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ABSTRACT

A combined fluid inclusion and stable isotope study has been carried out on over 180 individual samples
from 89 post-Variscan hydrothermal veins (Pb-Zn-Cu-bearing fluorite-barite-quartz veins, Co-Ni-Ag-Bi-U-
bearing barite-fluorite-quartz veins and barren barite-fluorite-quartz veins) from the Schwarzwald district,
Germany. The salinities of fluid inclusions in post-Variscan primary fluorite, calcite, barite and quartz are in the
range of 22-25 wt.% equivalent (eqv.) NaCl, and the eutectic temperatures range between —57 and —45°C,
indicating the presence of H2O-NaCl-CaCl, fluids. Homogenization temperatures vary from 130 to 180°C. A
low-salinity fluid (0 to 15 wt.% eqv. NaCl) was observed in some late stage fluorite, calcite and quartz samples,
which were trapped similar temperature, range of high salinity fluids.

Raman microprobe analyses show that the only detectable volatile in the vapour is CO>. Almost all §'%0
(n=86) measurements of quartz from the fluorite-bearing post-Variscan veins range between +11.1 and +20.9
%o. The calculated 8'*Om20 values are between —11.0 and +4.4 %o, using known quartz-water fractionation and
fluid inclusion homogenization temperatures. The §'¥Om20 values of directly extracted fluid inclusion water of
fluorites range from —11.6 to +1.1 %o, very consistent with the calculated values. The 8D values of fluid inclusion
water in calcites (extracted from primary and late calcite samples) lie in a narrower range between —26 and —15
%o. The extracted fluid inclusion water from quartz samples has significantly more variable 6D values between
—63 and +9 %o. The 83C and 8§'30 values of fluid inclusion gas (CO>) range between —21.4 and —6.7 %o and
between —16.3 to —7.1 %o, respectively.

Calculations for fluorite-barite-quartz veins combining oxygen isotope equilibria with microthermometric
data result in quartz precipitation temperatures of 120—170°C at pressures between 0.3 to 0.5 kbar. The §'%0m20
and 0D data, particularly the observed wide range in hydrogen isotopic compositions, indicate that the
hydrothermal mineralization formed through large-scale mixing of a basement-derived saline NaCl-CaCl, brine
with meteoric water.
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1. Introduction

Mesozoic hydrothermal activity and
mineralization related to the initial opening of
the north Atlantic ocean were first identified by
Mitchell &  Halliday (1976).  This
mineralization is characterized by base metals
(mostly Pb-Zn) with minor amounts of Ag,
which are hosted in quartz-carbonate-fluorite-
barite veins. It has been noted that these base-
metal veins occur preferentially along the
margins of Mesozoic basins, particularly in the

vicinity of older granites (Mitchell & Halliday
1976; Halliday & Mitchell 1984). The fluids
are typically CaClL-NaCl-rich brines of
moderate to high salinity with homogenization
temperatures in the range 70-200°C. Features
indicative of repeated mixing with cooler
meteoric waters, e.g. alternating growth zones
within gangue minerals hosting high- and low-
salinity fluid inclusions, are very abundant
(Liders & Franzke 1993). Pronounced
examples of this widespread mineralization
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style are found in the French Massif Central
(Munoz et al. 1994; 2005), the Paris basin
(Charef & Sheppard 1988; Clauer et al. 1995),
southwest Cornwall (Gleeson et al. 2000),
Ireland (Wilkinson et al. 1995; 1999), Spain
(Canals & Cardellach 1993) and many areas in
Germany (Behr ef al. 1987; Behr & Gerler
1987; Franzke et al. 1996; Meyer et al. 2000).

The Schwarzwald district is one of the
classic mining regions in Germany and well
known for Pb-Zn-Ag mineralization that
occurs in hydrothermal fluorite-barite-calcite-
quartz veins in the Variscan crystalline
basement. The mining potential of the
Schwarzwald can be estimated as 0.2-0.3 Mt of
Pb+Zn (Walther 1981); the fluorite+barite
resources are on the order of about 10 Mt
(Huck & Walther 1984). Based on fluid
inclusion characteristics the hydrothermal
veins in the Paleozoic basement and Permian-
Mesozoic cover rocks of Germany can be
grouped into two main classes (Behr & Gerler
1987), which are (1) mineralizations
geologically and structurally related to the
Variscan metamorphism and deformation or to
Paleozoic  granitic intrusions, and (2)
mineralizations related to post-Variscan
tectonic processes, such as the rifting of the
northern Atlantic ocean in the Jurassic-
Cretaceous. In contract, post-Variscan vein
mineralizations with barite, fluorite and Pb-Zn
ores contain fluid inclusions of the H,O-NaCl-
CaCl, type, which have high salinities (21-26
wt.% equivalent NaCl) and homogenization
temperatures in a much narrower range of 150-
200°C (Behr & Gerler 1987). These post-
Variscan fluids were most likely derived from
formation waters that migrated out of Permo-
Triassic sedimentary basins into the Variscan
basement. Fluid-rock interaction at
temperatures of 300-350°C resulted in leaching
of metals from the granites and gneisses;
subsequent ascent of these metal-bearing
brines along fault zones and mixing with

meteoric sulphate and/or bicarbonate waters
caused the hydrothermal vein mineralization
(Behr & Gerler 1987).

In this paper we present fluid inclusion
characteristics of post-Variscan hydrothermal
veins, oxygen isotopic data of vein quartz and
hydrogen, oxygen and carbon isotope analyses
of inclusion fluids from a large number of
hydrothermal veins covering the entire
Schwarzwald district. Based on this data and
calculations of isotopic fractionation trends, we
establish the fluid compositions and the
physico-chemical conditions of ore formation.
By integrating the available information on
potential fluid sources and the geological
framework, we then develop a consistent
model of hydrothermal mineralization in the
Schwarzwald district.

2. Geology

The Schwarzwald crystalline basement
complex belongs to the Moldanubian zone of
the central-European Variscan orogen and
covers an area of approximately 150 by 80 km
in southwest Germany. In the area of the
Schwarzwald numerous SSW-NNE and E-W
trending shear zones of Variscan origin are
widespread phenomena. The timing of the
extension tectonics is well controlled by the
age of the deformed Albtal granite (Rb/Sr: 326
+2 Ma, Schuler and Steiger 1978) and the
Malsburg granite (U/Pb: 328 +6 Ma, Todt
1976). The oldest fault controlled
mineralizations are scheelite (Werner et
al.1990) and fine dispersed sulphides in cherts,
which mineralised ductile-cataclastic shear
zones of probably Variscan origin. The
crystalline basement rocks have been exposed
to the surface during the formation of the
Tertiary Rheingraben structure (Kalt et al.
2000; Werner & Franzke 2001). The basement
is predominantly composed of granitic and
mafic gneisses that are locally migmatized, and
post-deformational  granitic  plutons  of
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moderate size. Figure 1 shows the general
geology of the b asement and the major units of
the post-Variscan sedimentary cover.
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Fig. 1. Simplified geological map of the Schwarzwald showing location of the post-Variscan hydrothermal
vein deposits (after Walther e a/.1986). Numbers correspond to the Table 1.

