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Abstract

lllite-rich size-fractions (<0.2, <0.4, 0.4-1, 0.4-2 and <2 pm) of Cambrian, Permian, Triassic and Jurassic calcschis-
ts, shales and dolostones from Pb-Zn ore-district of the southeastern French Massif Central were dated by the K-Ar
method, and some by the Pb-Pb method after removal of the Pb external to the illite particles. The combined minera-
logical and isotopic determinations show that illitization occurred successively at 285 + 5, 240 + 20, 185 + 15, 140 + 10
and 105 = 5 Ma in the district. These tectonic-thermal pulses, which were also reported at a larger regional scale, did
not systematically release Pb-mineralizing fluids. The mineralizing episodes seem to have only contributed to contem-
poraneous illitization and Pb precipitation at 191 + 41 Ma, by Pb-Pb dating of illite, and at 105 + 5 Ma in a reactivated
fault containing illite mixed with Pb precipitates. The scatter of the Pb-Pb data suggests an incompletely equilibrated
Pb isotopic signature when incorporated into the illite structure during crystallization. Pb-isotopic determinations of
barren illite-type minerals provide new information about the circulation timing of the mineralizing hydrothermal fluids.
The fluid migrations related to recurrent hydrothermal activities occurred within a segment of a continental margin that
was located away from main rift zones and far (more than 500 km) from major orogenic zones of Western Europe. The
lack of major geodynamic activities near metal deposits needs to hypothesize periodic migrations of hot -fluids in the
underneath continental crust. Metals were concentrated at specific places, but not necessarily during each tectonic
-thermal pulse recorded by illite. These tectonic-thermal activities confirm local geodynamic re-activations of previously
occurring events with effects on local mass and heat transfers in the plutonic basements, as well as in the sedimentary

sequences.
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Introduction

Isotopic dating represents a basic parameter for re-
constructing the genetic evolution of sediment-hosted ore
deposits. However, such information is not necessarily
straightforward as even recent analytical improvements
have not removed all application uncertainties of isotopic
methods applied to ore minerals. Such uncertainties can
be due to lack of precise knowledge of the initial isotopic
composition (Romer 2001), or to a tendency of ores to
recrystallize easily in given environmental conditions, and
therefore to potentially modify their elemental and isoto-
pic compositions. Uranium minerals, for instance, contain
large amounts of radiogenic Pb that allow routine applica-
tion of the U-Pb dating method. However, their crystalli-
zation timing is sometimes questioned, because interme-
diate isotopes in the uranium decay chain are susceptible
to escape from the mineral structures when exposed to
subsurface conditions (Miller, Kulp 1963; Holliger et al.
1989; Misi et al. 1999).

In recent decades, indirect isotopic dating of ores has
been promoted as a complementary approach to the iso-
topic dating of ore deposits by analyzing “barren” mine-
rals that are associated with “ore” minerals and have ex-
pectedly crystallized at the same time as the ores (Clauer,

Chaudhuri 1992). Among barren minerals often described
within ore deposits are clay minerals that have dating po-
tential by various isotopic methods as shown for long time
(Ineson et al. 1975; Halliday et al. 1983; Toulkeridis et al.
1994; Toulkeridis et al. 1996; Toulkeridis et al. 1998; Zhao
et al. 1999).

However, the information from such studies should go
beyond the strict comparison of the ages of ore and asso-
ciated barren minerals, as it should also be in the identifi-
cation and quantification of the parameters impacting the
evolution of an entire ore deposit. Clays have the advan-
tage, which may also be a drawback sometimes, to be
sensitive to discretely changing chemical and/or thermal
conditions that can occur during a regional tectonic-ther-
mal evolution of an economic metal-rich deposit (Clauer,
Chaudhuri 1995).

Easily identified by appropriate methods including
X-ray diffraction and electron microscopy, their study also
has inconveniences, as it is often difficult to separate the
authigenic from detrital material even by sophisticated se-
paration methods. For instance, many studies on clay mi-
nerals associated with uranium deposits have pointed to
the interest of such a combined geochronological appro-
ach (Lee, Brookins 1978; Bell 1985; Clauer et al. 1985;
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Bray et al. 1987; Brockamp et al. 1987; Turpin et al. 1991;
Rajesh 2008).

Studies on stable and radioactive isotope compo-
sitions of clay minerals from uranium deposits have hi-
ghlighted how thermal and chemical information from
associated barren minerals can sustain and even impro-
ve understanding of the evolution of the ore concentrati-
ons (Halter et al. 1987; Wilson et al. 1987; Kotzer, Kyser
1995; Kyser et al. 2000; Polito et al. 2006; Laverret et
al. 2010; Goldfarb et al. 2010). Since age discordances
are still reported in both the ore and associated barren
mineral populations, a more detailed examination of the
genetic relationship of both mineral types seems appro-
priate. This has been the case in particular in order to sort
out if the tectonic-thermal evolution of a larger ore region
is recorded by all ore precipitations. This occurred also
when some of the identified events were not recorded be-
cause the interactive fluids were not systematically metal
loaded. The use of clay minerals for complementary geo-
chronological information of ore deposits has emphasized
an important aspect, which is that clay minerals are able
to record any hydrothermal activity. However, not all hyd-
rothermal activity in an ore district necessarily induce ore
concentrations (Clauer et al. 1992).

Therefore, in order to address independently such a
regional evolution in the ore and associated clay mine-
rals, the present study provides a K-Ar isotopic framework
of illite from ore hosting rocks of different stratigraphic
age, as well as from associated barren strata of the Pb-Zn
mining district located in the southeastern French Massif
Central, which are supplemented by Pb-Pb determinati-
ons on the same illite.

Geological setting and sampling

In the southeastern French Massif Central, the Pa-
leozoic basement host-rocks, together with the Mesozoic
sedimentary cover, represent a major inactive “metalloge-
nic” province that produced about 2 millions of tons of Pb
-Zn metals since the beginning of its exploitation (Fig. 1).
In its northern part, the basement consists of late Varis-
can granites (Vialette, Sabourdy 1977; Hamet, Mattauer

1977), whereas the Causses-Shoal structural unit to the
W and S resulted from a Triassic-to-Jurassic (Callovian)
tectonic activity that induced faulting as well as changes
in the sedimentation facies and rates of the Mesozoic se-
diments (Clauer et al. 1997). The whole district is loca-
ted along the Cévennes faulting system, to the SE of the
Massif Central, that has been active as a normal fault,
at least during the Liassic extensional period (Lemoine
1984). The plutonic basement is overlain by Cambrian
to Triassic dolomite-enriched black shales and Bathoni-
an dolostones followed by Oxfordian shaly dolomites (Le
Guen, Combes 1988).

