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Abstract: Kef Boulehmame is a carbonate massif belonging to the Tellian zone of the Alpine orogeny in
northeastern Algeria. Covering approximately 10 km? it is bordered to the north and northeast by the Paleozoic
metamorphic basement and forms an elongated dome extending in a NNW—SSE direction. This Jurassic-age massif
is characterized by a thick limestone sequence (800 m), with rare dolomitic interbeds, exhibiting a dome-like
structure traversed by two main fault systems-oriented NW—SE and NNE-SSW. The iron-bearing mineralization
hosted within these microcrystalline limestones of the lower Lias occurs as clusters and veins ranging in size from
tens of centimeters to meters, with a surface extent of several meters. Our study aimed to characterize this
mineralization from petro-mineralogical and geochemical perspectives using a multidisciplinary approach:
microscopic analysis, X-ray diffraction, X-ray fluorescence, and the analysis of stable isotopes (C, O) to identify the
mineralization and origin of the mineralizing fluid. The petro-mineralogical study revealed various iron oxides and
hydroxides (hematite, goethite, and limonite) associated with gangue minerals (calcite, quartz, and barite) in the
presence of metallic mineralization (bornite and tennantite/tetrahedrite), as well as a supergene alteration phase
(malachite/azurite). Geochemical analyses revealed a high Fe>Os content (84.73%), with significant proportions of
CaO (10.75%) and SiO: (10.52%), as well as notable enrichment in metallic trace elements (Cu, Zn, Pb, and As)
and non-metallic elements (Ba and S), probably reflecting late-stage hydrothermal circulation responsible for the
baryte—sulphide—sulfosalt association. The analysis of stable isotopes of carbon and oxygen (C and O), conducted
on calcite—ankerite gangue minerals, showed 6*C PDB values ranging from —2.01 %o to +3.537 %o, suggesting an
inorganic origin for the carbon, probably derived from the thermal decarbonation of the surrounding limestone
rocks. Simultaneously, the 5'*0 SMOW values obtained ranged from +18.21 %o to +28.65 %, indicating the effect
of high temperatures, probably caused by the circulation of deep hydrothermal fluids. Overall, the results supported
the hypothesis that hydrothermal remobilization is responsible for this iron-bearing mineralization.

Keywords: Kef Boulehmame, Lias limestone, iron mineralisation, goethite, hydrothermal fluids, stable
isotopes (C-O).

1. INTRODUCTION Archean to the Cenozoic eon govern the formation of iron
ore deposits. From an economic viewpoint, the most
Multiple geological processes spanning the significant iron deposits include banded iron formations
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(BIF), magmatic and hydrothermal iron deposits, and
lateritic and sedimentary iron accumulations (Zhao et al.,
2014; Cooper et al., 2018; Mallinger and Mergili, 2020;
Idoine et al., 2022). Banded iron formations (BIF) are of
particular interest due to their large size; they are
predominantly associated with Precambrian shields in
several countries, including Australia, Brazil, Russia, and
South Africa. Conversely, hydrothermal iron deposits,
commonly associated with magmatism and well-
developed in China, Chile, and Iran, are typically
confined to orogenic belts (Bekker et al., 2010; Zhao et
al., 2021). From an academic perspective, it is necessary
to identify the geological and petrogeochemical
characteristics of this natural resource. Hence, the
application of stable isotope analyses of iron, carbon, and
oxygen is crucial for characterizing the mineralizing
fluids of this type of deposit and for providing key
insights into the thermodynamic conditions of their
formation and chemistry (Wang et al., 2019; Heimann et
al., 2020).

Globally, iron ore consumption is rapidly
increasing, which has further stimulated exploration
efforts and the re-evaluation of reserves in known
deposits through the application of modern analytical
techniques (Chaib et al., 2024; Liu & Lin, 2024). Algeria
possesses significant iron ore reserves, the mining of
which dates back to the colonial era. This mining is a
cornerstone of the national extractive economy and
represents a major geostrategic asset. However, many
prospects and deposits are currently inactive, pending
further technical and economic reassessment (Mowafa,
2014, 2018; Bouchair et al., 2021). The iron ore deposits
of northeastern Algeria have formed within various
structural and lithological settings, ranging from
peridiapiric mineralization in the Mellegue mountains
(Boukhadra, Ouenza, and Djebel Had) to skarn systems
in northern Constantine (Edough and Ain Sedma). The
work conducted on these mineral deposits has helped
refine the understanding of the processes involved in their
formation and development (Bouzenoune & Lécolle,
1997, Aissa et al.,, 1998; Bouftouha, 2000; Ait
Abdelouahab et al., 2011; Bouhlel et al., 2016; Diab et al.,
2020). Conversely, the deposits in the Tellian mountain
range, particularly those at Sidi Marouf and Kef
Boulehmame, are inadequately documented in the
scientific literature, despite their unique tectonic location
and economic potential. The recently established
steelworks (Algerian Qatari Steel, AQS), located near the
two aforementioned deposits, could make the region a
new hub for iron ore production.

