic of the Blue Nile and therefore also of the Main Nile. Clayey 422 

materials from the Gezira Plain collected near the Blue Nile (BN-G) form a separate group (Cluster 423 

2 in Fig. 7a), which shows higher similarity with samples from the White Nile than from the Main 424 

Nile and Atbara, being more dissimilar from the latter. This geochemical affinity reflects the mixing 425 

between the sediments of the two Niles (WN + BN) in the Gezira Plain, with different proportion 426 

than the sediments of the Main Nile after their confluence. All the samples from the Main Nile 1 427 

(MN-1) cluster together, along with some of the Main Nile 2 (MN-2) and that of the Blue Nile (BN) 428 

(Cluster 3 in Fig. 8a), whereas the clayey sediment of river Atbara resulted to be isolated. 429 

Geochemical grouping can be better interpreted on the basis of the principal component analysis 430 

(PCA), which allows to define the chemical variables responsible for the variance among samples. 431 

According to the score and loading plots of the PCA (Fig. 8b, c), clayey sediments from the White 432 

Nile are generally richer in silica, potassium and some trace elements, such as zirconium, thorium, 433 

uranium, cerium and rubidium. Clayey sediment of the Atbara is richer magnesium, calcium, 434 

sodium, strontium and chromium, reflecting the origin of its sediments from the Cenozoic basalts. 435 

Clayey materials from the Main Nile and Blue Nile overlap within a large group. Only part of the 436 

Main Nile sediments after the confluence with the Atbara (MN-2) show negative values of PC2, 437 

reflecting higher concentration in iron, aluminum, manganese, zinc, lead and cobalt, whereas 438 

those of the Main Nile before the Atbara confluence (MN-1) are poorer in these elements. Clayey 439 

materials from the Gezira Plain are plotted between the White Nile and the Main Nile-Blue Nile 440 

distribution clouds, being those collected near the White Nile banks (WN-G) poorer in calcium, 441 

and richer in aluminum, silica, titanium and iron, therefore richer in clay minerals than those 442 

collected further west near the Blue Nile (BN-G). 443 

Focusing on the core samples collected along the White Nile (clayey sediments 1, 1-35, 1-70, 1-444 

90), their chemical variability is expressed by the wide range of the PC2, which is mainly related to 445 

the aluminum content, thus suggesting that the chemical variability is mainly controlled by the 446 

abundance of clay minerals. 447 



The geochemical differences among the various catchments of the Nile system, although 448 

differently expressed, can be also observed in the element concentration standardized to the 449 

upper continental crust for the mud fraction as published by Garzanti et al. (2015). They are 450 

related to the geological nature of the terrains on which the various branches of the Nile systems 451 

and its tributaries flow. The geochemical features of the White Nile sediments in Sudan after the 452 

Sudd marshes (northern South Sudan), where most of the sediment load from the Uganda, 453 

Rwanda and Burundi is retained, are consistent with an origin from the high-grade metamorphic 454 

rocks (gneiss and migmatites) and granitoids of the Precambrian basement, and from the 455 

Mesozoic sedimentary sequences of the Arabian-Nubian Shield, mainly presented by the Nubian 456 

Sandstone Formation (Whiteman, 1971; Stern et al., 2006; Abdersalam and Stern, 1996) (Fig. 1). 457 

The Blue Nile, and its main tributary Abay River, as well as the Atbara River, originate from the 458 

Ethiopian plateau formed by Cenozoic volcanic rocks (alkaline and tholeiitic basalts and 459 

ignimbrites), and then cross the Precambrian basement and the Mesozoic sedimentary sequences 460 

(Fig. 1). Therefore, the clayey materials of the Blue Nile, Atbara and consequently of the Main Nile, 461 

in one word the sediment load of which is mainly due to the Blue Nile contribution (Garzanti et al., 462 