Genesis of the regional Pb-Zn ore deposits is ex-
plained by various mineralizing processes, from karstic
(Orgeval 1976; Connan, Orgeval 1977; Verraes 1983)
to syngenetic (Macquar 1970; Michaud 1970) and di-
agenetic (Bernard 1958; Fogliérini et al. 1980), and by
interactions with migrating hydrothermal fluids (Charef,
Sheppard 1988; Ramboz 1989; Le Guen et al. 1991). Of
special interest here is the study by Le Guen et al. (1991)
who focused on the use of Pb isotopes to trace and con-
strain the genesis of the Pb-Zn ores. The Pb-Pb isotopic
compositions of the different ore bodies appear quite ho-
mogeneous, ruling out a large contribution of external Pb
during the successive concentration stages. In fact, such
a model agrees well with the hypothesis of an initial stock
of Pb that continued to evolve in an almost closed system
at a regional scale, without significant gain of external Pb
or loss of initial Pb.

Lancelot et al. (1995) reviewed the U-Pb and Pb-Pb
data available on three major U deposits from French
Massif Central: of the southeastern Lodéve, central
Bertholéne and northern Pierres Plantées concentrations.
The results suggest a generalized Liassic precipitation of
the metallic ores and a common multi-stage evolution.
Despite the diversity of the host rocks, such as Permian
sediments above the unconformity with the Variscan ba-
sement at Lodéve, the orthogneissic and mylonitic Varis-
can basement at Bertholéne, and episyenitic veins cutting
post-tectonic Variscan leucogranites at Pierres Plantées,
U-Pb and Pb-Pb data demonstrate the occurrence of
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Fig. 1 Geological overview of the French Massif Central (left) with the position of the Lodéve district and the geographic
distribution of the studied samples (right) from the Lodeve district (modified from Merignac, Cuney 1999 and Santouil
1980). The stars 1, 2 and 3 to the east of Mas Lavayre locate the three drillings CTL, MLV and MRD, respectively.
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a major phase of U mobilization and concentration during
Liassic time. These most likely are related to circulations
of fluids at temperatures from 140 to 250 °C and salini-
ties from 5 to 14% NaCl eq. At Pierre Plantées, a pre-
concentration episode was identified at about 270 Ma in
leucogranite veins percolated by fluids at 300 - 350 °C.
At Bertholéne, U concentration occurred at about 170 Ma
as tiny spherules disseminated in predominant Oligocene
coffinite. Further U remobilization was detected at Lodeve
and Pierres Plantées during the Cretaceous, which was
locally confirmed by K-Ar dating of clay material from the
Saint-Julien fault gouge containing U minerals (Mendez
Santizo et al. 1991).

The clay material studied here was extracted from
thirty-eight Cambrian, Permian, Triassic and Jurassic se-
dimentary samples of mines and exploration drillings near
Lodéve and Les Malines (Fig. 1 and 2; Table 1). Among
twelve Cambrian calcareous schists, six were collected
in the Montdardier mine located about 3 km to the W of
Les Malines, one at an outcrop on top of the mine, and
two from cores of exploration wells located about 2 km
to the W of the mine. Two argillaceous dolostones were
collected in Les Malines mine and another at the nearby
Sanguinéde mine excavated in black calcareous schists
about 2 km to the NW of the Montdardier mine. From fif-
teen Autunian samples collected in the Mas Lavayre mine
at about 5 km to the SE of Lodéve, six belong to a limited
transect across the Saint-Julien fault visible in the mine,
and five to cores of three nearby wells on a N-S trajectory
at 1 km to the E of Mas Lavayre (Fig. 1). Five authigenic
feldspar splits were separated and purified from interlaye-
red pyroclastic to tuffaceous beds in the Autunian sedi-
ments of the Mas Lavayre mine, and dated by the K-Ar
method. Three Triassic shales were taken from cores of
exploration drillings located at Tudes and Cozes; two are
not mineralized at all and were selected purposely as re-
ferences for the barren environment to be compared to
the ore-rich material. Six Jurassic dolostones belong to
exploration wells near Tréves at 27 km to the NW of Les
Malines, with two argillaceus dolostones collected at La-
nuejols at about 9 km to the N of Tréves.

Analytical procedure

The <2 um size fractions were extracted from who-
le-rock samples after gentle hand grinding in an agate
bowl, dispersion in de-ionized water and recovery by rou-
tine sedimentation following Stoke’s law. Additional size
fractionations (<0.4, 0.4 - 2 ym) were conducted on the
extracted <2 pym fractions by ultracentrifugation. The size
fractions were investigated by powder X-ray diffraction
(PXRD). The illite crystallinity index (ICI) of the 001 illi-
te peak was determined following Kiibler's (1968; 1997)
concept. Theoretically, ICI values below 0.25 define epi-
zonal metamorphic conditions, values between 0.25 and
0.37 define anchizonal conditions, and higher values co-
rrespond to a diagenetic grade. The precise limits depend
on the analytical conditions and the characteristics of the
used XRD equipment (operated here at 40 kV/20 mA and
equipped with a Cu anticathode and a Ni filter as well as
slits of 1 and 2° on the side of the tube and the counter,
respectively). Special attention was given to identify the
potential occurrence of detrital minerals in the separated
size fractions, such as micas and feldspars, as they po-
tentially bias the isotopic ages of the authigenic clay frac-
tions. Feldspar separates of varied sizes were obtained
by freezing and thawing the tuffaceous samples, sizing
them by wet-sieving, and by using high-density liquids
for purification of the sized fractions. The separated size
fractions were subjected to XRD, showing that they were
never pure, but mixed with minute amounts of albite,
quartz and muscovite. The two former have no impact
on the K-Ar results, the occurrence of the latter was of
some concern, so that only the size fractions devoid of
muscovite were analyzed.

K-Ar determinations were made following Bonhomme
et al.”s procedure (1975). The powders were preheated
at 100 °C during 12 hours under vacuum to remove the
atmospheric Ar adsorbed on the clay particles during
sample preparation, handling, and clay separation. The
accuracy of the Ar extraction method was periodically
controlled by analysis of the international GL-O stan-
dard mineral which content in radiogenic “°Ar averaged
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Fig. 2 Position of the Les Malines district within the southeastern French Massif Central (left) and the geographic distri-
bution (right) of the studied samples (modified from Merignac, Cuney 1999 and Santouil 1980).
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24.54 + 0.15 x 10%cm® (20) for 4 independent analyses.
The “Ar/**Ar ratio of the atmospheric argon was also
measured periodically, averaging 295.0 + 1.9 (2c) for 5
independent analysis, also during the course of the stu-
dy. The results being analytically consistent and close to
the theoretical values of 24.85 + 0.24 x 10 cm?® “Ar for
the GL-O standard (Odin et al. 1982) and 295.5 for the
atmospheric “°Ar/*®Ar ratio (Nier 1950), no correction was
applied to the raw data. The blank of the coupled extracti-
on line and mass-spectrometer was also checked weekly
before Ar extraction: below 108 cm? (routinely at about 0.8
x 10-8cm?®), the amount of radiogenic “°Ar was two orders
of magnitude lower than the amounts of that extracted
from samples, and therefore did not bias the data. The
K contents were determined by flame spectrometry and
the K-Ar ages calculated with the usual decay constants
(Steiger, Jager 1977). The overall precision of the K-Ar
ages was estimated to be better than 2 %.

