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A B S T R A C T

The iron mine of Tamra (Nefza District, NW Tunisia) is a 50m thick Upper Mio-Pliocene sedimentary series
impregnated by Fe-Mn oxides associated with white clay lenses with high halloysite and kaolinite content. This
mineralization results from i) synsedimentary weathering/pedogenesis, and ii) mixing surface water and re-
gional hydrothermal fluids. The oxygen and hydrogen isotope composition of halloysite-kaolinite and goethite-
hematite is examined in order to provide new insights into the ore formation. This study concludes that hal-
loysite-kaolinite was not equilibrated only with meteoric fluids: the δ18O values have a range towards high
values that are not consistent with weathering conditions for their formation and/or during their subsequent
alteration. The δD and δ18O values of goethite lead to the same conclusion. The stable isotope compositions
could be related to fluid-rock interaction with the underlying marls (and/or skarns), providing relatively high
δ18O values to the fluids responsible for the white clay formation. This model also shows that the Pb-isotope
compositions of halloysite-kaolinite are explained by a felsic and a carbonated end-member, similar to other ore
deposits (IOCG and Sedex) of the vicinity. Several factors should be considered for the precipitation of halloysite-
kaolinite and/or destabilization of primary clays in the Tamra ore, i.e. mixing of deep hot saline fluids, related to
a thermally driven circulation, and meteoric waters. This hydrothermal contribution postdates the main syn-
sedimentary weathering/pedogenetic Fe-enrichment and may be related to late Fe, Mn, Pb, Zn and As inputs of
the Fe-Mn oxides.

1. Introduction

In the weathering environment, the isotopic composition of hy-
drogen and oxygen in water is related to the climatic conditions (Savin
and Epstein, 1970). Some authigenic clay minerals and goethite are
known to crystallize in isotopic equilibrium with meteoric water and,
once crystallized, are resistant to isotopic exchange under the near
surface conditions thanks to the slow isotopic exchange at low tem-
perature (Yapp, 1990; Sheppard and Gilg, 1996; Savin and Hsieh,
1998). Sheppard and Gilg (1996) showed that oxygen and hydrogen
composition of present-day kaolinite formed from meteoric water is
largely temperature dependent and aligned along the “kaolinite line”,

which is parallel to the meteoric water line. Yapp (1990) drew the same
conclusion for supergene goethite. Therefore, any process (diagenesis,
evaporation, hydrothermalism…) which do not equilibrate goethite and
kaolinite with meteoric waters would record a shift in the oxygen and
hydrogen isotope composition. In natural systems, processes of fluid/
rock interactions could lead to isotopic exchange between a miner-
alizing fluid and bedrocks for example, but also between a matrix
progressively infiltrated by external fluids in an open system (Savin and
Lee, 1988). Dissolution-precipitation of minerals could change the
isotopic composition of the fluid (weathering, hydrothermal, diage-
netic). This is especially the case for oxygen, given its availability in
most of the common minerals (i.e. silicates, oxides, and carbonates)
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compared to hydrogen (hydroxides, hydrous silicates). For example,
carbonates concentrate 18O in their structure in contrast to other mi-
nerals (Garlick, 1966; Taylor, 1968; Kohn and Valley, 1998a, b, c;
Hoefs, 2009), and when dissolved, release heavy oxygen to the fluids,
which are depleted in 18O (meteoric fluids). However, the range of
these modifications depends on the isotopic fractionation, on the initial
difference in isotopic composition between the fluid and the mineral,
and on the temperature between the mineralizing fluid and minerals
(Girard and Fouillac, 1995).

The Nefza mining district (NW Tunisia) illustrates well the com-
plexity of mixing fluids and their interaction with volcanic and sedi-
mentary rocks during the genesis of various types of deposits (Figs. 1
and 2; Decrée et al., 2008a, 2013, 2014, 2016; Moussi et al., 2011). The
area has successively been affected by Serravalian to Tortonian felsic
magmatism, which is responsible for contact metamorphism of Late
Cretaceous to Eocene marls into skarn (Decrée et al., 2014), and also for
the setting up of a Miocene Fe-Cu-Au-(U-REE) volcanic breccia around a
Triassic diapiric dome (Decrée et al., 2013). The extensional conditions
allowed the generation of Tortonian to Messinian basaltic flows and the
deposition of two Late Miocene to Pliocene continental (siliciclastic and
carbonate) deposits containing the Sidi Driss SEDEX Pb-Zn (Sidi Driss)
and the Tamra Fe(-Mn) deposits (Decrée et al., 2008a, b, 2010). The
synsedimentary weathering/pedogenesis through the 50m thick Tamra
sediments and the later hydrothermal circulation have led to enrich-
ment in Fe and other elements in the sediments (Decrée et al., 2008b,
2010). Local concentration of “white clays” composed of kaolinite and
halloysite is associated with the Fe-oxide ore (Moussi et al., 2011), and
is considered to determine both meteoric and hydrothermal contribu-
tions. Therefore, hydrogen and oxygen isotope analyzes of the white

clays, associated with iron oxides and hydroxides, may help to redefine
the process, which took place during mineralization in the Nefza mining
district, taking into account the complexity and relationships of the
rock varieties.

2. Geological settings

2.1. Geological framework

The Tamra Fe-Mn deposit is located in the Nefza mining district
(NW of Tunisia, Fig. 1), which has been well-known for its base-metal
deposits since the first half of the 20th century (Gottis and Sainfeld,
1952). The Nefza district is located in the Tellian “Nappe Zone” of
Northern Tunisia, which is characterized by the Ed Diss Upper Cre-
taceous to Eocene thrust sheets (Burollet, 1991; Rouvier, 1994; Ould
Bagga et al., 2006), and the overlying Oligocene “Numidian Nappe”
(Fig. 1, Rouvier, 1977). Carbonates and marls from the Ed Diss sheet
(Negra, 1987) are overlain by the “Numidian Nappe”, which is com-
posed of claystones and sandstones Oligocene to Burdigalian in age.
Serravalian to Late Tortonian felsic magmatism (12.9 ± 0.5Ma to
8.2 ± 0.4Ma; Badgasarian, 1972; Bellon, 1976; Rouvier, 1977; Faul
and Foland, 1980; Decrée et al., 2013) resulted in the emplacement of
granodiorite and volcanic rhyodacite (Mauduit, 1978; Rouvier, 1994;
Savelli, 2002; Decrée et al., 2014). Skarn deposits were formed in
contact with late Cretaceous-Eocene marls (Fig. 2; Decrée et al., 2013).
The most prominent feature of the area is the 7 km long and 3 km wide
Oued Belif ring-shaped structure (Rouvier, 1987), characterized by a
Fe-rich breccia containing reworked fragments of the regional sub-
strates, and a small amount of volcanic-related material (Decrée et al.,

