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Abstract High-salinity, Na—Ca—Cl-rich fluids (~20 wt%
salts) in inclusions in gangue and ore minerals from
Mesozoic Mississippi Valley-type (MVT) deposits in the
Verviers Synclinorium (eastern Belgium) and in Creta-
ceous vein calcites at the Variscan front were investigated
by microthermometric and crush-leach analysis. The
MVT deposits formed at temperatures of ~110 °C while
the Cretaceous vein calcites were precipitated at temper-
atures <50 °C. Their CI-Br content (Cl/Br ratio between
246 and 458) suggests that the fluids probably originated
by the evaporation of seawater during basin development
at the southern margin of the Caledonian Brabant Massif
in the Late Palacozoic. The Na—Ca—K content (Na:
29,700-49,600 ppm, Ca: 25,700-46,200 ppm, K: 1,000—
5,620 ppm) is similar to that of the mineralising fluids in
other Pb—Zn districts, interpreted to be of evaporative
origin (e.g. Newfoundland, East Tennessee, Polaris).
Furthermore, comparison of the Na—Ca—K content of the
fluids with that of an evolved evaporitic brine enables the
recognition of major water—rock interactions that modi-
fied the fluid composition. It indicates that the ambient
fluids participated in the early diagenetic dolomitisation
of Upper Palaeozoic carbonates and also in the albitisa-
tion of plagioclase in Lower Palaeozoic siliciclastics of the
Caledonian basement. Illitisation of smectites or disso-
lution of K-feldspar probably controlled the K-content of
the fluids. A model is proposed where the bittern brines
migrated down into the deep subsurface because of their
density during extension. After the Variscan orogeny,
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these fluids were finally expelled along extensional faults,
resulting in the formation of Zn—Pb deposits.

Introduction

Post-Variscan migration of highly saline, Na—Ca—Cl
fluids was widespread in central and western Europe
(e.g. Behr et al. 1987, 1993; Wilkinson et al. 1995;
Moller et al. 1997). These high-salinity fluids are present
as fluid inclusions in minerals from Mississippi Valley-
type (MVT) Pb-Zn deposits (Behr and Gerler 1987;
Charef and Sheppard 1988; Redecke 1992). Movement
of these fluids in the crust has been suggested to be fault-
controlled (de Magnée 1967; Pelissonnier 1967; Behr
et al. 1993). However, the origin of the fluids, how they
gained their high salinity (~20 eq. wt% NaCl) and their
composition remains unclear.

Based on fluid inclusion data and palaeogeographic
considerations, Behr et al. (1987, 1993) proposed that the
brines originated by the evaporation of seawater. Evap-
oration was widespread during the Permian and Meso-
zoic, causing the formation of thick anhydrite and halite
deposits in central and western Europe. Although an
evaporitic origin could clearly be invoked for the areas
near or where these evaporites have been deposited, it
can hardly explain the occurrence of post-Variscan high-
salinity fluids in more confined areas without Mesozoic
evaporites, such as in the Variscides of southern Belgium,
or of Palaeozoic high-salinity fluids in western Europe
(Dejonghe et al. 1982; Samson and Russell 1987; Banks
and Russell 1992). At the Variscan front zone in Belgium,
high-salinity fluids were expelled during several periods
in the Mesozoic (Muchez et al. 1997; Muchez and Sin-
tubin 1998) and formed the MVT Zn—Pb deposits in the
Verviers Synclinorium, eastern Belgium (Darimont 1983;
Fig. 1). First microthermometric data on these Zn—Pb
deposits indicate constant salinities of ~20 eq. wt%
NaCl (Darimont 1983; Redecke 1992) and a decrease
in the formation temperature of the successive calcite
generations from ~125 to <50 °C (Muchez et al. 1994).
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Structural relationships suggest that the mineralisation in
the area occurred in one main period between the Upper
Carboniferous and the Upper Cretaceous (de Magnée
1967; Dejonghe 1986; Muchez et al. 1997). Rb-Sr dating
of sphalerites from the Maubach and Mechernich Pb—Zn
deposits in the nearby Eifel gives an age of 170 + 4 Ma
(Schneider et al. 1999).

