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Abstract

The Rhenohercynian thrust- and fold-belt of Central Europe hosts a syn- to post-kinematic Variscan
vein mineralisation, which is restricted to the Rhenish Massif, Germany. It is formed during four major
stages and siderite is the principal ore mineral of the ‘main stage’. The latter can be traced throughout
the massif, but is mainly developed in the Siegerland district as synkinematic lodes which are hosted by
low-grade metamorphic pelites of Lower Devonian age.

Fluid inclusion studies prove large-scale homogeneous ore forming fluids of low salinity (<5 wt.%
NaCl equiv.) and Na(-K > —Fe >> Mg)-Cl composition, which are CO, undersaturated (X¢o, =
0.003-0.1). Siderite precipitation at 220-<320°C and 0.7-1.4 kbar can be deduced by microthermo-
metry, chlorite themometry, REE fractionation and experimental data. Thereby the maximum
formation temperature comes close to or even exceeds the peak metamorphic temperature. From Mn
contents and 8*C-830 variation of siderite a trend is apparent in which formation temperatures
gradually decrease from S.E. to N.W. across the belt. This trend correlates with decreasing degree of
host-rock deformation and decreasing metamorphic grade. Fluid composition as well as stable isotopes
and REE fractionation of siderite point to ore-forming solutions, which were generated and
equilibrated at depth during prograde metamorphism.

Structural characteristics of the lodes, age determinations, and P-T estimations prove fluid ascent
and siderite precipitation during and/or immediately after peak metamorphism predating the
postkinematic magmatism of the Rhenohercynian belt. Main(-siderite)-stage mineralisation of the
Rhenish Massif is classified as metamorphogeneous.

KEevyworbDs: siderite, fluid inclusions, REE fractionation, Rhemish Massif, Germany.

Introduction iferous rocks. Epicontinental platform sediments

with carbonates prevail in the west of the belt

THIs paper presents new data on the Variscan
siderite lodes of the Siegerland district, Germany,
which have been among the world’s largest
occurrences of this mineral with a production of
1.75 x 10® t and estimated resources of 0.4 X
10® t. Microthermometric, mineralogical, and
geochemical results, in combination with a compi-
lation of published data, permit a better under-
standing of the ore-forming processes with
respect to (1) the P-7-X conditions during
mineral precipitation, (2) the composition and
origin of the ore forming fluids, and (3) the timing
of mineralisation in relation to the tectono-
metamorphic evolution of the host rocks.

Geological setting

The Rhenohercynian zone of Central Europe is
made up of Lower Devonian to Lower Carbon-

(Ardennes Mts), while the eastern basinal areas
(Rhenish Massif, Harz Mts) consist of a rock
sequence comprising former pelitic sediments,
bimodal submarine volcanites and volcaniclas-
tites and reef carbonates (Franke, 1989). Flysch
sedimentation starts in Upper Devonian in
the southeastern basins and progrades in time
towards northwest.

The Rhenohercynian zone represents the
external belt of the Variscan orogeny. It is
bordered to the north against the autochthonous
foreland along the Variscan front. During the
Upper Carboniferous the sediments were folded
and (due to compressive crustal shortening)
stacked along a system of internal listric thrusts
(Weber, 1981). In the west of the zone (Belgium,
Northern France) the Variscan front is close to
the southern margin of the Caledonian L.ondon—
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Brabant massif, which acted as a mechanical
ramp during deformation, leading to extensive
thrusting over the foreland sediments and to a
complex imbricate fan along the Faille du Midi
(Bois et al., 1988; Bouckaert et al., 1988; Bless
et al., 1989). East of the London—Brabant massif,
thrusting is less pronounced as overall compres-
sion was compensated along a system of sub-

meridional transcurrent faults which extend fan-
like from the external belt into the foreland
(Franke, 1990; Hofmann, 1990).

The rocks of the Rhenohercynian were affected
by prograde metamorphism of lower greenshist
facies in a small belt (‘phyllite zone’, Fig. 1) at the
southeastern margin of the zone (Anderle ez al.,
1990) and in pre-Devonian inliers, such as the

Pre-Devonian inliers and
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to greenshist facies

Lower Devonian: very low grade \"““mﬂ areas of mineralization

Ramsbeck
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FiG. 1. Distribution and style of synorogenic vein mineralisation in the Rhenish Massif. Numbers refer to mining

districts. Siderite: 1-2 Siegerland-Wied; Pb—Zn: 3—4 Hunsriick-Lahn, 5 Ems—Braubach, 6 Eifel, 7 Bensberg,

8 Ramsbeck; Au: 9 Goldhausen. Strike directions of major deposits are indicated by orientation of open rectangles.

Major tectonic structures: BT Boppard Thrust; SMT Siegen Main Thrust; ET Ebbe Thurst; W.M. Welsh Massif;
L.B.M. London-Brabant Massif; V.F. Variscan front.
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Haute Fagne massif of Belgium (Fransolet ef al.,
1977). The main part of the Rhenohercynian
consists of rocks of very low metamorphic grade.
The only facies-critical minerals are prehnite—
pumpelleyite, observed in paleobasalts, and pyro-
phyllite in the pelites at a few localities. They
define peak metamorphism to maximum tem-
peratures of 300-350°C and maximum pressures
of 2-3 kbar (Meisl, 1970; Weber, 1981) in
agreement with studies of coal-rank and illite
crystallinity (Oncken, 1987). Metamorphic grade
decreases from southeast towards northwest. In
the Upper Carboniferous of the Ruhr district,
north of the Rhenish Massif (Fig. 1), tempera-
tures were below 200 °C (Buntebarth et al., 1982).

