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Abstract 
This study provides the first geochemical characterization of Late Holocene fluvial sediments from the Chari River at 
N'Djamena. Major, trace, and REE geochemistry was used to investigate the REE resource potential, sediment provenance, 
weathering intensity, depositional conditions, paleoclimate, and tectonic setting. The clay sample is enriched in most major 
and trace elements and REE relative to the sandy samples, reflecting grain-size effects and quartz dilution rather than 
differences in provenance. Total REE concentrations (187–339 ppm) are typical of common siliciclastic sediments, indicating 
limited potential as a secondary REE resource. Chondrite-normalised REE patterns display moderate LREE enrichment and 
negative Eu anomalies, indicating derivation from felsic upper continental crust.  High CIA, CIW, and PIA values, together 
with low ICV values and A–CN–K relationships, indicate compositionally mature sediments derived from intensely weathered 
source rocks. Immobile trace element ratios consistently support a felsic source with a contribution from recycled sedimentary 
material. Tectonic discrimination diagrams and functions point to an intraplate setting. Multiple redox proxies (U/Th, Ni/Co, 
and V/Cr) indicate deposition under oxic conditions. The Climatic Index and several geochemical ratios (K₂O/Al₂O₃, Mg/Ca, 
Al₂O₃/MgO, Rb/Sr, Ga/Rb, and Sr/Cu) are consistent with deposition under warm and humid climatic conditions. 
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Introduction 
Sediments are valuable archives of the geological and 
environmental processes operating within drainage basins 
and during deposition. Their chemical composition records 
the combined influence of source-rock lithology, weathering 
intensity, erosion, transport, hydraulic sorting, and 
depositional conditions. Major elements, trace elements, and 
rare earth elements (REE) are widely used as geochemical 
tracers because they are relatively unaffected by weathering, 
transport, and diagenesis. Major element compositions and 
associated weathering indices provide robust constraints on 
the degree of chemical alteration, sediment recycling, and 
maturity (Nesbitt and Young, 1982, 1984; Cox et al., 1995; 
Fedo et al., 1995) [32, 33, 12, 17]. By contrast, relatively 
immobile trace elements, including Sc, Ti, V, Cr, Ni, Y, Zr, 
Nb, Hf, Th, and REE, commonly retain the geochemical 
fingerprints of their source lithologies (Taylor and 
McLennan, 1985; Bhatia and Crook, 1986; Cox et al., 1995) 
[44, 7, 12]. Accordingly, the distribution of these elements in 
sediments has been extensively applied to provenance 
determination, evaluation of weathering conditions, and 
identification of the factors controlling sediment 
composition. 
In the Lake Chad Basin, the Chari River is the main 
tributary of Lake Chad and supplies the bulk of the water 
and sediment entering the lake. Although the Quaternary 
deposits associated with the river have been thoroughly 
investigated from a sedimentological perspective (Moussa, 
2010) [31], their geochemical composition remains poorly 
documented as the few available studies focus on modern 
river sediments (Digué et al., 2023; Wana et al., 2024) [14, 

51]. A better understanding of the geochemical signature of 
Holocene sediments is therefore essential to constrain 

sediment provenance, assess weathering processes within 
the watershed, and reconstruct paleo-depositional 
conditions, and establish a natural geochemical baseline 
against which potential contamination of modern river 
sediments can be assessed. 
This preliminary study presents major, trace, and REE data 
from four Upper Holocene fluvial sediment samples 
collected at N'Djaména. The objectives are to (i) provide a 
first geochemical characterization of these sediments, (ii) 
evaluate their potential as a secondary resource for REE, 
(iii) constrain their provenance, (iv) evaluate the degree of 
chemical weathering in the source areas and the sediment 
maturity, and (v) assess paleo-depositional conditions. 
 
Geological Setting 
The Lake Chad Basin is extensively covered by Quaternary 
deposits. Lake Chad is mainly fed by the Chari River and its 
tributaries (Fig. 1), which form the basin's primary 
hydrological network. The Chari catchment predominantly 
drains Quaternary sediments and the Continental 
Intercalaire, whereas the Precambrian basement is exposed 
only in the uppermost part of the watershed. The Quaternary 
deposits consist mainly of unconsolidated sands, silts, and 
clays derived from fluvial, lacustrine, and aeolian processes. 
The Continental Intercalaire is composed predominantly of 
poorly consolidated fluvial and lacustrine sediments, 
including sandstones, sandy clays, clays, and local 
ferruginous horizons. The Precambrian basement consists of 
Proterozoic metamorphic and magmatic rocks belonging to 
the Pan-African orogenic belt (Bessoles and Trompette, 
1980) [5]. It was formed during the collision between the 
Congo and West African cratons (Castaing et al., 1994; 
Toteu et al., 2004) [11, 46] and was stabilized at approximately 
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600 Ma (Toteu et al., 2022) [47]. From N'Djamena to Lake 
Chad, the Quaternary deposits consist of sediments 
transported and deposited by the Chari River (Pias, 1967) 
[34]. From base to top, these units comprise: (i) a succession 
of light-coloured sands approximately 10 m thick, with 
variable clay intercalations; (ii) the Sables Croûtés 
(approximately 1 m thick), consisting of darker-coloured 
sands interbedded with indurated clayey-sand horizons that 
are resistant to erosion; and (iii) the Upper Grey Series 
(approximately 1 m thick), which unconformably overlies 
the underlying unit across an erosional surface and consists 
of clayey sands  