The Schwarzwald district hosts more than
400 individual hydrothermal veins which cut
the Variscan crystalline basement and the
overlying sedimentary cover (Fig. 1). They
have been classified into (1) quartz veins,
which are most probably of Variscan origin,
and (2) post-Variscan metal-bearing fluorite-
barite-quartz veins. Based on their mineralogy,
several sub-types of hydrothermal
mineralization can be distinguished, which are,
for example, Sb-Ag-bearing quartz veins (most
likely Variscan, occurring throughout the
entire district), Co-Ni-Ag-Bi-U-bearing barite-
fluorite-veins (post-Variscan, in the Wittichen
area), Fe-Mn-bearing quartz-barite-veins
(Jurassic, in the Eisenbach area) and the post-
Variscan to Tertiary Pb-(Zn)-(Ag)-bearing
quartz-fluorite-assemblages in the southern
and central Schwarzwald (Metz et al. 1957,
Bliedtner & Martin 1988).

Most of these veins do not host minerals
suitable  for radiometric  dating.
measurements of uraninite (U-Pb and U-Xe,

Few

Xe-Xe), hematite (U-He), and K-bearing
minerals (K-Ar) revealed three mineralization
events, one at 310-280 Ma related to the end of
the Variscan orogeny (Hofmann & Eikenberg
1991; Segev et al. 1991; Meshik et al. 2000).
Most of the crystalline rocks show various
degrees of hydrothermal alteration, with
chloritization of biotite and sericitization and
albitization of feldspars being the most notable
alteration reactions. Entirely fresh
metamorphic or igneous rocks are virtually
absent in the Schwarzwald area.

3. Sampling and analytical methods

Most of the sample material used for this
study was obtained in the field; additional
samples were taken from private collections
and the departmental collection. Samples of
hydrothermal quartz, fluorite, barite and calcite
from about 89 different post-Variscan
hydrothermal deposits have been analyzed.
The locations are shown in Fig. 1; the names
and hydrothermal assemblages of the deposits
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are listed in Table 1. The selected deposits host
various proportions of fluorite, quartz, calcite
and barite as the major vein-filling gangue
minerals, which are associated with complex

ore assemblages. Most of the veins crosscut the
gneisses and granites of the Variscan
crystalline basement, but some deposits are
also hosted by sedimentary rocks.

Table 1. Names of deposits and hydrothermal assemblages of post-Variscan fluorite-bearing veins; Number of

deposit from figure 1.

No. Deposit Assemblage No. Deposit Assemblage
Fluorite-Barite-
Kifersteige, Fluorite-Barite Aitern-Siid, uorte-Bante
! near Pforzheim Ag-Cu-Bi 45 Schonau Quartz
& Pb-Zn-Cu
) Helllgenwalfi, Fluorite 46 Schénau Fluorite-Quartz
near Pforzheim Pb
3 Friedenweiler, Fluorite 47 Herrmann, Quartz-Fluorite
near Eisenbach Cu-Bi near Gorwihl Pb
Dorothea, Barite-Calcite Riedlingen, .
4 48 Fluorit
n. Freudenstadt Ag-Cu near Kandern uontte
. . Quartz-Fluorite-
Witt I
5 HHemwverier, Fluorite-Barite 49 Urberg Barite-Calcite Pb-
n. Freudenstadt
Zn-Cu
. . . Quartz-Fluorite-
Z Bil fel
6 neafrg:::;xr Fluorite 50 ' dij:)‘;re sett Barite-Calcite Pb-
g g Zn-Cu-Ag
rtz-F1 ite-
Ohlsbach, Fluorite-Apatite- Gottes Ehre, Qu.a z u.OH ¢
7 near Offenbur; (Barite) 31 Ruprechtgan Barite-Calcite Pb-
ea enburg arite uprechtgang Zn-Cu-Ag
g Hesselbach, Fluorite 5 Neugliick, Quartz-Fluorite
near Oberkirch Cu-(Bi) Ruprechtgang Pb
9 Odsbach, Fluorite 53 Schwarzwaldsegen, Quartz-Fluorite
near Oberkirch Cu-(Bi) Ruprechtgang Pb
10 Clara, Barite-Fluorite 54 Neue Hoffnung, Quartz-Fluorite
near Wolfach Cu-Ag-Pb Ruprechtgang Pb
Fluorite-Barite- Quartz-Fluorit
11 Friedrich-Christian Quartz-Calcite 55 Ruprechtgang, Urberg ua l;b uorte
Pb-Cu-Ag-Bi
Sophia, Barite-Fluorite Quartz-Fluorite
12 Wittichen Co-Ni-Ag-Bi-U 36 Brenden Pb-(Cu)
13 Johann, Barite-Fluorite 57 Igelschlatt, Quartz-Fluorite
Wittichen Bi-Cu Schliichttal Pb-Cu-~(Zn)
Neugliick, Barite-Fluorite Hausen, .
14 Wittichen Co-Ni-Ag-Bi-U 58 Wiesental Fluorite
Bleil d
15 c1 ersgring, Fluorite 59 Webhratal Fluorite
Wittichen
Ilse i. Kaltbrunn, Fluorite Tierlen, Fluorite-Barite-
16 . . 60 . Quartz
near Wittichen Cu-Bi near Witzau
Pb-Zn
Burgfelsen, Ilse, . .. . .
17 near Wittichen Fluorite 61 Noggenschwiel Fluorite
Konig David, Fluorite-Barite
18 62 Sulzb rtz (Amethyst
Gallenbach Cu-Bi-Co uizburg Quartz (Amethyst)
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No. Deposit Assemblage No. Deposit Assemblage
19 Hilfe Gottes, Quartz 63 Miihlsteinbruch, Quartz-(Barite)-
near Schiltach Co-Bi-U near Waldshut (Fluorite)
L . . Quartz-Barite-
H F h Fluorite-Barit
20 erzog riedrich, vortte-Batite 64 Neubulach Calcite
Reinerzau Co-Ag-U
Cu
Daniel Gallenbach Fluorite-Barite Barite
21 ’ Michael i il
Wittichen Cu-Bi 63 ichael im Weiler Pb-Zn
Neubergménnisch Fluorite . Barite
22 Gliick, Wittichen Cu-Bi 66 Geigeshalde Bi
Quartz-Barite-
23 Schlechthalde, Fluorite 67 Schauinsland Calcite
near Wittichen
Pb-Zn
Barite-Quartz-
Southern Reinerzau Fluorite (Fluorite)
24 . 68 Kobaltgrub .
valley Cu-Bi obaligrube Co-(Ni)-Ag-Pb-Cu-
(Zn)
Barite-Fluorite-
Drey, . .
25 Schnellingen Barite-Fluorite 69 Menzenschwand Quartz
8 U-(Pb)-(Cu)
Barbara Barite-Fluorite . . Quartz
26 o 70 Daniel Dehs, Bad Rippold: .
Schnellingen Pb-Zn aniel Delis, Tat Rippoidsan Cu-Ag-Bi
27 Segen Gottes, Barite-Fluorite 7 Johann Baptist, Quartz
Schnellingen Pb-Zn-Ag near Rippoldsau Cu
rtz-Calcite-
23 Artenberg quarry, QuaFlioriat:l ¢ 7 Anton im Heubach, Barite-Fluorite
Steinach Cu-As Schiltach, Kinzig Co-Ni-Ag-Bi-U
_Barite-
Erzengel Gabriel, Fluorite-Barite Bernhard, Quartz ‘arlte
2 near Hausach Pb 73 Hauserbach Calcite
Pb-Zn-Fe
. . . . rtz-Barite-
LaBgrund, Fluorite-Barite MariaTheresia/Hauserbach Quartz .arle
30 near Hausach Pb 74 Hausach,Kinzi Calcite
Az Pb-Zn-Fe
. . . . rtz-Barite-
Wenzel, Barite-Calcite Katharina, Trillengrund, Qu.a g aﬂ?
3 near Wolfach Ag-Sb 75 Schiltach, Kinzi Calcite-(Fluorite)
& ’ g Pb-Zn-Cu
1 Fortuna Gelbach, Fluorite-Barite 76 Rotenbach quarry, Calcite-Dolomite
near Wolfach Pb-Ag near Alpirsbach Co-Bi-Ag
Ludwigs Trost Fluorite-Barite Christiana.
33 ? 77 . ? B -(C
Kuschbach Fe-(Pb)-(Ag) Wittichen aryte-(Co)
34 Hohberg, Fluorite-Barite 73 Simson, Barite-Fluorite
near Wolfach Fe Wittichen Co-Ni-Ag-Bi-U
35 Tennenbronn, Fluorite 79 St. Josef am Barite-Fluorite
near Schramberg Silberberg, Wittichen Co-Ni-Ag-Bi-U
rtz-Barite-
. Quartz ‘ar1 ¢ Hammereisenbach, Barite
36 Badenweiler Fluorite 80 E Titisee-Neustadt Fe-Mn
Pb-(Zn)-(Cu)
. Giftgrube,Kaltwasser, Dolomite-Calcite
37 Sulzburg Fluorite 81 Miinstertal Pb-As
Fahl Fluorite-Barite-
38 Bad Sulzb rtz-Fluorit 82 iy
ad suizburg Quartz-Fluorite near Todtnau Quartz-Pb
rtz-Fluorite-
Schlossberg-W, Quartz -uorle Gschwend, Fluorite-Barite
39 Barite 83
Rammelsbach Pb-Cu near Todtnau Pb
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No. Deposit Assemblage No. Deposit Assemblage
40 Teufelsgrund, Quartz-Fluorite g4 Herrenwald, Fluorite-Barite-Pb-
Miinstertal Pb-Ag-Zn Mulden valley Zn
Tannenboden, Fluorite-Barite- Anton, Fluorite-Barite-Pb-
4 Wieden Quartz 8 Wieden Zn-A
Pb-(Zn)-(Cu)-(As) &
Baumhalde, Quartz-Fluorite . .
42 1 1 -P
Todtnau Pb-Ag-Zn 86 Silbergriindle Quartz-Pb
Quartz-Fluorite-
(Calcite) . Quartz-Barite-Cu-
4 Bi K
3 randenberg Pb-(Ag)-(Zn)- 87 onigswart Bi
(Cuw)
Schénenber Fluorite-Barite-
44 . & Quartz 88 Silberbriinnle Quartz-Cu
Schonau
Pb-Cu
89 Lorenz Quartz-Cu
3.IMicrothermometry ~ and  Raman percent (wt.%) NaCl and CaCl, equivalents,