Fig. 1. Tectonic map of central and northern Tunisia showing the location of the Nefza area (Fig. 2) and the Bou Grine and Fedj-el-Adoun Pb-Zn deposits. Numbers
refer to sampling site: 1-Ain Drahan (14AD01), 2-Sidi Bader (14SB01, 14SB02), 3-Ain Sebaa (14ME02), 4-Om-Tébal (OMS2; modified after Rouvier et al., 1985;
Bouaziz et al., 2002; Bouhlel et al., 2013; Decrée et al., 2016).
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2013). This breccia encloses Triassic salt-related rocks linked to the top
of a diapiric dome, and Serravalian-Late Tortonian magmatic bodies
(Fig. 2). A regional shallow magmatic sill (20 km in diameter and up to
0.7–0.9 km in thickness) located 500m below the Oued Belif structure
is considered to be the root of magmatic activity in the Nefza area
(Jallouli et al., 2003), and could be responsible for the high thermal
gradient (> 100 °C/km) in the area (Jallouli et al., 1996). The origin of
the IOCG Oued Belif breccia is likely to originate from mixing fluids
between magmatic-hydrothermal, and basinal (evaporite) brines. K-Fe
alteration event slightly predating the main mineralization is dated at
9.2 ± 0.25Ma on adularia (Decrée et al., 2013). Subsequent magmatic
activity during the Tortonian to Messinian (~8.4 and 6.9–6.4Ma)
erupted basaltic flows in the western part of the Nefza area (Fig. 2;
Bellon, 1976; Rouvier, 1977, 1994) under extensional conditions
(Mauduit, 1978; Maury et al., 2000; Jallouli et al., 2003).

Two generations of post-nappe continental to open-marine exten-
sional basins overly the nappe pile and the magmatic rocks. They are
both controlled by reactivation of NE-SW normal faults. The Sidi Driss
and Douahria Messinian basins were inverted at the end of the
Messinian period to form synclines (Fig. 2). They were composed of
Late Miocene algal carbonates and/or evaporites (Decrée et al., 2008a),
subsequently replaced by Pb-Zn sulphides, consisting of Messinian (or
younger) SEDEX Pb-Zn deposit. The ore is characterized by galena and
sphalerite, which is associated with As-bearing marcasite and pyrite,
celestite, and barite. Mineralizing fluids have a maximum estimated
temperature of 150 °C and are most likely influenced by Late Miocene
magmatic activity (e.g., Messinian basalts, Decrée et al., 2008a). The
Mio-Pliocene (or younger) Tamra basin unconformably overlies Eocene
folded marls, the Oued Belif breccia (south) and the Sidi Driss basin

(east), (Fig. 2; Berthon, 1922; Dermech, 1990; Decrée et al., 2008b,
2010). The Tamra Formation is a siliciclastic sequence (Fig. 3) enriched
in iron (Fig. 4a), which is interbedded with white clay lenses, the
abundance of some of them having defined a specific “White Clay Zone”
(Figs. 3 and 4b, c). In the area, two other ferruginous post-nappe basins
are: 1) the Late Miocene Moktha el Hadid Formation, where hematite-
rich halos surround basaltic flows, and 2) the Pliocene El Harch basin
containing Tamra-like deposits (Decrée et al., 2008b, Fig. 2).

Middle to Late Miocene magmatic intrusions have enhanced hy-
drothermal fluid circulation that may be (at least partly) responsible for
the numerous mineralizing events observed in the area (Decrée et al.,
2013, 2014). Both magmatism and hydrothermal mineralization are
related to a set of fractures inherited from the Variscan basement (Piqué
et al., 2002). Miocene diapiric extrusions and late basaltic sills and
dikes follow a NE-SW direction corresponding to the Ghardimaou-Cap
Serrat sinistral shear zone (G-CS in Figs. 1 and 2). This major shear
zone, thought to be of lithospheric scale (Decrée et al., 2016), directly
or indirectly controlled several series of local mineral occurrences and
deposits, such as the Oued Belif breccia and the Late Miocene Pb-Zn
sedimentary exhalative (SEDEX) deposits of Sidi Driss and Douharia
(Decrée et al., 2008a, 2013, 2014, 2016). In that context, the structural
discontinuities (normal faults, thrust sheet boundaries, magmatic con-
tacts and deformed plutons) are likely to have served as major fluid
conduits (Fig. 4a; Decrée et al., 2008a). Other Cu-Ag-Au deposits are
located along minor WSW-ENE fault zones in the area (Decrée et al.,
2013, 2016). The Nefza area is still hydrothermally active, with nu-
merous hot springs from 35 up to 70 °C (Gharbi, 1977; Zouiten, 1999)
and regional thermal gradients up to 100 °C/km (Jallouli et al., 1996).
Low discharge springs from 26 to 27 °C are present in the Sidi Driss

Fig. 2. Simplified geologic map of the Nefza district showing the location of the Tamra deposit in the northern part and the location of the cross section of Fig. 8a
(modified after Gottis and Sainfeld, 1952; Batik, 1980; Rouvier, 1987). Numbers refer to sampling sites: 5-Ouchtata Triassic sediments (14OU03, OUCHTATA), 6-
Chabet El Ain skarn (14CEA02), 7-Ragoubet El Alia granodiorite (OB48-79), 8-Ragoubet Sidi Ahmed rhyodacite (14AA02, OB45-42, OB45-78), 9-Tamra Oued Belif
breccia (BR01), 10-Boukhchiba Oued Belif breccia (14OB02), 11-Tamra deposit (ABT1, CAT7, CAT7.5, ZMNWL8, 14TAM09, 14MnTAM, 14TAM07, CP04-3, CP04-
35), 12-Tamra mine (south) marls (14TAM16), 13-Boukhchiba Fe-deposit (14BK01, 14BK11), 14-Tamra village marls (14ET02, 14ET03, EM04/11).
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(Stefanov and Ouchev, 1972; Dermech, 1990) and Tamra deposits
(Decrée et al., 2010).

2.2. Tamra Fe-Mn deposit

The Fe-Mn Tamra mine is known since Roman times (Berthon,
1922) for its high content in iron (avg. 50 wt% Fe, Gottis and Sainfield,
1952). Since 1884, it has been intensively mined as some other parts of
the Nefza mining district. Today, the low quality of the iron ore (~1%
wt As) allows Tamra sediments to be used in the local cement industry.
The eastern part of the deposit, which is overlying the Sidi Driss de-
posit, shows higher content of manganese oxides. It has been described
as a distinct zone of the deposit (Fig. 2; Manganese Zone, MnZ; Decrée
et al. 2008b).

The Tamra Formation is a 50-m thick siliciclastic and/or volcano-
clastic series of ferruginous sediments, where almost all sedimentary
textures have been overprinted by Fe(-Mn) oxide assemblages (Fig. 4a,
Decrée et al., 2008b). Despite the lack of sedimentary structures, the
whole Formation comprises an irregular succession of few centimeters
to few meters thick shallowing-upward sequences, finishing by a sub-
aerial/pedogenesis episode at the top of each sequence (Figs. 3 and 4a).
Each sequence comprises: i) a basal 1-m thick highly indurated silici-
clastic sedimentary unit composed of hematite and quartz, with an
erosional base (lower horizon); ii) an intermediate fining-upward se-
quence of a few meters thick made up of reddish hematite-bearing se-
diments at the base, and yellowish goethite-bearing sediments at the
top (intermediate horizon); and iii) an upper variegated mottled clay
horizon, a few decimeters thick (upper horizon). Synsedimentary
weathering/pedogenesis is thus well attested in the Tamra Formation.

