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Abstract

A detailed structural, stable isotope and ¯uid inclusion study of distinct vein generations has been performed in a kilometre-
scale syncline to correlate the temperature±pressure conditions of vein formation with speci®c deformation episodes. The

structural relationship of the veins with cleavage, folds, faults and with one another, allows the identi®cation of pre-, syn- and
post-Variscan carbonate vein generations. The stable isotope composition of the vein calcites and dolomites is very similar to
that of the surrounding limestones and dolostones, respectively. This indicates that the cements were precipitated from ¯uids

bu�ered by the host-rock and implies that the temperature±pressure characteristics of the ¯uids re¯ect the thermal history of the
deformation history within the syncline. Microthermometric data of primary ¯uid inclusions were used to estimate the
temperature±pressure conditions at precipitation time, and thus of the deformation. Pressure-corrected trapping temperatures for

the veins show a temperature evolution from pre-Variscan (R3108C) to Variscan (260±2008C) and post-Variscan (758C). This
evolution indicates that the syncline developed not at a speci®c depth, but rather as an active, progressive deformation process
during transport along the northern Variscan thrust front. 7 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Large-scale migration of ¯uids may be very import-
ant during orogenic deformation (Moore et al., 1990;
O'Hara and Haak, 1992; Hodgkins and Stewart, 1994;
Meere and Banks, 1997). During compression, faults
and fractures play a key role in the ¯uid migration
(Moore et al., 1988; Fischer and Byrne, 1990; Tobin et
al., 1993). It is generally agreed that trace elements
and isotopic signatures of vein cements may provide
essential information on ¯uid sources, ¯uid ¯ow, and
exchange reactions between ¯uids and rocks (Burkhard
and Kerrich, 1988). Pore-¯uids are the medium in
which carbon and oxygen are distributed between the

rock (CO2ÿ
3 ) and ¯uid (HCOÿ3 ) reservoirs by dissol-

ution and precipitation reactions (Meyers and Loh-
mann, 1985). The carbon and oxygen isotopic
composition of the carbonate cements depends on the
¯uid±rock interaction and re¯ects the extent to which
the diagenetic system is open or closed. If the ¯uid
composition is completely controlled by exchange with
the rock mass, precipitation takes place under rock-
bu�ered conditions (Meyers and Lohmann, 1985;
Gray et al., 1991). In an open system the ¯uid compo-
sition may show no relation to the rock.

The role ¯uids play in rock deformation opens a
variety of possibilities for ¯uid inclusion research in
solving tectonic problems. In this regard, Hodgkins
and Stewart (1994) used ¯uid inclusions to constrain
fault-zone pressure and temperature and the kinematic
history in the Alpi Apuane (Italy). O'Hara and Haak
(1992) examined ¯uid inclusions to obtain ¯uid
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pressure and salinity variations in the footwall of the
Rector Branch thrust (USA, North Carolina) and to
evaluate the importance of ¯uid±rock interactions in
the vicinity of faults and shear zones. Vrolijk (1987)
developed a model for the ¯uid-migration history in
convergent margins, based on ¯uid-inclusion analyses
of syntectonic veins of the Kodiak accretionary com-
plex (USA, Alaska). The thermal tectonic history of
the subgreenschist facies Morcles nappe (Swiss Alps)
has been unravelled by Kirschner et al. (1995) by
applying oxygen isotope thermometry to quartz±calcite
veins. The relative age of veins can be determined by
using crosscutting and structural relationships between
the veins and cleavage, bedding, folds and faults.

The primary aim of this study is the investigation of
the ¯uid-¯ow system present during the deformation
of Middle Devonian strata at the northern Variscan
thrust front in northern France. Secondly, the tem-
perature and pressure evolution during the defor-
mation history at this thrust front, from burial and
initial compression to uplift, has been constrained. Im-
plications for the kinematic aspects of the Variscan
orogeny will be discussed.

2. Geological setting

The frontal area of the Ardenne Allochthon
(Fig. 1) is characterised by open, slightly north-ver-
ging, kilometre-scale folds. The allochthon is com-

posed of Devonian and Carboniferous sedimentary
sequences which rest unconformably on a Lower
Palaeozoic basement. Deformation of this basement
occurred before deposition of the Upper Palaeozoic
strata. During the Variscan orogeny, the Ardenne
Allochthon was folded and thrust along the Midi
fault on the Brabant Parautochthon. Seismic re¯ec-
tion data show the Midi fault to be a detachment
fault, slightly dipping (058) to the south (Fig. 2).
The Givetian strata at Bettrechies are situated in
the frontal area of the allochthon, 010 km south of
the surface trace of the Variscan thrust front (Midi
fault; Figs. 1 and 2).

In the study area, there is an open, kilometre-scale
syncline in a large quarry (Fig. 3). The Upper Givetian
(Devonian) can be divided into four formations attain-
ing a total thickness of more than 400 m in the strato-
type region (Bultynck et al., 1991). This thickness
decreases towards the north and at Bettrechies it is
thought not to exceed 250 m (Boulvain et al., 1994). In
the quarry, only the two upper formations, Mont
d'Haurs and Fromelennes, are exposed. The Mont
d'Haurs Formation is characterised by argillaceous,
dark limestones and is followed by the dark limestones
of the Fromelennes Formation. The limestones are
a�ected by dolomitisation. The whole sequence is gen-
erally composed of thick-bedded carbonates alternat-
ing with thin argillaceous intercalations, which played
an important mechanical role during the Variscan de-
formation (Mansy et al., 1995).