Ore mineralisation

The low-grade metamorphic rocks of the
Rhenohercynian belt host a synorogenic vein-
type mineralisation, which shows a number of
common characteristics over the entire area
(Hein and Behr, 19915):

(1) Ore mineralisation is restricted to the
Rhenish Massif, Germany (Fig. 1) and is deve-
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loped along internal shear zones including major
structures such as the Boppard Thrust, Siegen
Main Thrust, and Ebbe Thrust. Along the north-
ern margin of the massif a few transcurrent faults
which extend into the foreland are mineralised
(Hein and Behr, 1991b; Redecke, 1992). Varis-
can vein mineralisation is absent in the Ardennes
and occurs in only one locality in the Harz
Mountains (Liiders and Méller, 1992).

(2) Mineralisation is restricted to host rocks of
Lower Devonian age with the exception of the
Ramsbeck district, where mineralised veins occur
in mid-Devonian shales and quartzites.

(3) Despite local peculiarities the mineralisa-
tion shows widely uniform parageneses on a
regional scale. Published mineralogical records
and our own observations result in a general
paragenetic scheme (Fig. 2) which elucidates the
temporal and compositional development of the
mineralisation during four major stages:

An early stage with host-rock silicification and
sulphide mineralisation (arsenopyrite, pyrrho-
tite) is followed by the deposition of siderite
(Siegerland type) during a main stage and Pb—Zn
sulphides (Hunsriick type, Ramsbeck, Bensberg
district) during a late stage. A final rejuvenation
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F16. 2. Generalised paragenetic scheme of the Variscan vein mineralisation of the Rhenish Massif. Compiled after
Bauer et al. (1979), Fenchel et al. (1985), Hannak (1965), Herbst and Miiller (1966), Krahn (1988), Lehmann and
Pietzner (1970), and own observation.
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stage is documented by partial remobilisation or
hydrothermal alteration of pre-existing minerali-
sation. During the last two stages replacement of
earlier mineralisation can be locally observed.

This succession is not completely developed at
every locality. Moreover, this temporal sequence
is also developed as vertical zoning in some
Siegerland veins, where sulphides locally occur in
the outer parts of the district. Downwards, these
veins grade into siderite and at depth into barren
quartz (Bornhardt, 1910/12; Walther, 1986).

(4) The mineralised structures of individual
mining districts vary in style (Fig. 1) reflecting
differences in the age of individual mineralisation
stages relative to the age and degree of host-rock
deformation.

Early stage mineralisation is minor, but can be
traced all over the Rhenish Massif. It is pre- to
synkinematic since veins are folded or affected by
cleavage-parallel shearing. Main stage mineralisa-
tion is best developed as siderite lodes in the
Siegerland and Wied districts and less important
in other districts. The lodes developed during
folding of the host rocks in zones of axial ramps
from diagonal faults (and subordinately along
cross-strike faults) as ‘hooked veins’ (Walther,
1986). Slatey cleavage is a late element during
folding and coincides with mineralisation. On one
hand siderite veins are sheared along cleavage
planes and on the other hand cleavage-parallel
siderite infillings occur. Furthermore, siderite
veins are displaced by late Variscan dip-slips
(Fenchel ez al., 1985). In individual veins early
siderite is developed as ‘banded spar’, i.e.
selvage-parallel alternating layers of yellowish
and grey siderite. The colour of the ‘greyspar’
layers results from mylonitic host-rock fragments
which document repetitive shearing during vein-
ing (Walther, 1986). All observations prove the
synkinematic formation of the siderite lodes
during the final stage of overall compressive
deformation of the host rocks. Ahrendt et al.
(1983) demonstrated the development of the
slatey cleavage to be synchronous with maximum
deformation and peak metamorphism, which
they have dated at 316 = 10 (Rb/Sr) and 312 £+ 10
Ma (K/Ar) respectively for the central Siegerland
district.

Sulphide stage mineralisation follows after a
period of cataclasis and is rare in the Siegerland
and Wied districts. Major Pb~Zn veins occur
parallel to the Rhine valley (Hunsriick-Lahn and
Bensberg districts; Fig. 1) and in the northern
Rhenish Massif (Ramsbeck district). The veins
are paragenetically uniform over the area, but
exhibit regional structural differences. Due to the
temporal migration of the front of maximum
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deformation to the north, synkinematic compres-
sive vein structures (ore mylonites and ‘flats’;
Bauer et al., 1979) exist at Ramsbeck (Fig. 1).
They are dated at 305 to 302 = 10 Ma (K/Ar) and
290 = 9 Ma (Rb/Sr) respectively (Ahrendt ef al.,
1983). In the northwestern Bensberg district,
extensional structures parallel to cross-strike
faults and diagonal faults prevail (Lehmann and
Pietzner, 1970). In the southern Rhenish Massif,
initial extension after maximum deformation led
to late-kinematic veining parallel to the pre-
existing cleavage (‘cleavage veins’; Hannak,
1964). In all districts, Pb—Zn veins were affected
by late-Variscan dip-slip deformation associated
with the final stage of folding (Bornhardt, 1910;
Walther, 1986).

Rejuvenation stage mineralisation occurs
locally in the southern Rhenish Massif as cross-
strike veins cross-cutting pre-existing Pb-Zn
veins. The similarity of these extensional struc-
tures to ‘Alpine fissures’ was already pointed out
by Bornhardt (1910/12). In the central Siegerland
the rejuvenation stage started with baryte de-
position followed by local hematisation of
siderite. Structurally, this stage can be related to
the widespread extension during uplift of the
Rhenish Massif in late Upper Carboniferous/
Early Permian (Oncken, 1993).