The age of the Tamra Formation is not precisely known, but is

supposedly Mio-Pliocene or younger according to the 1:50000 geolo-
gical map of Nefza (Rouvier, 1977, 1994) and the 40Ar-39Ar ages of
4.7 ± 0.1Ma and 3.35 ± 0.07Ma obtained on late Mn-oxides (Fig. 3,
Decrée et al., 2010). These ages indicate a per descensum evolution of a
weathering front from the upper part (older age) to the lower part
(younger age), as well as a rapid deposition of the Tamra Formation
during a regional extensional tectonic regime (Fig. 4a, Bouaziz et al.,
2002). Bouzouada (1992) describes this basin as a synclinal structure
with E-W to ENE-WSW axis to the west, and NNE-SSW to the east. A
fault network of directions N-S to N140, N10 to N40 and E-W has af-
fected this basin and has played an important role in the variation of
facies both vertically and laterally. The normal faults N-S, N140 and E-
W are indeed synsedimentary faults (Fig. 4a).

The primary early diagenetic and/or pedogenetic pre-concentration
of iron is linked to meteoric fluids feeding temporary aquifers, which
were involved in seasonal Fe concentration processes (Fig. 5; Stage 1;
Decrée et al., 2008b). Primary pedogenesis was reinforced by a re-
current progressive and pervasive polycyclic pedogenesis of each se-
dimentary sequence (Decrée et al., 2008b). It corresponds to the main
pedogenic Fe event that has provided the current iron ore in the Tamra
deposit (Fig. 5; Stage 2). A primary Fe-rich sedimentary deposition
could also be considered given the nearby Oued Belif breccia (Decrée
et al., 2008b). Decrée et al. (2010) have proposed a refined analyzes of
the Mn mineralization and the effect of hydrothermal fluids on the
chemistry of the ore after the primary pedogenic/diagenetic enrich-
ment. According to them, this hydrothermal enrichment was super-
imposed on the weathering conditions found in the Tamra sequence at
the same time, and has led to the formation of Mn-oxides, first with
hollandite, romanechite and Sr-cryptomelane at 4.7 ± 0.1Ma (Fig. 5;
Stage 3), and then coronadite, chalcophanite, amorphous Mn-oxides
and kaolinite at 3.35 ± 0.07Ma (Fig. 5; Stage 4). Mn—oxides ex-
tensively occur as coatings filling fractures, creating per descensum
structures commonly found in other supergene manganese deposits of
North Africa (Dekoninck et al., 2016a, b; Verhaert et al., 2018). The
hydrothermal contribution is supported by enrichment in Fe, Mn, Pb,
Zn and As in the later stages (Fig. 5; Stages 3 and 4), and is considered to
be the result of fluid-driven hydrothermal circulation in the underlying
Sidi Driss Pb-Zn deposit, which is enriched in those elements (Decrée
et al., 2008a, b, 2010). Such hydrothermal activity is also supported by
(i) the high regional thermal activity, (ii) the high geothermal gradient
(Jallouli et al., 2003), (iii) the emplacement of late sulphide deposits
(Fig. 4d; Decrée et al., 2008b, 2016), and (iv) the occurrence of thermal
springs throughout the district (e.g., Decrée et al., 2010). Intense local
fracturing has allowed for the circulation of hydrothermal and meteoric
fluids, which have promoted the alteration of sand and the formation of
clays (Fig. 4a). Messinian magmatism could have influenced the cir-
culation of mineralizing fluids at least during the earlier stages of the
ore formation. The occurrence of late and reduced mineral veins (ga-
lena, pyrite and siderite) crosscutting the whole Tamra Formation
contrasts with the highly oxidized minerals of the Tamra deposit
(Fig. 4d). These veins probably reached temperatures close to 80 °C in
the Sidi Driss sulphide deposit, as noted by Decrée et al. (2008a), and
30 °C in several recent springs of the Nefza district (Stefanov and
Ouchev, 1972; Gharbi, 1977; Zouiten, 1999; Dermech, 1990). Three
acidic springs occur in the Tamra mine (5–6 pH units, Decrée et al.,
2010).

2.3. Kaolinite-halloysite formation

White clay assemblages composed of kaolinite and halloysite have
been observed in several spots in the Tamra deposit, but mainly in the
“White Clay Zone” with relatively low lateral extension (Figs. 3 and 4b,
c). Kaolinite-halloysite usually fills open cavities or porosity, and re-
places primary 2:1 smectites (Decrée et al., 2008b). Their formation is
considered to be the result of early pedogenetic/weathering processes
affecting each sequence, as well as the downward percolation of

Fig. 3. Synthetic log of the Tamra Formation and location of the “White Clay
Zone” (Decrée et al., 2008b). 40Ar/39Ar ages of hollandite group minerals are
also indicated (Decrée et al., 2010).
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meteoric fluids during late weathering/diagenetic stages, the latter
being observed only in the upper part of the Tamra sequence (Decrée
et al., 2008b). Most of the kaolinite-halloysite levels are associated with
early mineralization stages (Fig. 5; Stages 1 and 2). However, minor
amounts of these minerals could be intimately mixed with late stage
Mn-oxides (Fig. 5; Stage 4) suggesting that they are connected to hy-
drothermal inputs (Decrée et al., 2010).

White clays are present in the intermediate horizon defined by Decrée
et al. (2008b), where they form micro-aggregates in association with Fe
(III) minerals. The horizon is indurated by hematitic sediments at the
base and goethitic sediments at the top, which are responsible for
geodic cavities filled by kaolinite and halloysite. This intermediate hor-
izon undergoes a nearly complete weathering/alteration, which has led
to a heavy remobilization of iron and the formation of goethite and
hematite, as well as the neoformation of 1:1 white clays by re-
combination of released Si and Al. The occurrence of white clay spots in
the mottled gray clay upper horizon (only a few centimeters thick)
would be linked to the transformation of primary 2:1 smectites in ca-
tion-free 1:1 clays than to their neoformation in cavities as it was ob-
served in the intermediate horizon (Decrée et al., 2008b). A late diage-
netic evolution phase has turned the upper 20m of the Tamra
Formation into pure Fe-free white 1:1 clays, coevally to the

Fig. 4. a) Overview of the ferruginous Tamra sequence affected by normal faults. b) Iron mine of Tamra showing the “White Clay Zone” in the ferruginous sediments.
c) Focus on a white clay level embedded in the ferruginous matrix. d) Late sulphide-rich vein (pyrite, galena and siderite) crosscutting the whole Tamra Formation. e)
XRD pattern of Tamra white clays (sample 14TAM09) showing the typical 7.17A reflectionand 3.59A harmonic. f) TEM view of typical halloysite nanotubes and
hexagonal flakes of kaolinite in sample HT1 (Decrée et al., 2008b; Moussi, 2012).