From the Jurassic onwards, the Verviers Synclinori-
um was bordered by the antiformal structures of the
Caledonian Brabant Massif in the NW and the Variscan
Ardennes in the SE and it has been subjected to a con-
tinuous peneplanation until the Cretaceous. The only
Mesozoic strata at the Variscan front zone are Upper
Cretaceous marls and chalks, which are younger than
the mineralisation. However, there are abundant evap-
orites in the Devonian and Carboniferous of southern
Belgium (Groessens et al. 1979; Rouchy et al. 1986;
Dejonghe and Boulvain 1993; De Putter et al. 1994).
Givetian anhydrites reach a total thickness of 300 m
(Rouchy et al. 1986), and 760 m of Dinantian evaporites
occur in the St-Ghislain borehole (Groessens et al.
1979). High-salinity fluids generated during Devono-
Carboniferous evaporation could well be the source of
the mineralising fluids. In this scenario, the mineralising
fluids remained in the subsurface since their formation
during the Devono-Carboniferous until they were ex-
pelled in the Mesozoic. However, Cauet and Weis (1983)
and Dejonghe (1985) suggested that these residual brines
had already been expelled during the Variscan orogeny.
Therefore, they concluded that deeply circulating post-
Variscan meteoric waters that dissolved evaporites in the
subsurface were responsible for the mineralisation. This

model was further supported by a stable isotope
analyses of gangue calcites (Muchez et al. 1994).

The purpose of this study is to investigate the origin
of the high-salinity, mineralising fluids present at the
Variscan front zone and to deduce the geochemical
evolution of these fluids in the deeper subsurface. To
differentiate between an evaporative or evaporite-disso-
lution origin of the high-salinity fluids, CI-Br syste-
matics can be used (Carpenter 1978; Fontes and Matray
1993). The further interaction of the fluid with the rocks
can be deduced from its cation composition.

Geological setting

The Zn—Pb deposits of eastern Belgium are present in Devonian
and Carboniferous strata. The Devono-Carboniferous series have
been deposited above a folded and faulted Caledonian basement,
composed mainly of quartzites, shales and siltstones. Early Devo-
nian siliciclastic rocks lie unconformably on this basement. They
are overlain by alternating siliciclastics and carbonate rocks, which
are interlayered with evaporites of Middle and Late Devonian and
Dinantian age. All the Palaeozoic rocks have been affected by the
Variscan orogeny. The Variscan Front Thrust, also referred to as
the Midi-Aachen fault zone, separates the Ardenne Allochthon in
the south from the Brabant Parautochthon in the north (Fig. 1).
This fault zone is fringed at its footwall by numerous smaller thrust
sheets and imbricate fans (Hance et al. 1999).

The total production of the zinc-lead district in eastern Belgium
is some 1.1 Mt of zinc and 0.13 Mt of lead metal (Dejonghe and
Jans 1983). Mine activity in the area ceased in 1946. Although small
in comparison with present day world class deposits, the area
played a very important role in the metal industry from the Middle
Ages to the 19th century. The first industrial process for the
manufacturing of metallic zinc was developed here by J.J. Daniel
Dony in the beginning of the 19th century (Ladeuze et al. 1991).



Around 30 mines were active in the area, the larger ones being La
Calamine, Schmalgraff and Bleiberg. The main gangue minerals are
calcite and quartz. Ore mineralogy and morphology of the different
deposits in the district are described in detail by Dejonghe and Jans
(1983) and Dejonghe (1986, 1998). A regional Pb isotopic study
indicated that the metals were mainly leached from the Middle and
Upper Devonian sedimentary units (Cauet et al. 1982; Cauet and
Weis 1983). The formation of the Zn—Pb deposits and of post-
Variscan calcite veins has been related to Mesozoic extensional and
transpressive tectonism (de Magnée 1967; Muchez and Sintubin
1997; Muchez et al. 1997). The Zn—Pb mineralisations are spatially
controlled by NNW-trending transverse faults that are related to
the Rhine graben fault system (de Magnée 1967; Dejonghe and
Jans 1983).

In this study, we have investigated calcite, quartz and sphalerite
associated with the Bleiberg deposit in eastern Belgium (Dejonghe
and Jans 1983) and calcite cements in a non-mineralised, dextral
strike-slip fault system in the Variscan Front Complex (Muchez
and Sintubin 1998). Bleiberg is one of the most important, fault-
controlled deposits in the Dinantian carbonate rocks and Namu-
rian shales. This 2-km-long vein deposit, which strikes NNW,
repeatedly crosscuts these deformed strata and is accompanied by
some lodes at lithological and tectonic contacts. The samples have
been taken from the drillings of the exploration company Nicron
France S.A., which crosscut a newly discovered extension of the
Bleiberg deposit. The calcite cements filling the dextral strike-slip
fault have been selected as they are characterised by similar high-
salinity fluids as those associated with the Zn-Pb ore deposits
(Muchez and Sintubin 1998).