This study aimed to contribute to the
petrogeochemical investigation of the iron-bearing
mineralization at Kef Boulehmame, using a
multidisciplinary approach combining several analytical
methods: X-ray diffraction (XRD), X-ray fluorescence

(XRF), inductively coupled plasma optical emission
spectrometry (ICP-OES), and the analysis of stable C and
O isotopes in gangue carbonates. It focused on
identifying the mineral assemblages present,
geochemically characterizing the ore and its gangue, and
determining the origin of the mineralizing fluids.

2. GEOLOGICAL SETTING

The Kef Boulehmame iron deposit forms part of
the large Moul Ed Demaméne massif, located 8 km south
of El-Milia. Discovered in 1921 along a major fault
placing Middle Lias limestones in contact with lower
Cretaceous marls, the deposit contains estimated reserves
of 650,000 tons, with an iron content of 53% (Sonarem,
1974). The iron mineralization occurs as metric-scale
hematite veinlet networks, generally striking NNE-SSW
and hosted within the limestone host rock.

It occasionally appears as spheroidal masses of
iron oxides and hydroxides, hosted (embedded) in dark
limestones containing chert (flint) nodules. These
structures suggest the probable existence of residual iron-
rich pockets, which could represent significant potential
for future exploration. The Moul Ed Demaméne massif
forms a tectonic half-window, revealing a stack of ancient
structural units deposited prior to the upper Oligocene
(Durand-Delga 1955, Durand-Delga et al., 2000). From
top to bottom, the stratigraphic sequence reveals the
following succession (Figure 1-a): Border Nappe
(Paleozoic metamorphic basement), Upper dolomitic
slice (Malm) of Draa El Kasba, Middle Jurassic slice of
Kef Boulehmame, Lower slice of the “Kefs” with folded
structures, Supernumerary slice of El Akbia (upper
Cretaceous), and Autochthonous unit featuring
overturned flyschs overlying Senonian marls. The massif
in question exhibits a two-tiered dome-like structure
(Bouillin, 1977; Vila, 1980):

e An upper, epimetamorphic tier comprising the Sidi
Ahmed, Sidi Rhiat, and Achaiches units.

o A lower tier comprising the Kef Boulehmame and Draa
El Kasba slices (Figure 1-b).

From a lithostratigraphic perspective, the massif
exhibits a wide variety of facies. The Paleozoic
metamorphic basement comprises augen gneiss, which is
occasionally granulitic, as well as schists and crystalline
limestones with intercalations of quartz-rich mica schists.
This basement is clearly cross-cut by an intrusive
complex comprising gabbros, dolerites, and altered
basalts.

The Triassic strata comprise a broad diapiric body
trending NW-SE, comprising variegated marls
interbedded with detrital layers, featuring yellowish clay
and compact gypsum masses. The Jurassic constitutes the
majority of the Kef Boulehmame, characterized by
carbonate series forming a dome-like segment globally
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Figure 1. (a) Simplified structural map of the Alpine orogen showing the location of the study area (Durand-Delga et al.,
2000, modified); (b) Schematic geological map of Kef Boulehmame
and its immediate surroundings (Durand-Delga, 1969, modified).
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Figure 2. Synthetic section of the Jurassic carbonate series at Kef Boulehmame (Durand-Delga, 1955; Bouillin, 1977; modified).

oriented NNW-SSE, reaching a height of 860 m. At its
base are massive Liassic dolomites (100 m thick), which
are well developed in the northern part (Figure 2). They
are overlain by microcrystalline bluish limestones of the
Middle Lias (250 to 300 m), containing iron
mineralization. At the top, these limestones are replaced
by siliceous facies, overlain by spathic limestones with
interbeds of marl containing detrital debris.