that are also resistant to erosion (Moussa, 2010) [31]. 
Radiocarbon dating of organic matter yielded ages of 1475 
± 30 ¹⁴C yr BP for the upper Upper Grey Series and 3700 ± 
40 ¹⁴C yr BP for the basal  sands (Moussa, 2010) [31]. These 
ages place the deposits within the Late Holocene (4.2 ka to 
present; ICS, 2024) [22]. During this interval, Lake Chad 
experienced alternating humid and arid phases, along with 
episodes of significant lake contraction and desiccation 
(Servant and Servant-Vildary, 1980) [40]. An extensive clay 
layer in the basal formation is interpreted as a lacustrine 
deposit associated with the final highstand of the Upper 
Holocene Mega-Lake Chad (Moussa, 2010) [31]. 

 

 
 

Fig 1: (a) Simplified geological map of the Chari River watershed (after Louis, 1970) [26]. 1: Quaternary deposits; 2: Continental Terminal; 
3: Middle and Upper Cretaceous; 4: Continental Intercalaire; 5: Cenozoic mafic volcanism of the Cameroon Volcanic Line; 6: Precambrian 

basement. (b) Location map of the analysed samples. 1: Main roads; 2: Ponds 
 

Material and Methods 
In N'Djamena, a clayey sand sample from the upper part of 
the Upper Grey Series (NDJ4) was collected at the Goudji 
quarry (12°09′02.40″N, 15°01′38.62″E), one clay sample 
from of the basal formation (NDJ6) from the Epervier pond 
(12°09′21″N, 15°01′43″E), and two sands samples of the 
basal formation, NDJ1 (12°10′09″N, 15°02′31″E) and NDJ3 
(12°10′36″N, 15°02′25″E), from the northern outskirts of 
the city (Fig. 1b). 
Major and trace element analyses were carried out at the 
Service d'Analyse des Roches et des Minéraux (SARM), 
Nancy, France. Major and trace element concentrations 
were respectively measured by ICP-OES and ICP-MS. The 
samples were ground at 70 mm and then approximately 300 
mg of powder was prepared by alkaline fusion with LiBO2 
at 1000°C and dissolved in 1N HNO3. Calibration and 
quality control were done with international geostandards 
(Carigan et al., 2001) [10]. 
 
Results and discussion  
Major oxides. The whole-rock major-element compositions 
are presented in Table 1. Except for SiO₂, the clay sample 
(NDJ6) exhibits higher concentrations of all other major 
elements than the clayey sand sample (NDJ4) and the sandy 
samples (NDJ1 and NDJ3). The PAAS normalised major 
element patterns (Fig. 2) highlight the compositional 
contrast between the clay-rich sample and the quartz-rich 

sandy samples, reflecting the dilution of most major 
elements by quartz in the latter. 
 
Table 1: Major element composition (wt.%) of the studied samples 

 

  NDJ4 NDJ6 NDJ1 NDJ3 
SiO2 64.44 51.99 69.88 70.26 
TiO2 0.93 1.17 0.89 0.81 

Al2O3 15.87 20.36 15.97 16.89 
Fe2O3 5.78 7.74 4.09 4.31 
MnO 0.02 0.07 0.02 0.03 
MgO 0.49 0.94 0.68 0.67 
CaO 0.47 0.84 0.55 0.6 

Na2O 0.24 0.52 0.22 0.17 
K2O 1.45 1.80 1.28 1.12 
P2O5 0.11 0.18 0.13 0.21 

Pf 10.06 14.28 4.6 4.79 
Total 89.80 85.61 93.71 95.07 
ICV 0.56 0.65 0.51 0.48 
CIA 87 85 88 91 
PIA 95 91 95 97 
CIW 95 92 96 97 