Fig. 5. Paragenetic sequence of the mineral phases showing the 4 stages ob-
served in the Tamra Fe-Mn deposit (modified after Decrée et al., 2010).
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neoformation of Mn-oxides. The reconcentration and/or precipitation
of pure Fe-free white clays at the interface between lithologies with
contrasting permeability is linked to the destabilization of clay ag-
gregates in the upper part of the profile, to their migration, and finally
to their precipitation in cavities at the interface with impervious layers.
According to this process, halloysite could be locally dominant (Fig. 4b,
c; Decrée et al., 2008b). Some similarities with the Boukhchiba and
Douahria mines (location in Fig. 2) can be found taking into account the
occurrence in both deposits of white clay levels and nodules.

3. Materials and methods

3.1. Mineralogical analyzes

Mineralogical analyzes of bulk rock samples (14MnTAM, 14TAM07,
14OU03, OUCHTATA, 14SB01, 14ET02, 14ET03, EM04/11, OB48-79,
14CEA02, 14OB02, 14BK11, BR01, 14AA02, 14BK01, OB45-78, OB45-
42) and oriented aggregates (14TAM09, 14SB02, 14 AD01, 14TAM16,
14ME02, 14AA02, 14BK01) have included X-ray diffraction (XRD) at
the PC2 platform (UNamur) using an X-ray Panalytical X'Pert Pro and a
PHILLIPS diffractometers (CuKα radiation; Table 1). Oriented ag-
gregates were treated with ethylene glycol and heated at 550 °C, fol-
lowing the methodology of Holtzapffel (1985; Fig. 4e). Other miner-
alogical analyzes from Moussi (2012; ABT1, CAT7.5, CAT7, ZMNWL8,
OMS2) and Decrée et al. (2008b; CP04-3, CP04-35) have been taken
into account. Clay samples were further investigated at the University
of Namur (Belgium), using a transmission electron microscope Jeol JEM
100 CX II, with an emission source of 100 kV. Samples must be trans-
parent to electrons. Hence, depending on their nature, their thickness
had to be<30–100 nm, a condition which was generally met with
diluted suspensions of natural clays. A drop of the suspension is air
dried on a Cu grid, coated with a thin carbon film in which microscopic
holes were drilled.

3.2. Stable isotope geochemistry

A total of twenty-nine samples were analyzed: eighteen were sam-
ples collected in the field (14TAM07, 14TAM09, 14MnTAM, 14TAM16,
14OU03, OUCHTATA, 14SB01, 14SB02, 14 AD01, 14ET02, 14ET03,
14ME02, 14CEA02, 14OB02, 14BK01, 14BK11, BR01, 14AA02), and
eleven were previously collected by Decrée et al. (2008b; CP04–3,
CP04–35), Moussi (2012; ABT1, CAT7.5, CAT7, ZMNWL8, OMS2), Ben
Abdallah (2013; OB45-78, OB45-42, OB45-79) and the “Office National
des Mines de Tunisie” (ONM; EM04/11; Table 1; Figs. 1 and 2). The
twenty-nine samples were analyzed at the Institute of Earth Surface
Dynamics of the University of Lausanne (Switzerland) for their oxygen
and hydrogen isotope compositions. Silicates (quartz, feldspars, clays;
Table 1) and oxides (goethite-hematite) were analyzed for their δ18O
values in all rock types (rhyodacites, claystones, sandstones, marls,
skarns). Hydrogen isotope compositions were measured on hydrous
silicates (kaolinite-halloysite), and hydroxides (goethite-hematite;
Table 1). Five samples of the white clay levels (outcrop 11 in Fig. 2;
ABT1, 14TAM09, CAT7.5, CAT7, ZMNWL8) and four of Fe(III) minerals
(outcrop 11 in Fig. 2; 14MNTAM, CP04-3, CP04-35, 14TAM07) were
collected respectively in the kaolinite-halloysite levels and goethite-

hematite concretions in the Tamra deposit. In order to compare the
conditions of the Tamra ores with other places in the Nefza district, two
samples with high goethite-hematite content from Triassic weathered
pyrites (outcrop 5 in Fig. 2; 14OU03, OUCHTATA), which were con-
tained in carbonates, were added to the Fe-oxide set, as well as three
samples of the ferruginous deposits from Oued Belif (outcrops 9, 10 and
13 in Fig. 2; 14OB02, 14BK11, BR01) In addition, other samples were
collected from the bedrock of the Nefza area to analyze the stable
isotopic composition of oxygen and hydrogen. Finally, other samples
were analyzed for their H and O stable isotope compositions (Table 2):
samples of two granodiorites in borehole OB45 at Ragoubet Sidi Ahmed
(outcrop 8 in Fig. 2; OB45-78, OB45-42), two rhyodacites at Boukh-
chiba (outcrop 13 in Fig. 2; 14BK01) and Ragoubet Sidi Ahmed (out-
crop 8 in Fig. 2; 14AA02), two skarns at Chabet El Ain (outcrop 6 in
Fig. 2) and Ragoubet El Alia (outcrop 7 in Fig. 2, 14CEA02), 5 marls at
Tamra mine (outcrop 12 in Fig. 2; 14TAM16), Tamra village (outcrop
14 in Fig. 2; 14ET02, 14ET03, EM04/11) and Ain Sebaa (outcrop 3 in
Fig. 1; 14ME02), two clayey levels at Om-Tebal (outcrop 4 in Fig. 1;
OMS2) and Sidi Bader (outcrop 2 in Fig. 1; 14SB02) and two sandstones
of the Oligocene Numidian sandstone at Ain Drahan (outcrop 1 in
Fig. 1; 14 AD01) and Sidi Bader (outcrop 2 in Fig. 1; 14SB01).

All silicates and Fe-hydroxides of the Nefza area were analyzed for
their oxygen isotope compositions. These analyzes were obtained using
a CO2-laser fluorination line coupled to a Finnigan MAT 253 gas source
mass spectrometer according to a method, which was adapted after
Vennemann et al. (2001). Between 2 and 3mg of non‑carbonated
powder were loaded onto a small Pt-sample holder and pumped out to a
vacuum of about 10−6 mbar. After prefluorination of the sample
chamber, the samples were heated with a CO2-laser in the presence of
pure F2. Excess F2 was separated from the O2 produced by conversion to
Cl2 by KCl held at 150 °C. The extracted O2 was then introduced into the
inlet of the mass spectrometer. Oxygen isotope compositions are given
in the standard δ-notation and are expressed relative to the Vienna
Standard Mean Ocean Water (VSMOW) in permil (‰). Replicate
oxygen isotope analyzes of the LS-1 in-house quartz standard gave an
average value of 18.10 ± 0.06‰ (2SD, n=4) for δ18O. The oxygen
and carbon isotope compositions of carbonates (marls, skarns) were
determined on 100 to 1200 μg whole rock or carbonate powders using
100% H3PO4 dissolution at 70 °C with an automated GasBench II pre-
paration unit attached to a Thermo Finnigan DeltaPlus XL mass spec-
trometer and a He-carrier gas system (Spötl and Vennemann, 2003).
The results are given in the standard δ-notation, which is expressed
relative to VSMOW in permil (‰) for oxygen and relative to VPDB for
carbon. Reproducibility for the analyzes estimated on the basis of re-
peated analyzes of the in-house Carrara Marble standard (CM; n=9),
gave an external precision (1SD) of± 0.11‰ for δ18O and 0.08‰ for
δ13C.