spectroscopy

More than 135 individual samples from
about 60 selected deposits representing 2
different hydrothermal vein types (Pb-Zn-Cu-
bearing fluorite-barite-quartz veins and Co-Ni-
Ag-Bi-U-bearing barite-fluorite-quartz veins)
were studied by conventional fluid inclusion
techniques.

Microthermometric measurements were
carried out on doubly polished sections (200-
400 LIm thickness) using a Leica DMLP
microscope equipped with a Linkam THMS-
600 programmable cooling-heating stage and a
digital photo camera and image analysis
system. The calibration points used were the
triple point of pure CO» (—56.6°C), the melting
point of pure H,O (0°C) and the critical
homogenization of pure H,O (374.1°C).

The reproducibility of all measured
melting and homogenization temperatures is
around 0.1-0.2°C and 2-3°C, respectively.
Apparent salinities, expressed as weight
percent (wt.%) NaCl equivalent, were
calculated from the measured final ice melting
temperatures of aqueous two-phase following
the methods described in Roedder (1984) and
Bodnar et al. (1994). For the system NaCl-
CaCl-H»O, salinities were termed as weight

10

thus final melting temperatures of ice and
hydrohalite are required. The gas composition
of the fluid inclusions of representative
samples was analyzed by laser Raman
spectrometry, using a Dilor LABRAM-2
Raman microspectrometer with a 514.5 nm Ar-
ion laser source (Burke 2000).

3.2 Stable isotope geochemistry

We have analyzed 86 quartz samples
from 33 localities in the Schwarzwald for their
oxygen isotope compositions; the sample
descriptions are listed in Table 3. Mineral
separates were prepared by careful hand-
picking under a binocular
followed by cleaning in deionized water.
Oxygen isotope analysis was performed using
a laser extraction procedure that essentially
follows the techniques described by Sharp
(1990) and Rumble & Hoering (1994).
Approximately 2 mg of quartz grains were

microscope,

loaded onto a small Pt sample holder and
evacuated. After prefluorination of the sample
chamber overnight, the samples were heated
with a CO; laser at a F, pressure of 50 mbar.
Excess F, was removed from the oxygen by
reaction with KCI at 150°C; residual Cl, was
separated from the oxygen using a liquid
nitrogen cold trap. The extracted O, was
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collected on a molecular sieve, subsequently
expanded and measured on a Finnigan MAT-
252 gas source mass spectrometer for the
30/%0 isotope ratio. Reproducibility of the
analytical results, and mass spectrometer
calibration, was monitored through replicate
measurements of the international standard
NBS-28 (5'%0v.smow: +9.6 %o). The analytical
precision (1o) was around + 0.2 %o. All oxygen
isotopic data are reported in standard delta
notation, relative to V-SMOW.

Following
characterization, exclusively samples
containing a single generation of fluid
inclusions were selected for §D,5'%0 and §'°C
analyses of inclusion fluids in pure fluorite,
quartz and calcite. Approximately 4 g of each
sample having a grain size of 3-6 mm were
carefully hand-picked and cleaned in deionized
water. Extraction of the inclusion fluids was

microthermometric

performed in a vacuum extraction line
following techniques outlined by Kishima &
Sakai (1980), Friedman (1953), Craig (1961)
and Jenkin et al. (1994).