K2O/Al2O3 0.09 0.09 0.08 0.07 
Al2O3/MgO 32 22 23 25 

Mg/Ca 0.9 0.9 1.0 0.9 
Geochemical indices and ratios were calculated using anhydrous 
major element concentrations 
ICV = (Fe2O3+K2O+Na2O+CaO+MgO+TiO2) / Al2O3 from Cox et 
al. (1995) [12] 
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CIA (%) = [Al2O3 / (Al2O3+CaO*+Na2O+K2O] x 100 from Nesbitt 
and Young (1984) [33] 
PIA (%) = [(Al2O3-K2O) / (Al2O3+CaO*+Na2O–K2O)] x 100 from 
Fedo et al. (1995) [17] 
CIW = [Al2O3 / (Al2O3+CaO*+K20)] x 100 from Nesbitt and 
Young (1982) [32] 
CaO*= CaO-P2O5 x (10/3); if CaO* > Na2O then CaO*= Na2O 
 
NDJ6, the clay sample, displays relative enrichments in 
TiO₂, Al₂O₃, Fe₂O₃, and P₂O₅ compared to PAAS, reflecting 
the concentration of clay minerals and relatively immobile 
phases during weathering. In contrast, MnO, MgO, CaO, 
Na₂O, and K₂O are markedly depleted relative to PAAS. 
The depletion in CaO and Na₂O indicates alteration and 
destruction of plagioclase feldspars, whereas the low MgO 
contents suggest the removal of ferromagnesian minerals 
during chemical weathering. The depletion in K₂O reflect 
intense leaching of mobile alkali elements and the 
destruction of K-feldspar and mica. The negative MnO 
anomaly probably results from the high mobility of Mn 
under fluctuating redox conditions, leading to its dissolution 
and removal during weathering. Overall the NDJ6 profile is 
consistent with an intensely weathered clay-rich sediment 
depleted in mobile elements but relatively enriched in 
immobile aluminosilicate and Fe–Ti-bearing phases. 
 

 
 

Fig 2: Anhydrous recalculated major element concentrations 
normalised to PAAS (after Pourmand et al., 2012) [34] 

 
The clayey sand sample (NDJ4) and the sandy samples 
(NDJ1 and NDJ3) exhibit similar PAAS normalised pattern 
characterized by a slight enrichment in SiO₂ and nearly 
identical Al2O3, TiO₂ values relative to PAAS. In contrast, 
Fe₂O₃ and MnO are slightly depleted, whereas MgO, CaO, 
Na₂O, and K₂O display marked negative anomalies. The 
relative enrichment in SiO₂ reflects an increased proportion 
of quartz compared to PAAS, consistent with the more 
sandy character of the sediment. The near-flat TiO₂ pattern 
suggests that Ti-bearing resistant minerals remained 
relatively preserved during sedimentary processes and 
weathering. The depletion in Fe₂O₃ and MnO may indicate 
partial loss of Fe–Mn bearing phases during weathering or 
hydraulic sorting. The strong depletion in MgO, CaO, and 

Na₂O reflects extensive alteration and removal of unstable 
ferromagnesian minerals and plagioclase feldspars, whereas 
the low K₂O contents suggest depletion in K-feldspar and 
micas. Overall, the profiles indicate mature sediment 
affected intense chemical weathering and the removal of 
feldspars, ferromagnesian minerals, aluminosilicate fraction, 
and quartz enrichment. The positive P₂O₅ anomaly in NDJ6 
and NDJ3 may be attributed to the presence of apatite, 
adsorption onto clay minerals, or localized organic and/or 
phosphatic inputs. 
 
REE: The results of REE analysed are shown in Table 2. 
The total REE content is high (187–339 ppm). The ratios of 
LREE/HREE  (7.75–10.61; Table 2) are comparable to 
those of UCC (9.34; Rudnick and Gao, 2014) [39] and PAAS 
(9.52; Taylor and McLennan, 1985) [44]. REE concentrations 
are higher in the clay sample (NDJ6; 339 ppm; Table 2) 
than in the clayey sand sample (NDJ4; 266 ppm; Table 2) 
and in the sandy samples (187–218 ppm; Table 2). This 
difference is mainly due to quartz dilution in the sandy 
samples and to the preferential association of REE with 
fine-grained mineral phases, such as clays and Fe-Mn 
oxyhydroxides, present in NDJ6. 
 

Table 2: REE concentrations (ppm) and their calculated ratios 
 

  NDJ4 NDJ6 NDJ1 NDJ3 
La 59.62 77.13 40.33 45.13 
Ce 109.65 138.52 76.03 94.33 
Pr 13.08 17.20 8.97 10.33 
Nd 47.98 62.69 32.53 39.37 
Sm 9.33 11.63 6.58 7.04 
Eu 1.91 2.42 1.24 1.38 
Gd 7.36 9.11 5.76 5.61 
Tb 1.17 1.39 0.93 0.94 
Dy 6.25 7.78 5.58 5.31 
Ho 1.30 1.47 1.21 1.03 
Er 3.45 4.15 3.37 3.02 
Tm 0.53 0.65 0.55 0.46 
Yb 3.55 3.99 3.52 3.27 
Lu 0.48 0.63 0.48 0.47 

