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Abstract

Geochemical studies of major and trace elements were conducted on Miocene sediments from three sections of the Lower
Chelif Basin, Northern Algeria. Geochemical proxy records demonstrate that the Lower Chelif Basin has experienced
weak to moderate weathering and the Index of Compositional Variability (ICV) values suggest that these sediments were,
in general, enriched in rocks forming minerals. Al,O5 versus (vs.) K,O diagrams indicate that, in Miocene sediments, the
minerals containing Al,O5 and K,O are primarily illite; likely derived from K-feldspar decomposition. The application of the
Al,O; vs TiO, binary plot, as a provenance indicator, indicates that all the samples fall along the basalt 4+ rhyolite/granite line
indicating that the sediments derived from mixed source sediments the composition of which ranges from mafic and felsic
rocks. Compared to Upper Continental Crust (UCC) composition, Miocene sediments depict strong depletion in SiO,, Al,O;,
MnO, Na,O, K,0, Zr and Sr during the weathering process as well as an enrichment in Cr and Cu. Calculated percentage
variation plotted against the Chemical Index of Alteration (CIA) diagrams provides a basis for assessing the chemical mobility
during weathering in the Chelif Basin. For the study stratigraphical range, Si, Al, Mn, Na and K show depletion in relation to
Ti. Sodium decreases more rapidly than K, suggesting a Na-plagioclase alteration higher than that of K-feldspar. During the
Tortonian, the chemical motilities of Rb and K are tightly correlated (r=0.72), but the former decreases lesser. Calculated
values of C-proxy suggest a roughly semi-arid to semi-moist climate during the Burdigalian-Langhian, arid to semi-arid
during the Tortonian and more humid conditions during the Messinian. Sr/Ba ratio ranging from 0.44 to 6.48 indicates a
palaeoenvironment with variable salinity during the Miocene.
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Resumen

Se han llevado a cabo los andlisis quimicos de elementos mayoritarios y traza de los sedimentos miocenos de tres secciones
estratigraficas de la Cuenca del Bajo Chelif en el Norte de Argelia. El registro de indicadores geoquimicos demuestra
que la Cuenca del Bajo Chelif ha experimentado una meteorizacién entre débil y moderada y los valores del Indice de
Variacién Composicional sugieren que estos sedimentos estaban, en general, enriquecidos en minerales petrogenéticos.
Los diagramas Al203 vs. K20 muestran que, durante el Mioceno, el principal mineral que contiene Al3+ y K+ fue la ilita,
probablemente originada por alteracion de feldespato potésico. La aplicacion del diagrama Al203 vs TiO2, como indicador de
procedencia apunta a que todas las muestras caen en la linea que separa los campos de basalto y riolita/granito, lo que indica
que el sedimento deriva de una fuente mixta con una composicién que varia entre una fuente de rocas maficas y félsicas.
Comparado con la composicién promedio de la corteza continental superior (UCC), los sedimentos miocenos muestran
un fuerte empobrecimiento en Si02, A1203, MnO, Na20, K20, Zr y Sr producido durante la meteorizacién asi como un
enriquecimiento en Cr y Cu. Los diagramas de porcentaje de variacion de los distintos elementos respecto a la UCC frente
al indice de alteracién quimica (CIA) proporcionan la base para comprender la movilidad quimica durante la meteorizacién
en la Cuenca del Chelif. Para el intervalo estratigrafico estudiado el Si, Al, Mn, Nay K muestran empobecimiento respecto
al Ti. El Na decrece mas rapidamente que el K, sugiriendo una mayor alteracién de la plagioclasa s6dica que del feldespato
potésico. Para el Tortoniense, la movilidad de Rb y K esté claramente relacionada (r = 0.72), con una menor disminucién
del Rb. Los valores del indice-C (C-proxy) sugieren un ambiente entre semidrido y semihimedo durante el Burdigaliense-
Langiense, entre 4rido y semidrido para el Tortoniense y mas himedo durante el Messiniense. La relacion Sr/Ba, que varia

entre 0.44 y 6.48, indica un paleoambiente con variable salinidad durante el Mioceno.

Palabras clave Cuenca de Chelif - Norte de Argelia - Mioceno - Geoquimica - Meteorizacién - Procedencia

1 Introduction

Geochemistry of sedimentary rocks provides important
information about the provenance and environmental
conditions in the sedimentary basin. Analyzing the
composition of elements in rocks or sediments (both major
and trace elements) is a valuable method for evaluating
the extent of chemical weathering and for understanding
the geological processes that have affected them (Liu
et al., 2009; Nesbitt & Young, 1982; Singh et al., 2005).
Approaches can be carried out by a great variety of
methods discussed in literature such as indexes of chemical
weathering (e.g. Fedo et al., 1995; Harnois, 1988; Nesbitt
& Young, 1982; Parker, 1970), ratios and bivariate plots
to decipher provenance (e.g. Amajor, 1987; Hayashi et al.,
1997) and calculated ratios for determining climate and
salinity conditions (Jian et al., 2012; Meng et al., 2012;
Vosoughi Moradi et al., 2016).

In Northern Algeria, geological researches conducted on
the Miocene successions of Lower Chelif Basin are mainly
focused on biostratigraphical, palacogeographical and
geodynamic aspects (e.g. Belkebir, 1986; Belkebir et al.,
1996; Belkebir et al., 2002; Bessedik et al., 2002; Belhadji
et al., 2008). To our knowledge, very few researches have
focused on geochemical analyses aiming at a reconstruction
of palaeoenvironmental conditions. This work is focused
on the geochemical analysis of the Miocene rocks from
three reference sections selected from the northern and
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southern margins of the Lower Chelif Basin. The aim of
this study is to decipher the degree of palaeo-weathering,
the provenance, and the palacoclimate and palaeosalinity
of the depositional conditions during different intervals of
Miocene: Burdigalian-Langhian, early Tortonian, and early
Messinian.