The samples were loaded into vacuum
glass tubes and heated at 150 °C overnight.
Inclusion fluids were extracted by thermal
decrepitation under vacuum at 400°C for
analysis of 8D (fluorite, quartz, calcite), and at
650°C for analysis of 8'°C and §'80 (only
fluorite). The extracted fluids were collected in
a liquid nitrogen cold trap; volatiles were not
passed over a CuO furnace. The liquid nitrogen
cold trap was then replaced by an alcohol and
dry-ice slush (—80°C) to separate molecular
water from the condensable gases (Vennemann
& O’Neil 1993; Demeny 1995). The water
itself was converted to H, gas by reaction with
150 mg of Zn (obtained from Indiana
University, USA) in vacuum quartz-glass tubes
for 15 minutes at about 500°C, as described by
Craig (1961), and Friedman (1953).

For oxygen and carbon isotope analysis of
from  fluorites, the

fluid  inclusions

11

cryogenically purified water was equilibrated
with a measured amount of carbon dioxide gas
of known initial isotopic compositions (5°C =
-30.2 %o V-PDB, §'%0 = ~1.07 %0 V-PDB) for
three days in a glass tube at 25°C. After
equilibration, the carbon dioxide gas was
separated from the water using a liquid
nitrogen trap. Cryogenically purified CO, of
inclusion gas from fluorites was directly
collected. The 8D and &'80 values of the
released fluid inclusion water and the §'3C and
8'80 values of the released CO,-fluid inclusion
gas were measured on a Finnigan MAT-252
mass spectrometer with working standards
calibrated against international standards (V-
SMOW for oxygen and hydrogen, V-PDB for
carbon). Results of hydrogen isotope analysis
are normalized to an internal biotite and
kaolinite standards, which have a 8D value of
—64 5.0 %o and -125 £5.0 %o respectively.
These internal biotite and kaolinite standards
were previously calibrated against the
international biotite standard NBS-30 (8D: —65
%o0).

The extraction procedure for the biotite
standard was slightly different from the method
described above. Biotite was heated to about
1200°C and the released volatiles were passed
over a CuO furnace to oxidize hydrogen to
water. The analytical precision is estimated to
be better than 0.3 %o for oxygen and carbon,
and better than 5 %o for hydrogen isotope
compositions. Results are reported in standard
delta notation, relative to V-SMOW and V-
PDB.

3.3 Fluid inclusion petrography

Fluid inclusions were studied in quartz,
fluorite, calcite and barite crystals representing
different mineral generations. The size of the
inclusions generally ranges from 5 to 40 pm,
with most inclusions being about 10-20 um in
size; fluid inclusions in quartz are generally
smaller, about 5-10 pm. The majorities of the
fluid inclusions appear to be secondary and
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occur randomly distributed through the quartz,
fluorite, calcite and barite crystals. The
inclusions in fluorite are mostly present as
clusters (Fig. 2A), as isolated inclusions (Fig.
2B), and oriented along microfractures (Fig.
2C; 2D). The inclusions are up to 40 um in size
and show mainly round, elongate, and, less
commonly, irregular shapes.

10¢1260-127.0

Many of the fluid inclusions in barite and
calcite appear to have decrepitated. Shape and
occurrence of inclusions in barite and calcite
are similar to the inclusions in fluorite, but the
maximum sizes are less than 100 um. Fluid
inclusions in quartz are generally smaller than
in the other minerals and show frequently
irregular shapes; single-phase liquid aqueous
inclusions are fairly abundant.

Fig. 2. Photomicrographs showing fluid inclusion types in stage I and II fluorites of post-Variscan
hydrothermal deposits, Schwarzwald. (A). Type 1 fluid inclusions at 1.4°C. (B). Isolated type 1 fluid inclusion
with lower degree of fill (CO2). (C). Type 1 fluid inclusions along the trail at 2.5°C. (D). Monophase type 2
fluid inclusions with type 1 inclusions in stage II fluorite at 19°C.

According to their salinity, textural
distribution and phase relationships at room
temperature, three distinct types of inclusions
have been distinguished, which are described
below in order of decreasing abundance:

Typel (high salinity two-phase aqueous
fluid inclusions). These inclusions consist of
two phases (H2O-rich liquid + vapor), with
generally higher degree of  fill,
Viiquid/(ViiquiatVvapor) of about 0.9 to 0.95 and
greater size. Few fluid inclusions of this type
contain a single daughter crystal, most likely

12

halite. Approximately 90 percent of all
individual samples contain type 1 inclusions.
There are also some fluid inclusions consist of
two phases (Vapor + H,O-liquid), with
significantly degrees of  fill,
Viiquid/(Viiquiat Vvapor) generally below 0.7.

Type 2 (low salinity two-phase aqueous
fluid inclusions). Aqueous inclusions of low-
moderate salinity found in quartz and some
late-stage fluorite samples. These inclusions
consist of two phases (H,O+ vapor), with
higher degree of fill.

lower
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Type 3 (monophase fluid inclusion). This
type contains only one homogeneous aqueous
fluid phase, and is generally associated with
type 1 inclusions.

Microthermometry

Based on the measured range in salinities,
all type of fluid inclusions can be subdivided
into two distinct groups.

Type 1. High-salinity aqueous fluid
inclusions.

Generally, a consistent sequence of phase
transitions was observed, comprising initial
melting of ice, final melting of ice, final
melting of hydrohalite (not clearly visible in all
inclusions) and total homogenization. Initial
ice melting temperatures in aqueous inclusions
are in the range of —57 to —45 °C, which
correspond well to the eutectic temperature of
the ternary H,O-NaCl-CacCl, system at —52 °C
(Borisenko 1977). In this type of aqueous fluid
inclusions, the final melting temperatures of'ice
range from —28 to —20 °C, which corresponds
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Fig. 3. Tm vs. Tn diagram for the measured fluid
inclusions in fluorite bearing post-Variscan vein in

Schwarzwald

Type 2. Low salinity aqueous fluid
inclusion.

This fluid inclusion type is exclusively
present in late-stage quartz, fluorite, and calcite
samples. Only final melting of ice and total
homogenization could be observed. The final

13

to salinities of 22.4 to 24.7 wt. % NaCl
equivalent. The final melting of hydrohalite
was only observed as the last melting phase in
17 samples, with temperatures ranging from —
18.5 to —7 °C. In samples where both the final
melting of ice (in the temperature range of —
27.5 °C to —22.0 °C) and final melting of
hydrohalite (in the temperature range of —18.5
°C to -7 °C), were observed, the fluid
composition can be derived from the relevant
ternary H,O-NaCl-CaCl, phase diagram
(Borisenko 1977). The resulting calculated
fluid compositions are in the range of 11-22 wt.
% NaCl and 3-17 wt.% CaCl,. The total
homogenization of high salinity aqueous fluid
inclusions occurred exclusively into the liquid
phase. Measured homogenization temperatures
show considerable variation from 90 to 200 °C,
with about 80 % of the data being located a
much narrower range of 100-160 °C (Figs. 3,
4; Table 2).