Fig. 1. Location of the study area in the frontal zone of the Ardenne Allochthon.
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3. Structural framework

In the Bettrechies quarry, there is an asymmetric
kilometre-scale syncline with a south-dipping axial sur-
face (Fig. 3). The syncline is bounded by two anticlines
with di�erent morphologies, the southern anticline
being open and the northern one being kink-shaped
(Mansy et al., 1995). The northern limb of the syncline
has an average dip of 408 towards the south, while the
southern limb shows an average dip of 758 towards the
north (Lacquement, 1996).

At metric- and decametric-scales, fault-bend folds
can be observed on both limbs of the syncline. On the
southern limb the decametric fault-bend fold (P1)
occurs associated with the fault ramp (R1). The smal-
ler, second fault-bend fold (P '1) is located on the back
of P1. The fault ramp R1 is crosscut by the major
thrust fault (F ) which caused a displacement of015 m.
The depth of this southern fault is unknown. On the
northern limb of the syncline, the fault-bend fold (P2)
is associated with the second fault ramp (R2) (Fig. 3).
This fault R2 is crosscut by the northern thrust-fault
F ', which joins the southern thrust-fault F at the lower
level of the quarry. A sedimentological study indicates
that the faults F and F ' pass at the same stratigraphic
level on both limbs (Mansy et al., 1995). They are
located at the contact between the Mont d'Haurs and
Fromelennes Formations, which is characterised by
many argillaceous intercalations. The sense of displace-
ment of the faults F and F ' is opposite.

In addition to the structures that formed during

progressive folding, a large set of strike-slip faults is
present. At the lowest level of the quarry, the strike-
slip fault V can be recognised (Fig. 3). The depth of V
is unknown. This fault V is characterised by ankerite
cementation and crosscuts the fault F.

Within the entire syncline a penetrative cleavage has
been observed, whose development is closely related to
the folding (Khatir, 1990; Mansy et al., 1995). The
Variscan orogeny was responsible for the major part
of the deformation (Mansy et al., 1995). During fold-
ing and faulting many fractures, now ®lled with
cement, were formed. Mansy et al. (1995) used struc-
tural observations to obtain a relative chronology of
the continuous and progressive deformation. In this
chronology the cleavage is taken as reference. During
progressive folding, the accommodation of the syncline
was accomplished mostly by bedding-slip and fault-
bend folding. In the ®rst stage, the fault-bend folds P1,
P '1 and P2 were formed. All three of them are crosscut
by the cleavage. At a later stage, progressive folding
resulted in additional slipping and/or thrusting. The
faults F and F ' post-date the cleavage and former fault
ramps R1 and R2.

4. Methodology

The geometric features and paragenetic sequence of
the veins were described in the ®eld. Particular atten-
tion was paid to the relationship between the veins on
the one hand and the cleavage, faults and folds on the

Fig. 2. Geological section between Mons and Valenciennes (after Mansy et al., 1997).

Fig. 3. North±south section of the synclinal structure in the quarry of Bettrechies.
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other. Forty stained samples and 060 thin sections of
the veins and host-rock were examined by convention-
al and cathodoluminescence microscopy to re®ne the
paragenetic sequence. Dolomite phases were identi®ed
by staining with alizarine red and iron-rich carbonate
phases by staining with potassium ferricyanide (Dick-
son, 1966). Cathodoluminescence microscopy was car-
ried out with a Technosyn Cold Cathodo-
Luminescence Model 8200 MK II at 16±20 kV, 620
mA gun current, 0.05 Torr vacuum and 5 mm beam
width. Three milligram samples of the veins and host-
rock were drilled from polished surfaces to determine
their carbon and oxygen isotopic composition on a
Finnigan±Mat Delta-E mass spectrometer. The ali-
quots were reacted with 2 ml of 100% orthophospho-
ric acid under vacuum at 258C. The mass
spectrometric analyses were corrected according to
Craig (1957), using repeated analysis of NBS-19 (TS-
limestone). Isotope data are expressed as per mil (-)
deviation from the Vienna Pee Dee Belemnite (VPDB)
standard. Reproducibilities determined from replicate
analyses of split samples were better than 0.1- for
oxygen and better than 0.05- for carbon at the 2s
level. Four samples were selected for a microthermo-
metric analysis. The ¯uid inclusions were examined on
a Linkam heating±cooling stage. A detailed description
of the sample preparation technique and the measure-
ment procedure has been given by Muchez et al.
(1994). The ®nal melting temperature of ice (Tm ice)
was reproducible to within 0.28C and the homogenis-
ation temperature (Th) to within 38C. Observations
were made on ¯uid inclusions occurring in growth
zones and therefore interpreted as being primary in
origin (Goldstein and Reynolds, 1994). Re-equili-
bration of ¯uid inclusions to lower densities, inducing
higher homogenisation temperatures, may occur
during intracrystalline deformation of crystals. Ther-
mometric measurements were made in the vicinity of
the less strained zones (if present) of the crystals.
Strongly deformed zones (e.g. intensely twinned zones
in calcite) were avoided to minimise the analysis of
stretched or leaked ¯uid inclusions.

5. Geometry and petrography of the vein generations

During folding and faulting numerous fractures
were formed. Based on crosscutting relationships of
the veins with other structural features, on the petro-
graphic data and on the chronological scheme of the
deformational structures present in the quarry (Mansy
et al., 1995), ®ve major groups of veins can be distin-
guished. Each group can be associated with a defor-
mation episode in the development of the syncline.
The ®rst group consists of veins with a pre-Variscan
deformation origin. The veins of the second, third and

fourth group all formed during the Variscan defor-
mation. A metric duplex structure, which formed in re-
sponse to the Variscan folding, is found in the quarry.
In this duplex structure, pure dolomite veins occur as-
sociated with completely dolomitised limestones.
Moreover, pure dolomite veins have been recognised
only in dolostones indicating a mineralogical control
of the host-rock on the vein composition. This would
imply that the necessary ions are derived from the sur-
rounding dolostones and that ambient ¯uid was at
least partly in chemical equilibrium with the host rock.
Due to a lack of crosscutting relations with other
structural features, it is impossible to classify the dolo-
mite veins into the second, third or fourth major
group. The ®fth group consists of veins that formed
after the Variscan deformation.