For an accurate examination of the Pb trapped by the
clay particles, and therefore for its distinction from that ad-
sorbed on the particle surfaces or sticking at the particles
as oxide or sulfide crystals, the extracted clay particles

were gently leached with dilute HCI. This procedure has
been used for long in isotopic studies to analyze separa-
tely the elements adsorbed onto and those trapped in the
clay particles (Nasraoui et al. 2000; Clauer et al. 2020).
The selected clay fractions were leached during 15 minu-
tes at room temperature with 1M HCI, centrifuged to re-
cover and analyze separately the supernatant and the re-
sidue. This procedure is known to have no altering effect
on the isotopic systems of the leached materials (Clauer
et al. 1993). To ensure that no galena grains were sticking
at the studied clay particles, the leached clay particles
were observed by scanning-electron microscope (SEM);
Pb-sulfide crystals were observed on the illite particles
before leaching, never after. Lead was separated and pu-
rified on an ion-exchange resin conditioned with 0.6N HBr
using Krogh’s (1973) technique. An aliquot of 150 ng of
Pb was directly loaded with phosphoric acid and silica gel
on a Re single-filament of a multi-collector mass-spectro-
meter (Cameron et al. 1969). Repetitive measurements
of the standard NBS 982 indicated a mass discrimination
correction of 0.18% per amu determined by repeat mea-
surements of the standard (Todt et al. 1996).

Table 1 Location, stratigraphic position and description of the studied samples

Sample # Stratigraphy Sample description

Montdardier M1 Cambrian Mine, eastern wall, argillaceous dolomite

Montdardier M2 Mine, northern wall, calcschist sampled 1 m below a pyrite layer
Montdardier M3 Mine, the same unit at the contact with the pyrite layer
Montdardier M4 Mine, the same location, pyrite layer

Montdardier M5 Mine, the same location, breccia at the top of the pyrite layer
Montdardier M6 Mine, sampled 1 m above M5, same facies

Montdardier MS1 Mine, excavation surface close to an important ore concentration
Montdardier F1 Core, mineralized sample from F18 drilling into an excavation
Montdardier F2 Core, sample from F19 drilling to the N of Montardier mine
Sanguinéde S1 Mine, representative sample of the common black calcschist

Les Malines LM1 Mine, argillaceous dolomite with sphalerite in veinlets

Les Malines LM2 Mine, argillaceous dolomite in a cavity of Cambrian dolostones
Mas Lavayre ML1 Permian Mine, greyish silt with some bituminous inclusions

Mas Lavayre ML2 Mine, grey-to-red sandy shale

Mas Lavayre ML3 Mine, redish pelite with bituminous stratiform accumulations

Mas Lavayre ML4 Mine, redish pelite

Mas Lavayre SJ1 Mine, eastern wall, Saint Julien fault, 1 m off a main fault

Mas Lavayre SJ2 Mine, eastern wall Saint Julien fault, 4 m away from the same fault
Mas Lavayre SJ3 Mine, eastern wall, Saint Julien fault, 1 m from a lateral fault

Mas Lavayre SJ4 Mine, eastern Saint Julien fault, within a lateral fault

Mas Lavayre SJ5 Mine, eastern wall, Saint Julien fault, 0.5 m off the same lateral fault
Mas Lavayre SJ6 Mine, eastern Saint Julien fault, 5 m from the same lateral fault
CTL (97m) CTL1 Core, barren pelite

MLV354 (94m) MLV1 Core, barren shale on top of a bituminous dolomitic shale
MLV354 (236m) MLV2 Core, sandy pelite

MLV354 (286m) MLV3 Core, dolomitic shale above an uraniferous bitumen concentration
MRD12 (120m) MRD1 Core, carbonateous and shaly layer

Tudes Tu1 Triassic Core, barren green shale above Pb-Zn with gypsum and anhydrite
Tudes Tu2 Core, mineralized Upper-Triassic shale from a drilling nearby
Crozes C1 Core, barren sample taken away from any ore concentration
Lanuejols L1 Jurassic Mine, mineralized dolostone with dissolution features

Lanuejols L2
Treves Tr1
Treves Tr2
Treves Tr3
Treves Tr4
Treves Tr5
Treves Tr6

Mine, 15 km to the N of Treves, barren argillaceous dolostone
Mine, barren dolostone

Mine, barren dolomitized argillaceous limestone

Mine, argillaceous dolostone with fragments of ZnS

Mine, mineralized argillaceous dolostone

Mine, main mineralization in clay, quartz and dolomite

Mine, barren dolomitized argillaceous limestone
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Results

The PXRD results

On the basis of the XRD results, the separated size
fractions consist mainly of illite mixed with either chlorite
(up to 80 - 90 % in two Permian samples) or little kaoli-
nite (5 to 15% in three fractions) (Table 2). None of the
fine <0.4 ym size fraction contained visible accessory (=
contaminating) minerals such as micas and feldspars.
Most ICI of the fine <0.4 um fractions are below a value of
about 0.36 (Table 2), with only the fraction of the Cambri-
an sample M1 yielding a higher ICI. Most of the values are
within the epizonal and the lower anchizonal domain, sug-
gesting crystallization temperatures of about 160 - 280 °C
for the studied illite material (Kibler 1997).

The different size fractions of the F1 feldspar separates
contained pyrite, pyrolusite, quartz and galena for the 80 -
100 mm fraction, quartz for the 125 - 200 ym fraction, and
apatite, uraninite and quartz for the 200 - 400 um fraction.
The 125 - 200 um fraction of the F2 feldspar separate con-
tained pyrite, uraninite, quartz and pyrolusite.

The K-Ar data

At a first glance, the sixty-seven K-Ar data range wi-
dely from 298.3 + 13.7 to 103.0 £ 3.5 Ma (Table 3). The
K-Ar ages of the five feldspar separates cluster into two
groups at 281 + 2 Ma for three of them and at 254 + 1
Ma for the two others. Among the illite ages, twenty-three
were measured on <0.4 uym sub-fractions extracted and
analyzed separately to evaluate if the bulk <2 pym fracti-

Table 2 PXRD mineralogical data of the studied size fractions

Size lllite Kaolinite Chlorite

Sample # (um) (%) (%) (%) Acc. ICI
Montdardier M1 <0.4 100 tr - 0.50

04-2 85 15 Q,F 0.29
Montdardier M2 <2 100 Q,F 0.23
Montdardier M3 <2 90 10 Q,F 0.27
Montdardier M4 <2 100 Q 0.36
Montdardier M5 <0.4 100 - 0.35

04-2 100 Q, F 0.21
Montdardier M6 <2 100 Q,F 0.29
Montdardier DS1 <2 100 - n.d.
Montdardier F1 <2 100 Q n.d.
Montdardier F2 <2 100 - n.d.
Sanguinéde S1 <0.4 100 tr - 0.26