Methodology

Thin sections of the vein cements were examined by conventional
and cathodoluminescence (Cl) microscopy. The Technosyn Cold
Cathodo Luminescence Model 8200 MKkII was operated at
16-20 kV, 620 pA gun current, 5 mm beam width and 6.65 Pa
vacuum. Microthermometric analysis of fluid inclusions in gangue
minerals was carried out on a Fluid Inc. adapted USGS gas-flow
heating/freezing stage. The fluid inclusions in the nearly opaque
sphalerites were studied using a Linkam THMSG 600 stage to-
gether with an Olympus BX-60 microscope modified for IR illu-
mination. Only one- and two-phase aqueous fluid inclusions were
identified. The temperatures of first melting (Tfm) and the melting
of ice [Tm(ice)] were carefully measured. Reproducibility was
within 0.2 °C. The stages were calibrated between —56.6 and
374.1 °C with synthetic fluid inclusions. Melting temperatures in
one-phase fluid inclusions in calcite and quartz were obtained after
artificial stretching by heating the inclusions to 200 °C followed by
freezing at —100 °C in order to initiate a gas bubble. Only few
temperature measurements of hydrohalite melting could be made
and these gave inconsistent results. These data have not been in-
corporated. Salinities were reported as eq. wt% NaCl (Bodnar
1993) or eq. wt% CaCl, if Tm(ice) was <-21.2 °C (Oakes et al.
1990). This results in errors of <3 wt% on the total wt%
NaCl + CaCl,.

Analysis of fluid inclusions was carried out using a bulk crush-
leach method as described by Bottrell et al. (1988), Banks and
Yardley (1992) and Yardley et al. (1993). Samples were crushed to
a grain size of ~1 mm and cleaned in aqua-regia where appropri-
ate. Contaminated mineral grains were removed by hand picking
under a binocular microscope and the samples further cleaned by
boiling in nitric acid and/or doubly-distilled water. Quartz samples
had any absorbed ions removed by placing them in an electrolytic
cell for 10 days. Clean, dry samples were crushed to a fine powder
in an agate pestle and mortar and leached in doubly-distilled water
for anion and alkali analysis, and in acidified LaCl; solution for
other cation analysis on the quartz samples. Carbonates and quartz
were analysed for Na, K and Li by flame emission spectroscopy
(FES). Cl and Br were analysed by ion chromatography. Acid
leaches from quartz were analysed for other cations by inductively
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coupled plasma atomic emission spectroscopy (ICP-AES). Na and
K were determined on all leach solutions from all minerals, so that
all analyses were calculated initially as ratios to Na. For the cal-
cites, Ca was calculated to give a charge balance with the anions.
The analyses were rearranged to be ratios to Cl and absolute
concentrations were calculated using the salinity of the primary
fluid inclusions obtained from the microthermometric analyses.
Because of the small volumes of solution available from the quartz
samples, anions could not be measured. The quantification of the
Na, K, Mg and Ca concentration in the fluid inclusions in the
quartz samples was carried out according to the method of We-
isbrod and Poty (1975) and Shepherd et al. (1985). According to
these authors, the contribution of CaCl, and MgCl, to the freezing
point depression is 1.5 times that of NaCl and KCI. For these
samples the Cl concentration was calculated to give charge balance
with the cations.

Petrography and fluid inclusion microthermometry
Zn—Pb mineralisation at Bleiberg

The paragenetic sequence of the ore and gangue min-
erals of the Bleiberg deposit was reconstructed based on
crosscutting relationships (Fig. 2). After the precipita-
tion of two generations of ferroan calcite (stages A and
B), the main sulphide minerals (sphalerite, galena)
formed. Ore mineralisation started with sphalerite re-
placing carbonates, as represented by rounded subhedral
grains of sphalerite with relict carbonate in the porous
centre (Fig. 3a). The replacive sphalerite is often ce-
mented and overgrown by quartz. The remaining open
spaces were filled by blocky sphalerite and galena
(Fig. 3b), which sometimes have inclusions of chal-
copyrite, pyrite and marcasite. This period of ore min-
eralisation was followed by the precipitation of second
generation quartz around the sulphides. The quartz is
succeeded by three generations of ferroan calcite (stages
C, D and E; Fig. 2). All calcite generations show a
bright yellow luminescence, except for the dull brown-
orange luminescent stage A calcite.