5.1. Group I: pre-Variscan deformation

This group represents veins with an orientation per-
pendicular to the bedding (Fig. 4a). They are displaced
along the bedding plane during bedding slip. The clea-
vage is penetrative and crosscuts the veins. The veins
are composed of two calcite phases, a non-ferroan
phase followed by a ferroan one. The non-ferroan cal-
cite phase shows a homogeneous orange luminescence,
while the ferroan phase shows sector zonation. The
crystals of both phases are characterised by an undula-
tory extinction and show an intense development of
twin planes that are sometimes bent (Fig. 4b). The
development of the curved twins can be related to
intracrystalline deformation (e.g. Burkhard, 1993). The
calcite cements are stylolitised and the orientation of
the stylolites is parallel to the vein walls (Fig. 4c). The
veins probably formed during the burial stage: the pro-
gressive burial of the sediments during deposition
caused a bedding normal compression inducing the
formation of fractures perpendicular to the bedding.

5.2. Group II: Variscan deformation, pre-cleavage

The second group can be divided into two sub-
groups. A ®rst subgroup represents veins, which occur
along the fault plane R2 and in a brecciated zone
below and connected to this fault plane. Their calcite
veins show an intense development of twin planes
(Types II and III of Burkhard, 1993). Their occurrence
probably indicates an origin of the veins related to the
activity of the fault R2. This fault is associated with
the ramp fold P2, which is considered by Mansy et al.
(1995) to predate cleavage development.

The second subgroup of veins is present along the
fault plane R1 and parallel to the bedding (Fig. 4d).
The veins are characterised by a ferroan calcite compo-
sition and are also crosscut by stylolites. Calcite twin
planes are intensely developed (Types III and IV of
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Burkhard, 1993) and crystals show undulatory extinc-
tion. The veins along the fault plane show shear dis-
continuities and wall-rock inclusions indicating a syn-
fault R1 origin (Ramsay and Huber, 1983). This fault
was responsible for the formation of the ramp fold P1,
which predates cleavage development. The group II
veins, parallel to the bedding, crosscut the group I
veins, perpendicular to the bedding (Fig. 4a). Shear
discontinuities and wall-rock inclusions are present, in
this case indicating a syn-bedding-slip origin (Ramsay
and Huber, 1983). An intersection-lineation of the
cleavage and the veins is seen as small cracks (Fig. 5a).
Therefore the veins are interpreted to predate cleavage
development.

5.3. Group III: Variscan deformation, syn-cleavage

Sigmoidal, en-eÂ chelon, ferroan calcite veins are
oriented oblique to the bedding and perpendicular to
the cleavage (Fig. 5b). The general orientation of the
veins and the cleavage with respect to the bedding

plane indicates an out-of-syncline shear movement on

the bedding plane (top-to-the-south on the southern

limb, top-to-the-north on the northern limb). The

group III veins are crosscut by the cleavage, but in

general, they are not dissolved along the cleavage

planes. Sigmoidal veins, which are not crosscut by the

cleavage, are also present. The calcite shows a bright

orange luminescence and several quartz crystals occur

dispersed in the calcite cement. In some places the

quartz crystals are broken. They show a sweeping

undulatory extinction while the calcite crystals show

an intense development of twin planes (Types III and

IV of Burkhard, 1993), both referring to an intracrys-

talline deformation. No traces of dynamic recrystallisa-

tion, which would be shown by the formation of new

subgrains, have been observed in the quartz crystals.

In thin sections, the cleavage penetrates the vein walls

at certain places (Fig. 5c). This indicates a pre-cleavage

origin. In other zones, the cleavage orientation is con-

trolled by the veins, indicating a post-cleavage origin

Fig. 4. The di�erent vein groups. (a) Geometry of the pre-Variscan calcite vein group I (hammer is 33 cm). (b) Occurrence of curved twins, re-

lated to intracrystalline deformation (group I, plane-polarised light, scale bar is 0.32 mm). (c) Pre-Variscan veins of group I, crosscut by numer-

ous stylolites parallel to the vein walls (plane-polarised light, scale bar is 0.32 mm). (d) A ®rst generation of calcite veins which are oriented

parallel to the strati®cation. They are classi®ed within the Variscan, pre-cleavage group II veins (hammer is 33 cm).
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(Fig. 5d). Therefore a syn-cleavage origin is opted for.
Within the veins, vein parallel stylolites are present.

5.4. Group IV: Variscan deformation, post-cleavage

The veins of the fourth group can be subdivided
into three subgroups. A ®rst subgroup represents veins
that occur along the fault plane F ' and along a small
backthrust, related to the fault F '. The veins are com-
posed of ferroan calcites with a uniform dull to bright
orange luminescence. The vein cements are stylolitised
and shear-discontinuities indicate a syn-fault F ' origin.
Twin planes may be strongly developed (Types III and
IV of Burkhard, 1993). Undulatory extinction is pre-
sent. The veins are not crosscut by the cleavage. The
latter is in accordance with the chronological model of
Mansy et al. (1995) where fault F ' is classi®ed as being
post-cleavage.

