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Abstract. The Lubin-Sieroszowice mmmg district is
a world-class copper-silver, stratabound ore deposit that
lies near the Lower-Upper Permian boundary. It trans
gresses the Werra dolomite, the Kupferschiefer organic
rich shale and the Weissliegendes sandstone, which overlie
barren Rotliegendes sandstone. On the basis of under
ground and microscope observations and light stable iso
tope data, and thermodynamic calculations, a new ore
genesis model is proposed whereby ore minerals were
deposited in the following stages: Stage 0 was synsedimen
tary or earliest diagenetic and contains 100s ppm of base
metals trapped by clay minerals, and minor sulphides.
Stage I was early diagenetic and contains 1000s ppm base
metals. It is characterized by bornite and overlying chal
copyrite + pyrite that lie a short distance above the Rot
liegendes/Weissliegendes contact. The sulphides were de
posited near the interface between an overlying, buffered,
reducing fluid (1), largely derived from the Kupferschiefer,
and an oxidizing fluid (2) in the Rotliegendes. Stage II is
the main ore-forming stage. This stage is late diagenetic,
peneconcordant, lies near the Kupferschiefer/Weisslie
gendes contact, and contains several percent base metals.
It is associated with the hematite-bearing Rote Fiiule
facies and is characterized by vertical zonation. A central
chalcocite zone is flanked above and below by bornite and
chalcopyrite. Silver occurs with all the above sulphides.
Galena and sphalerite occur mainly just above copper
zone, whereas pyrite is usually present in the upper part of
the copper zone and together with galena and sphalerite .
Metals were transported in a copper-rich oxidizing fluid
(3), which probably originated deep in the Permian basin,
reacted with organic matter in the Kupferschiefer, and
mixed with reducing fluid (1) in the Weissliegendes, result
ing in the observed mineral zonation. Stage III is late
diagenetic, discordant and is represented by massive and
dispersed chalcocite ore present on the peripheries and
below anhydrite-cemented Weissliegendes sandstone. It
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resulted from redistribution of earlier copper and silver
minerals by descending, reduced, sulphur-rich fluids (4).
Stage IV consists of rare polymetallic veins of no eco
nomic importance that cut the stratigraphy and are prob
ably related to Alpine tectonism. The richest and thickest
ore is in the Weissliegendes, 10-15 km east of the Rote
Faule facies (Fig. 1). It probably occupies structures that
trapped fluid (1) which was the main precipitant of metals
in the sandstone.

The copper-silver deposits of the Lubin-Sieroszowice
district are examples of peneconcordant red bed-asso
ciated deposits . They are located about 75 km northwest
of Wroclaw in southwestern Poland, on the northwest
dipping limb of the Fore-Sudetic Monocline (Fig. 1, 2).
The deposit currently being mined extends over nearly
600 km", varies in thickness from 0.4 to 26 m, and con
tains on average about 2% Cu, 40 ppm Ag, 0.2% Pb and
0.1% Zn, as well as anomalous concentrations of As, Ni,
Co, Au and PGMs. The deposit limits are undefined
down-dip to the northeast and the mine workings will
eventually reach maximum economic mining depth. It has
been estimated that the entire mining district cont ains
about 68 Mt Cu, 170,000 tAg, 5.2 Mt Pb and similar
amounts of Zn. Therefore, the copper deposit of the dis
trict ranks as one of the largest ore deposits in the world.

The ore lies near the Lower (Rotliegendes)/ Upper
(Zechstein) Permian boundary which it transgresses at
low angles. The deposits are similar in many ways to the
Zambian copper belt (Annels 1974), White Pine, Michigan
(Brown 1971), Spar Lake, Montana (Hayes and Einaudi
1986; Hayes 1990) and the Udokansk and Dzhezkazkan
ore fields in Russia (Gablina and Tsepin 1975). These
deposits have a similar mineralogical zonation, are asso
ciated with continental red beds, and they lie near regional
redox boundaries defined by a contact between hematite
and pyrite- ± carbon-bearing sediments.

Two main models have been proposed for the origin
of the Lubin-Sieroszowice district, namely syngenetic
and diagenetic. According to the first model, metals were
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grey, deformed Carboniferous conglomerates, sandstones and mud
stones, and by Permian rocks that are relatively undisturbed.

The Early Permian Rotliegendes contains hematite and /or
goethite that rim clastic grains , feldspars that are partly altered to
clays, and a matrix that locally contains gypsum (Tomaszewski
1978). It has been subdivided into lower and upper red bed se
quences (Klapcinski et al. 1984). The lower red beds are up to 150 m
thick and consist of two upwardl y fining reddish-brown conglome
rate -sandstone-mudstone sequences. They are capped by a few
meters to over 250 m of bimodal volcanics-rhyolites and rhyolitic
tuffs and trachybasalts, which to the north of the mining district
achieve a thickness greater than 1000 m (Ryka 1981; Pokorski 1981).
The upper red beds are up to 500 m thick and consist of sandstones
and local volcanic-derived conglomerates. The sandstones are fine
to medium-grained, moderately well sorted, subangular, and contain
about 80% quartz, 20% feldspar and a matrix of carbonate, gypsum
and clays. The Rotliegendes are overlain by less than 1 m to over
40 m of white sandstone (Weissliegendes) (Fig. 3) which lacks hema
tite or goethite and locally contains sulphides. In part it represents
the Rotliegendes reworked during the Zechstein transgression (Kon
stantynowicz 1971; Blaszczyk 1981; Alexandrowicz et al. 1982), but
reduction and sulphidation of these rocks probably took place
during diagenesis (Konstantynowicz 1971; Alexandrowicz et al.
1982; Kucha and Pawlikowski 1986). The contact between the
Rotliegendes and the Weissliegendes is gradational and irregular
(Jerzykiewicz et al. 1976; Nemec and Porebski 1981).

The Lower Permian rocks are conformably overlain by Upper
Permian evaporitic cyclothems and by Triassic red beds and carbon
ates. The stratigraphy is summarized by Oberc and Tomaszewski
(1963); Jerzykiewicz et al. (1976); Peryt (1978); Tomaszewski (1978);
Blaszczyk (1981); Pokorski (1981);Nemec and Porebski (1981); Osz
czepalski and Rydzewski (1987). The Basal Limestone overlies the

precipitated within centimeters or meters of the sea
water-sediment interface from an anomalous sea water
(Haranczyk 1972; Konstantynowicz 1965, 1973; Tomas
zewski 1981, 1986; Sawlowicz 1990). According to the
diagenetic model the metals were introduced from the
underlying Rotliegendes and were deposited at a redox
boundary near the Zechstein contact during early diagen
esis (Rentzch 1974; Brown 1978; Mayer and Piestrzynski
1985; Haynes 1986a, 1986b; Haynes and Bloom 1987a,
1987b; Oszczepalski 1989) or during late diagenesis
(Jowett 1986; Jowett et al. 1987a; Hammer et al. 1990;
Oszczepalski and Rydzewski 1991; Bechtel and Piittmann
1991). A variant of this model suggests that the precipita
tion of metals took place along the interface between the
ascending oxidizing fluid and a fluid descending from the
overlying Zechstein evaporites (Kucha and Pawlikowski
1986). A similar model was suggested by Davidson (1962).
Finally, Vaughan et al. (1989) distinguish four types of
Kupferschiefer mineral deposits:

1. Synsedimentary mineralization characterized by fram
boidal pyrite and about 100 ppm base metals;
2. Early diagenetic 'average mineralization' containing
2000 ppm base metals derived from the immediately un
derlying lithologies;
3. Late diagenetic 'ore mineralization' with about 3%
base metals occurring at the Rotliegende basin margins
and derived from oxidizing basinal fluids;
4. Minor post diagenetic structurally controlled veins.

Nevertheless, irrespective of the timing and detailed mech
anism of mineralization, most recent workers agree that
the deposits are largely diagenetic or post diagenetic in
age. Compelling evidence for this is the well-documented
fact that the deposits cut stratigraphy in a complex man
ner (see for instance Rentzsch 1974; Rydzewski 1976;
Mayer and Piestrzynski 1985; Kucha and Gluszek 1985;
Kucha and Pawlikowski 1986; Jowett et al. 1987a; Osz
czepalski 1989) and that replacement of framework grains
(Banas et al. 1982, Kucha 1985), carbonates and clay
matrix in the sandstone (Mayer and Piestrzynski 1982),
and carbonates of the Werra limestones (Piestrzynski
1991) by sulphides is commonplace.

In the present paper we summarize the geologic setting
of the district, describe the succession, zonation, and iso
topic composition of the ore minerals, and construct ac
tivity diagrams showing stability fields of various Cu, Ag,
Pb, Zn and Fe minerals and their solubilities as various
chloride and bisuphide complexes. On these bases we
suggest a new model for the origin of these deposits that is
consistent with the above observations, and involves sev
eral stages of ore mineral deposition.
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Fig. 1. Location and geologic setting of the Lubin-Sieroszowice
district. S Sieroszowice; R Rudna; P Polkowice; L Lubin mines;
K Konrad mine in the North-Sudetic Trough; Lf Lubichowa field;
GjGrodziec field; Lm Lena mine; Nm Nowy Kosciol mine; W War
saw

Geologic setting

The Lubin-Sieroszowice district lies close to the southern boundary
of the Permian sedimentary basin (Fig. 1).The geology of the district
has been described by Krason (1967), Tomaszewski (1978, 1981),
Rydzewski (1978), Pokorski (1981), Klapcinski et al. (1984) and
Oszczepa1ski (1989). The stratigraphy is shown in Figs. 2, 3a and 4a.
Basement consists mainly of Proterozoic gneisses, schists, phyllites
and granitoids. It is unconformably overlain by grey to brownish-

D Po s t - Pe r m ia n

• P e r m ia n

~_......L.:=.J P r o t e roz OIC

i "./ I
~ Ore t n iCk ness >Sm



32

A B
sw

MINI

1000

200c .,

I ?,--~~Jkm

GlOGOW NE

z
<{

L
0::
UJ
a,

Fig.2. Geologic cross-section through the district along line A-B in Fig. J. Vertical scale5

a b
-log 1°2

a
cc be cPy <;0 sp D> n" <LJ " N 0 <0 <LJIf> If> If> If> " " cc go sp py

Wr

~ I
l Wr

~ -,

~ Ks
""'----...... , <,-0- Jz:> ~

< Ws - ./ G>- ./ a.
:::E 1m a.