2 Geological setting and stratigraphic
framework

After the 80’s, many pluridisciplinary works have been
made on the Lower Chelif Basin (Meghraoui, 1982, 1986;
Rouchy, 1982; Rouchy, et al., 2007; Thomas, 1985; Belkebir,
1986; Ameur-Chehbeur, 1988; Saint-Martin, 1990; Neur-
din-Trescartes, 1992, 1995; Belkebir et al., 1996; Belkebir
et al., 2002; Bessedik et al., 2002; Aifa et al., 2003; Atif
et al., 2008; Belhadji et al., 2008; Mansour et al., 2008; Arab
et al., 2015). This 100 -km-long synorogenic basin belongs
to the sublittoral Neogen basins of northwestern Algeria. It
is located between the littoral massifs (Murdjadjo, Orousse
and Dahra) to the North, and the Tessala Mountains, Ouled
Ali, Béni Chougrane and Ouarsenis, to the South (Fig. 1A).
The Lower Chelif Basin is related to paroxysmal phases of
the Alpine Orogen (e.g. Aifa et al., 1992; Arab et al., 2015;
Neurdin-Trescartes, 1992; Thomas, 1985; Wildi, 1983) and
is characterized by Miocene to Quaternary sediments overly-
ing unconformably Mesozoic basement (Cretaceous schists)
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(Fig. 1B). In this area, the occurrence of alkaline and calc-
alkaline rock types was reported by Aifa et al. (1992).

The rock layers of the lower Miocene, along with their
corresponding features, display notable variations that
manifest in both geographically and stratigraphically. These
distinctions are evident across diverse locations within a
given area, showcasing spatial heterogeneity. Moreover,
the characteristics of these lower Miocene rocks undergo
changes at different points in geological history, highlighting
temporal dynamics. This variability underscores the
complexity and dynamic nature of the lower Miocene
geological formations.

Therefore, the mostly marine sediments are mainly
composed of bluish marls that laterally change into
sandstones, purple indurated marls and conglomerates (e.g.
Bessedik et al., 2002). According to Neurdin-Trescartes
(1992, 1995) and Arab et al. (2015), the marine lower
Miocene was deposited during a compressional episode
in a piggyback position on top of the still moving Tellian
allochthonous block.

The middle Miocene marine deposits consist of
conglomerates, sandstones and blue to grey marls attributed
to the Langhian (Belkebir et al., 1996). This succession is
overlain by the Serravallian grey marls, sandstones, red clays
and conglomerates (Bessedik et al., 2002).

During the late Miocene (Tortonian-Messinian), the
North- and Southern margins of the Chelif Basin were
characterized by sedimentation from marine and continental
environments (blue marls, diatomites and evaporites)
showing a significant variation in thickness.

The Ouillis and Amarna sections from the northern
margin of the Lower Chelif Basin, and the Tiraouet section
from the southern margin are the three sections have been
discussed in this study (Fig. 1A).

3 Stratigraphic setting of the studied
sections

3.1 Tiraouet section

The Tiraouet section, is located in the SE of Chlef
village, around 15 km North from Sendjas (Fig. 1).
This section consists of marls assigned to uppermost
Burdigalian—-Langhian by Bessedik et al.(2002)(Fig. 1). The
association of planktic foraminifera is represented by the
Globigerinoides trilobus and Globoquadrina baroemoensis
species which confirm the Burdigalian-Langhian age
attributed by Bessedik et al. (2002). The studied section is
73-m thick (Figs. 2 and 3) and is made of:
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e -Blue marls (39 m) passing to sandy marls to the top.
This stratigraphic interval is topped by a 0.8-m thick
cineritic bed (Fig. 3).

e -Purple indurated marls (34 m) devoid of
macroinvertebrate fossils, overlain by a conglomerate
bar.

3.2 Ouillis section

This basin northern margin section is located in the
southwestern part of the Dahra Massif, to the North of Sidi
Bel Attar locality (Fig. 1). Samples were collected at the
Ouillis Quarry, where this section consists of the upper
part of the diatomitic formation (19 m). This stratigraphic
interval can be subdivided into two distinct lithological units
as shown in Fig. 2:

3.2.1 MemberA

This member (14 m) is represented by centimetric to
decimetric marl/diatomite alternation. From bottom to top
are distinguished (Mokhtar Sametet al. 2022; Fig. 3):

e Nine meters of monotonous alternation of marls and
white diatomite beds, starting with a 10 cm-cineritic
level. The beige base and top of the diatomitic beds are
more or less marly, passing gradually into marly terms.
Massive and platelet-form marly intervals (0.15-0.70 m)
are brown at the base, becoming black and passing
gradually to diatomite facies. Samples collected from
this section have delivered radiolarian associations with
Dictyocoryne sp., Hymeniastrum sp., Actinosphaera sp.,
Ctinosphaera sp. and Porodiscus sp. (Mokhtar Samet
et al. 2021, 2022).

e Five meters of tight alternation of 11 sequences including
laminated diatomite-marls and laminated diatomite-
marls-gypsum terms. Gray laminated diatomites contain
sometimes fish scales and black marl (0.10-0.70 m),
showing occasionally lamination. The presence of five
1-2 cm-thick gypsum levels was distinguished.