A second subgroup represents a second generation

of veins present along the bedding plane. No wall-
rock inclusions are observed. The calcites are com-
posed of blocky calcite crystals, showing a homo-
geneous dull to bright luminescence. Stylolitisation
is well developed. Typical calcites have an undula-
tory extinction and show an intense development of
twin planes, which are sometimes bent. The veins
crosscut the cleavage, indicating a post-cleavage ori-
gin.

A third subgroup is characterised by en-eÂ chelon
veins which are formed by an antithetic shear couple
(R ' shears) that is oriented roughly 708 to the shear
couple of fault F. This probably indicates a syn-fault F
origin. The veins are composed of a non-ferroan dolo-
mite generation (red zoned luminescence) and a light-
ferroan calcite generation (homogeneous yellow lumi-
nescence). Calcite twin planes are weakly developed
and undulatory extinction is rare. The veins are not
crosscut by the cleavage.

Fig. 5. The di�erent vein groups. (a) Cleavage (arrows) clearly crosscuts the Variscan group II veins (plane-polarised light, scale bar is 0.27 mm).

(b) Variscan syn-cleavage veins (group II), oriented oblique to the bedding (hammer is 33 cm). (c) Cleavage (arrow) penetrates the Variscan

group II veins (plane-polarised light, scale bar is 0.32 mm). (d) Cleavage bends around the Variscan group III veins (plane-polarised light, scale

bar is 0.32 mm).
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5.5. Group V: post-Variscan deformation

The last group represents veins that occur along
strike-slip faults crosscutting the Variscan fold and
faults and therefore are interpreted as formed after the
Variscan folding and faulting. This group can be sub-
divided into multiple generations. Carbonate cements
have been taken along the fault plane V (Fig. 6). Two
veins have been investigated: a non-ferroan granular
calcite vein showing a well-developed sector zonation
under cathodoluminescence and a ®brous ankerite vein
with a zoned luminescence. The crystals of both vein
types show only weakly developed twin planes. The
second vein type is unique within the quarry because
of the ankerite cement. The post-Variscan veins, which
occur along other strike-slip faults, have not been
investigated.

5.6. Overview

In the Bettrechies synclines many fractures were
formed during deformation. Structural and petro-
graphic examination allows the recognition of ®ve
major vein groups ®tting in the chronology of the
quarry. Veins perpendicular to the bedding were classi-
®ed within the ®rst group and are probably formed
during the burial stage due to bedding normal com-
pression. The second group represents veins that are
Variscan pre-cleavage in origin. The veins are crosscut
by the cleavage or related to the movement of the

fault ramps R1 and R2. The latter implies that they
were formed synchronous with the faults R1 and R2

and thus with the associated ramp folds P1 and P2.
Since these folds are crosscut by the cleavage, they are
pre-cleavage in origin as are the faults and related
veins. The sigmoidal en-eÂ chelon veins are classi®ed
within the third group and are probably syn-cleavage
in origin. They were formed due to a bedding-slip
movement accomplishing the accommodation of the
syncline during progressive folding. The fourth group
represents veins, which were formed during the Varis-
can orogeny and postdate cleavage development. They
crosscut the cleavage or are related to the movement
of the faults F and F '. These faults have been de®ned
as post-cleavage in the chronological model of Mansy
et al. (1995). The last group of veins is present along
the fault planes of strike-slip faults that crosscut the
syncline and are formed after the Variscan defor-
mation.

6. Stable isotope analysis

6.1. Pre-Variscan vein cements

The oxygen and carbon isotopic composition of the
pre-Variscan veins varies between ÿ6.1- and ÿ5.9-
VPDB and between ÿ0.79- and ÿ0.46- VPDB, re-
spectively (Fig. 7; Table 1). These values fall within
the range of the stable isotopic composition of the sur-
rounding limestones (d 18O=ÿ7.9- to ÿ5.4- VPDB;
d13C=ÿ1.15- to 1.18- VPDB) (Fig. 7; Table 1).

The similarity of the stable isotopic composition of
the veins and of the surrounding limestones could be
due to precipitation of the calcite cements from a ¯uid
in which isotopic composition was bu�ered by the sur-
rounding rock (Gray et al., 1991; Marquer and Bur-
khard, 1992; Muchez et al., 1995). Rock-bu�ering

Fig. 7. Carbon and oxygen isotopic composition of the Givetian

limestones (n = 20) and of the pre-Variscan (Pvc), Variscan (Vcc),

post-Variscan calcite (PVcc) and ankerite (Pvac) vein cements (n =

25).

Fig. 6. The transverse fault V at the lower level of the quarry at Bet-

trechies. Person is 1.75 m.
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means that the isotopic composition of the ¯uid is con-
trolled by the exchange with the rock mass. In such
rock-bu�ered system the calcium carbonate, ®lling the
fractures, largely originates from pressure dissolution
of the rock matrix (Hudson, 1975; Ramsay, 1980). The
numerous stylolites observed in the limestones,
oriented parallel to the bedding could have provided
the required calcium carbonate. However, an external
¯uid precipitating calcite cements with a similar stable
isotopic composition as the limestone host-rock cannot
be excluded. However, large-scale pre-Variscan cracks,
providing secondary porosity along which extended
¯uid migration could have occurred, are absent.

6.2. Variscan vein cements

The stable isotopic composition of the Variscan cal-
cite veins ranges between ÿ8.1- and ÿ5.6- VPDB
for oxygen and between ÿ1.78- and 0.86- VPDB
for carbon (Fig. 7; Table 1). Values fall mainly within
the range of the isotopic composition of the surround-
ing, non-dolomitised limestone. Three d13C values are
lower than that of the host-rock. The d18O and the
d13C values of the completely dolomitised limestones
range, respectively, between ÿ3.9- and ÿ3.8- VPDB
and between ÿ0.78- and ÿ0.60- VPDB (Fig. 8;

Table 1). The stable isotopic composition of the Varis-
can dolomite veins (d18O=ÿ4.2- to ÿ3.7- VPDB;
d13C=ÿ1.04- to ÿ0.46- VPDB) is similar to that of
the surrounding dolomites (Fig. 8; Table 1).

