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Abstract:  More than 500 occurrences of carbonate-hosted Pb-Zn ores are documented in the Eastern and 
Southern Alps. They are invariably hosted by shallow lagoonal and reef carbonates of Middle and more fre-
quently Upper Triassic (Anisian and Carnian) age and are collectively termed “Alpine-type” deposits. The 
local palaeogeography and synsedimentary structures influenced ore mineralization. Although they occur in a 
wide region, they share common features such as a simple mineralogical composition, complex ore textures, 
light sulphur isotopic compositions, Late Palaeozoic Pb model ages, and similar trace element compositions 
in sphalerite, galena and pyrite. Sphalerite records a low-temperature (60-140°C) precipitation. It is low in Fe, 
Mn, Co, Ag and In, but commonly contains elevated Cd, Ge, As, Tl and Pb. Galena is Ag-poor, although both 
sphalerite and galena tend to higher Ag concentrations towards the northern Districts. Minor Fe sulphides are 
low in Co and Ni but carry considerable As and Tl. Rb-Sr dating of sphalerite from the type locality Bleiberg 
reveals an age of ≈229 Ma for ores of the Raibl Group, and ages of ≈207 and ≈201 Ma for trace element-rich 
breccia ore in the western part of the Bleiberg deposit. The older age corresponds to U-Pb ages obtained on 
calcite associated with the Pb-Zn mineralization at the Gorno deposit (Southalpine). The younger age suggests 
fluid flow within the carbonate sequence in an extensional tectonic regime due to fracturing of the carbonate 
platform during initial rifting of the Penninic Ocean. 
 
 Keywords:   Alpine-type, geochemistry, isotopic data, ore mineral geochemistry, Upper Triassic  

Alpine-type Pb-Zn deposits 

Pb-Zn ores are widespread in Triassic carbonates of the Aus-
troalpine and Southalpine units (Fig. 1). The deposits, which 
have collectively been termed “Alpine-type” (“APT”) (Jicha, 
1951), have a long mining history starting most likely in Ro-
man times and terminating in the early 1990s when the last op-
erations closed at Bleiberg (Austria), Cave del Predil/Raibl (It-
aly), and Mežica/Mies (Slovenia) (Schroll, 2008). The 
Bleiberg deposit was closed in 1993 after more than 700 years 
of mining. It is regarded as a world-class deposit (Leach et al., 
2005) and represents the type locality of APT Pb-Zn deposits. 
The historical total metal production from APT deposits ex-
ceeded 6 million tonnes (Mt) Zn and Pb from a resource ex-
ceeding 110 Mt (Table 1; Cerny, 1989; Cerny & Schroll, 1995; 
Leach et al., 2003, 2005; Spangenberg & Herlec, 2006). Re-
newed interest in base metals, and especially in their by-prod-
ucts such as Ge, Ga, In and Cd, has initiated modern 

exploration activities in some of the mining Districts. Germa-
nium and Cd have been recovered from ores in the past; about 
200tonnes Ge, mostly from Bleiberg and Raibl, were produced 
from APT deposits (Höll et al., 2007).  Elevated Ag concentra-
tions are restricted to deposits in the Northern Calcareous Alps 
(Lafatsch – “Silberner Hansl”; Nassereith –“Silberleiten”) and 
to certain ore types at Mežica.  

The mineralization is spread over a large area in the Eastern 
and Southern Alps, within Anisian to Norian carbonates in di-
agenetic to upper greenschist facies metamorphic conditions. 
Ore bodies are strata-bound, occasionally stratiform, formed at 
low-temperature (<150°C) and, with notable exceptions, are 
relatively small and low-grade carrying from 3 to 10% Pb and 
Zn, present as galena, sphalerite and wurtzite. Common trace 
elements in sphalerite are Ge, As, Cd, Tl and Pb. Fluorite and 
barite are present as a gangue mineral in many occurrences.  



Melcher, F. et al                                                                                                       Alpine deposits trace element and isotopic data  

Page | 444 

 

  

Fi
gu

re
 1

A:
. T

ec
to

ni
c 

(A
) a

nd
 g

eo
lo

gi
c 

m
ap

 (B
) o

f t
he

 E
as

te
rn

 A
lp

s s
ho

wi
ng

 P
b-

Zn
 d

ep
os

its
/o

cc
ur

re
nc

es
 m

en
tio

ne
d 

in
 th

e 
te

xt
 (A

) a
nd

 A
PT

 D
ist

ric
ts

 I 
– 

XI
I w

ith
 lo

ca
lit

ie
s 

sa
m

pl
ed

 fo
r 

ge
oc

he
m

ic
al

 a
na

ly
sis

 (B
). 

Ab
br

ev
ia

tio
ns

: A
n,

 A
nn

ab
er

g;
 A

r, 
Ar

ik
og

el
; A

u,
 A

ur
on

zo
; A

z, 
Ar

zr
ie

de
l; 

Bb
, B

le
ib

er
g;

 D
i, 

D
irs

te
nt

rit
t; 

Ft
, F

la
ttn

itz
; H

ö,
 H

öl
le

nt
al

; 
H

ob
, H

oc
ho

bi
r/

Fl
ad

un
g;

 Ja
, J

au
ke

n;
 K

D
, K

ol
m

/D
el

la
ch

; K
e,

 K
el

le
rb

er
g;

 K
i, 

Ki
en

be
rg

-R
au

sc
hb

er
g;

 L
a,

 L
af

at
sc

h;
 M

ez
, M

ež
ic

a;
 N

a,
 N

as
se

re
ith

/S
ilb

er
le

ite
n;

 O
b,

 O
be

rn
be

rg
; 

Pi
, P

irk
ac

h-
H

oc
hs

ta
de

l; 
Ra

i, 
Ra

ib
l/C

av
e d

el
 P

re
di

l; 
Rd

, R
ad

ni
g;

 R
o,

 R
os

eg
g;

 S
, S

-c
ha

rl;
 S

a,
 S

al
af

os
sa

; S
ch

, S
ch

ar
ni

tz
; S

e,
 S

er
le

s (
Br

en
ne

r M
es

oz
oi

c)
; S

T,
 S

ch
wa

rz
en

be
rg

/T
ü-

rn
itz

; S
V,

 S
an

kt
 V

ei
t; 

To
, T

op
la

; T
ö,

 T
öp

lit
sc

h;
 W

B,
 W

in
di

sc
h-

Bl
ei

be
rg

; W
e,

 W
ey

er
; Z

u,
 Z

un
de

rw
an

d.
 M

ap
 b

as
e:

 S
ch

m
id

 e
t a

l. 
(2

00
4)

 a
nd

 S
ch

us
te

r e
t a

l. 
(2

01
3)

 
 



Irish Association for Economic Geology                                                                         Irish-type Zn-Pb deposits around the World 

Page | 445 

 

  

Fi
gu

re
 1

B:
 G

eo
lo

gi
c 

m
ap

 (
B)

 o
f t

he
 E

as
te

rn
 A

lp
s 

sh
ow

in
g 

Pb
-Z

n 
de

po
sit

s/o
cc

ur
re

nc
es

 m
en

tio
ne

d 
in

 th
e 

te
xt

 (
A)

 a
nd

 A
PT

 D
ist

ri
ct

s 
I 

– 
XI

I 
wi

th
 lo

ca
lit

ie
s 

sa
m

pl
ed

 fo
r 

ge
oc

he
m

ic
al

 a
na

ly
sis

 (B
). 

Ab
br

ev
ia

tio
ns

: A
n,

 A
nn

ab
er

g;
 A

r, 
Ar

ik
og

el
; A

u,
 A

ur
on

zo
; A

z, 
Ar

zr
ie

de
l; 

Bb
, B

le
ib

er
g;

 D
i, 

D
irs

te
nt

rit
t; 

Ft
, F

la
ttn

itz
; H

ö,
 H

öl
le

nt
al

; H
ob

, H
oc

ho
-

bi
r/F

la
du

ng
; J

a,
 Ja

uk
en

; K
D

, K
ol

m
/D

el
la

ch
; K

e,
 K

el
le

rb
er

g;
 K

i, 
Ki

en
be

rg
-R

au
sc

hb
er

g;
 L

a,
 L

af
at

sc
h;

 M
ez

, M
ež

ic
a;

 N
a,

 N
as

se
re

ith
/S

ilb
er

le
ite

n;
 O

b,
 O

be
rn

be
rg

; P
i, 

Pi
rk

ac
h-

H
oc

hs
ta

de
l; 

Ra
i, 

Ra
ib

l/C
av

e 
de

l P
re

di
l; 

Rd
, R

ad
ni

g;
 R

o,
 R

os
eg

g;
 S

, S
- c

ha
rl;

 S
a,

 S
al

af
os

sa
; S

ch
, S

ch
ar

ni
tz

; S
e,

 S
er

le
s (

Br
en

ne
r M

es
oz

oi
c)

; S
T,

 S
ch

wa
rz

en
be

rg
/T

ür
ni

tz;
 S

V,
 

Sa
nk

t V
ei

t; 
To

, T
op

la
; T

ö,
 T

öp
lit

sc
h;

 W
B,

 W
in

di
sc

h-
Bl

ei
be

rg
; W

e,
 W

ey
er

; Z
u,

 Z
un

de
rw

an
d.

 M
ap

 b
as

e:
 S

ch
m

id
 e

t a
l. 

(2
00

4)
 a

nd
 S

ch
us

te
r e

t a
l. 

(2
01

3)
 

 



Melcher, F. et al                                                                                                       Alpine deposits trace element and isotopic data  

Page | 446 

 

The scientific discussion on the ore genesis dates back to the 
late 19th century and peaked in the 1960s to 1980s when inter-
national cooperation between Austria, Italy, former Yugosla-
via, and Germany led to four very productive ISMIDA (Inter-
national Symposium on Mineral Deposits of the Alps) 
conferences from 1966 to 1983 (Schneider et al., 1983), and a 
large number of national and international workshops on car-
bonate-hosted Pb-Zn deposits (Schroll, 2008). Due to mine 
closure, scientific investigations declined after the 1990s, with 
only few publications thereafter that focussed on the Bleiberg, 
Mežica and Gorno deposits (e.g., Kuhlemann et al., 2001; 
Spangenberg & Herlec, 2006; Herlec et al., 2010). In this con-
tribution, we summarize and partly re-evaluate those data. In 
addition, we present new results of trace element studies in sul-
phides, sulphur and lead isotopes, and on Rb-Sr dating of 
sphalerite from the Bleiberg deposit (Melcher et al., 2010a,b; 
Henjes-Kunst, 2010, 2014; Henjes-Kunst et al., 2017; Onuk, 
2018; Potočnik Krajnc, 2021; Gartner, 2023) to devise a more 
complete model of APT ore genesis.  

Similarities and differences between APT and Mississippi Val-
ley-type (MVT) deposits are discussed using textural observa-
tions, trace element, isotope data, and Rb-Sr dating results. For 
the first time, a comprehensive overview covering the major 
Pb-Zn Districts hosted by Mesozoic carbonates in the Eastern 
and Southern Alps is provided. 

APT Districts in Austroalpine and Southalpine tectonic units 

The Austroalpine units hosting APT deposits are subdivided 
into Lower and Upper Austroalpine Nappe Systems composed 
of Late Precambrian to Cretaceous sedimentary and magmatic 
rocks that have experienced a number of orogenic and meta-
morphic events including the Variscan orogeny (ca. 340-
300Ma), the Permian (ca. 280-240Ma) and the Eoalpine (ca. 
100-80Ma) tectonothermal events (Schmid et al., 2004). The 
Southalpine unit south of the Periadriatic Lineament shows a 
lithostratigraphic succession similar to the Austroalpine units 
but has not been included into generally NW directed Alpine 
nappe tectonics. Most of the Austroalpine nappes contain Ne-
oproterozoic to Upper Palaeozoic medium- to high-grade 

metamorphic rocks locally overlain by Upper Carboniferous to 
Mesozoic cover sediments (Fig. 1B).  

Following Carboniferous terrestrial to mixed terrestrial/marine 
post-Variscan overstep sequences (e.g., Neubauer et al., 2022), 
the Permo-Mesozoic Tethyan sedimentary cycle usually starts 
with uppermost Permian to Lower Triassic clastics and shal-
low-marine carbonate rocks followed by thick carbonate suc-
cessions in the Middle-Late Triassic, and a deeper marine Ju-
rassic to Lower Cretaceous sedimentary sequence. Extensive 
carbonate production started around the Lower/Middle Trias-
sic boundary with build-up of carbonate ramps changing from 
restricted to open-marine conditions in the Anisian (cf. Fig. 2). 
During the Anisian, horst- and graben structures evolved (e.g., 
Gawlick & Missoni, 2019). Extension of the passive continen-
tal margin was accompanied by locally intense volcanism in 
the Late Anisian, mainly in the Southalpine (Kukoč et al., 
2023). From Late Anisian to Late Ladinian, deep-water sili-
ceous limestone and radiolarite with intercalated volcanic 
ashes were deposited. The Wetterstein Carbonate Platform rep-
resents a phase of intense carbonate production from the early 
Carnian (Cordevolian) into the Julian, terminating in the Julian 
Stage by the Mid-Carnian event (Ogg, 2015). It was followed 
by the cyclic deposition of mudstones, argillites, marls and 
sandstones with intercalated shallow-water carbonates of the 
Raibl Group. The Hauptdolomit/Dolomia Princi-
pale/Dachstein Carbonate Platform formed in the Norian and 
Rhaetian (Gawlick & Missoni, 2019). An environmental crisis 
at the Triassic/Jurassic boundary was accompanied by a sea-
level drop, followed by the drowning of the carbonate platform 
in the Lower Jurassic and the deposition of pelagic limestones 
(e.g., Ammonitico Rosso) (Gawlick & Missoni, 2019). 