3.2.2 MemberB

This member (5 m) is characterized by a rhythmic
alternation of marls and diatomite beds (Fig. 3). The vertical
organization of this member shows the presence of three
binary sequences (marl-diatomite). To the top the grayish/
beige marls reveal the presence of intercalations of three-
centimeter thick beds of diatomites. This member ends with
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centimetric limestone beds resting on the underlying marls
via gullies.

In the Ouillis section, the diatomitic formation age
determination was based on micropaleontological data
and regional correlations (Mokhtar Samet et al. 2021,
2022). In fact, a single association of benthic foraminifera
characterizes the member B of the study section, including:
Bulimina subulata, Bulimina aculeata, Bolivina dilatata,
Bolivina dentellata, Uvigerina sp. and Rectuvigerina
cylindrica. This association allows to assign a Messinian age
(Globorotalia mediterranea Biozone). Regional correlations
and diatom assemblages of the member A from the area
(Bois Sacré, Douar Ouled Bettahar and Djebel Ben Dourda
sections) allowed to Mansour et al. (2008) to confirm the
attributed Messinian age (upper Miocene).

3.3 Amarna section

Amarna section is located to the northeastern of Djebel Diss
(northern margin of the Chelif Basin), about 16 km North
from Mostaganem city (Fig. 1). This section is composed of
three formations (Fig. 2):

e -Blue marls Fm (64 m): yellowish sandy marls at the
base and blue marls to the top (Fig. 3).This unit is
covered by a 0.30 m-thick conglomerate bar. The
planktic foraminifera association consists mainly in
Neogloboquadrina acostaensis, Globorotalia scitula,
Globigerinoides obliquus, Globigerinoides trilobus,
Globigerina bulloides. This enabled us to give a lower
Tortonian age (Neogloboquadrina acostaensis Biozone)
to this member and confirms the datation of Belhadji
et al. (2008).
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Blue marlerm

Fig.3 Photographs of the Miocene formations

e -Marls with gypsum-limestone intercalations (MGC
Fm) (10 m): this marl outlier formation includes
gypsum-limestone beds (Fig. 3F). It has been dated as
upper Messinian by correlation with the Mediterranean
Basin evaporite deposits (Belhadji et al., 2008). This
mainly evaporitic succession is overlain by the Pliocene
(Zanclean) Trubi Fm whitish marls.

@ Springer

4 Proxies for chemical mobility
and enrichment and palaeoclimate

4.1 Proxies for chemical mobility and enrichment

Weathering is primarily a function of the mobilization,
fractionation and redistribution of major and trace
elements (Singh et al., 2005). It is affected by various
processes such as dissolution, hydration, and oxidation
of primary minerals, and formation of secondary
minerals, transportation of material, and ion exchange
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on various minerals (Chesworth et al., 1981; Nesbitt
et al., 1980). Titanium is relatively immobile during
weathering (Nesbitt, 1979) and is consequently chosen
for the calculation of chemical mobility of major and
trace elements (Hill et al., 2000; Middleburg et al., 1988;
Singh et al., 2005). Percentage change of major and trace
elements were evaluated in terms of percentage shifts of
each element. The enrichment factor EF for any element x
is given by the following equation:

X/TiO,)Sample
(X/Ti0,)

EF() = (X/Ti0,)UCC

4.2 Proxies for palaeoclimate

It is generally accepted that Fe, Mn, Cr, V, Ni and Co are
relatively enriched under moist conditions (Jian et al.,
2012). In contrast, the strengthening of water alkalinity
due to evaporation under arid conditions causes saline
minerals precipitation, leading Ca, Mg, K, Na, Sr and Ba
to concentrate (Jian et al., 2012). Considering the different
chemical behavior and nature of the both above defined
groups of elements, their ratio is proposed as a proxy
for climatic change. In this context, Zhao et al. (2007),
Cao et al., (2015) and Vosoughi Moradi et al. (2016)

applied de C-value [C-value=(Fe+Mn+Cr+Ni+V
+ Co)/(Ca+Mg+ Sr+Ba+ K+ Na)] as an indicator for
palaeoclimate.

5 Material and methods

This research is based on the processing and analysis of
48 marl samples from the Tiraouet (23), Ouillis (17) and
Amarna (8) sections (Fig. 2). Total elements contents were
analyzed at Tlemcen University using a sequential XRF
spectrometer (Wavelength- Dispersive, Brucker-Axs: SRS
3400) on homogenized powdered bulk samples. Samples,
reduced to powder, were mixed with lithium tetraborate,
and then melted at 1200 °C to obtain transparent and homo-
geneous glasses (borate beads). When the samples are not
suitable for this process, they are prepared in the form of
pellets. An analysis program was established based on the
type of sample and concentration range, including the chem-
ical elements to be quantified. The obtained borate beads or
pellets were subjected to primary X-ray radiation source,
which leads to the excitation of atoms that will emit a char-
acteristic secondary X-ray fluorescence radiation indicative
of the chemical composition of the sample being analysed.
Data processing was performed using the Spectra 3000AT
software. The main elements analyzed as weight percentage
of oxides were Si0,, Al,O5, Fe,05, CaO, MgO, Na,0, K,0,
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Fig.4 Box plots of Tiraouet sample sediments
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Fig.6 Box plots of Ouillis sample sediments

P,0s5, SO;, MnO, and TiO,. Trace elements contens (Rb,  elements of the analyzed samples are reported are reported
Sr, Ba, Ni, Cr, Cu, Zr, Zn, and Pb) are expressed as parts in Figs. 4, 5, 6.
per million (ppm). The concentrations of oxides and trace
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The degree of chemical weathering for the Miocene sedi-
ments was calculated using the Chemical Index of Altera-
tion (CIA) (Nesbitt & Young, 1982) and Plagioclase Index
of Alteration (PIA) (Fedo et al., 1995). These indexes
can be used for quantitative evaluation of the weathering
degree of rocks. The used formula for CIA is given by:
CIA =100 x Al,0,/(A1,05 + CaO" + Na,O + K,0) where
CIA is a non-dimensional parameter ranging from O to 100,
corresponding to increasing weathering and sediment matu-
rity. Element abundances are expressed as molar proportions
and CaO* represents the Ca associated within the silicate
mineral/non-carbonate fraction of the sediment. The CaO*
concentrations were calculated using the formula by Fedo
et al. (1995).