Since dolomite veins are restricted to a dolostone
host-rock and since the stable isotopic compositions of
this host-rock and the veins are similar, precipitation
of the dolomite veins occurred from a ¯uid whose
composition was bu�ered by the rock (Gray et al.,
1991; Marquer and Burkhard, 1992). The oxygen and

Table 1

Stable isotope data of the Bettrechies vein cements and host-rock. Dhr Ð dolomitised host-rock, pVc Ð pre-Variscan cements, Vcc Ð Variscan

calcite cements, Vdc Ð Variscan dolomite cements, PVcc Ð post-Variscan calcite cements, PVac Ð post-Variscan ankerite cements

Sample d 13C (- VPDB) d 18O (- VPDB) Sample d 13C (- VPDB) d 18O (- VPDB)

Dhr1 ÿ0.6 ÿ3.9 Vcc1 0.86 ÿ7.1
Dhr2 ÿ0.67 ÿ3.8 Vcc2 0.73 ÿ7.3
Dhr3 ÿ0.78 ÿ3.8 Vcc3 0.68 ÿ7.1
Dhr4 ÿ0.6 ÿ3.8 Vcc4 0.45 ÿ6.6
Lhr1 ÿ1.07 ÿ7.5 Vcc5 0.23 ÿ6.1
Lhr2 1.18 ÿ6.5 Vcc6 0.54 ÿ6.4
Lhr3 0.52 ÿ7.9 Vcc7 ÿ0.12 ÿ6
Lhr4 0.59 ÿ6.4 Vcc8 0.45 ÿ6.6
Lhr5 0.49 ÿ6.5 Vcc9 0.46 ÿ6.6
Lhr6 0.89 ÿ6.5 Vcc10 0.63 ÿ7.3
Lhr7 0.71 ÿ7.2 Vcc11 ÿ0.5 ÿ6.8
Lhr8 0.71 ÿ6.6 Vcc12 ÿ0.28 ÿ6.8
Lhr9 0.42 ÿ6.3 Vcc13 0.77 ÿ6.6
Lhr10 1.01 ÿ6.5 Vcc14 ÿ0.75 ÿ5.9
Lhr11 0.21 ÿ6.5 Vcc15 ÿ0.57 ÿ6
Lhr12 0.96 ÿ7.3 Vcc16 ÿ1.47 ÿ5.6
Lhr13 0.95 ÿ7.3 Vcc17 ÿ1.78 ÿ8.1
Lhr14 0.1 ÿ5.4 Vcc18 ÿ1.66 ÿ6.4
Lhr15 0.85 ÿ6.3 Vdc1 ÿ0.5 ÿ4.2
Lhr16 0.38 ÿ6.8 Vdc2 ÿ0.46 ÿ4.1
Lhr17 0.4 ÿ6.8 Vdc3 ÿ0.72 ÿ3.9
Lhr18 0.36 ÿ6.4 Vdc4 ÿ0.98 ÿ3.8
Lhr19 0.81 ÿ7.1 Vdc5 ÿ1.04 ÿ3.7
Lhr20 ÿ1.15 ÿ6.2 pVcc1 ÿ1.74 ÿ5.4
pVc1 ÿ0.46 ÿ6.1 pVcc2 ÿ2.4 ÿ5
pVc2 ÿ0.5 ÿ6.1 pVac1 ÿ0.09 ÿ10.1
pVc3 ÿ0.79 ÿ5.9 pVac2 0.38 ÿ10.2

Fig. 8. Carbon and oxygen isotopic composition of the Variscan

dolomite cements (Vdc, n= 5) and of the dolomitic host-rock (Dhr,

n=4).
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carbon isotopic values of the calcite veins fall within
the range of the limestones. Moreover, a comparison
of the stable isotopic composition of the calcite and
dolomite veins with that of the immediately surround-
ing limestones (at a distance ranging between 0.1 and
1 m) indicates d18O values and d13C values which may
be similar or di�er up to 1- (Fig. 9). These simi-
larities in the isotopic data of calcite veins and lime-
stone host-rock and the rock-bu�ered system present
during formation of the dolomite veins are thought to
be su�ciently indicative for a closed migration system
during the precipitation of the calcite veins. The source
of the calcium and bicarbonate for the precipitation of
the veins is found in the numerous stylolites perpen-
dicular to the bedding (layer-parallel-shortening stylo-
lites). The lower d13C values of some of the veins
compared to that of the immediately surrounding lime-
stones can easily be explained by the maturation of the
organic matter in these Givetian strata and the related
release of 12C during diagenesis (Irwin et al., 1977).
The released 12C of the organic matter has been incor-
porated in the calcite cements resulting in a lower d13C
value than the limestone host-rock. The carbon of the
organic matter present in the host rock is not incor-
porated in the analyses of the limestones. The same
process could explain the three d13C values of the Var-
iscan calcite cements lying outside the stable isotopic
®eld of the host-rock. A closed ¯uid ¯ow system is
common at the Variscan front zone (Stroink, 1993;
Hein and Behr, 1994). Only in the immediate vicinity
of a set of imbricated thrust faults, has an open ¯uid
¯ow system been proposed at this front zone (Muchez
et al., 1998). Variscan calcite veins in an anticline just
north of the major Midi thrust fault also formed in a
rock-bu�ered system (Muchez et al., 1995).