Primary fluid inclusions could be identified in growth
zones in second generation quartz , sphalerite and calcite.
The Tfm of these inclusions is ~—52 °C, indicative of an
H,O0-NaCl-CaCl, fluid (Shepherd et al. 1985). The
primary inclusions in quartz (Fig. 3c) are mono- and two-
phase and can be up to 50 pm large. The Th of the two-
phase fluid inclusions is mostly between 97 and 115 °C
(Fig. 4a). Occasionally, homogenisation temperatures
above 115 °C were measured (n = 3 in Fig. 4a). These
higher temperatures are caused by necking down and
were not taken into account. Tm(ice) varies between
—14.0 and —17.2 °C (Fig. 4c). In sphalerite, all primary
inclusions (5-20 pm) are two-phase with Th between 97
and 108 °C and Tm(ice) between —15.9 and —16.9 °C
(Figs. 3d and 4a, d). The primary inclusions in the dif-
ferent calcite generations have previously been studied by
Muchez et al. (1994). The Th values are ~120 °C in cal-
cite generations A and B and decrease to values between
97 and 68 °C in calcite generation C (Fig. 4b). The last
two calcite generations only contain one-phase inclu-
sions in which no bubble appeared after several cooling
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attempts. Most Tm(ice) values in all calcite generations
vary between —12.0 and —-21.1 °C (Figs. 3e and 4e, f).

In all investigated samples, pseudosecondary and
secondary inclusions are present. The pseudosecondary
inclusions are small, rounded and one- or two-phase (1—
5 um). The Tfm, Th and Tm(ice) values are similar to
those of the primary inclusions in the different minerals
(Fig. 4c, d). These inclusions are abundant in the quartz
and sphalerite samples, but scarce in calcite. The sec-
ondary inclusions are often large (20-100 um), irregular
and almost always one-phase. Their Tm(ice) is be-
tween —0.5 and —4.5 °C and the Tfm of ~-20 °C indi-
cates that they only contain an H,O-NaCl fluid (Fig. 3e,
f). Secondary fluid inclusions are scarce in the quartz and
sphalerite samples, but quite common in the calcite.

Calculated salinities for the primary and pseudosec-
ondary inclusions range between 17.8 and 20.4 eq. wt%
NaCl in the quartz samples, from 18.1 to 20.2 eq. wt%
NaCl in the sphalerites and from 16.0 to 23.1 eq.
wt% NaCl in the calcites. The secondary inclusions in
the calcites have a salinity between 0.9 and 7.2 eq. wt%
NacCl.

Post-Variscan non-mineralised calcite cements

A non-ferroan followed by a ferroan calcite generation
has been recognised in vein samples along a dextral
strike-slip fault system at the Variscan Front Complex
(Muchez and Sintubin 1998). The non-ferroan (calcite a)
and ferroan calcites (calcite b) show a dark brown to
brown-orange and a bright brown-orange luminescence,
respectively. One- and two-phase fluid inclusions are
present in growth zones and are between 4 and 60 um
large. The Th values of the primary, two-phase inclu-
sions in both the non-ferroan and ferroan calcites are
between 37 and 65 °C. The first melting temperature of
all primary fluid inclusions is ~ =52 °C, indicating an

H,0-NaCl-CaCl, composition. Tm(ice) values are be-
tween —14.8 and —28.8 °C (Fig. 5a, b). Secondary in-
clusions are abundant and contain two fluid types. The
Th of all secondary inclusions varies from <50 to 131 °C
(Muchez and Sintubin 1998). The first fluid type is
characterised by a Tfm of around —52 °C and Tm(ice)
ranges between —11.2 and —28.6 °C. The second, less
abundant fluid type, has a Tfm of ~ —21 °C and Tm
(ice) values between 0.0 and —4.6 °C. The salinities for
the primary and secondary inclusions of the H,O-NaCl-
CaCl, system are between 17.1 and 24.4 eq. wt% CacCl.,.
The secondary H,O-NaCl fluid inclusions have a
salinity between 0.0 and 7.3 wt% NaCl.

Fluid inclusion geochemistry

Fluid inclusions from calcite and quartz samples from
the Bleiberg deposit and samples from the non-min-
eralised calcite veins, containing similar high-salinity
fluids, have been analysed for their ionic composition.
The molar ratios of the analysed elements against Na
are reported in Table 1 while the reconstructed fluid
composition is shown in Table 2. Fluid inclusion pet-
rography and microthermometry indicate the presence
of secondary, low-salinity fluid inclusions. Because this
second fluid is characterised by a low salinity and
because the geochemical composition of the mineral-
ising fluids has been calculated based on the salinity of
the primary inclusions, this second fluid has no influ-
ence on the calculated chemistry of the mineralising
fluids.