Sampling and analytical procedure

Although mining is abandoned, exactly loca-
lised specimens of defined paragenesis were
available from collections of the Technical
University, Clausthal, the Federal Institute of
Geosciences, Hannover, the Mineralogical
Museums of Gottingen and Marburg, and a
number of private collections. The samples cover
the siderite stage of the Rhenish Massif (Fig. 1)
and, for a few mines, the full vertical extension of
the mineralisation (>1200 m).

Fluid inclusions studies were performed at the
Institute of Geology and Dynamics of the Litho-
sphere, Goéttingen using a Linkam THM 600
heating- and freezing-stage, which was calibrated
by synthetic fluid inclusions (SYNFLINC) (Hein-
rich et al., 1992). A Ramanor U-1000 served for
routine Raman analyses of the gas phases. Time-
integrating Fourier-transform Infrared spec-
troscopy (FTIR) was done as bulk analysis of fluid
inclusion from 40 X 40 pm sections using a 1760 X
Perkin-Elmer Spectrometer. This permits the
qualitative detection of smallest quantities of CO,
and H,O down to 0.03 mole % even in inclusions,
which are not accessible by microthermometry
because of size.

Chlorites and carbonates were analysed for
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their main elements with an EDX system on a
Cambridge Instruments SEM (Stereoscan 250
MK3) using pure Co and Kakanui pyroxene as
standards. For comparison, some samples were
cross-checked by electron microbe at the Minera-
logical Institute, Aachen, using an ARL-SEMQ.
The reproducibility of both analyses is within the
analytical error, which is typically better than
+2% relative.

Rare-earth elements (REE) of hand-picked
siderite were analysed at the Hahn-Meitner
Institute, Berlin, using a Perkin-Elmer/Sciex
ICP-MS. Analytical details are given by Dulski
(1992). Stable isotope analyses of the same
siderite samples (C,0) were undertaken at the
Geochemical Institute, Gottingen. Analytical
details are given by Zheng (1991).

Microthermometry

Fluid inclusions were studied in main-stage
quartz and siderite from the Siegerland district,
the Ramsbeck Pb-Zn deposit, the Ems—Brau-
bach district, the Hunsriick-Lahn district and
additionally in quartz from synkinematic barren
veins and segregations. The following data result
from the study of approximately 1400 inclusions,
including measurements of Erlinghagen (1989).
Only those inclusions which are considered as
primary or early—as verified by petrographic
studies—and which represent entrapment during
the siderite stage are referred to. Some samples
were studied by optical as well as SEM-cathodo-
luminescence to exclude hydrothermal overprint
during the successive stages of mineralisation.

Most of the fluid inclusions appear as two-
phase aqueous inclusions (LV-type) at room
temperature. More than 90% of the inclusions
reveal initial melting temperatures (7e) above
—21°C and point to entrapment of Na(-K)—Cl-
dominated aqueous solutions. The Te of a few
inclusions range down to —35°C indicating the
presence of additional cations. K, minor Fe, and
rare Mg were verified in addition to Na by
analysing evaporates of opened inclusions with
SEM-EDX. These results are in agreement with
the neutron activation analyses of Gerler (1990)
who reports element wt. ratios of K/Na = 0.09-
0.18 and Fe/Na = 0.08-0.40 for siderite-stage
fluids. Ice melting is the only phase transition
visible at low temperatures besides intial melting.
There is no evidence of hydrate melting above Te.
The homogenisation temperatures (Th) are
slightly higher for the Hunsriick-Lahn district (up
to 300°C) in comparison with the Siegerland
siderite lodes (170-250 °C). Salinites are generally
low for the siderite-stage fluid inclusions (Tm;, =

—7°C) and do not vary significantly with the Th.
On the other hand, fluid inclusions trapped
during the later sulphide stage show increasing
salinities with falling total homogenisation tem-
peratures (Fig. 3). The data of barren quartz veins
along the major thrust show a similar variation.
Fluid inclusions showing variable Th and identical
Tm;. indicate density variation along the thrusts.

Three-phase H,O-CO; inclusions (LLV-type)
with aqueous solution, vapour, and an extremely
narrow rim of liquid CO;, just visible at room
temperature, are rare. In a few inclusions, partial
homogenisation of the CO, phase to liquid is
observed close to the critical temperature
(+31°C). In many quartz samples, tiny mono-
phase gas inclusions of low density can be
observed. Furthermore, in a number of two-
phase aqueous inclusions (LV-type) gas conden-
sation becomes visible on cooling. These inclu-
sions only rarely permit exact microthermometric
measurements, but studies by time-integrating
FTIR qualitatively proves small quantities of CO,
to be a common constituent besides water (Fig.
4). Other gas species could not be identified by
Raman spectroscopy. As a fluid phase should
occupy a minimum of 10 vol.% of an inclusion to
be visible at room temperature (Walther, 1981),
the combination of microthermometric obser-
vation and the detection limit of FTIR permits an
overall estimation of the composition of the H,O-
CO,, inclusions in the range of 0.003 = X¢o, =
0.1.