6.3. Post-Variscan vein cements

Only the carbonate veins of the post-Variscan fault
V have been examined for their stable isotopic compo-
sition. The d18O and d13C values of the two iron-poor
calcite samples are, respectively, ÿ5.4- and ÿ5.0-
VPDB and ÿ2.40- and ÿ1.74- VPDB (Fig. 7;
Table 1). The oxygen isotope values are close to those
of the limestones. The more negative d13C values of
the non-ferroan calcites compared with the host-rock
can be explained by an additional contribution of 12C
with an organic origin (Irwin et al., 1977). The stable
isotopic composition of the two ankerite samples are
ÿ10.2- and ÿ10.1- VPDB for oxygen and ÿ0.09-
and 0.38- VPDB for carbon (Fig. 7; Table 1). These
values show a signi®cant di�erence with regard to the
range of the surrounding Givetian limestones, es-
pecially taking into account Dankerite±calcite of +3.2-
(Longsta�e and Ayalon, 1987).

The trapping temperature of the iron-poor calcite
sample corresponds to 0758C (see Section 7.4). At this
temperature, a calcite phase with an oxygen isotopic
signature of 0ÿ5.2- VPDB would have precipitated
from a ¯uid with d18O of 4.8- SMOW (standard
mean ocean water). Such a relatively high d18O value
could be due to an important interaction of the ¯uid
with the limestone host-rock. The di�erent stable iso-
topic composition of the ankerite vein from that of the
rock implies that after precipitation of the non-ferroan
calcite phase the relatively closed system evolved
towards an open one.

7. Fluid inclusion data

The ¯uid inclusions of four di�erent groups (I, III,
IV and V) were analysed to correlate the temperature±
pressure conditions of vein cement precipitation with
the related deformation events in the progressive fold-
ing of the Givetian limestones. Unfortunately, no suit-
able ¯uid inclusions for a microthermometric
investigation have been found in group II. From all
four groups, ¯uid inclusions occurring in growth zones
were examined. Only these ¯uid inclusions are certain
to have a primary origin and are suitable for deduction
of the precipitation temperature and depth of the vein
cements (Goldstein and Reynolds, 1994). The vein
cements studied are interpreted to have formed in a
rock-bu�ered system. In such a system the ¯uids are in
mineralogical, geochemical and thermal equilibrium
with the host rocks. A palaeogeothermal gradient of
508C/km, determined by Muchez et al. (1991a) and
Helsen (1995), has been applied to calculate the pre-
cipitation temperatures and depth from the isochores
of the ¯uid inclusions. Although 508C/km may seem
to be high, it has been indicated by vitrinite re¯ectance

Fig. 9. Comparison of the stable isotope composition of the Pre-Var-

iscan (black squares, n = 1) and Variscan (black dots, n = 8) vein

cements with that of the immediately surrounding limestones (white

dots and squares).
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data, the conodont alteration indices and geothermal
modelling (e.g. LuÈ nenschloss et al., 1997; LuÈ nens-
chloss, 1998). Although a lower palaeogeothermal gra-
dient would result in higher precipitation temperatures
and depths of the veins, it would not change the con-
clusions.

Re-equilibration of ¯uid inclusions to lower den-
sities, inducing higher homogenisation temperatures,
may occur during intracrystalline deformation of crys-
tals. Microthermometric measurements were made in
the vicinity of weakly strained zones of crystals (if pre-
sent), while strongly deformed zones (e.g. twinned
zones in calcite) were avoided to minimise the analyses
of re-equilibrated inclusions. All ¯uid inclusions exam-
ined are two phases (liquid and gas) and located in
growth zones. The ¯uid inclusions from the four
groups in which the temperature of ®rst melting (Te)
could be observed, have Te values at or above ÿ218C.
This indicates a dominantly H2O±NaCl composition
of the ¯uid inclusions in the veins analysed. The exact
melting temperatures could not always be observed
due to the small size of most ¯uid inclusions.

7.1. Group I: pre-Variscan deformation

The ¯uid inclusions are too small (2±3 mm) to allow
determination of the melting temperatures (Tm). The
homogenisation temperature (Th) ranges between 221

and 2868C (Fig. 10). The measurements are made in
crystals where an undulatory extinction and the occur-
rence of calcite twins indicate crystal-plastic defor-
mation. Fluid inclusions were present within twin
planes as well as in untwinned zones of the crystals.

Microthermometric data show a large range (658C)
of Th values, which may be due to the intensive defor-
mation of the calcite crystals. During deformation nu-
merous re-equilibration phenomena a�ect the ¯uid
inclusions and induce an increase in homogenisation
temperature (Shepherd et al., 1985; Goldstein and Rey-
nolds, 1994). However, ¯uid inclusions, which have
not su�ered the re-equilibration processes, could still
be preserved. Minimum Th values may represent those
inclusions that preserved the ¯uid density during trap-
ping (Muchez et al., 1991b). In a ®rst instance a Thmin

of 2218C has been used to obtain an idea of the maxi-
mum initial trapping conditions of the pre-Variscan
group. To know the trapping temperature (Tt) of the
inclusions, a pressure correction should be applied to
the Th values. The trapping temperatures and pressures
are deduced from the intersection of the isochores for
the H2O±NaCl inclusions and a palaeolithostatic
gradient of 508C/26 MPa (Muchez et al., 1991a; Hel-
sen, 1995). The isochores for the H2O±NaCl inclusions
have been calculated using the program FLINCOR
(Brown, 1989) and the equations of Brown and Lamb
(1989) for the H2O±NaCl system applied to the hom-

Fig. 10. Primary ¯uid inclusion data of the di�erent vein groups, expressing the protracted deformation history of the syncline. At each stage,

active veining is indicated in bold. CcI Ð pre-Variscan group I calcites. CcIII Ð Variscan group III calcite. QcIII Ð Variscan group III quartz.