• .-.....J / :l -a: • I

'" ".c.. .--..., Z
M « •

~ 0 '- -... •"u
~ :::: -1' ~
0 Rt I u cr-'

UJ

§ dolom Ite
a,

anhydrit Ic dolomite p it Chy sha le Ws
Q;

~ claye y dolo I t l? D 3=
sa nc st one 0

1m I...J

\ .. i cc tccr eocs sha l. ~ on hydri: lc sc nc srone

I
I

I
/

J
I
(
\
\
\

I
'" \

~~VllckU:z: ::qVl

b
'lo g ~S

2 1

I
I
I
I
I

"" -, ...
I
I
I
I

I

Fig.3a, b. Stratigraphic column through 'typical' section in the
Lubin -Sieroszowice district. a Mineral zonation modified after
Mayer and Piestrzynski (1985); Wide bar > 5%; Narrow bar 2-5%;
line 1-2%; dashed line 0.25-1 %; dotted line present: Wr Werra
dolomite; Ks Kupferschiefer ; Ws Weissliegendes; Rt Rotliegende s.
b Variation in oxygen fugacity as defined by mineralogy (see inter 
pretation of activity diagrams)

Weissliegendes and is 0-0.3 m thick. It is an argillaceous, organic
bearing micrite that is locally sparry. The Kupferschiefer , a black
fissile shale, is in sharp contact with the Basal Limestone or the
Weissliegendes, and consists of clays, fine-grained dolomite and
organic material. It is up to I m thick, though most commonly the
thickness varies between 0.3 and 0.5 m. The Kupferschiefer is locally
missing in several northwest-striking zones, and the overlying dol
omite is in direct contact with the Basal Limestone or the Weiss
liegendes (Blaszczyk 1981). The Kupferschiefer grades upward into
a dark-grey organic-bearing dolomitic micrite and spa rite that con
tain lenses of anhydrite and gypsum and are up to 80 m thick. The
carbonates grade upward into anhydrite, halite and the remaining
Zechstein sequences . According to Jowet et al. (1987a) the Zechste in
sediments form an aquiclude which hindered the escape of basinal

Fig.4a,b. Stratigraphic column through anhydrite bod y. a Mineral
zonation modified after Mayer and Pietrzynski (1982, 1985). Sym
bols as in Fig. 3. b Variat ion in total sulphur activity and oxygen
fugacity as defined by mineralogy (see interpretation of activity
diagrams)

fluids during diagene sis and helped channel their circulation. The
Permian sediment s generally dip 3-60 to the northeast, but the dip
steepens towards the Odra fault zone (Fig. 2) and the Fore-Sudetic
block.

The tectonic development of central Europe (including south
western Poland) has been summarized by Ziegler (1982, 1984). The
Carboniferous Hercynian orogeny was followed by a period of
erosion leaving only local remnants of Carboniferous rocks in the
Lub in area. Dur ing the Early Permian, extensional rifting was asso
ciated with bimodal volcanism and continental red bed sedimenta
tion in local tectonic depre ssions. The Late Permian was a tectoni
cally quiet period accompanied by rapid marine tran sgression and
depo sition of the Zechstein evaporites. Renewed extension al rifting
occurred during Triassic and Early Jurassic, and according to the



paleomagnetic data of Jowett (1987b), may have been associated
with the mineralization at Lubin. Tilting of the Fore-Sudetic
monocline and uplift of the Fore-Sudetic block probably took place
during the Laramian phase of the Alpine orogeny (Pokorski 1978).

Form of the deposits

The mineral deposits in the district are mainly stratiform, penecon
cordant, and locally discordant, but cross-cutting veins also occur
(Mayer and Piestrzynski 1985). The stratiform deposit is restricted
to the Kupferschiefer, and according to Wedepohl (1964) and
Vaughan et al. (1989), it extends over the entire Kupferschiefer
sedimentary basin, and typically contains about 100 ppm base
metals.

The peneconcordant ore minerals constitute most of the ore in the
district. Typically the ore contains several percent base metals. The
ore minerals occur within the Werra Limestone, the Kupferschiefer
and the upper part of the Weissliegendes, vary in thickness from 0.4
to several meters and cut across the stratigraphy in a complex
fashion (Mayer and Piestrzynski 1985)(Fig. 5). A much less distinct
and lower grade band of sulphides is present a few meters above the
Rotliegendes/Weissliegendes contact.

The ore minerals that are peripheral to the anhydritic zones
(Fig. 5) are in the Weissliegendes and have been described by Mayer
and Piestrzynski (1982), and Kucha and Pawlikowski (1986). The
anhydritic zones themselves are restricted to those parts of the
mining district where the Kupferschiefer is missing. Here the anhyd
rite extends from anhydrite-rich Werra carbonates to the Weis-
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sliegendes in an irregular fashion . Copper ore is peripheral to the
anhydrite in the Weissliegendes. It is up to 26 m in thickness and is
higher grade in the vicinity of the anhydrite body than is usual for
peneconcordant ore. Furthermore, according to the underground
mapping of Mayer and Piestrzynski (1982) isolated remnants of
peneconcordant ore remain within the anhydrite bodies, showing
that the anhydrite event post-dates the peneconcordant mineraliz
ation.

The steeply dipping veins occur mainly in the Werra carbonate
and locally in the Kupferschiefer and Weissliegendes,and are up to
several meters long and up to 80 cm wide. They displace the strati
graphy and , according to Pokorski (1978), are associated with
Alpine tectonism.

Ore mineral succession

The ore mineralogy of the Lubin-Sieroszowice district
has been extensively studied since the mid 1960s (see for
example Jarosz 1966; Haranczyk 1972; Haranczyk and
Jarosz 1973; Kucha 1976a, 1976b; Mayer and Piestrzynski
1985;Salamon 1979). Chalcocite is the dominant ore min
eral and can constitute up to 90 vol.% of the rock. In
addition the ore contains decreasing amounts of bornite,
chalcopyrite, digenite, covellite, galena, sphalerite, pyrite,
hematite, tennantite and tetrahedrite, and trace amounts
of many other Cu, Ag, Ni, Co, Mo, Hg, Bi, U, Au, Pd and

D
ENE

\

2

Sr1~'528 Sr1~-259

~ l

3

Po 1-671
Po3-131

5

Po 1B-912

o

6

Mo 25-626

/'

Y/
/

/
" cu

2

Fig.5. Stratigraphic columns through Sieroszowice (I and 2) and Rudna (3, 4, 5 and 6) mines, along profile C-D in Fig. I, showing
quantitative distribution of copper and its relation to the Rote Fiiule facies. Columns 4 and 5 are adjacent to, and through anhydrite bodies
respectively. Symbols as in Fig. 3



34

Pt minerals occur locally. In the Werra rocks Zn- and
Pb-bearing sulphates and carbonates have been recog
nized (Piestrzynski 1991). They are usually replaced by
sphalerite and galena respectively.

Detailed petrological studies of about 10,000 polished
sections by one of us (AP) and a survey of the literature
make it possib le to establish an overall succession of
mineral deposition (Fig. 6). Four main stages of sulphides
have been recognized as a result of microscopic analysis.

Stage 0 is synsedimentary and /or earliest diagenetic and
contains 100 ppm base metals trapped by clay minerals,
and probably trace amounts of stratiform sulphides e.g.
bacteriogenic framboidal pyrite and minor disseminated
chalcopyrite, digenite chalcocite, bornite, and probably
anilite (Rydzewski 1969; Haranczyk 1972; Jung and
Knitzschke 1976; Tomaszewski 1978; Sawlowicz 1990).
Experimental work of Helios-Rybicka (1991) and Helios
Rybicka et al. (1991) suggest that base metals may also
have accum ulated in clay minerals . In the Lubin -Sieros
zowice district the stratiform sulphides have been masked
by later mineralization. Stage 0 was followed by dolomit
ization of Werra carbonates with local crystallization of
idiomorphic dolorhombs and minor xenomorphic sul
phide aggregates.

Stage lore minerals are peneconcordant, consist of
bornite and overlying chalcopyrite + pyrite, and occur
a short distance above the Rotliegendes/Weissliegendes
contact (Mayer and Piestrzynski 1982).