Starting from the seminal publication on Austrian ore Districts 
(Weber, 1997), the Interactive Raw Material Information Sys-
tem (IRIS) provides an open access database (https://iris.geol-
ogie.ac.at), maintained by Geosphere Austria (www.geo-
sphere.at). In IRIS, APT deposits in Austria are grouped into 9 
ore Districts with 455 individual occurrences (Fig. 1B); for this 
presentation, four Districts have been added for areas outside 

Table 1. Major APT Pb-Zn deposits in the Alps 

 

http://www.geosphere.at/
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of the Austrian borders. The total number of APT deposits and 
occurrences is estimated at >500 (Table 2, Fig. 1). Ore Districts 
summarize deposits of similar type and genesis. The most im-
portant APT Districts within the Austroalpine tectonic units of 
Permo-Mesozoic age are defined within the “Drauzug-
Gurktal” and “Tirolic-Noric” Nappe Systems. In addition, 
smaller Districts with less abundant and smaller deposits are 
known from the “Silvretta-Seckau”, “Ötztal-Bundschuh” and 
“Bajuvaric” Nappe Systems. In the Southalpine of northern It-
aly, Anisian, Ladinian and Carnian carbonate rocks also host 
important APT deposits including Cave del Predil/Raibl, 
Salafossa and Gorno. 

APT Districts within the Tirolic-Noric and Bajuvaric Nappe 
Systems 

The Pb-Zn (-fahlore) ore District in Anisian strata of the North 
Tirolian Calcareous Alps (label I in Fig. 1B, Table 2) summa-
rizes 48 occurrences. At the type locality at Sankt Veit-Tarren-
ton, sphalerite rhythmites with estimated 100,000 tonnes of ore 
have been mined previously (Wetzenstein, 1972; Sidiropoulos, 
1983; Cerny & Schroll, 1995). Mineralization in Anisian strata 

is known on both sides of the Inn valley for a distance of 
>100km. Compared to the Pb-Zn mineralization hosted by 
Carnian rocks, the orebodies are less frequent and smaller, and 
many are polymetallic with locally Cu-Ag-bearing fahlore, py-
rargyrite, acanthite and native silver (Paar, 1995). A Devonian 
dolomite in the footwall of some of the deposits is locally rich 
in Cu-Ag fahlore and barite. Partly, the mineralization was mo-
bilized from earlier mineralization during younger events. 
Such processes are particularly evident in a polymetallic min-
eralization, where vein-type ores occur in Anisian to Norian 
rocks (Gstrein & Heissel, 1989). 

The Pb-Zn ore District II (type locality Lafatsch) comprises 
107 locations (Fig. 1B, Table 2). In addition, 8 occurrences are 
listed in Bavaria (Schmid & Weinelt, 1978). They are hosted 
by Carnian platform carbonates. The largest Pb-Zn deposit in 
the Northern Calcareous Alps, Lafatsch-Vomperloch (total re-
source ca. 3-4 million tonnes @ 1.6% Pb, 6.2% Zn; Cerny & 
Schroll, 1995; Leach et al., 2005) was previously mined for Pb 
and Ag. Small mines operated since medieval time up to 1963, 
and are exposed by around 150 adits (Schulz, 1981). The min-
eralization occurs within a W-E oriented syncline composed of 

Table 2:  Pb-Zn Districts in Austroalpine and Southalpine units with compositional data of sulphide and sulphate from 
 literature before 2010 
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Wetterstein limestone, sediments of the Raibl Group and 
Hauptdolomit. The mineralization is restricted to the upper-
most 240m of the Wetterstein limestone forming cloud- and 
nest-shaped ore bodies, sheared and folded during the Eoalpine 
orogeny (Schulz, 1981). The mineral paragenesis is dominated 
by galena, sphalerite, marcasite, calcite and fluorite.  

At the village Nassereith, Zn-Pb mineralization hosted by Wet-
terstein limestone forms a deposit cluster within District II 
(Fig. 1B, Table 2). Light-grey sphalerite forms a matrix of tec-
tonic breccia and is associated with Ag-rich galena and fine-
grained pyrite in calcite gangue (Vohryzka, 1968; Wolkersdor-
fer, 1989). Mining of the Silberleiten deposit NE of Nassereith 
dates back to the 15th century and ceased in 1921. The miner-
alization is mainly controlled by SE-NW trending veins. Isser 
(1881) identified stratiform primary Pb-Zn sulphides that have 
later been altered and remobilized into secondary minerals. 
Lead and calamine ores were mined in Kienberg-Rauschberg 
(Fig. 1) from the 16th century until 1894, followed by unsuc-
cessful exploration from 1921-1925 (Knauer, 1937; Cerny, 
1989; Läntzsch, 2015). The mineralization extends in a steeply 
inclined zone over 1200m in an E-W direction and 250m ver-
tical extension, up to about 300-400m below the Raibl Group. 
Sphalerite is often developed as schalenblende, also showing 
stalactitic textures, and forms cement in a limestone breccia. 
Lead-zinc ores have also been mined from the 16th century un-
til the late 19th century in the area of Scharnitz and Mittenwald 
(Fig. 1). Sulphide and calamine ores occur in irregular zones, 
often following tectonic structures. Ag-rich galena and cala-
mine accumulated preferentially in zones of fault intersections 
(Jerz & Ulrich, 1966). Wulfenite is a common mineral of the 
oxidation zone (Weiß, 1982). 

The Pb-Zn (-fahlore) ore District III in the eastern part of the 
Alps (Salzburg, Upper Austria) comprises 15 occurrences (Fig. 
1B, Table 2). In addition to major galena and subordinate 
sphalerite, fahlore and various Cu sulphides occur as minor 
phases. The mineralization is structurally controlled and inter-
preted as of epigenetic origin at temperatures between 200-
300°C (Götzinger, 1985; Weber, 1997). Revising the age of 
host rocks at the type locality Arikogel (Fig. 1A) to Upper Car-
nian/Lower Norian (Lampl et al., 2008), Annaberg in eastern 
Austria is regarded here as a type locality for the District (Fig. 
1A). It is hosted by thick-bedded limestone of the Gutenstein 
Formation (Hagenguth et al., 1982; Götzinger, 1985). Mining 
in the 18th century primarily recovered native silver and 
chlorargyrite from a cementation zone.  Oxide Pb-Zn(-Cu) ores 
(calamine, secondary Zn- and Pb-rich carbonate and silicate 
ores) that formed from galena-rich sulphide ore were extracted 
later. Mineralization follows SW to S trending faults. 

The Pb-Zn ore District IV (Fig. 1B, Table 2) with its type lo-
cality at Weyer comprises 17 entries, indicating a fading out of 
Pb-Zn deposits towards the east. The mineralization comprises 
major galena, minor sphalerite and pyrite. It is hosted by Wet-
terstein limestone and dolomite and occurs along discordant 
structures and nappe boundaries. Some occurrences are Cu-
bearing, and most have experienced extensive supergene alter-
ation into calamine ore. 

APT Districts within the Ötztal-Bundschuh Nappe System 

Permo-Mesozoic sediments of the Stangalm Mesozoic that 
have experienced Eoalpine metamorphic temperatures around 
500°C (Rantitsch et al., 2020) host the Pb-Zn ore District V, 
comprising 10 occurrences (Fig. 1B, Table 2). Grey bedded do-
lomites to dolomite marbles host small but remarkable occur-
rences of Pb-Zn mineralization in several places. Although the 
stratigraphic classification of the individual mineralizations is 
still insufficient, they are likely to be developed in both Anisian 
and Carnian carbonates. The vein-type silver-bearing Pb-Zn 
mineralization of Flattnitz (Fig. 1A) are correlated with the top 
of the Wetterstein dolomite. In contrast, the mineralization fur-
ther to the west (e.g., Erlacher Bock – Zunderwand) are partly 
hosted by Anisian strata. The mineralization comprises both 
vein-type and stratiform impregnations with galena, sphalerite, 
accompanied by bournonite, tennantite, tetrahedrite, jameson-
ite, chalcopyrite, pyrite, wulfenite, and barite, fluorite, dolo-
mite and calcite gangue (Götzinger & Leute, 1998; Gröbner, 
1998).  

Stratiform and strictly strata-bound carbonate-hosted Fe-Zn-
Pb sulphides occur in dolomite of the Brenner Mesozoic south 
of the Stubai Valley, Tirol (Melcher, 1990; Melcher & Krois, 
1992). The Brenner Mesozoic rests unconformably on retro-
gressed amphibolite-facies metasediments and orthogneiss of 
the Ötztal-Stubai Basement. The pyrite-rich Pb-Zn ores are 
part of the Pb-Zn ore District VI with 10 occurrences (Fig. 1B, 
Table 2). They are laterally extensive, forming numerous oxi-
dized limonitic layers within a dark dolomite of presumably 
Anisian age, overlying clastic sediments of the Lower Triassic 
“Alpine Verrucano” (Melcher & Krois, 1992). The sulphide 
layers carry primary (often collomorphous) pyrite, sphalerite, 
galena and accessory molybdenite. Molybdenum concentra-
tions in oxidized limonitic ore reach up to 860 ppm. The met-
amorphic temperature at the base of the Brenner Mesozoic in 
this area exceeds 450°C (Reiser et al., 2019). 

The vein-type Obernberg Zn-Cu-(Pb-Ag) deposit (Fig. 1) was 
intermittently mined from the 14th century until 1923. It is 
hosted by metamorphosed Hauptdolomit of the Brenner Mes-
ozoic. Major ore minerals are sphalerite, tennantite, galena, 
with subordinate pyrite, stibnite, bournonite, jamesonite and 
chalcopyrite.  

APT Districts within the Drauzug - Gurktal Nappe System 

Most APT occurrences including some medium-size and a few 
large deposits are known from Mesozoic carbonates within the 
Drauzug-Gurktal Nappe System. A District in Anisian strata 
containing 28 occurrences in Austria and a major one in Slo-
venia (District VII), is separated from the important Pb-Zn Dis-
trict hosted by rocks of Carnian age (District VIII: 213 occur-
rences in Austria, 3 in Slovenia). 

The Pb-Zn ore District VII (Fig. 1B, Table 2) with its type lo-
cality at Kellerberg carries stratiform Pb-Zn mineralization in 
clastic dolomites of Anisian age occurring along the northern 
margin of the Drau Range (Austria), and at Topla in Slovenia  
(Fig. 1). In Topla, about 250,000 tonnes of ore grading 10% Zn 
and 3.3% Pb were mined from 1974 to 1988 from rhythmically 
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laminated sphalerite ores, with Pb-Zn ratios of 1:4 to 1:6 
(Drovenik et al., 1988; Spangenberg & Herlec, 2006). The ores 
are hosted by dolomites of the Koprivna Formation, equivalent 
to the Gutenstein Formation in the northern Alps (Fig. 2). Most 
Anisian deposits, though, are small and are commonly unaf-
fected by later processes. Locally, sphalerite and galena are ac-
companied by molybdenite and fahlore, explaining elevated 
Mo, Ag, Cu and As contents compared to Pb-Zn mineralization 
hosted by Carnian rocks (Warch, 1984). 

In the Pb-Zn ore District VIII (Fig. 1B, Table 2), ore is hosted 
by Carnian carbonates of the Drau Range and the North-Kara-
wanken Range. The District extends from Mežica (Slovenia) 

in the east over 180 km to the west. Most important are the 
deposits Mežica, Hochobir, Windisch Bleiberg, Bleiberg, 
Radnig, Jauken and Pirkach-Hochstadel (Fig. 1A), with an es-
timated initial resource exceeding 60 million tonnes. Bleiberg 
(Table 1; 43 million tonnes @ 1.1% Pb, 5.9% Zn; Leach et al., 
2005) and Mežica (ca. 25 million tonnes @ 5.3% Pb, 2.7% Zn; 
Rečnik et al., 2014) constitute the largest resources. Bleiberg 
produced approximately 2.2 million tonnes of metals from ores 
hosted by Carnian carbonate rocks (Schroll, 2008). The mining 
area was active from 1333 until 1994. 

