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Abstract

Texture, mineralogy, heavy minerals, and major and trace elements, including REE, from surface sediment samples collected
along the Nyong River (NR) were analyzed in the current study to characterize and discuss the intensity of weathering,
provenance, and tectonic settings of the source area and estimate the chemical features that reflect the parental rocks, known
from literature. The sediments are mainly fine- and coarse-grained sands, and the mineralogy is predominantly composed of
quartz, accompanied by kaolinite, illite, opaque oxides, kyanite, rutile, zircon, tourmaline, sillimanite, garnet, and hypersthene.
Geochemically, the sediments are classified as Fe—shale, Fe—sand, and quartz arenite. The CIA, PIA, CIW, and the A-CN-K and
(A—K)—C—N plots indicate the high intensity of chemical weathering. The values of SiO,/Al,05, Al,03/Na,0, K,0/Na,0, ICV,
and the ZTR index indicate the maturity of many samples. Most of the sediment samples experienced recycling, as revealed by
the Al,O5—TiO,—Zr plot. Several bivariate plots such as Zr vs TiO, and Th/Co vs La/Sc, and the REE pattern and size of Eu,
indicate derivation from a source area composed mostly of intermediate and felsic rocks and, in a lesser extent, of mafic source
rocks. Tectonic discriminant diagrams based on major and trace elements indicate rift and passive margin settings, which is
consistent with several tectonic history models of the Ntem complex and the Pan-African belt.
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Introduction

The geochemistry of clastic sediments is an important source
of information in unraveling their provenance history (Cullers
2002; Saha et al. 2010; Ramos-Vazquez and Armstrong-
Altrin 2019), the intensity of weathering (Roy et al. 2008;
Gallala et al. 2009), and the tectonic setting of the source
terrane (Armstrong-Altrin and Verma 2005; Sabaou et al.
2009). The recent clastic sediments, from nowadays river
beds, are most suited for weathering and provenance studies
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because they experienced minor or no post depositional pro-
cesses, such as diagenesis and K-metasomatism (Ndjigui et al.
2015; Mbale Ngama et al. 2019). Furthermore, the spatial
distribution of sediments in modern rivers is thought to be
controlled mainly by the variations in the source areas
(Nascimento et al. 2015), in spite of the fact that they are
mixed by transport processes.

Previous provenance studies on the Atlantic equatorial ar-
ea, which relied on the petrography, mineralogy and geo-
chemistry, are very few (e.g., Ndjigui et al. 2015, 2018;
Ekoa Bessa et al. 2018, 2020; Mbale Ngama et al. 2019;
Mioumnde et al. 2019). Based on geochemistry of alluvial
clay, Ndjigui et al. (2018) interpreted the provenance and de-
positional history of the Lokoundje River sediments. These
sediments, which were deposited in an oxic environment,
were derived from the basement of the watershed, which is
made up of gneisses, amphibolites, migmatites, charnockites,
and pyroxenites from the Nyong and Ntem units, located at
the NW border of the Congo craton. Although these studies
provide important constrains on the depositional milieu and
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the source rock, stream sediments of many other drainage
basins of this region, such as those of the Nyong River (NR)
watershed, also made up of a wide range of rock types, are still
to be investigated.

The geochemistry of the NR watershed sediments has not
been documented yet. It is interesting to note that this river is
located on the Atlantic equatorial area. In its upper reaches, it
flows through the Pan-African Neoproterozoic belt. Towards
the lower reaches, it encompasses the Ntem and Nyong units
before entering the Atlantic sea. The tectonic framework of
this basement terrane remains controversial due to poor con-
straints from geochemical and geochronological studies. The
Pan-African belt presents all the features that characterize a
collisional belt such as granulitic metamorphism and intensive
plutonism associated with crustal melting. However, various
and divergent tectonic models suggest either collision be-
tween the Congo craton and the mobile belt (Nzenti et al.
1984, 1988; Toteu et al. 2001) or collision between different
blocks of the mobile belt (Toteu et al. 1991). Also, no clear
evidence of oceanic rocks has yet been found and several
workers suggest either a paleotectonic setting of an
intracontinental extensional basin on the rifted northern mar-
gin of the Congo craton (Nzenti et al. 1984, 1988) or possibly
a passive margin (Vicat and Pouclet 1995; Vicat et al. 1996;
Feybesse et al. 1998; Pouclet et al. 2007). Regarding the prov-
enance of the sediments and the tectonic setting of their source
terranes, the alluviums from the NR provide an opportunity to
study the effect of lithology change on sediment chemical
composition, which has significance for the use of sediment
chemistry as a proxy in interpretation of source region. On the
other hand, the geochemistry of the NR sediments could lead,
for the first time, to approximate the roles of some of the
chemical and physical processes that control these deposits
and evaluate their features that most closely mirror the nature
of the watershed basement rocks, as described in the literature.
This approach is based on the assumption that some immobile
elements (e.g., La, Th) are more abundant in felsic than in
basic rocks; therefore, their contents in sand-size sediments
allow a distinction to be made between a felsic and a mafic
source (Cullers et al. 1988). On the other hand, Bhatia (1983),
Bhatia and Crook (1986), Roser and Korsch (1986, 1988), and
Verma and Armstrong-Altrin et al. (2013, 2016) showed that
plate tectonic processes impart a typical geochemical signa-
ture to sediment. Thus, different tectonic environments have
distinctive provenance features and they are characterized by
distinctive sedimentary processes.

In this study, the bulk sediment geochemistry and mineral-
ogy of the NR sediments is reported. The aim of the current
work is (1) to determine the geochemical variation among
samples collected, (2) to deduce the potential variation in
provenance signatures and source area weathering, and (3)
to infer the tectonic setting of source rocks. Overall, this paper
contributes to the knowledge of sedimentological
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characteristics of stream sediments from the Nyong drainage
basin, situated under warm and humid climate in the Atlantic
equatorial region, and whose basement is made up of various
Archean, Paleoproterozoic, and Neoproterozoic rocks.

Geographical and geological context

The NR drainage basin (9° 54'-13° 30" E, 2° 48'4° 32" N;
27,800 kmz; Olivry 1986) is located in a morphological unit
called “the Southern Cameroonian Plateau,” which is a vast
smoothly undulating surface, with elevation between 650 and
850 m (Fig. 1a, b). This area is covered by the equatorial rain
(evergreen) forest. The NR (690 km of length) is the second
major river, after the Sanaga River, draining along the said
plateau and the southwestern Cameroonian coastal region. It
has its headwaters towards the eastern part of the above
Cameroonian plateau, near the locality of Abong Mbang, in
the northern part of the equatorial rain forest (Olivry 1986). It
follows a westerly direction with a slope gradient of 0.2/1000,
emptying, after crossing the Cameroon coastal plain in its
lower reaches, into the Gulf of Guinea, Atlantic Ocean.
Rapids break the flow of the NR at the localities of
Mbalmayo and Déhané towards the lower reaches (with a
slope gradient of 6.7/1000 over 70 km of length). The annual
rainfalls are between 1500 and 2000 mm, for a mean annual
temperature of about 25 °C, with amplitude of 2.4 °C. This
climate exhibits two dry seasons and two rainy seasons
(Olivry 1986). In the coastal zone, concerning the 80—
100 km of the downstream course of the NR, the climate is
very warm and humid (Cameroonian-type), with only one dry
season (December—February). The annual mean rainfall is
2000-3500 mm, the annual mean temperature is 26 °C with
a 2.8 °C amplitude.

The NR has many small tributaries, such as the So’o River
(the relative most important left hand tributary) and the
Mfoumou and Afamba rivers to the right (Fig. 1b). The base-
ment rocks of the NR drainage basin (Fig. 1a) belong both to
the Pan-African belt (e.g., Yaoundé Group) and the Ntem
complex. The Pan-African belt in central Africa (e.g., in
Cameroon) consists of Neoproterozoic supracrustal assem-
blage, variously deformed granitoids, and medium- to high-
grade metamorphic rocks. The evolution of this belt is still
enigmatic, leading to the formulation of various and divergent
tectonic models (Toteu et al. 2004). The Pan-African rocks are
interpreted to have formed in a continental collision zone

Fig. 1 a Geological map of the South Cameroon (from Toteu et al. 2001) P>
with the outline of the study area and the location of the areas from where
the geochemical data of parental rocks were compiled in this study to
identify probable source rocks. b Simplified map of Nyong River
watershed (modified from Olivry 1986) showing the landforms and
sample sites
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between the West African and Congo craton (Toteu et al.
2001; Kroner and Stern 2004; Toteu et al. 2004). However,
some rocks of the studied area, belonging to the Yaoundé
Group, such as the low- to high-grade garnet-kyanite
metasedimentary gneisses, were interpreted as metamor-
phosed Neoproterozoic epicontinental deposits linked either
to an intracontinental distensive environment or to a passive
margin (Nzenti et al. 1988). The Pan-African rocks, encoun-
tered toward the upper reaches of the NR, are not only com-
posed mainly of metashales, metagreywackes, quartzites, am-
phibolites, talcschists, garnetiferous micaschists and gneisses,
migmatites, migmatitic gneisses, and granites but also of
scarce pre- to syntectonic metaplutonic rocks, including most-
ly mafic to intermediate rocks (pyriclasites), serpentinized
chromitic and nickeliferous ultramafic rocks associated with
metagabbros, metadiorites, and mafic dykes (Nédelec et al.
1986; Nzenti et al. 1988). These rocks, representing a huge
allochtonous nappe unit thrusted southward onto the Congo
craton (Fig. 1a), were derived from protoliths consisting of a
mixture of juvenile Neoproterozoic and Paleoproterozoic
sources, as indicated by Sm-Nd isotopic data, without a major
contribution of the Archean Congo craton (Penaye et al. 1993;
Toteu et al. 1991, 2001).

The NC, consisting of the Nyong and Ntem units, has been
mapped in the eastern part of the studied drainage basin. In the
middle reaches of the NR, some tributaries, such as the So’o
River, flow through the Ntem unit, which consists of remnants
of green stone belts (i.c., xenoliths of metasediments and gar-
net amphibolites) preserved in younger intrusive complexes,
charnockites, and other granitoids (Vicat et al. 1996). Towards
the Atlantic coast, the studied river drainage basin basement
belongs to the Nyong unit, which is made up of reworked
felsic and mafic Archean rocks, Tonalitic, Trondhjemitic,
and Granodioritic (TTG) suites, metagabbros, anorthosites,
charnockites, gneisses, migmatites, amphibolites, alkali
metasyenites, garnetites, eclogites, serpentinized peridotites,
quartzites, and Banded Iron Formations (BIF) (Feybesse
et al. 1998; Penaye et al. 2004). Vicat and Pouclet (1995),
Vicat et al. (1996), and Pouclet et al. (2007) argued that the
Ntem unit experienced pre-Eburnean rifting (older than 2500
Ma) followed by the opening of the Nyong intracratonic basin
(2515-2535 Ma), as well as the Eburnean and Pan-African
events (Feybesse et al. 1998).

