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Abstract

The High Field Strength Elements (HFSE), due to their relatively low mobility in the majority of
sedimentary processes, are among the most suitable elements for provenance studies, as they permit
collecting information on the parent material. Therefore, the distribution of the mass fractions of two
incompatible elements (Co and Ni) and 13 HFSE (Sc, Zr, La, Ce, Nd, Sm, Eu, Tb, Tm, Yb, Hf, Th,
and U) in unconsolidated sediments belonging to two different river systems, i.e., the Egyptian sector
of the Nile River and the Tadjik sector of the Zarafshon River, evidences similarities and dissimilarities
between the sedimentary materials and their correlation with the local geochemistry. The Instrumental
Neutron Activation Analysis (INAA) in its Epithermal variant was used. In total, 38 and 29 samples of
unconsolidated sediments were collected along the Nile and the Zarafshon rivers. In the great majority,
the distribution functions of the mass fractions were not normal, as Shapiro-Wilk, Anderson—Darling,
Lilliefors, and Jarque-Bera ANOVA tests proved. More discriminating bi-plots and ternary diagrams
permitted a better comparison between the distribution functions of the considered elements. All of
them showed, for both types of sedimentary material, a relative similarity with the less recycled felsic
type of rocks. Despite this, a further detailed analysis revealed systematic differences between the two
sediment categories, suggesting that the Nile sediments have been influenced by the mafic material
transported from the basalt-rich plateaus of Ethiopia via the Blue Nile.
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1. Introduction

The High Field Strength Elements (HFSE) are a group of incompatible elements, i.e., those
that, due to their ionic radii or electric charge, are poorly accommodated in the crystal struc-
tures of common minerals. Among the incompatible elements, HFSE are characterized by the
charge (atomic number) Z over the ionic radius r, i.e., Z/r generally greater than two [1].
Consequently, HFSE comprise all three and tetravalent elements, including platinum group,
the Lanthanides (Ls), as well as Thorium and Uranium.

The behavior of incompatible elements, including the
HFSE ones, provides insights into the processes of magma
generation and evolution, including the extent of partial melt-
ing and the composition of mantle and crust. At the same
time, the reduced mobility in most geological processes in-
creases their tendency to concentrate in the last portions to
solidify or in the first ones to melt, making them valuable
tracers of these processes, or classifying a diverse category of
rocks [2]. In this regard, Sc, the Lanthanides, Zr, Hf, Th, and
U are usually included in the 38 elements most commonly
used in geological studies.

Sediment is a solid material that occurs naturally through
the processes of weathering and erosion of rocks, being dis-
mantled and later transported by the action of wind, water,
ice or by the gravity acting on its particles. For this reason,
sediments transport the information concerning the parent Western
rocks as well as the different factors that act during transport Desert
and final deposition. Therefore, sediment analysis proved to
help understand magmatic processes and rock genesis [3].

These types of studies need high-performance analytical
techniques of investigation, able to determine the mass frac-
tion of a multitude of individual elements with an accuracy 100 km
better than 0.5 mg/kg. In this respect, the Instrumental Neu- IS f ot
tron Activation Analysis (INAA) proved to be one of the most Sudan /
appropriate as it permits determining the mass fraction of
more than 40 elements, including an appreciable number of ¢4} Nile River showing the lo-
HFSE [4]. Specific to INAA is its capability to analyze small . tion of sampling points which
amounts of material, less than 50 mg, without any preliminary  are marked by red circles [10].
treatment such as acid digestion, prone to inducing system-
atic errors [5]. It is also worth mentioning that INAA allows
determining the mass fraction of all HFSE mentioned before, which makes this method indis-
pensable in provenance studies of a diverse category of sediments and rocks [6-12]. In addition
to them, two other trace elements, Co and Ni, which could not be considered HFSE, are useful
in characterizing the nature of sediments.
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Figure 2. The Tadjik sector of the Zarafshon River showing the location of sampling points marked
by blue circles. The most representative tributaries are also illustrated. The inset shows the position
of the Zarafshon catchment basin (green colour) on the Tajikistan territory [15].