Lead largely dominates the metal content of the complex large-
scale deposits hosted by Wetterstein limestone (Bleiberg Pb/Zn 

 
Figure 2:  Stratigraphic and lithofacies chart of Austroalpine (Drauzug-Gurktal Nappe System) and Southalpine Triassic 
units. The position and shape of Pb-Zn orebodies in the deposits of Bleiberg, Kellerberg, Mežica, Topla and Raibl/Cave del 
Predil is indicated. 
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= 1/1.5, Mežica Pb/Zn = 1). The ore bodies in the Raibl Group 
are consistently Zn-dominated (Pb/Zn = 1/4 to 1/6). The metal 
content of most individual deposits is in the order of 103 to 104 
t. The main minerals are galena, sphalerite and subordinate 
iron sulphides (marcasite, melnikovite, pyrite). Molybdenite is 
rather rare and bound to bituminous sedimentary rocks. An ex-
ception is known from Mežica, where molybdenite has been 
found in the paragenesis of a fracture mineralization. More 
than 50 secondary minerals have been described from the oxi-
dation zones, including abundant wulfenite, as well as 
descloizite and vanadinite. Gangue minerals are quartz, anhy-
drite, gypsum, fluorite, barite, calcite and dolomite (Schroll, 
1953; Kanaki, 1972). Fluorite-bearing mineralization is always 
rich in Zn and associated with quartz. Fluorite is the predomi-
nant gangue in the west of the Bleiberg deposit (Antoni shaft). 
Barite dominates the eastern part of Bleiberg (Rudolf District), 
in Windisch Bleiberg and in the Hochobir areas (Fig. 1), but is 
missing in Mežica, which has a carbonate-dominant gangue. 

The bulk of the metals occurs thin the Wetterstein Formation 
top (Cordevol), where a “special facies” comprises a 60m thick 
sequence of cyclothems of subtidal to supratidal sediments 
(Bechstädt, 1975) (Fig. 2). A sequence of green marls, mud-
stones, breccias, stromatolites and mussel banks formed, inter-
rupted by evaporitic periods. Emergence resulted in karstifica-
tion, local erosion, resedimentation and extensive cavity 
formations. The “special facies” ores are characterized by 
fluorite, anhydrite and quartz. At the top boundary to the Raibl 
Group, an oolite horizon is mineralized with pyrite, marcasite, 
melnikovite, and rarely sphalerite, galena and barite (Schulz, 
1983).  

Ore is present also as tens of meters thick bodies in the footwall 
of the oolitic horizon and in a rhythmic sequence, where the 
lowest ore horizon is 200 to 300m (Bleiberg), or even 600m 
(Mežica) below the base of the overlying Raibl Group (Fig. 2). 
The Raibl Group sediments are rarely mineralized, but 

occasionally iron-sulphide-containing geodes occur. The Pb-
Zn mineralization is confined to the intermediate dolomite and 
grauwacke, and to breccia and dolomite in the hangingwall of 
the uppermost Raibl shale. In the Drau Range, the mineraliza-
tion within the Raibl Group is common, whereas it is missing 
in the North-Karawanken Range.  

A special ore type is represented by a massive zinc-rich miner-
alization on the southern edge of the intensely dolomitized la-
goonal carbonates (Bleiberg and Mežica). The layered miner-
alization is consistently Zn-rich, while the vein mineralization 
is Pb-rich.  

At Bleiberg, several strata-bound to stratiform ore horizons are 
known in carbonate rocks of the upper Wetterstein Formation 
(“Maxer Bänke”, “Erzkalk”, “Crest”) and in the overlying 
Raibl Group (Fig. 2). Zn-dominated ores at the Maxer Bänke 
horizon occur in a dolomitic/marly sequence about 170-190m 
below the 1st Cardita shale, which was deposited in a sub- to 
supratidal environment (Hagenguth, 1984). They consist of 
fine-grained disseminated sphalerite often showing stratiform 
features and botryoidal sphalerite (schalenblende) with very 
little galena (Fig. 3A). The gangue is dominated by fluorite, 
quartz and minor dolomite and calcite (Henjes-Kunst et al., 
2017).  

The “Erzkalk” mineralization comprises eight concordant ore 
bodies (“Edle Flächen) in the uppermost 120m of the Wetter-
stein Formation. The hosting lagoonal carbonates include sub- 
to intratidal cyclic sequences with stromatolites, breccias, and 
marls. They were deposited in a topographically elevated zone 
of the carbonate platform that was periodically emerged and 
karstified. The stratabound ore bodies within the Erzkalk hori-
zon seem to be connected to these emergent horizons that are 
traceable over kilometres in the mine (Cerny, 1989). These 
smaller volume orebodies were the most extensively mined 
ores at Bleiberg (1.5 million tonnes) containing galena, 

Figure 3:  Ore types from the different ore horizons at Bleiberg. (A) Maxer Bänke (sample Blb 17): fine-grained layered sphal-
erite ore with schalenblende of different colour at the bottom; the gangue is rich in fluorite and quartz. (B) Erzkalk (sample 
EHK02): galena and different types of sphalerites (ZnS I to IV); the gangue is barite, fluorite, calcite and dolomite. Values in 
(A) and (B) are δ34S‰ values of sphalerite (for details see Henjes-Kunst et al., 2017). (C) Massive sphalerite ore, Crest horizon 
(Schwellenfazies). The dark brown sphalerite bands are interpreted as mineralized microbial mats. Fractures (arrow) are filled 
with late-stage anhydrite, photo courtesy H. Kucha. 
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sphalerite (Pb/Zn = 1 to 1/4), and minor Fe sulphides. The 
gangue typically contains barite in addition to calcite, dolo-
mite, fluorite and quartz and ore specimens commonly record 
sequential crystallisation (Fig. 3B; Henjes-Kunst et al. 2017).  

The “Crest Horizon” is an irregular, breccia-dominated high-
grade Zn-rich (ca. 7% Zn) ore body in dolomitized limestone 
of the upper Wetterstein Formation. It is highly mineralized 
with a low Pb/Zn ratio of 1/10 and low Ge contents in sphaler-
ite (Cerny, 1989). Diagenetic mobilization processes are re-
sponsible for Mn enrichment and Sr depletion. Partly, banded 
ore textures are preserved (Fig. 3C). Individual layers consist 
of globular micro-structures which are partially replaced by 
sphalerite. These bands, which are intercalated between scha-
lenblende were interpreted as mineralized microbial mats (Fig. 
4A, 4B; Kucha et al., 2005; Kucha et al., 2010). Elongate fila-
ments and nano-globules of ZnS were made visible by FE-
SEM imaging of etched micro-voids in these globular sphaler-
ites (Fig. 4C, 4D). In combination with the light sulphur iso-
tope values these textures were interpreted as microbial fea-
tures and products of microbial metabolism (Kucha et al., 
2010). 

Breccia ores formed by large-scale slumps of Crest and Cardita 
material into a basin. Such breccia bodies are in places highly 
mineralized, such as in “Revier Erlach” in the westernmost part 
of the Bleiberg mine area where massive ore components are 
embedded in a shale matrix. Such ores are interpreted as 
resedimented breccia that formed in the Carnian during depo-
sition of the third Cardita shale horizon (Cerny, 1989). 

Three additional ore horizons (Cardita horizons) are developed 
in the carbonate rocks intercalated between the three shale ho-
rizons of the Carnian Raibl Group. 

Detailed studies from Bleiberg documented a multitude of dis-
cordant ore features (for details see Schroll, 2008). These in-
clude irregular stockwork-like breccia ore bodies, discordant 
veins as well as tubular ore bodies and mineralized cavities. 
The economically most important ones were limestone-dolo-
mite breccia ore bodies of the Crest horizon (“Kalkscholle” 
etc., Schulz, 1985). The formation of irregular cavities has 
been linked to karstification due to emergence of the carbonate 
platform (Bechstädt, 1975). Ore rhythmites with geopetal 
structures within these up to metre-sized cavities were inter-
preted as sedimentary ores formed in cavity depressions (Siegl, 
1956). Higher grade ore zones were often developed at the in-
tersection of bedding parallel and discordant fault structures. 
Schulz (1968) assumed that some of the discordant veins 
formed syn-diagenetically, providing pathways for the miner-
alizing fluids. 

To the west of the Bleiberg deposit, small and medium-size 
APT deposits are known (Fig. 1). The Radnig Pb-Zn-(F-Ba) 
deposit (0.25 Mt remaining reserve; Cerny, 1989) is hosted by 
shallow-water sediments similar to the “special facies” of the 
Bleiberg deposit, overlain by barren sediments of the Raibl 
Group. Sphalerite occurs as dark honey-coloured crystals up to 
1mm in size hosted by coarse dolomite, as rhythmic layers 
(“zebra ore”) of calcite, barite and yellow hypidiomorphic 
sphalerite, and as brecciated ore (Onuk, 2018). The Jauken de-
posit was mined for Pb-Zn- (calamine) ores for several centu-
ries. Later, also Pb-Zn sulphides were mined. Ores consisting 
of sphalerite, galena, some pyrite and chalcopyrite are re-
stricted to the uppermost Wetterstein Formation and the Raibl 
Group. Sphalerite is high in Ge (Cerny & Schroll, 1995). 

The Pb-Zn occurrence of  Pirkach-Hochstadel (Fig. 1) is hosted 
by the topmost members of the Raibl Group. The mineraliza-
tion is strictly stratiform and occurs as a consistent layer of 1m 
thickness about 20m in the hangingwall of the third Raibl shale 
(Cerny, 1989). Ore samples are rich in pyrite but locally carry 
coarse sphalerite crystals that are high in Cd, Ga and Ge, but 
poor in Tl (Schroll, 1954). 

The deposit cluster at Hochobir with the Fladung deposit in the 
Northern-Karawanken Range (Fig. 1) is bound to the Upper 
Wetterstein Formation, 20-30m below the first Raibl shale. 
Ores are present as layered sphalerite-galena rhythmites with 
common colloform textures (Onuk, 2018).  

The Mežica deposit occupies a 10km2 area below Peca (Pet-
zen) mountain between Črna na Koroškem and Mežica (in Slo-
venia) (Fig. 1). This Pb-Zn district includes more than 350 ore-
bodies with a total production of 19 million tonnes of ore and 
estimated remaining reserves of 6 million tonnes (Rečnik et al., 
2014). After 350 years of mining activity, production at Mežica 
stopped in 1994, and the mine closed in 2004. The mineraliza-
tion is hosted in the upper 600m of the Wetterstein formation 
of the Northern-Karawanken Range, in the carbonate sequence 
between the 1st and 2nd Raibl Group shales and in the 
Hauptdolomit (Štrucl, 1960; 1984) (Fig. 2). The mineralization 
occurs as (i) reef-bound, (ii) concordant, (iii) discordant and 
(iv) breccia ore bodies (Cerny, 1989; Potočnik Krajnc, 2021). 
Economically important are discordant and breccia-type min-
eralizations (Fig. 5A-D). Discordant ore bodies occur as 

Figure 4:  Microbial textures in sphalerite ores from 
Bleiberg, Crest horizon (“Kalkscholle”). (A, B) Photomi-
crograph of sphalerite band formed by replacement of for-
mer microbial mat. Detail of circle C in Fig. 4C. The band 
consists of circular biogenic (?) globules with core and rim 
(C, R). (A) Reflected light, (B) with crossed polars. (C) FE-
SEM image of etched cavity within micro-globular sphal-
erite showing nano-globules of sphalerite. (D) FE-SEM 
image showing details of (C) with ZnS nano-globules and 
part of a mineralized bacterial filament. Photos H. Kucha.  
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steeply dipping fracture-controlled structures, that extend ver-
tically for more than 60m. Such ore bodies represent post-Tri-
assic faults, which were probably conduits for upward migrat-
ing ore-forming fluids (Herlec et al., 2010). Typical textures 
associated with discordant orebodies are cockade breccias 
(Fig. 5C), veins, breccias, ore-impregnations and replacements 
of host-rock clasts (Štrucl, 1984).  Breccia-type mineraliza-
tions occur as irregular and columnar ore unrelated to the strat-
igraphic and tectonic position. Breccias were likely formed as 
the result of tectonism, collapse of karst caves, and the 

selective dissolution of the host-rock by hydrothermal fluids 
(Herlec et al., 2010). Alternatively, these breccias have been 
interpreted as karstified and brecciated palaeotopographical 
highs that were later mineralized by Pb-Zn sulphides (Bech-
städt, 1975; Cerny, 1989). 

The small polymetallic ore District IX (Fig. 1B, Table 2) with 
7 occurrences is confined to the Middle Triassic dolomite over-
lying metamorphic basement rocks. This mineralization is his-
torically important with mining activities in the 18th century 

Figure 5:  Textures of Pb-Zn ore from the Mežica and Raibl deposits. (A-D) Macroscopic images of the main ore textures of 
the Mežica deposit. (A, B) Breccia- and vein-type mineralization showing impregnation and replacement of host rock clast by 
sphalerite (brown). Sphalerite is overgrown by bands of galena and late hydrothermal calcite. (C) Irregularly shaped, concen-
tric, alternating banding of colloform sphalerite in cockade breccia. (D) Concordant mineralization in the form of ore rhythmite 
– alteration and replacement of initial laminated host-rock by sphalerite, minor galena and dolomite. (E-H) Macroscopic 
images of important ore textures of the Raibl deposit. (E) Dendritic ore, composed of colloform grey sphalerite overgrown by 
galena and a second generation of sphalerite with brown to yellow colours. Pyrite forms an outer rim of the dendritic texture 
(sample R63a). (F) Agglomerated sphalerite consisting of rounded individual sphalerite grains overgrown by galena in a 
gangue of dolomite and barite, next to bands of brown sphalerite (sample R45). (G) Sphalerite bands showing varying shades 
of brown, intergrown with barite (sample R59). (H) Tubular ore composed of galena tubes filled by light brown sphalerite, 
dolomite and barite. Tubes are cemented by a second generation of dark brown sphalerite (sample R67). 
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and probably in pre-Roman times (Enzfelder, 1972), but do not 
have any economic potential. The vein-type deposits consist 
mainly of Hg-rich tetrahedrite and galena, with chalcopyrite, 
sphalerite and barite plus quartz as gangue minerals (Pichler, 
2003). Oxidized ore samples carry cerussite, hemimorphite, 
wulfenite, greenockite, anglesite, azurite and malachite. 