The Lias—Dogger transition is represented by a 60-
meter-thick sequence of bluish marls, arranged in
centimeter thick layers. The Malm consists of light-
colored siliceous limestones, more compact at the top.
The Cretaceous formations are discordant and divided
into two distinct facies: (a) the more prevalent Tellian
type, comprising detrital limestones, marls, and pebble
conglomerates (Durand-Delga, 1955, 1969), and (b) the
less prevalent Massylian flysch type, comprising schists,
sandy flysch, and quartzites, reflecting an environment
linked to the Alpine orogeny (Bouillin, 1977).

Finally, the most recent formations, such as
Quaternary alluvium and scree (talus), are primarily
developed along the Oued EI-Kébir. From a tectonic
perspective, the Kef Boulehmame locality is
characterized by a complex network of multidirectional
faults, which probably facilitated the circulation of
hydrothermal fluids during a succession of several
tectonic phases. The NW-SE (Chaabet Dardar) and N-S
(western massif) faults are pre-Oligocene and exhibit
Triassic gypsiferous injections. Conversely, the post-
Oligocene tectonic phase resulted in the development of
brittle structures (the Gardjina fault), oriented NW-SE
and characterized by variable and limited displacements.
To the south of the massif, the NNE-SSW faults follow
the same direction as the iron-mineralized veins.

3. MATERIALS AND METHODS

A representative systematic sampling was
meticulously conducted, targeting the various ore
bodies of the iron deposit (veins, pockets, and old adits)
as well as the limestone host rock in the immediate

vicinity of the mineralization. After sorting, cleaning,
and washing in the laboratory, the selected samples
were initially examined under a binocular microscope to
establish the final analytical procedure.

An initial set of samples was selected for the
preparation of thin sections and polished sections, which
were examined under transmitted light microscope
and reflected light microscope (Zeiss Axiolab Double
Light), respectively as part of the petro-mineralogical
and metallographic analysis. This study enabled the
determination of the deposit’s petrographic and
mineralogical inventory, as well as all its mineral
associations, allowing the establishment of a
paragenetic sequence.

A second set of samples was sent for X-ray
diffraction (XRD) analysis at the Center for Scientific and
Technical Research in Physico-Chemical Analysis
(CRAPC) in Biskra, Algeria. The powders obtained
using a Humboldt Wedag roller mill were analyzed using
a Bruker D8 X-ray diffractometer with Cu Ka radiation
(A=1.5406 A) and an angular sweep from 5° to 90° (26).
The diffractograms obtained are analyzed using X’Pert
HighScore Plus software. This semi-quantitative analysis
is used as a complement to microscopic observation, to
identify the main mineral phases.

The third batch of samples was reserved for X-
ray fluorescence (XRF) analysis, using a Panalytical
Zetium XRF analyzer, as well as inductively coupled
plasma optical emission spectrometry (ICP-OES). This
series of analyses aimed to quantify the composition of
metallic and non-metallic elements at varying
concentrations, ranging from major to trace elements. It
was conducted simultaneously at the CRAPC in Biskra
and at the geology and geochemistry laboratory at the
ORGM (Office de Recherche Géologique et Miniére) in
Boumerdes, Algeria.

Finally, a set of eight samples comprising gangue
carbonates (calcite and ankerite) and intact Jurassic-age
host limestones was subjected to stable isotope analysis
of carbon (6"*C) and oxygen (8'*0). This analysis aimed
to determine the origin and chemistry of the
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mineralizing fluid responsible for the formation of this
iron-bearing mineralization at Kef Boulehmame. These
analyses were conducted at the isotopic geochemistry
laboratory of the Institute of Geology and Mineralogy at
the University of Cologne (Germany), using a Thermo
Finnigan MAT 252 mass spectrometer coupled with an
equilibration bench.

4. RESULTS
4.1. Host Rock Petrography

The petro-mineralogical study of the Lias
limestone host showed that it comprised very hard,
gray-blue, finely crystalline micrites, with conchoidal
fractures, arranged in decimeter- to meter-thick beds,
indicating a platform depositional environment (Folk,
1959; Dunham, 1962).

These micrites are crisscrossed by a dense
network of fractures filled with late-stage palissadic
calcite, associated with iron oxides, black flint nodules,
and rare idiomorphic pyrite grains (Figure 3-a, Figure 3-
b). Microscopic examination of the micritic matrix
reveals the presence of two distinct microfacies: one is
a mudstone with few fossils, and the other is a
wackestone rich in bioclastic fragments (ostracods,

s -y

gastropods, and foraminifera), (Figure 3-c, Figure 3-d).
4.2. Mineralization

Macroscopic and microscopic  observations
revealed that the Kef Boulehmame iron deposit exhibited
a rich and diverse mineralogical cortex associated with
the iron ore and its host rocks. In order of predominance,
the deposit showed a mineral assemblage comprising the
ferriferous mineralization zone, sulfides and sulfosalts,
gangue minerals, and supergene alteration minerals.