04-2 80 20 Q, F 0.30
Les Malines LM1 <2 100 trQ 0.28
Les Malines LM2 <2 100 eQ, F 0.30
Mas Lavayre ML1 <2 25 (+151/S) 60 trF n.d.
Mas Lavayre ML2 <2 55 45 Q, trF n.d.
Mas Lavayre ML3 <2 35 65 Q,F n.d.
Mas Lavayre ML4 <2 40 (+151/S) 45 F n.d.
Mas Lavayre SJ1* <0.4 100 0.46
Mas Lavayre SJ2* <0.4 0 (+701/S) 30 n.d.
Mas Lavayre SJ3* <0.4 60 (+101/S) 30 n.d.
Mas Lavayre SJ4* <0.4 35 (+501/S) 15 n.d.
Mas Lavayre SJ5* <0.4 70 30 0.52
Mas Lavayre SJ6* <0.4 60 40 n.d.
CTL (97m) CTL1 <2 80 20 F 0.70
MLV354 (94m) MLV1 <2 80 20 F 0.45
MLV354 (236m) MLV2 <2 20 80 Q, F n.d.
MLV354 (286m) MLV3 <2 10 90 F n.d.
MRD12 (120m) MRD1 <2 100 Q,F n.d.
Tudes Tu1 <2 90 10 - n.d.
Tudes Tu2 <2 80 20 Q n.d.
Crozes C1 <2 100 Q n.d.
Lanuejols L1 <2 100 tr trQ 0.95
Lanuejols L2 <2 100 Q 0.95
Treves Tr1 <2 100 trQ 1.30
Treves Tr2 <2 100 trQ 1.35
Treves Tr3 <2 90 10 trQ, trF 0.80
Treves Tr4 <2 100 Q, trF 0.87
Treves Tr5 <2 100 F 0.65
Treves Tr6 <2 100 Q, trF? 0.67

* data from Mendez Santizo (1990); I/S stands for illite/smectite mixed layer, F for feldspar, Q for quartz, tr for traces,
n.d. for not determined, Acc. for accessory minerals and ICI for lllite Crystallinity Index.
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ons were isotopically homogeneous or if they consisted
of several generations of illite particles. Three of these
samples yielded K-Ar ages within analytical uncertainty
for their two analyzed size fractions: the Cambrian LM1
argillaceous dolomite from Les Malines with an average
age of 289.3 + 6.7 Ma, and two Autunian samples of the
drillings MLV2 and MRD1 with respective average ages
of 176.1 £ 3.0 and 202.8 + 2.8 Ma. The <0.2 ym fraction
was separated as well in three more samples. In two of
them (samples SJ3 and SJ4) the values are also within
analytical uncertainty at 136.1 + 4.0 and 106.6 + 3.5 Ma.

The coarser 0.4 - 2 um size fractions of all other sam-
ples yield older K-Ar ages than the finer fractions, the-

refore consisting of heterogeneous material with detrital
components, unless these older components crystallized
during previous tectonic-thermal episodes. In any case,
the detrital or the older authigenic illite populations incre-
ase the K-Ar ages of the analyzed finer illite fractions, and
therefore bias their age. This is especially the case for the
Jurassic samples of Lanuejols (L1) and Treves (Tr1, Tr3,
Tr5, Tr6), whose deposition time is systematically youn-
ger than 200 Ma, and which 0.4 - 2 ym fractions yield
K-Ar ages that are systematically older than 200 Ma. Plo-
tting the K-Ar ages of the illite <0.4 pym fractions and the
feldspar separates, all considered to be geologically me-
aningful, in an age histogram relative to their depositional

Table 3a K-Ar results of the studied illite-rich fractions and feldspar separates

Fractions K,0 Ar* “Ar* K-Ar age

Sample # (um) (%) %) (10°emly  Ma+20)
Montdardier M1 <0.4 9.01 95.81 60.27 196.5 (4.2)
0.4-2 8.21 96.65 67.32 238.0 (5.1)

Montdardier M2 <2 7.72 88.17 62.89 236.6 (6.6)
Montdardier M3 <2 7.87 66.25 78.79 286.7 (9.8)
Montdardier M4 <2 6.81 45.57 67.68 284.7 (13.3)
Montdardier M5 <0.4 8.77 94.90 73.59 243.2 (5.3)
04-2 7.30 96.80 76.09 297.5 (6.4)

Montdardier M6 <2 6.97 46.40 72.85 298.3 (13.7)
Montdardier DS 1 <2 7.62 92.40 47.31 183.0 (4.1)
Montdardier F1 <2 7.01 87.80 48.44 202.6 (4.8)
Montdardier F2 <2 7.03 89.30 45.55 190.6 (4.4)
Sanguinéde S1 <0.4 7.99 76.00 61.84 2255 (6.1)
04-2 6.99 69.60 65.34 269.0 (7.9)

Les Malines LM1 <0.4 6.16 54.74 60.72 282.6 (10.5)
04-2 6.66 84.74 69.05 296.1 (7.3)

Les Malines LM2 <0.4 7.39 54.92 58.40 229.9 (8.5)
04-2 7.87 86.83 79.11 287.7 (6.8)

Mas Lavayre ML1 <0.4 6.30 79.2 27.46 130.4 (3.9)
04-2 6.05 90.5 36.35 177.4 (4.1)

Mas Lavayre ML2 <2 8.06 66.50 59.56 215.8 (6.6)
Mas Lavayre ML3 <2 4.43 46.70 29.62 196.4 (8.6)
Mas Lavayre ML4 <2 10.10 91.20 69.71 202.4 (4.5)
Mas Lavayre SJ2 <0.4 6.50 75.92 29.71 136.5 (3.7)
0.4-1 6.56 86.45 38.96 175.5 (4.2)

Mas Lavayre SJ3 <0.2 6.36 71.65 28.07 132.0 (4.3)
<0.4 6.43 78.07 30.24 140.3 (3.7)

0.4 -1 5.93 78.06 35.17 175.3 (4.7)

Mas Lavayre SJ4 <0.2 6.04 58.84 20.67 103.0 (3.5)
<0.4 6.10 76.97 22.31 110.1 (3.0)

0.4-1 6.36 76.93 31.23 146.3 (3.9)

Mas Lavayre SJ5 <0.4 6.93 85.73 46.80 198.3 (4.8)
04-1 7.05 86.65 53.85 222.7 (5.3)

Mas Lavayre SJ6 <0.2 7.05 85.99 55.95 230.8 (6.5)
<0.4 7.09 90.15 60.53 247.2 (5.7)

0.4-1 6.85 89.70 65.92 276.3 (6.9)

CTL (97m) CTL1 <0.4 5.67 69.2 49.61 252.9 (8.4)
04-2 4.71 65.0 46.56 283.3 (9.6)

MLV354 (94m) MLV1 <0.4 5.88 66.5 49.53 244 1 (8.3)
04-2 4.98 75.5 48.20 277.8 (7.8)

MLV354 (236m) MLV2 <0.4 4.95 42.7 30.00 178.9 (8.7)
04-2 5.84 54.3 38.81 195.2 (7.3)

MLV354 (286m) MLV3 <0.4 2.83 69.9 16.57 173.1 (7.5)
04-2 2.56 85.4 15.53 179.1 (4.8)

MRD12 (120m) MRD1 <0.4 10.10 93.5 68.85 200.0 (4.4)
04-2 11.92 971 83.64 205.6 (4.3)

*Ar stands for radiogenic Ar
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ages, highlights four age clusters (Fig. 3). The first age
cluster is an initial episode at 290 - 280 Ma consisting
mostly of three feldspar ages and one Cambrian fracti-
on, while the second reflects an episode with an extent
of 220 - 260 or 240 - 260 Ma identified by three or one
Cambrian fraction, four Permian fractions and two feld-
spar separates. Furthermore, a third episode at 170 - 200
Ma has been identified with one Cambrian fraction, four
Permian, and five Jurassic fractions, as well as the U-Pb
age of Cambrian illite that will be discussed in the next
section. A final phase is given by two younger episodes
at 140 + 10 Ma in Permian fractions, and at 105 + 5 Ma in
the Saint-Julien fault.