The hydrogen isotope composition of clay, Fe-oxides and bulk
samples together with their water content were determined with a zero-
blank auto-sampler and a High-Temperature Conversion Elemental
Analyzer (TC-EA; Bauer and Vennemann, 2014) after drying in a va-
cuum desiccator overnight. The amount of powder needed for Fe-oxides
is between 2 and 3mg, 0.5–1.0 mg for kaolinite samples, 3.0–4.0 mg for
clayey samples and 4.0–5.0 mg for whole rock materials. Marls were
decarbonated before the measurements. In-house reference materials of

Table 2
Chemical composition of the white clays CAT7, CAT7.5, ABT1 and ZMNWL8 determined by X-ray fluorescence, using a Panalytical Axios Dispersive XRF
Spectrometer. The loss-on-ignition was evaluated from the weight difference between samples heated at 100 °C and 1000 °C. -= not analyzed. The results are
expressed in weight concentration percent of oxides (Moussi et al., 2011; Moussi, 2012).

SiO2 Al2O3 Fe2O3 MgO MnO CaO Na2O K2O P2O5 TiO2 H2O Total

CAT7 41.37 36.14 4.56 0.08 <0.01 0.04 0.07 0.07 < 0.01 0.06 17.6 100
CAT7,5 43.53 39.15 0.24 0.04 0.01 0.05 0.03 < 0.02 0.03 0.01 16.9 100
ZMNWL8 43.64 39.16 0.53 – – 0.1 – 0.42 0.04 0.03 14.2 98.12
ABT1 39.38 36.55 0.52 – – 0.1 – 0.03 0.03 0.02 22.9 99.53
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biotite (G1; δD=−64 ± 1.6‰) and kaolinite (K-17; δD=−125 ±
1.3‰) were used to calibrate the measured isotopic compositions
(Bauer and Vennemann, 2014). The isotopic composition of hydrogen is
expressed in the “δ-notation”, relative to VSMOW in permil (‰). All the
measurements of samples and standards were replicated but only their
average value are presented in Table 1.

3.3. Pb-Pb isotope measurements

Pb isotopic analyzes were performed on five kaolinite-halloysite
samples (Table 3) at the Laboratoire G-Time (Université Libre de
Bruxelles, ULB, Belgium). The total acid dissolution and lead purifica-
tion were realized according to the procedure described in Weis et al.
(2006) and Renson et al. (2011). The Pb isotopes were measured on a
Nu Plasma Multi-Collector Inductively Coupled Plasma Mass Spectro-
meter (MC-ICP-MS from Nu Instruments) by applying a static multi-
collection in dry mode. Tl standard solution was added as dopant to all
samples and Pb standards (Pb-Tl ratio of 4 or 5) in order to auto-
matically correct the Pb isotopic ratios for mass fractionation bias. Also,
the sample standard bracketing method was applied to correct instru-
mental drift. During the period of analyzes, repeated measurements of
the Pb NBS981 standard (n=22) gave average values of 208Pb/204Pb
(± 2σn; 36.7134 ± 0.0008), 207Pb/204Pb (15.4968±0.0003) and
206Pb/204Pb (16.9406 ± 0.0004). All the reported values were nor-
malized using the recommended values from Galer and Abouchami
(1998): 208Pb/204Pb (36.7219 ± 0.0044), 207Pb/204Pb
(15.4963± 0.0016) and 206Pb/204Pb (16.9405 ± 0.0051).

4. Mineralogy

Whole rock samples of ABT1, CAT7, CAT7.5, ZMNWL8 (Moussi,
2012) and 14TAM09 had a composition of 100% of phyllosilicates.
However, some variations in the SiO2 content of the chemical compo-
sition of ABT1, CAT7, ZMNWL8 and CAT7.5 might indicate the pre-
sence of quartz (Table 2; Moussi et al., 2011; Moussi, 2012). When
heated by laser ablation in the oxygen isotope protocol, these samples
show a small amount of quartz grains. The increase in the Fe2O3 con-
tent, especially in sample CAT7, and the occurrence of pinkish/reddish
tints in the white clays might be due to disseminated co-genetic Fe-
oxides (Fig. 4c; Table 2). The fraction< 2 μm (Brindley and Brown,
1980) consists of kaolinite (Fig. 4e, Table 1), while halloysite is evi-
denced by TEM images, which shows the typical tube structure in as-
sociation with hexagonal flakes of kaolinite (Fig. 4f, Caillère et al.,
1982).

5. Stable isotope results

All new following results focus on the Tamra ores, first presenting
the kaolinite-halloysite white clays (Fig. 6a), and then the associated
Fe-oxides δ18O and δD values (Fig. 6b). These items are finally in-
tegrated in the large set of δ18O and δD values of the country rock types
(Fig. 6c; magmatic, metamorphic and sedimentary), in order to have a
better view of these stable isotopes in the Nefza area. In addition, new
Pb-Pb isotopes of the kaolinite-halloysite are considered in the set of
data already studied by Decrée et al. (2013, 2014; Fig. 7).

5.1. δ18O—δD values

The kaolinite-halloysite samples are strongly enriched in 18O, with
δ18O values from 19.2 to 25.4‰, while δD values are between−70 and
−123‰ (Fig. 6a; Table 1). The effect of detrital quartz on the isotopic
composition would be a decrease in the δ18O values, considering that
quartz from high temperature rocks (magmatic and metamorphic rocks)
and of non-diagenetic origin would generally have lower 18O/16O ratios
compared to clay minerals formed at low temperatures (e.g., Savin and
Epstein, 1970). In the diagram (Fig. 6a), all kaolinite-halloysite samples
plot on the right side of the “kaolinite line” defined by Savin and
Epstein (1970), which is considered to be the normal trend for kaolinite
in equilibrium with meteoric waters at 25 °C.

In the Tamra deposit, goethite and hematite are often associated
with small amounts of quartz and clays (Decrée et al., 2008b). Despite
that the absolute δ18O and δD values differ from those of the kaolinite-
halloysite, they both have similar trends. Two samples plot along the
25 °C line of Yapp (1990), which is considered as an equivalent of the
kaolinite line for goethite (δ18O=−1.3 and −2.0‰, δD=−127 and
−132‰), while two other samples are close to the temperature lines
that would correspond to fractionations established at 0 °C
(δ18O=−1.0 and 5.1, and δD=−142 and −156‰; Fig. 6b). Some of
the goethite-hematite were clearly in equilibrium with meteoric waters,
as they plot on the 25 °C line. However, some of them could be in
disequilibrium with temperatures below 25 °C (Fig. 6b), as already
shown in kaolinite-halloysite samples. These goethite and hematite
could also have been contaminated by small amounts of quartz and clay
impurities (Table 1). The comparison of Tamra iron ores with other Fe-
oxides in the district shows that Ouchtata goethite, which are hosted in
Triassic carbonates, plots along the 25 °C line (Fig. 6b) and obviously
results from the weathering of Triassic pyrite. However, some Fe-oxides
of the Oued Belif breccia have higher δ18O values compared to the
Ouchtata weathering Fe-oxides, which may be explained by a small
quantity of quartz and K-feldspars in the ferruginous matrix (Decrée
et al., 2013), or even by the influence of hydrothermal fluids that could
have precipitated the Fe-oxides (Fig. 6b and c; Table 1).