Materials and methods

A total of 20 surface sediment samples (fine and coarse sands)
at different intervals, for a distance of about 690 km from near
Abong-Mbang locality to the coastal zone north Kribi, were
collected from the active flood-plain or the bed-load along the
NR (Fig. 2). Due to the accessibility to the river bed and the
relief, the drainage basin has been divided into two sectors:
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upstream sector (Ups) and downstream sector (Dws).
Approximately 3 kg of the alluvium were collected at each
sampling site. To ensure that the sediments samples
corresponded to recent deposits, they were retrieved at the
upper part of the alluviums. The samples and their locations
are listed in Table 1. These samples were analyzed for texture
(on all samples) and mineralogy (on selected samples). The
samples were oven-dried (70 °C) for about 48 h and then
homogenized. Sand size particles were separated by wet siev-
ing and size fractions above 0.050 mm by dry sieving using a
Ro-Tap Sieve Shaker (for 20 min) at the Faculty of Agronomy
and Agricultural Sciences (FASA), Dschang, Cameroon (Folk
1980).

Heavy minerals (~ 150 pum; density > 2.9 g/cm®) were
separated using bromoform, as heavy liquid, and identi-
fied under a binocular microscope at the Geoscience lab-
oratories, University of Yaoundé I, Cameroon. Seven sed-
iment samples (4 from Ups and 3 from Dws) were select-
ed for mineralogy study, using X-ray diffraction (XRD)
method. The XRD results of the studied samples were
obtained by using a BRUKER D8 Eco diffractometer pro-
vided with a monochromator using a Cu-Ko radiation (A
= 1.5406 A) at 40 kV and 45 mA, at the geology and
sedimentary environment laboratories (AGEs),
University of Li¢ge, Belgium. The mineralogical identifi-
cation was done with the software DIFFRAC plus
TOPAS. The results obtained are similar to those recorded
with classical methods (Carrol 1970; Krumm 1996).

All the 20 sediment samples (10 from Ups and 10 from
Dws) for major, trace, including REE, analysis were finely
ground in an agate mortar until the material could be sieved
through a 0.075-mm sieve. Major element concentrations
were determined by X-ray fluorescence spectrometry (XRF)
at AGEs. The LOI (loss on ignition) was determined by
weighing the samples before and after 2 h of calcination at
1000 °C, using an ARL PERFORM-X 4200. The geochemi-
cal standard AWI-1 was used to determine data quality.
Analytical precision for major elements was better than +
5%, except for Si0,, Fe,05, and TiO, which were occasion-
ally £ 2%. The trace and REE were analyzed by means of
inductively coupled plasma-mass spectrometry (ICP-MS)
technique (see Jarvis 1990) at AGEs. Sediment powders were
digested by acid attack, using a mixture of LiBO, and HNO;
in a ThermoFisher Scientific Xseries2CCT"" ICP-MS instru-
ment. Samples were prepared as 0. 25 g sample mixed with
1.25 g LiBO, flux, placed in a carbon crucible and fused in a
muffle furnace for 30 min at 1000 °C. The melt was poured
into 150 ml of 3.5% HNO;. The fused and re-dissolved solu-
tion was diluted 20 times with 2% double-sub-boiled HNO; to
obtain the working solution. The analytical accuracy errors,
determined by replicates, are generally better than + 2%, ex-
cept for Sc, V, Cr, Co, Ni, Cu, Zn, and Ga, which were at
times + 5%. The accuracy and precision of the analytical
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Table 1 Sampling locations of the Nyong River sediments, with corresponding sample ID and their physical feature (color and texture)

Localities Sample Id Latitude (N) Longitude (E) Altitude (m) Color Texture
Abong-Mbang Abl 3°53"03.55" 13° 24" 32.66" 950 Reddish brown Coarse sand
Ab2 4°09' 07.18" 13° 03’ 28.87" 950 Reddish brown Coarse sand
Ayos Ayl 4° 10’ 49.83" 12°45'37.12" 933 Pale brown Coarse sand
Ay2 4°06' 03.37" 12°43'32.33" 922 White Fine sand
Ay3 3°57'03.08” 12° 36’ 54.05" 922 White Fine sand
Ay4 3°48' 46.14" 12°26' 51.93" 922 White Fine sand
Akonolinga Akl 3°50'38.67" 12°20'22.71" 862 White Fine sand
Ak2 3°45'33.58"” 12° 10" 18.73" 816 Light brown Fine sand
AK3 3°37' 58.35" 11° 40" 39.73" 800 Light brown Fine sand
Ak4 3°32'41.88" 11°38'20.81" 784 Light brown Fine sand
Mbamayo Mbl 3°38'44.91" 11°33'00.77" 655 Light brown Fine sand
Mb2 3°32'06.88" 11°30'26.67" 620 Grayish brown Coarse sand
Mb3 3°27'09.53" 11°26' 22.82" 598 Brown Coarse sand
Mb4 3°19'09.80" 11°22'36.62" 576 Brown Fine sand
Makak Mal 3°35'29.78" 11° 08" 5.69" 420 Brown Coarse sand
Ma2 3°30'41.66” 10° 57' 34.73” 396 Brown Coarse sand
Eseka Esl 3°33'35.07" 10° 45’ 16.63” 256 Brown Coarse sand
Es2 3°30' 44.05” 10° 36’ 51.97" 200 Brown Coarse sand
Dehane Dhl 3°31'31.17" 10° 18" 54.09" 55 Pale brown Coarse sand
Dh2 3027 26.65" 10° 16’ 32.84” 25 Pale brown Coarse sand

methods were recognized using international standard
(BHVO-1, SGR-1, JB-3, and GA).

Results
Granulometric and mineralogical characterization

The granulometric analysis results of stream sediments from
the NR watershed and their parameters calculated using Folk
(1980) formula are shown in Table 2. They display little var-
iation between the Ups and Dws. Samples from the Ups are
composed, on average, 0of42.11% of fine- to medium-grained
particles (Fsd/Msd), 46.86% of coarse to very coarse-grained
sand (Csd/Vcsd), 6.5% of clay/silts, and 4.53% of gravels.
The mean grain size (Mz) varies from 0.56 to 1.43 in the phi
scale (@) and the average skewness (Ski) is negative, indicat-
ing an excess of coarse materials in the studied sediments
(Table 2). They are classified mostly as medium and coarse
sands (Folk 1980). The Trask’s Sorting Coefficient (So) varies
from 1.41 to 2.82 mm and the standard deviation (o; graphical
method) in the phi scale (s®) varies from 0.7 to 0.97, so the
sediments are classified as moderately sorted, indicating prox-
imity with source areas. The graphic kurtosis (K) average
value is 0.7 (platykurtic curves).

In the Dws, the samples are composed, on average, of
33.86 % of fine- to medium-grained particles (Fsd/Msd),

62.58% of coarse- to very coarse-grained sand (Csd/
Vesd), 1.16% of clays/silts, and 2.41% of gravels
(Table 2). Mz varies from $—0.43 to ¢ 0.86 (coarse
sand; Folk 1980), indicating sediments are coarser than
that in Ups. This is probably due to the contribution, to-
wards the lower reaches, of coarser materials from differ-
ent tributaries, such as the So’o, Mfoumou, and Afamba
rivers. The coarse texture can also be attributed to the
little impact of fluvial transport processes in abrading
coarser debris, originated from the upper reaches, to
smaller sizes and the removal of fine size particles, taken
away toward the Atlantic sea, into suspension. The aver-
age Ski is positive. The o (0.58 to 1.35) of Dws sediments
indicates moderately well sorted to poorly sorted. The Kg
values (> 1) indicate a leptokurtic distribution of sediment
particles.

The distribution of heavy minerals is shown in Table 3.
Major heavy minerals found in the Ups sediments are opaque
minerals (40-70%), kyanites (10-31%), rutiles (7-10%),
chloritoids (2-5%), in order of decreasing abundance, while
in Dws, they are opaque minerals (31-53%), kyanites (17—
40%), zircons (1-10%), diopsides (3—8%), and tourmalines
(2-7%).

Table 4 presents the XRD results of the stream sediments
studied. Quartz is the most represented mineral, both in Ups
and Dws, among kaolinites, feldspars, and hematites. Illites
and rutiles are observed only in the Ups (Fig. 3).
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Fig. 2 Physical characteristics of
Nyong River and of some
sampling points: a Location of
sample Akl in an inactive sand
bank; b river margin near the
location of sample Abl, where the
water depth was low; ¢ river
margin where the sample Mal
was taken; and d Lobe River
margin, not far from where Esl
was taken

Major element geochemistry Al,05 and Fe,O; contents (1.04-12 wt.%, 0.22-21.56

wt.%, respectively). Small variations are observed in
Major element concentrations are given in Table 5. In the TiO,, MnO, CaO, K,0, and Na,O contents. Compared
Ups, all the samples show higher concentrations of SiO,  with the Upper Continental Crust (UCC), the sediment
(mean = 81.07 wt.%). Large variations are observed in the are higher in SiO,, TiO,, Al,O3, Fe,03, and P,O5 (Fig.

Table 2 Grain size distribution (wt.%) and textural parameters (Folk 1980) of the Nyong River sediments

Sector Upstream (n = 10) Downstream (n = 10)

Localities AvAB AvAy AvAk Av +lo Mbl Mb-Ma(n=3) AvMa AvEs AvDh Av +lo
n=2) (m=4) (=4 n=1) n=2) m=2) @n=2)

Gravel % 8.24 3.34 2 453 3.28 42 22 1.14 3.1 1.4 2.41 1.26

Csd/Vesd % 74.3 38.48 27.81 46.86 2435 4048 70.19 80.1 61.01 61.11 62.58 14.64

Fsd/Msd % 12.16 50.58 63.6 42.11 26.74  50.28 27.33 18.5 35.79 37.38 3386 11.88

Silt/clay % 53 7.6 6.59 6.5 1.15 5.04 0.28 0.26 0.1 0.11 1.16 2.17

Sorting (So) 2.82 1.42 141 1.88 0.81 1.41 1.42 1.41 1.42 1.18 1.37 0.11

Skewness (Ski) —0.38  0.16 -0.12 -0.11 027 -042 051 0.18 0.14 0.42 0.17 0.36

Mz (D) 0.56 1.33 1.43 1.11 0.48 1.13 0.68 0.36 0.86 -043 0.52 0.6

o (sP) 0.7 0.97 0.8 0.82 0.14 0.63 0.73 0.58 0.68 1.35 0.79 0.32

Kurtosis (Kg) 0.3 1.04 0.76 0.7 0.37 0.97 1 1.43 0.82 4.32 1.71 1.48

Texture Csd Fsd Fsd - - Fsd Csd Csd Csd Csd - -

Mz (®): mean grain size in phi scale; o (s®): standard deviation in phi scale; Av: average; AB: Abong-Mbang (Av sample Abl and Ab2); Ay: Ayos (Av
Ayl, Ay2, Ay3, and Ay4); Ak: Akonolinga (Av Akl, Ak2, Ak3, and Ak4); Mbl: Mbalmayo; Mb-Ma: Mbalmayo-Makak (Av Mb2, Mb3, and Mb4);
Ma: Makak (Av. Mal and Ma2); Es: Eseka ( Av Esl and Es2); Dh: Déhane (Av Dhl and Dh2). Csd: coarse sand; Vesd: very coarse sand; Fsd: fine sand;
Msd: medium sand; clays: @ <2 pum; Silts: 2 pm < @ < 50 um; Sand: 50 pm < @ <200 pum; gravel @ > 200 um. From Folk (1980). n = total number of
samples
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Table 3 Heavy mineral

distribution (%) in the sediments Sector Upstream sector (n = 4) Downstream sector (n = 4)

from Nyong River
Ref. code Abl Ayl Ak2 Ak4 Mb2 Mal Es2 Dh2
Zircon 1 1 2 10 1 6 1
Rutile 10 7 9 8 - - 2 -
Kyanite 10 31 30 20 17 20 40 30
Tourmaline - 4 1 4 2 5 3 7
Sillimanite 3 1 2 3 4 2 1 1
Chloritoid 2 4 5 5 3 1 - -
Garnet 1 3 4 2 7 5 7 11
Hypersthene - 2 - 1 4 1 1 -
Anatase - 2 1 - 4 2 2 3
Zoisite 1 1 1 2 - 1 2 2
Augite - 1 3 1 1 - 1 -
Diopside 2 1 2 3 8 3 4 6
Opaque minerals 70 42 40 50 40 53 31 39
Total 100 100 100 100 100 100 100 100
ZTR index 36.66 20.68 20 26 20 21.05 15.94 13.11