During the years 2015-2019, many field studies were focused on the investigation of the
geochemical features of the Nile (Egypt) (Figure 1) and the Zarafshon (Tajikistan) (Figure 2)
riverbeds. These rivers [13-15] play a significant role in the geology and economics of Egypt
and Tajikistan, but, while the Nile River is the longest in the world having a length of 6650 km
and a catchment basin of 3.35 - 10° km? [16], the Zarafshon has more modest dimensions with
a length of 877 km and a catchment basin of 1.17 - 10* km? [17].

Concerning the Zarafshon River, it should be mentioned that it rises at an altitude of
2775 m, flows through a 300 km narrow and deep valley, reaches the city of Panjakent, crosses
the Tajikistan—Uzbekistan border, passes the cities of Samarkand and Bukhara, and finally is
lost in the Kyzylkum Desert.

Both rivers are located on two distinct continents, with different geomorphology and geo-
chemical backgrounds, which are expected to influence sediment chemistry. Indeed, while the
Blue Nile, the main tributary of the Nile River, is responsible for about 80% of Nile debit
springs from Lake Tana at the high Ethiopian plateaus, rich in the Oligocene and late Miocene
basalts [18], the Zarafshon River catchment basin spreads over various geological formations of
Oligocene age located between the Turkestan and Zarafshon mountain ranges, both belonging
to the Pamir-Alay mountain system [19].

At the same time, it is important to note that the Nile River crosses the Great Egyptian
Desert with a total lack of tributaries (Figure 1), and the Zarafshon River, due to its position
between two mountain ranges, has a significant number of tributaries, mainly distributed along
its Tadjik sector (Figure 2).

As the investigated systems belong to totally different geological formations, albeit some-
what coeval, a comparative analysis of the presence of HFSE in river sediments could reveal
similarities as well as differences in their distribution, all of them finally being related to local
conditions, and providing a better understanding of the regional geological background.
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2. Materials and methods

2.1. Sediments

For this study, 38 [10] and 29 [15] unconsolidated sediments samples were collected from the
Nile and Zarafshon rivers (Figures 1 and 2). At all locations, the upper layer of sediments, e.g.,
20 to 30 cm depth, was handpicked from the riverbeds during the high-water period. Further,
three samples covering an area of about 10 m? were collected and mixed at each sampling point,
resulting in an average composite material. After being collected, each sample was placed in
glass containers or plastic bags, kept at low temperatures until transported to the laboratory,
where they were completely dried at room temperature.

In the end, dried sedimentary material was sieved with a 0.425 mm (42 mesh) sieve, uni-
formed, and sent to the Frank Laboratory of Neutron Physics (FLNP) of the Joint Institute
for Nuclear Research (JINR) for further INAA.

2.2. Instrumental Neutron Activation Analysis and the quality assurance

At the Sector of Neutron Activation Analysis and Applied Research (SNAA&AR) of
FLNP JINR, 10 g of each sample were homogenized again for 15 min in a PULVERISETTE 6
planetary ball mill [25] at 400 rpm. Finally, six aliquots of about 0.3 g were selected from
each sample and independently irradiated at the IBR-2 nuclear reactor using the REGATA
facility [26, 27]. Tt is worth mentioning that all investigated elements belong to the “long half-
life time” category, so all irradiations were performed in a Cd-lined channel using epithermal
neutrons.

In this regard, it should be noted that to get a higher accuracy and precision, special atten-
tion was paid to quality assurance experimental determinations. This was done by using differ-
ent Standard Reference Materials (SRM) irradiated together with the investigated sedimentary
material. Accordingly, the following NIST (National Institute of Standards and Technology)
SRM were used: 690CC — Calcareous soil, 1632c — Trace elements in coal, 2709 — Trace
elements in soil, 2709a — San Joaquin soil, and AGV2 — Andesite. All SRM were chosen to be
closer to the mineral nature of the investigated sediments. More details concerning the INAA
measurements are provided in [15].

Under these circumstances, the total uncertainties in determining the mass fractions of the
considered elements never exceeded 7%.

