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Abstract: Mount Debbagh (Djebel Debbagh) is part of the neritic Constantinois Formation located in northeastern Alge-
ria. This Formation consists of autochthonous limestones units varying in age from Jurassic to Cretaceous that contain au-
tochthonous Aptian to Cenomanian limestones deposited in seawater. During diagenesis, temperatures of limestones var-
ied from 50 to 130°C as measured by fluid inclusions and determined by stable-isotopes (C, O). These temperatures and 
stable-isotope values are consistent with the diagenetic evolution of a sedimentary pile with small influxes of meteoric-
hydrothermal fluids, mixtures of saline fluids within a neotectonic framework. Karsts filled with detrital and neoformed 
clay deposits were located below an unconformity that was dated at Lutetian times. The largest karst is mainly composed 
of metahalloysite, whereas other karsts contain kaolinite, illite and illitesmectite detritus from nearby clastic units. In the 
central part of the largest karst, metahalloysite is associated with minor sulphates due to dominant weathering below 40°C 
(presumably between 15 and 25°C) by coastline meteoric-fluids with a �18O value ca. –2‰ V-SMOW. These low tem-
peratures do not correspond to previous interpretations that considered the thermal system to be at elevated temperatures 
(>75°C) associated with neotectonics and/or hot-spring activity. Isotope exchange experiments with different size frac-
tions of pure metahalloysites, with no expandable capacity indicate that they do not exchange hydrogen isotopes over 24 
months for a temperature of 23°C. These results used together with kaolinite oxygen and hydrogen fractionation suggest 
that halloysite to metahalloysite transformation occurred within a temperature range between 25 and 40°C. 

Key words: karst, metahalloysite, stable isotopes, exchange experiments, paleotemperatures. 

INTRODUCTION 

 Massive kaolinite group mineral deposits are rare in 
North Africa. The Djebel Debbagh (Fig. 1) area in northeast-
ern Algeria has the second largest kaolin deposits in North 
Africa. To explain the origin of the clay deposits previous 
studies concentrated on structural, crystallographic and 
chemical analyses of a series of karsts in the area, containing 
mixtures of clays minerals such as kaolinite, halloysite and 
illite. These non-isotopic studies on the genesis of the clay 
minerals have suggested either hypogene, hydrothermal 
models [1] or supergene weathering origin [2-4]. Field ob-
servations and scientific data agree that the kaolin ore was 
ultimately derived by weathering of the original detrital clays 
minerals, but that the neotectonism in the area did not sig-
nificantly modify the original form of the deposits. 

 This study concentrates on the reconstruction of the pa-
leotemperatures of the surrounding sedimentary pile and the 
isotopic compositions, of carbon, oxygen and hydrogen, of  
source fluids and the temperature range over which the 
original material was transformed to kaolinite. Temperature 
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changes during diagenesis and weathering have been deter-
mined using crystallography, oxygen, and hydrogen stable-
isotope analyses. Reliability of hydrogen isotopes data have 
been discussed by [5-8]. These authors agree that the hy-
droxyl group in 10 Å halloysite can exchange 30% of its 
hydrogen with interlayer water in minutes, and therefore 
exchange is fast enough to occur between ambient water and 
clay during sample preparation in the laboratory. In the ab-
sence of data on the exchangeability of collapsed 7Å halloy-
site (metahalloysite) and its capacity to re-expand, (h) Hy-
drogen isotope exchange experiments were undertaken to 
assess the reliability of �D values of metahalloysite of differ-
ent grain sizes. 

REGIONAL SETTING 

 The structural geology of northern Algeria reflects the 
tectonic changes from Triassic to Miocene times [9]. Our 
study area is part of the North African Alpine orogeny [4, 
10-14] that produced late folding events (Fig. 1). Neritic 
sequences extended from Trias to Jurassic times and formed 
over an Algerian -Atlas condensed series of silico-clastic and 
carbonate materials within pelagic domains. In the 
Constantine area, Neocomian and Turonian Epochs are ex-
clusively composed of carbonates. This lithology formed by 
deposition on a platform located towards the southern do-
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main with unconformities over autochthonous and 
parautochthonous series on its northern part [15] (Fig. 1). 

 The study area (Fig. 2) contains autochthonous units 
(Hammam Debbagh) of massive limestones. These lime-
stones include Aptian and Cenomanian units with rare detri-

tal quartz, bioclasts such as forams (Aptian stage), rudists 
and cuneolines (Cenomanian stage) and metre-scale calcite-
veins. The contact between Cenomanian and the Upper Nu-
midian unit is a breccia ‘underlying’ an unconformity, cut by 
faults with E to NW-SE directions. The Numidian unit is 
mostly composed of argillaceous marls and quartzite’s [4, 

 

Fig. (1). Map showing the Atlasic-Alpine orogenic with the internal and external domain and major structures from Tunisia to Spain. The 
Location of the studied area Constantine, Northeast Algeria in rectangle corresponds to the Roknia area shown in Fig. (2) [23]; improved by 
[14]. 

 

Fig. (2A). General geology and location of kaolin and Arsenium pits for the Djebel Debbagh mining area (omega symbol). Geology includes 
surrounding sedimentary units (Djebel Bou-Aslouge, Hammam Debbagh), faults at unconformities and anticline direction and slopes. 
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16-20]. In Lutetian times, karsts were formed and sub-
merged, producing deposition of clastic sediments [4, 21, 
22]. In the study area, Eocene-Oligocene strata are absent 
and allochtonous material and abiologic limestones filled 
solution cavities in karsts during the Holocene Epoch. The 
last geological event is related to a neotectonic inverse fault-
ing [26], that eroded and deposited the marl-filling basins to 
obtain the current geomorphology [3]. Moreover, associated 
with reverse faulting, several thermal springs (Fig. 2) were 
activated such as at Ouled Ali (75°C) and Hamman Debbagh 
(95°C). 

Karst Location, Geological Setting and Sampling (Fig. 2) 

 The Djebel Debbagh mining area is located (Fig. 2), 
within the Tellian-Atlas Mountains [23]. This mining area 
extends from NE to NW through Djebel Bou Aslouge and 
the Roknia depression to the Hammam Debbagh basin [24-
25], consisting of an Aptian–Cenomanian unit in an anticline 
area with NW – SE faults [23, 26]. This Aptian–Cenomanian 
horizon contains 43 karsts filled with clay minerals located 
in the Lower Aptian unit at a west-east unconformity (125° 
North). The Aptian-Cenomanian limestone-units are com-
posed of calcite with less than 1.5 weight % MgO [27,28]. 
They are predominantly composed of micritic calcite, and 
contain rare euhedral quartz and framboidal arsenopyrite 
(Fig. 4A). A secondary porosity and/or the generation of 
open fractures can be related to diagenetic and/or neotectonic 
stages. These karsts have conical shapes on a scale of 2000 
to 3000m long and 60 to 200m deep, and dip roughly from 
10 to 20° to the north. All these “karsts” are overlay by a 