Stage II consists mainly of chalcocite and lesser
amounts of digenite, covellite, silver-bearing minerals,
bornite, chalcopyrite, sphalerite, galena, pyrite and hema
tite (Salamon 1979; Kucha 1981, 1982; Mayer and Pies-

STAGES
MINERALS

0 I II III IV

base meta ls .... ..
chalcocite .. - . · .
bornite ... . . ...
cha lcopyr it e .... --- ..
tennant ite . ... . · .
pyrite . . . · ... · ·
ga lena · · ·
sphal erite · · .
native Ag . . .
polymetal lic ... ..
calcite - -- - - -

dol omite --

clays

anhydrite - - ~ - ---

hematite I::. t:. 6. 6 t:. t:. t:. t:.

tectonism .-::' /V'N'V\
......

grade
--- --

ore 1-50'" 1 - 9 8'"

Fig.6. Generalized mineral succession in the Lubin -Sieroszowice
district. Hematite from the Rote Faule is not included

trzynski 1985). These minerals were deposited more or less
contemporaneously, though not at the same location (see
section on mineral zonation). In the Kupferschiefer and
the overlying Werra carbonates, they consist of dis
seminated ore and both horizontal and vertical veinlets
which, according to Jowett (1987), formed as a result of
hydrofracturing during Kimmerian tectonism. This is as
sociated with progressive oxidation of organic matter,
especially near the Rote Faule facies (Bechtel and Plitt
mann 1991). In the Weissliegendes Stage II ore is dis
seminated and locally it occurs as sets of up to 60 sulphide
bands that are generally discordant to the bedding (Jer
zykiewicz et al. 1976; Mayer and Piestrzynski 1990;
Sawlowicz and Wedepohl 1992). The bands are up to
1.5em apart and have one sharp (lower) and one diffuse
(upper) border, except for the bottom band which has two
diffuse borders. They probably result from diffusion of
H2S and metal complexes from opposite directions
(Mayer and Piestrzynski 1990), which implies that two
hydrothermal fluids were present during this stage . Petro
graphic relations do not indicate temporal relations be
tween Stages I and II , but interpretation of mineral zona
tion (see section on interpretation of activity diagrams)
suggests that Stage I is earlier.

Stage III is associated with anhydritization whereby
anhydrite fills intergranular spaces, and replaces sul
phides, framework grains and matrix in the Weis
sliegendes (Mayer and Piestrzynski 1982). Stage II copper
minerals have been replaced by anhydrite and only
galena, sphalerite and marcasite remain in the anhydritic
bodies but have been displaced downward from their
earlier elevation. Outside the anhydrite bodies and within
the Weissliegendes, chalcocite and minor digenite replace
all pre-existing phases including feldspar, quartz, carbon
ates and clays (Bana s et al. 1982; Kucha 1985). Stage III
represents remobilization of earlier minerals.

Stage IV consists of steeply dipping veins associated
with Alpine tectonism (Vaughan et al. 1989). The veins
contain barite, anhydrite, gypsum, carbonates, bornite,
chalcopyrite, tennantite, galena, sphalerite, Fe- Ni- Co
sulphides and arsenides, and represent earlier ore re
mobilized during tectonism. This stage is not of economic
importance.

Mineral zonation

Both horizontal and vertical zonation have been noted
from the district. Horizontal zonation has been reported
on the mining district, regional (southwestern Poland) and
on the Polish Permian basin scales. On the mining district
scale (200 km 2

) and on the basis of about 200 drill holes,
Konstantynowicz (1971, see Fig. 74) and Tomaszewski
(1978, see Fig. 34) report a mineralogical zonation as
follows: from the WSW to the ENE characteristic ore
minerals are: hematite (Rote Faule facies); chalcocite; bor
nite; chalcopyrite. On a regional scale of southwest Po 
land (20,000 km"), and on the basis of up to 200 drill holes,
Rydzewski (1978), Jowett et al. (1987a, see Fig. 6) and
Oszczepalski (1989, see Fig . 8) report a zonation as fol
lows: hematite (Rote Faule facies); copper; lead; zinc;
pyrite. A similar zonation has been reported from the



35

Light stable isotope composition

-10

J

-20

VEIN

SULPHIDES

DISSE MINATED
SULPHIDES

J J

J

J

s

"MASSIVE" SULP HIDES

ASSOCIATED WITH

ANHYDRITE BODIES

-50

10

10

anhydritic rocks, though at a stratigraphically lower level
than in the 'typical ore'. Ch alcocite is present below and
peripherally to the anhydritic zones. Silver is present in
crystalline solution, locally as acanthite, but not as native
silver. Some of the richest and thickest ore in the distri ct
lies below and adjacent to the anhydritic bodie s (Figs.
I and 5) (Ma yer and Piestrzynski 1982; Kucha and Paw
liko wski 1986).

The sulphur-isotope composition of the district has been
investigated by Haranczyk (1984), Sawlowicz (1989),
Jowett et al. (1991a), Jowett et al. (1991b) and the present
study for which isotopic determinations were carried out
by Professor St. Halas, Physics Department, Maria Curie
Sklodowska University, Lublin. The results are sum
marized in Fig. 7 and can be divided into three groups:
disseminated sulphides (average <5 3 4 S = - 34.8); vein
sulphides (average <5 3 4 S = - 30.5); and 'massive' sul
phides associated with anhydritic bodies (average
<5 3 4 S = - 18.1).

f 10

Fig.7. Sulphur-isotope comp osition of disseminated and vein sul
phides, and 'massive' sulphides associated with anhydrite bod ies.
Arrows indicate mean values for each group . Data from the follow
ing sources: H Haranczyk (1984); S Sawlowicz (1989); J Jowett et al.
(l991a); P present stud y

Mansfeld mining district in Germany by Rentzch (1974).
On the scale of the polish Permian sedimentary basin
(174,000 krrr'), and on the basis of about 800 drill holes
(one hole per 216 km ' ) Oszczepalski (1989, see Fig. 9) and
Oszczepal ski and Rydzewski (1991, see Fig. 5) note a simi
larbasin-wide zonation, with the hematitic Rote Faule
occurring mainly in west-central Poland, and giving way to
copper, zinc and lead, and pyrite towards the east and north.

The most detailed study regarding zonation in the dis
trict has been carried out by Mayer and Piestrzynski
(1985) at the Rudna mine. Their study is based on the
point count analysis (1000-3000 points) of 1321 samples
from 109 profiles collected over an area of approximately
15 km'. Thi s study is particularly important because the
Rudna mine coincides with the chalcocite/bornite bound
ary as reported by Konstantynowicz (1971) and Tomas
zewski (1978), and the copper/lead boundary as reported
by Jowett et al. (1987a) and Oszczepalski (1989). Within
the Kupferschiefer (Fig. 7 of Mayer and Piestrzynski 1985)
chalcocite is the dominant mineral throughout the mine,
the distribution of bornite, chalcopyrite, galena and
sphalerite appears quite random, and no horizontal zona
tion is evident. Within the top 0.5 m of the Weissliegendes
(see Fig. 6 of Mayer and Piestrzynski 1985), the highest
chalcocite concentration lies in the southwest part of the
mine , and the ratio of bornite to chalcocite and the galena
concentration increase towards the northeast. It should be
stre ssed that galena even here remains a minor con stituent
of the ore . Moreover, these patterns are ill-defined and it is
not certain whether the y reflect the mineralogical zona
tion reported by Konstantynowicz (1971) and Tomas
zewski (1978), and the transition from copper to lead-rich
zones noted by Jowett et al. (1987a) and Oszczepalski
(1989).

Vertical zonation has been recognized by Konstan
tynowicz (1971), Banas (1980), Banas et al. (1983), Kucha
and Gluszek (1985), Mayer and Piestrzynski (1985),
Kucha (1990) and others. There are two distinct patterns
that are present in the district, namely , a 'typical' pattern
characteristic of areas where the Kupferschiefer is present,
and a pattern associated with the anhydrite zones which
occur only in Kupferschiefer-free parts of the district. The
'typical' pattern is shown in Fig. 3a. It is characterized by
a central copper-rich chalcocite zone which generally lies
within the Kupferschiefer and the underlying Weiss
liegendes, and is flanked above and below by bornite and
chalcopyrite . Galena and sphalerite are present above the
copper-rich ore zone but are not present below it. Below
the copper-rich zone, close to the underlying hematite
bearing rock s (Rote Faule), lies lower-grade copper min
eralization characterized by chalcopyrite and bornite. Py
rite is present above the main copper-rich chalcocite zone
and within the lower copper zone. Silver is found in the
main copper zone in crystalline solution in chalcocite and
bornite, as stromeyerite, acanthite and locally as native
silver. The highest concentration of nati ve silver is ob
served in the transition zone between the copper and the
lead-zinc zones where it lies in the Kupferschiefer. Hema
tite is intergrown with bornite (Kucha 1980) and also is
characteristic of the Rote Faule (Fig. 3a).

The distribution of minerals near the anhydritic zones is
shown in Fig. 4a. Galena and sphalerite are present in the
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The negative J 3 4 S values and the progressive enrich
ment in J 3 4 S with time have been intepreted by Sawlowicz
(1989) as resulting from bacterial reduction of sulphate in
an open system which gradually changed into a closed
system during early diagenesis. Alternatively, the data can
be interpreted as representing three separate sulphur sour
ces. Following Jowett et al. (1991a), the difference between
the disseminated and vein sulphur can be explained by
postulating two sulphur sources: a light sulphur from the
Kupferschiefer, and a J 3 4 S-enr iched sulphur from the
Rotliegendes. Furthermore, the sulphide sulphur asso
ciated with the anhydritic bodies constitutes a distinct
population representing a third sulphur source, probably
related to the overlying anhydritic evaporites.