APT deposits in the Silvretta-Seckau Nappe System 

Triassic sedimentary cover sequences in the Lower Austroal-
pine and structurally lowest Upper Austroalpine nappes locally 
host insignificant sulphide mineralization. The Pb-Zn ore Dis-
trict X in the Engadine Dolomites of Switzerland (Fig. 1B, Ta-
ble 2) is hosted by Triassic sediments overlying the basement 
rocks of the Silvretta-Seckau Nappe System. The small depos-
its around Scharl have been intermittently mined from the 4th 
century until 1828. They occur in the Anisian limestone and 
the lower part of the Wetterstein dolomite. Reddish brown and 
grey sphalerite, Ag-rich galena, pyrite, chalcopyrite and 
fahlore mineralization is found in fracture and breccia zones 
associated with barite, quartz, Fe carbonate, wulfenite and cal-
amine ore (Escher, 1935; Kellerhals, 1962; Büttner & Saager, 
1983). Based on textural relations, the timing of Pb-Zn miner-
alization predates nappe thrusting. 

Further to the west, in the areas of Arosa, Davos and Sertig, 
Pb-Zn mineralization occurs in a similar stratigraphic position, 
with major sphalerite and minor galena, pyrite, jamesonite and 
secondary minerals (Escher, 1935). 

APT deposits in the Southalpine  

The Southalpine unit hosts Pb-Zn Districts within Anisian to 
Norian limestone, dolomite and shale. A total of 46 occur-
rences of “stratiform Pb, Zn, fluorite, barite ores” are reported 
in the Dolomites, the Julian Alps and the Orobic Alps (Brigo 
& Omenetto, 1979). 

The Pb-Zn-ore District XI at Cave del Predil/Raibl (Fig. 1B, 
Table 2) is hosted by the ca. 1000m thick Schlern Dolomite 
(Fig. 2).  Minor mineralization occurs at the contact of the 
Schlern Dolomite to the Raibl Group, but the deposit does not 
extend into the Raibl Group itself (Brigo & Omenetto, 1978). 
About three ore horizons are known and have been mined from 
the Middle Ages until 1988. The original resource was 34 mil-
lion tonnes. 15 to 20 million tonnes @ 5% Zn and 1% Pb have 
been produced with a metal output of 1.5 million tonnes Pb + 
Zn (Cerny, 1989). Leach et al. (2005) reported 18.2 million 
tonnes @ 1.2% Pb and 6.0% Zn (Table 1). Sphalerite and ga-
lena are the ore minerals, Fe sulphides are rare, fluorite is ab-
sent, and barite is locally abundant. The mineralization is 
bound to fault systems but may deviate slightly from the main 
mineralizing faults (Jicha, 1951). The mineralization itself has 
been described as vein-like or as veinlets (Cerny, 1989), but 
also as columnar stocks (Omenetto, 1980). Stratiform ores at 
the contact of Schlern Dolomite and Raibl Group are subordi-
nate (Brigo et al., 1977). 

The deposit of Raibl shows a variety of massive to dissemi-
nated ores. Various breccias have been described (e.g., 
Pošepny, 1873). Colloform sphalerite (schalenblende) is the 
most common ore texture (Jicha, 1951; Pošepny, 1873) (Fig. 
5E and 5G). The bands of colloform sphalerite sometimes 

enclose dendritic galena grains (knitted galena; Fig. 5E) (Gart-
ner, 2023). Galena also occurs as cubes or octahedrons, hexa-
hedrons with blunt corners, crusts and vein fillings and as 
bands (Cotta, 1863; Pošepny, 1873; Göbl, 1903; Jicha, 1951). 
Granular and disseminated sphalerite (Göbl, 1903; Gartner, 
2023) shows similar colour zoning as colloform textures (Fig. 
5F). This ore type, described in Bleiberg as well (Schulz, 
1959), is transitional between disseminated and colloform tex-
tures (Gartner, 2023). 

Tubular ore consists of galena tubes surrounded by bands of 
sphalerite and pyrite (Fig. 5H). The tubes may sometimes be 
hollow but are more often filled by either weathered material 
or a mixture of gangue and sphalerite (Posepny, 1887; 
Pošepny, 1873; Gartner, 2023). Sphalerite-stalactites 
(“Röhrenerz”) have also been described (Kraus, 1913). 

The Pb-Zn ore District XII (Fig. 1B, Table 2) in northern Italy 
contains several small, and two medium size APT deposits. 
The Pb-Zn mineralisation of Salafossa is mainly hosted by the 
South Alpine Cassian Formation (Ladinian to Carnian) and is 
located close to a thrust plane with Permian evaporites and 
sandstones in the footwall. The stock-like orebody some 700 x 
50m to 200 x 50m size (Leach et al., 2003) was mined from 
1957 until depletion in 1986 and yielded 10 million tonnes of 
ore @ 4.9% Zn, 0.95% Pb (Cerny, 1989). The ore was mined 
from a breccia that graded into massive dolomite and featured 
a Pb-Zn ratio of 1/5. Deeper parts were rich in pyrite, marcasite 
and barite, whereas the higher parts consisted of colloform sul-
phides and saddle dolomite. 

In the Auronzo area (Fig. 1A), several Pb-Zn occurrences are 
known, among them, the stock-like Argentiera deposit that was 
been in production until 1971, producing 1 million tonnes of 
oxide ore @ 6% Zn, 1% Pb (Cerny, 1989). Breccia ores are 
mostly hosted by the Anisian Upper Sarl Dolomite, and are ex-
clusively structure-controlled (Assereto et al., 1976).  

The Pb-Zn-F ore District XIII at Gorno in the Bergamo prov-
ince (northern Italy; Table 2), hosts Pb-Zn-Ag and fluorite-bar-
ite orebodies within the Carnian lagoonal Calcare Metallifero, 
followed by deeper-water marly limestones of the Gorno For-
mation, correlated to the Raibl Group (Mondillo et al., 2020). 
The stratabound deposits mainly carry sphalerite, galena, 
fluorite and barite, with minor Ag-bearing tetrahedrite-tennan-
tite (Mondillo et al., 2018, 2020).  Mining was active until the 
1980s, and exploration restarted in 2015. A production target 
of 6.0 million tonnes at a cut-off grade of 3.5% Zn was esti-
mated (Altamin, 2023). Leach et al. (2005) list a resource of 
6.2 million tonnes @ 2.3% Pb and 11.5% Zn (Table 1). 

Trace element and isotopic geochemistry of ore-
related minerals 

Analytical methods 

Samples for this study were collected from mine workings, 
dumps and mineral collections at the Federal Institute for Ge-
osciences and Natural Resources (BGR), Montanuniversität 
Leoben and University of Ljubljana. The samples used for the 
trace element study by Henjes-Kunst (2010) and for radio-
metric dating were collected underground in the western and 
deepest accessible parts of the then-active Bleiberg mine in 
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1990 by O. Schulz, F. Vavtar and F. Melcher (University of 
Innsbruck). 

Sulphide minerals were analysed using electron microprobe 
(EPMA) and laser ablation-inductively coupled plasma mass 
spectrometry (LA-ICP-MS) techniques. EPMA was carried out 
using the JEOL JXA 8200 superprobe at the Chair of Resource 
Mineralogy, Montanuniversität Leoben (Austria) and a 
CAMECA SX 100 probe at the Federal Institute for Geosci-
ences and Natural Resources (BGR) in Hannover (Germany) 
(for analytical conditions see Henjes-Kunst, 2014). This re-
search focussed on samples from the Bleiberg deposit, with ad-
ditional samples included from Jauken, Radnig, Mežica, Topla, 
Windisch-Bleiberg, Zunderwand, Raibl and Lafatsch (Fig. 1B, 
Table2). 

LA-ICP-MS was used for minor and trace elements in sphaler-
ite and pyrite, employing a New Wave Research Nd:YAG 213 
nm nano second laser ablation system coupled to an Agilent 
8800 triple quadrupole ICP-MS. The laser beam was focussed 
to a spot size of 50µm at 10Hz and 2-3J/cm². Helium 
(750ml/min), mixed with argon (900ml/min) was used as car-
rier gas. The following isotopes were measured using acquisi-
tion times between 0.02 and 0.05seconds: 34S, 51V, 52Cr, 55Mn, 
57Fe, 59Co, 60Ni, 63Cu, 66Zn, 71Ga, 74Ge, 75As, 82Se, 95Mo, 107Ag, 
111Cd, 115In, 118Sn, 121Sn, 197Au, 210Hg, 205Tl, 208Pb and 209Bi 

For quantification of the element content, the matrix-matched 
sintered pressed powder pellet reference material (MUL-ZnS 
1; Onuk et al., 2017) and for quality control, the USGS powder 
pressed polysulfide reference material MASS-1 (Wilson et al., 
2002) were used. The software package Iolite V3.1 (Paton at 
al., 2011) was used for data reduction. 

For diagrams and tables (Table 4), median, interquartile range 
(IQR) and total ranges are used. Spider diagrams for sphalerite 
from different APT deposits are normalized to an average APT 
composition calculated from the median of 13 deposit medians 
derived from the LA-ICP-MS data (Table 4). These are (in 
ppm): Mn 3.2, Fe 2267, Cu 136, Ga 1.9, Ge 194, As 56, Ag 
1.0, Cd 2422, Sn 0.12, Sb 0.52, Tl 9, Pb 323. 

In-situ sulphur isotope analysis using the same analytical in-
struments was performed as outlined by Onuk (2018) using 
two in-house reference materials with known δ34S. A precision 
of better than 1‰ was achieved. All sulphur isotope analyses 
are given in standard δ34S notation (34S/32S) in per mil (‰) rel-
ative to the Vienna-Canyon Diablo Troilite (VCDT) defined by 
the assignment of δ34S of -0.30‰ to the IAEA S-1 reference 
material. Sulphur isotope analyses were also performed at the 
Scottish Universities Environmental Research Centre (SU-
ERC) in East Kilbride (UK) at the Stable Isotope Laboratory 
in cooperation with Adrian Boyce. Analytical details are pro-
vided in Henjes-Kunst (2014) and Henjes-Kunst et al. (2017). 

Rb-Sr isotope analysis of sphalerite and associated gangue car-
bonate and fluorite was performed at the Technical University 
Bergakademie Freiberg (Germany; TUBA), at the Federal In-
stitute for Geosciences and Natural Resources in Hannover 
(Germany; BGR) and at the Department of Lithospheric Re-
search, University of Vienna (Austria). Additionally, lead iso-
tope analysis of galena and sphalerite was carried out at the 
BGR. Details of sample processing including chemical 

digestion, element separation and mass-spectrometric isotope 
analysis can be found in Schneider et al. (2007a) and Henjes-
Kunst (2014) for analytical work performed at TUBA and 
BGR, respectively. Rb-Sr isochron calculation and graphical 
presentation has been performed making use of IsoplotR ver-
sion 5.2 (Vermeesch, 2018) considering the maximum likeli-
hood model and an 87Rb decay constant of 1.397 x 10-11 yr-1 
(Rotenberg et al., 2012).  The goodness of fit of the sample 
data along the calculated isochron is given by the mean square 
of weighted deviates (MSWD). Errors were calculated by 
propagation of analytical uncertainties associated with the 
sample data and with the decay constant and reported at the 
95% confidence level for isochron calculations with an MSWD 
close to unity. Isochron errors for datasets yielding MSWD val-
ues >>1 are given as scatter-enhanced 2δ errors. 

Trace element composition of sulphides  

The chemical composition of sulphide minerals provides im-
portant constraints on physico-chemical parameters of ore for-
mation, and likely on the metal sources (e.g., Möller et al., 
1983). Trace element data of sulphide minerals in APT depos-
its have been collected for over 70 years, starting with Schroll 
(1950, 1951, 1953a,b, 1954, 1955). The development of ana-
lytical methods from semiquantitative spectrometric determi-
nation of a few trace elements on single ore samples (e.g., 
Hegemann, 1960; Fruth & Maucher, 1966; Kuhlemann & 
Zeeh, 1995) over in-situ electron and ion probe microanalysis 
(since the 1980’s; e.g., Pimminger et al., 1985; Henjes-Kunst, 
2010, 2014; Henjes-Kunst et al., 2017) to laser ablation-ICP-
MS analysis of complete trace element inventories (Onuk, 
2018; Melcher & Onuk 2019) has resulted in an extensive da-
taset on a significant number of APT deposits. In the following, 
results of EPMA studies (Henjes-Kunst, 2010, 2014) and of 
several extensive LA-ICP-MS studies on sphalerite are sum-
marized, including Mežica (Potočnik-Krajnc, 2021), Raibl 
(Gartner, 2023) and a number of other deposits in Austria 
(Onuk, 2018) and Bavaria. Trace element data of pyrite/mar-
casite are available from only a few deposits. For galena, the 
data obtained by Schroll (1951, 1953a, 1954, 1997) and Schroll 
et al. (1994) are still the only ones available. 