ferruginous cap-rock containing iron oxide, just as most 
karsts of the area, and detrital illite, smectite, quartz and low-
grade kaolin ore. This cap-rock formation corresponds to 
supergene alteration formed between Oligocene and Holo-
cene times [3]. A large proportion of the karsts contain illitic 
clay-material and kaolin minerals forming a low-grade kao-
lin ore. These low-grade kaolin ores are composed of mix-
tures of illite, kaolinite and halloysite associated with minor 
sulphates such as alunite and jarosite [2]. The focus of this 
study is on the largest karst in the area (‘karst 46’, 2000m 
long and 200m deep, Fig. 3) located at an elevation of 1050 
m above sea level, radially grading from rare breccias at the 
rim to pure kaolin ore (high-grade) in the centre (Fig. 3). 
Surrounding the study area, limestones (Aptian unit) with 
quartz, sulphides in clayey-marls (Senonian unit) contributed 
particles or chemical constituents to the present-day or 
chemical components corresponding to the present day fill-
ing and mineralogy of karsts [2]. Clayey-marl levels (sam-
ples M) are related to Senonian unit located under the karts 
deposit. These clayey-marls are associated with a metre scale 
layer of “quartzite” with no overgrowths. Moreover, above 
the studied karst, a ferruginous cap rock was composed of 
concretions of goethite, hematite, arsenic-manganese rich 
oxides, rare fragments of clay material, and detrital quartz 
(Fig. 4B-C, sample 5 and 19, Table 2). In this karst, pure 
kaolin ore represent more than 80% of its volume. The kao-
lin ore has three different colours and textures (Figs. 3 and 
4E-F) that are composed of: 

1) High-grade 99 to 90% of white kaolin (samples 14-
18), with disseminated large globules of alunite 

 

Fig. (2B). Stratigraphic relations along with relative ages between units, lithology and overlapping are also shown [12]; changed by [28], and 
improved by [4]. 
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(<3%) no quartz or chalcedony, and a massive to fri-
able texture. 

2) Medium-grade with 80 to 70% of grey kaolin located 
at the rims of the karst (Fig. 4D); with very little illite 
and with 5 to 10% of iron, minor manganese oxides 
(sample 16 black) and alunite (sample 15 grey) 
[27,28]. 

3) Low-grades correspond to variable compositions with 
a dominant of iron, manganese oxides such in the 
cap-rock or the metre scale border between lime-
stones and karst. 

ANALYTICAL METHODS 

Petrography, Mineralogy and Chemistry 

 Mineralogical identification of carbonates and clays 
separates were performed on blocks of clays (kg) collected 
with special care to avoid desiccation. Using optical and 
electron microscopy (SEM: Jeol 810 with EDS detector) 
paragenetic sequences have been reconstructed from thin 
sections and bulk material. Samples (10g) were extracted 
from inside these blocks for clay-size fractions. Clay sepa-
rates were obtained by settling and centrifuging using dis-
tilled water of known stable-isotope composition to constrain 
and estimate the isotopic changes of the interlayer-water 
during sample purification. The different size fractions of  
 

clays, varying from <0.5, 0.5 to 1, 1 to 2, 2 to 5�m, bulk 
materials and their relative proportions were measured by 
weight. The mineralogy of bulk materials carbonates and 
clay separates have been analysed using XRD, IR infrared 
spectroscopy and SEM techniques, to identify minerals and 
textures. Clay separates and bulk material mineralogy and 
Full Width at Medium Height (FWMH) of (001) band were 
determined using XRD with random and oriented sample 
preparations. Samples were air-dried, glycolated and treated 
using formamide [HCONH2] [29,30] to re-expand interlayer 
from 7 to 10 Å. XRD patterns were collected using a 
Brucker D5000 (Cu K � 1-2; 2 to 65 °2� range). Infrared 
(IR) spectroscopy (Nicolet 510, FTIR), with clay separates, 
was performed on random pellets. Pellets were made with a 
ratio of 1mg sample with 150mg of KBr at room temperature 
and then oven dried at 110°C for 24h. Infrared patterns were 
collected in an airdried cell, in order to discriminate kaolinite 
from halloysite and metahalloysite. These petrographical, 
mineralogical and chemical (H2O weight %) results are used 
to determine sample purity prior to stable isotope analyses. 

Fluid Inclusions Microthermometry 

 Thermometric information such as temperature of en-
trapment, and salinity, were obtained by microthermometric 
measurements on 200�m doubly polished thick-sections at 
less than 70°C [31,32]. Using a “Chaix-Méca” heat-
ing/cooling stage Université Jean Monnet for temperature of  
 

 

Fig. (3). A schematic cross section of karsts 46 (max altitude of 1050metres above sea level, [27], from the northern Djebel Debbagh area, 
with the levels sampled location of low (samples 4, 5, 13, 15 and 16), high-grade ore (samples 14, 18), ferruginous cap-rock (sample 9), and 
Aptian limestones collected within the karst 46 (899 m, Table 1). 
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Fig. (4). Microphotographs of thin sections and chips under scanning electron microscope (SEM) of samples presenting aspects of back-
ground and karst 46 in the Djebel Debbagh mined area (Fig. 3). (A) SEM observation of surrounding limestones, showing micritic calcite, 
disseminated euhedral quartz and a framboidal oxide (sample 2). (B) SEM observation of ferruginous concretion within the oxidized cap 
with iron oxide, sulphur and arsenic minerals (sample 5). (C) SEM photo the ferruginous cap with numerous kaolin precipitation and oolithic 
structure made of oxides and kaolin material (sample 19). (D) SEM photo of a thin section from the low-grade ore zone with predominant 
kaolin, disseminated oxides, alunite and organic matter (sample 16). (E) SEM photo of high-grade kaolin ore. (F) SEM photo of high-grade 
kaolin containing different generations with gibbsite rim (E and F: sample 14) [53]. 
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homogenisation (Th L-V) of eutectic (Te) and of melting ice 
(Tm ice) calibration were made using organic compounds 
with an estimated error of 0.2°C. Later Tm ices were inter-
preted as weight % of NaCl [33] and density was calculated 
for pressure correction (Flincor Software) of temperature of 
homogenisation (Th L-V). Fluid inclusions in micrite calcite 
are too small to be measured, but microthermometry were 
observed and measured on crystals from two dm scale calcite 

vein from levels 895m and 949m with fluid inclusions lo-
cated respectively in primary or pseudo-primary settings. 

Stable Isotopes 

 For isotopic analyses of calcite, CO2 was liberated from 
carbonate minerals by reaction with 100% H3PO4 at 25°C 
[34]. The extracted CO2 was cryogenically purified. Data 
were corrected using the carbonate-phosphoric acid frac- 
 

Table 1. Isotopic Compositions (� 13C ‰ V-PDB and � 18O ‰V-SMOW Values) of Calcite from Aptian Unit from Outcrops, within 
and Surrounding Karst 46 (950m to 895m Above Sea Level) from Djebel Debbagh 

 

Sample Altitude (m) Appearence of Aptian 
Limestones Appearance and Mineralogy �13C ‰  

V-PBD  
�18O‰ 

V-SMOW 

Ca 950m outcrop Dominant calci-micrite  

with rares  

quartz graines 

Vein (sparite) 

Matrix (micrite) 

Matrix (micrite) 

1.85 

1.52 

1.42  

23.1 

24.6 

24.2 

Ca 949m  Dominant  

calcimicrite 

Vein (sparite) 

Th-L-V70 to 110°C (average98 ± 8°C, 15 

measurements) Tmice-0.9 to -7°C (average-4 ± 1°C) 

Veinlet (sparite) 