Oxygen- and carbon-isotope composition of carbon
ates from the Kupferschiefer have been investigated in the
district by Sawlowicz (1989), and in Germany by Hammer
et al. (1990) and Bechtel and Piittrnann (1991). The car
bonates become isotopically lighter as the Rote Faule
facies are approached. This is explained by interaction of
the carbonates with ascending, oxidizing, isotopically
light fluids associated with the mineralization .

of cr and Na + are est imated to have been 1.55 m and
0.92 m respectively. These estimates are based on the
average concentrations in present-day formation waters
and activity coefficients calculated using the extended
Debye-Huckel equation of Helgenson et al. (1981) at
a temperature of 100 °C and an ionic strength of 4.67. The
activity of K + is estimated to have been 0.014 m. This
estimate is based on the assumption of chemical equilib
rium between albite and K-feldspar (see Appendix) in the
Rotliegendes, at a temperature of 100 °C and Na + activity
of 0.92 m. The activity of SO; is estimated to have been
0.0016 m, on the assumption that it was controlled by
anhydrite solubility (gypsum, probably retrogressive after
anhydrite, is present in the Rotliegendes). This is in reas
onable agreement with the activity of 0.0005 m calculated
from the analytical data. The pH is estimated to have been
6.3, based on the average pH of present-day formation
waters. Furthermore, assuming equilibrium between K
feldspar and muscovite (see Appendix) in the Rotliegendes,
and a K + activity of 0.014 m, the pH is calculated to be
6.36, in close agreement with the above estimate.

The activity diagram shown in Fig . 8 has been construc
ted on the bases of the above estimates and using the
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Fig. 8. Oxygen fugacity - total sulphur activity phase diagram
showing stability fields of ore minerals and anhydrite, a nd the
solubility of copper as chloride and bisulphide complexes. It is
assumed that T = 100 oe, aCl - = 1.55 m, aNa+ = 0.92 m,
aK+ = 0.014 m, aso, - 2 = 0.0016 m, pH = 6.3, Line A-B-C-D-E
represents mixing of fluids composition A and E, or reduction of
fluid composition A by organic matter. Line F- G-H - I represent s
mixing of fluids compositions F a nd I

Construction of activity diagrams

Activity diagrams which show phase boundaries and the
solubilities of various complexes, are useful in describing
hydrothermal systems. If the correct assumptions are
made and the thermodynamic data used are reliable, it is
possible to place limits on the chemical environment pre
vailing during mineral deposition, and thus place some
constraints on the ore genesis model. This was previously
attempted by Jasinski (1978a, 1978b, 1979) who construc
ted Eh-pH diagrams at 25 °C on the assumption that
metals were deposited syngenetically. In the present study
the epigenetic hydrothermal origin is accepted . The assump
tions needed to construct activity diagrams are based on
chemical analyses of present-day deep formation waters
from the Permian basin, on reported fluid inclusion hom
ogenization data, on calculated activities based on observed
mineralogical composition in presumed source rocks, and
on the sulphur-isotope composition of coexisting phases.

The average chemical composition (gil) of deep forma
tion waters from the Polish Permian basin is as follows:
Na + = 53.3 (0" = 23.98, V = 44% for n = 70); Ca + +
= 27.3 (0" = 14.53, V = 52% for n = 77); Mg ++ = 2.2

(0" = 1.53, V = 71% for n = 71); Cl " = 137.1 (0" = 48.36,
V = 35% for n = 77); SOi - = 1.0 (0" = 1.62, V = 163%
for n = 74); HC03 = 0.7 (0" = 1.21, V = 180% for
n = 75); pH = 6.3. (0" = 0.97, V = 15%) (unpublished oil
industry data) (see also Bojarska et al. 1978). The temper
ature prevailing during hydrothermal deposition is estim
ated to have been 100 °C. This is close to present-day deep
Permian basin formation temperatures of 45-110 °C
(Lubas 1986), the preliminary fluid inclusion homogeniz
ation temperature of 120 °C in the German Kupfer
schiefer-type deposits (Tonn et al. 1987) and sulphur-iso
tope fractionation temperatures of 60-90 °C (Jowett
et al. 1991b). Furthermore, because only low-temperature
orthorhombic chalcocite is present, the temperature must
have been below 105 °C (Roseboom 1966). The activities
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Fig. 93, b. Metal activity - oxygen fugacity pha se diagram showing
stability fields of ore minerals and the solubility of metal s as chloride
and bisulphide complexes. Assumptions as for Fig. 8. 3 Solubility of
metals along transect A- B- C- D- E in Fig. 8, represents mixing of
fluids with compositions A and E, or reduction of fluid composition

thermodynamic data shown on the Appendix. Figure
8 shows stability fields of iron, copper and silver minerals
and anhydrite, the boundary between SO;/ H zS and
HZC0 3/CH4 fields, as well as solubility contours of cop
per chloride and copper bisulphide complexes. Phase
boundaries and solubilities of copper, silver, lead and zinc
as chloride and bisulphide complexes, are shown in
Fig. 9 as a function of log fO z and log total S along
selected transects through Fig. 8. Phase boundaries and
solubilities for silver, lead and zinc are based on reliable
thermodynamic data at 100°C. For copper and iron ther
modynamic data are extrapolated from 200 °C and are
less reliable. In the following section we interpret the se
activity diagrams in terms of the observed mineral zona
tion and the geologic sett ing of the district.

Interpretation of activity diagrams

The activity diagrams (Figs. 8,9) assume con stant temper
ature and chemical equilibrium. This is a simplification,
but as shown below, the diagrams can be used to interpret
the observed mineralogical zonation. The activity dia
grams are interpreted separately for the 'typical' mineral

A by organic matter. Solubility of metals along transect
A-B-C-D-F in Fig. 8 represent s reducti on of fluid composition
A in equilibrium with anhydrite. b Solubility of metals along transect
F-G-H in Fig. 8 represents mixing of fluids composition F and I

zonation developed throughout most of the mining dis
trict (Fig . 3a), and separately for the mineral zonation
developed near the anhydritic bodies (Fig . 4a).

Hydrothermal fluids responsible for the 'typical' min
eralization flowed through the Rotliegendes where they
equilibrated with feldspar, clays, hematite and anhydrite.
The fluids were thus near neutral (pH = 6.3), oxidizing
and saturated with respect to anhydrite. These fluids inter
acted either directly or indirectly with organic matter in
the lower Zechstein rock s. Thus, during mineralization
resulting in the 't ypical' ore, fluid composition probabl y
lay along line A-E in Fig. 8.

The vert ical mineral zonation shown in Fig. 3a can be
interpreted in terms of the acti vity diagrams in Figs. 8 and
9 as follows: the main ore horizon, characterized by chal
cocite + hematite, was precipitated in an oxidizing envi
ronment. In both upward and downward directions the
relative proportion of bornite and chalcopyrite increases,
representing more reducing conditions. At a still lower
level, near the Rotliegendes/Weissliegendes contact, bor
nite and hematite are present, representing a return to
more oxidizing conditions. The vertical variation in oxy
gen fugacity shows three changes in slope (see Fig . 3b).
These can best be interpreted as resulting from the
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successive mixing of three fluids, here labeled as fluids I,
2 and 3, and by reaction of fluid 3 with the organic
material in the Kupferschiefer and overlying carbonates.

Fluid 1 occupied intergranular space in the Weiss
liegendes and overlying Werra rocks. It contained isotopi
cally light sulphur which was probably derived mainly
from the Kupferschiefer (see section on stable isotopes). It
was reducing and probably lay near point E on Fig. 8.
Fluid 2 lay in the Rotliegendes. It was oxidizing (in equi
librium with hematite), contained sulphur as sulphate (in
equilibrium with anhydrite), and contained copper in
solution as chloride complexes. Interaction of fluids 1 and
2 near the Rotliegendes/Weissliegendes boundary resulted
in precipitation of bornite and overlying chalcopyrite and
pyrite. The activity of copper and iron in the oxidizing
fluid solution (fluid 1) was low (less than 10- 8 m), because
the solubility of copper was intersected in the bornite field
and that of iron in the pyrite field (see Fig. 9). Thus, only
minor copper was precipitated at this stage, and it resulted
in the formation of the weakly mineralized, stratigraph
ically lower bornite and chalcopyrite zone shown in
Fig.3a.

Fluid 3 was injected into fluid 1 along the Kupfer
schiefer/Weissliegendes contact. It was oxidizing, con
tained sulphur that was isotopically lighter than the sul
phur in fluid 1, and was probably derived from the deep
parts of the Permian basin. It rose to the top of the
Weissliegendes aquifer and was less dense than fluids 1 or
2 probably because it was hotter. Above this level fluid
3 slowly penetrated through the Kupferschiefer, became
progressively more reducing, and successively precipitated
chalcocite, bornite, chalcopyrite, galena, sphalerite and
pyrite. The widespread but minor presence of lead- and
zinc-bearing carbonates and sulphates probably repres
ents local conditions where there was insufficient reduced
sulphur to crystallize galena and sphalerite. However,
according to Roberts (1973), Mayer and Piestrzynski
(1985) and Piestrzynski (1991) some of the base-metal
bearing carbonates and sulphates may have been precipi
tated during sedimentation or early diagenesis and are
thus unrelated to fluid 3 emplacement. Within the Weis
sliegendes, fluid 3 mixed with fluid 1 (which was buffered
at a low oxygen fugacity by CH 4/H2C03, and H 2S/S0.n
and chalcocite, bornite and chalcopyrite were deposited
successively. Conditions were not reducing enough to
precipitate galena, sphalerite and pyrite below the main
copper ore horizon, but may have become sufficiently
reducing to the east-northeast of the district where Ryd
zewski (1978), Jowett et aI. (1987a) and Oszczepalski
(1989) report enrichment in lead , zinc and pyrite. Silver
was coprecipitated with copper in the chalcocite and bor
nite zones, locally as native silver, but mainly in crystalline
solution in sulphides. Thus the activity of the silver chlor
ide complexes was probably about 10- 7

.
7 m, intersecting

the solubility curve just above the acanthite/native silver
phase boundary (see Fig. 9). The activity of copper chlor
ide complexes in solution was probably about 10- 5 m,
reflecting the SOO-fold higher concentration of copper
than silver in the ore.