The coarser (0.4 - 1, 0.4 - 2 and <2 pm) fractions of
the Cambrian samples either range near the 280 - 300 Ma
event or on the older side of the 180 - 200 Ma, confirming
the reality of these episodes and showing also, converse-
ly, that the 220 - 260 Ma and the 150 to 100-Ma events did
not impact the Cambrian material. The old K-Ar ages of
the coarse Permian samples are obviously biased by det-

ritals as they are either similar to the deposition ages or
older. Most of the other K-Ar ages of the Permian material
are on the older side of the 170 - 190 Ma event, indicating
some partial resetting. The coarse Triassic fractions yield
K-Ar ages either in the 180 - 200 Ma period or slightly
older (Table 3).

The Pb-Pb data

The Pb-isotopic data of the untreated size fractions
show a narrow range for the 2°°Pb/2*Pb ratio from 18.41
to 19.87, and relatively uniform 207Pb/?*Pb and 2¥Pb/2*Pb
ratios of ~15.7 and ~38.3, respectively (Table 4). The cal-
culated p-values are relatively low (0.1 to 7.0), indicating
an expected crustal origin and composition for Pb, as
most Pb-isotope values plot along the Stacey, Kramer
(1975) second stage evolution curve with a p-value of
~9.8 (Table 4). The Pb-Pb field of the untreated clay ma-
terial is close to that defined by the Pb isotope values of
the Les Malines ores. The 2%Pb/?Pb isotope values are
negatively related to the Pb-concentrations, linking the

Table 3b K-Ar results of the studied illite-rich fractions and feldspar separates

Fractions K,O Ar* “OAr* K-Ar age
Sample # (um) (%) %) (10°omi)  (Ma+2s)
Mas Lavayre feldspars
Feldspar F1a 80 - 100 4.82 45.22 47.71 283.6 (13.0)
Feldspar F1b 100 - 125 5.45 52.43 53.38 280.9 (11.6)
Feldspar F1c 125 - 200 9.00 76.90 79.29 254.5 (7.5)
Feldspar F1d 200 - 400 7.36 62.18 64.82 254.5 (8.9)
Feldspar F2 125 - 200 9.56 85.32 93.67 281.0 (7.6)
Tudes Tu1 <2 6.81 85.20 41.33 179.1 (4.4)
Tudes Tu2 <2 6.65 86.20 42.69 188.9 (4.6)
Crozes C1 <2 4.44 83.90 30.85 203.6 (5.4)
Lanuejols L1 <0.4 6.71 84.82 42.11 184.9 (4.5)
04-2 5.74 89.45 41.50 211.4 (5.0)
Lanuejols L2 <2 4.73 85.77 23.80 149.7 (3.7)
Treves Tr1 <0.4 7.25 91.89 42.99 175.2 (4.0)
04-2 7.19 93.96 49.18 200.7 (4.5)
Treves Tr2 <2 9.57 91.81 37.87 118.8 (2.6)
Treves Tr3 <0.4 6.60 84.02 42.22 188.3 (4.7)
04-2 6.75 90.75 51.70 223.3 (5.2)
Treves Tr4 <2 7.53 72.39 32.81 130.3 (3.7)
duplicate 69.60 32.59 129.5 (3.8)
Treves Tr5 <0.4 5.40 86.78 33.36 182.2 (4.5)
04-2 4.60 88.72 31.85 203.0 (5.0)
Treves Tr6 <0.4 6.25 64.71 38.34 181.0 (5.7)
04-2 4.02 77.93 29.48 214.3 (5.9)
*Ar stands for radiogenic Ar
6 100 - 110 J30 - 150, 170 - 200 | - 220-260 280'.290
4
Nb ¥
2
. =
100 120 140 160 180 200 220 240 260 280
Age (Ma)

Fig. 3 K-Ar histogram of the fine <0.4 mm illite fractions and the feldspar separates. The grey boxes correspond to the
illite fractions and the black ones to the feldspar separates.
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highest Pb-concentrations to the most primitive (lowest)
208pp/204Ph isotope values. The data points of the clay re-
sidues after leaching plot significantly above the fields of
the major suppliers of the ore deposits (Table 5; Fig. 4),
along an array giving an age of 191 + 41 Ma.

Leaching of the <2 pm clay fractions allowed separate

analysis of the Pb from dilute HCI-soluble mineral phases
adsorbed onto the clay particle surfaces. Ten data points
of the leachates plot along an array in the 207Pb/?*“Pb vs.
208pp/294Ph diagram, which again has not the characteri-
stics of an isochron, but those of an errorchron. Its slope

provides an age of 568 + 44 Ma (Table 5; Fig. 5).

Table 4 Pb, Th and U concentrations and Pb isotopic compositions of the studied clay fractions and u, K, w calculated