Matrix (micrite) 

-079 

 

 

0.82 

1.29  

16.3 

 

 

21.8 

22.4 

Ca 948m Massive sparitic level Vein (sparite+oxide)alongstratigraphic  

discontinuity 

Vein (sparite) 

Matrix (micrite) 

Matrix (micrite) 

0.62 

 

0.86 

0.56 

0.94  

21.1 

 

21.6 

21.8 

22.5 

Ca 900m 
Ca karst 46 

Dominant calci-micrite and 
rares veins 

Vein (sparite) 

Vein (sparite) 

Matrix (micrite) 

Matrix (micrite) 

Matrix (micrite) 

0.61 

0.4 

-0.04 

1.04 

1.91  

22.8 

22.6 

19.7 

22.7 

23.8 

Ca 899m 
Within the karst 

Dominant calci-micrite Vein (sparite) 

Matrix (micrite) 

Matrix (micrite) 

Matrix (micrite) 

0.76 

1.73 

0.93 

1.57  

21.5 

24.2 

23.0 

24.2 

Ca 898m Dominant calci-micrite Matrix (micrite) 

Matrix (micrite+oxides) 

0.11 

0.05  

18.7 

18.4 

Ca 895m 
 
Outcrop 

  
 
 
 
 
 

 
 
Close to 
895m 

Dominant calcimicrite +  

sparite veins  

and quartz grains 

 

Vein (sparite) 

Th-L-V70 to  

130°C (average150 ± 10°C, 20  

measurements)  

Tmice-1.2 to-7.1°C  

(average-2.5 ± 1°C) 

Matrix (micrite) 

Matrix (micrite) 

Vein (sparite) 

Matrix (micrite) 

 

-1.09 

 

 

 

 

 

0.97 

0.73 

-1.02 

0.59  

 

16.1 

 

 

 

 

 

23.0 

21.9 

15.5 

21.1 

Relative chronology is expressed as matrix of early and late veins of calci-micrite and calci-sparite with fluid inclusion microthermometric data (Th L-V, Tm ice, min, max, average 
± standard deviation and number of measurements) measured in sparite veins from samples located at 949m and 895m. 
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tionation factors of 1.01025 for calcite [35]. Prior to extrac-
tion of oxygen, clay minerals (<5�m) were outgassed under 
vacuum for at least 4 hours at 150°C to eliminate adsorbed 
moisture [5, 36]. Minerals were then reacted with BrF5 
(550°C) to liberate structural and hydroxyl oxygen as O2 and 
converted to CO2 by reaction with a hot carbon rod [36]. 
Hydrogen for isotopic analysis was extracted from <5�m 
clay-size fractions. Samples were dried at room temperature 
(ambient moisture of �D value of -195‰ V-SMOW), and 
then under vacuum in a quartz tube overnight at 150 to 
200°C. Hydroxyl and bonded water were liberated by heat-
ing using a butane-oxygen torch and a temperature ca. 
1300°C [38]. The liberated H2O and H2, H2S etc… is 
passed over a Cu oxide trap at 575°C, and then converted to 
H2 by reduction with uranium at 800°C [2, 39]. The H2 was 
trapped in a sample container with activated charcoal at liq-
uid nitrogen temperature. 

 Isotope analyses of C, O and H were made with CO2 and 
H2 extracted on a dual-inlet GV ISOPRIME mass spec-

trometer at Université Jean Monnet. All �18O and �D values 
are reported in per mil (‰) relative to the Vienna-Standard 
Mean Ocean Water (V-SMOW or SMOW, [40-41]. The �13C 
are expressed as Pee Dee Belemnite (PDB [40, 41]; or V-
PDB). External error and reproducibility for replicates for 
�13C are ± 0.05‰ and �18O ± 0.1‰ and for carbonates, sili-
cates �18O ± 0.3 ‰ and �D ± 3 ‰ (2�); �D ± 1 ‰ (2 �) for 
water. Data corrected to the V-SMOW and V-PDB scales 
using international and internal lab standards [43]. 

Hydrogen Exchange-Experiments 

 The two samples selected for the hydrogen isotope ex-
change experiments are composed of pure metahalloysite (14 
and 18) from the high-grade ore. Sample (14) contains a 
higher proportions of 5-2�m than <0.5�m, whereas sample 
18 has dominant <0.5�m particles (Table 3). These four 
clays samples (14: 5-2�m and <0.5�m; 18: 5-2�m and 
<0.5�m) ranged in weight from 44.4 to 107.4mg. Each sam-
ple was divided into two and placed in separate quartz-glass 

Table 2. Isotopic Compositions of Hydrogen (� D) and Oxygen (� 18O) Relative to V-SMOW and Weight % of H2O of Clay-Size 
Fractions from <0.5, 0.5 to 1, 1 to 2 and 2 to 5 �m, wt % Correspond to Relative Proportion of Each Size Fraction, with 
Kaolinite (K), Metahalloysite (mH), Illite Type (I), Smectite (Sm) and Quartz (Q), “” Symbol Correspond to Mixture of 
Mineral and will not be Discussed 

 

Samples Size Fractions (�m)  wt% Minerals  (001) Kaolin Minerals 
FWHD°2�Cu �18O‰   � D‰  H2O Wt 

% 

 M 

 (grey) 

0.5 

1 to 0.5 

2 to 1 

5 to 2  

23 

16 

26 

36 

Q>K>>Sm 

Q>>K>Sm 

Q>>K>Sm 

Q>>K, Sm 

0.15 

0.15 

 

"19.1" 

"21.1" 

"20.9" 

"27" 

-52 

-55 

-56 

-54 

6.4 

6.0 

5.0 

4.5 

 19 

 (redish) 

friable 

0.5 

1 to 0.5 

2 to 1 

5 to 2  

12 

6 

12 

71 

K 0.8;Sm0.2 

K 0.8;Sm0.2 

Mix with oxides 

Mix with oxides 

0.2 

0.2 

 

20.6 

19.7 

"20.7" 

nd 

-62 

-61 

"-49" 

nd 

11.7 

11.6 

13.1 

nd 

 18 

 (White) 

Friable high 
grade kaolin 

0.5 

1 to 0.5 

2 to 1 

5 to 2  

66 

11 

6 

17 

mH 

mH 

mH 

mH  

0.6 

055 

0.5 

05 

19.2 

19.8 

20.3 

20.7 

-48 

-47 

-51 

-45 

15.5 

14.2 

14.4 

14.1 

 18 

 (black) 

Friable low 
grade kaolin 

0.5 

1 to 0.5 

2 to 1 

5 to 2  

2 

2 

2 

94 

mH 

mH0.9; alunite>I 

Mix with oxides 

Mix with oxides 

0.7 

0.7 

 

19 

18.4 

"20.6" 

"19.5" 

41 

-38 

45 

47 

15.7 

"8.3" 

12.0 

14.0 

 15 

 (grey) 

Massive low 
grade kaolin 

0.5 

1 to 0.5 

2 to 1 

5 to 2  

1 

1 

5 

93 

mH 

mH0.9;I 0.1 

mH0.9;I 0.1 

mixture with alunite 

0.4 

0.4 

0.45 

 

19.6 

20.1 

19.3 

"20.1" 

48 

47 

48 

"-39" 

15.7 

13.5 

14.6 

"15.8" 