2015 and citations therein), result to be more mafic in composition. 463 

As concerns strontium isotope composition (Table 1), clay materials collected along the White Nile 464 

are characterized by higher 87Sr/86Sr values (0.709396 - 0.712120), congruently with their origin 465 

from the Precambrian basement and the Nubian Sandstone Formation (which comprises the 466 

sedimentary sequences from the Paleozoic to the Cenozoic)(Fig. 9a, b), whereas those collected 467 

along the Blue Nile River are characterized by lower 87Sr/86Sr values (0.705781 - 0.707070) 468 

reflecting the initial isotopic signature and the low Rb/Sr ratio of the parental volcanic basic rocks. 469 

This also occurs for samples collected along the Main Nile after the confluence with Atbara River 470 

(MN-2). This affinity resides in the contribution in terms of sediment load derived from both Blue 471 

Nile and Atbara River that are responsible for more than 90% to the total sediment budget of the 472 

Main Nile (Woodward, 2007; Padoan et al., 2011; Garzanti et al., 2015). This is due also to higher 473 

strontium contents in the basic rocks with respect to significantly lower strontium contents in the 474 

rocks of the crystalline basement. Clayey sediments derived from the Gezira Plain (WN-G and BN-475 

G) show lower 87Sr/86Sr values (0.707857 - 0.708218), that seem to be a mix of White Nile and Blue 476 

Nile 87Sr/86Sr values (Fig. 9a-d). 477 

As regards the core-drill specimens collected along the White Nile near the Al Khiday site, clayey 478 

sediment 1-90 as well as the other samples (1-70 and 1-35) show strontium isotopic ratio higher 479 



than clayey sediment 1 that was collected in the same location, but from the surface (Table 2). 480 

This is probably due to a superficial mixing of the sediments related to a high flood episode of the 481 

Blue Nile occurred a few decades ago, or to the mixing with recent wind-blown sediments. 482 

Moreover, the core-drill samples are probably more ancient than clay 1 and reflect the situation 483 

before the construction of the Jebel Aulia dam in 1937, located 35 km south of Khartoum. At that 484 

time, sediments of the White Nile were not impeded by any barrier and the crustal fingerprint 485 

deriving from the dismantling of the crystalline basement was more evident downstream. Some 486 

ambiguities regard also clayey sediment 30, collected at Ed Dueim, 200 km south of Al Khiday 487 

along the White Nile. It shows a lower Sr isotopic ratio than that of the White Nile clayey 488 

sediments from Al Khiday, even if it is located away from the Blue Nile course (Table 2). Although 489 

clayey sediment 30 was collected along the eastern bank of the White Nile, i.e at the edge of the 490 

Gezira Plain, it still shows the influence of the Blue Nile. In fact, 14,500 years ago the White Nile 491 

deposited clayey sediments along its flood plain and simultaneously reworked pre-existing sand 492 

and gravel brought in by the late Pleistocene Blue Nile channels that flowed across the Gezira 493 

mega-fan (Williams et al. 2015). Thus, the present-day clayey material collected at Ed Dueim most 494 

likely still shows the 87Sr/86Sr value of the reworked mixed sediments located along the eastern 495 

bank of the White Nile. 496 

The composition of systems which represent mixtures of two end-members in variable 497 

proportions can be expressed in terms of two or more measured variables, such as isotope ratios, 498 

elemental ratios, and elemental abundances (Faure and Powell, 1972; Faure, 1977; Faure and 499 

Mensing, 2005; Dickin, 2006). In this context, the behavior of 87Sr/86Sr isotopic tracers was 500 

considered as a function of Sr concentration (Fig. 9b). Ideally, initial Sr isotope ratios should be 501 

plotted against the abundance of 86Sr but, since the half-life of Rb is low (48–49 billion years), 88Sr 502 

makes up the bulk of strontium in most rocks and the abundance of 86Sr can be approximated by 503 

total Sr without introducing significant errors (Faure, 1977; Dickin, 2006). Mixing of two 504 

components with different isotopic and elemental compositions produces a hyperbolic curve on a 505 

diagram of 87Sr/86Sr ratio against Sr concentration (Fig. 9b), if are excluded the two samples of the 506 