Literature data for sphalerite and galena compositions from de-
posits hosted by Anisian and Carnian carbonate rocks are com-
piled in Table 2. Sphalerite compositions determined by EPMA 
from ten APT deposits in Districts II, V, VII, VIII and XI are 
summarized in Table 3 (Henjes-Kunst, 2014). Statistical pa-
rameters for trace elements measured by LA-ICP-MS are 
shown in Table 4.   

Sphalerite in APT deposits is, with only a few exceptions, poor 
in Fe (median 0.01-0.5%), Mn, V, Cr, Co, Ni, In, Sn and Sb. It 
often carries elevated to high Ge (median commonly 50- 
300ppm), As, Tl, Pb, and variable Cu, Ag, Ga (Onuk, 2018; 
Melcher & Onuk, 2019) (Fig. 6). Ores hosted by Anisian strata 
carry higher Ga, Sn, Sb, and lower Ag than those in Carnian 
rocks (Table 2). The different trace element composition is at-
tributed to the proximity to, often fahlore-bearing, Palaeozoic 
carbonate-hosted ores in the footwall. Germanium concentra-
tions are elevated in both, Anisian and Carnian strata, but are 
generally lower in the Northern Calcareous Alps compared to  
stratigraphically and mineralogically similar ores of the Drau 
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Figure 6: Trace element variations in sphalerite from different APT deposits of Southalpine and Austroalpine units 
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Range, Northern-Karawanken Range and the Southalpine. Sil-
ver concentrations in all stratigraphic units of the Northern 
Calcareous Alps are well above those in the Drau Range and 
Southalpine. Galena is Ag- and Sb-bearing (30-300ppm Ag, 
and 50-500ppm Sb at Lafatsch; Schroll, 1951, 1953a). 

Trace element distribution patterns in sphalerite both display 
similarities and significant differences (Fig. 6, Fig. 7). Similar-
ities are well expressed within the tectonic units. If normalized 
to an average sphalerite composition for APT deposits, median 
compositions of sphalerite from the Drauzug-Gurktal Nappe 
System display positive Mn/Fe ratios, low Ag and Sb, and ele-
vated Tl (Fig. 7C).  In contrast, sphalerite from the Northern 
Calcareous Alps (Tirolic-Noric Nappe System) is character-
ized by lower Mn/Fe ratios, distinctly elevated Cu, Ag and Sb, 
and lower Ge (Fig. 7A). Sphalerite from the Raibl deposit in 
the Southalpine tectonic realm exhibits a high Mn/Fe ratio, 
very low Cu and Ge, and high As, Sn, Sb, Tl and Pb (Fig. 7D).  

The Obernberg deposit in the Brenner Mesozoic is character-
ized by low Mn/Fe, high Ag and exceptionally high Sb, with 
low Ge, As and Tl values. Metamorphosed sphalerites from the 

Anisian dolomite in the Brenner Mesozoic are rich in Mn and 
Fe, and low in Ge, As, Tl and Pb (Fig. 6, Fig. 7B). 

Within geographically and tectonically well-defined groups, a 
Random Forest analysis (Breimann, 2001) identifies deposit 
discriminating elements and validates them by a randomized 
cross-stratification approach. The results provide evidence 
with high confidence of the importance of local trace element 
signatures as geochemical fingerprints and extract geochemi-
cal relationships within the ore district (Fig. 8).  

In particular, Ag discriminates the Lafatsch deposit, Mn the 
Jauken deposit and Ge the Fladung deposit. The Raibl deposit 
is unique by a very low Cu concentration, showing a relation 
also to the Radnig and Mežica deposits, possibly explained by 
a palaeogeographic proximity at the time of mineralization.  

Application of the GGIMF geothermometer (Ge-Ga-In-Mn-Fe 
in sphalerite reveals  temperatures of between 60°C and 140°C 
(Table 4) (Frenzel et al., 2016). These values are consistent 
with temperature models for the Drau Range (Rantitsch, 1995, 
2001, 2003), but in conflict with temperatures calculated from 

Figure 7: Median trace element composition of sphalerite in APT deposits measured by LA-ICP-MS from four tectonic units. 
(A) Tirolic-Noric Nappe System (Northern Calcareous Alps); (B) Ötztal-Bundschuh Nappe System (Brenner Mesozoic); (C) 
Drauzug-Gurktal Nappe System (Drau Range, North-Karawanken Range); (D) South Alpine. Coloured fields indicate inter-
quartile range (Q1, Q3) for Bleiberg (blue colour in (C)), Mežica (brown colour in (C)) and Raibl (in D).  
 
For normalizing values see section on trace element and isotopic geochemistry of ore minerals 
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Table 3: Trace element concentrations in sphalerite from carbonate-hosted Pb-Zn deposits determined by LA-ICP-MS. S, 
number of samples studied; N = number of analytical spots. 

(GGIMF = Ge – Ga – In – Mn – Fe) 
 

Table 4: Summary of pyrite/marcasite composition (in ppm) determined by LA-ICP-MS. Median and range (in brackets) of N 
analyses (in brackets after locality) (bdl – below detection limiut) 
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fluid inclusion microthermometry (Zeeh et al., 1998). Based 
on the sedimentary cover, maximum temperatures at the Trias-
sic/Jurassic boundary did not significantly exceed 100°C for 
the Raibl Group. The east-west trend to higher temperatures 
estimated by Rantitsch (2001) is mirrored by sphalerite data, 
with Mežica (<70°C) revealing the lowest and Jauken (135°C) 
the highest temperatures within the Drau Range-North-Kara-
wanken unit. APT deposits in the Northern Calcareous Alps 
record 60-100°C, similar to Southalpine deposits. Obernberg 
(137°C) and Serles (>300°C) have experienced higher meta-
morphic temperatures. 

In APT deposits, galena is commonly poor in trace elements. 
A detailed LA-ICP-MS study of galena is still missing, and the 
available data are based on bulk spectroscopic methods. For 
the Bleiberg deposit, Schroll et al. (1994) provided composi-
tional values for 57 galena analyses, yielding median contents 
of 1.5ppm Ag, 90ppm As, 11ppm Cd, 0.25ppm Cu, 35ppm Sb, 
1.7ppm Tl and below 0.5ppm of each Ge, In, Mn, Mo, Sn and 
V. In other deposits (e.g., in Districts I-IV, VI, XII and XIII), 
semiquantitative analyses reveal higher Ag and locally consid-
erable As, Sb and Tl (Schroll, 1951, 1953a, 1954, 1955) (Table 
2). 

In a small number of deposits, Fe sulphides were analysed by 
LA-ICP-MS: they invariably display an As-Tl-Pb signature 
(Table 5). Pyrite from the Anisian basal dolomite in the Bren-
ner Mesozoic is poor in trace elements except for As (median 
1066 ppm, maximum up to 1%) and in cases Tl (some analyses 
exceed 100 ppm). The Co/Ni ratio varies around a median of 
0.05. Concentrations of Ge, Ga and In are below 1 ppm. The 

concentrations of Mo reach up to 35 ppm in some analytical 
spots that are also high in Zn and Pb, thus representing mixed 
data. The median value of 3 ppm Mo, however, indicates that 
some Mo is hosted in pyrite.  

Pyrite-rich ore collected along a contact of bituminous dolo-
mite with schist and sandstone of the Raibl Group in the Wald-
loch adit on the north slope of Jauken (Canaval, 1931) is 
slightly enriched in As, with some Tl present. In a pyrite-rich 
Zn ore from the adit “Mühlenstollen” at the Pirkner Graben 
(Pirkach, Fig. 1), pyrite is poor in trace elements except for As, 
Hg (1-100ppm) and Tl that occasionally reach high levels. Ger-
manium concentrations (maximum 10ppm) are among the 
highest measured in Fe sulphides.  

Pyrite analyses from the Southalpine Raibl deposit reveal high 
As, Tl and Pb (Table 5). Two analyses of marcasite from the 
Mežica deposit also reveal high Tl and Pb, but lower As. 

Hegemann (1949) and Schroll (1953a) analysed pyrite and 
marcasite from the Bleiberg and Mežica deposits. Iron sul-
phides carry 50-100ppm Tl and 10ppm to 1% As. Cobalt (20-
100ppm) and Ni (175-300ppm) are only concentrated in pyrite 
from the Cardita shale (Schroll, 1953a). Concentrations of Mo 
and V were below the detection limits of 50ppm. 

Sulphur and lead isotope data 

Sulphur isotope data 

Large datasets available for sulphur isotopes in both ore sul-
phides and associated sulphates have been summarized in ma 

 

Figure 8: Trace elements discriminating APT deposits. The graph is a result of a binary Random Forest analysis among the 
shown deposits and evidence that the labelled elements discriminate the deposits with a confidence of >95%. Low classifi-
cation errors (bright arrows) indicate strong differences between the trace element composition of the deposits. The colours 
indicate elements, discriminating characteristically a deposit or a deposit group (same colour). 
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many publications (e.g., Schroll & Wedepohl, 1972; Schroll et 
al., 1983; Schroll & Pak, 1983; Schroll, 1996, 1997; 
Kuhlemann et al., 2001; Schroll & Rantitsch, 2005; Herlec et 
al., 2010). The most important findings are summarized below. 

The sulphur isotope composition of sulphides in APT deposits 
varies over a wide range and is often bimodally distributed, at-
taining a maximum at highly negative values (δ34S ≤ -20‰) 
explained by bacteriogenic sulphate reduction, and a second 
maximum at δ34S = -10 to 0‰ explained by thermogenic sul-
phate reduction from a second source (Kuhlemann et al., 2001; 
Henjes-Kunst et al., 2017). Schroll & Rantitsch (2005), in their 
compilation of data from the Bleiberg deposit, distinguished 
three populations, (1) one yielding very light sulphur (-25 to -
29‰), (2) one yielding heavier sulphur (-6 to -8‰), and (3) a 
group in between. No isotopic equilibrium between coexisting 
pyrite, sphalerite and galena has been reached. Sulphates com-
monly reflect the composition of contemporaneous seawater, 
e.g., +22 to +25‰ in Anisian, and +13 to +16‰ in Carnian 
strata (Schroll, 1996). According to a compilation by Brigo et 

al. (1977), δ34S values in sulphides in the largest APT deposits 
hosted by Carnian rocks range from -30.4 to -4.4‰ in Bleiberg, 
-25.6 to -6.4‰ in Raibl, and -29.0 to -1.4‰ (Herlec et al., 
2010) in Mežica. 

Sulphur isotope data of pyrite from the Anisian basal dolomite 
in the Brenner Mesozoic (Serles) reveal a bacteriogenic origin 
(δ34S = -29 to -34‰; Schroll, 1997). In contrast, sphalerite 
from the vein-type Obernberg deposit has δ34S of -2.4 to -1.3‰ 
(Schroll, 1997). Data compiled for ores hosted by Anisian 
rocks in the Northern Calcareous Alps (Districts I and III), the 
Drau Range-North Karawanken District (District VII) and the 
Southalpine deposit Auronzo (District XII) show a large varia-
tion from -30 to +30‰ (Schroll, 1996; Kuhlemann et al., 
2001). The heavier values are found in ores deposited in late-
tectonic veinlets, and the most extreme values are interpreted 
by fluids derived from oil-field brines. In the Topla deposit 
(District VII), δ34S ranges from -29.8 to +14.9‰ (Drovenik et 
al., 1988; Schroll, 1996). An in-situ study of samples from 
Topla found values ranging from -20.6 to -23.1‰ in one 

 
Figure 9: LA-ICP-MS data of δ34S (‰, VCDT) versus sphalerite GGIMFis temperature (A), trace elements Cd (B), Tl (C) and 
Ge (D) for single ablation spots in different ore types from the Bleiberg deposit. 
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sample, whereas a second sample yielded values of -9.8 and -
12.9‰ (Henjes-Kunst, 2014). Marcasite aggregates range 
from -23.9 to -16.0‰. 

In a study of sphalerite from four ore horizons in the Gorno 
District (District XIII), Fruth & Maucher (1966) pointed to a 
local dependence of trace element and sulphur isotope compo-
sitions. Samples from the deeper basin have lower Ge/Ga and 
more negative (lighter) δ34S values than those from a transition 
to the lagoon, where shallow-water, quiet sedimentation con-
ditions prevailed and δ34S values are all positive (average 
+2.4‰), while Ge/Ga values are higher. However, δ34S values 
at Gorno are within a narrower range (-9.8 to +3.8‰) com-
pared to the sulphides from Bleiberg, Mežica, Raibl and 
Lafatsch, and the influence of bacteriogenic sulphate reduction 
is likely smaller. 