The molar Cl/Br and Na/Br ratios of all fluids
analysed (Fig. 6) are very similar to those reported for
Zn—Pb mineralising fluids from East Tennessee, New-
foundland, Pine Point, Polaris and Cracow-Silesia
(group I, Fig. 6), which all have Cl/Br and Na/Br ratios
significantly lower than those of seawater (Kesler et al.
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Fig. 3 Photomicrographs of the ore and gangue minerals and their
fluid inclusions in the Bleiberg deposit. a Subhedral, replacive
sphalerite grains, cemented by blocky quartz (white). Twinned
carbonate remnant in the centre of a sphalerite grain (arrow). Length
of photograph is 1 mm. Plane-polarised transmitted light. b Massive
sphalerite and galena with inclusions of chalcopyrite (arrow). Length
of photograph is 0.2 mm. Plane-polarised reflected light. ¢ One- and
two-phase fluid inclusions in a growth zone (indicated by the hatched
line) in late-stage quartz. Length of photograph is 0.5 mm. d Two-
phase fluid inclusions in a growth zone in sphalerite. Length of
photograph is 0.5 mm. e Two-phase, primary fluid inclusions in
a growth zone in stage C calcite. Length of photograph is 1 mm.
f Large (>100 pm), secondary fluid inclusions in stage C calcite,
showing a large volume percentage occupied by the irregular vapour
phase (arrows) caused by artificial stretching. Length of photograph is
1 mm

1996; Viets et al. 1996). Mineralising fluids from the
North Arkansas, Tri-State, Viburnum Trend, central
Missouri, southern Illinois, Upper Mississippi Valley
and central Tennessee districts (group II, Fig. 6) have

Cl/Br and Na/Br ratios between those of the first group
and seawater (e.g. early stage fluids in Viburnum trend;
Crocetti and Holland 1989) or even higher (Viets and
Leach 1990; Kesler et al. 1995, 1996; Viets et al. 1996).
The K/Na ratios of the fluids analysed (0.0122 to 0.1078)
fall in the range of typical Mississippi Valley-type fluids,
which have K/Na ratios that are distinctively higher
than those of modern oil-field brines (Leach and
Sangster 1993).

Using the calculated fluid composition, all analyses
plot at or below the Seawater Evaporation Trajectory
(SET; Carpenter 1978; Connolly et al. 1990) on a log
Cl-log Br diagram (Fig. 7a) and beyond the point of
halite precipitation. Salinities below this point suggest
mixing of the brine with a dilute fluid. For example,
mixing of a brine that was evaporated to a degree of 15
to 25 times the seawater concentration with maximal
20% of a low-salinity fluid (meteoric or seawater) could
account for the CI-Br data. This cannot be the result of
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Fig. 4a—f Homogenisation and ice melting temperatures of primary,
pseudosecondary and secondary fluid inclusions in minerals associat-
ed with the Zn—Pb deposit Bleiberg. Calcite data partly after Muchez
et al. (1994)

mixing with low-salinity, secondary fluid inclusions
during the analyses because quantification of the Cl and
Br content was made using the salinity of the primary
inclusions in the calcites.

The Li/Na ratio of the fluids is between 0.00331 and
0.00596 which is much higher than that expected if the
fluids originated by dissolution of evaporites (Li/Na
ratios between 0.00030 and 0.00200; Bodine and Jones
1990). The mineralised and non-mineralised veins
cannot be distinguished on the basis of the ClI-Br data
or Li/Na ratios. In comparison with evaporated sea-
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water, all fluids analysed show a deficit in Na and an
excess in Ca (Fig. 7b, c). Davisson and Criss (1996)
showed that a plot of ‘Cacyeess versus ‘Nageneir (€X-
pressed in milliequivalents per liter) can help in rec-
ognising processes that affect the evolution of basinal
fluids. The co-ordinates are given by the mathematical
expressions:

Cagyeess = {Cameas - (Ca/CI)SW Clmeas}2/40-08

and

Nagesicic = {(Na/C1),,, Clineas — Natyeas }1/22.99

where sw and meas refer, respectively, to seawater and
measured concentrations (in mg/l). The numerical
constants convert the result to milliequivalent/l. In this
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Table 1 Molar ratios of fluid
inclusion leachates from calcites
(C) and quartz (Q) associated
with zinc—lead mineralisation
(*) and barren vein calcites