White Nile and the Pleistocene lakes (sample 2 and 11, respectively). These samples are rich in 507 

sand and characterized also under a geochemical viewpoint by high silica concentration and much 508 

lower strontium content (for the dilution effect of quartz, which is a Sr-free mineral). However, 509 

strontium isotope ratios of those samples are consistent with the area of origin. When 87Sr/86Sr 510 

values are plotted against 1/Sr (approximating 1/86Sr) (Fig. 9c), a straight line describes the mixing 511 



between the two end-members: Sr concentration increases as Sr isotope ratio decreases 512 

progressively from clayey materials draining crystalline basement products (White Nile) to clayey 513 

sediments deriving from Ethiopian plateau (Blue Nile and Atbara River). The three samples with 514 

the highest 87Sr/86Sr value derive from the core drilled underneath clayey sediment 1 and they 515 

show the typical crustal signature of the crystalline basement and sedimentary clastic sequence 516 

derived from its disruption. 517 

These isotopic results only partially match those obtained by Padoan et al. (2011) and Garzanti et 518 

al. (2015). The reason for this is that the authors analyzed the silt (> 40-63 μm) and the sand (63-519 

2000 μm) fractions separately, and they reported the results as a mean of a series of measures, 520 

losing any detail concerning the analysis of the segments of the Sudanese Nile basin, since they 521 

considered the whole Nile River from its springs to the delta (Fig. 9d). In particular, the 87Sr/86Sr 522 

values of White Nile, Main Nile 1 (MN-1), Main Nile 2 (MN-2) and Blue Nile (BN) respectively 523 

match the values obtained in this study, but the Sr content shows variability, reflecting the 524 

analysed grain-size fractions, with sand having lower Sr values for the White Nile and higher ones 525 

for the Main Nile than the respective fine fractions obtained by sieving from the levees. 526 

These data are quite important because they indicate that Sr isotope ratio is barely affected by the 527 

grain-size, within certain limits. 528 

 529 

 530 

5. Conclusions: implication on pottery provenance and human mobility 531 

The multi analytical analysis of the clayey materials collected along the Nile system in Sudan 532 

provided a reference database to be used for archaeometric analysis of ancient pottery 533 

productions and provenance, and consequently for studying ancient individual mobility of the 534 

communities living close to the Nile River banks. In fact, traditional investigation on pottery 535 

composition can in some cases not be able to discriminate on the origin of raw materials. For 536 

instance, the high abundance of quartz in many of the ancient pottery production of this region 537 

(see Dal Sasso et al., 2014 and citations therein) and the lack of other petrographic markers  538 

hamper the possibility to reconstruct human mobility and trade network in ancient times if only 539 

geological maps are considered. Yet, an integrate analysis that comprised petrographic, 540 

mineralogical, chemical and isotopic approaches can efficiently discriminate the ancient 541 

production areas of pottery, thus highlighting what archaeological materials have moved or 542 

exchanged along the Nile in ancient times.  543 



The microscopic petrographic and microstructural analyses allowed to define the occurrence of 544 

large sub-rounded to rounded quartz grains resulted to be more characteristic of the clayey 545 

samples collected along the White Nile, whereas that of small angular and sub-angular quartz 546 

grains is typical of sediments from the catchments originating from the Ethiopian Highlands. 547 

Furthermore, the occurrence of other phases such as plagioclase, olivine and pyroxene, 548 

contributed to characterize the volcanic origin of these sediments, as well as the SEM analysis 549 

highlighted the presence of montmorillonite-rich aggregates derived from the weathering of 550 

basaltic rocks. These phases were found only in clayey sediments collected along the Blue Nile and 551 

the Main Nile and might be considered as diagnostic for the discrimination of the raw materials 552 

used in ancient ceramic productions. 553 

As regards the mineralogical analysis, the statistical treatment of data revealed a good clustering 554 

of samples collected along the main tributaries (White Nile, Blue Nile, Atbara) but partially failed 555 

in discriminating clayey sediments obtained from the main branch of the Nile River (Main Nile 1 556 

and Main Nile 2), since the mineral composition of the Main Nile after the confluence of the two 557 

rivers is strongly affected by the contribution of Blue Nile. Some exceptions were explained by the 558 