 14 

 (white) 

Massive high 
grade kaolin 

0.5 

1 to 0.5 

2 to 1 

5 to 2  

4 

8 

21 

67 

mH 

mH 

mH 

mH 

0.5 

0.45 

0.45 

0.45 

20.1 

19.9 

20.1 

21 

40 

-37 

43 

-36 

15.7 

15.5 

14.1 

14.2 
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tubes. D/H labelled water at –62‰ was added to one of the 
tubes and water at – 184‰ was added to the other. The tubes 
were then sealed. The clay was in physical contact with the 
liquid water. The ratio of water to clay was 15mg to 1mg, or 
water to clay hydrogen ratio of 107/1. After 24 months at 
23°C, the sealed tube was opened, water was extracted using 
a syringe, and the humid clay-separates were freeze-dried 
under vacuum to eliminate the remaining water, up to visible 
dryness. Hydrogen isotope values from final water and clay-
separates were measured. After the exchange experiments, 
99.5 weight % of water was recovered and the remainder 
represents adsorbed water on clays. For the clay-size frac-
tions, �D values were obtained using a step-heating extrac-
tion method. Hydrogen, principally as water and hydroxyls, 
was sequential extracted from room temperature up to 
800°C, using 100 ± 2°C steps for 30 minutes followed by a 
thermal gradient of 20°C/min, and then a final higher tem-

perature step at ca. 1300°C using an oxygen-butane torch. 
This procedure was initially set up with two air-dried sam-
ples of <0.5�m size fraction. For each step, total liberated 
hydrogen was converted to H2 gas and its yield measured. 
To compare air-dried “ordinary” clay samples with exchange 
experiment samples, weight % of H2O and weighted �D 
values were calculated from 200°C up to ca. 1300°C (Table 
3).  

RESULTS 

Limestones Surrounding Karst 46  

 Dominant micritic limestones contain calcite veins and 
lenses, with multiple directions and dimensions varying from 
millimetres to metres. The vein calcite crystals analysed for 
fluid-inclusion microthermometry are doubly zoned and 
have two phases H2Oliquid+ vapour and <20% vapour fluid-

Table 3. Hydrogen-Deuterium Exchange Experiments Between Lab Water of � D (*) -66 and (**) -184‰ V-SMOW and Pure 
Metahalloysites (F18 and F14) from Two Size Fractions of <0.5, and 2-5 �m (with their Respective Initial Wt. % H2O and 
�D value cf. Table 2) for 2 Years at Room Temperature with Ratio 15 mg Water for 1 mg of Clay 

 

Sample 

(�m) 

Temperature 

(°C) 

Wt%    � D‰ 

H2O  V-Smow 

* Wt%     � D‰ 

H2O   V-Smow 

** Sample 

(�m) 

Wt%     � D‰ 

H2O    V-Smow 

* Wt%    � D‰ 

H2O    V-Smow 

** 

 
 
F18 
(5to2) 
Wt% 
H2O 14.1 
� D% 
-45 

Ambiant-100 
100 to200 
200 to300 
300 to400 
400to500 
500 to600 
600 to700 
700 to800 
800 to>1300 
 
 
(A) ambiant-
ca.1300 
 
(B) 200- 
ca.1300 
 
 
 
 

0.0 b.d.l 
0.45 -59 
0.52 -62 
1.60 -46   
6.13 -35 
5.28 -37 
0.0 bdl 
0.25         -72         
0.13 -85 
 
 
14.37        -42 
 
 
13.92        -41        

 
 
 
 
 
 
 
 
 
 
 
 
 
 
-66 

0.1 -54 
0.28 -44 
0.46 -51 
1.61 -53 
4.59 -37 
5.55 -40 
1.88 -39 
0.53 -54 
0.02 bdl 
 
 
15.02  -43 
 
 
15.08       -40    
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
-175 

 
 
F14 
(5to2) 
Wt% 
H2O 
14.2 
� D% 
-36 

0.21 -95 
0.25 -73 
0.2 -65 
0.6 -56 
1.79 -43 
5.74 -36 
4.44 -36 
2.2 -41 
0.01      bdl 
 
 
15.52 -41 
 
 
14.86     -31      

 
 
 
 
 
 
 
 
 
 
 
 
 
 
-66 

0.1 -0.9 
0.29 -25 
0.37 -51 
0.68 -45 
2.67 -33 
6.77 -26 
3.68 -22 
0.458 -46 
0.24 -62 
 
 
15.25      -30 
 
 
14.86      -31 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
-175 

 
 
 
 
F18 
(<0.5) 
Wt% 
H2O 
115.5 
� D% 
-48 

Ambiant-100 
100 to200 
200 to300 
300 to400 
400to500 
500 to600 
600 to700 
700 to800 
800 to>1300 
 
 
 
(A)ambiant-
ca.1300 
(B) 200-ca.1300 

0.06 -110 
0.25 -80 
0.45 –76 
0.50 -66 
1.01 -67 
3.78 -50 
6.61 -49 
1.95 -47 
0.78 -75 
 
 
 
15.38 -55 
 
15.06       -55 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
-64 

0.2   -44 
0.24   -38 
0.36  -35 
1.08  -44 
3.32 -52 
7.95 -43 
1.39 -57 
0.41 -72 
0.03 bdl 
 
 
 
14.99 -47 
 
14.55       -48 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
-176 

 
 
F14 
(<0.5) 
Wt% 
H2O 
15.7 
� D% 
  -40 

0.13 -133 
0.41 -79 
0.45 -85 
1.10 -64 
7.23 -31 
5.77 -34 
0.54 -60 
0.22    -57 
0.03        bdl 
 
 
 
15.89 -41 
 
15.35       -40 

 0.02 bdl 
0.28 -67 
0.35 -79 
0.85 -67 
4.55 -38 
7.49 -33 
0.86 -49 
0.21 -71 
0.06 bdl 
 
 
 
14.67 -41 
 
14.38      -41 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
-174 

Samples are then freezedried and step heated at a rate of 100°C per step, and at 800 up to ca. 1300°C. For each step from ambient to ca. 1300°C, � D ‰ (V-SMOW) were measured, 
water amounts are normalised to total sample weight and expressed as weight % of H2O (Wt. % H2O). Each step (wt. % H2O) were summed to obtain a cumulative Wt. % H2O and 
used to calculate a cumulative � D values from ambient temperature to ca. 1300°C (A) and 200 to ca. 1300°C (B). 
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inclusions. Isolated and doubly zoned fluid inclusions have 
temperature of eutectic of –21°C with Tm ices lower than –
1.2°C (Table 1). Temperatures of homogenisation (Th L-V) 
of fluid inclusions range from 75 to 130°C (average 105°C, 
1�:10°C) in a calcite vein located at 895m above sea level. 
Measurements on another vein located at 949m above sea 
level gave a Th L-V range from 70 to 110°C (average 98°C, 
1�: 8°C, Table 1). Stable isotope ratios of carbonates have 
distinct values and vary between micritic limestones and 
sparitic veins. Stable-isotope values of whole calcites show a 
trend of large decreasing 18O associated with a moderate 
decrease of �13C values (Fig. 5). The micrites have � 13C 
ranging from +2.0 to -0.5‰ and � 18O between 18 and 25‰. 
Sparites in veins have slightly lower � 13C ranges from +2.0 
to –1.0‰ and lower � 18O values from 15 to 23‰ (Table 1, 
Fig. 5). 