4.2.1. Ferriferous Mineralization

Hematite. Main mineral, with a massive
appearance, occurring in large irregular centimeter to
decimeter-sized patches or in box-work, most often
filling fractures and voids in the host rocks, probably
indicating an initial mineralization phase established
under high-temperature conditions (Figure 4-b, Figure
4-¢).

Goethite. Often associated with hematite,
occurring in botryoidal form or as colloform hematite-
goethite banding. It may result from secondary low-
temperature  enrichment under more oxidizing

conditions or represent the alteration of earlier phases
(Figure. 4-d).

Figure 3. Macroscopic and microscopic features of the Lias limestone host rock of the Kef Boulehmame

iron mineralization: (a) Limestone with black flint nodules; (b) Highly fractured micritic limestone with
calcitic filling (calcified microfractures); (c) Mudstone with idiomorphic crystals of pyrite and iron oxides
(black grains); (d) Wackestone containing ostracods (Os), foraminifera (Fo), and gastropods (Ga).
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4.2.2. Sulfides and Sulfosalts

Tetrahedrite. Occurred as rare, tiny millimeter-
sized grains disseminated in barite, sometimes in
veinlets associated with iron oxy-hydroxides in quartz
patches. The mineral-exhibited centimeter-scale
iridescence, altered to malachite and azurite. (Figure 4-
f, Figure 4-g).

Pyrite. Found as rare framboidal or idiomorphic
crystals, more or less oxidized, millimeter-sized, and
scattered in the carbonate host around mineralized
bodies. The scarcity of these primary sulfides is
consistent with an oxidizing environment, probably
related to near-surface conditions or circulation of
oxidized fluids in a highly fractured context.

Bornite. Rarely observed macroscopically, it was
detected by X-ray diffraction in three ferriferous ore
samples. Its presence may indicate a minor early sulfide
phase, largely reworked by supergene alteration.

4.2.3. Gangue Minerals

Calcite. The main gangue mineral, occurring as
millimeter-sized saccharoidal crystals, often with a
drusy texture. Calcite is associated with iron ore,
filling fractures, cementing mineralized breccias, and
forming banded structures within ore—calcite
aggregates (Figure 4-d, Figure 5-b, Figure 5-1).

Quartz. Appeared sporadically as small
centimeter-sized masses associated with fracture
networks filled with iron oxy-hydroxides and
tetrahedrite (Figure 5-d). Quartz was systematically
detected by XRD.

Barite. Occurred in two generations: (a) first
generation in tabular, palisade-structured crystals
corroded by iron oxy-hydroxides, suggesting early or
syngenetic emplacement; (b) second generation as
small, radiating crystal bundles coating iron oxy-
hydroxides, representing a late-stage emplacement
(Figure 4-d, Figure 4-e, Figure 4-f, Figure 5-c).

4.2.4. Supergene Alteration Minerals

Limonite. Ubiquitous, with a clumpy or
sometimes powdery appearance, masking other
oxides. It represented a very late supergene alteration
phase (Figure 4-d, Figure 4-¢).

Malachite/azurite.  Occurred  either  as
alteration halos around centimeter-scale tetrahedrite
grains or as tiny crystals disseminated within the
hematitic mass (Figure 4-d, Figure 4-f, Figure 5-e).

4.3. XRD results

X-ray diffraction analysis showed the
predominance of two main mineral phases, reflecting
the iron-rich nature of the ore and the lithology of the
host rock, which comprised hematite and calcite.

Quartz occurred in smaller amounts, along with other
characteristic peaks of sulfosalt phases (tetrahedrite,
pyrite, and bornite) detected in some samples.

4.4. Results obtained by XRF

The results of this analysis showed a notable
variability in the chemical composition of the analyzed
samples (Table 1). FeOs contents were markedly high,
reflecting an ore dominated by hematite. MnO reached
0.95% in Sample 06. Relatively low SiO. (up to
10.52%) and ALOs (<1%) contents confirmed a weak
quartz gangue. CaO showed variable values, ranging
between 0.19% and 41.27%, with significant losses on
ignition (LOI) that can reach 32.32%. Finally, the
detected SOs contents remained also variable values,
ranging from 0.03% to 26.09%.