ZTR (zircon-tourmaline-rutile) index = (Z + T + R)*100/total of non-opaque minerals

4a). The enrichment of Fe,O3 suggests the derivation of
sediments from Fe-rich source rocks. The depletion in
K,0O and Na,O contents may be linked to the low feldspar
contents (e.g., Kassi et al. 2015; Armstrong-Altrin et al.
2020). The correlation between SiO, versus Na,O and
K;0 (r = 0.17 and — 0.52, respectively) are statistically
not significant (Table 6), indicating their high Na and K
mobility during weathering and neoformation of clay min-
erals (e.g., Xie and Chi 2016).

In the Dws, the average SiO, content (88.75 wt.%) is
slightly higher than that of Ups. All the SiO, and TiO, con-
tents, and most of Al,Os, Fe,O3, and MnO contents are higher
than the UCC (Fig. 4b). All the samples are depleted in CaO,
Na,O, K,0, and P,0s, compared to the UCC. The correla-
tions of SiO, versus Al,O3 and Fe,O5 are significant (r = —

Table 4 Mineralogical composition (semi-quantitative) of sediments
from the Nyong River

Sector Upstream (n = 4) Downstream (n = 3)
Ref. code Abl Ay3 Ak2 Ak4 Ma2  Esl Dh2
Quartz ++++ At AR R
Kaolinite — ++ - - - - -
Illite - ++ - - - - -
Feldspars — + - - - + +
Hematite + + + + +
Rutile

++++ very abundant, ++ represented, + poorly represented, — traces

0.72 and — 0.93, respectively), while they are not significant
with the rest of the elements (Table 6).

On the log (Fe,05/Al,03) versus log (Fe,03/K,0) binary
plot (Herron 1988), the Ups samples are classified as Fe—
shale, Fe—sand, and quartz arenite, while the in the Dws, sam-
ples fall mostly in the fields of Fe—sand (Fig. 5).

Trace element geochemistry

Trace element compositions of NR sediments and their mean
concentrations and standard deviation values, per sector, are
listed in Table 7. Figure 4c, d shows the UCC-normalized trace
element patterns of these sediments (Taylor and McLennan
1985). Among high field strength elements (HFSE; i.e., Zr, Hf,
Ta, and Y), in Ups, Zr, Hf, and Ta (343.9 &+ 315.6 ppm, 7.62 +
6.3 ppm, and 1.56 + 0.92 ppm respectively) are higher than UCC
(190 ppm, 5.8 ppm, and 1 ppm, respectively), while Y is lower
than the UCC. Zr and Hf show significantly positive correlation
(= 1; Table 6). This correlation indicates that Hf is controlled by
zircon. The correlation between Zr and Th is not statistically
significant (» = 0.39), while it is significant for Th versus
ALO3z (r = 0.74; Table 6), suggesting that the distribution of
the Th is monitored by phyllosilicates (Armstrong-Altrin et al.
2015, 2019).The large ion lithophile elements (LILE) such as Ba
(23-318 ppm), Rb (241 ppm), and Sr (3.4—67 ppm) show wider
variations, but their average contents ( 96.5 + 101.1, 10.34 +
12.96, 16.36 + 19.83, respectively) are lower than the UCC
(550, 112, 350, respectively). Strong correlations are observed
between Ba and Sr versus Al,O5 (= 0.82 and » = 0.73, respec-
tively), suggesting that they are mainly hosted by clay minerals.
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Fig. 3 X-ray diffraction spectra of the Nyong River sediments

The concentrations of transitional trace elements (TTE),
such as Co (2.38 = 1.99 ppm) and Ni (11.37 + 13.38 ppm),
are lower than the UCC, while others like Sc (16.51 + 7.3
ppm), V (108.5 + 115.2 ppm), and Cr (124.3 + 134.4 ppm)
are greater than the UCC. TTE such as Co, Cr, Sc, and V,
show noticeable correlation with Al,O3 (Table 6), indicating
that these elements are partially associated with phyllosilicates
(Armstrong-Altrin et al. 2015).

In Dws, HFSE such as Zr and Hf are higher than in Ups and
also than UCC, and they are not correlated with Al,O5. LILE
are also not correlated with Al,O5 and are enriched relative to

@ Springer

Ups and depleted, compared to the UCC. V (34 £23.36 ppm),
Cr (41.09 £ 17.79 ppm), and Ni (4.98 +2.18 ppm) are deplet-
ed relative to UCC and Ups. The depletion of these TTE is
likely related to the supply of felsic detritus.

Rare earth element geochemistry

In the Ups, the > REE concentrations vary widely (10.08—
281.5 ppm) and are depleted than those of the UCC
(146.37 ppm), except in sample Ab2 (Table 8). The
UCC-normalized REE patterns (Fig. 6a) are similar for
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Table 5 Major element concentrations (wt.%) and element ratios of the Nyong River sediments and average composition of UCC

Location Upstream sector (7 = 10)

Ref code Abl Ab2 Ayl Ay2 Ay3 Ay4 Akl Ak2 Ak3 Ak4 Av +lo
Si0, (adj) 83.08 67 96.77 79.46 97.66 74.27 66.21 96.61 89.49 97.61 84.82 12.64
SiO, 76.92 65.94 96.71 67.35 97.64 71.6 63.06 89.38 86.42 95.72 81.07 13.66
TiO, 0.26 2.14 0.38 2.18 0.8 1.25 1.45 0.75 1.24 0.77 1.12 0.66
ALO; 4.79 9 1.9 10.52 1.1 12 8.23 1.9 7.08 1.04 5.76 4.15
Fe,05' 10.21 20.4 0.68 3.44 0.22 9.33 21.56 0.3 1.3 0.37 6.78 8.34
MnO 0.02 0.08 0.01 0.02 0 0.03 0.02 0.01 0.02 0.01 0.02 0.02
MgO 0 0.2 0 0.23 0 0.42 0.24 0 0.03 0 0.11 0.14
CaO 0.11 0.3 0.07 0.12 0.07 0.18 0.09 0.07 0.09 0.05 0.12 0.07
Na,O 0.17 0.12 0.11 0.24 0.12 0.58 0.15 0.11 0.14 1 0.27 0.29
K,0 0.03 0.03 0.08 0.56 0.03 0.94 0.31 0 0.24 0 0.22 0.31
P,0Os 0.08 0.21 0 0.1 0 0.08 0.13 0 0.01 0 0.06 0.07
LOI 2.93 1 0.73 16.04 0.55 5.08 5.78 4 1.02 091 3.8 4.72
Total 95.52 99.42 100.8 100.8 100.5 101.5 101 96.52 97.58 98.96 99.26 2.07
Si0,/Al,03 16.06 7.33 50.9 6.4 88.76 5.97 7.66 47.04 12.21 92.04 14.09 34.27
K,0/Na,O 0.18 0.25 0.73 233 0.25 1.62 2.07 0 1.71 0 0.81 0.92
K,0/AL,03 0.01 0 0.04 0.05 0.03 0.08 0.04 0 0.03 0 0.04 0.03
Na,0/Al,04 0.04 0.01 0.06 0.02 0.11 0.05 0.02 0.06 0.02 0.96 0.05 0.29
Fe,05/K,0 340.3 680 8.5 6.1 73 9.9 69.5 - 54 - 112 225
CIA (%) 93.7 95.5 82.8 91.5 75.5 85.1 95 86 91.8 80.3 87.72 6.82
PIA (%) 94.3 97.4 85.5 96.4 76.7 91 98.8 86 94.9 80.3 90.13 7.63
CIW 89.54 97.4 83.99 96.57 772 91.67 98.8 86.04 95.03 80.28 89.65 7.55
Icv 1.54 1.9 0.69 0.64 1.38 0.91 2.06 0.77 0.44 1.43 1.18 0.56
Location Downstream sector (7 = 10)

Ref code Mbl Mb2 Mb3 Mb4 Mal Ma2 Esl Es2 Dhl Dh2 Av tlo uccC
Si0, (adj) 89.76 86.59 97.22 92.26 87.53 92.9 934 94.32 94.21 91.88 92.01 3.24 -
SiO, 89.12 79.19 94.93 86.69 84.99 87.24 91.33 93.48 91.3 89.13 88.74 4.55 66
TiO, 0.77 0.28 0.12 0.84 331 1.42 0.24 0.15 0.38 1.24 0.88 0.97 0.5
ALO; 44 5.06 2.28 4.56 443 2.12 345 2.65 3.34 3.97 3.63 1.02 152
Fe,05' 1.84 6.4 0.41 1.57 3.6 29 1.56 1.38 1.2 1.62 2.25 1.71 4.5
MnO 0.04 0.01 0.01 0.01 0.05 0.02 0.03 0.03 0.03 0.03 0.03 0.01 0.1
MgO 0.09 0 0 0 0.07 0.01 0.03 0.03 0.1 0.14 0.05 0.05 2.2
CaO 0.35 0.1 0.09 0.07 0.17 0.08 0.25 0.26 0.27 0.33 0.2 0.11 4.2
Na,O 0.66 0.15 0.12 0.1 0.24 0.09 0.44 0.5 0.28 0.28 0.29 0.19 39
K,O 1 0.24 0.04 0.12 0.24 0.03 0.25 0.33 0.27 0.26 0.28 0.27 34
P,0Os 0.01 0.02 0.01 0 0 0 0.02 0.01 0 0.01 0.01 0.01 0.17
LOI 0.83 1.31 0.99 0.76 1.9 1.42 1.08 1.43 0.83 0.76 1.13 0.38

Total 100.1 95.76 99 97.16 99.01 95.32 98.67 100.5 101 97.77 98.43 1.92
Si0,/Al,03 20.25 15.65 41.64 19.01 19.19 41.15 26.47 35.28 27.34 2245 24.47 4.44
K>0/Na,0O 1.52 1.6 0.33 1.2 1 0.33 0.57 0.66 0.96 0.93 091 0.45