 

Fig. (5). � 13C and � 18O values plot of limestones from Aptian unit 
(grey field) and vein (clear fields) of calcite from the Djebel Deb-
bagh location. Symbols correspond to stable isotopes values from 
this study (squares = micrite matrix, circles = for calcite veins and 
veinlets; (Table 1) and shaded square correspond contemporaneous 
� 13C and � 18O Tethys seawater estimates located at Tunisia [48]. 
Dashed fields represents carbonate 13C calcite and � 18Ocalcite 
values precipitating in equilibrium with Tethys seawater with 
(HCO3- = 0.001 mol/l) for temperature of 50 and 100°C [35, 47]. 

Clayey-Marls, Ferruginous Cap-Rock and Kaolin Ore 
From Karst 46 

 Most karsts of the area contain low-grade kaolin mixed 
with illite/smectite and illite sealed by a ferruginous cap-
rock. Above karst 46, the ferruginous cap rock and surround-
ing clay rich horizon contain clay minerals composed of il-
lite-smectite mixed-layers (R1 type) with less than 30% of 
smectite and kaolinite (Table 3). Within the ferruginous cap-
rock, clay minerals mixtures are composed of 80% of kao-
linite and 20% of illite-smectite. Both clay minerals from 
ferruginous cap-rock and clayey-marl levels have high crys-
tallinities with full widths at half peak height (001) ranging 
from 0.3 to 0.1° 2� Cu. 

 SEM observations of low-grade kaolin from the rim of 
the karst (Fig. 4D; samples 16, 15) show several deformed 
generations of kaolin (Fig. 4D), whereas oxides and sul-
phates (15), can form weakly deformed lenses or dissemi-
nated globules. Low and high-grade deposits have variable 
weight % of clays for similar size fractions with the domi-
nant fraction being larger than 0.5�m (Table 3). In the cen-
tral part of the karst, two samples of pure kaolin (samples 14 
and 18) have respectively predominant proportions of 
>0.5�m and <0.5�m particles (Fig. 4E; Table 2). Based on 
petrographic observations relative chronology between iron, 
aluminium and manganese oxides, alunite and clays remain 
unclear. 

 The XRD patterns of both random and oriented samples 
from low to medium grade ore show mixtures of dominant 
kaolin with illite and illite/smectite (samples 16 and 15; Ta-
ble 2). The high grade kaolin has only (hkl) peaks that could 
be related to 7Å (metahalloysite) and/or 1Md kaolinite, with 
full widths at half height (001) ranging from 0.7 to 0.4° 2� 
for the different size fractions and none of the formamide 
treated samples re-expanded the interlayer to 10Å. Infrared 
absorption patterns of different clay-size fraction from ferru-
ginous cap-rock, and low medium to high-grade kaolin re-
veal the presence of kaolinite and metahalloysite [41]. In the 
central part of karst 46, high grade ore composed of metahal-
loysite (7 Å) (Fig. 6) with inner OH-stretching bands at 3695 
and 3622cm-1, and minor outer OHstretching at 3602 and a 
bump at 3574cm-1. Whereas Senonian clayey-marl and fer-
ruginous cap-rock show three distinct bands at 3695, 3652 
and 3622cm-1 often related to disordered or ordered kaolinite. 

Stable Isotopes Results and Exchange Experiments 

 Stable isotope results (Table 2) were measured from pure 
metahalloysite derived from different size fractions of low to 
high-grade ore. These metahalloysites have reproducible, but 
variable, � 18O and � D values ranging from 19.0 to 21.0‰ 
and from -36 to -51‰ respectively for each size fraction, 
with H2O wt. % varying from 14.1 to 15.7 (Table 2). These 
� 18O and � D values decrease with decreasing size fraction 
as H2O yields increase. Even if metahalloysite did not re-
expand during XRD-formamide treatment, � D values and 
yields might be influenced by exchange with laboratory 
moisture. Therefore, hydrogen isotope exchange-potential of 
the samples was examined. 

 After 24 months, the recovered waters (Table 3) are in-
distinguishable from the initial water at -66‰ or +8 to +10‰ 
heavier than -184‰. The metahalloysite gave slightly differ-
ent results wt. % H2O, calculated � D values from step 200 
to ca. 1300°C compare to the air-dried metahalloysite total 
or step heating extracted � D values (Table 3 and Fig. 7) �D 
values from metahalloysite after the exchange experiments 
were compared to hydrogen results on air-dried samples. The 
� D values between air dried samples (150-200°C to ca. 
1300°C) and exchange experiments steps (200 to ca. 
1300°C, Table 3) have a maximum difference of -5‰ and 
H2O varying from -0.2 to -0.6 wt. %. Patterns of water re-
lease are similar from low to high temperature steps for all 
experiments (Fig. 7a and 7c). Most of the water was ex-
tracted between 400 and 700°C with a maximum between 
400 and 600°C. However, as mentioned for initial water  
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Fig. (6). Infrared absorption patterns from 3550 to 3750 cm-1 car-
ried out on air-dried samples M, 19, 18, 16, 15, and 14 (A: bulk 
material, B: size fractions lower than 0.5�m, samples 18, 16, 15 and 
14). Major adsorption frequency bands are noted as dash lines with 
K, H and M standing for characteristic bands of kaolinite, halloysite 
and metahalloysite [53]. 

changing from –184 to -174‰, samples of <0.5 �m size 
fractions have lighter � D values for initial step, from ambi-
ent to 100°C. Initialstep with lower � D values were only 
noticed for samples reacting with –66‰ initial water and are 
less negative or does not appear with–184‰ exchanged-
initial water. Higher heatingsteps gave heavier and variable 
�Dmetahalloysite values. � D values show a progressive 
“plateau shape” of � D between –30 and –60‰ V-SMOW 
(cumulative weight % H2O vs � D; Fig. 7b and 7d). From 
700 up to ca. 1300°C, the amount of H2 decreased with the 
lower � D values. 

INTERPRETATION 

Diagenesis, Hydrothermal Fluids and Temperature Re-
construction 

 Facies and pelagic fossils from Aptian to Cenomanian 
limestone units characterize deposits formed in a confined 
setting and later on an open platform at the end of Creta-
ceous time [2]. Petrographic observations of primary 
micritic-carbonates and silico-clastic materials show secon-
dary porosity, filled with secondary sparitic-calcite as lenses,  
 