influence of sediments brought from inactive tributaries of the Nile, the remixing of which still 559 

affects the mineralogical and chemical composition of the clay materials. 560 

Based on the chemical composition of the clayey sediments, some discrimination among the 561 

different sectors of the river Nile is possible, but strontium isotope ratio better point out the 562 

mixing processes involving the sediments of the Nile River. White Nile clayey sediments have a 563 

high 87Sr/86Sr ratio, with the highest values for samples from core-drill, probably reflecting the 564 

stronger contribution of the White Nile before the construction of the Jebel Aulia dam, and the 565 

lowest value for those collected at the surface, influenced by a recent episodic flood event of the 566 

Blue Nile. Clayey materials form the Gezira Plain are influenced by the presence of the Blue Nile. 567 

For over a century the Blue Nile overflowed, thus stemming the White Nile through a network of 568 

distributary channels that flowed across the Gezira mega-fan (Williams et al. 2015). Clayey 569 

sediments collected along the Blue Nile show 87Sr/86Sr values comparable with those of the Main 570 

Nile, indicating that Nile River maintains a mixed fingerprint. 571 

Strontium isotopic data provided important complementary constraints to assess clayey 572 

sediments provenance in addition to bulk geochemistry, thus representing a potentially useful tool 573 

also to constrain the provenance of ancient pottery, especially when petrographic markers are 574 



scarce or absent due to the dilution effect of a quartz-sand temper, as it is often the case in the 575 

Sahara and Sub-Saharan productions. 576 

 577 
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Figure captions 867 

 868 

 869 
Figure 1. Geological sketch of Sudan (after Ministry of Energy & Mining, Geological Research 870 

Authority of Sudan, 2004) reporting the location of the clayey sediments sampling points 871 

(numbers, according to the list reported in Table 1) and of the main prehistoric sites (according to 872 

Salvatori and Usai 2019). 873 

 874 

 875 
 876 

Figure 2. Photomicrographs in crossed-polarized light of clayey materials collected along the White 877 

Nile (WN) and Blue Nile (BN): a) 30 (WN); b) 31 (WN); c) 1 (WN); d) 2 (WN); e) 13 (BN); f) 15 (BN). 878 

See clay sampling points in Fig. 1 and Table 1. 879 



 880 

 881 
Figure 3. Photomicrographs in crossed-polarized light (a, b, d) and SEM back scattered electron 882 

image (c) of clayey materials collected along the Main Nile (MN1) and the river Atbara (A): a) 4; b) 883 

6B; c) detail of a montmorillonite aggregate formed by weathering of a fragment of volcanic mafic 884 

rock; d) 9 (A) 885 

 886 

 887 
Figure 4. Photomicrographs in crossed-polarized light of clayey materials collected along the Main 888 

Nile (MN2), after the confluence of the river Atbara: a) 8; b) 21; c) 28; d) 24. 889 

 890 



 891 

Figure 5. Dendrogram from the cluster analysis performed on XRPD data of clayey materials from 892 

the Main Nile 1 (MN1) and 2 (MN2), Atbara (A), White Nile (WN) and related Pleistocene lake and 893 

small Holocene ponds (WN-L), Blue Nile (BN), collected also in the Gezira Plain (-G). Statistical 894 

analysis was performed according to Euclidean distance and average linkage method, on position 895 

and intensity of peaks. The dissimilarity threshold used to define the number of clusters was 896 

calculated with the KGS test, according to the software procedure (see Maritan et al., 2015). *: 897 

most representative samples within each cluster. 898 

 899 

 900 

Figure 6. XRPD patterns of the most representative samples of the clusters defined in the 901 

dendrogram of the cluster analysis of Fig. 5, and some of the outliers: a) 31; b) 12; c) 15; d) 18; e) 902 

9; f) 4; g) 10; h) 13; i) 22; l) 25. Abbreviations: Qz: quartz; Pl: plagioclase; Kfs: K-feldspar; Cal: 903 

calcite; Ill: illite/muscovite; Kln: kaolinite; Amp: amphibole; Mnt: montmorillonite; Px: pyroxene. 904 