The PIA provides a quantitative estimation of secondary
clay mineral from primary feldspars (Nesbitt & Young, 1982)
and volcanic glasses (Fedo et al., 1995). During the weathering
of feldspar from the source rock, Ca is considerably leached
quickly in comparison to Na and K. Therefore, with an
increasing intensity of weathering, the total alkali content
in the rock and K,0/Na,O ratio are of opposite variations (a
decrease in total alkali K,0 +Na,O content is related to an
increase in K,0/Na,O ratio). It is considered as being due to
the fact that the breaking down and removal of plagioclase
feldspar is rather preferred instead of K-feldspars (Nesbitt &
Young, 1984). For fresh rocks, PIA is 50; however, for some
clay minerals (kaolinite, illite, smectite), it is approximately
100 (Fedo et al., 1995).

The Index of Compositional Variability ICV) of Cox et al.
(1995) given by ICV = (Fe,O; +K,0+Na,0+CaO+MgO
+MnO +Ti0,)/Al,0; is a proxy for indicating the maturity
degree of alumino-siliciclastic materials delivered to the sedi-
mentary basin (Maslov et al., 2003). Immature shales with
a high percentage of silicate minerals (except clay minerals)
are characterized by ICV > 1. In contrast, more mature clayey
rocks with abundant proper clay minerals have lower ICV
values (Maslov et al., 2003). Values of ICV <1 are typical of
minerals such as illite, kaolinite, and muscovite; higher values
(> 1) being characteristic of rock forming minerals such as
plagioclase, K-feldspar, amphiboles and pyroxenes (Cox et al.,
1995; Moosavirad et al., 2011).

The SiO,/Al,O; ratio is a significant index for indicating
the maturity of sedimentary rocks and the K,0/Al,O; ratio
is commonly used as an indicator of the original composition
of sediments. The K,0/Al,O; ratio can evaluate the amount
of alkali feldspar vs. plagioclase and clay minerals within the
original shales (Cox et al., 1995). According to these authors,
this ratio is < 0.3 for clays but ranges between 0.3 and 0.9
for feldspar. Sediments with K,0/Al,O; ratios > 0.5 suggest
a relatively significant amount of alkali feldspar within the
original shale; those < 0.4 indicate a minimal alkali feldspar
in the original shale (Cox et al., 1995).

Al,05/Ti0, ratios of most clastic rocks are essentially
used to infer the source rock compositions. In fact, this ratio
increases from 3 to 8§ for mafic igneous rocks, from 8 to 21 for
intermediate rocks, and from 21 to 70 for felsic igneous rocks
(Hayashi et al., 1997).

We have also applied the geochemical proxy
C-value [C-value=(Fe+ Mn+ Cr+ Ni+ V + Co)/
(Ca+Mg+Sr+Ba+K+Na)] as an indicator for palacoclimate
(Zhao et al., 2007; Cao et al., 2015; Vosoughi Moradi et al.,
2016). This geochemical proxy relates elements typically
enriched under moist conditions (Fe, Mn, Cr, V, Ni and Co;
Jian et al., 2012) and elements relatively enriched under arid
conditions (Ca, Mg, K, Na, Sr and Ba; Jian et al., 2012).

The Zr/Al and Rb/Al are used as detrital proxies of eolian
contribution (Zr/Al; Pye, 1987; Rodriguez-Tovar & Reolid,
2013) and fluvial transport (Rb/Al; Chester et al., 1977;
Mokhtar Samet et al., 2022; Rodriguez-Tovar & Reolid, 2013).

6 Results
6.1 Major oxides and trace elements

In the lower Miocene sediments of the Tiraouet section,
major oxide contents consist of 45.68 to 57.19% SiO,; 14.31
t0 20.42% Al,05; 5.29 to 7.43% Fe,05; 3.89 t010.70% CaO
(Fig. 4). Within the spectrum of analyzed trace elements,
particular significance is attributed to the content variations
of three key elements. Strontium demonstrates noteworthy
concentrations, spanning from 168 to 381 ppm, Cu exhibits
a range of concentrations extending from 185 to 415 ppm,
and Ba displays considerable variability, with content levels
ranging between 70 and 476 ppm (Fig. 4).

Within Tortonian sediments of Amarna section,
contents ofSiO, (19.30 to 51.54%); Al,O; (3.48 to
13.94%), Fe,05 (1.57 to 5.94%) and CaO (7.46 to 38.58%)
are generally lower than that of the lower Miocene of
Tiraouet section (Fig. 5). Among the analyzed trace
elements, Sr presents the highest concentration (260 to
1978 ppm) followed by Ba (196 to 396 ppm) (Fig. 5).

In the case of the lower Messinian sediments of the
Ouilis section, main elements consist of SiO, (32.28
to 59.49%), Al,05 (9.77 to 16.97%) and CaO (0.03 to
24.04%) (Fig. 6). Among the analyzed trace elements,
highest contents correspond to Ba (317 to 3822 ppm), Sr
(106 to 748 ppm) and Rb (144 to 267 ppm)(Fig. 6).