veins and faults-fractures. These carbonates precipitations 
were related to peak diagenesis, neotectonism and hydro-
thermal circulation. Detrital materials retained by most of the 
karsts in the area consist of kaolinite and illite changed to an 
illite-smectite interlayer phase (R1) with a ferruginous cap-
rock. Preserved illite-smectite R1 mixed-layered clays sug-
gest that regional temperature would have to be close to 
100°C [45]. Moreover this ferruginous cap-rock with similar 
”detrital clays and crystallinities” observed in the surround-
ing Senonian clay-rich horizons and most karst of the area 
[1], indicate that the latest weathering fluid was able to 
transport detrital clay particles to the karsts without trans-
forming the mineralogy. The large volume of high-grade 
kaolin ore recognized in the Karst 46 compare to neighbour 
karst suggests that transport permitted just kaolin deposition 
and/or that weathering processes transformed detrital illite, 
quartz and increased the grade of the ore. Using temperature 
of eutectic and Tm ice of fluid inclusions calculated salini-
ties are <2 weight % NaCl [33]. These entrapped fluids with 
low salinities indicate that meteoric fluids circulated in these 
limestones. Measured temperatures of homogenisation from 
70 to 130°C do not represent fluid related to deposition of 
limestones but represent either hydrothermal fluid circulation 
or diagenetic temperatures in the sedimentary pile. In such 
case Th L-V represent direct temperatures of entrapment 
during a late Atlasic-Alpine orogeny or reached during com-
paction and diagenesis of the sedimentary pile. If calcite 
veins were formed during diagenesis, then Th have to be 
corrected for diagenetic compaction (30°C/km) of +25°C 
and fluid circulation ranged from 95 to 155°C. This domain 
of temperatures is similar to the temperature estimated for 
smectite to R1 illite-smectite transformation (ca. 100°C). 
Carbon and oxygen isotope data from micritic and sparitic 
calcites can be interpreted in a number of ways, both in 
terms of processes responsible for observed variability as 
well as in terms of the source itself. � 13C data from carbon-
ates are dependent upon temperature, Eh and pH during pre-
cipitation and carbon-bearing species in solution [46]. Con-
sidering petrographic observations with nearby mineral as-
semblages of iron and manganese oxides or sulphates, 
chemical and isotopic changes are related to oxidizing condi-
tions. Therefore, �

 13

C values of carbonates indicate that 
were controlled by temperature and CO2-H2O. Then �

 13

C 
carbonates values are equivalent to �

 13

CHCO3- or �13CCO2 
and � 

13

Cfluid. Therefore, stable isotopes data of calcites 
were used to estimate the source of carbon, and oxygen for 
temperature estimates [35, 47], and/or to define fluid 
changes related to surrounding carbonate series associated 
with diagenesis, fluid migration and interaction. An interpre-
tation would be to assume that that primary micritic calcite 
in matrix were in equilibrium with Albo-Aptian, Tethys 
seawater (� 18O fluid close to 0‰ V- SMOW; [48] (Fig. 5). 
Therefore calculated temperature of equilibriums are related 
to compaction with a range of temperatures from 45 to 88°C 
(Table 1) and some veins at temperatures similar to fluid 
inclusion results (54 to116°C). Using each calculated tem-
peratures, � 13CHCO3- values in equilibrium range from 0.5 
to 3.7‰ V-PDB with slightly more negative values for veins 
(Table 1). This interpretation considering a unique � 18O 
fluid of sea water indicate that calculated �13CHCO3- values 
are higher than commonly observed for atmospheric CO2 in  
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Fig. (7). “Hydrogen-isotope exchange experiments between two different starting waters (� D of -66 and -184‰) and pure-metahalloysite 
samples 14 (a and b) and 18 (c and d) with different size-fractions. a) and c) are weight % H2O extracted versus temperature (°C), and b and 
d are cumulative weight % H2O versus individual-step � D values (‰, V-SMOW) with increasing temperature from ambient to ca. 1300°C 
[53]. 

 

Fig. (8). Diagram showing � 18Ohalloysite vs � 18OH2O values at different temperatures of equilibration from 15 to 45°C from present-day � 

18OH2O values [51] ranging from -2 to –4‰ and past seawater [48]. � 18O values and 19.3 to 21.1‰ of metahalloysite from Dj. Debbagh 
(dashed domain, karst 46) as well as possible interpretations. a) open (several influx of water) or close system (initial fluid and fractional 
crystallisation, see text) b) decreasing temperature with similar water, along crystallisation from big to small particle size of metahalloysite. 
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equilibrium with seawater [47]. Moreover, this hypothesis 
would deny the influence of fluid associated with Alpine 
deformation. 

 An alternative interpretation would be to simultaneously 
interpreted carbon and oxygen isotopes data in equilibrium 
with fluids with temperatures of fluid inclusions ranging 
from 70 to 130°C (Table 4). 

-Micrite (matrix calcite) had � 13CHCO3 and � 18OH2O fluid 
values varying respectively from 1.7 to 3.7‰, -2.3 to +3.9‰ 
(70°C) and -1.5 to 3.4‰ V-PDB and 4.2 to 10.2‰ V 
SMOW (130°C). This temperature of 130°C gives too posi-
tives � 13C and � 18O values to represent a fluid-circulation 
related to evaporation or even the diagenesis of a sedimen-
tary pile. Calculated � 13CHCO3 and � 18OH2O in equilib-
rium with 70°C correspond to coastline-seawater evolving 
with diagenesis. 

-Sparite veins, just as micrite (matrix calcite), would had too 
positive calculated � 18O fluid with a temperature of 130°C (� 

13CHCO3 -: 1.5 to 3.3‰ V-PDB and � 18OH2O: +5.5- to 
+8.9‰ V-SMOW) and suggest that most calcite veins and 
veinlets emplacement were related to lower temperature 
probably be associated with matrix compaction. 

-At the exception of the calcite veins located at 895 and 
949m, with fluid inclusions and Th L-V fluid of 130°C (Ta-
ble 1) and fluid in equilibrium with � 13CHCO3 and � 18O 
values ranging from 0.5 to 0.7‰ and 1.3 to 2.1‰ respec-
tively. These fluid values might correspond to hydrothermal 
fluids with recharge of bicarbonate interacting with atmos-
pheric CO2 or freshwater (Fig. 5). 

Karst 46 

 In the karts 46, petrographical, mineralogical and size 
differences between rim and centre of the karst indicate that 
low and high-grade ore recorded multiple stages of weather-
ing fluids due to emplacement or weathering processes. As 
well as the other karsts, “karst 46” must have had contained 
large amounts of detrital clay minerals derived from clay-
rich beds such as the Senonian unit [2]. Based on petro-
graphic observations and XRD results, many clay-size frac-
tions of low grade ore are mixtures of different clay minerals 
and cannot be use for temperature or fluid reconstructions. 
The large amount of metahalloysite in karst 46 indicates re-
working of the cave with high grade ore that indicate a spe-
cial “plumbing” system compare to other karst. 

 Considering exchange experiments, the high water/rock 
ratio, the change of � D value for the lightest initial water 
indicate that some hydrogen isotope have exchanged in con-
tact with metahalloysite. Some metahalloysite samples have 
lighter � D values for initial step from ambient to 100°C, 
which agree with exchange between water and metahalloy-
site. However, this initial step does not appear in each ex-
periment because of the small amount of water collected 
from ambient to 100°C but also suggest that exchanges be-
tween water and mineral occurs with absorbed water re-
moved during freeze drying at room temperature. At higher 
steps, the water and hydroxyls were extracted between 400 
and 700°C with a maximum in agreement with the literature 
and TGA under He or N2 atmosphere [49]. Hydrogen extrac-
tion of step-heated samples indicate that light water was not 

 