K,0/ALL, 03 0.23 0.05 0.02 0.05 0.05 0.01 0.07 0.09 0.08 0.06 0.07 0.06
Na,O/Al,04 0.15 0.03 0.05 0.02 0.05 0.04 0.13 0.19 0.08 0.07 0.08 0.19
Fe,05/K,0 1.84 26.67 10.25 13.08 15 96.67 6.24 4.18 4.44 6.23 18.46 28.41

CIA (%) 61.3 88.8 85.7 91.5 82.1 86.7 78.1 61.4 72 75.1 78.27 10.79

PIA (%) 66.1 92.7 86.9 93.8 85.6 87.7 82 63.7 75.4 78.1 81.2 10.36

CIwW 72.15 93 87.11 93.98 86.28 87.83 83.14 66.95 77.2 79.23 82.69 8.78

Icv 1.19 0.38 0.37 0.55 1.74 1.9 0.83 1.34 0.88 1.09 1.03 0.53

LOI: Loss of ignition

CIA (%) = [ALL,O5/( Al,O3 + CaO* + Na,O+ K,0)]x100 from Nesbitt and Young (1982)

PIA (%) = [ALLO3- K;O/(Al,05 + CaO* + Na,O - K,0)] x 100 from Nesbitt and Young (1982) and Fedo et al. (1995)
CIW= (Al,05/( Al,O3 + CaO* + Na,O)]x 100 from Harnois (1988)

ICV= (FeO3 +K;,0 +Na,O +Ca0 + MgO + Mn+Ti0,)/Al,0; from Cox et al. (1995)

The UCC values are cited from Taylor and McLennan (1985) and McLennan (2001)

(Si0,),qj- refers to SiO, contents recalculated to an anhydrous basis and adjusted to 100%

Av. = average. 10 = one standard deviation. Fe,O3' = Total Fe expressed as Fe,O3. n = total number of samples
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Fig.4 UCC-normalized major and trace element patterns of the Nyong River sediments. Normalization values are from Taylor and McLennan (1985). a,

¢ Upstream sector and b, d downstream sector

all the samples with pronounced positive Ce anomalies and
no Eu anomaly. The chondrite-normalized REE patterns
(Fig. 6¢) are comparable for all the samples with enriched
light REE (LREE; La, Ce, Pr, Nd, and Sm) relative to
heavy REE (HREE; Gd, Tb, Dy, Ho, Er, Tm, Yb, and
Lu). Marked positive Ce and low negative Eu anomalies
are observed (Ce/Ce* = 1.67 + 2.37 and Eu/Eu* 0.64 +

2
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Fig. 5 Geochemical classification of the Nyong River sediments, using a
log (Fe,03/Al,03) versus log (Fe,03/K,0) diagram (after Herron 1988)

0.14, respectively). The (La/Sm), and (Gd/Yb)., (3.93—
7.32 and 1.08-2.33, respectively) show marked LREE
and low HREE fractionations (where the subscript ,, refers
to chondrite-normalized values). The REE and Y show
some correlation with Al,O; (» = — 0.54 and » = 0.85,
respectively), implying that these elements may be hosted
in phyllosilicates (Mongelli et al. 2006). The high correla-
tion between REE and TiO, in the studied samples (» =
0.71; Table 6) suggests the presence of Ti-bearing minerals
(i.e., rutile; Ross and Bustin 2009; Fu et al. 2011), as indi-
cated by the DRX results (Fig. 3).

In the Dws, the ) REE concentrations vary between 16.1 and
441.7 ppm and are depleted than that of the UCC, except in
samples Mb1, Mal, and Ma2 (Table 8). The UCC-normalized
REE patterns (Fig. 6b) are similar for all the samples with
noticeably negative Eu anomalies and no Ce anomaly. The
chondrite-normalized REE patterns (Fig. 6d) are almost com-
parable for all the samples with enriched LREE relative to
HREE. The (La/Sm), (4.3-5.77) show marked LREE fraction-
ation. Except sample Mbl, (Gd/Yb),. vary between 0.86 and
2.68, indicating low HREE fractionation. The REE and Y
show no or low correlation with Al,O3 (» = 0. 26 and r =
0.29, respectively), implying that these elements may be hosted
in accessory phases (Mongelli et al. 2006). The low correlation
between REE and TiO, (r = 0.67) in Dws compared to Ups (»

@ Springer
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Table 7  Trace element concentrations (ppm) and element ratios of the Nyong River sediments and average composition of UCC

Location Upstream sector (7 = 10)

Ref code Abl Ab2 Ayl Ay2 Ay3 Ay4 Akl Ak2 Ak3 Ak4 Av + 1o
Ba 27 89 57 237 41 318 107 25 41 23 96.5 101.1
Ni 41 23 22 16.4 0.7 18.3 9 0.5 1 1.6 11.37 13.38
Cr 245 373 17.7 86 23 126 302 8 47 14.9 1243 134.4
Sc 16.1 31 10.5 18.7 11.3 19.5 26 10.5 10.6 10.9 16.51 73
Co 1.9 54 1 4.5 0.7 5.6 1.8 0.6 1.5 0.8 238 1.99
Ga 79 20 22 14.3 2.1 17.2 14.6 1 5.7 1.8 8.68 721
Hf 2.1 10.6 3.6 25 8.7 9.7 6.3 24 4.1 3.7 7.62 6.83
Nb 33 27 10.5 51 29 29 36 11.6 21 14.8 23.32 14.09
Rb 3.6 2.6 6 26 3.5 41 10 1.6 7.1 2 10.34 12.96
Sr 10.1 8.1 9.5 33 6.4 67 16.9 4.6 4.6 34 16.36 19.83
Ta 0.16 1.67 0.65 33 1.98 1.83 2.5 0.83 1.5 1.15 1.56 0.92
Th 6.2 19.1 1.19 9.2 2.1 8.7 14.5 0.47 39 1.26 6.66 6.26
U 0.69 1.75 0.3 1.98 0.43 1.62 2.9 0.16 0.51 0.26 1.06 0.94
v 146 267 16.8 93 26 132 340 11.2 41 12 108.5 1152
Zr 90 469 154 1147 422 432 281 108 175 161 343.9 315.6
Y 2.3 9 2 14.2 2.1 10 4.6 0.97 2.6 1.53 4.93 4.53
Cu 11.6 55 3.1 16.3 1.5 17.6 44 1.9 1.7 4.2 15.69 18.99
Zn 16.5 59 59 34 8 36 34 42 14.7 7.5 21.98 18.01
Ge 0.77 1.39 0.69 1.18 0.7 1.44 1.4 0.66 0.97 0.76 1 0.33
Cs 0.2 0.2 0.31 1.88 0.18 2 0.51 0.11 0.34 0.2 0.6 0.72
w 0.34 1.04 0.53 2.5 1.35 1.52 1.64 0.71 091 0.42 1.1 0.67
Pb 10.6 30 2.8 19 29 13.5 21 23 33 39 10.93 9.72
Zy/Hf 42.86 44.25 42.78 45.88 48.51 44.54 44.6 45 42.68 43.51 44.46 1.77
Cr/Th 39.52 19.53 14.87 9.35 10.95 14.48 20.83 17.02 12.05 11.83 17.04 8.73
V/Cr 0.6 0.72 0.95 1.08 1.13 1.05 1.13 1.4 0.87 0.81 0.97 0.23
Th/Sc 0.39 0.62 0.11 0.49 0.19 0.45 0.56 0.04 0.37 0.12 0.33 0.2
Th/U 8.99 1091 3.97 4.65 4.88 5.37 5 2.94 7.65 4.85 5.92 247
Rb/Sr 0.36 0.32 0.63 0.79 0.55 0.61 0.59 0.35 1.54 0.59 0.63 0.35
Ni/Co 21.58 426 22 3.64 1 3.27 5 0.83 0.67 2 445 6.2
U/Th 0.11 0.09 0.25 0.215 0.21 0.19 0.2 0.34 0.13 0.21 0.19 0.07
Zt/Sc 5.59 15.13 14.67 61.34 37.35 22.15 10.81 10.29 16.51 14.77 20.86 16.62
Rb/Sr 0.36 0.32 0.63 0.79 0.55 0.61 0.59 0.35 1.54 0.59 0.63 0.35
Location Downstream sector (n = 10)

Ref code Mbl1 Mb2 Mb3 Mb4 Mal Ma2 Esl Es2 Dhl Dh2 Av +1lo uccC
Ba 765 61 50 41 160 29 167 185 154 173 178.5 215.2 550
Ni 6.2 39 23 1.8 8.8 42 7 6.3 3.8 5.5 4.98 2.18 44
Cr 31 48 25 17.9 63 62 45 27 27 65 41.09 17.79 92.3
Sc 11.6 10.6 10.1 9.9 21 14 11.9 10.9 11.4 12.8 12.42 3.26 13.6
Co 5.5 2.1 1.8 1.2 4.7 2 42 39 32 4.2 3.28 1.44 17
Ga 9.9 5.8 32 2.5 8.8 52 3.4 34 3.5 44 5.01 2.50 17
Hf 24 2.1 4 1.83 35 36 9.4 34 5.1 16.3 13.71 13.47 5.8
Nb 19.2 9.8 22 3.8 72 36 4.8 3 7.7 15.9 19.42 21.12 12
Rb 46 11.7 6.1 4.6 7.7 38 7 7.9 8.1 8.7 11.16 12.44 112
Sr 156 59 6.3 53 33 5.8 37 39 27 33 34.83 44.89 350
Ta 14 0.75 1.61 0.26 34 22 0.3 0.17 0.55 1.16 1.18 1.02 1
Th 50 4 2.7 1.21 57 24 24 2 1.25 4 14.86 21.53 10.7
U 3.1 0.49 0.61 0.28 5.7 2.7 0.6 0.33 0.45 1.68 1.59 1.77 2.8
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Table 7 (continued)

Location Downstream sector (n = 10)

Ref code Mbl Mb2 Mb3 Mb4 Mal Ma2 Esl Es2 Dhl Dh2 Av +1lo0 UCC
\% 29 35 30 12.5 89 58 19.5 14 20 33 34 23.36 107
Zr 1118 88 172 74 5145 1677 442 155 242 720 983.3 1553 190
Y 14.5 2.9 22 1.49 16 83 23 1.7 33 13.2 6.6 5.87 22
Cu 1.7 2 3.5 2.8 7.8 52 4.7 3 33 4.8 8.56 15.36

Zn 22 14.8 13.6 8.8 32 61 19.3 16.7 19.1 23 23.03 14.73

Ge 0.93 1.04 0.75 0.76 0.88 0.75 0.71 0.62 0.67 0.72 0.78 0.13

Cs 0.54 0.61 0.33 0.21 0.25 0.19 0.19 0.18 0.21 0.22 0.29 0.16

W 0.37 0.75 1 0.14 1.46 1.25 0.2 0.09 0.31 0.68 0.63 0.48

Pb 139 45 2.8 24 13.7 50 33 35 34 4 10.15 14.66

Zy/Hf 46.58 419 43 40.44 147 46.58 47.02 45.59 47.45 44.17 54.97 3242

Cr/Th 0.62 12 9.26 14.79 1.11 2.58 18.75 13.5 21.6 16.25 11.05 7.46

V/Cr 0.94 0.73 1.2 0.7 1.41 0.94 0.43 0.52 0.74 0.51 0.81 0.31

Th/Sc 431 0.38 0.27 0.12 2.71 1.71 0.2 0.18 0.11 0.31 1.03 1.44

Th/U 16.13 8.16 443 432 10 8.89 4 6.06 2.78 2.38 6.71 421

Rb/Sr 0.29 1.98 0.97 0.87 0.23 0.66 0.19 0.2 0.3 0.26 0.6 0.57

Ni/Co 1.13 1.86 1.28 1.5 1.87 2.1 1.67 1.62 1.19 1.31 1.55 0.33

U/Th 0.06 0.12 0.23 0.23 0.1 0.11 0.25 0.17 0.36 0.42 0.2 0.12

Zr/Sc 96.38 83 17.03 747 245 119.8 37.14 14.22 21.23 56.25 62.28 74.9

Rb/Sr 0.29 1.98 0.97 0.87 0.23 0.66 0.19 0.2 0.3 0.26 0.6 0.57

The UCC values are cited from Taylor and McLennan (1985)
Av. = average, 1o = one standard deviation, n = total number of samples

= 0.71) suggests the relative less abundance of Ti-bearing min-
erals (Ross and Bustin 2009; Fu et al. 2011).