SREE 265.66 338.76 187.08 217.69 
SLREE/SHREE 10.03 10.61 7.75 9.83 

La/YbNC 11.41 13.13 7.78 9.38 
La/YbNPAAS 1.14 1.31 0.77 0.93 
Eu/Eu*NC 0.70 0.72 0.61 0.67 

Eu/Eu*NPAAS 1.22 1.25 1.07 1.17 
Ce/Ce*NPAAS 0.95 0.92 0.97 1.05 
Pr/Pr*NPAAS 1.02 1.04 1.02 0.96 

(La/Yb)NC = (Lasample/Lachondrite) / (Ybsample/Ybchondrite) 
(La/Yb)NPAAS = (Lasample/LaPAAS) / (Ybsample/YbPAAS) 
Eu/Eu*NC = (Eusample/Euchondrite) / [(Smsample/Smchondrite) x 
(Gdsample/Gdchondrite)]1/2 
Eu/Eu*NPAAS = (Eusample/EuPAAS) / [(Smsample/SmPAAS) x 
(Gdsample/GdPAAS)]1/2 
Ce/Ce*NPAAS = (Cesample/CePAAS) / [(Lasample/LaPAAS) x 
(Prsample/PrPAAS)]1/2 
Pr/Pr*NPAAS = (Prsample/PrPAAS) / [(Cesample/CePAAS) x 
(Ndsample/NdPAAS)]1/2 
Eu/Eu* NPAAS = (Eusample/EuPAAS) / [(Smsample/SmPAAS) x 
(Gdsample/GdPAAS)]1/2 
 
Chondrite normalised patterns calculated after Mc 
Dounough and Sun (1995) [28] display subparallel patterns 
(Fig. 3). They show moderate light rare earth element 
(LREE) enrichment relative to heavy rare earth elements 
(HREE), with La/YbNC ratios of 7.78–13.13 (Table 2) 
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indicating a slight preferential enrichment of LREE in the 
clay sample.  The samples display a negative europium 
anomaly (Eu/Eu*NC = 0.61–0.72; Table 2) reflecting 
plagioclase fractionation during source rock evolution.  
 

 
 

Fig 3: REE patterns normalised to chondrite from Mc Dounough 
and Sun (1995) [28] 

 
PAAS normalised patterns (Fig. 4) calculated after 
Pourmand et al. (2012) [35] yield relatively low (La/Yb)NPAAS 
values (0.77–1.31; Table 2), indicating only modest LREE  
depletion or enrichment compared to PAAS. The subparallel 
REE patterns, combined with enrichment in the clay sample, 
indicates that grain-size sorting exerts a primary control on 
REE distribution, while provenance remains unchanged 
between the two lithologies. The europium anomaly is 
slightly positive (Eu/Eu*NPAAS = 1.07–1.25; Table 2), 
indicating that the studied sediments are less depleted in Eu 
than PAAS.  
 

 
 

Fig 4: REE patterns normalised to PAAS from Pourmand et al. 
(2012) [35] 

In recent years, sediments have emerged as a promising 
secondary resource for REE, providing an alternative to 
conventional REE-bearing ores (Dushyantha et al., 2021; 
Batapola et al., 2023; Xu et al., 2025) [16, 2, 55]. The REE 
concentrations (ΣREE = 187–339 ppm; Table 2) of our 
samples are typical of siliciclastic sediments and are 
substantially lower than those reported for potentially 
exploitable REE deposits, such as the clays of southern 
China (1,000–3,000 ppm; Xie et al., 2016) [52], or deep-sea 
sediments from the Pacific Ocean (2,000–5,000 ppm; Kato 
et al., 2011) [24]. These concentrations are also lower than 
those reported for sediments from the Mugheb Basin within 
the Cameroon Volcanic Line (215–458 ppm), which have 
been identified as a potential future source of REE (Yika et 
al., 2026) [56]. Therefore, the studied sediments do not 
appear to constitute a promising secondary REE resource. 
 
Trace elements: The results of trace elements analysed are 
shown in Table 3. The spider plot of trace elements 
normalised to PAAS after Taylor and McLennan (1985) [44] 
(Fig.5) are globally close to the PAAS values.  
 