Fig. (9). Diagram showing � 18O vs � D (air-dried samples) of pure metahalloysite (clear diamonds: low grade, 15 and 16; field diamond: 
high-grade, 14 and 18) with kaolinite-water equilibration-line (25 and 50°C). On the global meteoric water line (G. M.W. L.), � 18OH2O and 
� DH2O of estimated present-time rainfalls and SMOW domain are plotted as well as � 18O and � D values of water in equilibrium with 
metahalloysite for 25 and 40°C and a potential evaporation-line (cf. Table 5).  
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recovered in steps above 200°C, with no relation between 
size fractions and initial � D steps. Therefore, these metahal-
loysites have a low exchangeable capacity. Moreover, air-
dried and cumulative weight % H2O from exchange experi-
ments have up to 2% higher theoretical yields than halloysite 
(12 wt. % H2O) and close to kaolinite, with no relation to 
any specific step. To obtain this theoretical weight % of H2O 
of halloysite or metahalloysite an unrealistic dehydration of 
400°C would have to be applied. These results especially 
with –184‰ V SMOW labelled water do not agree with the 
exchange experiments realised by [5, 50], which show 35% 
of exchange on halloysite at 25°C and predicted expandable- 
halloysite �Dhalloysite value of –110‰ V-SMOW after a 
few minutes. Our results emphasize that exchange of hydro-
gen did not occur during sample collection or laboratory 
preparations. These interpretations would indicate that OH-

stretching vibrations of metahalloysite, bonded-hydroxyl 
groups and Al-O-Si groups are ordered enough to prevent 
isotopic exchange of hydrogen during 24 months and 23°C. 
Therefore, � D values of metahalloysite are considered 
meaningful and related to metahalloysite ordering. However 
in the case of � D values represent a progressive transforma-
tion of halloysite to ordered metahalloysite; samples can still 
have suffered an initial exchange. Therefore, � D values 
would have to be considered as an average “signature” inte-
grating time and temperature processes during dehydration 
and hydroxyl ordering. 

Temperature Estimations Using Present-Day Climatic 
Condition 

 Several interpretations can be drawn using oxygen stable 
isotope data for paleotemperature or fluid reconstruction. If 

Table 4. Present-Time Altitude of Samples with Appearance Described as Vein (Sparite) and Matrix (Micrite): (a) Temperature of 
Equilibration (°C) Corresponding to the Paleotemperature of Formation of Micrite and Sparite Using � 18Ocalcite and 
Tethys Sea Water [48] with a � 18OH2O Value of 0‰ V-SMOW Using Oxygen Fractionation-Factor from [22]. (b) Simul-
taneously, Using these Temperatures � 13CHCO3- in Equilibrium with Calcite were Calculated with Carbon Fractiona-
tion-Factors [47]. �13CHCO3-and 18OH2O were Also Calculated Using Minimum (70°C; c) and Maximum (130°C; d) 
Temperatures Measured in Fluid Inclusions 

 

Sample 
Altitude 

Appearance 
Mineralogy 

T (°C)f or  
�18OH2O:0‰ (a) 

�13C HCO3‰ 
V-PBD (b) 

�13C HCO3‰ 
V-PBD (70°C:c) 

�18OH2O‰ 
V-SMOW:c 

�13C HCO3‰  
V-PBD (130°C:d 

�18OH2O‰ 
V-SMOW:d 

Ca 950m 
outcrop 

Vein (sparite) 

Matrix (micrite) 

Matrix (micrite) 

54 

45 

47 

3.6 

3.4 

3.2 

3.6 

3.2 

3.7 

2.4 

3.0 

3.5 

3.3 

3.0 

2.9 

8.9 

10.4 

10.0 

Ca 949m Vein (sparite) 
(fluid inclusion) 

Veinlet (sparite) 

Matrix (micrite) 

108 

 
62 

58 

0.8 

 
2.6 

3.1 

0.9 

 
2.5 

3.0 

-4.4 

 
1.1 

1.7 

0.7 

 
2.3 

2.8 

2.1 

 
7.6 

9.2 

Ca 948m Vein 
(sparite+oxides 

Vein (sparite) 

Matrix (micrite) 

Matrix (micrite) 

67 

 
64 

62 

58 

2.3 

 
2.6 

2.3 

2.7 

2.3 

 
2.6 

2.3 

2.6 

0.4 

 
0.9 

1.1 

1.8 

2.1 

 
2.3 

2.0 

2.4 

6.9 

 
7.4 

7.6 

8.3 

Ca 900m 
Ca karst 

46 

Vein (sparite) 

Vein (sparite) 

Matrix (micrite) 

Matrix (micrite) 

Matrix (micrite) 

56 

57 

78 

57 

50 

2.4 

2.2 

1.6 

2.8 

3.7 

2.3 

2.1 

1.7 

2.8 

3.6 

2.1 

1.9 

-1.0 

2.0 

3.1 

2.1 

1.9 

1.4 

2.5 

3.4 

8.6 

8.4 

5.5 

8.5 

9.6 

Ca 899m 
Within the 

karst 

Vein (sparite) 

Matrix (micrite) 

Matrix (micrite) 

Matrix (micrite) 

58 

47 

55 

47 

2.5 

3.6 

2.7 

3.4 

2.5 

3.4 

2.6 

3.3 

0.8 

3.5 

2.3 

3.5 

2.2 

3.2 

2.4 

3.1 

7.3 

10.0 

8.8 

10.0 

Ca 898m Matrix 
(micrite)Matrix 
(micrite+oxide)  

86 
88 

1.8 
1.7 

1.8 
1.8 

-2.0 
-2.3 

1.6 
1.5 

4.5 
4.2 

Ca 895m 
 

Outcrop 
 
 
 
 

Close to 
895m 

Vein (sparite)fluid 
inclusion 

Matrix (micrite) 

Matrix (micrite) 

Vein (sparite) 

Matrix (micrite) 

110 

 
55 

62 

116 

61 

0.5 

 
2.8 

2.5 

0.5 

2.3 

0.9 

 
2.7 

2.4 

0.7 

2.3 

-4.6 

 
2.3 

1.2 

-5.2 

0.4 

0.4 

 
2.5 

2.2 

0.5 

2.1 

1.9 

 
8.8 

7.7 

1.3 

6.9 
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continental weathering produced the formation and transport 
of detrital clays into the karsts, then present-day rainfall 
might have influenced oxygen and hydrogen stable isotopes 
values of initial Si-Al gels or halloysite. 

 If � D values correspond to an integrated event, then pre-
sent-day oxygen exchange must be discussed. Therefore a 
present-day coastline meteoric water [51] and 18O altitudinal 
gradient of -0.15‰/ 100m [52], then rainfalls are close to a � 

18O value of –5.5‰ V-SMOW, and present-day altitude and 
slope do not allow large evaporation. Moreover, thermal 
springs have � 18OH20 value ca. –8‰ V-SMOW. Therefore, 
� 18O value of –5.5‰ was considered for potential exchange 
processes between halloysite and rainfall during Holocene to 
present-day times. Calculations indicate temperatures of 
equilibrium between 3 and 11°C (Table 5) that would corre-
spond to paleosoil temperature [53]. However these tempera-
tures do not explain why all karts with a ferruginous cap 
rock are not filled by metahalloysite and rules out oxygen 
exchange at present day conditions. 