Erlinghagen (1989) reports ‘primary’ three
phase inclusions (LLV} in siderite and quartz 3
(Fig. 2) with a CO,-phase of about critical density
from three Siegerland mines (Stahlberg, Apollo,
Neue Haardt; for individual localities compare
Fenchel eral., 1985, and Walther, 1986). A
petrographic reinvestigation of his samples shows
that these inclusions occur only where siderite is
partly replaced by quartz 4 of the succeeding
sulphide stage. Furthermore, Erlinghagen (1989)
reports primary inclusions of equal CO, density in
quartz 4 and sphalerite of the Stahlberg mine.
Therefore, his LLV inclusions in siderite are
reinterpreted as either being trapped or reequili-
brated during the sulphide stage.

Chlorite thermometry

Chlorite is a common gangue mineral besides
quartz and rare illite/sericite and occurs during
the early stage and the following main(-siderite)
stage. A set of 48 vein chlorites from the southern
Rhenish Massif (Hunsriick-Lahn district) repre-
sents ore deposits as well as barren quartz
mineralisation along the Boppard thrust. In these
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Fi6. 5. Composition of vein chlorites of different localities after the classification of Troger and Trochim (1966).

Chlorite composition of (1) spilitic rocks, Lahn syncline (Eyssen, 1985), (2) exhalative hematite ores, Lahn syncline

(Eyssen, 1985), and (3) footwall alteration halo, Rammelsberg deposit, Harz Mountains (Késelitz, 1988) is given for
comparison {dotted patterns).

samples chlorite predates Fe-Mn-carbonates.
Two chlorite samples, both intimately intergrown
with siderite, are from the Siegerland district
(Eupel, Apollo).

Following the classification scheme of Troger
and Trochim (1966), the samples proved to be
orthochlorites of ripidolitic to aphrosideritic com-
position (Fig 5), and one sample is classified as
brunsvigite/chamosite. The composition of hyd-
rothermal chlorite of genetically different ore-
mineralisation of the Rhenohercynian belt is
given for comparison in Fig. 5, i.e. (1) the foot-
wall alteration halo of the SEDEX-type Ram-
melsberg massive sulphide deposit, Harz Mts
(Kiselitz, 1988) and (2) chlorite in hematite ores
and diabases resulting from spilitisation of paleo-
basalts (Eyssen, 1985).

Vein chlorite compositions are close to those
from the Rammelsberg deposit. Similar com-
positions are reported by Vogtmann-Becker
(1990) from barren quartz—carbonate veins and
Cambro-Ordovician host rocks of the Stavelot—

Fagne Massif and by Redecke (1992) from
mineralised Variscan transcurrent faults in the
underground of the Niederrheinische Bucht
(Koln-Aachen area; Fig. 1). The Fe/(Fe + Mg)
ratios of vein chlorites from the southern Rhenish
Massif vary between 0.55 and 0.72, which is close
to Fe/(Fe + Mg) ratios of the Lower Devonian
pelitic host rocks (0.60-0.70; Schulz-Dobrick and
Wedepohl, 1983). The composition of these
chlorites are assumed to reflect fluid—rock
equilibrium.

Chlorite composition is dependent on 7, fo,,
and fg (Walshe, 1986) and can be used to estimate
formation temperatures at a given fluid com-
position. Three published thermometers (Cath-
elineau and Nieva, 1985; Walshe, 1986; revised
calibration of Cathelineau, 1988) have applied to
the samples. The results (Table 1) show accept-
able agreement for two thermometers (Catheli-
neau and Nieva, 1985; Walshe, 1986), while the
third one (Cathelineau, 1988) models tempera-
tures which are about 50-70 °C above. The latter
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Table 1: Vein chlorite: Comparison of different thermometers (1--5) and calculated minimum

pressures of formation

sample locality 1 2 3 4 5 6
T/°C T/°C T/C T/°C T/°C P /bar
H 89-6-30 Altlay 214-230 277-300 280-305 335-377 342-385 1010-1063
H 89-6-32ATellig 205-245 288-316 288-316 347-361 355-369 1025-1365
H 89-6-10 Pauline 260-300 290-318 278-310 334-384 339-392 (277-437)
H 89-7-27 Braubach - 279-297 287-301 348-370 357-379 -
H 89-7-28 Braubach 235 - 241 - 280-294 331-361 336-368 681-783
H 51 Apolio 180-230 292-331 300-333 367-417 369 -422 (1474-1933)
H 588 Eupel 220-247 256-269 301-331 309-329 -

Thermometers: 1.: Microthermometry ; 2. Waishe, 1986; 3. Catheiineau & Nieva, 1985; 4. Cathelineau,
1988; 5: Jowett (1991). 6: For pressure calculation see text.

are slightly shifted to even higher temperatures by
applying the correction proposed by Jowett
(1991).

Despite analytical restrictions (no independent
Fe3* or H,O determination, and idealised formu-
lae) the model temperatures may be accepted as
representing the range of chlorite formation
(Bennett and Barker, 1992), although some
temperatures after Cathelineau (1988) seem to be
too high from a geological/petrological viewpoint.
Consequently, the Walshe-thermometer is
accepted to represent minimum temperatures
which are close to or even above the peak
metamorphic temperature of the Rhenish Massif.

Siderite geochemistry

Manganese content. Siegerland siderite con-
tains Mn in the percent range. Throughout the
active mining period, numerous analyses were
carried out, which have been summarised for
individual deposits and districts by Wettig (1974)
and Walther (1986). Detailed studies of Hannak
(1965) and Hannak and Gundlach (1967) prove
the molar ratios of Fe, Mn, Ca, and Mg to be
constant within individual districts, i.e. tectono-
metamorphic units, even over large distances
(>80 km). Furthermore, they indicate no signifi-
cant main-element variation with depth. Present
microprobe analyses of the siderite main-element
composition fit into the ranges reported by the
above authors.