Henjes-Kunst et al. (2017) documented a large sulphur isotope 
variation within single ore samples using in-situ techniques 
(Fig. 3A, 3B). In a sample from the Erzkalk horizon at 
Bleiberg, four sphalerite generations revealed a variation from 
-18.2 to -4.6‰ and galena from -25.1 to -7.7 ‰. In contrast, 
schalenblende from Erzkalk is light at -22.3 to -22.6‰, similar 
to pyrite with -21.8‰; barite yielded δ34S +17‰. In a sample 
from the Maxer Bänke horizon, δ34S in schalenblende is more 
variable, ranging from -16.2 to -26.0‰, overlapping with ga-
lena (-20.9 to -24. ‰) and type II and III sphalerite (-13.5 to -
21.4‰). Only one analysis yielded a heavier δ34S value of -
1.5‰.  

In an in-situ LA-ICP-MS study, Onuk (2018) documented a 
bimodal distribution both in sphalerite from Bleiberg from the 
Cardita horizon (n = 26; maxima at -30 and -8‰) as well as 
the Erzkalk horizon (n=89; maxima at -26 and -8‰). Similar 
ranges are reported for the Radnig (-28 to -21‰) and the 
Fladung deposits in the Drau Range (-26 to -10 ‰; Onuk, 
2018). The Jauken deposit is an exception, yielding positive 
δ34S of +1 to +6 ‰ (Onuk, 2018).  

In the Bleiberg deposit, light δ34S is related to higher Fe, Mn, 
Ge, As and Tl concentrations (Fig. 9C, 9D), whereas light δ34S 
is related to elevated Cd in some Bleiberg sphalerite (Fig. 9B). 
Consequently, lighter sulphur isotope ratios are associated with 
compositions that reveal slightly higher GGIMFis tempera-
tures, e.g. 80-180°C for the population at δ34S = -20 to -35‰, 
versus 50-150°C for the population at -5 to -15‰ (Fig. 9A). 

At Bleiberg the population showing the very light δ34S values 
is associated with sphalerite microtextures (globular ZnS, nan-
ospheres, mineralized filaments) indicating direct involvement 
of microbes in the formation of low-temperature sphalerite 
(Kucha et al., 2005, 2010) and thus, supporting the importance 
of BSR for providing the sulphur for ore formation. 

APT deposits hosted by Carnian carbonates in the western 
Northern Calcareous Alps (District II) yield ranges comparable 
to the Drau Range – Northern-Karawanken Range. In sphaler-
ite from the Lafatsch deposit, δ34S ranges from -30 to -13.2 ‰ 
(n = 52; average -18.6 ‰; Schulz, 1981; Schroll, 1997). In-situ 
LA-ICP-MS measurements of sphalerite reveal a similar range 
from -35 to -10‰ with a median at -21‰ (Onuk, 2018). For 
sphalerite from Silberleiten, a δ34S value of -14.8 ‰ was pre-
viously reported (Schroll, 1997) 

Zeeh et al. (1998) and Kuhlemann et al. (2001) provided evi-
dence for a trend of δ34S to lighter values with decreasing age, 
i.e., sphalerite that precipitated in a first ore phase together 
with CSD (clear saddle dolomite) is less negative than sphal-
erite of the second ore phase co-existing with blocky calcite or 
cloudy saddle dolomite. Paragenetically later, botryoidal 
sphalerite carries higher trace element contents (Fe, Ge, As, Tl) 
at lower δ34S than earlier, granular sphalerite.  

Kuhlemann et al. (2001) furthermore proposed an evolution 
towards heavier δ34S with time together with a major TSR res-
ervoir. At Mežica, Herlec et al. (2010) observed increasing δ34S 
from earlier to late-stage sphalerite, and a decrease from more 
stratiform to discordant orebodies. However, Schroll & 
Rantitsch (2005) and Herlec et al. (2010) argue against a major 
TSR derived sulphur reservoir due to the predominance of very 
negative δ34S in sulphides from most of the APT deposits. 

Lead isotope data 

The origin of Pb in Austroalpine APT Pb-Zn deposits was re-
peatedly discussed in the past (Köppel, 1983, 1997; Köppel & 
Schroll, 1978, 1985, 1988; Schroll et al., 2006; Henjes-Kunst, 
2014). A compilation of Pb isotope data for galena and sphal-
erite from various deposits within Ladinian and Carnian strata 
of the Austroalpine units (Köppel & Schroll, 1985; Köppel, 
1997) supplemented by new Pb isotope data for deposits in the 
Drau Range (Henjes-Kunst, 2014) indicates very homogene-
ous common lead values on the scale of individual deposits 
(e.g., Bleiberg) but a scatter in the Pb isotopic signature on the 
regional scale (e.g., Drau Range, Northern Calcareous Alps) 
(Fig. 10A, 10B).  

The Pb isotopic systematics of the Bleiberg District has been 
investigated in detail. Comparative studies on mineralized and 
unmineralized host rock samples and on selected Triassic and 
older sedimentary and crystalline rocks (Köppel & Schroll, 
1985, 1988; Schroll et al., 2006) reveal the following findings: 

1) Selected mineralized whole-rock samples of the Bleiberg 
District yield a Pb-Pb isochron model age of 180 ± 48 Ma. 
The isochron passes through the Pb data points of ore 
(Schroll et al., 2006).  

2) The common lead isotopic signature of unmineralized 
Wetterstein limestone differs from that of Bleiberg ore (ga-
lena, sphalerite) and mineralized whole-rock samples by 
less radiogenic 207Pb/204Pb and 208Pb/204Pb values (Fig. 
10A, 10B). 

3) The lead isotopic signature of unmineralized host rocks is 
also identified in mineralized samples. Leaching experi-
ments reveal an isotopic signature for barite similar to un-
mineralized Wetterstein limestone while galena over-
growth on barite is enriched in 207Pb and 208Pb.    

4) According to the growth model for crustal lead of Stacey 
& Kramers (1975), the Bleiberg ore lead has a Late Paleo-
zoic model age. However, the 207Pb and 208Pb enriched lead 
compositions of the Bleiberg ore require higher µ (e.g., 
238U/204Pb) and k (e.g., 232Th/238U) values compared to the 
respective model parameters of Stacey & Kramers (1975) 
(Fig. 10 A, 10B). 
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APT ores of the Eastern Alps in general show lead isotopic 
compositions plotting above the crustal lead growth curves of 
Stacey & Kramers (1975) (Fig. 10 A, 10B). The enrichment in 
207Pb and 208Pb distinguishes APT ore from Pb deposits in the 
Penninic realm (Western Alps) or Pb-Zn sedimentary deposits 
of the Iberian Peninsula. The latter are characterized by less 
radiogenic common lead compositions compatible with the 
Stacey & Kramers (1975) model lead growth curve (Köppel, 
1997; Milot et al., 2021). The variable enrichment in 207Pb and 
208Pb of APT ore samples has been explained by an origin of 
lead from an isotopically enriched continental source (Köppel, 
1997). Early Palaeozoic metasedimentary rocks in the south-
eastern Alps fulfill this requirement as they are characterized 
by a relatively high amount of Proterozoic and older detrital 
materials high in U and Th (e.g., zircon, monazite) (Köppel, 
1997). Overlapping common lead values for APT ore on the 
one hand and for feldspar and galena of Late Paleozoic to Mes-
ozoic igneous and sedimentary rocks of the Eastern and South-
ern Alps on the other hand are compatible with a model that 
the APT ore lead is largely sourced from older rocks of the 
southeastern Alpine realm (Fig. 10 A, 10B). Especially, galena 
from the Permian Gröden Sandstone (Köppel & Schroll, 1985) 
shows a Pb isotopic match with the majority of the APT data 
points. The relatively large scatter in the lead model ages (ca. 
450 Ma to <200 Ma) of APT deposits indicates that the ore-
forming fluids were not well mixed on a regional scale. It can 
thus be assumed that local differences in the bedrock geology 
and/or its variable common Pb composition (c.f. fields labelled 
1 and 3 in Fig. 10A, 10B) are responsible for the variability in 
the Pb isotopic compositions of the individual APT deposits. 

Ore mineral geochemistry in APT Districts 

District I: Pb-Zn (fahlore) District in Anisian rocks of the 
Tirolic-Noric Nappe System of the Northern Calcareous Alps 
(type locality: Sankt Veit-Tarrenton) 

Sulphide mineralogy and compositions are variable and heter-
ogeneous, with some Ag and Cu present in fahlore. While Ge 
and Tl in sphalerite are lower than in Carnian-hosted APT, As 
and Ga appear to be elevated (Table 2). However, no in-situ 
investigations of trace elements have been carried out to date. 
A sphalerite concentrate from the Sankt Veit deposit revealed 
135ppm Ge, 59ppm Ga, 301ppm As, 13ppm Tl and 48ppm Ag 
(Table 2; Cerny & Schroll, 1995). Sulphur isotopic composi-
tions are more typical of TSR (-6.8 to +4.2; Schroll, 1997), 
with the exception of the type locality at Sankt Veit (-12.5 to -
3.2‰).  

District II: Pb-Zn ore District in Carnian rocks of the Tirolic-
Noric and Bajuvaric Nappe System of the North Tirolian Cal-
careous Alps (type locality: Lafatsch) 

Cerny & Schroll (1995) reported 150ppm Ge, 15ppm Ga, 
2300ppm Cd, 45ppm Tl and 120ppm Ag in a sphalerite con-
centrate from the type locality Lafatsch, similar to the dataset 
published by Schroll (1996; Table 2). Recent LA-ICP-MS 
work revealed median values of 40ppm Ge, 1.2ppm Ga, 
1927ppm Cd, 14ppm Tl and 42ppm Ag hosted in sphalerite 
(Table 4; Onuk, 2018). LA-ICP-MS measurements of sphaler-
ite from the Nassereith/Silberleiten deposit show an overall 
similar composition compared to Lafatsch, especially concern-
ing the median Ag content of >40ppm (Table 4, Fig. 6, Fig. 7).  

Figure 10:  Pb-Pb isotope diagrams for Pb-Zn ores of APT deposits in the Eastern and Southern Alps and of selected unmin-
eralized Wetterstein limestone samples from the Drau Range. (A) 206Pb/204Pb – 207Pb/204Pb diagram, (B) 208Pb/204Pb – 
206Pb/204Pb diagram. The solid line (labelled S-K) represents the Pb isotopic growth curve according to the original model 
parameters by Stacey & Kramers (1975) (e.g., µ = 9.74 and K = 3.78) while the dashed line (S-K’) shows the Pb evolution 
curve based on model parameters (e.g., µ = 10.1 and K = 4.1). Ticks along the growth curves mark Pb model ages of 0 – 500 
Ma, tie lines between ticks of identical ages on the two curves represent Pb-Pb isochrons of corresponding model ages. The 
fields labelled “1” (vein-type mineralization; enclosed by grey dashed line) and “2” (galena of Gröden Sandstone; grey field) 
indicate that the Pb isotope compositions of galena in the Southern Alps is not related to the APT deposits while “3” (enclosed 
by dashed-dotted line) denotes the common Pb isotopic composition of feldspar of late Palaeozoic to early Mesozoic igneous 
and sedimentary rocks of the southeastern Alps. The dashed-dotted line (in brown) is the best-fit line for data points for 
unmineralized Wetterstein limestone samples (only two data points are depicted). Note that Pb isotope data for feldspar are 
not age corrected. DR: Drau Range; Bb: Bleiberg; NCA: Northern Calcareous Alps; SCA: Southern Calcareous Alps; WK: 
Wetterstein limestone. See text for details and references. 
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Copper, Cd and Sb are higher at Silberleiten, whereas Lafatsch 
has higher Tl, As and Se. Maximum concentrations are 
713ppm Ge, 54ppm Ga, 0.5ppm In and 1038ppm Ag. Silver, 
As and Sb in galena vary over a wide range, with highest con-
centrations reported for Dirstentritt and Lafatsch, and low val-
ues for ores in Bavaria, e.g., Höllental, Mittenwald and 
Kienberg-Rauschberg (Schroll, 1954). 

LA-ICP-MS data from the Kienberg-Rauschberg deposit re-
veal a highly variable trace element composition in sphalerite, 
with elevated Ge, As, Cu, Sb, Ga, Ag and Cd. Compared to 
Bleiberg, sphalerite is higher in Cu, Ga, Sb, Ag, but lower in 
Tl; Ge and Fe concentrations are at about the same levels (Ta-
ble 4, Fig. 6, Fig. 7). A sample from the Franz-Adolf mine 
(Scharnitz/Mittenwald; Fig. 1) revealed low Fe, Mn, Ga, In, 
Sn, Sb, Pb and Tl concentrations in sphalerite, but elevated Ge 
(median 197ppm), Cu (255ppm) and Ag (7ppm) (Table 4, Fig. 
6, Fig. 7). Sulphur isotope compositions (-30 to -2.2‰) indi-
cate a major bacteriogenic sulphur source in most of the Dis-
trict II deposits, as summarized by Schroll (1997), similar to 
deposits in Carnian rocks of the Drau Range – North Kara-
wanken Range (District VIII). 