Plutonic and volcanic rocks in the Nefza area have high δ18O values
for igneous rocks of granitic composition (15.1 to 16.0‰) and δD (−72
to −84‰), when compared to values compiled by Hoefs (2009). This
might suggest some late low-temperature alterations of these rocks.
Alternatively, they might include a higher contribution of the S-type
granites (e.g., Hoefs, 2009), as suggested by the peraluminous trend of
some rhyodacites (Decrée et al., 2014). The clay fraction of their
weathering products has higher δ18O and δD values, with a range be-
tween 19.0 and 20.7‰, and− 48 and− 68‰ respectively (Fig. 6c).
These values differ from the Tamra white clays δ18O and δD, probably
because the mineral assemblage is composed of smectite, kaolinite, il-
lite and chlorite (Table 1).

The metamorphic rocks in the close vicinity of the Tamra deposit
are represented by scarce skarns, when in contact with plutonic rocks
and Cretaceous to Eocene marls (Fig. 2, Decrée et al., 2013). The δ18O
values of these skarns are the highest of the area, probably because the
primary carbonates were deposited in a marine environment. From bulk
rocks, the separated carbonate fractions have δ18O values between 27.6
and 28.2‰, while the δD values of the hydrous silicate fraction vary

Table 3
Lead isotope ratio of kaolinite-halloysite samples of the Tamra deposit. 2se refers to 2 standard errors, *: replicate analyzes.

Sample Age 208Pb/204Pb 2se 207Pb/204Pb 2se 206Pb/204Pb 2se

14TAM09 (< 2 μm) <Zanclean 38.8671 0.0026 15.6681 0.0009 18.7720 0.0010
ABT1 38.8403 0.0022 15.6629 0.0009 18.7716 0.0010
CAT7 38.8446 0.0015 15.6699 0.0006 18.7611 0.0006
CAT7,5* 38.8654 0.0016 15.6687 0.0006 18.7786 0.0007

38.8592 0.0014 15.6679 0.0006 18.7785 0.0006
ZMNWL8 38.8623 0.0015 15.6670 0.0006 18.7763 0.0007
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from −67 to −92‰ (Fig. 6c; Table 1). Therefore, only clay minerals
contain hydrogen in their structure and provide enough hydrogen to be
properly analyzed for their δD values.

The Cretaceous to Eocene marls show values enriched in 18O,
reaching 28.8‰, which are similar to the δ18O values of the skarn
(Fig. 6c, Table 1). In detail, the O isotope compositions in calcite from
marls (23.8 to 28.8‰; gray shade area in Fig. 6c) are enriched in 18O in
contrast to the clay (and quartz) fraction within these same host rocks
(kaolinite, illite, and quartz; 22.3 to 25.8‰). The δD is only analyzed in
the clay fraction within these rocks, ranging from −64 to −96‰, due
to only clay minerals that could contain hydrogen in their structure.

The δ18O of the Oligocene sandstones range from +14.5 to
+18.4‰, and their δD from −59 to −75‰ (Fig. 6c). These isotopic
compositions reflect the abundance of quartz and subordinate amounts
of kaolinite and smectite. The δ18O and δD values from the Numidian
claystone lenses interlayered with the sandstones are similar
(δ18O=16.1 and 18.8‰, δD=−63 and −72‰). All data obtained

from the Oligocene whole rocks plot on the left side of the kaolinite line
(Fig. 6c).

5.2. Pb-Pb isotope composition

The Pb isotopic ratios of the white clay samples from the Tamra
formation have been integrated in the large set of Pb isotope data
available for the Nefza district (Fig. 7; Decrée et al., 2014). No age
correction on the Pb isotopic ratios were needed, given their relatively
recent age of formation (Late Miocene). Kaolinite-halloysite samples
show similar 206Pb/204Pb (18.761–18.779) and 208Pb/204Pb
(38.840–38.867) ratios, falling in a narrow window (Fig. 7, Table 3). As
a whole, the Pb isotopic data of the white clays belong to a trend de-
fined by the Pb-Pb values from various mineral occurrences of the
district, including the Oued Belif breccia ferruginous matrix (Decrée
et al., 2013), the Tamra, Douharia, El Harsh, Mokta el-Hadid Fe-oxides,
and the Sidi Driss and Douharia galena (Fig. 7; Decrée et al., 2014).

Fig. 6. a) δD and δ18O plot of kaolinite-halloysite
samples of the Tamra Formation, with known data of
weathering kaolinite (gray area) and halloysite (dark
gray area, Sheppard and Gilg, 1996) as well as kao-
linite of the Bahloul Formation hosting the Bou Grine
Pb-Zn deposit (Bechtel et al., 1999). Calculated
equilibrium waters at 10 °C, 25 °C and 80 °C are re-
presented by light gray stars connected by dashed
lines. The meteoric water, kaolinite weathering
(Savin and Epstein, 1970) and supergene/hypogene
lines (S/H, Sheppard and Gilg, 1996) are given for
reference. Intermediate temperature lines are calcu-
lated from equations in Sheppard and Gilg (1996). b)
Goethite and hematite samples of the Nefza area in a
δD and δ18O plot. Temperature lines are calculated
from Yapp (1990). c) δD and δ18O plot showing the
stable isotope compositions of felsic, siliciclastic and
carbonate rocks with Fe-oxides and white clays of
the Tamra mine (Table 1). Carbonate values are in-
dicated in gray shades on the right of the diagram.
Carbonate range of values are given by gray shades.
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6. Origin of the white clays in the Tamra ores

The unusual stable isotope compositions recorded in the halloysite-
kaolinite of the Tamra deposit are not in equilibrium with pure me-
teoric waters: the combined δ18O and δD values of pure kaolinite-hal-
loysite plot on the right side of the kaolinite reference line. The δ18O
values are higher than those of detrital kaolinites (Fig. 6a; Sheppard
and Gilg, 1996) and also higher temperature kaolinite (hydrothermal).
The measured stable isotope compositions correspond to unrealistic
temperature conditions below 0 °C (Fig. 6a). For instance, the calcu-
lated isotopic compositions of the coexisting water, which are in
equilibrium with the kaolinite and halloysite at 10 to 25 °C, show
higher δ18O values compared to the meteoric water line that represents
the present day meteoric water for kaolinite formed at 25 °C. The iso-
tope composition of weathering halloysite as compiled by Sheppard and
Gilg (1996), plots on the left side of the kaolinite line (light gray area in
Fig. 6a). Mixing those regular halloysite crystals with kaolinite would
produce a decrease in δ18O, which is not recorded in the Tamra white
clays. Furthermore, co-genetic Fe-oxides show the same trend com-
pared to white clays, i.e. high δ18O values for some goethites are re-
ported on the right side of the 25 °C line (for goethite after Yapp, 1990),
which strengthens the interpretation based on the values of δ18O and
δD (Fig. 6b). Nevertheless, some of these goethite and hematite crystals
plot on the equilibrium lines with meteoric waters, which means that
they were also formed under supergene conditions as suggested by
Decrée et al. (2008b). Such high δ18O values are unusual and might
indicate that the Tamra white clays (and some goethites) are not ex-
clusively formed by weathering processes in the presence of pure me-
teoric water. They could have crystallized either i) in the presence of
highly evaporated meteoric waters, and/or ii) from waters that have
previously intensive interactions with the country rocks at higher
temperatures or even with magmatic fluids.