ratios
Fractions Pb Th U
Sample # (um) 206PhR04Ph  207PhR04PhH  208Ph204Ph (mglg) (mglg) (my/g) U/Pb u K w
Montd. M1 <0.4 19.529 15.829 36.805 94.15 10.77 6.43 0.188 4.298 0.031 7.439
04-2 19.338 15.696 38.313 2278 2115 942 0.354 2644 0.019 6.135
Montd. M2 <2 19.867 15.710 38.304 70.75 498 7.71 0532 7.024 0.051 4.686
Montd. M3 <2 18.601 15.657 38.356 2159 517 7.68 0.279 2253 0.016 1.568
Montd. M4 <2 18.480 15.675 38.453 4922 782 1095 0.064 1.409 0.010 1.040
Montd. M5 <0.4 18.722 15.679 38.364 977 1118 13.75 0.098 0.894 0.006 0.751
04-2 18.726 15.771 38.624 500 8.09 1198 0.073 1.527 0.011 1.065
Montd. M6 <2 19.324 15.636 38.268 149.8 6.52 1199 0.264 5110 0.037 2.872
Montd. MS1 <2 18.514 15.670 38.482 123.3 19.33 426 0.097 2189 0.016 10.26
Montd. F1 <2 18.416 15.674 38.451 2177 1457 597 0.011 0.173 0.001 0.438
Montd. F2 <2 18.649 15.655 38.351 1236 855 488 0.175 2499 0.018 4.531
Sang. S1 <0.4 19.111 15.691 38.187 86.02 9.71 8.61 0.365 6.373 0.046 7.423
04-2 19.137 15.548 37.550 1504 9.82 11.10 0412 4.652 0.034 4.252
Tudes Tu1 <2 19.362 15.681 38.631 7351 1249 7.62 0.271 6.657 0.048 11.28
Tudes Tu2 <2 18.413 15.705 38.551 3602 16.35 6.17 0.008 0.109 0.001 0.297
Crozes C1 <2 18.731 15.668 38.388 128.1 16.41 543 0.235 2.693 0.020 8.405
Table 5 Pb isotope compositions of the leachates and residues from the studied size fractions
Sample # Fractions 206ph204Ph 207ph204Ph 208ph204Ph
(bm) (*20) (*2c) (*2c)
Residues
Montdardier M1 <2 20.616 (0.004) 15.732 (0.004) 39.356 (0.014)
<04 19.853 (0.002) 15.736 (0.002) 38.956 (0.014)
04-2 19.775 (0.001) 15.724 (0.001) 38.989 (0.002)
Montdardier M2 <2 20.663 (0.001) 15.776 (0.001) 38.505 (0.001)
Montdardier M3 <2 18.877 (0.004) 15.736 (0.004) 38.653 (0.011)
Montdardier M4 <2 18.496 (0.007) 15.716 (0.005) 38.594 (0.012)
Montdardier M5 04-2 18.640 (0.019) 15.755 (0.018) 38.716 (0.061)
Montdardier M6 <2 19.445 (0.002) 15.723 (0.002) 38.629 (0.005)
Sanguinéde S1 <2 33.807 (0.005) 17.087 (0.003) 39.184 (0.006)
<0.4 20.478 (0.002) 15.760 (0.002) 38.846 (0.004)
04-2 20.862 (0.002) 15.800 (0.002) 38.996 (0.005)
Leachates
Montdardier M1 <2 19.067 (0.003) 15.698 (0.002) 38.365 (0.005)
duplicate 19.062 (0.003) 15.695 (0.002) 38.352 (0.005)
<0.4 19.221 (0.001) 15.689 (0.001) 38.092 (0.001)
04-2 19.095 (0.002) 15.677 (0.001) 38.068 (0.003)
Montdardier M3 <2 18.496 (0.001) 15.642 (0.001) 38.313 (0.001)
Montdardier M4 <2 18.438 (0.003) 15.659 (0.004) 38.438 (0.011)
Montdardier M5 <2 18.404 (0.001) 15.628 (0.001) 38.318 (0.001)
duplicate 18.393 (0.003) 15.637 (0.003) 38.367 (0.010)
04-2 18.762 (0.001) 15.671 (0.001) 38.324 (0.001)
Montdardier M6 <2 19.298 (0.002) 17.728 (0.001) 38.186 (0.002)
Sanguinéde S1 <2 18.936 (0.001) 15.668 (0.001) 38.112 (0.001)
<0.4 18.984 (0.001) 15.676 (0.001) 38.130 (0.001)
04-2 18.984 (0.001) 15.677 (0.001) 38.130 (0.001)
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Discussion

The K-Ar ages support crystallization of several ge-
nerations of illite during distinct thermal episodes in the
southeastern mining district of the French Central Massif,
in ore-bearing and barren Cambrian, Permian, Triassic
and Jurassic sediments. This evolutionary picture occu-
rred along the main Cévennes faulting system that expec-
tedly acted as a circulation drain for Pb-Zn mineralizing
fluids; some of the samples having been impregnated
several times. The different thermal events dated here
by illite K-Ar can also be postulated on the basis of local
and regional geochronological studies, as hydrothermal
activity could be identified and dated in plutonic and sedi-
mentary rocks at many West-European sites. Furthermo-
re, the p-values of the illite Pb system indicate a crustal
composition for the migrating fluids that were necessarily
hot and of hydrothermal origin, at least during the 191
41 Ma event.

The geologic meaning of the K-Ar data on illite

At the Lodeve-Les Malines regional scale

The age identities among the two finer size fractions
of the same sample corroborate geological meaningful
ages as discussed by Clauer, Chaudhuri (1998) who
illustrated this behavior by a “bench-type” sketch with the
same age necessarily of geological meaning for the finer
fractions and an older age geologically meaningless for
the coarser fraction. Depending on the deposition timing
of the studied sediments, Cambrian, Permian, Triassic
and Jurassic, and if the fine (<0.4 um) fractions consist
mainly of authigenic illite, the following multi-episodic
tectonic-thermal activity can be postulated at 285 + 5 Ma
in the pyroclastic feldspars and Cambrian sediments of
Les Malines deposits as a post-Variscan thermal episode.
This occurs at 240 + 20 Ma mainly in the Cambrian sedi-
ments from Les Malines area and at 185 + 15 Ma mainly
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in the Jurassic sediments of Tréves-Lanuejols as well as
by Pb-Pb in the illite of Montdardier’s mine. The last two
events are reflected at 140 = 10 Ma in the Permian sedi-
ments of the Mas Lavayre district, and at 105 + 5 Ma in
the fault gouge of the Saint-Julien fault as well as in the
Mas Lavayre mine (Mendez Santizo 1991).

In a complementary publication, Brockamp, Clauer
(2013) studied diagenetic processes, hydrothermal alte-
ration, as well as their timing in illite-rich size fractions
of Permian shales close to the Lodéve U-deposits. lllite
with a mean K-Ar age of about 260 Ma is the predomi-
nant mineral in the shales. It is of early diagenetic origin
relative to deposition and apparently formed directly from
deposited pyroclastic materials in a lagoonal to deltaic
environment under semi-arid conditions. Albite and a
first generation of K-feldspar developed by replacement
of analcime, growing only in the lagoonal environment
that favored also early diagenetic dolomite formation at
the expense of calcite. The hydrothermally altered shales
next to the U-deposit contain authigenic quartz, Fe-chlo-
rite, and a younger K-feldspar generation with K-Ar ages
clustered around 220 Ma (Triassic), although Jurassic
and Cretaceous ages were also obtained. This Triassic
to Cretaceous age spectrum reflects similar periodic illi-
tization episodes. The hydrothermal temperatures were
below 200 °C as the early diagenetically formed illite is
only partially reset. The Triassic hot fluids ascended along
faults into the northern part of the Lodéve basin during an
initial rifting of the nearby evolving western Tethys Ocean.
Further fluid pulses were recorded at Lodéve during the
opening of the North Atlantic and separation of Europe
from Africa (Jurassic/Cretaceous). The Lodéve district
was apparently intruded by hot fluids of crustal origin for a
long time, during successive episodic pulses.