6.2 Chemical proxies for weathering and maturity
According to Song et al., (2014), CIA values in the

intervals of 50-65, 65-85 and 85-100 represent,
respectively, weak weathering under cold and dry climatic
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ments. Chemical composition of and PAAS after McLennan (2001)
and UCC after Rudick and Gao (2003)

conditions, moderate weathering under warm and moist
conditions, and strong chemical weathering in tropical or
subtropical areas under hot and humid conditions.

The CIA values of the lower Miocene in the Tiraouet
section vary between 68.69 and 76.79 (average 73.56,
standard deviation (SD) 2.35). Those of the Tortonian
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sediments, in Amarna section, range from 59.41 (top)
to 74.72 (average 67.78, SD 6.74) which indicates that
these rocks experienced a weak to moderate weathering.
CIA values of Messinian sediments in Ouillis section
vary between 70.02 and 79.25 (average 74.98, SD 2.65)
(Fig. 7).

These values are higher than that admitted for the upper
continental crust (UCC) without weathering (CIA =48,
Rudnick & Gao, 2003) and post-Archean Australian
Shale (PAAS, CIA =70, Taylor & McLennan, 1985; and
CIA =57, McLennan, 2001), implying that all Miocene
sedimentary rocks have suffered from weak to moderate
weathering (Fig. 7).

The sediments from the three stratigraphic intervals stud-
ied are clearly differentiated from a scatter diagram of CIA
vs. Na/K ratio (Fig. 8). Lower Messinian samples from Ouil-
lis section are clearly characterized by the lowest values of
Na/K ratio. The lower Tortonian samples from Amarna sec-
tion present the lowest values of CIA.

In the present study, PIA values are variable in the
different sections. For Lower Miocene sediments of the
Tiraouet section they range from 73.34 to 87.97 (average
80.45; SD 4.05). PIA values are relatively lower in the lower
Tortonian of Amarna section ranging from 61.88 to 83.10
(average 73.27; SD 9.10), with a decreasing trend to the top



Journal of Iberian Geology (2024) 50:137-156

147

2.0

1.5

0.5

0.0

log (Fe203/ KzO)

-0.5

Fe-shale

Fe-sand

]

CwANA
% Wk/ LA [ Sublitharenite
Shale
(]

Quartz
arenite

Arkose Subarkose

5
4 °
<
3 Immature Ofe
2
ICV g
2 - q
ICVuce=1.25 of =
[ ]
e -8 & __
1 %
ICVrans=0.85 P
Mature
0 | | |
40 50 60 70 80 920 100
CIA
® Tiraouet e Amarna e Ouillis

Fig.9 CIA vs ICV diagram

100 -
90 |-
80—
701
60—
°
50~ g
y e £
Gabbroh of & S &
T S
(5@
<
(&]
L | L | L I L | L
CN K
® Tiraouet ® Amarna e Ouillis

Fig.10 Ternary A-CN-K diagrams of the studied marl depos-
its (in molar proportions). Symbols are as follows A: Al,O;, CN:
CaO+Na,0, K: K,0, Sm: smectite, Il: illite, Mu: muscovite, Ka:
kaolinite, Ch: chlorite, Gi: gibbsite, Pl: plagioclase, Ks: K-feldspar

(Fig. 7). Finally, the highest values are recorded in the lower
Messinian marls of the Ouillis section ranging from 77.63 to
92.30 (average 85.38; SD 4.12).

The ICV values of the study sediments are > 1 for the
Burdigalian-Langhian sediments of Tiraouet (1.08 to 2.25;
averagel.72), and lower Tortonian deposits of Amarna (1.98
to 21.64; average 5.58) (Fig. 9).

The ternary molecular A-CN-K plot (A: Al,O;, CN:
CaO +Na,0, K: K,O; Nesbitt & Young, 1984) has been
applied to the studied Miocene formations (Fig. 10).
The chemical weathering trends of the three sections

| | |
0.0 0.5 1.0 1.5 2.0 25

log (Si02/A1203)
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@ Tiraouet ® Amarna ® Ouillis

Fig. 11 Plot showing classification of Miocene sediments (from Her-
ron, 1988)

are sub-parallel to the A-CN boundary towards illite
composition.

6.3 Chemical proxies for provenance

Few classification schemes have been proposed to classify
the siliciclastic sedimentary rocks using major element
concentrations (Blatt et al., 1980; Crook, 1974; Pettijohn
et al., 1972). Herron (1988) classification, modified from
Pettijohn’s diagram, is based on the (Na,O/K,0) versus log
(Si0,/Al,03) diagram. This diagram allows to evaluate the
mineral stability (e.g. Descourvieres et al., 2011; Nagarajan
et al., 2014; Armstrong-Altrin et al., 2015; Hu et al., 2015;
Sahoo et al., 2016). Using the geochemical classification
diagram of Herron (1988), most Miocene sediment samples
lie in the shale category (Fig. 11).

The Si0,/Al,0; ratio is a commonly employed indicator
of the maturity of sedimentary rocks. Values of this ratio
increase during weathering and transport, and recycling is
considered as due to an increase in quartz content whereas
less resistant components such as feldspar and lithic
fragments decrease (Roser et al., 1996).

The Si0,/Al,0; ratio of Tiraouet (2.46-3.69, average
2.99, SD 0.32) and Ouillis (2.85-4.03, average 3.47, SD
0.30) sedimentary rocks is relatively high. For lower
Tortonian deposits of the Amarna section, the SiO,/Al,0;
ratio values vary between 3.47 and 7.84, (average 4.46, SD
0.57).