25

20 4

0
<-30 -20 10 ]
Tm jce (°C)

Fig. 4. Histogram showing the range of all

measured ice melting temperatures (Tm)

post-Variscan hydrothermal veins in the
from the Schwarzwald.

ice melting temperatures range from—11.1 to 0
°C, corresponding to salinities of 0 to 15.0 wt.
% NaCl equivalent. The fluid inclusions
homogenize always to the liquid phase, with
homogenization temperatures of between 110-
200 °C. Rarely, final ice melting temperatures
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above 0 °C were observed, which likely
indicates the presence of metastable
superheated ice (Roedder 1984).
Homogenization of vapour richer inclusions
was observed to the liquid phase, in some
cases, to the critical mode and higher
homogenization temperatures were observed,
185 to 250 °C.

Type 3. Monophase Inclusions.

In monophase fluid inclusions only initial
and final melting of ice could be observed.
Initial ice melting temperatures are in the range
of =55 to —40 °C, corresponding to the eutectic
temperature of the ternary H,O-NaCl-CaCl,
system. Final melting temperatures of ice show
a wide range, from —22.5 to —1.5 °C, which
corresponds to salinities of 2.5 to 24.0 wt.%
NaCl equivalent.

14000 |
12000 |
co,

10000

8000 |

Intensity (a.u.)

6000 |

4000 |

e

2000

The microthermometric data obtained
from the different types of fluid inclusions are
summarized in Table 2. Frequency
distributions of the final ice melting and
homogenization temperatures for individual
samples generally show a rather narrow range,
indicating the presence of a comparatively
homogeneous hydrothermal fluid (Fig.4).
Representative fluid from the
microthermometrically distinguishable groups
have been analyzed with a Raman microprobe.
These analyses show that CO, is the only
detectable volatile species in the vapour phase
(Fig. 5).

On a Tm-Th plot (Fig. 3) the post-
Variscan inclusions display what is usually
interpreted (Shepherd ef al. 1985) as a mixing
trend between fluids of different salinities but
similar Th.

inclusions

Raman spectrum on fluid inclusion in Fluorite, FCH-1

Hz0 liquid+vapour

1000

2000

3000 4000

Wavenumber (cm'1J
Fig. 5. Typical RAMAN spectra of fluid inclusions in fluorites. They show the dominant COzpeak at 1285 cm-
! together with H>O bands.
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4. Stable isotope characteristics

4.10xygen isotope data of vein quartz

The results of the oxygen isotope analyses
are summarized in Table 3. All §'*0 values of
quartz of the fluorite-bearing veins range
between +11.1 and +19.5 %o, with 25 out of 33
values being in a narrow interval between +14
and +18 %o (Fig. 6). Euhedral quartz crystals
present as secondary overprint within few of
the Variscan quartz veins (e.g., Holderpfad
deposit) have §'%0 value between +14.6 and
+17.8 %o, consistent with the typical data range
for the post-Variscan veins. The range in §'%0
values for quartz from post-Variscan veins
found in this study compares well with
previously reported data from the Schauinsland

and Menzenschwand deposits, which are in the
range of +15.5 to +19.4 4.%o, and +15.3 to
+20.0 %o, respectively (Weber 1997; Hofmann
1989). In comparison, sedimentary carneol
(Silberberg mountain, near Wittichen) and
agate from a Permian rhyolite (Feist quarry)
have significantly higher 3'%0 values of +33.4
%0 and +28.9 %o, respectively. Combining
measured 880 values of quartz from the
fluorite veins with the respective fluid
inclusion homogenization temperatures, the
calculated 8Om0 (using the experimental
quartz-water fractionation of Matsuhisa et al.
1979) range between —7.5 and +2.1 %o (Table
3).

Table 3. Summary of oxygen isotopic data for analysed quartz samples and calculated isotopic composition of
the fluid from the post-Variscan hydrothermal veins, of the Schwarzwald.

680m20 were calculated using the equation of Matsuhisa et al. (1979) and temperatures (T}) from fluid

inclusions.
No. of . . 31%0 R 3%0m20
No. deposit Deposit Sample Description (%) Th (°C) (%)
1 1 Kiifersteige BTR-29 Milky fine grained 17 | 130 | -02
quartz
2 1 Kéfersteige BTR-33 Chalcedony 17.6
Milky fi i
3 4 Dorothea QDC-69 ilky fine grained |, ¢
quartz
4| 4 Dorothea BTR 34 Milky fine grained - ¢
quartz
5 11 Friedrich-Christian GS 135 Euhedral crystals 16.4 110 -3.0
6 | 11 | Friedrich-Christian | Gs13s | Coasegminedvein 1,5 | s
quartz
7| 1 Friedrich-Christian | GS 119 Qiz-pseudomorph |, ¢
(barite)
8 11 Friedrich-Christian GS 131 Greenish chert 17.1
9 11 Friedrich-Christian GS 131 Euhedral crystals 17.2
10 11 Friedrich-Christian GS 123 Quartz from gneiss-host | 12.5
11 12 Sophia, Wittichen 484 Euhedral crystals 17.6
12 12 Sophia, Wittichen WSB-26 Euhedral crystals 19.2
13 12 Sophia, Wittichen WSB-13 Smoky quartz 19.5 80 -4.6
14 13 Johannes, Wittichen WIB-2 Fine grained vein quartz | 17.2
15 13 Johannes, Wittichen WIB-17 Euhedral crystals 17.9 85 -5.3
16 14 Neugliick, Wittichen BTR-37 Euhedral crystals 19 105 -1.2
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No. of . - 31%0 . 3'%0m0
No. deposit Deposit Sample Description (%) Tw (°C) (%)
17 19 Hilfe Gottes PHG-153 Euhedral crystals 11.1
18| 19 Hilfe Gottes PHG-134 | Creenish.densequartz )
veln in - granite
19 19 Hilfe Gottes PHG-190 Chert 16.4
20 27 Segen Gottes BTR-47-11 | Late stage quartz veinlet | 14.1 147 -1.5
21| 28 Attenberg BTR.4g | Coarsegrainedvein ),
quartz
22 28 Artenberg XSA-15 Euhedral crystals 16.9 87 -5.5
23 31 Wenzel OWF-111 Single grains in barite | 14.3
24 31 Wenzel OWF-12 Euhedral crystals 17.6
25 | 36 Badenweiler prR-39 | Mikyfinegrained b6 | g
quartz
26 36 Badenweiler BTR-34 Dense, milky quartz 17.6
27 40 Teufelsgrund BTR-6 Quartz druse, crystal 13.9 151 -1.4
28 40 Teufelsgrund BTR-6 Blue chalcedony 14.7 151 -0.6
Late-quartz, euhedral
29 | 40 Teufelsgrund BTR-7 aterquanz SWhedial |y 71 127 | 28
crystals
30 | 42 Baumhalde Gs71 | Yemetwitheuhedral 1) o5, | s
crystals
31 42 Baumhalde GS 72 Fine grained vein quartz | 14.7
32 42 Baumhalde GS 76 Chalcedony 13.7
rtz- h
33| 43 Brandenberg Gs 111 | Quartzpseudomorph ), o
(barite)
34 43 Brandenberg GS 99 Fine grained vein quartz | 13.4 127 -4.1
35 43 Brandenberg GS 91 Chalcedony 13.8 130 -3.4
36 43 Brandenberg GS 91 Chalcedony 15 130 2.2
37 43 Brandenberg GS 91 Euhedral crystals 15.3 130 -1.9
38| 43 Brandenberg GS 91 Coarse grained vein |5 o | 130 | 33
quartz
39 43 Brandenberg GS 91 Euhedral crystals 13.5 130 -3.7
40 | 43 Brandenberg Gs 103 | Quartzgneiss-host dem |
from vein
41| 47 Herrmann GS 67 Coarse grained vein | |, 4
quartz
2| 47 Herrmann GS 70 Coarse grained vein | |, ¢
quartz
43 47 Herrmann GS 68 Euhedral crystals 14.9
44 53 Schwarzwaldsegen GS 29c¢ Euhedral crystals 17.6
45 54 Neue Hoffnung GS 35 Euhedral crystals 11.9
rtz-pseud h
46 | 54 Neue Hoffnung Gs34 | Quartzpseudomorph f
(barite)
inlet i rtz-
47| 56 Brenden GS 15 Veinlet in quartz 147 | 95 6.6
pseudomorph barite