Table 3: Trace elements concentration (ppm) and their calculated 

ratios 
 

  NDJ4 NDJ6 NDJ1 NDJ3 
Be 2.61 3.75 2 1.81 
V 100.67 109.78 63.86 64.61 
Cr 80.43 104.99 62.61 61.88 
Co 10.31 17.56 9.2 11.18 
Ni 33.08 48.83 25.19 25.79 
Cu 31.82 40.18 26.6 29.79 
Ga 22.99 30.28 16.83 17.32 
Ge 1.89 1.92 1.28 1.36 
Rb 89.99 121.40 87.66 92.05 
Sr 75.64 122.88 102.68 107.6 
Y 37.11 43.57 35.91 31.66 
Zr 322.08 341.28 408.21 447.6 
Nb 27.88 34.24 20.03 21.56 
Mo 1.01 1.37 0.89 1.09 
Cs 4.17 5.50 2.92 3.22 
Ba 502.29 629.19 585.07 600.3 
Hf 7.85 8.84 10.06 10.8 
Ta 2.40 2.84 1.74 1.78 
W 1.43 1.95 1.32 1.4 
Bi 0.31 0.37 0.26 0.23 
Th 20.97 25.30 15.96 16.65 
U 5.41 6.89 4.15 4.00 

U/Th 0.26 0.27 0.26 0.24 
Ni/Co 3.21 2.78 2.74 2.31 
V/Cr 1.25 1.05 1.02 1.04 
Rb/Sr 1.19 0.99 0.85 0.86 

 
Except for Zr and Hf trace elements are mostly enriched in 
the clay sample (NDJ6) relative to the other samples. The 
relatively higher abundances of Zr and Hf in the sandy 
samples likely result from hydraulic sorting, which 
concentrates dense heavy minerals in the coarser sediment 
fraction, whereas most other trace elements are 
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preferentially associated with clay minerals and Fe–Mn 
oxyhydroxides. 
V, Cr, Ni, Co, Cu and W are only slightly depleted relative 
to PAAS in the clay sample (NDJ6) but are more strongly 
depleted in the other samples. This systematic pattern 
indicates a dominant grain-size control. These elements are 
preferentially concentrated in the fine fraction through their 
association with clay minerals and/or Fe–Mn 
oxyhydroxides, whereas quartz-rich sandy sediments dilute 
their concentrations. For V, Cr, Ni, Co and Cu, the generally 
low abundances also suggest a limited contribution from 
mafic minerals in the source area. 
 Rb, Sr and Cs are depleted in the four samples. This 
depletion most likely reflects the relatively low abundance 
of feldspars and K-bearing minerals in the Chari sediments. 
Strontium is mainly hosted by plagioclase, whereas Rb and 
Ce preferentially substitute for K in K-feldspars and micas. 
Their depletion is therefore consistent with quartz-rich and 
compositionally mature nature of sediments.  
Th and U are slightly enriched relative to PAAS and display 
higher concentrations in the clay sample (NDJ6) than in the 
other samples. This pattern is mainly controlled by grain 
size. Thorium is primarily hosted by Th-bearing accessory 
minerals, such as monazite and allanite, which commonly 
occur as very fine grains and are preferentially concentrated 
in the silt and clay fractions rather than in quartz-rich sands. 
Uranium is mainly associated with clay minerals and Fe–
Mn oxyhydroxides. Consequently, the enrichment of both 
elements in NDJ6 reflects the concentration of fine-grained 
mineral phases, whereas their lower abundances in the 
sandy samples mainly result from dilution by quartz. 
 

 
 

Fig 5: Spider plot of trace elements normalised to PAAS (Taylor 
and McLennan, 1985) [44] 

 
Sediment Maturity and Weathering 
The Index of Compositional Variability (ICV) introduced by 
Cox al. (1995) [12] is used to assess sediment maturity. 
Sediments with ICV > 1 are considered immature, whereas 
those with ICV < 1 are regarded as mature. The relationship 
between the Chemical Index of Alteration (CIA) proposed 
by Nesbitt and Young (1982) [32] and the ICV is commonly 
used to evaluate the combined effects of chemical 
weathering and sediment recycling (Guo et al., 2024; 
Togozo et al., 2025) [20, 45]. In the present study, the ICV–
CIA relationships indicate that all four samples plot within a 
compositional domain indicative of mature and strongly 
weathered materials (Fig. 6). Low ICV values (0.51–0.65; 
Table 1) suggest compositionally mature sediments, 
consistent with prolonged chemical weathering and/or 
sediment recycling. High CIA values (85–91; Table 1) 
further indicate intense chemical weathering in the source 

area or during sediment recycling, likely under warm and 
humid climatic conditions. 
 

 
 

Fig 6: ICV vs CIA diagram. Same legend as in Fig. 5 
 
The limited variation among samples suggests derivation 
from a broadly homogeneous, pre-weathered source. 
However, the slightly higher ICV value in the clay sample 
(NDJ6), together with a marginally lower CIA, may reflect 
subtle mineralogical differences, possibly related to a 
relative enrichment in Fe-bearing phases or accessory 
minerals, rather than a decrease in the overall degree of 
chemical weathering. Overall, the ICV–CIA systematics 
suggest that sediment composition is largely inherited from 
pre-weathered source materials and subsequently modified 
by grain-size sorting and minor mineralogical fractionation, 
rather than by significant variations in weathering intensity. 
The Plagioclase Index of Alteration (PIA) proposed by Fedo 
et al. (1995) [17] is very high (91–97%; Table 1), indicating 
almost complete destruction of plagioclase during chemical 
weathering. Similarly, the Chemical Index of Weathering 
(CIW) of Nesbitt and Young (1982) [32] is also very high 
(92–97%; Table 1), confirming an extreme degree of 
chemical alteration.  
 