CcIV Ð Variscan group IV calcites. CcV Ð post-Variscan group V calcites. n Ð number of analyses. Th Ð homogenisation temperatures. Ta

Ð average homogenisation temperature. Tt Ð trapping temperature.
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ogenisation temperature of 2218C and an average sal-
inity of 12.3 eq.wt% NaCl of the group III Variscan
¯uids (see below). The latter is thought to be justi®ed
because of the proposed closed ¯uid system present
before and during the Variscan deformation. The cal-
culated Tt value for the pre-Variscan group is 3108C.
This temperature corresponds to a pressure of 150
MPa and a precipitation depth of 5700 m. However
since the calcites are strongly deformed, lower hom-
ogenisation temperatures could have been present orig-
inally. Therefore 5700 m is regarded as a maximum
depth.

7.2. Group III: Variscan deformation, syn-cleavage

The homogenisation temperature of the primary
¯uid inclusions (3±6 mm) in group III calcite crystals
ranges between 173 and 2658C (Fig. 10). The petro-
graphic study shows that homogenisation temperatures
between 173 and 2038C are restricted to calcite crystals
with a weak development of twin planes. Temperatures
above 2038C are restricted to the ¯uid inclusions in the
volumetrically more important, intensely twinned crys-
tals. The inclusions of the intensely twinned crystals
have probably been stretched (see also Goldstein and
Reynolds, 1994) and are therefore not representative
of the original homogenisation temperature. Hom-
ogenisation temperatures of measurements of the ¯uid
inclusions (3±10 mm) in group III quartz crystals
ranges between 171 and 2068C with an average of
1908C (Fig. 10). The only optical feature observed in
the quartz crystals, which is associated with intracrys-
talline deformation by dislocation creep, is sweeping
undulatory extinction. Dynamic recrystallisation of the
crystals, which could induce a marked increase of ®ll-
ing temperatures, has not been observed. Taking into
account the higher resistance of quartz crystals to de-
formation (Shepherd et al., 1985; Goldstein and Rey-
nolds, 1994) and the similarity between the Th values
of the ¯uid inclusions of the quartz and weakly
deformed calcite crystals, 171±2068C can be assumed

to be the Th range of the ¯uid inclusions which have
preserved the original ¯uid density. It further supports
the assumption that all ¯uid inclusions above 2068C
have been re-equilibrated, inducing higher homogenis-
ation temperatures.

The ®nal melting temperatures of the group III cal-
cite and quartz crystals all lie between ÿ8.0 and
ÿ12.88C (Fig. 11), corresponding to a salinity of 12±16
eq.wt% NaCl. This salinity is much higher than the
salinity of the seawater in which the Givetian lime-
stones have been deposited. At ®rst sight, this could be
regarded as an argument for an external source of the
¯uids migrating through the Givetian during the Varis-
can deformation in contradiction with the former in-
terpretation. However, high salinity ¯uids formed in
evaporitic basins (e.g. Tournai area) during and after
the Givetian (Dejonghe et al., 1998). These ¯uids could
have migrated laterally and downwards into the more
open marine limestones due to their high density and
this during early diagenesis. The migration of the
dense high salinity ¯uids could have caused the dolo-
mitisation of the Givetian limestones. Similar processes
have been identi®ed in eastern Belgium where re¯ux
dolomitisation of open marine limestones occurred
(Nielsen et al., 1994) and was responsible for the origin
of high salinity H2O±NaCl±CaCl2 ¯uids in the deeper
subsurface (Heijlen et al., 1999).

A pressure correction was applied to the average Th

value of 1908C in the same way as described above.
The average trapping temperature is 2608C and corre-
sponds to a trapping pressure of 120 MPa. This means
that the veins could have formed at a depth of
04700 m.

7.3. Group IV: Variscan deformation: post-cleavage

The ¯uid inclusions of the calcites of the fourth
group (second subgroup) are very small (2±4 mm).
Homogenisation temperatures range between 140 and
1908C (Fig. 10). A petrographic study shows that hom-
ogenisation temperatures above 1658C are restricted to
¯uid inclusions associated with twin planes whereas
temperatures between 140 and 1588C with an average
of 1508C are measured in zones mainly without twins.
The ¯uid inclusions in the twinned parts have probably
been stretched (see Goldstein and Reynolds, 1994).
Therefore only the lower temperature range (140±
1588C) is considered representative for the original
homogenisation temperature. After application of a
pressure correction to the average Th value of 1508C, a
trapping temperature of 2008C is obtained. Taking
into account a surface temperature of 258C and a
lithostatic gradient of 508C/26 MPa, 2008C corre-
sponds to a trapping pressure of 90 MPa and a pre-
cipitation depth of03500 m.

Fig. 11. Melting temperatures Tm of the Variscan group III calcite

and quartz cement (n=16).
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7.4. Group V: Post-Variscan deformation

The ¯uid inclusions studied in the non-ferroan cal-
cites of this group are very small (2±3 mm). Homogen-
isation temperatures range between 51 and 868C with
an average of 708C (Fig. 10). Because of the low Th

values and the presence of large open fractures at the
time of precipitation, a hydrostatic pressure correction
of 508C/10 MPa was applied to obtain an average
trapping temperature of 758C. This corresponds to a
trapping pressure of 010 MPa and a formation depth
of01000 m.