(6 = ~10%)

Table 2 Reconstructed fluid
composition of the leachates
from calcites (C) and quartz (Q)
associated with zinc-lead
mineralisation (*) and barren
vein calcites

Tm (ice)

-10 -12 -14 16 -18 -20 -22 -24 -26 -28 -30
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plot, processes such as evaporation of seawater and
halite dissolution, as well as water-rock interactions
that affect the Ca and/or Na content of the fluids
show distinct trends. Because the crush-leach data are
expressed in milligram per kilogram solution, we used

Sample Ca/Na K/Na Mg/Na Li/Na Cl/Na Br/Na Cl/Br
NB183 (C*) - 0.0176 - 0.00484 1.75 0.00585 299
NB192 (C*) - 0.0188 - 0.00398 1.69 0.00515 328
NB178 (C*) - 0.0188 - 0.00404 1.68 0.00500 336
NB156 (C*) - 0.0181 - 0.00512 1.70 0.00613 277
NB177 (C*) - 0.0122 - 0.00231 1.69 0.00369 458
FO30A (C) - 0.0481 - 0.00364 2.57 0.00955 269
FO31A (C) - 0.0432 - 0.00431 2.08 0.00847 246
FO36A (C) - 0.0542 - 0.00331 2.09 0.00836 250
FO30B (C) - 0.0437 - 0.00331 1.97 0.00799 247
FO38B (C) - 0.0584 - 0.00596 1.88 0.00561 335
NB289 (Q*) 0.397 0.0821 0.0024 - - - -
NB214 (Q*) 0.444 0.0717 0.0210 - - - -
NB218 (Q*) 0.548 0.1078 0.0302 - - - -
NB253 (Q*) 0.509 0.0842 0.0319 - - - -
NB257 (Q*) 0.579 0.0532 0.0291 - - - -
Sample Salinity® Reconstructed fluid composition (ppm)

(o;n)

Na Ca® K Mg Li Cl Br

NB133 (C*) 19.5 (5;22) 43800 28,700 1,310 - 64 118,000 890
NBI192 (C*)  id. 45,500 29,200 1,450 - 55 118,000 810
NB178 (C*)  20.3 (4 ;23) 47,500 30,800 1,520 - 58 123,000 830
NBI156 (C*)  21.5 (3;16) 49,600 31,500 1,530 - 77 130,000 1,060
NB177 (C*)  20.6 (4 18) 48,000 32,300 1,000 - 33 125,000 620
FO30a (C) 21.2 (11;36) 34200 46,200 2,800 — 38 135,000 1,140
FO3la (C) 23.0 (4;28) 45800 42,600 3,360 - 60 147,000 1,350
FO36a (C) 214 (10;21) 42,500 39,300 3910 - 42 137,000 1,240
FO30b (C) 21.7 (5, 21) 45800 38,000 3,400 - 46 139,000 1,270
FO38b (C) 20.7 (8 ;27) 45,600 35,700 4,530 - 82 132,000 890
NB289 (Q*)  18.7 (3;13) 37,100 25,700 5,180 95 - 108,000 -
NB214 (Q*)  id. 34,600 26,800 4,220 769 - 107,000 -
NB218 (Q*)  id. 30,700 29,300 5,620 977 - 107,000  —
NB253 (Q*) id. 31,900 28,300 4,570 1,076 - 107,000 -
NB257 (Q*)  id. 29,700 30,000 2,690 914 - 104,000 -

#Salinity for calcites (C) and quartz (Q) associated with mineralisation (*) in eq. wt% NaCl; for
calcites in non-mineralised veins in eq. wt% CaCl,. ¢ = standard deviation (%), n = number of

measurements

Ca concentration for calcites based on charge balance
¢ClI concentration for quartz based on charge balance
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Fig. 6 Na—Cl-Br compositions of the samples analysed compared
with other Mississippi Valley-type fluids. The filled square refers to the
seawater value (SW). Filled dots Calcite associated with Zn-Pb
mineralisation; open dots non-mineralised calcite cements. Group 1
East Tennessee, Newfoundland, Pine Point, Polaris and Cracow
Silesian districts; Group II North Arkansas, Tri-State, Viburnum
Trend, central Missouri, southern Illinois, Upper Mississippi Valley
and central Tennessee districts. Group I and II data after Crocetti and
Holland (1989), Viets and Leach (1990), Kesler et al. (1995, 1996),
Viets et al. (1996)

these units in the reconstruction of the excess-deficit
plots. When CaSO4 and CaCOj attain saturation dur-
ing evaporation of seawater, the fluid will follow a