 905 

 906 
Figure 7. Plot, according to the hydrographic basin of collection, of: a) interlayer water divided by 907 

total (interlayer and structural) water of clay minerals; b) organic matter content (wt%); c) calcite 908 

content (wt%) all defined on the basis of the thermal analysis. 909 

 910 



 911 

Figure 8: a) Dendrogram obtained from the cluster analysis (Square Euclidean Distance, Ward’s 912 

method) of log-transformed chemical data, divided by Al2O3 (the element with the lowest value of 913 

variance (τ.i)); b-c) score and loading plots of PC1 e PC2 obtained by the principal component 914 

analysis of the chemical data with indication of the clay number and hydrographic basin from 915 

which they were collected. PC1 and PC2 represent the 37% and 23% of the total variance 916 

respectively. Abbreviations: WN: White Nile; WN-L: Pleistocene lake and small Holocene ponds 917 

and Nubian Sandstone area; BN: Blue Nile; MN1: Main Nile 1; MN2: Main Nile 2; A: Atbara (A); -G: 918 

Gezira Plain. 919 

 920 

 921 
Figure 9. a) 87Sr/86Sr distribution according to the hydrographic basin; b) biplot of 87Sr/86Sr vs. Sr 922 

(ppm); c) biplot of 7Sr/86Sr vs. 1/Sr; d) 7Sr/86Sr vs. Sr (ppm) reporting for comparison also the data 923 

of mud (silt and clay fractions: <60 µm or <40 µm, represented by empty diamonds) and those of 924 

some sands (solid diamonds) of Padoan et al. (2011) and Garzanti et al. (2015). Abbreviations: WN: 925 



White Nile; WN-L: Pleistocene lake and small Holocene ponds; BN: Blue Nile; MN1: Main Nile 1; 926 

MN2: Main Nile 2; A: Atbara (A); -G: Gezira plain. 927 

 928 

 929 

Table captions 930 

 931 

 932 

Table 1. Chemical composition of major and minor (expressed as wt%) and trace elements 933 

(expressed as ppm), loss on ignition (LOI) and 87Sr/86Sr ratio and its error of the analyzed clay 934 

samples. For each sample was also reported the location of the collection point, its coordinates 935 

(latitude and longitude) and the hydrographic basic it belongs to. *: Pleistocene lake and small 936 

Holocene ponds described by Williams et al. (2015, 2006), Cremaschi et al. (2007) and Williams 937 

and Jacobsen (2011). Samples have been listed based on the hydrographic basin within which they 938 

were collected: WN: White Nile; WN-G: White Nile in the Gezira plain (eastern bank); WN-L: White 939 

Nile related to Pleistocene lake and small Holocene ponds; BN: Blue Nile; BN-G: Blue Nile on the 940 

Gezira bank; MN1: Main Nile 1; MN2: Main Nile 2; A: Atbara. 941 

 942 

Table 2. Results of the simultaneous thermal analysis TG-DTG-DSC and FTIR-EGA, reporting the 943 

weight loss percent (DW %), the temperature of DTG and DSC peaks and the composition of EGA 944 

(determined by FTIR) for various thermal interval: 40-200°C for the dehydration of 945 

montmorillonite; 200-600°C for the dehydration of the phyllosilicates and decomposition of the 946 

organic matter; 600-850°C for the carbonate decarbonation; 850-1050°C for the residual 947 

dehydration of phyllosilicates and the polymorphic transformation and sintering. Abbreviations: a 948 

= endothermic reaction; b = exothermic reaction; ΔW = weight loss; HW: hygroscopic water; IW: 949 

inter-layer water; OM: organic matter; DW: dehydroxylation of phyllosilicates. Samples have been 950 

listed based on their hydrographic basin: WN: White Nile; WN-G: White Nile in the Gezira plain 951 

(eastern bank); WN-L: White Nile related to Pleistocene lake and small Holocene ponds; BN: Blue 952 

Nile; BN-G: Blue Nile on the Gezira plain; MN1: Main Nile 1; MN2: Main Nile 2; A: Atbara. 953 