Fig. 6 summarises the average values of the
individual mining districts of the Rhenish Massif.
The Mn-contents of siderites (expressed as Fe/Mn
ratios in Fig. 6) increase systematically (up to 10
mol.%) from N.W. (Bensberg district) to S.E.
(Hunsriick—Lahn district) except siderite from the
Ems-Braubach district immediately north of the
Boppard Thrust. According to Schulz-Dobrick
and Wedepohl (1983) regionally increasing Mn-
contents are not found for the Lower Devonian
pelitic host-rocks of the individual districts.

Therefore, the Mn-trend of siderite must be
independent of the host-rock composition.

Rare-earth elements (REE). REE distribution
patterns can assist in genetic interpretation of
carbonate minerals (Moller, 1983; Bau and
Moller, 1992). 33 siderite samples from the major
mining districts across the Rhenish Massif (Bens-
berg, Siegerland, Hunsriick; Fig. 1) have been
analysed for their REE contents (Table 2). The
distribution patterns discussed here are norma-
lised to ‘European shale’, which stands for the
average composition of the European continental
crust (Haskin and Haskin, 1966), since minerali-
sation is regarded as a process of intracrustal
element redistribution.

The REE distribution patterns of siderite are
similar at a given deposit. The Fiisseberg mine
(Siegerland district) serves as an example (Fig. 7),
where REFE signatures are nearly identical over a
depth of 500 m down the mineralised structure.
Even over the entire area, the patterns are similar
for most of the samples. They exhibit little
fractionation of the HREE (Fig. 8), the contents
of which are one magnitude above those of the
LREE, which are additionally fractionated. The
REE contents of a carbonate are controlled by the
REE content of the mineralising fluid, the REE
distribution between the fluid and the precipitat-
ing mineral, and the size of sites available for
REE incorporation into the lattice (Moller,
1983). As the effective ionic radii of LREE differ
more from that of Fe?* than those of HREE, the
latter are preferentially incorporated into siderite
(see discussion in Bau, 1991). Therefore, the
above distinct fractionation between LREE and
HREE is mainly caused by ‘crystallographic
control’” (Morgan and Wandles, 1980).

The similarity of the patterns is taken as
indicative of siderite precipitation from a large-
scale uniform flwid system. The only differences
in patterns relate to the Eu-contents and permit
the distinction of three subtypes (Fig. 8). While
most patterns show no anomaly, a few samples
from the Siegerland district are characterised by
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FIG. 6. Average Fe/Mn ratios of siderite and main-stage calcite (cc) in individual mining districts of the Rhenish
Massif. For tectonic structures compare Fig. 1.

slightly negative Eu-anomalies. Positive Eu-ano-
malies are restricted to samples from the south-
eastern Hunsriick-Lahn district and a few locali-
ties of the Siegerland (see discussion).

Stable isotopes. Stable isotopes (C-O) of the
same siderite samples which served for REE
determination have been analgsed (Table 2).
With one exception, '*C and $'°0 exhibit a very
limited variation for a given deposit. In one case
(Eisenzecherzug mine) the variation is within the
analytical error even over a depth of 800 m.
Isotope compositions of Siegerland 51der1te cover
the range reported by Stahl (1971: 83Cppg =
—11.6 to —8.3%0, 380gpow = 16.4 10 19.1%) for
eight Sle§ rland samples.

In a "°C-3'®0 variation diagram, the isotope
compositions of individual districts plot into

different clusters (Fig. 9). By regional-scale
consideration of all data a positive correlation is
apparent: 8'*C and 8'%0 increase systematically
from Southeast (Hunsriick~Lahn district) to
Northwest (Bensberg district) across the Rhenish
Massif. The overall 81*Cppp-variation of siderites
is small (=12 to —9%.) whereas 8¥Ogyow-
variation (+11.5 to +20%o) is more pronounced.
The correlation is not perfect and the slight
d13Cppp-variation indicates the possible presence
of another carbon species besides CO,.