The ore associated with the anhydritic zones (Fig . 4a)
represents a distinct and later hydrothermal episode in
volving fluid 4. Downward migration of this fluid into the

Weissliegendes resulted in the crystallization of anhydrite,
and in the redistribution of the mineralization. The solu
bility of anhydrite decreases rapidly with increasing tem
perature (Blount and Dickson 1969), and its precipitation
may have resulted from a rise in temperature as fluid
4 reached the Weissliegendes. The metals were redis
tributed as follows: copper was displaced out of the an
hydritic zones and reprecipitated as chalcocite around the
peripheries; silver followed copper and was precipitated as
sulphides or as crystalline solutions in copper sulphides
and not as native silver; galena and sphalerite were dis
placed downward but remained within the anhydritic
bodies (Fig. 4) (Mayer and Piestrzynski 1982). Variation in
oxygen and total sulphur (Fig. 4b) and the zonation can be
explained in terms of the activity diagrams in Figs. 8 and
9 as follows: hydrothermal fluid 4, in equilibrium with
anhydrite, became progressively reducing as it descended
through organic-bearing Werra rocks. In contact with the
anhydrite fluid composition changed along line I-C-D
and then line D-F, resulting in a rapid increase in total
sulphur (Fig. 8) and a rapid increase in the solubility of
metals as bisulphide complexes (Fig. 9). At point F the
solubilities of copper (10 - 3 .2 m) and silver (10- 5 m) were
sufficiently high to remove these metals entirely from the
anhydritic bodies, whereas the solubilities of galena
(10- 5.

7 m) and sphalerite (10 - 6 . 2 m) were lower and these
minerals remained largely within the anhydritic bodies. As
this evolved fluid 4 (point F, Fig. 8) flowed out of the
anhydritic bodies it mixed with evolved fluid 3 (point I,
Figs. 8, 9) and the composition changed along curve
F-G-H-I. The solubilities of copper and silver fell steeply
past point G and chalcocite was reprecipitated together
with sulphide silver. The sulphur present in these deposits
represents a mixture of anhydrite and earlier sulphide
sulphur.

Genetic model

The ore deposits of the Lubin-Sieroszowice district have
had a long and complex history of mineralization which
included a synsedimentary or early diagenetic stage, three
late diagenetic stages and a tectonic stage (Fig. 10).

Stage 0 (Fig. lOa) is synsedimentary or earliest dia
genetic. It is the most extensive but economically the least
important. It is characterized by framboidal pyrite
(Vaughan et aI. 1989; Sawlowicz 1990), and the accumula
tion of 100s ppm base metals mainly in clay minerals
(Kucha et aI. 1990) but also as minor base metal sulphides
that were precipitated by bacterial reduction of sulphates.
In the district this stage has been largely masked by lateral
sulphide deposition.

Stage I mineralization took place near the boundary
between fluids 1 and 2 (Fig . lOb). It is characterized by
bornite and overlying chalcopyrite and pyrite, and con
tains a few 1000 ppm base metals. Fluid 1 was reducing
and was probably derived from the overlying Kupfer
schiefer during diagenesis. It may have been restricted to
structural traps in the permian strata but this has not been
established. Fluid 21ay within the Rotliegendes in equilib
rium with hematite, anhydrite, feldspars and clays and
carried minor copper in solution as chloride complexes.
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represents the bulk of the ore in the district and contains
on average 2% copper. Fluid 3 flowed through the Rot
liegendes and thus was in equilibrium with hematite, an
hydrite, feldspars and clays. According to Jowett (1986)
and Jowett et al. (l987a), the ore-forming fluid may have
leached base metals from the bimodal Autunian volcanics
and then flowed upwards towards basin margins. Fluid
3 had a lower density than fluids I and 2, probably
because it was hotter, and thus reached the basal Zech
stein where the bulk of the mineralization took place. In
the se regions of upwelling the Rote Faule facies reached
the Kupferschiefer and from here spread laterally. It reac
ted with the Kupferschiefer and the overlying organic
bearing carbonates, became progressively more reducing
and precipitated hematite (Rote Faule facies)-chalcocite
bornite-chalcopyrite and pyrite-galena-sphalerite
successively. This zonal pattern in the Kupferschiefer is
similar to that predicted by Sverjensky (1987) for oil-field
brines equilibrated with anhydrite-bearing red beds, and
reacted with graphitic shales. Within the Weissliegendes,
fluid 3 became progressively more reducing as it mixed
with fluid 1.The oxygen fugacity of fluid 1 was buffered by
CH 4/H 2C0 3, and H 2S/SO; enhancing its capacity to
reduce fluid 3. With progressive reduction of fluid 3,
hematite-ehalcocite-bornite-chalcopyrite were success
ively deposited. Conditions here were not reducing
enough to precipitate galena and sphalerite. It is possible
that mixing of fluids 3 and 1 took place only locally, where
structural conditions were favourable for the trapping of
fluid 1. For instance such conditions may have existed at
the Rudna mine and the western part of the Lubin mine
where the bulk of the ore is in the Weissliegendes.

Stage III mineralization took place as a result of mixing
between a descending fluid 4 which was in equilibrium
with anhydrite, and an evolved fluid 3 (Fig. lad). This only
took place in regions where the Kupferschiefer was miss
ing. Fluid 4 may have originated in the Werra anhydrite
horizon as a result of gypsum dehydration. As it migrated
downward towards the permeable Weissliegendes, it be
came increasingly reducing, and below the S04/H2S
boundary, it became strongly enriched in H 2S. This in
creased the solubility of copper and silver as bisulphide
complexes, causing their solution and reprecipitation un
der more oxidizing conditions present beyond the anhyd
rite boundaries. Strong evidence for such a process is the
presence of local Stage II copper remnants within the
anhydrite bodies (Mayer and Piestrzynski 1982). Such
mixing of descending and ascending fluids as a mechanism
of metal precipitation has previously been suggested by
Kucha and Pawlikowski (1986). Locally, Stage III over
prints Stage II.

Stage IV mineralization occurs only locally along
minor faults and joints (Fig . 10e). It consists of carbonate,
anhydrite barite and sulphide veinlets that are of no eco
nomic importance. They are structurally controlled and
are possibly related to Alpine tectonism (Haranczyk
1972). They may be coeval to the 'structurally controlled
late diagenetic' mineralization of Vaughan et al. (1989).

The most important episode of mineralization in the
district was Stage II. In contrast, Stages 0, I and IV are
never in themselves economic, and Stages III and IV
mainly represent redistribution of earlier mineralization.
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Fig. 10. Genetic model for the mineralization in the Lubin -Sierosz
owicc district. Stage 0 Synsedimentary or earliest diagenetic depos
ition. Stage I Precipitation of metals near interface between oxidiz
ing fluid 2 and reducing fluid 1. Stage II Injection of copper
rich , oxidizing fluid 3 along base of Kupferschiefer. Precipitation of
metals by interaction of fluid 3 with organic matter in the Kupfer
schiefer and by mixing of fluid 3 with fluid I. Sta ge III Downward
expulsion of fluid 4 which is in equilibrium with anhydrite, and
displacement of copper and silver to the peripheries of the anhydrite
bodies. Stage I V Deposition of pol ymetallic veins along tectonic
fractures

Copper precipitation occurred near the interface between
these two fluids, bornite precipitating under slightly more
oxiding conditions than the chalcopyrite and pyrite. Stage
I mineralization may be related to the 'average mineraliz
ation' described by Schmidt and Friedrich (1988) and
Vaughan et al. (1989), which according to these authors
was early diagenetic and was strongly influenced by the
nature of the underlying lithologies.

Stage II mineralization took place as a result of mixing
of fluid 3 and fluid I in the Weissliegendes, and as a result
of reduction of fluid 3 as it came in contact with the
overlying organic-bearing Zechstein rocks (Fig . lOc). It
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According to Jowett et aI. (1987b), paleomagnetic studies
show that the main episode of mineralization (Stage II)
occurred between 250 and 220 Ma. This coincided with
continental rifting and was associated with the opening of
the Tethys ocean. According to Jowett (1986), lateral tem
perature gradients at this time drove convection cells
within the Rotliegendes and the Autunian volcanics, and
ore deposi tion took place at basin margins during some
20 cycles.

As a result of the present study it is possible to calculate
the volume of the main metal-carrying fluid needed to
form the deposits because the activity of silver chloride
complexes in fluid 3 is well constrained (Fig. 9). Under
the assumptions that T = 100°C; aCl- = 1.55 Mm
aAg = 10- 7.75 m; ionic strength = 4.67, the concentration
of silver in fluid 3 was 0.028 ppm. Thus, if 170,000t of
silver are present in the district , about 5000 km" of fluid
3 was necessary to form the Lubin deposits. Thus , many
fold recycling of basinal brines, as suggested by Jowett
(1986), seems likely during the ore-forming process at
Lubin .

Conclusion

As noted in Polish geological literature (Haranczyk 1972;
Rydzewski 1976; Mayer and Piestrzynski 1982, 1985;
Kucha and Pawlikowski 1986; Oszczepalski and Ryd
zewski 1991;and many others) the ore deposits are located
near the margin of the Early Permian sedimentary basin
(the likely source of the fluids), which contain volcanics
(the likely source of the metals), and near the Kupfer
schiefer (the likely source of most of the reduced sulphur).
The region of upwelling is marked by the Rote Faule
facies penetrating to the level of the Kupferschiefer. How
ever, contrary to Jowett et aI. (1987a), the richest ore does
not lie immediately adjacent to the Rote Faule, but is
located some 10-15 km downstream (see Figs. 1, 5). Fur
thermore, the lead-zinc zones postulated by Jowett et aI.
(1987a) and Oszczepalski (1989) to lie outboard of the
copper zone are not clearly defined in the one area which
has been studied in detail (the Rudna mine) (Mayer and
Piestrzynski 1982 and 1985). Thus the supposed horizon
tal zonal pattern of Cu-Pb-Zn may not be helpful in
regional prospecting.