4.5. ICP-OES results

ICP-OES analysis was performed on four
samples, selected according to their mineralogical
compositions as well as their morpho-structural and
textural criteria. It showed high to very high
concentrations (ppm) for trace metallic clements,
notably Cu (22-6051 ppm), Zn (525-1736 ppm), Sr
(134-1152 ppm), Cr (505-1084 ppm), Pb (28-191
ppm), As (13-582 ppm), and Ba (83-53291 ppm).
Sulfur (S) is also represented by high concentrations
(572-9576 ppm), reflecting a sulfo-salt chemistry. The
elements Ti, Zr, Ni and V are expressed in very low
concentrations: 47, 14, 12 and 11 ppm, respectively.

4.6. Stable Carbon (6*C) and Oxygen
(6'20) Isotopes

Isotopic analyses of gangue carbonates (calcite
and ankerite) and Jurassic host limestones revealed a
relatively wide range of values. Gangue calcite
exhibited 8'*C V-PDB (Vienna Pee Dee Belemnite)
values ranging from —2.01%o to —1.46%., with 6'*0
V-SMOW (Vienna Standard Mean Ocean Water)
values between +18.21%o0 and +20.04%o. Primary
calcite (host rock) showed 6C V-PDB values
ranging from +2.79%o to +3.53%., with 30 V-
SMOW values between +27.14%o and +28.65%o.

5. DISCUSSION

The micritic, hard, dark gray-blue host rocks of
the Jurassic age exhibited a typical conchoidal fracture.
They reflected a well-developed early diagenesis.
(Fligel, 2004, 2010; Tucker & Wright, 2009). The
presence of flint nodules indicates a late silicification
process of the carbonate mud (Tucker, 1991; Maliva et
al., 2005). Conversely, the occurrence of idiomorphic
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Figure 5. Microphotographs showing the various mineral associations in the Kef Boulehmame iron deposit and their
textural features: (a) Hematite (Hem) — goethite (Goet) association; (b) Late calcite vein cutting across the massive
lamellar hematite; (c) Barite (Ba) lath cutting across massive hematite; (d) Massive quartz (Qz) cut by a hematite vein;
(e) Azurite (Az) — malachite (Mal) association corroded by hematite (Hem); (f) Late hematite and calcite (Cal) filling in
a microfracture of the limestone host rock.

Table 1. Results of X-ray fluorescence analysis of samples from the Kef Boulehmame iron ore deposit (in wt. %).
CRAPC-Biskra, ORGM-Boumerdes, November 2025.

Sample Contents (%)

Number Si02 ALOs Fex03; MnO CaO MgO TiO2 KO NaxO P0Os SO; LOI
1 10.52  0.49 14.49 034 4127 057 <0.05 <0.05 <0.05 <0.05 -- 32.32
2 528 0.73 72.18 -- 347 0.1 -- 0.51  0.06 -- 0.04 17.13
3 230 0.20 68.37 -- 10.75  0.25 -- 0.03  0.01 -- 0.03 1791
4 0.14  0.13 0.29 -- 66.72  0.00 -- 0.00  0.00 -- 26.09  6.60
5 6.17 0.54 70.02 -- 9.75  0.20 -- 0.75  0.10 -- 1.97 11.19
6 2.88  0.58 79.03 095 0.19 <0.05 <0.05 <0.05 <0.05 <0.05 -- 11.39
7 1.18  0.20 84.73 -- 146  0.21 -- 0.03  0.01 -- 0.04 12.04
8 10.06  0.50 75.28 0.57 020 <0.05 <0.05 <0.05 <0.05 <0.05 -- 11.36
9 1.66  0.57 39.78 0.68 3120 <0.05 <0.05 <0.05 <0.05 <0.05 -- 24.50
10 237 042 33.44 -- 3520  0.79 -- 0.07  0.02 -- 4.54  23.05
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pyrite crystals within the micrite, suggested reducing
conditions that developed during or following this early
diagenesis (Raiswell & Canfield, 1998). The mudstone
texture with rare poorly fossiliferous wackestones
(ostracods, gastropods, and foraminifera) indicated a
relatively calm, internal-platform marine depositional
environment at moderate to significant water depth
(Burchette & Wright, 1992; Tucker & Wright, 2009;
Fligel, 2010; Juutinen et al., 2023). From a geochemical
perspective, X-ray diffraction analysis revealed bornite
(samples 04, 08, and 09), suggesting a minor
contribution of copper-bearing sulfide phases within the
mineral assemblage (Figure 6).
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Cal : Calcite
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Figure 6. Result of the X-ray diffraction analysis, showing
the main mineral phases of sample 4, collected at Kef

Boulehmame. CRAPC, Biskra, November 2025.