2.3. Statistical analysis

For more efficient processing of experimental data on the distribution of mass fractions of
the studied elements, such as incompatible Co and Ni, as well as the HFSE Sc, Zr, La, Ce,
Sm, Th, U, and Hf, more informative bi- and ternary discriminating diagrams were employed.
Additionally, to characterize the degree of singularity between their distribution in the Nile and
Zarafshon recent unconsolidated sediments, more ANOVA tests were chosen, by considering
a priori a non-normal distribution [28]. LibrOffice 25.2 Calc, OriginLab® Origin 10, and
PAST 5.2 free software [29] were used.

It is worth mentioning that for better understanding of the geochemistry of the investigated
sedimentary material, the Upper Continental Crust (UCC) [20] and North American Shale
Composite (NASC) [21], Average World Suspended Sediments (AWSS) [22], Mid-Ocean Ridge
Basalt (MORB) [23] as well as Dobrogea Loess (DL) [24] (the last one as example of sedimentary
sorting process) were considered as the most appropriate references.
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3. Results and discussion

One of the main aims of the present study consisted in evidencing the extent to which the
presence of all the 15 chosen elements can serve as an indicator of how similar the two categories
of sediments (Table 1), the average values of their mass fractions together with the Combined
Uncertainties (CU) [30], median, and the Coefficient of Variation (CV) are reproduced. Further,
for a better characterization, the corresponding values for the UCC, NASC, AWSS, DL, and
MORB are also reproduced.

Table 1. The average mass fractions of the investigated elements, together with the corresponding
CU, median, and CV. For comparison, the mass fractions of the same elements in the UCC, NASC,
AWSS, DL, and MORB are reproduced as well. Mass fractions are expressed in mg/kg, CV — in %.

Nile
Element Average CU Median CV UCC NASC AWSS DL MORB
Sc 13.5 6.7 14.7 49 14 14.9 18.2 10.1 38.8
Co 21.3 11.2 25.6 51 17.3 25.7 22.5 15 43
Ni 48 26.3 53 54 47 58 74.5 58 92
Zr 317 276 219 87 193 200 160 394 116.9
La 18.7 9 18.6 48 31 31.1 37.4 32 5.21
Ce 37.1 20.1 38.7 54 63 66.7 73.6 61.0 14.86
Nd 18.7 7.3 18.7 39 27 27.4 32.2 29.8 12.03
Sm 3.9 2.65 4.28 67 4.7 5.59 6.12 4.3 3.82
Eu 1.7 0.61 1.7 36 1 1.18 1.29 0.9 1.36
Th 0.6 0.28 0.71 43 0.7 0.85 0.82 0.6 0.82
Tm 0.47 0.19 0.46 40 0.3 — 0.3 0.2 —
Yb 1.89 0.76 1.7 40 1.96 2.97 2.11 1.9 3.63
Hf 6.2 6.5 5.30 105 5.3 6.3 4.04 143 2.79
Th 3.6 2.6 3.45 73 10.5 12.3 12.1 11.6 0.4
U 1.07 0.68 0.94 65 2.7 2.66 3.3 3.1 0.12
Zarafshon
Element Average CU Median CV UCC NASC AWSS DL MORB
Sc 10.3 2.54 10 25 14 14.9 18.2 10.1 38.8
Co 11.2 4.11 10 37 173 25.7 22.5 15 40
Ni 35.2 10.3 32.1 32 47 58 74.5 58 92
7r 206 42.6 3 21 193 200 160 394  116.9
La 29.1 7 29 24 31 31.1 37.4 32 5.21
Ce 57.1 15 5 26 63 66.7 73.6 614 14.86
Nd 23.4 15 22.8 56 27 27.4 322  29.8 12.03
Sm 8.8 2.8 9.2 32 4.7 5.59 6.12 4.3 3.82
Eu 0.9 0.6 1.1 67 1 1.18 1.29 0.9 1.36
Tb 1.01 0.41 0.96 38 0.7 0.85 0.82 0.6 0.82
Tm 0.3 0.3 0.3 100 0.3 — 0.3 0.2 —
Yb 1.9 1.2 17 63 1.96 2.97 2.11 1.9 3.63
Hf 4.8 1.19 5 24 5.3 6.3 4.04 143 2.79
Th 8.5 3 8.6 30 10.5 12.3 12.1 11.6 0.4
U 3.5 0.6 3.5 17 2.7 2.66 3.30 3.10 0.12
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On this point, it is worth noting that there is a greater dispersion of the mass fractions
values of Nile sediments, confirmed by the corresponding CV, the values of which in the case
of the Nile exceeded the Zarafshon ones by a factor of 1.6 (Table 1).