On a more local scale, similar 81Cppp correla-
tion of siderite is reported by Zak and Dobes
(1991) for the Variscan vein deposits at Pribam,
CSFR, and by Zheng (1991) for the Post-Vari-
scan vein-district of the Upper Harz Mountains,
Germany (Fig. 9).
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Table2:  REE contents and stable isotope composition of vein siderites from individual mining districts of the Rhenish Massif.
(REE in ppm; §'°C and 60 in %; n.a.= not analyzed.)
sample __|locality La _Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm_Yb Lu |3™Cpps 5'80guow'
Siegerland district
H41/84 Pfann 0.03 0.19 003 024 052 027 150 043 257 051 146 024 154 020| -1126 1538
H586/85  [Anxbach 045 158 028 190 158 050 249 050 240 039 086 0.10 057 007 -1074 1497
H587/85 |Eupel 016 037 033 324 445 212 549 071 250 034 065 007 044 005 -1005 1598
H588/85 {Eupel 006 028 008 072 092 030 1.5t 030 154 026 067 009 059 008 -997 1656
H591/85  |Eisenzech 131 211 023 1.02 043 013 075 020 135 031 1.10 023 221 036| -11.58 1467
H59385 |Eisenzech 022 048 008 049 044 016 096 028 198 048 158 031 260 035| -11.00 1496
H594/85  |Eisenzech 022 051 007 050 039 014 084 021 151 035 128 027 241 038 -1149 1468
H506/85 |Georg 007 009 002 016 020 014 038 010 054 012 039 008 072 011 -1117 1626
H598/85 |Georg 148 273 028 128 184 176 580 128 628 094 218 029 187 025| -11.69 1747
H61885  |Vereinigung 009 079 026 281 399 091 576 086 462 08 198 026 176 023 -1621 1541
H83585  |Pfann 0.08 046 005 041 039 013 075 021 167 041 163 035 339 050 -11.20 1566
H637/85 |Herdort 018 062 003 063 087 062 152 032 157 025 058 007 046 005 -1159 1402
H 639585 |Fisseberg 014 04 007 048 043 011 088 032 254 069 26 054 445 057| -1126 1470
H64085  |Fiisseberg 0.04 064 005 056 063 020 12t 039 229 048 134 019 119 014 -1151 1478
H641/85  |Fiisseberg 0.17 142 026 200 158 028 270 074 432 087 269 043 287 037| -1093 1536
H64385  |Fusseberg 008 039 010 083 090 025 174 050 342 067 1.83 024 131 015( -11.20 1623
H644/85  |Fisseberg 015 08t 021 189 173 033 273 065 405 076 223 038 3.0 044 -1098 16.12
H 64585  |Fiisseberg 030 141 036 319 286 039 400 079 493 097 290 050 357 049| na n.a.
Southern Lahn district
H896-4  |Holzappe!l 407 1080 152 788 330 281 402 065 2363 065 172 020 118 0.15| -1184 1265
H89-6-5  |Holzappel 040 199 055 504 642 320 900 158 797 139 345 044 270 037 | -1142 1198
H89-6-13 [Werlau 276 1370 295 1840 7.50 759 689 075 3.11 048 099 010 056 008| -11.21 1185
H89-6-14 [Werlau 166 740 165 1130 672 515 748 107 533 093 213 024 135 018) -11.11 1196
H89-6-15  |Werlau 036241 0.75 649 556 521 798 121 613 104 244 027 139 0.18) -11.16  11.61
Northern Lahn district
H 89-6-1 Rosenberg 021 099 026 251 335 127 450 075 356 054 1.19 015 097 0.14| -943 164
H896-2  |Rosenberg 043 449 072 7.25 914 385 1080 158 704 110 270 035 226 032| -918 1634
H900328-14 |Bad Ems 017 044 008 058 088 092 223 051 288 048 1290 018 126 0.17| -958  17.16
Eifel district
Katz-1 Kaizbach 024 184 066 640 676 223 769 124 606 101 234 030 18 021| na na.
Ben-1 Bendisberg 0.02 0.16 ©0.05 061 127 049 201 044 234 040 106 017 114 015| na na.
Sil-1 Silbersand 0.03 0417 005 046 089 041 282 062 333 053 126 017 109 014| na na.
Saa-1 Saarsegen 010 086 028 258 500 199 11.60 231 1240 215 531 075 491 067| na. na.
Bensberg district
H577/85  |Nic. Phén. 006 408 007 073 151 062 401 082 441 073 173 021 116 0.15| -1074 1575
H578/85  INic. Phon. 005 025 006 062 134 052 359 079 429 073 171 022 132 0.17[ -1060  19.11
1 —_ N . . .
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Fic. 8. ES-normalised REE distribution patterns of

siderite from different mining districts of the Rhenish

Massif. Subdivision according to Eu anomalies and

independent of localities (triangles: Hunsriick~Lahn;
squares: Siegerland and Eifel; circles: Bensberg).

Discussion

P-T-X conditions of siderite precipitation.
Combined application of microthermometry,
Raman analysis and FTIR spectrometry proves
siderite precipitation from CO,-undersaturated
aqueous Na(-K>-Fe>»>-Mg)-Cl solutions of low
salinity (<5 wt.% NaCl equiv.) at temperatures
above 180-250°C for the Siegerland district. For
the veins of the Hunsriick-Lahn area the mini-
mum formation temperatures extend to 300 °C.

Experimental data on the hydrothermal stab-
ility of siderite and thermodynamic properties are
limited. French (1971) reports éxperiments in the
system Fe-C-O and Frost (1979a) discusses the
stability of siderite in a C-O-H fluid phase.
Siderite stability is limited as a function of fo, and
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temperature (Fig. 10) by oxidation to hematite or
decomposition to magnetite or magnetite +
graphite. Stability limits approximate the HM—
and graphite-buffer respectively. Moreover, the
siderite—magnetite equilibrium depends on X¢o,
of the fluid phase (Schwartz and Suronjo, 1990).
The estimated X¢o, = 0.003-0.1 of the siderite-
stage fluids delimits the possible formation tem-
peratures in the range of 220°C < T =< 300°C,
along the HM-buffer (Fig. 10). The experiments
of French (1971) concern pure siderite and lead to
disagreements with naturally observed para-
geneses (e.g. grunerite-siderite in metamor-
phosed banded Mn-formation) as pointed out by
Frost (1979b). On the other hand, additional Mn
in the system Fe—C-O would shift the stability
limits of siderite towards higher f,, and tempera-
tures as well (French, 1971). Since Variscan
siderite of the Rhenish Massif contains Mn in the
percent range, higher formation temperatures
than 300 °C can be expected.