This specificity may indicate localized
hydrothermal activity or secondary mineralization. X-
ray fluorescence analysis showed a high Fe.Os content,
highlighting the significance of hematite mineralization
(Table 1). The proportion of MnO suggested a minor
contribution from manganese-bearing minerals
(pyrolusite and rhodochrosite). Low SiO. content
indicated a minor quartz gangue (Figure 7).

Si02

+Mg0 87.5 75 62.5 50 Al203
Figure 7. The distribution of samples collected from the
iron ore deposit of Kef Boulehmame in the SiO,-
(Fe203+MgO0)-Al,O; diagram.

The relationship between CaO and losses on
ignition (LOI) due to the decomposition of carbonate
during the melting process owing CO, release
reflected a predominantly calcitic gangue, in addition
to the influence of the carbonate host rocks,
particularly near contact zones. SOs may be related

to bornite, pyrite, or barite, suggesting partial
alteration of sulfide phases under supergene oxidizing
conditions. The analytical technique of inductively
coupled plasma optical emission spectroscopy (ICP-
OES) showed relatively high concentrations of Cu,
Zn, Pb, As, and Ba, along with a significant sulfur
content, indicating a polymetallic hydrothermal
contribution (Table 2).

Table 2. Results of the ICP-OES analysis of the Kef Boulehmame
iron ore deposit (in ppm). CRAPC-Biskra, ORGM-Boumerdes,
October 2025. (< d.I: below the detection limit).

Sample Number

Elements 01 06 08 09
Contents (ppm)
Cu 156 22 6051 3768
Pb 34 28 154 191
Zn 525 839 1378 1736
As 13 <d.L 371 582
Rb <d.l. <d.l. <dl.  <dl
Sr 467 134 244 1152
Ba 32667 83 11692 53291
Mo <d.l. <d.l. <dl.  <dl
Cr 731 505 1074 1084
v 9 4 11 8
Ni 5 5 9 12
Zr 7 2 14 13
Ti <d.L <d.L 47 46
In <d.l <d.l <d.l <d.l
S 7119 572 630 9576
This association, frequently reported in

hydrothermal systems, suggested the existence of a late-
stage fluid phase responsible for the emplacement of
sulfate (barite) mineralizations within the ferriferous ore
(Velasco et al., 2013; Vergani, 2022; Damian et al.,
2023; Zhao et al., 2024).

Supergene alteration of pre-existing sulfides
under acidic conditions may explain the mobilization of
these metals through leaching followed by secondary
concentration in oxidation minerals or interstitial
solutions. The high Sr and Cr contents reflect a mixed
inheritance, possibly derived from the carbonate host
lithology and external contributions associated to mafic
intrusions or the alteration of primary basement rocks
near Kef Boulehmame (Santos et al., 2023) (Figure 8).

The analysis of stable C-O isotopes showed
slightly negative 8*C V-PDB values for the gangue
calcite (—2.01%o0 and —1.46%o), which differed from the
typical composition of Jurassic marine carbonates (+1%o
to +3%0 V-PDB). These values exclude direct
precipitation from seawater (Friedman & O’Neil, 1977;
Veizer et al., 1999; Hollis et al., 2024), and instead favor
an inorganic origin from crustal carbon, probably derived
from thermal decarbonation of the host carbonates
(Taylor, 1974; Veizer & Hoefs, 1976; Ohmoto, 1986;
Zheng, 1999; Zhuang et al., 2025).
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Figure 8. Trace element enrichment profile of the iron-bearing mineralization at Kef Boulehmame based on ICP-OES

analysis results. CRAPC-Biskra, ORGM-Boumerdes, October 2025.

Table 3. Isotopic composition of §'*C and §'30 of gangue calcite and carbonate host rock. Isotope Geochemistry
Laboratory, University of Cologne, Germany. September 2025. Reproducibility of results:  0.1%o. To convert §'30
(PDB) to §'*0 (SMOW), we use the following conversion rule: §'*0 (SMOW) = 1.03092 x §'%0 (PDB) + 30.92.