Three types of ore deposits are present in the district:
peneconcordant ore in the Kupferschiefer and to a lesser
extent in the overlying carbonates (Polkowice and Sieros
zowice mines); peneconcordant ore in the Weissliegendes
(Rudna and western Lubin mines); and discordant ore
that is peripheral to anhydritic zones in the Weis
sliegendes (Rudna and western Lubin mines). Synsedi
mentary and early diagenetic (Stage 0) and tectonic min
eralization (Stage IV) are of no economic importance in
the district.

are of the Kupferschiefer -type occurs where upwelling,
oxidizing, copper-bearing fluids came into direct contact
with the organic shale. Here metals precipitated as a result
of reduction by organic carbon in the Zechstein rocks.

are of the Weissliegende-type occurs where the oxidiz
ing, copper-rich fluids came into contact with an earlier,
reducing, buffered fluid that was trapped beneath the

Kupferschiefer, possibly in structural traps. Here metals
were precipitated as a result of reduction by the earlier
fluid.

are of the anhydrite association occurs peripherally to
anhydrite bodies in the Weissliegendes where descending,
reducing, sulphur-rich fluids displaced and reconcentrated
earlier copper/silver ore. This only occurs at location s
where the Kupferschiefer is missing, and the descending
fluid could penetrate from the overlying evaporites to the
Weissliegendes.

Acknowledgements . This paper was written while one of us (AW) was
a visitor at the Academy of Mining and Met allurgy, Krakow, under
the auspices of an exchange between the National Academy of
Science and the Polish Academy of Science. The authors benefitted
greatly from discussions with Dr. H. Kucha, Dr. W. Mayer, D r.
Z. Sawlowicz, and from mine geologists G. Dykier and W. Tylka
(Rudna mine), G . Lipien (Sieroszowice mine), and A. Banaszak
(Polkowice mine). We are grateful to Professor St. Halas, Maria
Curie-Sklodowska University, for the sulphur-isotope ana lyses. We
are grateful to the two anonymous Mineralium Deposita reviewers
whose comments were very helpful.

References

Alexandrowicz, W.s., Barwicz, P., Piskorz, W., Bilan , W. (1982)
Fauna and the environment of deposition of lower Zechstein
sediments in the Lubin-Polkowice vicinity. (in Poli sh) Geologia
8 :5 -47

Annels, A.E. (1974) Some aspects of the stratiform ore deposits of the
Zambian copperbelt and their geneti c significance. Bartholome,
P. (ed.) Gisements stratiformes et province cuprifere. Liege,
pp . 235-254

Banas, M. (1980) Zechstein copper deposits in Poland. In : Jankowic,
S., Silitoe, R.H. (eds.) European copper deposits. Belgrade, pp .
136-145

Banas, M., Salamon, W., Piestrzynski, A., Mayer, W. (1982) Replace
ment phenomena of terrigenous minerals by sulphides in copper
bearing Permian sandstones in Poland. In: Amstutz, G.c., EI
Go resy, A., Frenzel, G ., Kluth, C, Moh, G., Wauschkuhn, A.,
Zimmermann, R.A. (eds.) Ore genesis - State of the a rt. Springer,
Berlin Heidelberg New York, pp . 3-9

Banas, M., Kucha, H., Mayer, W., Piestrzynski, A., Salamon, W.
(1983) Lead and zinc mineralization in copper ore deposits of the
Fore-Sudetic monocline (in Polish). Ann. Soc. Geol. Po l. 53 : 13-41

Bechtel, A., Piittmann, W. (1991) The origin of the Kupferschiefer
type mineralization in the Richelsdorf Hills , Germany , as de
duced from stable isotope and organi c geochemical studies.
Chem. Geol. 91 : 1-18

Blount, C.W., Dickson, F.W . (1969) Solubility of anhydrite (CaS04)
in NaCI -HzO from 100 to 450 °C and I to 1000 bars. Geochim.
Cosmochim. Acta 33 : 227-245

Blaszczyk , J.K . (1981) Paleomorphology of Weissliegendes top as
control on facies variability in o re-bearing series of Lubin cop
perfield (in Poli sh). Geol. Sudetica 16 : 196-214

Bojarska, J., Bojarski, L., Plochniewski Z. (1978) G roundwaters of
the Polish Permian and pos sibilities of their utilization. In: SCEP
Proceedings, Warsaw, pp . 617-624

Bourcier, W.L. (1983) Stabilities of chloride and bisulphide com
plexes of zinc in hydrothermal solutions. Unpublished PhD
disse rtation, Pennsylvania State University, 386 pp

Bourcier, W.L., Barnes, H.L. (1987) Ore solution chemistry - VII.
Stabilities of chlo ride and bisulfide complexes of zinc to 350 °C.
Econ. Geol. 82: 1839-1863

Brown, A.C. (1971) Zoning in the White Pine copper deposit, On
tonagon County, Michigan. Econ. Geol. 66: 543-573

Brown, A.C. (1978) Stratiform copper deposits - Evidence for thei r
post-sedimentary origin. Minerals Sci. Eng. 10: 172-181



Cobble, J.W., Murray, R.C., Turner, P.J., Chen, K. (1982)
High-temperature data for species in aqueous solution.
Elec. Power Research Inst. Palo Alto, California, Rept. NP-24oo,
197 pp

Crerar , D.A., Barnes , H.L. (1976) Ore solution chemistry . V. Solubil
ities of chalcopyrite and chalcocite assemblages in hydrothermal
solutions at 2000 to 350 °C. Econ. Geol. 71 : 772-794

Davidson, C.F. (1962) The origin of some strata-bound sulfide ore
dep osits (discussion). Econ . Geol. 57 :265- 274

Drummond, S.E. (1981) Boiling and mixing of hydrothermal fluids:
chemical effects on mineral precipitation. Unpublished PhD.
dissertation, Pennsylvania State Uni versity, 396 pp

Gablina, I.F ., Tsepin , A.1. (1975) Isomorphous impurities in calcite
as indicators of the genesis of sandstone copper deposits of the
Dzhezkazkan suite. Doklady Akad, SSSR 221 : 714-717

Gammons, C.H ., Barne s, H.L. (1989) The solubility of Ag2S in
near-neutral aqueous sulfide solutions at 250 to 300 "C. Geochim.
Cosmochim. Acta. 53 : 279-290

Giordano, TH., Barnes, H.L. (1979) Ore solution chemistry - VI.
PbS solubility in bisulfide solutions to 300 "C, Econ . Geol.
74 : 1637-1646

Hammer, J., Junge, F., RosIer, H.J., Niese, S., Gliesberg, B., Steihl, G.
(1990) Elemental and isotope geochemical investigations of the
Kupferschiefer in the vicinity of "Rote Faule", indicating copper
mineralization (Sangerhausen basin G.D.R.). Chern. Geol.
85: 345- 360

Haranczyk, C. (1972) Ore mineralization of the lower Zechstein
reducing sediments of the Fore-Sudetic monocline (in Polish).
Arch. Mineral. 30: 14-139

Har anczyk, C. (1984) Ore flats in the Zechstein copper-bearing
shales of the Fore-Sudetic mon ocline in Lower Silesia, Poland.
In: Wauschkuhn et al. (eds.) Syngenesis and epigenesis in the
format ion of mineral deposits. Springer, Berlin Heidelberg New
York, pp. 153-159

Haranczyk, C., Jarosz, J. (1973) Ore mineral s from the Fore-Sudeti c
Monocline copper deposits (in Polish). Rud y i Met ale Niezel
18 :493 -502

Hayes, T.S. (1990) A preliminary study of thermometry and metal
sources of the Spar Lake strata-bound copper-silver depos it, Belt
Supergroup, Montana. US. Geol. Surv. Open-File Rept. 90-0484,
30 pp

Hayes , TS., Einaudi, M.T. (1986) Genesis of the Spar Lake strata
bound copper-silver deposit, Montana. I. Controls inher ited
from sedimentation and pre-ore diagenesis. Econ . Geol.
81 : 1899-1931

Haynes, D.W. (1986a) Stratiform copper deposits hosted by low
energy sediments I. Timing of sulfide precipitation - An hypothe
sis. Econ . Geol. 81 :250-265

Haynes, D.W. (1986b) Stratiform copper deposits hosted by low
energ y sediments. II . Nature of source rocks and composition of
metal-transpo rting water. Econ. Geol. 81: 266-280

Haynes, D.W., Bloom, M.S. (I987a) Stratiform copper depo sits
hosted by low-energy sediment s. III. Aspects of metal transport.
Econ . Geol. 82 : 635-648

Haynes, D.W., Bloom, M.S. (1987b) Stratiform copper depo sits
hosted by low-energy sediments . IV. Aspects of sulfide precipita
tion. Econ . Geol. 82 : 875- 893

Helgenson , RC. (1969) Thermodynamics of hydrothermal systems
at elevated temperatures and pressures. Am. J. Sci. 267 : 729- 804

Helgenson, H.C., Delaney, J.M., Nesbitt, H.W., Bird , O.K. (1978)
Summary and critique of the thermodynamic properties of rock
forming minerals. Am. J. Sci. 278-A: 1- 229