20
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18 18
No. (i;.o(s)ift Deposit Sample Description ?%3 Tn (°C) o ((ZSZO
48 | 56 Brenden Gs1s | Quartepseudomorph , 0| gs 15
(barite)
49 | 56 Brenden Gsis | Quartepseudomoph 5 ) gs 1 s
(barite)
50 56 Brenden GS 4 Euhedral crystals 15.7
51| 57 Igelschlatt GS 42 Quamgzii;’morp b 6s
52 57 Igelschlatt GS 37 Purple quartz 16.8 125 -1.0
53| 57 Igelschlatt Gg3y | Quartzgranite-host lem o o og 5
from vein
54| 57 Igelschlatt Gs37 | Quartzgranitehost6 |, o0 g,
cm from vein
55| 57 Tgelschlatt Gs41 | Quartz granite-host; Tem | ) o
from vein
56 | 57 Igelschlatt Gs41 | Quartzgranite-host 8 1, o
cm from vein
57| 57 Igelschlatt GS 41 Coarse grained vein | 5
quartz
58 62 Sulzburg SW-25a Euhedral crystals 18.2 120 -0.1
59 62 Sulzburg SW-25M Dense, milky quartz 16.4 124 -1.5
60 64 Neubulach 919 Euhedral crystals 16.8
61 64 Neubulach BTR-32 Euhedral crystals 16.9 114 2.1
62 65 Michael im Weiler 566 Bluish, dense quartz 18
63 65 Michael im Weiler | GMW-121 Smoky quartz 16.3 110 -3.1
64 66 Geigeshalde TGH-30 Euhedral crystals 15.8
65 67 Schauinsland BTR-40 Euhedral crystals 14.4 113 -4.7
66 69 Menzenschwand GMS 03 Euhedral crystals 19
67 69 Menzenschwand GMS 07 Euhedral crystals 20.9
68 69 Menzenschwand GMS 08 Reddish chalcedony 16.9
69 86 Silbergriindle SW-24 Euhedral crystals 16.2 128 -1.2
70 87 Konigswart SW-23 Euhedral crystals 17.1 116 -1.6
71| 88 Silberbreunnle pTR-3] | Quartzpseudomorph ) g
(barite)
72 88 Silberbreunnle YSB-195 Euhedral crystals 14.2
73 88 Silberbreunnle BTR-31 Chalcedony 14.6
74 | 88 Silberbreunnle BTR-31 | Cosegminedvein ool | s
quartz
75 88 Silberbreunnle YSB-235 Euhedral crystals 16.6
76 88 Silberbreunnle BTR-31 Bluish chalcedony 17.2
77 88 Silberbreunnle YSB-195 Bluish, dense quartz 18.2
78 88 Silberbreunnle BTR-31 Yellow chalcedony 16.5
79 89 Lorenz BTR-24 Euhedral crystals 15.9
80 89 Lorenz BTR-36 Euhedral crystals 17
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No. of ) - 3180 . 8"%0m20
No. deposit Deposit Sample Description (%) Tn (°C) (%)
81 q-4 Ludwig/Adlersbach* GS 160 Dense milky quartz 18.8
82 q-4 Ludwig/Adlersbach* GS 161 Dense milky quartz 15.1
83 q-4 Ludwig/Adlersbach* GS 162 Dense milky quartz 18.4
84 | q-13 Holderpfad ** GS 208 Euhedral crystals 17.8 102 -2.6
85 Silberberg, Wittichen SW-01 Sedimentary carneol 334
86 Steinbruch Feist sw.15 | Secondaryagaiefrom |,
rhyolite
* The Variscan veins were overprinted by post-Variscan hydrothermal.
** Late druse on the Variscan vein.
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4.2 Oxygen, hydrogen and carbon isotope
systematics of fluid inclusions

Oxygen, hydrogen and carbon isotope
compositions of directly extracted fluid
inclusion water from fluorites are listed in
Table 4. The §'80 values of fluid inclusion
water range from —11.6 to —3.0 %o (With most
data lying between —6 and —3 %o), which is very
consistent with the §'® 0o values calculated
from the measured 50 of vein quartz and

3180 (%o)
Fig. 6. Histogram showing the ranges of measured 5'*Osmow for quartz from the post-Variscan hydrothermal
veins, in the Schwarzwald.
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fluid inclusion homogenization temperatures in
the same samples (Table 4; Fig. 7). Water
yields and the 8D values of inclusion fluids
from hydrothermal fluorite, calcite and quartz
samples are shown in Table 4 and Figure 7. The
oD values for water extracted from fluid
inclusions in fluorites have a relatively narrow
range between —13 and —12 %o.. In comparison,
fluid inclusion water from quartz samples
generally has more variable and more negative
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0D values between —63 and +9 %o, with 7 out
of 12 values lying between —63 and —32 %o.
The only exception is shown by a sample from
the Neubulach deposit, which has a much
higher 8D value of +54 %o. The 6D values of
fluid inclusion water extracted from primary
calcite samples range between —26 and —15 %o,
very similar to the data from primary fluorite.
In contrast, late calcite samples have

5. Discussion

5.1Pressure-temperature conditions of
post-Variscan mineralization

The results of the integrated fluid
inclusion and stable isotope studies of the post-
Variscan veins allow a reconstruction of the
pressure-temperature  conditions  prevalent
during formation. Combining the measured
5'80 data of quartz and directly extracted fluid
for pairs of texturally
coexisting quartz and fluorite, the equilibrium
temperatures have been calculated. Knowing
the trapping temperatures of the fluid
inclusions, the corresponding pressure is then
calculated from the intersection with the
respective isochores of the fluid inclusions,
which establishes the P-T conditions of vein
formation (Fig. 8). It is important to note that

inclusion water

fluid inclusion petrography and the
microthemometric data demonstrate the
contemporaneous formation of texturally

coexisting quartz-fluorite pairs. Figure 9 shows
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significantly heavier 6D values in the range
between —5 and +70 %o (Table 4). The carbon
isotope data of fluid inclusion gas (mainly
CO,) show considerable variation, with §'3C
values between —21.4 and —6.7 %o. The
heaviest value of —6.7 %o was obtained from a
late stage fluorite sample from the
Teufelsgrund deposit.