83Cepe) 8'%0@pB) 8'%0MOwW)

Sample Number Mineral

%0

%0

%0

Brief description

Gangue calcite — 1.46 — 10.54 +20.04 Whitish crystalline gangue calcite
Gangue calcite — 1.83 — 11.71 +18.84 Ferruginized crystalline gangue calcite
3 Primary calcite +2.79 —2.19 +28.65 Altered limestone, friable, intensely fractured
3 (a) Primary calcite +2.86 —2.87 +27.95 V‘?}:ﬁfﬁgﬁezﬁﬁg
4 Gangue calcite —2.01 —12.32 +18.21 Ferruginized crystalline gangue calcite
5 Primary calcite +3.53 —3.47 +27.34 Lias limestone,
6 Primary calcite +3.45 —3.65 +27.14 micritic, sound,
6 (a) Primary calcite +3.26 —3.57 +27.23 with conchoidal fractures

This isotopic signature is commonly observed in
gangue calcites from hydrothermal fluids that interacted
with carbonate rocks, without significant input of
oxidized organic matter, which usually gives more
negative 8"*C V-PDB values between —5%o0 and —10%o
(O’Neil et al., 1969; Oehlert & Swart, 2014; Bougeault
et al., 2020; Bodden et al., 2023). Conversely, primary
calcite (host rock) showed 6'*C V-PDB values within
the range of Jurassic marine carbonates (+2.79%o to
+3.53%o). The same analysis indicated '*0 V-SMOW
values for gangue calcite between +18.21%0 and
+20.04%o, significantly lower than the oxygen isotopic
composition of Jurassic host limestones (+21%o to
+27%o). These values reflected the impact of interaction
between the host rocks and mineralizing fluids, resulting
in several epigenetic phases, including iron deposition,
dolomitization, and silicification.

The decrease in 6'*0 V-SMOW values could be

explained by the propagation of a thermal gradient
from the ore body toward the surrounding host rocks,
that is, the effect of the mineralizing fluid on these
carbonates (Holser & Kaplan, 1966; Jensen, 1967;
Ohmoto, 1972; Ohmoto & Rye, 1979; Claypool et al.,
1980; Ohmoto & Lasaga, 1982; Charef, 1986; Ohmoto
& Goldhaber, 1997; Taylor, 1997). This hot, saline,
metal-rich fluid, derived from connate waters trapped
in deep sediments, has been proposed as the origin of
mineralizing fluids in the Boujabeur, Fedj El-Adoum,
and Jebel Doghra deposits in Tunisia (Charef &
Sheppard, 1991; Sheppard et al., 1996; Jemmali et al.,
2011; Zedam, 2012; Bouhlel et al., 2016; Laouar et al.,
2016; Zedam et al., 2022). Finally, it is notable that the
080 V-SMOW composition of primary calcite (host
rocks), ranging from +27.14%o0 to +28.65%o, is
consistent with that of Jurassic limestones (Table 3).
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6. GENESIS OF MINERALIZATION

Ferriferous mineralizations can be generated
through multiple processes. Their formation conditions
vary according to geological and petro-geochemical
contexts (Zhao et al., 2014). Based on the structural
and geochemical characteristics of the Kef
Boulehmame deposit, hypotheses involving magmatic
segregation, skarn-type metasomatism, or chemical
sedimentation of iron in banded iron formations (BIF)
can be excluded. The 6"*C V-PDB and 6'*0 V-SMOW
values of the associated gangue calcite support a low-
temperature hydrothermal origin, comparable to those
recorded in several peri diapiric polymetallic deposits.
Examples include Boujabeur, Fedj El-Adoum, and
Jebel Doghra in Tunisia and Ouenza, Boukhadra,
Mesloula, and Ain Mimoun in Algeria (Charef &
Sheppard, 1991; Sheppard et al., 1996; Bouzenoune &
Lécolle, 1997; Jemmali et al., 2011; Ait Abdelouahab
etal., 2011; Zedam, 2012; Bouhlel et al., 2016; Laouar
et al., 2016; Bakelli et al., 2022; Zedam et al., 2022;
Metrouni et al., 2026).