K,0/Al,0; ratio ranges between 0.10 and 0.17(average
0.14, SD 0.03) in the Burdigalian-Langhian sediments of
Tiraouet section, between 0.14 and 0.19 (average 0.16, SD
0.01), in the Tortonian of Amarna section, and between 0.17
and 0.19 (average 0.18, SD 0.01) in the Messinian of Ouillis
section.
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Al,05/TiO, ratios in the study stratigraphic intervals
ranges from 19.48 to 21.38 for the Burdigalian-Langhian
interval (average 20.24, SD 0.56), 18.23 to 21.65 in the
lower Tortonian sediments (average 19.39, SD 0.93), and
from 16.83 to 22.31 for lower Messinian (average 19.08,
SD 2.13).
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6.4 Proxies for chemical mobility and enrichment

The chemical changes accompanying weathering are shown
in Figs. 12 and 13. In these diagrams, the contents of each
element are plotted against samples. This allows examination
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of relative changes in element concentrations as weathering  in SiO,, Al,03;, MnO, Na,O, K,O, Zr and Sr during the
progressed. weathering process (Figs. 12 and 13). The UCC contains
Most of the samples from Tiraouet section (Burdigalian- the maximum concentrations of Fe, Ti, Cr, Zr, and Pb
Langhian) depict strong depletion (compared to UCC)  (Hill et al., 2000). All studied sediments show Ba and Cu
enrichment (Fig. 13). Samples from the top of Amarna
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Fig. 15 The C-proxy of
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palaeoclimate
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and Ouillis sections (lower Tortonian and lower Messinian
respectively) are enriched in Sr.

In order to better examine the geochemical features of
the study samples, enrichment factors for major and trace
elements (Hassan et al., 1999) relative to UCC (Taylor &
McLennan, 1985) are also applied. The enrichment factors
were plotted against the CIA values on diagrams (Fig. 14).
They can provide a basis for assessing the shift of chemi-
cal mobility during progressive chemical weathering in
the Lower Chelif Basin. Elements such as Si, Al, Mn, Na,
K and Zr show a depletion relative to UCC for the study
stratigraphical interval. Depletion of Na is more accentu-
ated than K. Some elements are generally enriched respect
to the UCC such as Cr, Cu, Rb, and Zn. The Amarna sedi-
ments (lower Tortonian) are generally less depleted in
some elements than sediments from Tiraouet and Ouillis
sections, such as Si, Fe, Ca, Mg, P, and Pb (Fig. 14).

6.5 Palaeoclimate

From a palaeoclimate point of view, the C-proxy provides
valuable insights (Fig. 15). In the Tiraouet section, which
represents the Burdigalian-Langhian period, C-proxy range
from 0.39 to 0.66, with an average of 0.47 and a standard
deviation (SD) of 0.08. On the other hand, in the Amarna
section, which represents the lower Tortonian, C-proxy vary

TIRAOUET SECTION

Rb/AI*10™ ZriAI*10"

from 0.04 to 0.41, averaging at 0.29, with a higher SD of
0.15. Finally, the Ouillis section shows the widest range of
C-proxy, spanning from 0.11 to 1.7, with an average of 0.72
and a larger SD of 0.42.

The Sr and Ba are two alkaline-earth metals with similar
chemical properties and different behaviors providing
valuable insights into palaeosalinity variation (Vosoughi
Moradi et al., 2016). The Sr/Ba ratio can be used for
determining salinity variation and its corresponding climatic
conditions. In general, the Sr/Ba ratio tends to be high in arid
conditions compared to humid conditions. This is because
in arid environment, there is tipically less rainfall and more
evaporation, which can lead to an accumulation of certain
elements in water bodies. This higher concentration of Sr
relative to Ba results in an elevated Sr/Ba ratio. In contrast,
in humid conditions where there is more rainfall and less
evaporation, the concentration of Sr and Ba in water bodies
tends to be more balanced, leading to a lower Sr/Ba ratio.
In our case study, calculated Sr/Ba ratio ranges from 0.44 to
4.51in Tiraouet section, 0.75 to 6.48 in Amarna section, and
0.05 to 1.96 in Ouillis section. There is a moderate negative
correlation between C-proxy and Sr/Ba ratio in Tiraouet
(r=-0.44) and Ouillis (r=— 0.48) sections, whereas there
is a very strong negative correlation in Amarna section
(r=—-0.91) is particularly noteworthy.
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Respect to the geochemical detrital proxies, the values of
Rb/ALl are relatively constant (usually < 15) in the studied
stratigraphic interval, but increase in the upper part of the
Ouillis section (Fig. 16). The Zr/Al ratio present the highest
values in the top of Amarna section and the upper part of
the Member A of the Ouillis section (> 20). The sediments
of the Tiraouet section present values relatively low (< 20)
compared with the upper Miocene sediments (Fig. 16).

7 Discussion

The type of materials forming the Lower Chelif Basin reliefs
is characterized by Miocene to Quaternary sediments that
unconformably overlie the Mesozoic substratum (Cretaceous
schists)(Meghraoui, 1986).

The SiO, (46-57.2%) and Al,O5 (14.2-20.4%) contents
of Miocene sediments do not exhibit large variations in the
Burdigalian—Langhian interval unlike the lower Tortonian
and lower Messinian where geochemical signatures
display abrupt changes. Indeed, in Tortonian, noticeable
variations of SiO,, Al,0; and CaO are noted along the
section. Important amounts of SiO, exist in its lower part
(46.8-55.7%) and decrease to concentrations lower than
29.6%. Similar variations were noted during Messinian
of the Ouillis section where very small amounts of CaO
(0.08-0.54%), probably due to the absence of calcite, were
recorded in the A-member. In the upper two intervals, the
decrease in SiO, and Al,O; in the upper layers and the
increase in CaO indicate weak weathering at the end of
the Tortonian and Messinian. This is confirmed by the
ICV and Si0,/Al,0; values that suggest that sediments are
immature and enriched in rocks forming minerals.