A similar range of formation temperature can
be calculated from the stable isotope data:
siderite is the only carbon-bearing phase of the
main-stage mineralisation, which excludes the use
of isotopic fractionation between cogenetic car-
bon-bearing minerals as a geothermometer. Frac-
tionation of carbon isotopes between dissolved
carbon aqueous species and siderite, as well as
fractionation of oxygen isotopes between hydro-
thermal fluid and siderite are temperature depen-
dent. Fluid inclusions and REE fractionation of
siderite point to a large scale fluid system of
constant composition. By assuming transport of
carbon and oxygen in (and co-precipitation as
siderite from) one solution, Zak and Dobes
(1991) and Zheng (1991) interpret the positive
d3C-8'80 correlation as a decrease of formation
temperatures. Applying this interpretation to
siderites of the Rhenish Massif results in forma-
tion temperatures which gradually decrease from
S.E. (Hunsriick—Lahn district) to N.W. (Bens-
berg district). This trend of decreasing formation
temperatures also correlates with decreasing Mn-
contents of siderite (see below).

The range of formation temperature.is best
expressed by the 8'®O-variation as the ore-
forming fluid is water-dominated. By assuming an
average composition of siderite from the Huns-
riick—Lahn district of §%0gpow = +12% (Fig. 9)
and a formation temperature of 300°C, the
oxygen isotope composition of the fluid is calcu-
lated to be 8'®0Oy,0 = +8%o. This fluid compo-
sition and a siderite composition of 8% Ogyow =
+17%0 for the Bensberg district results in T =
230°C as lower limit of the range of siderite
formation temperature. This means a difference
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FIG. 9. 813Cppp-8'80smow-Vvariation of Variscan vein siderite from different mining districts of the Rhenish Massif
(18 points after Jux, 1982, included). Dotted patterns for Pribram, CSFR (Zak and Dobes, 1991) and Upper Harz
Mountains, Germany (Zheng, 1991) for comparison.

of only 70 °C over a distance of 100—120 km across
the belt, when the size of the investigated area is
taken into consideration.

Indirectly, a temperature indication is also
available from REE distribution patterns of
siderite. In Fig. 10 the redox equilibrium for
Eu’*—Eu®* (1 kbar; pH = 3, i.e. slightly acid;
Bau, 1991) is given as function of fo, and
temperature. It becomes apparent that siderite
plots in the field of (reduced) Eu** for tempera-
tures above c¢. 200°C. Distribution patterns of
most studied samples do not show Eu anomalies.
As REE incorporation is dictated by ‘crystallo-
graphic control’, sorption of REE during fluid—
rock interaction can be ignored. The slightly
positive Eu anomaly of a few siderites from the
Hunsriick-Lahn area would point to precipitation
below c. 200°C, in disagreement with the tem-
peratures estimates given above. On the other
hand, these samples are among the Mn-richest
with stability limits shifted towards higher fo,
(i.e. towards the field of Eu"). This is assumed to
explain their positive Eu anomaly at temperatures
far above 200°C.

The uniform parageneses of the Variscan vein
mineralisation indicate a decrease in temperature
from the early stage of mineralisation to the main-
(siderite-) stage (Fig. 2). The lower limit of (early
stage) chlorite formation temperatures after
Walshe (1986) roughly terminates siderite pre-
cipitation below ¢. 300-330°C. Corresponding
pressures (Table 1) have been obtained from the
intercept of chlorite temperature and isochores
calculated for fluid inclusions in cogenetic quartz
of the same samples. They are in the range of 0.7-
1.4 kbar.

Fluid origin. The Siegerland siderite lodes have
been genetically related to a hypothetic pluton
and later to a hidden, deep-seated (>29 km)
batholith (Fenchel et al., 1985). However, deep
seismic profiles do not give any indication of the
existence of a pluton (Franke et al., 1990) and a
magnetic anomaly of unknown origin serves as
the only argument for a batholith of unknown
composition.

The veins are synkinematic as documented by
the coincidence of vein-filling and developing of
the slatey cleavage (Walther, 1986), which is
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Fig. 10. Stability of siderite in the system Fe—~C-O-H after French (1971). Redox equilibrium for Eu**-Eu?*
(1 kbar; pH = 3) after Bau (1991). Siderite-magnetite as function of Xco, after Schwartz and Suronjo (1990).
Dotted field gives limits for vein siderites according to estimated Xco, (see text).

dated at 316 = 10 Ma (K/Ar) and 310 £ 10 Ma
(Rb/Sr) respectively (Ahrent et al., 1983) in the
Siegerland district. Therefore, siderite vein
mineralisation predates the post-kinematic acid
plutonism of the Rhenohercynian belt. Plutonism
is unknown in the Rhenish Massif and restricted
to the Harz Mountains. The only indications for
basic magmatism are late ‘diabase dykes’ of
unknown age, which cut siderite veins at a few
localities (Fenchel ez al., 1985).

By isotope (Stahl, 1971) and fluid inclusion
studies (Erlinghagen, 1989) siderite has been
classifed ‘mesothermal’, being precipitated from
‘magmatic-hydrothermal’ ore-forming solutions.
Both studies concern samples from the Siegerland
district only. Present fluid inclusion studies prove
COs-undersaturated aqueous Na(-K>-Fe>>—
Mg)-Cl fluids as ore-forming solutions of the
siderite stage. This fluid composition is typical for
the metamorphic Variscan basement of Central
Europe (Behr, 1989) and is characteristic during
the prograde metamorphic devolatisation of a pile
of pelitic sediments (Norris and Henley, 1976;
Goldfarb et al., 1988; Powell et al., 1991). On the
other hand similar fluid composition may be
attained during extension and retrograde meta-
morphism by influx of meteoric waters, which
reequilibrate at depth (Nesbitt, 1992).