B0% B0%  40% 20% _
i LI
3.5 ! i I .
1 ' R
: 1 L] : o
L [ |
E - i | 3 ?/7
a i ] ’
= 1 : i .
= 25 i ! J
= ] Halite precipitation
- 5 :
15
1
4 4.5 3 5.5 ]
a Log Cl (ppm)

45 ‘}

CaS0, and CaCO, precipitation

-—

Log Ca (ppm)
(]
o

4 4.5 5 55 B
c Log Cl (ppm})

vertical descent from the origin until virtually all Ca is
lost (Fig. 8a). From halite saturation onwards, the fluid
composition is shifted towards a greater Nagysc;,. For
fluids that originated by the evaporation of seawater,
deviations from this horizontal SET are the result of
water-rock interactions or mixing between fluids. All
fluids analysed plot well above the SET in the field of
Ca,yeess and show a linear trend. Despite the microth-
ermometric evidence for a Ca—Na—Cl dominated fluid,
it should be noticed that the Ca content of the fluids in
the calcites was calculated to give charge-balance with
the anions. Therefore, the presence of other cations
(especially Mg® ") could result in an overestimation of
the excess Ca for the fluids in the calcites. However, the
analyses of the fluid inclusions in the quartz samples,
where Mg®* was measured as well, confirm the high
Ca and very low Mg content of the mineralising fluids
(Table 2). The simultaneous increase in Cagy.g and
Nafc; compared with that predicted for seawater that
was evaporated to the observed degree (Fig. 8a), sug-
gests a 1 Ca to 2 Na exchange reaction. However, the
observed Ca,y .. 1S too high to be explained solely by
such a reaction. The processes by which an additional

Fig. 7 Log-log plots of major cations Na, Ca, K and of Br in the
fluids versus Cl. The dashed lines in a represent the percentage of
mixing with meteoric water (20, 40, 60 and 80%). SET Seawater
Evaporation Trajectory (data from McCaffrey et al. 1987)
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increase in the Ca content can take place without
changing the Na content are dolomitisation and CaSOy,
or CaCOj; dissolution. Microthermometric data indi-
cates that Ca is mainly balanced by chloride which
makes dolomitisation the most likely process to domi-
nate this increase. In addition, the sulphate content
measured in some crush-leach analyses of calcites was
below 6,800 ppm (SO3 /Na between 0.02 and 0.14).
Because of the low solubility of CaCO;, carbonate
species cannot be responsible for the charge balance of
these high-salinity fluids.
Similarly, the ‘K., of a brine can be defined as:

Kexcess = {Kmeas - (K/Cl) Clmeas}1/391

An evaluation of the enrichment or depletion in K is not
straightforward from a log Cl-log K plot (Fig. 7d), be-
cause of the variable degree of evaporation of the fluids.

sw

Nagericit (meqlkg)

A plot of the K. versus the Nag.;, (Fig. 8b) clearly
visualises the depletion in K of the different analysed
fluids compared with evolved seawater. The K., . 1S
not linearly correlated with the Nag..;,. Precipitation
and dissolution of K-feldspar and illitisation probably
influence the potassium content of basinal brines (e.g.
Carpenter et al. 1976; Land and Prezbindowski 1981).
These processes do not or only very slightly change the
Na content of the brines. It is probable, therefore, that
they account for the deviations from the SET line in the
Kexcess*Nadeﬁ('it plOt

Discussion

The decrease in homogenisation temperature of the fluid
inclusions in the successive stages of the paragenetic
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sequence of the mineralisation (Figs. 2 and 4a, b), was
already noted by Muchez et al. (1994). They argue that
the homogenisation temperatures have to be pressure-
corrected by less than 8 °C. Salinities remain fairly
constant throughout the different paragenetic stages,
although the fluid inclusions in the quartz and sphalerite
samples have salinities at the lower end of the salinity
range. So, the decrease in temperature is not associated
with a change in the salinity. This seems to exclude a
decrease in temperature caused by mixing with low-
temperature, surficial, low-salinity fluids. The decrease
could, for example, be caused by a slower upward mi-
gration of the fluids, allowing an increase in the thermal
equilibrium with the surrounding rocks. However, other
possibilities, such as a shallower origin in the basement
for the mineralising fluids, cannot be ruled out. Both the
temperature of formation and salinities are similar to
those reported from deposits in other MVT districts
(Anderson and Macqueen 1982; Leach and Sangster
1993).