The first hypothesis (i) is deduced by the large variation recorded in
the kaolinite and halloysite δD values (Fig. 6a) that could be attributed
to meteoric waters that have experienced evaporation before their
circulation within the bedrock. Evaporation processes affecting super-
ficial waters would also have an effect on the isotopic composition: the
heavier isotopes of oxygen and hydrogen are both favored in the re-
sidual meteoric fluid, leading to increasing and variable δ18O and δD
values (e.g., Bechtel et al., 1999). Such evaporation effect on the stable
isotopes needs to be moderate with the paleoclimatic conditions that
occurred during the deposition and the ore formation/enrichment of
the Tamra succession. Late Miocene sediments recorded a change from
a dry to a wet climate in North Africa, even more humid than today.
The dry Tortonian climate changed to humid conditions (known as the

“Zeit Wet Phase”) extending into the uppermost Tortonian and the
lowermost Pliocene. Afterward, North Africa experienced a prolonged
wet period during the Messinian, which is related to the interaction of
Asian monsoon and the low stand of the Mediterranean Sea. The as-
sociation of deserts and monsoons explains why the Mediterranean
basin could be subject to desiccation (e.g. Messinian Salinity Crisis)
while the areas in the south were receiving abundant rainfall
(deMenocal and Bloemendal, 1995; Griffin, 2002; Gladstone et al.,
2007). The Pliocene and Pleistocene were subject to alternating dry and
wet episodes that did not match the “Zeit Wet Phase” intensity and
length (e.g., Griffin, 1999, 2002; Köhler et al., 2010). While the fol-
lowing evaporation effect is consistent with the arid or subdesertic
climate (Suc et al., 1995), particularly considering the hydromorphic
pedogenesis, which have occurred during the ferralitisation of the
Tamra sediments (Decrée et al., 2008b), the δD values of kaolinite-
halloysite and goethite-hematite are probably too low to consider this
process alone. The 2H isotope would indeed be favored, and provide
higher δD values as it has been observed in the Bahloul Formation
(Fig. 6a; Bechtel et al., 1999). As this is not the case, the following O-
isotope exchange model between hydrothermal/magmatic fluids with
the basement rocks (ii) could be a better interpretation.

δ18O and δD values of the kaolinite-halloysite samples also have a
large range of values consistent with an input of heavy oxygen during
their formation or during subsequent alteration. In this second hy-
pothesis (ii), fluids with higher 18O content compared to pure meteoric
waters have contributed to the high δ18O values measured for some
samples relative to values recorded in kaolinites worldwide (Sheppard
and Gilg, 1996, gray areas in Fig. 6a). The high δ18O values may be the
result of fluid-rock interaction with the basement rocks and supported
by a high heat gradient related to magmatic intrusions. The presence of
high δ18O carbonates in the underlying Cretaceous to Eocene marls
and/or skarns facilitates a fluid buffering towards higher 18O contents
(Fig. 6c). This hypothesis suggests that these kaolinite-halloysite were
formed after synsedimentary weathering/pedogenesis and/or were al-
tered in the presence of deeper hydrothermal fluids derived a few
hundred meters beneath the Tamra deposit (Figs. 8a and b). The latter
has been enhanced by alteration of the carbonated substratum, which
may also have led to the enrichment of the mineralizing fluid in 18O,
and to the crystallization of kaolinite-halloysite and/or destabilization
of the previously formed clay assemblages in the Tamra section
(Fig. 8a). The occurrence of hydrothermal halloysite has already been
mentioned in previous works (Hilali et al., 1968; Minato et al., 1981;
Spencer, 1991; Lorenzoni et al., 1995; Nicaise, 1998; Joussein et al.,
2005). The origin of this hydrothermal fluid could be meteoric, but a
contribution of saline fluids is also consistent with the presence of a

Fig. 7. Fe-oxides of Douharia, Oued Belif breccia, El
Harsh, Mokta el-Hadid, and galena of the Douharia
and Sidi Driss deposits (modified after Decrée et al.,
2014) together with the Tamra white clay levels
plotted on a 207Pb/204Pb vs. 206Pb/204Pb diagram
(Table 3). Felsic rocks and Cretaceous-Eocene car-
bonated substratum rocks are also reported on this
graph (Decrée et al., 2008a, b). Pb isotopic ratios are
not recalculated for the white clays of Tamra con-
sidering recent age of the samples. The error bar
represents the mean for the standard deviations.
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Triassic diapir beneath the surface of the Oued Belif structure a few
hundred meters to the south of the Tamra deposit, and evaporite se-
diments in the underlying Sidi Driss basin (Figs. 2, 8a and b). The
temperatures of the fluid responsible for the Pb-Zn ore in the underlying
Sidi Driss deposit range from 80 °C (early mineral assemblage) to 150 °C
(late mineral assemblage, Decrée et al., 2008a). However, these tem-
peratures are probably not reached in the Tamra deposit because hy-
drothermal halloysite and kaolinite generally precipitate at low tem-
perature (< 80 °C or< 61–110 °C, e.g.; Joussein et al., 2005). On the
basis of the considered white clay samples and an estimated tempera-
ture of 80 °C, the modeling suggests a calculated isotope composition
for a hot meteoric/magmatic fluid at 80 °C of −46 to −101‰ for δD,
and 3.6 to 9.8‰ for δ18O (Fig. 6a). Mixing the superficial O2-rich
meteoric waters with deeper saline hot brines could have triggered the
formation of halloysite (and associated alteration minerals) in the
Tamra deposit (Figs. 8a and b). The contribution of hydrothermal and
meteoric fluids induced the crystallization of the typical supergene
phases composed of hollandite, coronadite and chalcophanite, coex-
isting with kaolinite lenses at temperature less than those recorded in
the Sidi Driss deposit. The timing of such process is poorly constrained
but probably occurred during late diagenesis, coevally to hydrothermal
enrichment described by Decrée et al. (2010; Fig. 5).