However, and this was the second aim of the present study, the distribution of considered
HFSE as well as Co and Ni in the Nile and Zarafshon sediments, appears close to the UCC,
NASC, AWSS and even DL, but is completely different from the MORB, indicating a continen-
tal origin for the sedimentary material (Table 1). To reach a conclusion about the contribution
of individual elements, a more detailed analysis is necessary, for which various types of dis-
criminant bi-plots and ternary diagrams have proven their versatility. At the same time, when
interpreting these data, it should be taken into account that the present study concerns uncon-
solidated sediments, the source of which may be located at a great distance from the sampling
sites, so, in essence, the sediments carried not only information about their sources, but also
on local geochemistry.

Of all the elements considered, Scandium (Sc) is one of the most appropriate in discriminat-
ing against the felsic rocks from the mafic ones, as Sc mass fraction which is less than 20 mg/kg
in the felsic rocks reaches values between 20 and 40 mg/kg in the case of the mafic ones [31].
In the framework of the present study, Sc mass fractions varied from (13.5+6.3) mg/kg in case
of Nile sediments to (10.2 £ 2.5) mg/kg for the Zarafshon ones (Table 1), apparently slightly
higher in the case of Nile sediments, but in both cases lower than the conventional threshold
of 20 mg/kg. That is why Sc is frequently used in evidencing the reciprocal affinity of different
types of rocks [32-34].

A similar discriminating trend was reported for Co and Ni on the one hand, and Th and U
on the other, as the felsic rocks are depleted in Co and Ni and enriched in Th and U, contrary
to the mafic rocks which present an opposite tendency [35]. Accordingly, the Nile sediments
presented for Co a mass fraction of (21.3 £+ 11.2) mg/kg, significantly higher than the value of
(11.2+£0.17) mg/kg found in the case of Zarafshon sediments, but in the case of Ni, both types
of sediments showed relatively closer values of (48 £26.3) and (35.2£0.2) mg/kg (Table 1). On
the contrary, Th showed an average mass fraction of 3.64+2.6 in the Nile sediments, smaller than
those found in the Zarafshon River of (8.5 £+ 0.2) mg/kg (Table 1). A comparable behaviour
was noticed for Th and U, mass fractions of which were significantly lower in the case of Nile
sediments than in the case of the Zarafshon ones, the same discriminating tendency existing in
the case of felsic UCC and mafic MORB (Table 1).

Another peculiarity, evidenced by the discriminating Th/Ni vs. Zr/Ni bi-plot (see Fi-
gure 3,b) [34], ternary Sc-La-Th diagram (Figure 3,c¢) [36, 37|, and Th/Co vs. La/Sc bi-
plot (Figure 3,d) [37], suggests a certain presence of the mafic material in the Nile sediments.
At a careful examination, the Zarafshon data are closely grouped on the felsic subdivision of
these diagrams, while the corresponding Nile data present a small tendency towards the mafic
subdivision.

On this point, the La/Th mass fraction ratio could be useful in understanding the nature
and provenance of depositional material. Although, for each sediment, there is a good linear
correlation between La and Th, the corresponding La/Th ratio values differ quite significantly
since a t-test value of 0.967 suggests a probability of 0.336 that the slopes will be similar (Fi-
gure 3, e). These values should be compared with the corresponding ones for the UCC of 2.95,
2.53 in the case of NASC, 3.09 for the AWSS, and 13.03 for the MORB, suggesting again a
certain difference of Nile sediments from the UCC, mainly a slight displacement towards more
mafic material.
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Two other HFSE, Zr and Hf, behave almost similar in sedimentary material. Zr is the
main constituent of the mineral zircon ZrSiO4 which, due to its higher hardness of 7.5, poses an
increase resilience to abrasion so that the higher the Zr mass fraction, the larger the sedimentary
material sorting and recycling [38]. Hf, in turn, due to the fact it is always bound up with
Zirconium compound which usually has about 1-4% of Zr replaced by Hf [39], shows the same
tendency to be enriched during the erosion of sedimentary rocks.