Helgenson, H.C., Kirkham, D.H., Flowers, G.c. (1981) Theoretical
prediction of the thermodynamic behav ior of aqueous electro
lytes at high pressures and temperatures. IV. Calculation of
activity coefficiencts, osmotic coefficients, apparent molal and
standard and relative partial molal properties to 600 DC and 5 kb.
Am. J. Sci. 281 : 1249-1516

Helios-Rybicka, E., (1991) Application of clay minerals in the syn
thesis of low-temperature sulfide mineral s in relation to Kupfer
schiefer. Neues Jahrb. Miner. Abh. 163,2/3:231-233

41

Helios-Ryb icka, E., Piestrzynski, A., Moh, G.R (1991) Conclusion
of the experimental study with appli cat ions and observati ons on
ores. Neue s Jahrb. Miner. Abh . 163, 2/3: 233-236

Jarosz, J. (1966) Mineral s of the stro meyerrite group in copper
bear ing sandstone (in Polish). Rud y i Metale Niezel. 1I :464- 465

Jasinski, A. (1978a) Ore minerals sta bility dependence on redox
potent ial Eh and environment acidity pH . Arch. Mineral (in
Polish). 34 :47-67

Jasinski, A. (1978b) Chara cteri stics of the ore mineral s of the Fore
Sudetic monocline copper deposits in the light of electro-chem
ical equil ibrium (in Polish). Arch . Minera l. 34 : 19-45

Jasinski , A. (1979) Origin of ore minerals in the Fore-Sudetic copper
dep osits in the light of pha se equilibria (in Polish). Arch . Mineral.
35 : 29-40

Jerzykiewicz, T , Kijewski, P., Mroczowski, J., Teisseyre, A.K. (1976)
Origin of the Weissliegendes deposits in the Fore-Sudetic mon
ocline. Geol. Sudetica 11: 57- 59 (in Polish)

Jowett, E.C. (1986) Genesis of Kupferschiefer Cu-Ag deposits by
convective flow of Rotliegendes brines during Triassic rifting.
Econ. Geol. 81 : 1823-1837

Jowett , E.C. (1987) Format ion of sulfide-calcite veinlets in the Kup 
ferschiefer Cu-Ag deposits in Poland by natural hydrofracturing
during basin subsidence. J. Geol. 95 : 513-526

Jowet t, E.C., Rydzewsk i, A., Jowett , R.J. (1987a) The Kupferschiefer
Cu-Ag ore depo sits in Poland: a re-appraisal of the evidence of
their origin and presentation of a new genetic model. Can. J.
Earth Sci. 24: 2016- 2037

Jowett , E.C., Pearce, G.W., Rydzewsk i, A. (1987b) A mid-triassic age
of the Kupferschiefer mineralizat ion in Poland, based on a re
vised app arent polar wander path for Europe and Russia. J.
Geophys. Res. 92: 581-598

Jowett , E.C., Arbor, A., Rye, R.O. Oszczepalski, S. (1991a) Isotopic
evidence for the addition of sulfur during formation of the Kup
ferschiefer ore dep osits in Po land. Zbl. Geol. Palaont, I,
4 : 1001- 1015

Jowett , E.C., Roth , T., Rydzewski, A., Oszczepalski, S. (1991b) 'Back
ground' 34S values of Kupferschiefer sulphides in Poland: Pyrite
marcasite nodules. Mineral. Deposita 26: 89-98

Jun g, W., Knitzschke, G. (1976) Kupfer schiefer in the German
Democratic Republi c (G DR) with special reference to the Kup
ferschiefer depo sits in the southeastern Harz foreland. In: Wolf,
K.H. (ed.) Handbook of strata-bound and stra tiform ore dep osi
ts, vol. 6. Elsevier, Amsterdam , pp. 353- 406

Klapcinski, J. Kon stantynowicz, E., Salski, W., Kienig, E., Preidl ,
M., Dubinski, K., Drozdowski, S. (1984) The atlas of the copper
bearing region (in Polish). Wydawnictwo "Slask", Katowice, 27 pp

Konstantynowicz, E. (1965) Signs of mineralization in the Zechstein
of the north Sudetic syncline (in Polish). Prace Geologiczne
28 :99 pp

Kon stantynowicz, E. (1971) Geochemical-mineralogical char acter
istics of the deposi t. In: Kon stan tynowicz, E. (ed.) Geol ogia z/6Z
rud miedzi w Polsce (in Poli sh). WG Warszawa 1: 178-196

Kon stantynowicz, E. (1973) Genesis of Perm ian copper dep osit s in
Poland. Internat. Geol. Rev. 15 : 1054-1066

Kr ason , J. (1967) Quelques result ats des recherches sur Ie Permien
Polonais. Bull. Soc. Geol. Fr. 9 :701 - 713

Kuch a, H. (1976a) Organic matter, Au, Ni and Co in Zechstein rocks
of the Fo re-Sudetic monocline (western Poland). Ann. Soc. Geol.
Pol. 46 :369-4/7

Kuch a, H. (I 976b) Plat inum , palladium, mercury and gold in Zech
stein rocks of the Fore-Sudetic mon ocline. Mineral. Pol. 6: 87-93

Kucha, H. (1980) Myrmekitic structures of haemet ite in bornite and
their genesis (Zechstein copper depostis, Poland). Mineral. Pol.
11:27-31

Kucha , H. (1981) Precious metal alloys and organic matter in the
Zechstein copper depo sits, Poland. Teschermaks Min eral. Petro
Mitt. 28: 1-16

Kucha, H. (1982) Platinum group metals in the Zechstein copper
deposits, Poland. Econ. Geo l. 77 : 1578-1591

Kuch a, R (1985) Feldspars, clay, organic and carbonate recept ors
of heavy metals in Zechstein dep osits (Kupferschiefer type),



42

Poland. Trans. Inst. Min. Metall . (Sec B: AppI. Earth Sci.)
94 : 133-146

Kucha , H. (1990) Geochemistry of the Kupferschiefer, Poland. GeoI.
Rundschau 79 : 387-399

Kucha, H., G/uszek , A. (1985)Variations of Cu-Zn-Pb-Ag mineraliz
ation in the deposit of the Lubin mine. Ann. Soc. GeoI. Pol.
53: 143-168

Kucha, H., Pawlikowski, M. (1986) Two-brine model of the genesis
of strata-bound Zechstein deposits (Kupferschiefer type), Poland.
Mineral. Depo sita 21 : 70-80

Kucha, H., Piestrzynski, A., Wieczorek, A. (1990) Cu-halloysite and
fibrous chalcocite from the Zechstein copper deposit s, Poland,
N. Jb. Miner. Mh. 12:552-560

Lubas, J.L. (1986) Invest igation of Polymetallic precipitation pro
cesses in well drill pipes. Nafta G: 133-138

Mayer, W., Piestrzynski, A. (/982) Geolog y and mineralization of
the Rudna mine (in Polish). Unpublished PhD thesis, University
of Mining and Metallu rgy, Krakow, Poland, 170 pp

Mayer , W., Piestrzynski, A. (1985) Ore minerals from the lower
Zechstein sediments at the Rudna mine, Fore-Sudetic monocl ine,
SW Poland. Mineralogical Transactions 75, WG Warszawa, pp.
1-72

Mayer , W., Piestrzynski, A. (1990)Sulphide bands in the mineralized
Weissliegendes sandstones from the Lubin copper district , SW
Poland. Mineral. Polon. 21 : 15-21

Murray, R.C. Jr ., Cubicciotti, D. (1983)Thermodynamics of aqueous
sulfur species to 300°C and potential-pH diagrams. J. Electro
chern. Sco. 130:866-869

Naumov, G.B., Ryzhenko, B.N., Khodakovsky, I.L. (1974) Hand
book of thermodynamic data. Nat. Tech. Inf. Service PB-226
727, pp. 328

Nemec, W., Porebski SJ. (1981) Sedimentary environment of the
Weissliegendes sandstone in Fore-Sudetic monocline . In SCEP
Proceedings, Warsaw , pp. 273-293

Oberc , J., Tomaszewski, J.B. (1963)Some aspects of the stratigraphy
and Zechstein division of the Wroclaw monocline . Przeglad Geol
(in Polish). WG Warszawa 11: 505-507

Ohmoto, H. (1972) Systematics of sulfur and carbon isotopes in
hydrothermal ore deposits . Econ. GeoI. 67 :551- 578

Oszczepalski, S. (1989) Kupferschiefer in southwestern Poland. Sedi
mentary environments, metal zoning, and ore controls. In: Boyle,
R.W., Brown, A.C., Jowett , E.C., Kirkham, R.V. (eds.) Sediment
hosted stratiform copper deposits. GeoI. Assoc. Can. Spec. Pap .
Waterloo, Ont. , pp. 571-600

Oszczepalski, S., Rydzewski, A. (1987) Paleogeography and sedi
mentary model of the Kupferschiefer in Poland. Lect. Not. Earth
Sci. 10: 189-205

Oszczepalski, S., Rydzewski, A. (1991)The Kupferschiefer mineraliz
ation in Poland. ZbI. GeoI. Palaont. I, 4: 975-999

Peryt, T.M. (1978) Microfacial characteristic of the first and second
cyclothem of the Zechstein carbonate sediments in the Fore
Sudetic Monocline (in Polish). Studia Geol Pol. 54:88 pp

Piestrzynski , A. (1991) Carbonates as acceptors of metals in Kupfer
schiefer, Poland. In: Pagel, M., Leroy, J.L. (eds.) Source, trans
port and deposition of metals. Balkema, Rotterdam Brookfield,
pp. 581-583

Pokorski, J. (1978) Outline of the development of the Rotliegendes
basin in the Polish lowland (in Polish). PrzegI. GeoI. 12:686-694