8. Discussion

A formation temperature of 3108C has been calcu-
lated for the pre-Variscan veins, which corresponds to
a precipitation depth of 5700 m. However, because of
the long time period involved in the Variscan defor-
mation, the possibility that all ¯uid inclusions have
been re-equilibrated must be considered. This would
imply that 5700 m is a maximum value and that the
exact formation depth of the veins cannot be obtained.
A limit can be set to the minimum depth of burial by
the microthermometric results of the quartz crystals of
the sigmoidal veins of group III. Because of a much
higher resistance to deformation of quartz crystals
(Shepherd et al., 1985; Goldstein and Reynolds, 1994),
the homogenisation temperatures of this generation
(171±2068C) may represent reliable values. These
values yield a minimum for the burial depth of 4700 m.
Colour alteration index (CAI) values of conodonts of
the Givetian limestones in the area of Bettrechies cor-
respond to 4.5±5.0, which implies a palaeotemperature
of 245±3108C (Helsen, 1995). The vitrinite re¯ectance
of a limited number of particles lies between 3.5 and 4
(Degardin, personal communication, 1998). According
to Barker and Goldstein (1990), vitrinite re¯ectance
values of 3.5±4 re¯ect temperatures between 310 and
3308C. The agreement between the calculated trapping
temperature of the ¯uid inclusions and the CAI and
vitrinite data indicate that a maximum burial tempera-
ture of 3108C for the Givetian strata cannot be
excluded.

In the microthermometric study a constant geother-
mal gradient of 508C/26 MPa has been used to calcu-
late the trapping conditions of the ¯uid inclusions in
order to obtain a relative deformation-depth history of
the frontal zone of the Ardenne Allochthon. A chrono-
logically decreasing precipitation temperature has been
suggested, re¯ecting a decreasing depth evolution
during progressive folding.

However, the possibility that the decreasing hom-
ogenisation temperatures do not actually indicate a
decreasing depth evolution but are the re¯ection of a

decreasing geothermal gradient should be considered.
This would imply that all vein generations may have
formed at the same depth and were passively trans-
ported upwards during transport along the Midi fault.
This implies a model where the ®nal overthrusting
along the Variscan thrust front must therefore post-
date the major part of the Variscan deformation and is
in accordance with Fourmarier's model considering a
cleavage as a burial phenomenon which needs at least
an overburden of 5±6 km (Fourmarier, 1939). If a con-
stant depth of 5700 m is assumed for the folding of
the syncline and vein formation, then the geothermal
gradient decreased from 50 to 308C during the Varis-
can. Schroyen and Muchez (2000) examined ¯uid in-
clusions in six successive quartz generations at the
southern border of the Stavelot±Venn Massif (Bel-
gium) (Fig. 1). These six quartz generations formed
during the Variscan deformation and are mainly re-
lated to large thrust faults. If thrusting post-dates the
main Variscan deformation, a geothermal gradient of
308C would have been present during this thrusting.
P±T formation conditions were calculated using H2O±
CO2±NaCl, ¯uid inclusion isochores, total homogenis-
ation temperatures and geothermometry results of syn-
genetic chlorite minerals. All Variscan quartz
generations indicate a geothermal gradient between 40
and 508C. Considering the fact that the Variscan veins
show an identical geothermal gradient and that inde-
pendent studies all point towards a geothermal gradi-
ent of 0508C (Muchez et al., 1991a; Helsen, 1995), we
think that the assumption of a constant geothermal
gradient of 508C/km is more likely than considering a
drop in geothermal gradient. Therefore in our model,
the decreasing evolution in formation temperature of
the veins is interpreted to indicate that the syncline did
not develop at a speci®c depth, but rather as an active,
progressive deformation process during transport
along the Variscan thrust front.

9. Conclusions

In the syncline at Bettrechies di�erent vein gener-
ations can be observed that formed before, during and
after the Variscan deformation. Structural and petro-
graphic data have been used to distinguish ®ve major
groups of veins (pre-Variscan, Variscan pre-cleavage,
Variscan syn-cleavage, Variscan post-cleavage and
post-Variscan deformation). Each group can be corre-
lated with a speci®c structural episode in the develop-
ment of the syncline. Mineral and stable isotope
analysis has been applied to characterise the nature of
the ¯uid system (closed rather than other) in the Give-
tian limestones. The pre- and syn-Variscan vein
cements, and one post-Variscan calcite phase, show
similar mineralogies and oxygen and carbon isotopic
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compositions to the surrounding host-rock. They are
interpreted to have been precipitated from a ¯uid
whose composition was largely bu�ered by the host
limestones. The numerous stylolites present in the
quarry provide further support for this interpretation.
The stable isotopic composition of a post-Variscan
ankerite phase indicates an evolution of the closed
¯uid ¯ow system towards an open one during the
post-Variscan stage.

The microthermometric study of primary ¯uid in-
clusions constrains the P±T conditions of vein precipi-
tation and possibly the front zone of the Ardenne
Allochthon. During burial of the Givetian limestones,
veins oriented perpendicular to the bedding formed at
a depth of R5700 m. During the Variscan defor-
mation, the limestones were folded and thrust along
the south-dipping Midi fault. At a ®rst stage within
this period, veins parallel to the bedding and two
other generations related to the movement of ramp
faults were formed. At a second stage (syn-cleavage),
sigmoidal veins precipitated. Fluid inclusion data indi-
cate a precipitation depth of 04700 m. During a third
stage of the Variscan deformation veins parallel to the
bedding formed at a depth of 03500 m. The di�erence
in trapping temperature of the primary ¯uid inclusions
and possibly of the formation depth of the Variscan
veins, is interpreted to indicate that the protracted
development of the syncline took place at decreasing
depth/temperatures during transport along the Varis-
can front thrust.
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