District III: Pb-Zn (fahlore) District in Anisian rocks of the 
Tirolic-Noric Nappe System of the Northern Calcareous Alps 
(type locality: Annaberg) 

Trace element information for sulphides in this District is 
scant. The data available (Schroll, 1954) point to low trace el-
ement concentrations in sphalerite except for Mn (500-1000 
ppm; Table 2). Galena from Annaberg yields 100 ppm Ag and 
some As and Sb. Sulphur isotopes are extremely variable, in-
cluding rare light sulphur values in galena (-17.7‰, Schroll, 
1997). However, most values range from 0 to 13‰, e.g. in 
sphalerite from Annaberg with +10.7‰. Isotopically ex-
tremely heavy sulphur from the Arzriedel deposit (Fig. 1A; 
+27.7 to +30.5‰) is interpreted as related to oil-field brines 
(Götzinger & Pak, 1983; Schroll, 1996).  

District IV: Pb-Zn ore District in Carnian rocks of the Tirolic-
Noric and Bajuvaric Nappe System of the eastern Northern 
Calcareous Alps (type locality: Weyer) 

The small database indicates low trace element concentrations 
in sphalerite, and 1-300ppm Ag, 300ppm As and 10-50ppm Sb 
in galena (Table 2; Schroll, 1954). Sulphur isotope ratios of 
galena and sphalerite from three occurrences range from -20.8 
to -13.8‰ (Schroll & Pak, 1983). Isotopically light sulphur in 
galena (-20.7‰) from a vein mineralization hosted by Wetter-
stein limestone in the Schwarzenberg/Türnitz deposit (Fig. 1A) 
most likely formed from mobilizing sulphur from adjacent 
Anisian stratiform ores (-12.4‰, Götzinger & Pak, 1983). 

District V: Pb-Zn ore District in Triassic rocks of the Bund-
schuh Nappe – Stangalm Mesozoic (type locality: Erlacher 
Bock) 

In stratiform dolomite-hosted Pb-Zn mineralization, sphalerite 
is Fe-rich (4-6%), whereas Zn-F-(Pb-Cu) vein mineralization 
in grey dolomite of Anisian to Carnian age carries low-Fe 
sphalerite (<0.1% Fe; Götzinger & Leute, 1998). This corre-
sponds to electron probe microanalyses carried out on sphaler-
ite occurring as a minor component at Zunderwand (Fig. 1), 

which proved to be low in trace elements, i.e. 0.03-0.3% Fe, 
maximum 0.01% Cd and no Ge, Cu, Pb detectable by micro-
probe (Table 3; Henjes-Kunst, 2014). The Fe-rich sphalerite in 
the stratiform ore corresponds to pyrite-sphalerite-galena ores 
at the base of the Brenner Mesozoic. Trace elements in galena 
in one sample yielded 50ppm Ag, 30ppm As and 50ppm Tl, 
along with some Sn (Table 2; Schroll, 1954). One sulphur iso-
tope ratio determination of sphalerite from Erlacher Bock 
shows a hydrothermal value (-1.4‰); barite from these depos-
its yields +18.2 to +22.7‰ (Schroll, 1997). 

District VI: Pb-Zn ore District in Triassic rocks of the Ötztal-
Bundschuh-Nappe System – Stubai-Brenner Mesozoic (type 
locality: Griesbach, Serles) 

Sphalerite in stratiform ore within the Anisian basal dolomite 
(Serles, Fig. 1) is significantly enriched in Fe (3-5%) and Mn 
(>1000ppm) compared to all other APT deposits, but generally 
low in those trace elements typical for APT-type deposits (e.g. 
Ge, As, Tl; Fig. 6, Fig. 7); very light sulphur isotopic compo-
sitions of ore samples indicate the involvement of bacterio-
genic processes.  

Sphalerite in the Hauptdolomit-hosted Obernberg deposit is 
much lower in Fe (0.5%), but significantly higher in Cu, Ga, 
Ge, Ag, Sb and Hg (Fig. 6, Fig. 7), and has δ34S slightly lower 
than 0‰, pointing to hydrothermal fluids. In the samples stud-
ied, this sphalerite is intergrown with abundant barite and 
fluorite, and has inclusions of bournonite, boulangerite, galena 
and pyrite, with valentinite occurring as frequent oxidation 
phase in cracks; this points to a pure epithermal genesis post-
dating the Alpine orogeny in this area. 

District VII: Pb-Zn ore District in Anisian rocks of the 
Drauzug-Gurktal Nappe System – Drau Range Mesozoic (type 
locality: Kellerberg) 

Analytical data for Pb-Zn ores hosted by Anisian carbonates in 
the Drau Range are only found in Schroll (1954) and Cerny & 
Schroll (1995). A Zn sulphide concentrate from the ancient 
mining operation at Kolm/Dellach (Fig. 1A) revealed low trace 
element contents, with 14ppm Ge, 4.5ppm Ga, 908ppm Cd, 
0.4% Fe, 79ppm Mn and low Tl, As, Ag and In. However, 
88ppm Sb has been measured in this concentrate. The semi-
quantitative data of Schroll (1954) reveal up to 50ppm Ge and 
several locations in the northern Drau Range. Galena is high in 
Mn (up to 5000ppm), low in Fe and Ag; sphalerite composi-
tions are more variable, ranging from 1-300ppm Ag and 100-
10000ppm As. Sulphur isotope compositions range from -10.3 
to +5.8‰ (Schroll, 1997).  

For the Topla deposit in Slovenia, an EMPA study of two sphal-
erite samples revealed low Fe (median 0.07 and 0.05%), Cd 
(0.10 and 0.19%), As (0.02%) and Pb (0.11 and 0.14%), and 
no detectable Ge (Table 3; Henjes-Kunst, 2014). An average of 
3 analyses published by Schroll (1996) yielded 0.3ppm Ge, 
3ppm Tl, 10ppm Sb, 3ppm Ag, 20ppm Mn and 0.1% Fe. Sul-
phur isotope ratios cover a wide range from -29.8 to +14.9‰ 
(Drovenik et al., 1988; Schroll, 1996). 

District VIII: Pb-Zn ore District in Carnian rocks of the 
Drauzug-Gurktal Nappe System – Drau Range Mesozoic (type 
locality: Bleiberg) 



Irish Association for Economic Geology                                                                         Irish-type Zn-Pb deposits around the World 

Page | 463 

 

Drau Range 

The vast trace element dataset available for the Bleiberg de-
posit facilitates geochemical discrimination between different 
ore types and horizons (Cerny & Schroll, 1995; Schroll, 1950, 
1951, 1953a,b, 1954, 1996, 1997, 2008; Schroll et al., 1994). 
EPMA also revealed differences between different regions in 
ores of the Crest facies and the large breccia bodies in the west-
ern part of the deposit (Henjes-Kunst, 2010, 2014). LA-ICP-
MS analyses of almost 800 sphalerite grains from different ar-
eas of the Bleiberg deposit provide detailed characterisation of 
trace element patterns (Onuk, 2018) (Table 4, Fig. 6, Fig. 7). 
The data reveal higher concentrations of Ge, Tl, As, Fe and Mn 
in stratiform ores of the Cardita orebody (Raibl Group), but 
also in breccia and discordant ores of the “special facies”, es-
pecially for the “Riedhartscholle”. The “Maxer Bänke” miner-
alization, which comprises the stratigraphically lowest ore 
horizon at Bleiberg, has on average the highest contents of Ge 
(550ppm) and Tl, but the lowest Cd (1450ppm; Schroll, 1996). 
In addition, stratiform ores in the Erzkalk may also contain 
high concentrations of Ge (e.g., 900-1200ppm at “Germani-
umgugel”: Cerny & Schroll, 1995). Due to the variations be-
tween ore types and stratigraphic position, calculation of a ro-
bust median concentration is problematic. However, the values 
calculated for a large number of Zn concentrates collected from 
accessible orebodies, and of singe grain analyses provided by 
Cerny & Schroll (1995) and Schroll (1996) are not in conflict 
with the new in-situ data for most race elements (Table 6). The 
bulk analytical data obviously are too high for Fe, Ag and Ga 
compared to in-situ data. This is explained by fine intergrowth 
with Fe sulphides for Fe, and analytical problems for Ga and 
Ag. 

Sphalerite from the former Pb-Zn mine Töplitsch northeast of 
Bleiberg (Fig. 1) carries low trace elements, e.g., Fe <0.09%, 
Cd <0.08%, Pb, with no Ge detectable (Table 3). The medium-
size Radnig deposit west of Bleiberg (Fig. 1) is characterized 

by intermediate Ge and As, but low Cd and Tl concentrations. 
Values of 320ppm Ge, 35ppm Ga, 8ppm Tl, 47ppm As, 11ppm 
Ag and 1634ppm Cd were reported from a Zn sulphide con-
centrate (Cerny & Schroll, 1995). Electron microprobe anal-
yses of sphalerite from Radnig by Henjes-Kunst (2014) gave 
median contents of 420ppm Ge, 1200ppm Cd, 0.2% Fe, 
100ppm As and 0.059% Pb (Table 3). LA-ICP-MS analysis 
yields higher Fe, Mn and Ge (325ppm) than at Bleiberg, but 
lower Cd, As, Tl and Pb (Table 4, Fig. 6, Fig. 7). δ34S values 
range from -26.9 to -21.8‰ (Schroll, 1997). 

The Pb-Zn deposit Jauken in the western part of the Drau 
Range (Fig. 1) is known for extreme Ge concentrations in 
sphalerite. A Zn sulphide concentrate yielded 1500ppm Ge, 
36ppm Ga, 70ppm Tl, 20ppm As, 1318ppm Cd, 0.4% Fe and 
30ppm Mn (Cerny & Schroll, 1995). The EPMA study of Hen-
jes-Kunst (2014) confirmed these data with high Ge (median 
1400ppm), but low Cd (630ppm) (Table 3). The LA-ICP-MS 
study of sphalerite from the dumps on the southern slope of 
Jauken revealed on average 0.5 wt% Fe, elevated Cu and Ge 
(median 404ppm), some As and Tl, and low Ag (Table 4, Fig. 
6, Fig. 7). Sulphur isotope compositions are unusual for APT 
deposits, ranging from -4.0 to +2.4‰ in Pb-Zn sulphides from 
the Wetterstein limestone mineralization, with one value of -
24.1‰ for galena from mineralization in the Raibl Group 
(Schroll & Pak, 1983; Schroll, 1997). The in-situ LA-ICP-MS 
study of sphalerite yielded δ34S values of +1 to +6 ‰ (Onuk, 
2018).  

North-Karawanken Range 

LA-ICP-MS analysis of sphalerite from Hochobir/Fladung 
(Fig. 1) yields high Fe, Ge, As, Cd and Tl; the median Ge con-
centration of 846ppm is the highest measured in an APT de-
posit in this study. Sphalerite from Hochobir is also slightly 
enriched in Ga than other APT-type ores (median 10ppm vs 1-
5ppm) (Table 4, Fig. 6, Fig. 7).  A Zn sulphide concentrate from 
Hochobir reported by Cerny & Schroll (1995) yielded 900ppm 

Table 6:  Median trace element concentrations in ppm in sphalerite from Bleiberg according to different studies and meth-
ods; N = number of analyses 
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Ge, 66ppm Ga, 190ppm Tl, 89ppm As and 3828ppm Cd, low 
Fe (0.3%) and Mn (24ppm). δ34S ranges from -21.0 to -7.7‰ 
(Schroll, 1997). EPMA of sphalerite from Windisch-Bleiberg 
(Fig. 1) in the western part of the North-Karawanken Range 
revealed lower median Cd (850ppm) and Ge concentrations 
(230ppm), but also a high Ge maximum of 890ppm (Table 3). 
Galena in both the Hochobir and Windisch-Bleiberg areas is 
very low in trace elements except for As (Schroll, 1954). 

Several studies of sphalerite compositions from the Mežica de-
posit (Fig. 1) reach quite different conclusions, with significant 
deviations especially in the concentrations of Ge, Ga and Tl. In 
three sphalerite concentrate samples from the Graben Revier, 
Fe ranges from 0.01 to 1%, Cd 1311-3482ppm, Ge 76-
1100ppm, Ga 30-78ppm, and Ag 1.6-14ppm; As (17-800ppm), 
Tl (4-208ppm) and Pb (0.05-0.38%) vary over a wide range 
(Cerny & Schroll, 1995). An average of 44 sphalerite analyses 
carried out by Strucl (1974, 1984) returned 190ppm Ge, 15ppm 
Ga, 3300ppm Cd and 660ppm As. An electron microprobe 
study revealed an average of 290ppm Ge, 3500ppm Cd, 
0.018% Fe, 870ppm Cu, 580ppm As and 0.14% Pb (Henjes-
Kunst, 2014; Table 3). A detailed LA-ICP-MS study of 21 sam-
ples yielded the following median values (and interquartile de-
viations, in ppm): Mn 2 (0.4-11); Fe 136 (40-1555); Ga 4 (1-
10); Ge 37 (5-293); As 9 (2-406); Ag 1 (0.3-5); Cd 3028 (2139-
4363); Hg 9 (7-12); Tl 7 (3-102); Pb 227 (75-968) (Potočnik 
Krajnc, 2021). Compared to Bleiberg, Mežica sphalerites are, 
on average, lower in Fe, Mn, Cu, Ge, As, Tl and Pb, but higher 
in Ga, Ag, Cd and Sb (Table 4, Fig. 6, Fig. 7). Among the six 
textural sphalerite types distinguished by Potočnik Krajnc 
(2021), dark brown colloform sphalerites show the highest 
concentrations of Ge, As and Tl, whereas brown sphalerites are 
more Fe-rich. The highest trace element values were deter-
mined in brown polycrystalline sphalerite (type 5a) with on av-
erage 1333ppm Fe, 441ppm Ge, 3125ppm As and 513ppm Tl, 
thus matching similar sphalerite types found in Raibl. 