a hand specimen from the Brandenberg deposit
with histograms of final ice melting
temperatures of fluid inclusions in quartz and
fluorite, which demonstrates that both minerals
were apparently precipitated from the same
hydrothermal  fluid. @ Oxygen  isotope
equilibrium temperatures between bulk quartz
and the hydrothermal fluid from fluid
inclusions were calculated after Matsuhisa et
al. (1979), and the corresponding isochores
were calculated after Brown & Hageman
(1995). The results and the input parameters for
the calculation of the isochores are given in
Table 5. In order to determine the error interval
associated with our calculations, reasonable
error ranges of the measured fluid inclusion
homogenization temperatures (= 5°C) and the
calculated §'®0 equilibrium temperatures (+
5°C, corresponding to approximately = 0.5 %o
in 8'80) have been considered. The calculated
formation pressures are in the range of 260-610
bar (Fig. 8 and Table 5), with the error interval
being on the order of + 125 bar
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Table 4. Summary of stable isotope data for post-Variscan ore forming hydrothermal fluids in the

Schwarzwald.
. No.of . H>0 H>O CO:
Locality deposits Sample Mineral content | 880 D 313C
D (% VSMOW) | (%0 VPDB)
Artenberg 28 BTR-35 Fluorite 0.019 | -11.6 -10.2
Artenberg 28 BTR-1 Calcite 0.032 -24
Artenberg 28 BTR-13 | Calcite-Late | 0.192 -22
Badenweiler 36 BTR-39 Quartz 0.085 -40
Baumhalde 42 GS-71 Quartz 0.066 -38
Brandenberg 43 111 Fluorite -1.5
Brandenberg 43 GS-91 Quartz 0.033 -9
Brenden 56 24 Fluorite 0.161 -5.8 -11 -18.3
Brenden 56 GS-4 Quartz 0.035 9
Dorothea 4 BTR-14 Fluorite 0.068 | -3.3 213
Drey 25 151 Fluorite 0.057 | -74 -15.6
Friedrich Christian 11 FCH-1 Fluorite 0.025 -5.4 -12 214
0.057 | -3.0 -20.9
Friedrich Christian 11 FCH-2 Fluorite 0.02 -2.6 -12 -19.5
Friedrich Christian 11 GS-119 Quartz-Late | 0.117 -62
Friedrich Christian 11 GS-131 Quartz 0.068 -63
Friedrich Christian 11 38 Ce-1 Calcite 0.059 -26
Gottes 53 Calcite 0.343 -25
Igelschlat 57 GS-37 Quartz 0.044 -47
Igelschlatt 57 37 Fluorite 0.153 | -6.2 -11.8
Johannes Wittichen 13 WIB-2 Fluorite 0.11 -5.6 -12 -19.2
Johannes Wittichen 13 WIB-17/4 Quartz 0.158 -36
Kaéfersteige 1 BTR-28 Fluorite 0.142 -54 -16.4
Michael Weiler 65 GMW102 Quartz 0.055 -28
Neu Bergménnisch Gliick 22 814 Fluorite 0.1 -3.8 -17.8
Neubulach 64 815 Quartz 0.056 53
Schauinsland 67 17 Calcite 0.094 -25
Schauinsland 67 446 Quartz 0.037 -22
Silberbreunnle 88 BTR-31 Quartz 0.049 -32
Sophia Wittichen 12 BTR-50 Fluorite 0.091 -5.6 9.2
Sophia Wittichen 12 198 Calcite-Late | 0.035 70
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H>0 CO:
H>0
. No. of .
Locality deposits Sample Mineral content | §'%0 I 3D d13C
D (% VSMOW) | (%. VPDB)
Teufelsgrund 40 BTR-7 Fluorite 0.105 -6.0 -11.5
Teufelsgrund 40 BTR-9 Fluorite-Late | 0.096 -9 -6.7
Teufelsgrund 40 BTR-8 Calcite-Late | 0.052 -4
Tunnelbau Hausach HTB-13 | Calcite-Late | 0.036 48
Wenzel 31 BTR-42 Calcite 0.166 -15
25
A\ Quartz
o | B Fluorite *SMOW
L) A
2+ /-

|
A Metamorphic

AN A\ | waters (300-600°C
| —_——
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Fig. 7. Fluid 8D and 3'®0 characteristics of post-Variscan hydrothermal veins, along with the field of estimated
isotopic compositions for primary magmatic and metamorphic fluids (Sheppard 1986). §'80siq for fluorites
were measured directly from fluid inclusion water, whereas 8'30muia for quartz were calculated using equation
of Matsuhisa et al. (1979).
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Fig. 8. P-T diagramm with conditions of crystallisation of four deposits (see map for locations). Pressure was
calculated by intersecting isotope equilibrium temperatures with isochores (dot line as example)

in both minerals.
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Fig. 9. Cogenetic quartz and fluorite in sample GS-111 with histograms of fluid inclusion melting temperatures
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Table 5. Temperature and pressure of formation from T80 ratios and microthermometric data

Locality Sample ID 3'%0 quartz 3'%0 Fid Tm  Th  Tromation  Pformation
(V-SMOW)  (V-SMOW)  (°C)  (°C) °C) (bar)
Brandenberg GS 111 12.5 -1.0 -20 165 173 450
Brenden s ??GS 13.8 -3.3 -20 135 132 490
Friedrich-Christian GS 135 14.3 2.3 -23 110 137 610
Igelschlatt GS 37 16.8 -0.2 -22 135 133 260

The sedimentary overburden in the area
where the deposits formed prior to the
subsidence of the Rheingraben structure can be
reconstructed from the regional geology
(Geyer & Gwinner 1986) and lithostatic and
hydrostatic pressure conditions can be
calculated from the barometric equation. For
example, the Friedrich-Christian deposit was
covered by approximately 1800-2000 m of
basement rocks and sediments. With assumed
rock and fluid densities of 2.7 and 1.2 g/cm?
respectively, one can estimate that the
hydrostatic pressure should have been around
220 bar and the lithostatic regime around 500
bar (shaded areas in Fig. 8). Comparison of the
vein formation pressures determined from fluid
inclusion and oxygen isotope data with the
litho- and hydrostatic pressures reconstructed
from geological constraints shows that the
actual pressure conditions apparently varied
between lithostatic and hydrostatic pressure
conditions.