A few siderite samples exhibit positive Eu
anomalies, which is a fingerprint of crystallisation
from a metamorphogenic solution, i.e. fluid
equilibration and uptake of excess Eu** in a ‘hot’
metamorphic basement (Bau and Moller, 1992).
By assuming a mean siderite carbon isotope
composition of 8*Cppp = —12%o, a formation
temperature of 300 °C (see discussion above), and
HCOj;- as a dominating dissolved carbon species,
the ore forming solution can be calculated to a
carbon isotope composition of 8“Cyco,- =
—9%o.

This would correspond to a deep crustal fluid
(Zheng, 1991). However, CO, is detected in fluid
inclusions and has to be considered as dominating
dissolved carbon species. The calculated carbon
isotope composition of the fluid of 8"*Cco, =~
—15%o suggests an uptake of ‘organic’ carbon.
Fluid interaction with black shales and isotopic
homogenisation during high-temperature meta-
morphism are considered most probable, since
dark bituminous shales are widespread in the pre-
Devonian series of the Rhenohercynian belt
(Franke, 1989).

Structural arguments as well as P-T estimates
delimit siderite mineralisation to the transitional
stage from final overall compressive deformation
to intial late-kinematic extension, i.e. close to, or
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immediately after the peak of metamorphism.
Therefore, it can be concluded that prograde
devolatisation best explains the origin and com-
position of the ore forming fluids and the geo-
chemical characteristics of siderite.

The siderite stage as part of the Variscan vein
mineralisation. A similar set of data, as presented
throughout this paper, does not exist for the other
stages of Variscan vein mineralisation except
microthermometric results which are summarised
by Hein and Behr (1991a). Recently published
data (Redecke, 1992) fit into the reported ranges
(Table 3).

Early stage fluids are of low salinity. Homoge-
nisation temperatures in the range of 205-285°C
point to formation temperatures higher than
those for the siderite stage, which is in agreement
with paragenetic arsenopyrite (Fig. 2). The latter
cannot be applied as a geothermometer (Kretsch-
mar and Scott, 1976) because of its Co-contents in
the percent range (Fenchel et al., 1985).

Sulphide stage fluids exhibit a more complex
chemical composition than those of the main
stage. Formation temperatures and pressures —as
obtained from the intercept of cogenetic aqueous
and CO, inclusions (see above)—are below
conditions of siderite precipitation. Pb-isotope
data of sulphide stage galena and sulphosalts
show little variation over the Rhenish Massif,
suggesting Pb-mobilisation from a large-scale
homogeneous crustal source (Krahn, 1988; Bie-
licki and Tischendorf, 1991) by a homogeneous
fluid system. The trend of increasing fluid salinity
with falling temperatures (Fig. 3) can be
explained by retrograde fluid-rock interaction
(Bennett and Barker, 1992). Additionally,
growth zoning, which is not observed in main-
stage minerals, points to possible mixing of deep-
seated metal-rich fluids with formation waters
(Hein and Behr, 1991a).

Rejuvenation stage fluids clearly differ from the
preceeding development. Salinity is low (<5%
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wt.% NaCl equiv.) and temperatures increase
from 120°C (early baryte) to 340°C (quartz 5;
Erlinghagen, 1989). In the Siegerland district the
paragenesis (Fig. 2) reflects a drastic change of
the mineralising fluids to higher oxygen fugicity.
Local intensive fluid-mineral interaction is docu-
mented by hematitisation of siderite in the
Siegerland or by the occurrence of low-density
N,-rich gaseous inclusions (Hein and Gorke,
unpubl.), which are only observed in quartz veins
hosted by Lower Devonian acid tuffites of the
Hunsriick-Lahn district.

By their structural characteristics (see above),
their fluid composition and origin, and their P-T
development (Table 3) early-, main-, and sul-
phide stage mineralisation fit into the tectono-
thermal history of the Rhenish Massif (Oncken,
1987). They are classified as metamorphogenic.
The rejuvenation stage is correlated with the
period of enhanced postkinematic heat flow in the
Rhenohercynian which is documented by Upper
Carboniferous/Lower Permian granite intrusions
in the Harz Mountains or by succeeding Lower
Permian volcanism (Saar-Nahe basin) at the
southeastern margin of the Rhenish Massif.
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Table 3: Structural characteristics, fluid inclusion data, and age determinations of the Variscan vein mineralization in the Rhenish Massif.

Stage Early(1) Main (-Siderite) Sulphide(!) Rejuvenation(1)
deformation pre- to syn- synkinematic syn- to late- postkinematic
kinematic compressive kinematic

chemical composition Na-Cl Na(-K-Fe)-Cl Na(-K-Fe-Mg-Ca)-Cl Na-Cl

salinity (NaCl equiv.) <5wtl. % <5wt. % <5-18wt. % <5 Gew. %

formation temperature (205-285)(2) 220-320°C 150-250°C 120-340°C

estimated pressure 0,7-1,4 Kbar 500-800 bar < 500 bar

gases CO5 (undersaturated) COp Ng - COp

age 310/316410 Ma(3) 290 + 9 Ma (Ro/S)3) 270 + 9 Mal4)
(K/Ar, metamorphism) 305/302+10 Ma (K/Ar) (K/Ar, tault

(metamorphism) gouge clay)

{1) Compilation after Hein and Behr (1991a). (2} Homogenization temperatures. 3) Anrendt et al. (1983). (4) Ahrendt and Hein, unpubl.
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