In a broad context, it is evident that the composition
of the sediments suggests a multifaceted origin, likely
derived from both magmatic and sedimentary sources.
This intricate interplay implies an ongoing recycling
process within the geological system. As this recycling
unfolds, there is a discernible trend where feldspars,
key components in the sedimentary makeup, undergo a
gradual depletion. Simultaneously, the relative prevalence
of quartz content experiences a progressive increase over
an extended period, unveiling a dynamic geological
transformation within the sedimentary deposits (Hadji,
2020).

The chemical proxies for weathering and maturity
provide valuable insights into environmental processes
over time. Within the study area, the Burdigalian—-Langhian
sediments exhibit CIA values that indicate moderate
levels of chemical weathering. This suggests a history of
relatively stable environmental conditions with moderate
chemical alteration. In contrast, the lower Tortonian
sediments stand out with the lowest CIA values indicating
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a range from weak to moderate chemical weathering.
These variations in weathering proxies highlight the
dynamic nature of the region environmental history, with
distinct phases of weathering intensity (Fig. 7). The PIA
values are relatively lower in the lower Tortonian (Amarna
section) with a decreasing trend to the top, and the highest
values are recorded in the lower Messinian marls (Ouillis
section). High values of CIA and PIA suggest that the
clastic sediments were the subject of a moderate chemical
weathering (Fig. 7).

The ICV values of the study sediments are > 1 for the
Burdigalian-Langhian sediments of Tiraouet and lower
Tortonian deposits of Amarna (Fig. 9). This suggests that
the sediments of the present study are enriched in rock
forming minerals such as quartz (5-65%), calcite (5-13%),
plagioclase (2-6%), and dolomite (1-6%) (Hadji et al.,
2019). In the lower Messinian segment of the Ouillis section,
the majority of samples exhibit ICV values below 1 ranging
from 0.65—0.98. This indicates an enrichment of clays in the
lower part of the section. In its upper part, ICV values are
higher (1.1-5.33) indicating the presence of lower content of
clay minerals and rock forming minerals (Cox et al., 1995)
such as quartz (31-69%), calcite (25-49%), plagioclase
(1-4%), orthoclase (1-2%), and gypsum (Hadji, 2020; Hadji
et al., 2019).

The degree of chemical weathering is a function of
climate and rates of tectonic uplift (Dixon et al., 2012; Fu
et al., 2022; Hren et al., 2007; Wronkiewicz & Condie,
1987). The increasing chemical weathering intensity
suggests the change of climate towards warm and humid
conditions and/or the decrease in tectonic (Jacobson et al.,
2003). The Miocene sediments show CIA values > 50,
and reflect weak to moderate weathering conditions in the
source area of the sediments. These results are supported
by PIA and ICV values. Low CIA and PIA, as well as high
ICV (> 1) values are observed in the upper part of Amarna
section (lower Tortonian) and indicate the near absence
of chemical weathering and might reflect arid climate
conditions (Fig. 16).

The application of the A-CN-K ternary molecular plot
(Babechuk et al., 2014; Fedo & Babechuk, 2023; Nesbitt
& Young, 1984, 1989; Patel et al., 2022) to the analyzed
sediments (Fig. 10) demonstrates that the chemical
weathering trends align closely to the A-CN boundary,
indicating a shift towards illite composition. This
observation confirms the preferential removal of Ca and Na
over K from feldspars (Nesbitt & Young, 1984).

The geochemical proxy for provenance, Si0,/Al,0;
ratio is a commonly used index of sedimentary maturation
(Murkute, 2023; Roser et al., 1996; Sonowal et al., 2022).
This ratio tends to rise as sediments undergo weathering
and transportation. The increase is attributed to the greater
abundance of durable framework quartz relative to less
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resilient components like feldspar and lithic fragments,
suggesting recycling process (Roser et al., 1996). SiO,/
Al,O5 values > 5-6 in sedimentary rocks are indicative
of sedimentary maturation (Roser et al., 1996). This ratio
typically decreases in parallel to grain size or textural
maturity within a given size range. This is owing to
the relative enrichment of Al-rich phyllosilicates at the
expense of Si-rich phases in fine-grained materials (Weltje
& Eynatten, 2004).The SiO,/Al,05 ratio of Tiraouet
(2.46-3.69) and Ouillis (2.85—4.03) are indicative of low-
maturity chemical of sedimentary rocks compared with
lower Tortonian deposits of the Amarna section where the
Si0,/Al,0O; ratio values are higher (3.47-7.84) and maturity
was moderate.

In the examined stratigraphic intervals of the Lower Che-
lif Basin, K,0/Al,0O; ratios range between 0.10 and 0.19.
These values fall within the range proposed by Cox et al.
(1995) (values < 0.4), signifying a dominance of clay min-
erals over those rich in K. This indicates that the original
source rocks of sediment likely contained minimal alkali

feldspar relative to other minerals. On the K,O versus Al,O;
diagram (Fig. 17), all samples of the studied sections are
located close to the illite line and suggest that the major
Al,0; and K,O bearing minerals are illite that probably
originate from K-feldspar decomposition.