5.2 Isotopic composition of the post-
Variscan hydrothermal fluids

The oxygen isotopic composition of the
hydrothermal fluids has been calculated from
the measured range in isotopic compositions of
quartz within distinct veins and the
corresponding  pressure  corrected  fluid
inclusion temperatures (Table 4). Resulting
equilibrium §'80m0 values are within a
relatively narrow range of —7.5 to +2.1 %o. This
data range is very consistesnt with the
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measured 8800 values (—11.6 to —3.0 %o) of
water directly extracted from fluorite-hosted
fluid inclusions. Consequently, the initial 3'*0
values of the primary hydrothermal fluids are
estimated to be in the range between —10 and 0
%o. The 8'%0 values of the surface-derived
meteoric waters can vary along the meteoric
water line from 0 %o to negative values.
Integrating 8'®0 data of vein quartz, fluid
inclusion homogenization temperatures, and
calculated and measured fluid isotopic
compositions, all available information points
to formation of the post-Variscan vein deposits
from saline brines with quite homogeneous
geochemical characteristics. The 6D (10 to —
60 %o) and 5'0 (~11.6 to —3.0 %o) values of
fluid inclusion water directly extracted from
the vein minerals (3'30 from fluorite, D from
fluorite, quartz and calcite) are well within the
range typical for meteoric water. The deep
saline brine is most likely of meteoric or
seawater origin (Behr & Gerler 1987; Von
Gehlen 1987; Hofmann 1989; German et al.
1994; Werner et al. 2000; 2002), but was
extensively modified through water-rock
reactions in the crystalline basement. During
high-temperature water-rock interaction with
crystalline rocks, the §'30 of water is generally
shifted towards higher values (Taylor 1997).
The oxygen data indicate that the hydrothermal
fluids have partly exchanged oxygen through
progressive fluid-rock interaction in the
crystalline basement (Fig. 11). Considering the
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trends of both 8'®0 and 8D data of the post-
Variscan hydrothermal veins, it appears that
the meteoric contribution to the isotopic budget
is certainly dominant. The oxygen isotope
signature, however, compositionally
modified during fluid ascent and interaction
with the surrounding rocks. Schwinn et al.
(2006) have applied both closed- and open-
system scenarios (Taylor 1977; 1997) to model
the isotopic exchange between water of
meteoric origin (with §'3%0 between —5 and 0
%o0) and typical granites of the Schwarzwald
area having average primary 8'30 values of 10
%0 (Hoefs & Emmermann 1983; Simon &
Hoefs 1987). The resulting 8'%0 values of the
deep saline brine are in the range between —1.2
and 5.3 %o for geologically reasonable
water/rock ratios between 0.01 and 1.0 and an
exchange temperature of 300°C.

The §'3C values of directly extracted fluid
inclusion gas, which are in the range between —
21.4 and —6.7 %o, are systematically lower than
the values for primary hydrothermal calcites
from the post-Variscan veins, which are
between —12.0 and —3.0 %o (Schwinn et al.
2006). This difference cannot be explained
through equilibrium fractionation between
calcite and dissolved inorganic carbon species
in the fluids in the temperature interval 150-
200°C. Applying equilibrium fractionation
factors for both CO; (aq) and HCO;  (Ohmoto
& Goldhaber 1997), which are most likely the
predominant dissolved carbon species in the

was

fluids, results in calculated Acar-co2 0f 0.9 to —
0.7 %o, and Acar-ucos of 1.1 to 2.0 %o. This is
much smaller than the observed difference in
carbon isotope composition between the bulk
fluid inclusion gas and the hydrothermal
calcites. Although the dominant volatile
component in the fluid inclusions is CO; as
shown by the Raman spectra, it appears
probable that minor amounts of a second
volatile component with significantly more
negative 8'3C values contribute to the bulk
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carbon isotope composition of the fluid
inclusion gas. A likely candidate for this
component is gaseous CHy, which has been
found at detectable concentrations in fluid
inclusions from the Schauinsland deposits
(Werner et al. 2002). Based on mass balance
considerations, even small amounts of CHy
with very negative 8'*C values could shift the
bulk carbon isotopic composition of the fluid
inclusions towards more negative values. This,
in turn, would have no impact on the §°*C
values of the hydrothermal calcites, because in
comparatively rapid processes such as fluid
migration and fluid mixing CH4 would not
equilibrate with oxidized aqueous carbon
species due to kinetic restrictions (Ohmoto &
Goldhaber 1997).

5.3 The post-Variscan fluid system

Isotopic characteristics well comparable
to the post-Variscan fluid system in the
Schwarzwald area have been reported from
other hydrothermal fluids originating in
crystalline basement rocks. Fluids sampled
during pumping tests of the KTB pilot hole
have 8D and 8'30 values in the range between
—32 and —27 %o and between —5.8 to —5.7 %o,
respectively (Lodemann ef al. 1997). Simon &
Hoefs (1991) postulated a direct relationship
between the fluids responsible for vein
mineralization visible throughout the KTB
drillcore profile and the fluids encountered at
4000 m depth at the KTB site. Based on a
comprehensive fluid inclusion study, Behr et
al. (1993a, 1994) concluded that fluids with
Ca-Na-Cl characteristics are compositionally
very similar to the present fracture fluids,
indicating a common primary fluid source.
Below about 6000 m, Ca-Na-Cl fluid
inclusions with homogenization temperatures
up to 250°C dominate and represent a young
fluid system, probably of late Cretaceous age
(Behr et al. 1994).

Our extensive fluid inclusion study of
hydrothermal veins demonstrates that post-
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Variscan fluids originate from deep highly
saline NaCl-CaCl,-H,O brines that mixed with
low salinity meteoric water. The temperature of
the NaCl-CaCl, fluid prior to mixing cannot be
directly determined by means of fluid
Based on isotope temperature
calculations from sulfide-sulfate equilibria and
paleogeothermal considerations, the aquifer
paleotemperatures of the deep saline brine are
estimated at 300-350°C (Schwinn ef al. 2006).

Integrating all available datasets from the
post-Variscan hydrothermal in the
Schwarzwald  district  (including  the
comprehensive fluid inclusion and stable
isotope data from the present study), the post-
Variscan mineralization process is best
explained through mixing of a deep saline brine
with surface-derived meteoric waters.

inclusions.

veins

6. Conclusions

By combining stable isotope and fluid
inclusion techniques it has been possible to
decipher the complexities of prolonged
hydrothermal activity in the Schwarzwald ore
district, SW Germany.

Fluid belongs to the NaCl-CaCl,-H,O
type, is generally of higher salinity (20-25
wt.% eqv. NaCl) and lower temperature (100-
160°C). Late-stage mineral generations in the
post-Variscan veins host secondary fluid
inclusions of lower salinity, but with similar
homogenization temperatures. Both the fluid
inclusion and oxygen and hydrogen isotope
systematics suggest that the post-Variscan
fluid originated from large-scaling mixing of a
deep-sourced saline brine with surface-derived
meteoric water. It was responsible for the
formation of Pb+Zn+Cu-barite-fluorite veins.

By integrating all data from this study
with additional isotopic datasets from previous
work, a consistent model for post-Variscan
hydrothermal mineralization can be developed.
This model envisages upward circulation of a
300-350°C hot saline brine (NaCl-CaCl,-H,0)
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through strike-slip fault systems. During
periods of increased tectonic activity, efficient
mixing of this brine with low-temperature
surface-derived meteoric water was facilitated.
The mixing process resulted in precipitation of
the major fluorite-barite-quartz generation of
the post-Variscan veins. This fluid system was
active over an area of 120 by 40 km and over
at least 100 Ma.
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