Pokorski, J. (1981) Paleogeography of the upper Rotliegendes in the
Polish lowland. Proceedings - International Symposium of Cen
tral European Permian. Geological Institute, Warsaw, pp. 56-68

Rentzsch, J. (1974) The Kupferschiefer in comparison with the de
posits of the Zambian copperbelt. In: Bartholome, P. (ed.) Gise
ments stratiformes et provinces cuprifere. Societe Geologique
Belgique, Liege, pp. 395-418

Roberts , 1 (1973) Dolomitization and the genesis of the Wood
cutters lead-zinc prospect, Northern Territory, Australia . Min
eraI. Deposita 8 : 35-56

Rose, A.W. (1976) The effect of cuprous chloride complexes in the
origin of red-bed copper and related deposits . Econ. GeoI.
71: 1036-1048

Roseboom , E.H. (1966) An investigation of the system Cu-S and
some natural copper sulfides between 25° and 700 °C. Econ.
GeoI. 61 : 641- 672

Rydzewski, A. (1969) Occurrence and genesis of pyrite in the Zech
stein rocks of the Fore-Sudetic monocline (in Polish). Kwart.
GeoI. 13:811 -820

Rydzewski, A. (1976) Genesis of the Lower Zechstein polymetallic
mineralization (in Polish). Przeglad GeoI. 4 : 176-181

Rydzewski, A. (1978) Aerobic facies of copper-bearing Zechstein
shale in the Fore-Sudetic monocl ine (in Polish). Przeglad GeoI.
13: 102-108

Ryka, W., (1981) Some problems of the Autunian volcanism in
Poland. In: Proceedings - International Symposium on Central
European Permian . GeoI. Institute, Warsaw, Poland, pp. 165-179

Salamon, W. (1979)Silver and molybdenum mineralization in Zech
stein copper deposits, Fore-Sudetic monocline , Poland (in
Polish). Mineral Trans. Acad. Pol. Sci. 62: 59 pp

Sawlowicz, Z. (1989) Isotopic composition of C, 0 , S in the organic
rich copper-bearing shale form the Kupferschiefer in Poland .
Archiw. Mineral. 44 :5-19

Sawlowicz, Z. (1990) Primary copper sulphides from the Kupfer
schiefer, Poland. Mineral. Deposi ta 25: 262-271

Saw/owicz, Z., Wedepohl , K.H . (1992) The origin of rhythmic sul
phide bands from the Permian sandstones (Weissliegendes) in the
footwall of the Fore-Sudetic "Kupferschiefer" (Poland). Mineral.
Deposita 27 : 242-248

Schmidt , F.P., Friedrich, G. (1988) Geologic setting and genesis of
Kupferschiefer mineralization in West Germany. Soc. GeoI.
AppI. Mineral. Deposits Spec. Pub. 5 :25-29

Schneeberg, E.P. (1972) Measurement of sulfur fugacities with the
electrochemical cell AgjAgI jAg2S. 24th Int. GeoI. Congr. Mon
treal, Sec. 14, p 91

Seward, T.M. (1976) The stability of chloride complexes of silver in
hydrothermal solutions up to 350°C. Geochim . Cosmochim.
Acta 40 : 1329-1341

Seward , T.M. (1984)The formation oflead (II) chloride complexes to
300°C: a spectrophotometric study. Geochim . Cosmochim. Acta
48 : 121-134

Stephens, H.P., Cobble , J.W. (1971) Thermodynamic properties of
the aqueous sulfide and bisulfide ions and the second ionization
constant of hydrogen sulfide over extended temperatu res. Ino rg.
Chemistry 10:619-625

Sverjensky, D.A. (1987) The role of migrating oil field brines in the
formation of sediment-hosted Cu-rich deposits . Econ. GeoI.
82 : 1130-1141

Tomaszewski, J.B. (1978) The geological structure of the Lubin -Si
eroszowice region (Lower Silesia) (in Polish). GeoI. Sudetica
13:85-132

Tomaszewski, lB. (1981) Development of Zechstein deposits in the
vicinity of Lubin and Sieroszowice. Proceedings - International
Symposium on Central European Permian. GeoI. Institute, War
saw, Poland, pp. 341-355

Tomaszewski , J.B. (1986) Comments on the genesis and structure of
the copper polymetallic ore deposits of the Fore-Sudetic mon
ocline, SW Poland. GeoI. Soc. Spec. PubI. 22 : 183-194

Tonn, H., Schmidt, F.P., Porada, H., Horn, E.E. (1987) Untersuchungen
von Fliissigkeitseinschliissen im Zechstein als Beitrag zur Genese
des Kupferschiefers (abstract). Fortschr. Mineral. 65 : 184

Vaughan, DJ., Sweeney, M., Diedel, G.F.R., Haranczyk, C. (1989)
The Kupferschiefer: an overview with an appraisal of the differ
ent types of mineralization. Econ. GeoI. 84 : 1003-1027

Wedepohl , K.H. (1964) Untersuchungen am Kupferschiefer in Nor-
dwestdeutschland: ein Beitrag zur Deutung der Genese bitumi
noser Sedimente. Geochim Cosmochim. Acta 28 : 305-364

Ziegler, P.A. (1982) Geological atlas of western and central Europe .
Elsevier, Amsterdam, 130 pp

Ziegler, P.A.(1984)Caledonian and Hercynian crustal consolidation
of western and central Europe - A working hypothesis. Geol.
Mijnb. 63 : 93-108

Editorial handling : L. Fontbote



Appendix

Cu + H + + 1/4C02 + Cl "
= 1/4C + 1/2H 20 + CuCI

1/4Cu sFeS4 + HS - + 1/2H 2S
= 1/4CuFeS2 + Cu(HS) ;

CU2S + 4CI- + 202 = 2CuCI; + SO;2
CU2S + 6CI- + 202 = 2CuCI;2 + SO;2
5CuFeS2 + S2 = 4FeS2 + CuSFeS4
2Cu + 1/2S 2 = CU2S
CuSFeS4 = 4Cu + + Cu+ 2 + Fe +2 + 4S- 2

Cu +2 + 1/2H20 = Cu " + 1/402 + H +
CU2S = 2Cu+ + S-2
FeS2 = Fe+ 2 + S-2 + 1/2S2
5CuFeS2 + 2H + + 1/202 + Cl-

= 3FeS 2 + CUSFeS4 + H20 + FeCI +
3FeS2 + 202 = Fe304 + 3S2
2FeS2 + 3/202 = Fe203 + 2S2
2Fe304 + 1/202 = 3Fe203
Ag2S + H 2 = 2Ag + H2S
Ag + H + + 1/402 = Ag+ + 1/2H 20
Ag" + 2CI- = AgCI;
Ag+ + 3Cl - = AgCI; 2
Ag+ +4Cl - = AgCI;3
Ag2S + H 2S + 2HS - = 2Ag(HS);
PbS + 2H + = Pb ' + + H2S
Pb+ 2 + Cl- = PbCI +
Pb+ 2+ 2Cl - = PbCl~

Pb +2 + 3CI- = PbCI;1
Pb +2 + 4CI- = PbCI;2
PbS + H2S(g) + HS - = Pb(HS);
PbS + H2S(g) = Pb(HS)~

ZnS + 2H+ = Zn +2 + H 2S
Zn+ 2 + 2Cl - = ZnCI~

Zn+ 2 + 3CI- = ZnCl;
Zn +2 + 4CI- = ZnCI;2
Zn +2 + 2HS- = Zn(HS)~

Zn +2 + 3HS - = Zn(HS);
H2S = H + + HS-

logK lOo Reference

- 0.1" 4

- 1.63 4
77.09b 13
77.20b 13
16.86 14
17.09 8

- 133.4 8
- 12.4 8
- 39.37 8
- 30.17 8

27.03 4
44.57 8
38.39 8
26.02 8

- 2.34 3
6.01 8
4.46 IS
3.85 IS
1.94 15

- 4.18 7
- 5.69 II

1.67 16
2.67 16
2.21 16
1.93 16

- 6.9 6
- 6.4 6
- 4.17 2

1.89 2
2.34 2
1.36 2

12.3 2
14.2 2
6.61 10

HS - = H+ + S-2
H2S+202=SO;2+2H +
H2S + 1/202 = H20 + 1/2S2
H2S = H2S(g)
CaS04 = Ca +2 + SO;2
H2C03 = H + + HCO;
HCO; = H + + CO ;2
CO2 + H 20 = H 2C03
C + O2 = CO2
CaC03 = Ca +2 + CO ;2
H2C03 + H20 = CH 4 + 202
H20 = H 2 + 1/20 2
3K-fd + 2H + = Ms + 6Si02 + 2K +
K-fd + Na + = Ab + K +

1. Bourcier (1983)
2. Bourcier and Barne s (1987)
3. Cobble et al. (1982)
4. Crerar and Barnes (1976)
5. Drummond (1981)
6. Giordano and Barnes (1979)
7. Gammons and Barnes (1989)
8. Helgeson (1969)
9. Helgenson et al. (1978)

10. Murray and Cubicciotti (1983)
II. Naumov et al. (1974)
12. Ohmoto (1972)
13. Rose (1976)
14. Schnee berg (1972)
IS. Seward (1976)
16. Seward (1984)
17. Stephens and Cobble (1971)

3 Extrapolated from 200 °C
b Calculated
C Extrapolated from ISO °C
d Extrapolated from 150°C
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logK lOo Reference

12.00 16
99.13 10
23.14 8

1.42 5
- 5.63 8
- 6.35 8

- 10.1 8
- 1.97 8

54.53 12
- 9.57 I

-I1I C 12
- 31.8 8

- 9.0 9
- 1.9 9
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