The Al,054/TiO, values ranging from 16.83 to 22.31
suggest that intermediate to felsic rocks would have acted
as source rocks for the shale samples of the present study.
Amajor (1987) proposed the TiO, vs Al,O; binary plot as a
provenance indicator. The application of this plot on Mio-
cene sediments of Lower Chelif Basin (Fig. 18) indicates
that all samples fall along the basalt 4 rhyolite/granite line.
This confirms that these sediments are derived from mixed
source sediments, the composition of which ranges from
mafic to felsic source rocks.

Concerning to the proxies for chemical mobility, the
enrichment factors indicate a chemical mobility during the
chemical weathering in the Lower Chelif Basin favoured
depletion of Si, Al, Mn, Na, K and Zr respect to UCC and
enrichment for Cr, Cu, Rb and Zn. Depletion of Na is more
accentuated than K, suggesting enhanced alteration of
plagioclase as compared to K-feldspar. The lower Tortonian
sediments of Amarna section are generally less depleted in
Si, Fe, Ca, Mg, P, and Pb than sediments from Tiraouett and
Ouillis sections (Fig. 16).

The distribution of C-proxy of the three stratigraphic
intervals in the Lower Chelif Basin (Fig. 15) presents
variable values that range between 0.39 and 0.66 for
Tiraouet section (Burdigalian — Langhian), 0.04 to 0.41
for Amarna section (lower Tortonian), and 0.11 to 1.7
for Ouillis section (lower Messinian). Therefore, the
C-value, used as a geochemical proxy for palaeoclimate
(according to Zhao et al., 2007; Cao et al., 2015; Vosoughi
Moradi et al., 2016), suggests a generally semi-arid to
semi-moist climate during the Burdigalian-Langhian
and arid to semiarid one during the early Tortonian in the
Lower Chelif Basin (Fig. 17). Conditions during the early
Messinian were variable according to C-proxy from Ouillis
section but mainly related to relatively humid conditions.
The fluvial detrital proxy Rb/Al present the highest values
in the Ouillis section confirming enhanced fluvial input
of sediment probably related to more humid conditions.
The eolian detrital proxy Zr/Al presents the highest values
in the top of the Amarna section and the upper part of
the Member A of the Ouillis section indicating punctual
increased eolian input of sediment probably related to arid
conditions.

The Sr/Ba ratio increase with the salinity of water
masses (Cao et al., 2015; Meng et al., 2012) and high St/
Ba ratio indicates a high salinity degree related to hot arid
climate conditions and low Sr/Ba indicates low salinity
degree potentially related to humid climate (Vosoughi
Moradi et al., 2016). The Sr/Ba values of the studied
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sediments evidence a palaeoenvironment with variable
salinity during the Miocene in the Lower Chelif Basin,
with relatively higher salinity during the early Tortonian
(highest values in the Amarna section).

Low Sr/Ba ratio values suggest conditions that are
likely less arid and possibly more humid for Tiraouet
(Burdigalian—Langhian) and Ouillis (lower Messinian)
sections. This could indicate environments with more
consistent rainfall and lower evaporation rates and
probably some seasonal variations, experiencing wet and
dry seasons.High Sr/Ba values of Amarna section suggest
environments that have experienced significant evaporation
and concentration of elements during the lower Tortonian,
consistent with semi-arid to arid conditions.

A moderate negative correlations between C-proxy
and Sr/Ba ratio in Tiraouet (r=— 0.44) and Ouillis
(r=— 0.48) suggest that certain palaeoclimatic conditions
were associated with specific elemental compositions.
The very strong negative correlation in Amarna section
(r=- 0.91) is particularly noteworthy and indicates an
extremely close relationship between the palacoclimate
conditions represented by the C-proxy and the Sr/Ba ratio.
This suggests that the environmental signals recorded by
these proxies are tightly linked, possibly reflecting a more
sensitive response to climate variations in this specific
location during the early Tortonian.

8 Conclusions

The inorganic geochemistry of Miocene sediments from
the Lower Chelif Basin provide us valuable insights into
palaeoenvironmental conditions and processes that shaped
this region during the Miocene period. The major oxide and
trace element compositions show distinct variations across the
stratigraphic intervals. The lower Miocene sediments of the
Tiraouet section exhibit relatively stable major oxide contents
indicating a consistent source material but show a strong
depletion compared to UCC in SiO,, Al,05, MnO, Na,0, K,0,
Zr and Sr related to weathering process. The trace element
concentrations, particularly Sr, Cu and Ba, provide additional
insights into the geochemical signature of these sediments.
In contrast, the Tortonian sediments in the Amarna section
display notable variations in major oxides contents, suggesting
changes in source material and weathering conditions. The
lower Messinian sediments of the Ouillis section present
unique major oxide composition, notably low CaO, reflecting
distinct sedimentary processes and environmental conditions.

Chemical proxies for weathering and maturity, including
CIA, PIA, and ICV values provide further context on the
degree of chemical alteration and sediment maturity. The
results suggest varying levels of weathering intensity across
different stratigraphic intervals, indicating shifts in climatic

@ Springer

and tectonic conditions. ICV values suggest that during
Burdigalian—Langhian and Tortonian, sediments were enriched
in rocks forming minerals, and the Al,O; versus K,O diagram,
of the three stratigraphic intervals are close to the illite line and
suggest that the major Al,O5 and K,O bearing mineral is illite,
probably originating from K-feldspar decomposition.

Palaeoclimate proxies, including C-proxy and Sr/Ba ratios,
offer important information about past climate conditions. The
results indicate a range of palacoclimates, from semi-arid to
semi-moist conditions during the Burdigalian-Langhian, and
from arid to semi-arid conditions during the Tortonian.
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