In summary, the early thermal event detected at 285
+ 5 Ma in the pyroclastic feldspars and in a Montdardier
Cambrian sediment was expectedly not recorded in the
Permian sediments that were deposited afterwards. The
240 + 20 Ma episode was recorded by pyroclastic feld-
spars of Permian age, as well as by Cambrian sediments
at Montdardier and by Permian sediments at Lodéve and
Mas Lavayre. If the volcanic activity does not imply some
regional abnormal thermal conditions in the Permian se-
diments, it is not the same for the imprint in sediments of
varied stratigraphic age at different locations. A paleother-
mometric study of fluid inclusions in quartz and authigenic
clay material indicated that bi-phase aqueous inclusions
of quartz from faults in the Upper Permian yield homoge-
nization temperatures from 60 to 300 °C (Staffelbach et
al. 1987; Mendez Santizo et al. 1991). Most of the inclusi-
ons yield homogenization temperatures from 150 to 300
°C with a maximum frequency at 170 - 180 °C in the major
fractures such as that of the Saint-Julien district. The ho-
mogenization temperatures above 240 °C were obtained
on inclusions from quartz that have melting temperatures
corresponding to salinities between 16.5 and 12 wt. % eq.
NaCl. The fractionation coefficient of Co between pyrite
and pyrrhotite being temperature dependent (Bezmen et
al. 1975) yielded for the pyrite-pyrrhotite association in
the Saint-Julien fault the temperatures 280 + 6 °C for the
gouge material and 242 + 22 °C for vein deposits in the
host rocks. In fact, this latter temperature range does not
match the diagenetic origin for the 260-Ma illite resulting
from alteration of pyroclastic material in a lagoonal to del-
taic environment under semi-arid conditions (Brockamp,
Clauer 2013), unless the veins with the pyrite-pyrrhotite

assemblage formed during a further fluid migration, for
instance at the same time as in the Saint-Julien fault.

Various thermal conditions occurred necessarily in the
studied host rocks of different stratigraphic ages and loca-
tions, including the fact that these diagenetic/hydrother-
mal conditions occurred soon after sediment deposition
during Permian. The 185 + 15 Ma episode appears to have
had a climax impact in strata of various stratigraphic age,
so it is demonstrated in Permian sediments at Lodéve,
Triassic at Ludes and Crozes, and Jurassic at Treves
and Lanuejols, as well as in U-enriched veins at Rabejac
(Lancelot, Vella 1989). Such a paroxysmal extensive ac-
tivity was reported during the Rhaetian-Hettangian time
in the Cévennes and western Alps, which corresponds to
the development of the Ligurian Tethys (Lemoine et al.
1986; Dromart et al. 1998). The 105 + 5 Ma Albian event
is also well identified, as it corresponds to the onset of the
first oceanic accretion in the Biscay Bay (Montadert et al.
1979), which is recorded in the Saint-Julien gouge fault
(Mendez Santizo et al. 1991).

Of interest is the comparison of this timetable with
the time schedule of the described tectonic features in
the Lodeve district by Laversanne (1976) and Santouil
(1980). They identified an Autunian N20 compression,
a Saxonian NS to N20 distension, an Ante-Triassic EW
compression, a paroxysmal lower Liassic NS to N150 dis-
tension, a middle Cretaceous N60 distension, as well as
two further events during the upper Cretaceous and the
Oligocene. There is a good correspondence between the
two independent timings of the regional tectonic-thermal
activity in the district.

At the French Massif Central scale

The K-Ar ages of the illite-type clay material studied
here fit well in the structural geologic framework of the
regional post-Variscan plutonic evolution and the Liassic
extensional tectonic episode along the Cévennes faulting
system. The review of Lancelot et al. (1995) on ore oc-
currences in the French Massif Central also points to the
regional evolution with an U pre-concentration episode at
about 270 Ma in leucogranite veins percolated by fluids at
300 - 350 °C, as pitchblende at 188 + 12 Ma (Respaut et al.
1991), uraninite at 172 + 9 Ma (Léveque et al. 1988), and
coffinite at about 100 Ma and even later at 35 - 40 Ma (Re-
spaut et al. 1991) at Pierre Plantée. Some U concentration
was detected at about 170 Ma in coffinite at Bertholéne,
which fits well the illite K-Ar ages. For instance, published
K-Ar illite ages were reported between 220 and 160 Ma
in the Lodéve area (Bellon et al. 1974; Bonhomme, Millot
1978; Bonhomme et al. 1983). At Bernardan, six illite K-Ar
ages average 161 + 9 Ma (Clauer 2020) with four more
values scattered between 240 and 185 Ma.

The same regional picture applies to fault gouges
filled with clay minerals in plutonic and sedimentary rocks
to the NW of the Central Massif (Cathelineau et al. 2004).
There, the finest <0.2 ym fractions from deep fractures
(>570 m) yield older ages from 272 to 253 Ma, and those
from shallow-depth fractures yield younger K-Ar ages of
198 to 188 Ma, confirming the occurrence of two distinct
tectonic-thermal episodes. These ages were considered
to record the extensional episode accompanied by ther-
mal anomalies related to the rifting of the central Atlantic
Ocean. Alternatively, the other major tectonic-thermal epi-
sode, which affected the Gascogne Gulf in the Aquitaine
Basin at ca. 120 Ma, was not detected. In a complemen-
tary study, Cathelineau et al. (2012) demonstrated that
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migrating brines and seawater interacted with both the
sedimentary cover and the basement in the Poitou High
located to the northwestern edge of the French Massif
Central, between the Aquitaine and Paris basins, at ages
of 156 to 146 Ma based on K-Ar dating of illite and 4°Ar/*°Ar
dating of associated feldspars. This hydrothermal activity
induced significant dolomitization and silicification of the
sediments, adularization of the basement, and local con-
centration of F-Ba (Pb-Zn) assemblages.

At the Western European scale

Further away from southeastern French Massif Cent-
ral, Schleicher et al. (2006) reported Permian (270 to 250
Ma), Jurassic (180 to 160 Ma) and younger hydrothermal
activities in the Soultz-sous-Foréts granite in the Rhine
Graben. Other studies provided K-Ar illite ages of about
200 Ma (Liassic) in nearby Triassic sandstones of the Vos-
ges Mountains-Rhine Graben structural setting, together
with younger episodes (Clauer et al. 2008), and of about
190 Ma (Liassic) in Triassic sediments from central Paris
Basin, again with younger episodes (Clauer et al. 1995).
Further to the east in the Black Forest, Lippolt, Seibel
(1991), and Lippolt, Kirsch (1994) reported Triassic and
younger hydrothermal sericite crystallization episodes in
altered gneissic plagioclases. A Late Jurassic hydrother-
mal alteration of Permian-Carboniferous sandstones was
also reported in the Baden-Baden and Offenburg-Teinach
troughs at temperatures of 240 - 290 °C and 150 - 210
°C, respectively (Zuther, Brockamp 1988; Brockamp et al.
2003). More Liassic hydrothermal activities were dated
by Clauer et al. (1996) in sedimentary rocks of Western
Europe and Northern Africa, as well as by Schaltegger et
al. (1994) for an illite crystallization episode in northern
Switzerland.