The discriminating Th/Sc vs. Zr/Sc (Figure 3, f) [33] and La/Th vs. Hf (Figure 3, g) [40, 41]
diagrams help understand the past evolution of the sedimentary materials as well as their
compatibility with respect to the main category of rocks. Accordingly, the Th/Sc vs. Zr/Sc
bi-plot suggests a reduced cycle of erosion and recycling, as the majority of points are grouped
around the UCC, NASC or AWSS, and far away from the MORB, and at a certain measure
from the DL (Figure 3, f). In turn, the La/Th vs Hf bi-plot points to a felsic origin of the
sedimentary material, but, as in previous cases, the Nile data form a cluster whose position
seems slightly shifted toward the andesitic source (Figure 3,g). On both bi-plots, the DL
points suggest the presence of either sediment recycling (Figure 3, f) or of the old sedimentary
components (Figure 3, g), normal for loess.

The Lanthanides (Ln) are a subdivision of the Rare Earth Elements (REE) consisting of
14 elements, from Lanthanum to Ytterbium, monotonously filling the 4f orbitals. This fact
determined all of them to have closer chemical properties, making this group of HFSE very
useful in getting confidence information on the origin of host rocks.

In the framework of the present study, the INAA permitted determining the mass fractions
of only eight REE, e.g., La, Ce, Nd, Sm, Eu, Tb, Tm, and Yb. By comparing their mass
fractions with the UCC one (Figure 3, h), in spite of a great dispersion of the mass fractions of
the investigated Ln, their distribution rather followed the UCC one, different from the opposite
mafic MORB.

Regrettably, the INAA does not allow one to determine with sufficient accuracy the mass
fraction of Gd, the value of which, together with Sm, is indispensable for the quantitative
determination of the Eu anomaly, one of the most important parameters in establishing the
nature of depositional material [42].

4. Concluding remarks

The Instrumental Neutron Activation Analysis represents a powerful analytical method in
determining the mass fractions of a great number of incompatible and High Field Strength
Elements, the presence and distribution of which are important for understanding the prove-
nance and evolution of various geological formation, including recent sediments, regardless of
their locations.

Under such circumstances, the INAA was used to determine the mass fractions of incom-
patible Co and Ni as well as of the other 13 HFSE, i.e., Sc, Zr, La, Ce, Nd, Sm, Eu, Tb, Tm,
Yb, Hf, Th, and U, with an accuracy of 7% in sedimentary material of the Egyptian sector
of the Nile River as well as the Tajik sector of the Zarafshon River, both of them coeval, but
belonging to two different systems, and located on different continents. All these elements
play a significant role in providing reliable information about the geochemistry of sedimentary
materials and their sources.

To evidence this, the mass fractions of all analyzed elements were compared with the mass
fractions of the same elements in more universal sedimentary media such as the Upper Con-
tinental Crust, North American Shale Composite, Average World Suspended Sediments, and
particularly Dobrogea Loess as a model of recirculated sedimentary material. This comparison
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was performed by means of different methods of statistical analysis, including the graphic ones,
which consisted of different types of discriminating bi- and ternary plots.

This study demonstrates that both categories of sediments share a common acidic, felsic
background, while Egyptian sediments present also some basic, mafic features, most probably
due to the Blue Nile, the main tributary of the Nile River which springs from the high Ethiopian
plateaus rich in basalt.

Such kind of investigations are important because they highlight the extent to which the
systematic study of the distribution of HFSE in recent river sediments provides information not
only on the source geochemistry, but also on the formations that these rivers cross. The study
becomes even more interesting if the investigated formations are on different continents.
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