 
 

Fig 7: A–CN–K ternary diagram (Nesbitt and Young, 1984) [32]. 
Same legend as in Fig. 5 
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In the A–CN–K diagram (Nesbitt and Young, 1984) [32] 
(Fig. 7), the samples plot close to the Al₂O₃ apex, with high 
A values (84.8–90.5%) and low CN contents (3.0–7.1%). 
This marked depletion of Ca and Na reflects intense 
plagioclase alteration, consistent with warm and humid 
climatic conditions that promote strong hydrolytic 
weathering. The samples follow the typical weathering trend 
toward the aluminous clay mineral field, which aligns with 
the high CIA, CIW, and PIA values. Overall, the diagram 
indicates chemically mature sediments derived from 
strongly weathered source rocks. 
 
Provenance 
The Roser and Korsch (1988) [37] diagram (Fig. 8) 
classically used for provenance determination, places 
samples NDJ1 and NDJ3 in the field of quartzose sediments 
of mature continental provenance, and NDJ4 and NDJ6 in 
the mafic field. This contradicts the nature of the Chari 
catchment, which is predominantly composed of felsic 
rocks. This discrepancy reflects the limitation of this 
diagram for highly weathered mature sediments for which 
the leaching of the most mobile major elements (Ca, Na, K) 
leads to erroneous results (Cox et al., 1995) [12]. 
 

 
 

Fig 8: Roser and Korsch (1988) [37] diagram. P1: mafic igneous 
provenance. P2: intermediate igneous provenance. P3: felsic 

igneous provenance. P4: quartzose sediments of mature continental 
provenance. Same legend as in Fig. 5 

 
The diagrams (not shown) based on relatively immobile 
elements, such as Cr vs. Ni (Garver et al., 1996) [19], Cr/V 
vs. Y/Ni (McLennan et al., 1993) [30], TiO₂ vs. Zr (Hayashi 
et al., 1997) [21], and the Ni–V–Th*10 diagram (Bracciali et 
al., 2007) [8] indicate a felsic source without significant 
mafic input, which is consistent with the predominantly 
felsic composition of the Chari catchment. 
The negative Eu anomaly observed in the REE/chondrite 
patterns (Fig. 3), the La/YbNC, and the LREE/HREE ratios 
(Table 1) also suggests derivation from felsic upper 
continental crust sources (Taylor and McLennan, 1985) [44]. 
More precisely, the positive Eu anomaly in the REE/PAAS 
patterns (Fig. 4) is consistent with observations from most 
large river sediments worldwide (Bayon et al., 2015) [4], 
whose catchments have diverse lithologies, such in the 
Chari Basin (Fig. 1), rather than a strictly granitic source, 

which would typically display a negative Eu anomaly 
(Singh, 2009) [42]. 
The La/Th vs. Hf diagram (Floyd and Leveridge, 1987) [18], 
initially developed for discriminating the tectonic settings of 
source rocks associated with island arcs but subsequently 
applied to provenance analysis of siliciclastic sedimentary 
rocks, furthermore indicates a significant contribution from 
recycled older sedimentary material (Fig. 9). 
 

 
 

Fig 9: La/Th vs Hf diagram (after Floyd and Leveridge, 1987) [18] . 
UCC, Upper continental Crust and LCC, Lower Continental Crust 
after Taylor and MC Lennan (1985) [44]. Same legend as in Fig. 5 

 
Tectonic Setting   
The tectonic discrimination diagram of Bhatia (1983) [6] (not 
shown) place the samples in the passive margin field. The 
tectonic discrimination diagram of Verma and Armstrong-
Altrin (2013) [49]  (not shown) indicate a continental rift, 
while the DF(A–P)M (−2.26 to −1.29) and DF(A–P)MT (2.44 to 
4.51) values obtained using the discriminant functions of 
Verma and Armstrong-Altrin (2016) [50] indicate a passive 
margin setting (Fig. 10). Together, these results consistently 
indicate an intraplate tectonic environment. The Chari 
sediments are derived predominantly from the recycling of 
Quaternary deposits and the Continental Terminal 
Formation, with a lesser contribution from the Pan-African 
basement. Consequently, the inferred intraplate affinity 
reflects the mature composition of recycled sediments, 
thereby overprinting the primary tectonic signature of the 
Pan-African basement. 
 