Discussions
Controls on texture, sediment maturity, and recycling

The texture of the sediments studied (distribution of grain
size) did not exhibit a normal regular trend from the upper
reaches of NR towards the lower reaches, since the percentage
of the coarse and very coarse sands (— 1 — 19) is slightly
higher in the Dws (62.58 + 14.64 wt%), compared to the
Ups (46.86 & 24.35 wt%).This indicates that the bulk hydrau-
lic energy of the NR does not fully control the grain size of the
sediments, suggesting noticeable input of coarser materials
from different tributaries.

Hydraulic sorting of the detrital grains can affect the chem-
ical composition of the sediments, leading finally to compo-
sitional mature sediments (Gromet et al. 1984; McLennan
1989). Textural maturity of sediments can be depicted using
the Si0O,/Al,05, Al,03/Na,0O, and K,0/Na,O ratios (Cox
et al. 1995; Chen et al. 2014; Khan and Khan 2015;

Madhavaraju 2015) since high values of these ratios (> 6, >
5, and > 1, respectively, illustrate compositionally matured
sediments. Basic igneous rock has SiO,/Al,Oj3 ratio of 3,
while this ratio is about 5 in the acid igneous rocks, hereafter
the values > 5 in clastic sediments indicate sediment maturity
and values > 10 indicate high maturity and recycling
(Bakkiaraj et al. 2010; Armstrong-Altrin et al. 2013; Wang
and Zhou 2013; Hernandez-Hinojosa et al. 2018). The SiO,/
Al,O5 ratios vary from 6.4 to 92.04 with an average of 14.09 +
3.3 in the Ups and from 15.65 to 41.64 (average = 24.47 +
4.44) in Dws, indicating a high textural maturity for most
samples. Al,05/Na,O and K,O/Na,O ratios of NR sediments
in Ups and in Dws also suggest high maturity for several
sediment samples. On the other hand, mature sediments,
resulting in sorting processes, are characterized by the less
abundance of alkali feldspar relative to aluminosilicates
(Cox et al. 1995). This relationship can be monitored by the
K,0/AlL,05 ratio. This ratio > 0.5 suggests a significant quan-
tity of alkali feldspar and < 0.5 suggests the depletion of alkali
feldspar relative to aluminosilicates. The K,0/Al,O5 ratios of
NR sediments in Ups (0-0.08 and 0.04 + 0.07) and in Dws
(0.01-0.23 and 0.07 + 0.06), indicate depletion of alkali
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feldspars relative to aluminosilicates during the hydraulic
sorting of the detrital grains.

The Index of Chemical Variability (ICV) can also be used
to determine the compositional maturity of sediments (Cox
et al. 1995). This index, which reflects the non-quartz compo-
nent of sediments, is formulated as follows: ICV = (Fe,O5 +
K;0 + Na,O + CaO + MgO + Mn + TiO,)/Al,03. Generally,
typical rock-forming minerals such as k-feldspars, plagio-
clases, amphiboles, and pyroxenes have ICV value of > 1,
whereas alteration products like kaolinite, illite, and musco-
vite have ICV value < 1 (Cox et al. 1995; Cullers 2000). In
fact, ICV values decrease due to conversion of primary min-
erals to Al-bearing clays. Hence, variability in ICV values
may be due to both variation in source rock composition and
difference in weathering processes (Cox et al. 1995). The ICV
values of NR sediments range between 0.64 and 2.06 in the
Ups. In the Dws, they vary between 0.37 and 1.74. This result
suggests that some of the studied sediment samples in both
sectors comprise rock forming minerals (i.e., k-feldspars), as
revealed by the DRX results (Fig. 3).

The degree of sorting and recycling during the deposi-
tion of sediments can be assessed by the contents of Zr and
Hf, which are HFSE present in zircon (Armstrong-Altrin
2020). Generally, high contents of these elements are relat-
ed to recycled effect. The average Zr contents in the Ups
(343.9 £ 315.6 ppm) is relatively low, while it is high
(983.3 £ 1553.5 ppm) in the Dws. Similarly, the average
Hf contents in the Ups (7.62 + 6.83 ppm) is relatively low,
while it is high (13.71 £ 13.47 ppm) in the Dws. This result
shows different concentrations of Zr and Hf between Ups
and Dws samples, indicating a sorting-related fractionation.
This fractionation is accompanied by a less pronounced
recycled effect, documented in the ternary Al,O;—TiO,—
Zr diagram (Garcia et al. 1994; Fig. 7). The recycled effect
of the sediments studied, can also be documented by the
zircon-tourmaline-rutile (ZTR) index. This index is the per-
centage of ultrastable minerals over other transparent heavy
minerals (Garzanti and Ando 2007). ZTR < 75% implies
immature to submature sediments, whereas ZTR > 75%
indicates mineralogically matured sediments (Hubert
1962). In this study, the ZTR vary between 13.11 and
36.66, signifying recycling and sorting of the sediments.

Source area weathering

During weathering processes, feldspars, as well as other pri-
mary minerals, from crystalline bedrocks are progressively
transformed into clays, secondary oxides, and hydroxides
(Nesbitt and Young 1984; Fedo et al. 1995; Nesbitt et al.
1997), the rate of transformation being related to the degree
of weathering, among other factors such as paleoclimate and
tectonism. Thus, excluding the effect of other aforementioned
factors, the proportion of feldspars in sediments is thought to
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reflect paleoweathering intensity. The proportion of feldspars,
which are residual minerals in the NR sediments, is very low
(Table 4), indicating that the weathering was strong enough to
dissolve most of the feldspars or the physical erosion
proceeded at a rate which was lesser than the rate of chemical
weathering. This could be in accordance with the tectonic
stability of the region from the beginning of the Paleozoic time
(~ 550 Ma) until now (Vicat and Pouclet 1995; Vicat et al.
1996; Feybesse et al.1998; Pouclet et al. 2007). The absence
of recent tectonic activity favors intense chemical weathering
and promotes low erosion rates, which are enhanced by the
heavy seasonal rains in the NR watershed and in the entire
equatorial coastal region.

Paleoweathering in the source area can also be estimated
through various different types of weathering indices such as
the Chemical Index of Weathering (CIW; Harnois 1988), the
Plagioclase Index of Alteration (PIA; Fedo et al. 1995), and
the Chemical Index of Alteration (CIA; Nesbitt and Young
1982). The CIA has been extensively used to characterize
weathering processes (e.g., Armstrong-Altrin 2009;
Nagarajan et al. 2007; Ngueutchoua et al. 2019a, 2019b).
The CIA value is calculated using the following equation:
CIA = (ALO3/(Al,05 + Na,O + CaO* + K,0))*100, using
molecular proportion, as recommended by Nesbitt and Young
(1982). In this formula, the CaO* represents Ca in silicate
minerals alone. In this study, CaO contents were corrected
for phosphate, using P,Oj5 (apatite) as follows: CaO* = CaO
— 10(P,05)/3. Since some of the CaO contents are higher than
those of Na,O contents, the CaO* has been calculated using
the McLennan (1993) proposed method, formulated as fol-
lows (after the P,O5 correction): (1) if the content of CaO is
less or equal to the Na,O content, then the CaO value is used
for further calculation and (2) if the CaO content is higher than
Na,O, then Na,O value is considered as CaO* (e.g., Roddaz
et al. 2006; Ujvéri et al. 2008). For the interpretation, it is
worth noting that unweathered igneous rocks have CIA values
close to 50, while values up to 100 are due to an intense
weathering, which produce residual clay enriched in kaolinite,
gibbsite, chlorite and Al-oxihydroxides. The calculated CIA
values are presented in Table 5. The Ups and Dws samples
show almost all CIA values higher (CIA = 87.72 + 6.82 and
78.27 + 10.79, respectively) than that of average sediment
(about 65-70; McLennan 1993). The observed higher CIA
values indicate the high intensity of chemical weathering in
the source areas. The slight difference between the CIA values
of Ups and Dws may be due to the different sources of sedi-
ments or to a grain size effect, due to sorting. It has been
reported that variation in the CIA values in the same river
may be due to hydrodynamic sorting (e.g., Shao and Yang
2012). Different source rocks may also explain the differences
between the CIA. The sediments from Ups receive contribu-
tion mainly from the Yaoundé Group which were affected by
the Pan-African orogeny, whereas the sediments from Dws
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Table 8 Rare earth element concentrations (ppm) and element ratios of the Nyong River sediments and average composition of UCC and chondrite

Location Upstream sector (n = 10)

Ref. code Abl Ab2 Ayl Ay2 Ay3 Ay4 Akl Ak2 Ak3 Ak4 Av + 1o
La 9 15.1 3.8 19 6.1 14.6 10.1 34 10.8 24 943 5.59
Ce 24 240 6.6 38 11.4 30 2.1 4.7 22 42 383 71.92
Pr 1.82 32 0.76 4 1.2 33 2.1 0.59 2.6 0.48 2 1.25
Nd 6.3 11.5 2.5 14.7 4 11.5 72 1.82 9.3 1.64 7 4.6
Sm 1.14 24 0.45 2.7 0.65 22 1.41 0.29 1.55 0.31 1.31 0.9
Eu 0.2 0.54 0.1 0.54 0.08 0.49 0.3 0.07 0.16 0.06 0.25 0.2
Gd 0.92 2.7 0.43 24 0.51 1.93 1.14 0.2 0.94 0.25 1.14 0.9
Tb

Dy 0.57 23 0.36 23 0.34 1.8 1 0.2 0.45 0.23 0.95 0.85
Ho 0.1 0.48 0.07 0.5 0.07 0.38 0.2 0.03 0.09 0.05 0.2 0.18
Er 0.28 1.4 0.22 1.52 0.24 1.07 0.58 0.11 0.27 0.17 0.59 0.54
Tm