�18O Fluid Using Past Climatic Conditions 

 Considering that metahalloysite precipitated during Mio-
cene to Holocene Epochs, then its temperature of formation 
is constrained considering average minimum and maximum 
temperatures [54] estimated temperatures between 15°C and 
25°C. Such a temperature range allows a calculation of � 

18Ofluid in equilibrium to be made using kaolinite and/or 
halloysite –H2O oxygen fractionation factors [8, 55] (Table 
5, Fig. 8). Considering a system mineral –water at equilib-
rium conditions at 25°C, then smaller size fractions of pure 
metahalloysite were in equilibrium with � 18Owater between 
–2.1 and –1.4‰ V-SMOW, whereas larger size fractions 
were close to � 18Owater -0.6‰ V-SMOW (Fig. 8a). Such 
�18OH2O values change may indicate that large and small 
clay particles equilibrate with fractional-crystallisation proc- 
 

ess or � 18OH2O was changing with time. For a constant 
value of 18OH2O arbitrary fixed at –2.3‰ V-SMOW, the 
temperature increased from 15 to 25°C at the time that the 
small particles were forming (Fig. 8b). Such scenario are 
more likely than the earlier interpretation [2] but all interpre-
tations requires rainfall at lower altitude and the karst to be 
located at the coastline. However, these calculations do not 
explain why all karsts are not only filled by metahalloysite 
ore. A possible reason would be that water/rock ratio were 
higher in the studied karst than in the others 

Temperature Estimations Using Hydrogen and Oxygen 
Stable Isotopes Data 

 As previously mentioned the � D values might corre-
spond to superimposed events such as precipitation-
dehydration and crystal-structure ordering. From exchange 
experiments and assumptions of � D value representing 
metahalloysite formation, temperatures can be estimated 
using oxygen and hydrogen stable isotope values (Fig. 9). 
The � D vs �18O diagram indicates (Fig. 9; Table 5) that 
metahalloysite is in equilibrium with temperatures between 
40 and 25°C, with stable isotope values of fluids in equilib-
rium with � 18O fluid –0.4 to –2.4‰ and � Dfluid –4 to –
21‰ V-SMOW. These estimated temperatures are higher 
than supergene alteration by rainfall precipitated in a coast-
line setting. This range of temperatures from 40 to ca. 25°C 
for metahalloysite indicates surficial [8, 55] to evaporitic 
conditions of metahalloysite precipitation. These tempera-
tures confirm that metahalloysite formed from fluid and 
temperature lower than “Alpine-hydrothermalism” or pre-
sent-day thermal springs (>75°C), as previously mentioned 
as responsible of metahalloysite precipitation [1]. However, 
the high-grade volume of metahalloysite compare to other 
karsts has to be related to preferential fluid circuit not asso-
ciated with neotectonics.  

Table 5. Temperature (°C) of Equilibrium of Pure Metahalloysite Samples from Low and Highgrade Ore Calculated Using Esti-
mated Rainfall (� 18OH2O: -5.5‰ V-SMOW and Halloysite Fractionation Equation; [38]. Calculation of the � 18OH2O of 
Water in Equilibrium with Metahalloysite Sample Using Halloysite-H2O Oxygen Fractionation-Factor (25°C). Calcula-
tions of the � 18O and � D of Water in Equilibrium with Metahalloysite Using Kaolinite-H2O Oxygen and Hydrogen Frac-
tionation Factors for 25 and 40°C (� 18OH2O and � DH2O) 

 

Halloysite-H2O (a) Kaolinite-H2O (25°C) Kaolinite-H2O (40°C) 

Sample Size Fraction �m Temperature (°C) Using 
Present –Time �18Ofluid �18Ofluid‰  

(25°C) V-SMOW 
 �18O Fluid‰  

V-SMOW  
�Dfluid‰  

V-SMOW 
�18O Fluid‰  

V-SMOW  
�Dfluid‰  

V-SMOW 

F18 white 
friable high 

grade 

0.5 

1 to 0.5 

2 to 1 

5 to 2 

10 

7 

5 

4 

-2.1 

-1.5 

-1.0 

-0.6 

-5.1 

-4.5 

-4.0 

-3.6  

-16 

-15 

-19 

-13 

-2.2 

-1.6 

-1.0 

-0.7 

-18 

-17 

-21 

-15 

F16black 
low grade 

0.5 11 -2.3  -5.3  -9  -2.4  -11 

F15 grey low 
grade 

0.5 8 -1.7 -4.7  -16  -1.8  -18 

F14 

white mas-
sive high 

grade 

0.5 

1 to 0.5 

2 to 1 

5 to 2 

6 

7 

6 

3 

-1.2 

-1.4 

-1.2 

-0.3 

-4.2 

-4.4 

-4.2 

-3.3 

-8 

-5 

-11 

-4 

-1.3 

-1.5 

-1.3 

-0.4  

-10 

-7 

-13 

-6 
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CONCLUSIONS 

 Supported by geomorphological, paleontological and 
sedimentological studies, Chinese reports (anonymous), [3, 
4] emphasized an infilling of karsts and shallow weathering 
of surrounding limestones, marl and sandy-clay rich marls, 
during Lutetian and Miocene times. They consider “Creta-
ceous” and especially Senonian Formations [2] as a source 
of kaolin and detrital material. The latest study by [1] sug-
gested hydrothermal alteration at higher temperatures related 
to hypothetical leaching out of major elements as seen in the 
thermal springs of the area. 
 Stable isotopes results presented in this paper from car-
bonates and silicates reveals several fluid-temperature histo-
ries. Surrounding limestones from the Aptian to Cenomanian 
units were first precipitated in seawater then at a temperature 
of 50 to 70°C during diagenesis, followed by a maximum 
temperature of 130°C associated with neotectonic, and con-
sisting of mixture of saline fluid from seawater with rainfall. 
During Miocene-Holocene Epochs, ore composed of meta-
halloysite was formed or transformed in karsts from detrital 
clays. In the studied karst, high-grade metahalloysite ore 
content minor gibbsite, alunite and quartz absent indicate 
that water compositions were acidic sulphate with low Si 
content. These element coming from exposed and oxidized 
pyrite and/or silicate-rich Senonian units. Such acidic solu-
tion containing Si and Al could have been buffered by sur-
rounding carbonates, while precipitating disseminated sul-
phates and Si-Al gels or alteration and replacement of detri-
tus of clays, forming halloysite-metahalloysite [56-60]. The 
temperature of clay precipitation can be estimated using 
oxygen and hydrogen stable-isotope data. Considering meta-
halloysite formation with paleogeographic, paleotemperature 
conditions at Miocene to Lutetian time, � D and � 18O tem-
peratures ranges indicate surficial kaolinite [8, 55] to 
evaporitic conditions. The temperature is lower than that 
predicted for hydrothermal fluids measured in the carbonates 
or thermal springs, and previously considered as responsible 
of metahalloysite precipitation [53]. Considering paleocli-
mate changes at Lutetian to Miocene times from 15 to 25°C, 
several interpretations are possible. Exchange experiments 
between metahalloysite-H2O during 24 months (23°C) attest 
that metahalloysite does not allow hydrogen exchange in 
laboratory conditions. Therefore, � D values are reliable; 
increases with smaller size fraction and the difference be-
tween metahalloysite and kaolinite are either related to tem-
perature variation from 15 to 25°C or exchanges. However, 
considering paleoclimate and geographic conditions, and 
assuming 25°C temperature of equilibrium, � 18O and � D 
values of fluid are similar to � 18O and � D of rainfall in 
coastline settings with slight evaporation [53].  
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