 
 

Fig 10: Discriminant functions (DF) after Verma and Armstrong-
Altrin (2016). Same legend as in Fig. 5 
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Redox conditions 
Redox conditions strongly control trace element mobility 
and enrichment during sediment deposition by regulating 
their oxidation state, solubility, and fixation in mineral 
phases. The Ce anomaly Ce/Ce*NPAAS is commonly used as 
a redox proxy because Ce is the only REE that can be 
significantly oxidized from Ce³⁺ to the less soluble Ce⁴⁺ 
under oxidizing conditions, leading to its preferential 
removal from solution and the development of negative Ce 
anomalies. In contrast, reducing conditions generally inhibit 
this process and may preserve or even produce positive Ce 
anomalies. The Ce anomalies observed in the studied 
samples are weak (0.92–1.05; Table 2). According to the 
Ce/Ce* vs. Pr/Pr* discrimination approach proposed by Bau 
and Dulski (1996) [3] (Fig. 11), with Pr/Pr*NPAAS values 
varying between 0.96 and 1.04 (Table 2), the observed Ce 
anomalies are apparent, and reflect minor anomalies in La 
rather than significant redox-controlled Ce fractionation. 
 

 
 

Fig 11: (Pr/Pr*)NPAAS versus (Ce/Ce*)NPAAS diagram (after Bau 
and Dulski, 1996) [3]. I: neither Ce no La anomaly; IIa: positive La 

anomaly, no Ce anomaly; IIb : negative La anomaly, no Ce 
anomaly; IIIa: positive Ce anomaly; IIIb: negative Ce anomaly. 

Same legend as in Fig. 5 
 
Several relatively immobile trace-element ratios are 
commonly used to assess redox conditions in sedimentary 
depositional environments (reviewed in Tribovillard et al., 
2006) [48]. The U/Th ratio is a widely used proxy: low values 
(< 0.75) indicate oxic conditions, whereas high values (> 
1.25) reflect anoxic settings (Jones and Manning, 1994) [23]. 
The studied samples display low U/Th ratios (0.24–0.27; 
Table 3), pointing to deposition under oxic conditions. 
Similarly, Ni/Co ratios < 5 are indicative of oxic conditions, 
whereas values > 5 suggest suboxic to anoxic environments 
(Jones and Manning, 1994; Madhavaraju et al., 2016) [23, 27]. 
The low Ni/Co ratios obtained here (2.31–3.21; Table 3) 
support deposition under oxic conditions. Similarly, V/Cr 
ratios below 2 (1.02–1.25; Table 3) are also indicative of an 
oxic depositional environment (Rimmer, 2004) [36]. 
 
Climate 
The high CIA, CIW, and PIA values, together with the 
sample positions in the A–CN–K diagram of Nesbitt and 
Young (1984) [33], point to a warm and humid climate. 
Several major and trace element ratios are also commonly 
used as geochemical proxies to reconstruct the paleoclimatic 