Considering the similarity between stable isotope compositions of
the Tamra clays with those obtained by Bechtel et al. (1999) in the
Bahloul Formation (Fig. 6a), and the presence of diapirism in the vi-
cinity of both formations, saline fluids could have contributed to the
transportation of base metals. Fluid inclusions of late calcite in the
underlying Sidi Driss deposit corroborate this statement with 11.7 to
18.3 wt% NaCl (Decrée et al., 2008a). This high salinity, together with
relatively low temperatures (< 150 °C), could have influenced the hy-
drogen and oxygen isotope composition of the fluid, as shown by ex-
perimental studies made by Truesdell (1974) and Horita et al. (1993).
These authors showed that water composition can be more or less saline
and does not directly influence the isotopic composition unless sali-
nities are very high at such low temperatures of exchange. These fea-
tures are in agreement with the conclusion learned from the Pb-Zn Bou
Grine mine, where the origin of kaolinite is explained by the interaction
of sedimentary pristine kaolinite with 18O-rich hot saline brines
(170–250 °C, 16–33 eq wt% NaCl; Charef and Sheppard, 1987; Bechtel
et al., 1999).

Pb-Pb isotope results of the Fe and Pb ores define a clear trend
ranging between the Nefza felsic magmatic rocks, and the carbonate
substratum (Fig. 7). This suggests that the origin of Pb is not only re-
lated to felsic rocks but also to the substratum (Decrée et al., 2014). As a

whole, the white clays plot on this trend, suggesting the same origin as
the one for other Fe and Pb-Zn ores in the Nefza area (Decrée et al.,
2008a, b). It would imply that i) mineralizing processes are quite si-
milar to Sidi Driss and Tamra sequences and ii) mineralizing fluids from
hydrothermal activity were related to magmatic bodies (Fig. 8b), pas-
sing through the carbonated substratum and forming Fe-oxides (he-
matite, goethite), Mn-oxides (hollandite, romanechite, strontiomelane,
coronadite, Pb-Mn-oxides, chalcophanite), quartz and kaolinite-hal-
loysite (Fig. 8a), and finally imposing their δ 18O and δD isotopic sig-
natures. Such specific O and H isotopic compositions of the white clays
can suggest the intervention of the same fluid, which was responsible
for the white clay genesis and the late enrichment in Fe, Mn, Pb, Zn, and
As (Fig. 5; Stages 3 and 4). Decrée et al. (2008a, b) pointed out the
relation between the Tamra deposit and the underlying Sidi Driss de-
posit: the enrichment of Mn, Pb, Zn, Fe, and As in both deposits suggests
that Fe-bearing fluids percolated through the Sidi Driss sulphide deposit
before the enrichment of the Tamra ores. This late event indicates that
hydrothermal activity has persisted in the Nefza mining district (Decrée
et al., 2014) after the deposition and Fe-enrichment of the Tamra se-
diments. The enrichment in Pb-Zn of the co-genetic Mn-oxyhydroxide
(chalcophanite, hollandite group minerals, romanechite) from the
Tamra deposit is the result of reactivation of convection cells and
leaching of hydrothermal fluid through the Sidi Driss deposit (Decrée
et al., 2008a, b, 2010). Thermal anomalies have occurred since Late
Serravallian-Tortonian times (Jallouli et al., 1996), the most striking
example being the Messinian mafic magmatism (Decrée et al., 2013)
and the current thermal springs (Zouiten, 1999).

The tectonic event favoring hydrothermal circulation at that time
might be associated with the extensional opening of the late Miocene
basins (Bouaziz et al., 2002) allowing the formation of the Tamra and
Sidi Driss basins that are delineated by normal faults beneath and inside
the Tamra deposit (Fig. 8b). Fluid flow was facilitated by the enhanced
geothermal gradient, thanks to the intrusion of the shallow sill (Jallouli
et al., 1996, 2003, Fig. 8b). In that context, structural discontinuities
(thrust sheet boundaries, magmatic contacts and deformed plutons)
could have served as main drains (Fig. 8b; Decrée et al., 2008a). This
alteration process is not so clear as petrogenetic process related to he-
matite and goethite: the stable isotopes indicate that some of the goe-
thite crystals/mineralizations were equilibrated with meteoric waters
and plot along the 25 °C line, while others must have formed in the
presence of the above-mentioned higher 18O fluids (Fig. 6b). Therefore,
the formation of Fe-oxides can be generated through synsedimentary
weathering/pedogenesis, but also through hydrothermal fluid activ-
ities.

Fig. 8. Schematic cross section showing the Nefza
area. a) Genetic model for the Tamra deposit hy-
drothermal enrichment and formation of the white
clay levels. Mixing of meteoric fluids with saline
hydrothermal solutions have led to alteration and
transport of metals in the Tamra deposit. Leaching of
the Pb-Zn Sidi Driss deposit has enriched miner-
alizing fluids in Fe, Mn, Pb, Zn, and As and subse-
quently crystallized late Mn-oxides in the Tamra
section (Decrée et al., 2010). Fluid-rock interaction
with underlying marls was responsible for heavy
δ18O related to carbonate phases, resulting in white
clay formation in the Tamra deposit (adapted from
Decrée et al., 2008b). b) Large scale model (adapted
from Decrée et al., 2008a and references therein)
showing the thermally driven circulation involved in
the formation of SEDEX type Pb-Zn Sidi Driss ores.
Such thermal activity probably persisted until cur-
rent times as many thermal springs are still observed
(Decrée et al., 2010). Note the contribution of deeper

fluids originated from Triassic salt diapir, the heat flow related to the shallow magmatic sill underlying the Nefza area and normal faults acting as main drains for
mineralization (Jallouli et al., 2003).

A. Dekoninck et al. Applied Clay Science 163 (2018) 33–45

43



7. Conclusion

The high δ18O values of the kaolinite-halloysite and goethite-he-
matite of the Fe-Mn Tamra deposit show that these latter minerals did
not originate solely from an equilibrium state with pure meteoric wa-
ters. The most appropriate explanation for their relatively heavy iso-
topic values is a hydrothermal fluid-rock interaction of the meteoric
fluid with the underlying carbonate rocks (marls and skarns), after
deposition added to the synsedimentary weathering/pedogenesis of the
Tamra succession. Such enrichment in the 18O content of the fluid and
clay minerals precipitating from the fluids is unusual and only observed
in the Bahloul Formation hosting the Pb-Zn Bou Grine deposit. The
occurrence of halloysite and kaolinite lenses in the Tamra deposit is
assumed to be formed by a direct precipitation from hydrothermal
fluids, or by a secondary fluid-mineral exchange during a post-deposi-
tional hydrothermal alteration of primary clays first formed during
weathering. The structural discontinuities (mainly normal faults) may
have supported the fluid migration. Pb isotopes of the white clays in-
dicate that the source fluid could be influenced by felsic magmatism,
when the carbonate bedrock is responsible for the enrichment of the
fluid in 206Pb/204Pb and 207Pb/204Pb as it has been recorded in the
halloysite-kaolinite and other mineralizations of the Nefza district. The
close relation between Tamra ore deposition and the intrusion of a
Triassic diapir into evaporites (also attributed to the Pb-Zn enrichment
in the Bou Grine deposit) stimulates the occurrence of saline fluids that
have facilitated the transportation of metals. The mineralizing fluid
could be responsible for the ore enrichment in Mn, Fe, As, Pb, and Zn,
and the formation of late Mn oxides in the Tamra deposit.
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