The Frasnian and Dinantian limestones were dolo-
mitised early during diagenesis (Dejonghe et al. 1989;
Nielsen et al. 1994) as indicated, unambiguously, by an
Early Visean karstification of the Tournaisian to Lower
Visean dolomites (Nielsen et al. 1994). Bedding parallel
stylolites and fractures crosscut the dolomites. Karst
cavities are filled by speleothem deposits (Nielsen et al.
1997) or by undolomitised crinoidal sediments, identical
to the overlying limestones (Pecters et al. 1993). The
dolomitisation is interpreted to result from the reflux of
dense, saline brines (Dejonghe et al. 1989; Nielsen et al.
1994). These brines originated during formation of
evaporites in the Givetian, Frasnian and Dinantian
(Rouchy et al. 1986) and are the only possible source of
the high-salinity fluids that were expelled in the Meso-
zoic. Part of them were also expelled in the Late Palae-
ozoic when they formed Frasnian synsedimentary
barytes (Demaiffe and Dejonghe 1990; Heijlen et al.
2000). In order to explain the Ca and Na content of the
fluids they must have been participating not only in the
dolomitisation of the limestones, but also in a water—
rock interaction that exchanged 2 Na™ ions against
1 Ca®* jon in a systematic manner. Several authors
consider albitisation of plagioclase as a likely reaction to
accomplish this in sedimentary basins (Spencer 1987;
Davisson et al. 1994; Davisson and Criss 1996). The
Devonian and Lower Carboniferous rocks are poor in
feldspars. Only the psammitic Fammennian rocks con-
tain up to 45% of largely detrital K-feldspars (Michot
1963). Plagioclase is, however, abundant in the dacitic—
rhyolitic rocks and the detrital arkoses of the Lower
Palaeozoic basement (Vander Auwera and André 1985;
André et al. 1986; Van Grootel et al. 1997). Therefore,
the residual brines may have migrated into the basement
where they interacted with siliciclastic rocks. Extensional
faults, active during the Devonian and Early Carbonif-
erous (Fielitz 1992, 1997), may have provided a path for
the dense, saline fluids that were preserved in the deep
subsurface during the Variscan deformation. Preserva-

tion of these fluids may relate to their migration into the
subsurface to a depth that was little affected by Variscan
thin-skinned tectonics. In the study area this would
equate to a depth of at least 3 km (Hollman and Walter
1995). An additional argument for the migration of
these high-salinity fluids to the subsurface is their recent
recognition as fluid inclusions in ankerite veins in the
Lower Devonian siliciclastics at the front zone in eastern
Belgium (Muchez et al. 1998).

Large amounts of high-salinity fluids were found in
the crystalline basement at depths of 4 km during the
German Continental Deep Drilling Program (KTB;
Moller et al. 1997). Behr et al. (1993) demonstrated and
argued that high-salinity brines of Mesozoic origin are
abundant at great depth (8-12 km) in western and cen-
tral Europe. Because these fluids initially formed during
the Permian, they remained in the subsurface for
~250 Ma. In contrast to this model, the high-salinity
fluids in southern Belgium may originally have formed
during the Palaeozoic, with migration of the mineralis-
ing brines to the place of ore deposition resulting from a
suction pump mechanism during the Mesozoic exten-
sional regime, as proposed by Redecke and Friedrich
(1991) and Redecke (1992).

Conclusions

Taking into account the anion geochemistry and geo-
chemical evolution of the mineralising fluids and the
sedimentary and tectonic setting, a palaeofluid flow
model can be proposed for the high-salinity, Pb—Zn
mineralising brines at the Variscan front zone. The high-
density brines originally formed during the late Palaeo-
zoic but, because of their high density, these fluids mi-
grated into the subsurface, causing widespread early
diagenetic dolomitisation. Their Ca and Na content,
however, suggests that they migrated further downwards
into the siliciclastic basement. Within this basement, the
fluids probably interacted with plagioclase, causing
albitisation that resulted in a further decrease of the Na
content and an increase of the Ca content. During the
Mesozoic, NNW-trending transverse extensional faults,
related to the Rhine graben tectonism, intersected these
basinal brines and allowed their upward migration, re-
sulting in the deposition of lead and zinc ores in eastern
Belgium.
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