conditions that prevailed during sediment deposition 
(reviewed in Shaltami and Ben Hkoma, 2024) [41]. 
Humid climatic conditions are typically associated with low 
K₂O/Al₂O₃ ratios (<0.2), whereas values >0.2 are indicative 
of arid environments (Roy and Roser, 2013) [38]. The 
consistently low K₂O/Al₂O₃ ratios (0.07–0.09; Table 1) 
obtained for the studied samples therefore support 
deposition under a humid climatic regime. 
The Mg/Ca ratio is highly sensitive to climatic shifts. In 
general, high ratios indicate aridity, whereas low ratios 
reflect humid conditions (Song, 2005) [43]. The low Mg/Ca 
values of the studied samples (0.9–1.0; Table 1) are 
consistent with a humid climate. 
Similarly, the Al₂O₃/MgO ratio in clay minerals serves as a 
useful paleoclimatic indicator, with high values reflecting 
warm-humid conditions and low values indicating drier 
climates (Liu and Zhou, 2007) [25]. The elevated Al₂O₃/MgO 
ratios obtained here (22–32; Table 1) further support warm 
and humid climatic conditions. 
The Rb/Sr ratio is a widely used geochemical proxy for 
evaluating paleoweathering intensity and associated 
paleoclimatic conditions in sedimentary rocks (Zou et al., 
2021) [57]. During chemical weathering, Sr primarily hosted 
in plagioclase and carbonates, is readily mobilized and 
removed by leaching, whereas Rb, commonly associated 
with K-bearing clay minerals and micas, tends to be retained 
in the weathering products (Nesbitt and Young, 1982; Cox 
et al., 1995) [32, 12]. Consequently, increasing Rb/Sr ratios 
generally reflect progressive depletion of mobile cations 
under intensified chemical weathering in warm and humid 
climates. Low Rb/Sr values (<5) are typically associated 
with weak weathering and relatively arid or cold conditions, 
whereas moderate to high values (>5) indicate stronger 
hydrolytic alteration and enhanced leaching (Cullers, 2000; 
Zou et al., 2021) [13, 57] . However, this ratio may also be 
influenced by sediment recycling, grain-size sorting, 
mineralogical composition, and quartz dilution, particularly 
in compositionally mature sediments (Cox et al., 1995) [12]; 
it is therefore most reliably interpreted in combination with 
major-element weathering indices such as CIA. In the 
present study, the high CIA values (81–86; Table 1), 
together with moderate Rb/Sr ratios (0.85–1.19; Table 3), 
further corroborate intense chemical weathering of the 
source rocks under warm and humid climatic conditions 
The Climatic Index (C.I.) is also used to characterize the 
paleoclimate. Under humid climatic conditions, intense 
chemical weathering promotes the leaching of soluble 
cations, whereas relatively immobile elements such as Fe, 
Mn, Cr, Ni, V, and Co are preferentially retained in soils 
and sediments through their association with clay minerals 
and Fe–Mn oxyhydroxides. Conversely, under arid 
conditions, limited chemical weathering and intense 
evaporation favour the accumulation of relatively mobile 
elements such as Ca, Mg, Na, K, Sr, and, to a lesser extent, 
Ba through the precipitation of carbonate and evaporite 
minerals. Based on these contrasting geochemical 
behaviours, the Climatic Index calculated as C.I. = (Fe + 
Mn + Cr + Ni + V + Co) / (Ca + Mg + Sr + Ba + K + Na) 
(Cao et al., 2012) [9], has been proposed as a proxy for 
paleoclimatic conditions. According to the classification 
established by Ding et al. (2018) [15] and Awan et al. (2020) 
[1], C.I. values > 0.8 indicate humid climates, whereas values 
of 0.6–0.8, 0.4–0.6, 0.2–0.4, and < 0.2 correspond to 
semi-humid, semi-humid to semi-arid, semi-arid, and arid 
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climates, respectively. Although grain-size sorting and 
source-rock composition may also influence the C.I., the 
consistently high values obtained for all samples (1.2–2.2) 
are consistent with deposition under a humid climatic 
regime. 
The Ga/Rb versus Sr/Cu diagram provides complementary 
information on the intensity of chemical weathering and 
paleoclimatic conditions (Xie et al., 2018) [53]. The Ga/Rb 
ratio is widely used as an indicator of the intensity of 
hydrolytic weathering. Gallium is relatively immobile and 
becomes concentrated in Al-rich secondary minerals, 
especially kaolinite, during weathering (Nesbitt and Young, 
1982; McLennan, 1993). By contrast, Rb, which is mainly 
hosted in K-feldspar and micas, is released during their 
alteration. Although some Rb is incorporated into illite, 
much of it is removed by leaching as chemical weathering 
intensifies. As a result, higher Ga/Rb ratios are 
characteristic of stronger weathering under warm and humid 
climatic conditions. In contrast, Sr is preferentially enriched 
under arid conditions because evaporation promotes its 
incorporation into carbonate and evaporite minerals, 
whereas Cu is mainly associated with organic matter and 
tends to be preserved in sediments deposited under humid 
conditions. Consequently, Sr/Cu values lower than 
approximately 5 generally indicate humid climatic 
conditions, whereas values above 5 indicate cool and/or arid 
climates (Xu et al., 2017) [53]. 
 

 
 

Fig 12: Ga/Rb versus Sr/Cu diagram (after Xie et al., 2018) [53]. 
Same legend as in Fig. 5 

 
In the Ga/Rb versus Sr/Cu diagram of Xie et al. (2018) [53] 
(Fig. 12), the clay (NDJ6) and clayey sand (NDJ4) samples 
indicate a warm and humid climate. The slightly lower 
Ga/Rb values of the quartz-rich sandy samples (NDJ1 and 
NDJ3) are interpreted as the result of grain-size sorting and 
quartz dilution rather than cooler climatic conditions during 
the Upper Holocene. Overall, the geochemical data 
consistently support a warm and humid paleoclimate. 
 
Conclusion 
The geochemical signatures of the studied sediments 
indicate that their composition is predominantly governed 
by the interplay of intense chemical weathering, sediment 
recycling, and grain-size sorting. The combined use of 
major elements, immobile trace elements, REE, and 
weathering indices enables a coherent reconstruction of the 
Late Holocene sedimentary system of the Chari River, 

indicating derivation from predominantly felsic source 
rocks, with deposition occurring under oxic conditions in a 
warm, humid climate. The low REE concentrations preclude 
any significant economic potential. This study provides the 
first geochemical baseline for Holocene Chari River 
sediments. Despite being limited to four samples, these 
findings establish a valuable foundation for future research 
on paleoenvironmental reconstructions and environmental 
geochemistry in the Lake Chad basin. 
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