All these results confirm the occurrence of geographi-
cally widely dispersed, episodic hydrothermal activities

in the different selected sites (Fig. 6). lllite crystallization
often occurred in and nearby faulting systems that acted
as drains for mineralizing fluids to migrate, favoring or not
ore genesis. Alternatively, late-Variscan activity in plutonic
basement rocks, especially of major cratonic basement of
Western Europe, has been less reported.

Meaning of the illite Pb-Pb data in the regional evolu-
tion of the ore districts

The Pb isotopic composition of illite particles points to
an approximate age of 191 + 41 Ma, on the basis of an
errorchron that suggests a partial Pb homogeneity. De-
spite this analytical problem, the obtained age confirms
previously reported ages for nearby U deposits, namely a
major recrystallization after a pre-concentration at about
270 Ma. Interestingly, the analytical characteristics of the
errorchron are far from the Pb-isotopic field of the Cam-
brian syngenetic deposits, suggesting that the Pb trapped
by the crystallizing illite during the 180 - 200 Ma hydro-
thermal episode was not from major local Pb reservoir.
It is also away from the Pb field of the nearby St Gui-
ral-Liron granite, which could have been another possi-
ble reservoir for the Pb trapped by the clay minerals (Fig.
4). These differences in the Pb-isotopic compositions of
the illite crystallized at about 190 Ma, evidence a remote
crustal origin for the Pb, including an interaction with hyd-
rothermal fluids migrating in the local fault system.

The Pb-Pb data of the leachates consisting of Pb
external to the illite particles adds further information to
the evolution of the ore district. SEM observation showed
illite particles coated by micrometric Pb-sulfide crystals,
which were dissolved by dilute-acid leaching. The Pb-Pb
isotopic data of the leachates, with an age of 568 + 44
Ma for the errorchron, indicate that Pb of the dissolved
ore crystals belongs to the large local Cambrian Pb reser-
voir. This is confirmed by the trajectory of the errorchron,

Fig. 6 Tectonic framework of
Europe during Jurassic
time (after Muchez et al.
2005). The black dots
locate: 1 = the Lodeve-Les
Malines Pb-Zn district, 2 =
the Bernardan site, 3 = the
Soultz-sous-Forét granite,
4 = the Black Forest, 5 =

Warsaw
J

the southern Paris Basin,
6 = northern Switzerland,
7 = the Poitou High, and
8 = the Charroux-Civray
area.
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which cuts the Pb field of these ores, meaning in turn that
the 190-Ma hydrothermal pulse did not modify the large
reservoir (Fig. 5). In summary, Pb-isotopic determinations
of barren illite-type minerals provide complementary in-
formation about the regional evolution of the ore district,
the origin of the metals trapped by the authigenic clays,
and the timing of the migrating Pb-loaded hydrothermal
brines.

The meaning of isotopic dating of ores and associa-
ted minerals of metalliferous regions

On the basis of a large review of major basin-hosted
ore deposits in Europe, Muchez et al. (2005) suspect that
most of them formed in extensional settings. Where ex-
tension was pronounced and heat production elevated,
the mineralizing fluids were expelled along extensional
faults subsequently after having migrated through the se-
dimentary basin and the basement. This conclusion does
not match with the regional location of illitization episodes
in the Lodéve-Les Malines district, which do not necessa-
rily occur next to major tectonic or rifting regions (Fig. 6).
Indeed, except for the aborted Rhine graben rifting, the
results obtained in the southeastern French Massif and
in Western Europe confirm the occurrence of two major
episodes during the Upper Permian - Lower Triassic and
during the Liassic times away from common tectonic/geo-
dynamic activities, in rather quiescent areas where only
re-activation of faulting systems can be identified. This
specific absence of physical processes in the neighbor-
hood of the metal deposits needs migration of hot -fluids
in the continental crust, as metals were concentrated at
specific places, not necessarily at each tectonic-thermal
episode. A regional overview of the geochronologic resul-
ts has indicated contemporary processes at the scale of
Western Europe with U-F-Ba-Pb-Zn deposits. Many of
such deposits were dated during Jurassic and Cretace-
ous episodes at 185 + 15, 140 + 10 and 105 £ 5 Ma,
which supports a relationship between fluid movements
and geodynamic events, but surprisingly away from the
major activities.

In fact, the fluid-flow episodes dated by geochrono-
logy means and associated with ore minerals (UO, by
U-Pb or fluorite by Sm-Nd) are often difficult to link with
crustal processes at the scale of a province. It is, for in-
stance, the case for the 1.6 to 1.3 Ga old U deposits in
mid-Proterozoic basins of Canada and Australia (Hoeve,
Quirt 1984; Kotzer, Kyser 1995), which is precisely a pe-
riod almost devoid of nearby deformation structures and
orogens, unless very remote events (more than 2000 km
away) have local impacts. The brines that have extensi-
vely interacted with basement rocks at the microfracture
scale, were subsequently channeled along earlier reacti-
vated faults (Mercadier et al. 2010). Such results highlight
the necessary re-evaluation of the remote effects of major
geodynamic events on mass and heat transfers, in pluto-
nic basements but also in sedimentary basins.

Conclusions

lllite-rich size-fractions of Cambrian, Permian, Triassic
and Jurassic calcschists, shales and dolostones of the Pb
-Zn ore district from southeastern French Massif Central
were dated by the K-Ar method, and some were also da-
ted by the Pb-Pb method after removal of the Pb external
to the illite particles. The combined mineralogical, and
K-Ar and Pb-Pb isotopic determinations allowed following
conclusions:

(1) lllite K-Ar ages suggest crystallization episodes at
about 280 + 10, 240 + 20 and 185 + 5 Ma in the ore
district, which were also reported at a larger regio-
nal scale. However, all these tectonic-thermal events
were probably not monitored by Pb-mineralizing
fluids, which seem to have contributed to illitization at
190 £ 40 Ma, probably at 140 + 10 Ma and definitely
at 105 + 5 Ma, witnessed by ore Pb-Pb dating in faults,
and during minor Cretaceous pulses.

(2) The Pb isotope data of the clay residues plot around
a Pb-Pb errorchron giving an age of 191 + 41 Ma,
which is close to the Liassic age obtained by the K-Ar
method. The significant scatter of the Pb-Pb data from
clay residues suggests an incompletely equilibrated
isotopic signature when incorporated into the illite
structure during crystallization. Pb-isotopic determina-
tions of barren illite-type minerals provide information
about the regional evolution of the ore deposits, the
origin of the metals trapped by these authigenic clays
and the timing of the circulation of the hydrothermal
fluids.

(3) The fluid events occurred within a segment of a con-
tinental margin away from main rift zones and from
major deformation areas all over Western Europe.
The lack of major geodynamic activities next to the
metal deposits needs to consider periodic migrations
of hot-fluid movements in the underneath continental
crust, as metals were concentrated at specific places,
but not necessarily at each tectonic-thermal pulse re-
corded by illite.

(4) The tectonic-thermal history of the Lodeve-Les Mali-
nes ore district confirms repetitive geodynamic re-ac-
tivations of previously occurring events with effects on
local mass and heat transfers in the plutonic base-
ments, as well as in the sedimentary sequences.
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