Yb 0.32 1.65 0.25 1.79 0.34 1.22 0.74 0.14 0.33 0.25 0.7 0.62
Lu 0.05 0.27 0.04 031 0.06 0.18 0.12 0.03 0.05 0.04 0.11 0.1
>REE 44.7 281.5 1558  87.76 2499 68.67 2699 11.58 4854 10.08 62.04 81.21
>LREE 4246 2727 1421 7894 2343  62.09 2321 10.87 4641 9.09 5835 78.78
>HREE 2.24 8.8 1.37 8.82 1.56 6.58 3.78 0.71 2.13 0.99 3.7 3.19
LREE/HREE 1896 30.99 10.37 8.95 15.02 944 6.14 1531 21.79  9.18 14.62 758
Eu/Eu* 0.6 0.65 0.7 0.65 043 0.73 0.73 0.89 041 0.66 0.64 0.14
Ce/Ce* 1.44 8.36 0.94 1.06 1.02 1.05 0.11 0.8 1.01 0.95 1.67 2.37
La/Th 0.8 2.14 0.16 4.75 0.53 1.65 0.94 0.38 0.39 0.28 1.2 14

(La/Yb)en 19.11  6.22 1033 7.21 12.19  8.13 9.27 16.5 2223 6.52 11.77  5.64
(La/Sm)cn 493 3.93 527 4.39 5.86 4.14 4.47 732 435 4.83 495 1.01
(Gd/Yb)en 233 1.32 1.39 1.08 1.21 1.28 1.25 1.16 23 0.81 1.41 0.5

Location Downstream sector (7 = 10)

Ref. code Mb1 Mb2 Mb3 Mb4 Mal Ma2 Esl Es2 Dhl Dh2 Av +lo UCC  Chondrite
La 103 8.6 8.1 3.7 97 41 7.4 4.9 3.8 9.6 28.71 39.15 30 0.237
Ce 211 17.7 15.4 7.3 195 86 14.5 9.4 7.1 18.8 58.22 79.83 64 0.613
Pr 22 2 1.76 0.86 20 9.3 1.62 1.02 0.81 2.1 6.147 8.23 7.1 0.093
Nd 77 7.6 6.4 3.1 69 33 5.6 3.6 2.8 7.6 21.57  28.57 26 0.457
Sm 12.5 1.25 1.08 0.53 10.5 54 0.94 0.63 0.53 1.49 3.485 4.48 4.5 0.148
Eu 1.22 0.15 0.13 0.09 0.66 0.29 0.15 0.14 0.13 0.27 0.323 0.36 0.88 0.056
Gd 8.3 0.8 0.79 0.44 7.3 3.8 0.65 0.45 0.48 1.59 2.46 3 3.8 0.199
Tb 0.64 0.036
Dy 3.6 0.56 0.41 0.28 33 1.56 0.38 0.31 0.52 1.83 1.28 1.27 35 0.246
Ho 0.56 0.1 0.08 0.05 0.58 0.3 0.08 0.06 0.12 0.43 0.24 0.21 0.8 0.055
Er 1.28 031 0.25 0.15 1.66 0.9 0.24 0.18 0.37 1.33 0.67 0.57 23 0.16
Tm 0.33 0.025
Yb 1.09 0.32 0.3 0.17 22 1.25 0.33 0.21 0.45 1.4 0.77 0.68 2.2 0.161
Lu 0.18 0.05 0.04 0.03 0.42 0.23 0.06 0.04 0.08 0.24 0.14 0.13 0.32 0.025
>REE 441.7 39.44 3474 16.7 407.6 183 31.95 20.94 17.19  46.68 124 166

YLREE 426.7 373 32.87 15.58 392.2 175 30.21 19.69 15.17 39.86 118.5 161

> HREE 15.01 2.14 1.87 1.12 15.46 8.04 1.74 1.25 2.02 6.82 5.55 5.63

LREE/HREE 28.44 17.4 17.54 13.92 2537  21.76 17.36 15.75 7.53 5.84 17.09 7.06

EwEu* 0.37 0.46 043 0.57 0.23 0.2 0.59 0.81 0.79 0.54 0.5 0.21

Ce/Ce* 1.07 1.03 0.99 0.99 1.07 1.07 1.01 1.02 0.98 1.01 1.03 0.04

La/Th 9.12 1.22 0.34 0.93 8.35 4.63 0.69 0.54 0.14 1.12 2.71 3.42

(La/Yb)cn 64.19 18.26 18.34 14.79  29.95 22.28 15.23 15.85 5.74 4.66 20.93 16.87

(La/Sm)cn 5.15 43 4.68 436 5.77 4.74 492 4.86 4.48 4.02 4.73 0.49

(Gd/Yb)cn 6.16 2.02 2.13 2.09 2.68 2.46 1.59 1.73 0.86 0.92 2.27 1.49

LREE = La, Ce, Pr, Nd, Sm, and Eu; HREE = Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu

Ce/Ce*en = (Cesample/ Cecnondrite) (Lasampie/Lachondrite) " (Priampie/ Prenondsite) >

EwEu*., = (Eusamp]e/ Buchondrite)/ (Smsample/ Smchondrite)l/z (Gdsample/ Gdchondrite)l/z

(La/Yb)en = (Lagampie/Lachondrite)/ (Y Dsampie/Y Behondrite)

(La/Sm),, = (Lasamplc/ Lachondrite)/ (Smsamplc/ SMepondrite)

(Gd/Yb)en = (Gdsample/ Gdchondrite) (Y Dsampte/ YDehondrite)

The UCC and chondrite values are cited from Taylor and McLennan (1985) and McDonough and Sun (1995)

Av. = average, lo = one standard deviation, »n = total number of samples. Subscript ., refers to chondrite-normalized values. Tb and Tm data of the
present study are not available
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Fig. 6 UCC- and chondrite-normalized trace element patterns of the Nyong River sediments. Normalization values are from Taylor and McLennan
(1985) and McDonough and Sun (1995). a, ¢ Upstream sector and b, d downstream sector

receive contribution from both the Nyong and Ntem units.
The Nyong unit experienced sedimentary cycles in Nyong
intracratonic basin (2515-2535 Ma; Feybesse et al. 1998),
while the Ntem unit remained always a stable craton
(Tchameni et al. 2000; Shang et al. 2007).

The PIA is expressed as follows: PIA = ((ALO; — K;0)/
(Al,O3 + Na,O + CaO* + K,,0))*100 (Fedo et al. 1995), using
molecular proportion. It allows the estimation of the degree of
chemical weathering, excluding the influence of k-metasoma-
tism. The PIA of unweathered plagioclase has value less than
50. This value is disposed to increase with increasing degree

15A1,0,

Zr 50% 300TiO,

¢ Upstream (n=10) m Downstream(n=10) < UCC

Fig. 7 Ternary plot of Al,Os—TiO,—Zr (after Garcia et al. 1994) for the
Nyong River sediments, showing possible sorting effects and recycling
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of weathering (Fedo et al. 1995). The PIA of Ups and Dws
samples varies from 76.7 to 98.8 and from 66.1 to 93.8, re-
spectively (Table 5). This result is consistent with CIA values,
revealing a high weathering intensity.

The CIW is expressed as follows: CIW = [Al,O5/(Al,05 +
CaOsx* + Na,O)] x 100 (Harnois 1988). CIW values near 50
suggest no weathering, values varying between 60 and 80 are
indicative of moderate weathering, and values > 80 indicate
extreme weathering (Nesbitt and Young 1982; Selvaraj and
Chen 2006). The calculated CIW values, presented in Table 5,
for the Ups and Dws samples (77.2-98.8, 89.65 + 7.55 and
66.95-93.98, 82.69 + 8.78, respectively) indicate, overall,
high degree of weathering.

The degree of weathering is linked to the mobility of cat-
ions such as Na*, K*, and Ca®* during chemical weathering
processes. This element mobility, for the sediments studied
(i.e., weathering trend), was evaluated using Al,O;—(CaO +
Na,0)K,0 (A—-CN-K) diagram (Nesbitt and Young 1984;
Fedo et al. 1995; Fig. 8a). Theoretically, in this diagram, both
parent rocks and their altered product should fall along the
same linear trend. The projection of this linear trend on the
plagioclase-potash feldspar joint suggests the geochemical
composition and mineralogical association of the likely paren-
tal material. In the A-CN-K ternary plot, the NR sediments
fall on linear trends parallel to the A—CN, far above the
plagioclase-potash feldspar joint line, and close to the plagio-
clase side (Fig. 8a). When extended backward, the intersection
of the trend lines with the feldspar joint suggest that the feld-
spar composition (i.e., plagioclase/k-feldspar ratio) of the sed-
iments is similar to that of rocks such as granodiorite-tonalite
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(probable source rocks present in the NR watershed). Absence
or minor role of potash metasomatism is confirmed by the fact
that the composition of the studied sediments fall mostly on
the weathering trend of granodiorite and tonalite and do not
exhibit a clear inclination toward the K,O apex. The
weathering trends of NR sediments suggest relatively non-
steady state weathering conditions (Nesbitt et al. 1997,
Nesbitt and Young 2004). This non-steady state weathering
suggests balanced rates of chemical weathering and erosion,
which produce compositionally similar sediments over a long
period (Nesbitt and Young 2004), i.e., more than 500 Ma in
the present case (Vicat and Pouclet 1995; Vicat et al. 1996;
Feybesse et al. 1998; Pouclet et al. 2007).

The high degree of chemical weathering is also confirmed
by the binary diagram ICV versus CIA (Fig. 8b) and the plot
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Fig. 8 a Ternary plot of A (Al,03)-CN (CaO* + Na,0)-K (K,0), b
bivariate plot of ICV versus CIA, and c¢ ternary plot of (A—K)(ALO;—
K,0)-C(CaO#)-N(Na,O) (Nesbitt and Young 1984; Cox et al. 1995) to
infer the intensity of weathering for the Nyong River sediments

of the studied sediments in the (Al,05-K,0)-CaO-Na,O
((A—K)—C-N) ternary space (Fig. 8c; Nesbitt and Young
1984; Fedo et al. 1995). In the (A—K)-C—N diagram, most
of the NR sediment samples plot close to the Al,0;—K,0
apex, indicating, overall, intense weathering, as signified by
all weathering indices.

Provenance

Major elements, such as Al,O3 and TiO,, and trace element
(i.e., Hf, Th, Sc, Cr, Zr, Ni, V, and Co), including rare earth
element, concentrations in clastic sediments are commonly
used to infer the provenance of sedimentary clastic rocks,
since they tend to mirror the source terrane composition
(Garcia et al. 1994; Cullers 2000; Zhang and Gao 2015;
Madhavaraju et al. 2016; Verma and Armstrong-Altrin
2016). The REE pattern and the size of Eu anomaly are also
suitable to portray the source rock (Etemad-Saeed et al. 2011;
Armstrong-Altrin et al. 2004, 2016). In the present study,
geochemical data of the NR sediments have been presented
in numerous binary diagrams, extensively used in provenance
studies, to infer the composition of their source rocks (Fig. 9).

In sedimentary provenance studies, the binary diagram of
Zr versus TiO, proposed by Hayashi et al. (1997) is frequently
used (e.g., Armstrong-Altrin et al. 2012; Ngueutchoua et al.
2019a, 2019b). This diagram helps to discriminate mafic
rocks (TiO,/Zr > 200), intermediate rocks (TiO,/Zr ranging
between 200 and 55), and felsic igneous rocks (TiO,/Zr <
200). In the current study, all the samples plotted in the field
of felsic igneous rocks (Fig. 9a).