The Kef Boulehmame deposit may also represent
an ancient polymetallic system with a high iron content
(pyrite, pyrrhotite, chalcopyrite, bornite, and
arsenopyrite) but low Pb, Zn, Cu, and Ba concentrations
(Vergani, 2022). This interpretation is supported by
moderate anomalies in trace metals (Cu, Pb, Zn, Ba, As,
and Sr) and sulfur. Intense supergene alteration imparts
complexity in terms of paragenetic succession and gives
the deposit a distinctive character. The deposit differs
from Alvo 118 (Carajas, Brazil), Las Cruces (Iberian
Pyrite Belt, Spain), Jbel Rhals (Eastern High Atlas,
Morocco), and Lombard (Italy), where iron
concentrations in gossans are derived directly from the
oxidation of preserved primary sulfides (Velasco et al.,
2013; Yesares et al., 2017; Verhaert et al.,, 2018;
Vergani, 2022; Santos et al., 2023).

Regionally, the deposit shows analogies with
Kherzet Youcef, Ouenza, Boukhadra, Zaccar, and
Chaabet El Bellout, where oxidized ferriferous
mineralization results from the supergene alteration of
siderite (Hanssen & Bourezg, 1990; Ait Abdelouahab
et al., 2011; Chaa & Boutaleb, 2016; Zerrouki et al.,
2022). The low SiO: and Al:Os contents distinguish
this deposit from lateritic ferruginous crusts rich in
Si02 and Al>Os, which occur in humid tropical regions
(Reichert & Borg, 2008; Jemmali & Souissi, 2018;
El Ghastalany et al., 2023).

Supergene oxidation of sulfide mineralization
causes sulfide dissolution under acidic, oxidizing
conditions, enriching the environment with metallic
cations that behave differently according to their
mobility (Taylor, 2011; Gao et al, 2020;
Niesiobedzka, 2023; Kaba et al., 2023). This process

controls the mineralogical composition and chemistry
of the gossans and explains the zoning observed in
supergene alteration profiles of polymetallic deposits.
The scarcity of secondary minerals in the deposit can
be attributed to two factors: (a) total leaching of metals
as cations under acidic, oxidizing conditions (surficial-
leached capping zone), and (b) the lack of
petrogeochemical data, primarily due to the absence of
deep exploration. These conditions hinder the proposal
of a precise genetic model for the formation of
ferriferous mineralization at Kef Boulehmame.

7. CONCLUSION

The petro-mineralogical and geochemical study
of the Kef Boulehmame deposit demonstrates that the
mineralization exhibits a relatively simple paragenesis,
dominated by iron oxy-hydroxides (hematite, goethite,
and limonite), accompanied by rare sulfides (pyrite and
bornite) and occasionally sulfosalts (tetrahedrite). The
gangue primarily comprises calcite, associated with
barite and quartz.

The entire mineralization occurs within a Jurassic
micritic limestone host with mudstone to wackestone
textures characteristic of a carbonate platform,
indicating a relatively deep marine environment and
providing a favorable lithological metallotect for the
emplacement of this type of mineralization.

From a geochemical perspective, the ore exhibits
high Fe.O; and CaO contents, moderate SiO» and SOs
concentrations, and low to very low levels of ALOs,
MnO, MgO, TiO2, K20, Na:0, and P-Os. Trace metal
concentrations (Cu, Zn, Pb, Sr, Cr, Ti, Zr, Ni, and V)
together with sulfur and barium indicate a polymetallic
hydrothermal contribution. Isotopic values of 6'*C V-
PDB and 60 V-SMOW measured in the gangue
calcite suggest precipitation from low- to moderate-
temperature hydrothermal fluids interacting with the
host carbonates, without significant input from organic
matter. The proposed genetic model involves four main
factors allowing the iron deposit formation:

(1) the lithological nature of the porous and
reactive carbonate host rock,

(2) the fracturing system that facilitates the
circulation of hydrothermal fluids,

(3) the ascent of likely multiphase iron-rich
hydrothermal fluids, followed by:

(4) a partial or limited contribution from the
supergene alteration phase, which led to the formation
of iron oxides and hydroxides.

These results provide new constraints on fluid
origins and depositional conditions, offering a
foundation for refining exploration strategies in similar
geological environments. Furthermore, the increase in
the number of samples analyzed, combined with the
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expansion of the study area and the deployment of
advanced analytical techniques (microthermometry,
laser ablation ICP-MS), contributes to the
improvement of interpretation accuracy.

Adopting such an approach will certainly yield
reliable scientific results that are widely recognized for
their high reproducibility. Finally, the data obtained in
this study, along with their interpretations, represent a
preliminary framework for future investigations of
analogous deposits associated with hydrothermal
systems.
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