Elemental ratios such as Th/Co, La/Sc, and the Th/Co ver-
sus La/Sc bivariate plot (Cullers 2002) can be used as indica-
tors for source composition. The values of Th/Co (0.67-19.4)
and La/Sc (2.50-16.3) are suggestive of felsic source, while
those of Th/Co (0.04—1.4) and La/Sc (0.43—0.86) are indica-
tive of mafic source rocks. In the current study, Th/Co and La/
Sc indicate mostly felsic source rocks. This result is illustrated
in the Th/Co versus La/Sc bivariate diagram, where all the
samples plotted near the field of felsic (i.e., silicic) rocks
(Fig. 9b). On the other hand, the major element provenance
discriminant function plot of Roser and Korsch (1988) tends
to indicate the presence of old and quartzose sedimentary
rocks in the source region (Fig. 9c), suggesting possibly the
predominance of mature polycyclic siliciclastic rocks, with
subordinate contribution from first cycle basic and felsic
rocks. Moreover, high Zr values (up to 5145 ppm) are indic-
ative of high-zircon content and suggest granitic sources or
recycled detrital rock sources (Carranza-Edwards et al. 2001).
The ongoing analysis is based on the fact that, in the NR
drainage basin basement, Vicat and Pouclet (1995), Vicat
et al. (1996), Feybesse et al. (1998), and Pouclet et al.
(2007) have described various metasedimentary rocks, such
as metagraywakes, metaquartzites, and Banded Iron
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Formation (BIF). According to Trendall (2002), BIF refers to
sedimentary iron-rich layers, commonly alternating with
silica-rich layers or their metamorphic equivalent.

The elevated contents of Cr (> 150 ppm), Ni (> 100 ppm),
and V in clastic rocks are indicative of ultramafic rocks in the
source area (Garver et al. 1996). In this study, samples from
Ups and Dws have low average Cr (124.3 + 134.4 ppm and
41.09 + 17.79 ppm, respectively) and Ni contents (11.37 +
13.38 ppm and 4.98 + 2.18 ppm, respectively) indicating,
overall, a felsic source areas (Table 7). It is worth noting that
high contents of Cr (245-373 ppm) are recorded in samples
Abl, Ab2, and Akl, from the Ups, indicating the presence of
some mafic source rocks (e.g., gneisses, garnet gneisses, and
pyroxene gneisses) in the upper reaches of NR, which flows
through the Yaoundé Group, generally made up of migmatite
and migmatitic gneisses. This is further supported by relative
high V contents (132-340 ppm) in almost the same samples
(Abl, Ab2, Akl, and Ay4), compared to those of other sam-
ples from both Ups and Dws (14-93 ppm).

Noteworthy too is the fact that in samples Mal and Ma2,
relatively elevated contents of mafic components such as Ni
(8.8 and 4.2 ppm, respectively), Cr (63 and 62 ppm, respec-
tively), and V (89 and 58 ppm, respectively) are recorded,
compared to their average in the Dws samples (4.98 + 2.18
ppm, 41.09 + 17.79 ppm, 34 + 23.56 ppm, respectively). At
points Mal and Ma2, the NR receives detritus from its main
tributary (i.e., the So’o River), which flows on the Ntem unit,
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Fig.9 Bivariate and ternary plots of the Nyong River sediments, inferring
possible source rocks: a Zr vs.TiO, (after Hayashi et al. 1997), b Th/co
vs. La/Sc (after Cullers 2002), and ¢ discriminant function plot of Roser
and Korsch (1988). The discriminant functions are as follows:
discriminant function 1 = (= 1.773*Ti0O,) + (0.607*A1,03) +
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made up of the remnant of Achaean greenstones, among other
rocks (Tchameni et al. 2000; Shang et al. 2004, 2007). Hence,
the relatively high contents of Cr in these samples may be due
to chromite and ferromagnesian minerals (i.e., pyroxene, am-
phibole, and olivine), which are current minerals of green-
stones. This indicates that the greenstones might have acted
as a source rock of mafic detritus in the NR sediments. To sum
up, the NR sediments appear to have been derived from var-
ious types of rocks, including predominantly felsic rocks and
subsidiary amount of mafic and recycled detritus. The nature
of the source rocks is further supported by the result of heavy
mineral analysis (Table 3; Garzanti and Ando 2007). The
occurrence, in the studied sediments, of heavy minerals like
zircon, tourmaline, and rutile (with some subrounded grains)
and the high ZTR index (> 10%), varying between 13.11 and
36.6%, indicates felsic source rocks and/or recycled source
coupled with hydraulic sorting (e.g., Garzanti and Ando
2007), supporting a detrital origin. Augite, diopside, hyper-
sthene, and rutile may suggest the contribution of mafic rocks,
while garnet, kyanite, and sillimanite indicate metamorphic
rocks.

The REE patterns and the size of the Eu anomaly of the NR
sediments were examined in order to infer the parent rocks
(e.g., Etemad-Saeed et al. 2011; Armstrong-Altrin et al. 2012,
2014). The > REE contents depend primarily on parent rocks,
grain size, and proportion of heavy minerals (Armstrong-
Altrin et al. 2018). The average Y REE contents of Ups and
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Dws samples are 62.04 £ 81.1 ppm and 124 £+ 166 ppm,
respectively, indicating probably a compositional difference
between their source rocks. Note that high Y REE are recorded
in samples Mbl (441.7 ppm), Mal (407.6 ppm), and Ma2
(183 ppm), compared to other samples, indicating a more
mafic detritus in the middle reaches of NR. Those mafic de-
tritus may be derived probably from the NR’s main tributary,
namely the So’o River which drains a part of the Ntem unit.
Mafic igneous rocks commonly contain low LREE/HREE
ratios and tend to show low negative or no Eu anomalies,
while felsic igneous rocks generally show higher
LREE/HREE ratios and display negative Eu anomalies of
varied size (Cullers et al. 1987). The samples studied show
high LREE/HREE ratios, excluding few samples (Ak1, Dhl,
and Dh2), indicating a predominance of felsic rocks at the
source area (Table 8). The UCC-normalized REE patterns
for the Ups show no Eu anomalies, while in the Dws, Eu
anomalies are pronounced (Fig. 6a, b). In the chondrite-
normalized REE patterns for the Ups and Dws sediments,
the Eu anomalies are well marked, indicating a felsic source
rock and negligible contribution of mafic detritus (Fig. 6c, d;
Table 8). This is consistent with the fact that most of the
basement rocks of the NR drainage basin belong to the Pan-
African belt. The latter consists mainly of felsic materials
made up of Neoproterozoic supracrustal assemblage, various-
ly deformed granitoids, and medium- to high-grade
Neoproterozoic metamorphic rocks (gneisses, migmatitic
gneisses, and migmatites). Mafic constituents from Ntem
complex, i.e., remnants of greenstone belt (garnet amphibo-
lite, metadolerite, pyroxenite, serpentinite, BIF, and ultramafic
metavolcanics), seem to have not play an important role in
sourcing the NR sediments. It is worth noting that the whole
Archean rocks (i.e., felsic and mafic components) of the stud-
ied drainage basin noticeably contributed to the NR sediments
only in the Dws, as illustrated by the binary plot of Eu/
Eu*versus (Gd/Yb)., (Fig. 10; Taylor and McLennan 1985;
Mclennan and Taylor 1991). Archean crust generally has (Gd/
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Fig. 10 Bivariate plot of Eu/Eu*vs. (Gd/Yb)., (after Taylor and
McLennan 1985; McLennan and Taylor 1991) for the Nyong River
sediments, showing a mixing of Archean and post Archean source rocks

Yb)., values above 2.0 in sedimentary rocks, while post
Archean rocks have (Gd/Yb)., values varying between 1.0
and 2.0. Also, Archean crust generally has Eu/Eu*values
above 0.85 in clastic rocks while post Archean rocks have
pronounced Eu anomalies (Eu/Eu*values below 0.85), and
this is exhibited in their detritus products Mclennan and
Taylor 1991). In the Eu/Eu*versus (Gd/YD)., diagram, most
samples of the Ups fall below the (Gd/YD).,, = 2.0 boundary,
except two samples, which fall above this line. Almost all
samples of this sector fall below the Eu/Eu*= 0.85 line, indi-
cating, as expected that the Phanerozoic (i.e., Pan-African)
rocks could be the main source rocks of the stream sediments
studied. But in the Dws, five samples (over ten) fall above the
(Gd/YD)., = 2.0 boundary and all samples of this sector fall
below the Eu/Eu*= 0.85 line, indicating some contribution of
the Archean rocks from the Ntem complex. The evolution of
this complex may explain the quartzose sedimentary origin of
the NR sediments, as revealed by the Fig. 9c.

The Ntem complex was marked by the Eburnean rifting
(older than 2500 Ma), followed by the opening of the
Nyong intracratonic basin, filled with detrital materials (< ca
2400 Ma; Vicat et al. 1996; Pouclet et al. 2007). These detrital
materials were subsequently affected by granulite facies meta-
morphism at the Paleoproterozoic time. Thus, the Nyong unit
is characterized by pre-orogenic sediments, explaining, in a
lesser extent, the quartzose sedimentary provenance of the NR
alluviums. Also, the sedimentary signature of source rocks
may be linked to the Pan-African orogeny. Indeed, Pan-
African events result in the opening and closure of large
Proterozoic oceanic realms (Feybesse et al. 1998; Toteu
et al. 2001; Kroner and Stern 2004), explaining probably the
detrital provenance of the NR sediments. Furthermore, the
low- to medium-grade schist of the Mbalmayo locality is
thought to be of sedimentary origin (Nzenti 1998). Likewise,
the garnet granulites of Yaoundé Group are considered to
derive from the metamorphism of a near shore sedimentary
sequence related to an old intracratonic basin. According to
Nzenti (1998), this sedimentation was accompanied by alka-
line volcanism and the subsequent volcanogenic greywackes
were later metamorphosed to garnet granulites. The current
analysis proposes that the sedimentary signature of these clas-
tic rocks were not entirely destroy during later tectonism and
metamorphism.

The REE data of this study are compared with those of
various Archean, Paleoproterozoic, and Neoproterozoic rocks
outcropping within the NR drainage basin or close to the study
area to infer the source rocks (Fig. 11). These rocks include
calc-silicate rocks, kyanite-garnet gneisses, garnet-biotite
gneisses, alkaline orthogneisses, melanosomes of migmatites,
pyroxene gneisses and amphibolites, serpentinites, BIF, TTG
suites, syenites, and high-k granitic rocks (Barbey et al. 1990;
Ngnotue et al. 2000; Tchameni et al. 2000; Shang et al. 2004,
2007; Ganno et al. 2017, 2018; Tsoungui et al. 2019). The
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REE patterns and Eu anomalies of NR sediments are more or
less similar to those of most of Neoproterozoic gneisses and
Archean TTG suites, which suggests that these sediments
were predominantly derived from the Pan-African metamor-
phic rocks, probably reworked from Archean and
Paleoproterozoic materials. This is further supported by the
Eu/Eu*versus (Gd/YD)., binary plot (Fig. 10; Taylor and
Mclennan 1985; Mclennan and Taylor 1991), showing a
mixing of Archean and post Archean materials.

Tectonic setting

The geochemistry of clastic sediment can be used to determine
the tectonic setting of the source area (Etemad-Saced et al.
2015; Dinis and Oliveira 2016). Several discrimination dia-
grams using the chemical content of sediments were recently
developed to determine the tectonic setting of unknown basins
and that of their source terrane (Bhatia 1983; Roser and
Korsch 1986; Verma and Armstrong-Altrin 2013, 2016).
Among these approaches, the conventional diagrams of
Bhatia (1983) and Roser and Korsch (1986) show a low suc-
cess rate to infer the exact tectonic setting, according to a
recent evaluation of their results (Hegde and Chavadi 2009;
Armstrong-Altrin and Verma 2005). In contrast, many studies
(e.g., Li et al. 2016; Maslov et al. 2016; Vosoughi Moradi
et al. 2016) cautioned the good performance of the discrimi-
nant function diagrams proposed by Verma and Armstrong-
Altrin et al. (2013, 2016). The latter are chosen and applied to
understand the tectonic setting of the source rocks of the LR
sediments. Verma and Armstrong-Altrin et al. (2013) discrim-
inant high- and low-silica diagrams were proposed by the
combination of major element concentrations to discriminate
arc, rift, and collision settings. The high-silica diagram shows
(Si05)aq; values varying between 63 and 95%, whereas the
low silica shows sediment with (SiO,),qj contents varying
between 35 and 63%, the subscript ,4; referring to the fact that
the chemical data were adjusted, before all calculation, to
100% on an anhydrous basis. Verma and Armstrong-Altrin
etal. (2016) discrimination diagrams combine major and trace
element concentrations to discriminate active (including arc
and collision) and passive margin (including rift) settings. In
the high silica diagram, all the samples plot into the rift field,
suggesting a rift tectonic setting or a passive margin setting for
their source terranes (Fig. 12a). To better ascertain the tectonic
history of these source terranes, two multidimentionnal dia-
grams (i.e., one based on major elements and the other on
major and trace elements) also proposed by Verma and
Armstrong-Altrin et al. (2016) was applied to the studied geo-
chemical data (Fig. 12b, c¢). These diagrams include the dis-
criminant function one axis diagrams (i.e., DF 5 pym and DF 5
pymt, Where M and T stand for major and trace elements,
respectively) are thought to correctly identify the active and
passive margin for the far away geological past, as it is the



Arab J Geosci (2021) 14: 1018

Page210f26 1018

a 8
£
©
o
= o
£, me
e o elig 00 o
o H Q@ =
5 | n
§ e
a [
Rift
8 1 |
-12 -8 -4 0
DF1(Arc-Rift-Col)
b A-P
(boundary)

Passive (Major)

Passive (Major + Trace)

Active (Major)

® Upstream(n=10)

® Downstream (n=10)

PM : Passive continental margin

ACM : Active continental margin
OIA: Oceanicislandarc

CIA: Continental island arc

DF(A-P)M
A-P
c (boyndary)
Active (Major + trace)
\ | | | | Lom w x
-10 -8 6 -4 -2 0 2 4 6
DF(A-P)MT

Fig. 12 Tectonic diagrams for the samples from the Nyong River
sediments. a Discriminant function multidimensional diagram for high-
silica clastic sediments (Verma and Armstrong-Altrin 2013), b major
element (M), and ¢ combined major and trace element (MT) based
multidimensional discriminant function diagrams for the discrimination
of active (AM) and passive (PM) margin setting (Verma and Armstrong-
Altrin et al. 2016). The subscript m1 in DF1 and DF2 represents the high-
silica diagram based on log.-ratios of major elements. The discriminant
function equation are as follows: DF1 (Arc-Rift-Col)m1 = (— 0.263 x
In(Ti0,/Si05)adj) + (0.604 x In(Al,03/Si0,)adj) + (— 1.725 x
In(Fe,05t/Si05)adj) + (0.660 x In(MnO/SiO,)adj) + (2.191 x In(MgO/
Si0,)adj) + (0.144 x In(CaO/Si0,)adj) + (— 1.304 x In(Na,O/SiO,)ad)) +
(0.054 x In(K,0/S10,)adj) + (— 0.330 x In(P,05/SiO,)ad)) + 1.588. DF2
(Arc-Rift-Col)m1 = (— 1.196 x In(TiO»/SiOy)adj) + (1.604 x In(AL,Os/

case for the age of the source rock investigated. In the major
oxide-based plot, most of the samples fall in the passive mar-
gin setting, whereas in the major and trace elements based
plot, all samples without exception plot in the field of passive
margin, which also include rift setting. The passive margin is
further supported by the high ZTR index. Sediments from
collision orogens, magmatic arc, volcanic rifted margin, dis-
sected rift shoulders, and cratonic shields generally have low
ZTR index (< 10%), while sediments derived from passive
margin display high ZTR index (Hubert 1962; Garzanti and
Ando 2007). In the current study, all ZTR index are always >
20% (Table 3), indicating probably a passive margin setting.

The inferred rift and passive margin settings are consistent
with the debated divergent tectonic history of the western
border of the Ntem complex, which is a probable source area

Si02)adj) + (— 0.303 x In(Fe,05t/SiO5)adj) + (0.436 x In(MnO/SiO,)ad))
+ (0.838 x In(MgO/Si0,)ad)) + (— 0.407 x In(CaO/SiO,)adj) + ( 1.021 x
In(Na,O/Si0y)adj) + (— 1.706 x In(K,0/Si0,)adj) + (— 0.126 x In(P,Os/
SiO)adj) — 1.068. The function DF (A pyy is to be calculated from
equation: DFa.ppm = (3.0005 X ilrlping) + (— 2.8243 x ilr25m) + (—
1.0596 x ilt3genv)+ (= 0.7056 X ilrdyn) + (— 0.3044 X ilrSyem) +
(0.6277 x ilt6cam) + (— 1.1838 x ilr7nam) + (1.5915 X ilr8ypn) +
(0.1526 x ilr9ppy) — 5.9948. The function DF s pyvr is to be calculated
from equation: DF apymr = (3.2683 X ilrlrinvt) + (5.3873 X ilr2apmt) +
(1.5546 x ilr3FCMT) + (3.2166 % ilr4MnMT) + (4.7542 % ilrSMgMT) +
(2.0390 x ilr6camt) + (4.0490 X ilr7gamt) + (3.1505 X ilr8xvr) +
(2.3688 x ilt9ppr) + (2.8354 % ilrl0cpvr) + (0.9011 X ilrl lnpmt) +
(1.9128 x ilr12nimr) + (2.9094 % ilrl3yyr) + (4.1507 x ilrldypt) +
(3.4871 x ilr15,7) — 3.2088

of the studied deposits. It is generally argued that the Ntem
complex suffered pre-Eburnean rifting older than ca. 2500 Ma
(Vicat and Pouclet 1995; Vicat et al. 1996) followed by the
opening of Nyong and many other ancient African
intracontinental basins (i.e., Ogoue, Ayina, Ikoke-Waka and
Franceville basins) between 2515 and 2435 Ma (Feybesse
et al. 1998). Vicat and Pouclet (1995), Vicat et al. (1996),
Feybesse et al. (1998), and Pouclet et al. (2007) suggested that
the subsequent sediments were deposited in a passive margin
environment on the northern edge of the Ntem complex. The
metamorphism of these deposits has led to the formation of a
supracrustal rock sequence (metagraywakes, BIF, sillimanite-
bearing paragneisses, and amphibolites). This supracrustal se-
quence occurs as disrupted belts up to several kilometers in
length and as xenolith in TTG (Shang et al. 2004, 2007). On
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the other hand, the Pan-African rock history reveals the open-
ing and closure of large Proterozoic oceanic basins (Toteu
et al. 2001; Kroner and Stern 2004). In the study area, this
statement is partly supported by the presence of
metasedimentary units (kyanite-biotite-garnet gneisses,
biotite-muscovite-garnet gneisses, calc-silicate rocks, and
quartzite), interpreted as a continental margin sedimentary se-
ries (Ngnotue et al. 2000).The interpretation outlined above
highlights the importance of the studied stream sediments in
deciphering the tectonic setting and the history of the Yaoundé
Group and Ntem complex, acting as source rocks, since this
history is complex and yet to be fully understood. From the
results obtained, it appears that the extensive deformation and
metamorphism of the envisaged source rocks (Vicat and
Pouclet 1995; Vicat et al. 1996) did not completely obliterate
the geochemical proxies of very old geodynamic events expe-
rienced by the source rocks.

Conclusion

Based on textural features, mineralogy, and geochemical com-
positions, the current study has documented the controls of
tectonic setting in provenance, parental rock characteristics,
and weathering in source regions from NR sediments and
conclusions are as follows:

1. The NR sediments appear to have been derived from var-
ious types of rocks, including predominantly felsic rocks
and subsidiary amount of mafic and recycled detritus.
These felsic rocks belong mainly to the Pan-African
Neoproterozoic supracrustal assemblage, variously de-
formed granitoids, and medium- to high-grade
Neoproterozoic metamorphic. Mafic constituents from
Ntem complex seem not to have played an important role
in sourcing the NR sediments.

2. CIA, PIA, CIW, and the A-CN-K and (A—K)-C—N plots
indicate that the stream sediments studied and their source
areas underwent a high degree of chemical weathering.
This result further suggests balanced rates of chemical
weathering and erosion or indicates that chemical
weathering proceeds at a higher rate than physical ero-
sion, which is compatible with the stability of the region
over a long period, i.e., more than 500 Ma.

3. The SiO,/Al,03, Al,03/Na,O, and K,0/Na,O ratios in-
dicate that most of the samples were texturally and com-
positionally mature; however, the ICV values and the
DRX results reveal that some of the studied sediment
samples exhibit rock forming minerals such as k-feld-
spars. The ternary Al,O3;—TiO,—Zr diagram and the ZTR
index suggest recycling and sorting of the sediments. The
recycling signature may be linked to the tectonism,
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metamorphism, chemical weathering, and erosion of old
Precambrian sedimentary successions.

4. The Euw/Eu* versus (Gd/Yb)cn binary plot suggests that
the studied stream sediments were derived from a combi-
nation of Archean and post Archean sources. This is con-
sistent with the general geology of the region under
consideration.

5. Several major and trace element discriminant function
diagrams indicate rift and passive margins settings for
the source terranes, which is consistent with numerous
tectonic history models of the Ntem complex and Pan-
African belt, which are the probable source rocks of
the NR sediments. It is debated that the Ntem com-
plex underwent pre-Eburnean rifting followed by the
opening of the Nyong intracontinental basin, while
the Pan-African rock history reveals the opening and
perhaps the closure of large Proterozoic oceanic
basins.

The results obtained further suggest that despite the exten-
sive deformation and metamorphism of the source rocks dur-
ing the Eburnean event and the Pan-African orogeny, they
have preserved geochemical evidences of Archean,
Paleoproterozoic, and Neoproterozoic tectonic events.
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