On a regional scale, sphalerite compositions within the Drau 
Range and Karawanken deposits show trends in trace element 
and sulphur isotope chemistry: as sulphur isotope ratios in-
crease from Mežica towards the west from highly negative val-
ues to values around 0‰, Mn, Fe, Cu, Ge and Sn in sphalerite 
also increase from east to west (Fig. 7; Schroll, 1979, 1983; 
Schroll et al., 1994). 

District IX: Polymetallic ore District in Triassic rocks of the 
Seengebirge Nappe (type locality: Rosegg) 

According to limited data available, mineralization in District 
IX is structure-controlled within the “Alpine Muschelkalk” 
(i.e., Anisian), with fahlore and galena as major minerals. Ac-
cessory sphalerite carries Fe and Mn concentrations higher 
than typical APT type sphalerite and low Ge and Tl, especially 
when compared to Bleiberg (District VIII) which is located 
only 5 km to the NW. Galena from the deposit Rudnik has very 
low Ag concentrations, but occurrences further to the east carry 
elevated Ag (1000 pm) and As, Sb, Tl and Sn (Schroll, 1954). 
Two sulphur isotope analyses of Zn-Pb ore reveal δ 34S of -7.2 
and -6.8‰ (Schroll, 1997). Barite from a vein mineralization 
gave δ 34S = +26.2‰, pointing to the influence of Triassic for-
mation water. 

District X: Pb-Zn-ore District in Triassic rocks of the Silvretta-
Seckau Nappe System – Engadine Dolomites (type locality: S-
charl) 

Production data published at (https://map.geores-
sourcen.ethz.ch, access March 1, 2023)  show that from 1824 
to 1828, 7930 tonnes ore were produced from the deposits in 
the Engadine Dolomites around the village of S-charl, recov-
ering 91tonnes Pb and 199kg Ag, corresponding to 1.1% Pb 
and 25ppm Ag. Galena carries 0.1-0.2% Ag, and sphalerite 0.2-
0.3% Cd. Small deposits hosted by Mesozoic carbonates of the 
Silvretta-Seckau Nappe System further to the west at Arosa, 
Davos and Sertig carry galena with low Ag contents (0.02%). 

District XI: Pb-Zn-ore District in Carnian rocks of the 
Southalpine (type locality: Cave del Predil/Raibl) 

Compositions of Pb-Zn ores from the Raibl deposit have been 
investigated by numerous authors. Brigo & Cerrato (1994) 
published data from 111 ore samples from all accessible parts 
of the mine. The following median (minimum and maximum) 
contents were reported: Zn 34% (5-56%); Pb 5.9% (0.1-47%); 
Fe 1.0% (0.06-29%); Cd 815ppm (50-4367ppm); Ge 677ppm 
(56-2912ppm); Ga 26ppm (12-249ppm); Tl 333ppm (31-
2895ppm); Sb 20ppm (1-757ppm); As 634ppm (64-3505ppm). 
These data are not easily comparable to in-situ data, such as 
the EPMA dataset of Henjes-Kunst (2014; Table 3) and the 
LA-ICP-MS studies of Onuk (2018) and Gartner (2023; Table 
4, Fig. 6, Fig. 7). In these latter datasets, sphalerite from Raibl 
proves to be highly variable in composition, but generally low 
in Fe and Cd, and high in As, Tl and Pb. The median Ge and 
Ga contents of the LA-ICP-MS study are 222ppm and 
0.14ppm, respectively, much lower than the values reported by 
Brigo & Cerrato (1994). Schroll (1996) reports 500ppm Ge, 
10ppm Ga, 360ppm Tl and 1200ppm As as an average of 27 
analyses (Table 2). The few galena datasets available show low 
Ag (<5ppm), but high As and Sb (Schroll, 1954). Sulphur iso-
tope ratios of Raibl ores range from -25.6 to -6.4‰ (Brigo et 
al., 1977), very similar to those at Bleiberg and Mežica. Stal-
actitic schalenblende and galena from Raibl yield extremely 
light sulphur (-31‰; Schroll, 1996). 

District XII: Pb-Zn-ore District in Triassic rocks of the 
Southalpine (type localities: Salafossa and Auronzo) 

According to Cerny (1989), ores in the Dolomites are free of 
Ag, Cu and Sb. Nevertheless, average trace element data pub-
lished by Schroll (1996) indicate that sphalerite hosted by Ani-
sian rocks at Auronzo has lower Fe, Mn, Ge and Tl, but higher 
Ag, Cd, As and Ga compared to the Salafossa deposit hosted 
by rocks of Carnian age (Table 2). A small dataset of LA-ICP-
MS data indicates low concentrations of Fe, Ge, As, Tl and Pb, 
but elevated Cu, Ga, Cd and Ag at Salafossa (Onuk, 2018; Ta-
ble 4). Single sphalerite crystals from a number of small de-
posits in the Anisian carbonates range from 0.1-0.5% Fe, 5-
1000ppm Mn, 5-300ppm Ge, and 3-30ppm As. Galena shows 
elevated Ag (100-500ppm), As and Sb (500-3000ppm each) 
and low Tl and Sn (Schroll, 1954). Sulphur isotope data have 
only been published for Auronzo, ranging from -18 to -12‰ 
(Schroll, 1996). Pb isotope data of mineralization in the 

https://map.georessourcen.ethz.ch/
https://map.georessourcen.ethz.ch/
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Auronzo area are largely similar to stratiform Zn-Pb-Ba-F min-
eralization in Devonian host rocks of the Carnic Alps (Brigo et 
al., 1988). 

District XIII: Pb-Zn-F-ore District in Carnian rocks of the 
Southalpine (type locality: Gorno) 

Trace element concentrations in sphalerite reported by Schroll 
(1996; Table 2) are in line with previous spectrochemical anal-
yses of Fruth & Maucher (1966): the median of 10 averages of 
a total of 105 samples representing four distinct ore horizons 
is 3200ppm Fe, 110ppm Mn, 30ppm Ag, 1450ppm Cd, 
210ppm Ga (average of all data: 230ppm), 85ppm Ge (average 
130ppm), 310ppm Sb and 60ppm Hg.  Maximum contents re-
ported are 370ppm Ge and 800ppm Ga. According to a semi-
quantitative analysis published by Schroll (1954), galena is 
rich in Ag (500ppm) and Sb (500ppm). Although trace element 
compositions of sphalerite are similar overall to those from 
other Southalpine and Austroalpine deposits hosted by Carnian 
carbonates, high Ag and Sb contents in galena, high Ga, Sb and 
Ag and low Tl in sphalerite along with the presence of Ag sul-
phosalts and intermediate sulphur isotope compositions (-9.8 
to +3.8‰) indicate different conditions of ore formation. Ac-
cording to Mondillo et al. (2020), ore formation took place at 
100-150°C in a deep burial setting post-dating the growth of 
Fe-Mn-bearing saddle dolomite, and during Mesozoic exten-
sion. In contrast, Giorno et al. (2022) propose a Carnian age of 
mineralization based on calcite dating. 

Rb-Sr isotopic dating 

Timing of ore formation in carbonate-hosted deposits generally 
is a contentious issue, and APT is no exception. Textural and 
sedimentological evidence of an early, probably syngenetic ore 
formation (e.g. Schulz, 1985, 2006) has been questioned by 
many, postulating epigenetic Late Triassic, Jurassic or post-Ju-
rassic timing (Zeeh & Bechstädt, 1994; Kuhlemann, 1995; 
Kuhlemann & Zeeh, 1995; Leach et al., 2003; Muchez et al., 
2005). Arguments available until about 2005 have been sum-
marized by Schroll (2008). Geochronological data from ore 
and associated gangue minerals were first made available by 
Schroll et al. (2006). Rb-Sr isotope analyses of mineralized 
whole rock samples of the Crest facies in the Bleiberg deposit 
resulted in an errorchron model age of 210 ± 30Ma. A 180 ± 
40Ma errorchron age was calculated from Pb isotopes of ga-
lena. These ages are not precise enough to decide in favour of 
MVT vs. SedEx-type models discussed for Bleiberg but led 
Schroll et al. (2006) to exclude ore formation during the deep 
burial. Maximum burial of the Carnian Wetterstein Formation 
to ca. 3km was not before the Late Cretaceous-Palaeogene 
(Rantitsch, 2001). 

Since about 1990, Rb-Sr isotopic analysis of sphalerite has 
been shown to be a feasible method for successful dating of 
carbonate-hosted deposits. The results of the Rb-Sr sphalerite 
dating approach have decisively advanced the genetic under-
standing of this type of mineralisation (Nakai et al., 1990, 
1993; Brannon et al., 1992; Christensen et al., 1995a, 1995b, 
1996; Schneider et al., 1999, 2007a,b; Oberthür et al., 2009; 
Ostendorf et al., 2015, 2017, 2019; Wang et al., 2023). Melcher 
et al. (2010a,b) and Henjes-Kunst (2010, 2014) reported the 
following findings of Rb-Sr isotopic analysis of sphalerite and 
associated gangue minerals from the Bleiberg deposit: 

Figure 11:  Rb-Sr isochron diagrams for sphalerite of three 
structurally different ore Districts of the Bleiberg APT de-
posits: (A) Cardita horizon, (B) Erlach Revier, (C) Crest 
facies. Note that the Cardita isochron includes one pyrite 
data point. Data points marked by a solid black circle are 
considered for isochron model calculation whereas data 
points marked by dashed red circle are not considered. 
Data-point ellipses indicate 2σ errors of the respective iso-
topic ratios. See text for further details. 
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(1) An Rb-Sr 3-point isochron on sphalerite and pyrite from 
the Cardita horizon yielded a model age of 225.2 ± 2. Ma 
with an initial Sr isotopic ratio of 0.70778 (MSWD = 2.1) 

 
(2) Rb-Sr isotope data of 17 sphalerite separates of samples 

from various locations within the Crest facies and from the 
Erlach Revier define an errorchron (201.3 ± 3.9Ma; initial 
87Sr/86Sr = 0.70909 ± 0.00092; MSWD =38). The goodness 
of isochron fit was significantly improved by rejection of 
5 outliers resulting in an isochron age of 201.2 ± 1.6Ma 
and an initial 87Sr/86Sr of 0.70892 ± 0.00022 (MSWD 
=2.2). 
 

(3) Rb-Sr isochron age determination on sphalerite and coex-
isting gangue carbonate of individual samples (“internal 
isochron”) yielded model ages of 229.9 ± 1.9 and 205.8 ± 
1.7Ma (Crest facies; one sample excluded) and 207.6 ± 1.4 
Ma and 202.9 ± 1. Ma (Revier Erlach). 
 

(4) The initial Sr isotopic ratio of gangue carbonate (n=19), 
barite (n=1) and fluorite (n=11) from ore samples of vari-
ous locations varies between 87Sr/86Sr(t=200 Ma) = 0.70774 - 
0.70957.  

As the Rb-Sr isochron calculations were performed using an 
old 87Rb decay constant (c.f., Nebel et al., 2011; Rotenberg et 
al., 2012), a recalculation of the isochron parameters is re-
quired. In this context, we also re-evaluated earlier isochron 
model calculations, which leads to the following findings: 

(1) The Rb-Sr 3-point isochron on sphalerite and pyrite from 
the Cardita horizon now gives a model age of 228.8 ± 
2.7Ma with an initial Sr isotopic ratio of 0.70778 ± 0.00004 
(MSWD = 2.1) (Fig. 11A). The elevated 87Sr/86Sr values of 
gangue carbonate and fluorite of Cardita samples (0.70793 
– 0.70957) suggests that they are not strictly cogenetic with 
the Rb-Sr dated sphalerites. 

 

(2) Seven sphalerites of the Revier Erlach, which forms a spe-
cial orebody of Ge-rich sphalerite within the Bleiberg de-
posit, yield a well-defined Rb-Sr isochron providing an age 
of 198.2 ± 3.0 Ma and an initial 87Sr/86Sr of 0.71051 ± 
0.00070 (MSWD = 1.9). Rejection of one sample, which 
gave a poorly defined 87Sr/86Sr, further improves the good-
ness-of-fit of the isochron calculation to a MSWD value of 
1.1 (t = 201.1 ± 4.0Ma; 0.70986 ± 0.00093) (Fig. 11B). The 
model ages and initial Sr ratios are within error identical 
thus demonstrating the geological significance of the 
isochron calculation for the Erlach Revier samples. The in-
itial 87Sr/86Sr values of gangue carbonate of Erlach Revier 
samples (0.70774 – 0.70836) is significantly less radio-
genic compared to the respective sphalerite isochron value. 

 

(3) An isochron calculation on sphalerite of the Crest samples 
from Josefi-, Riedhard- and Kalkscholle (n = 10) provides 
evidence for excess scatter (MSWD = 64). The model age 
is 208.1 ± 6.7 Ma. Omitting 3 data points, which plot sig-
nificantly off the reference line, results in a well-defined 
isochron (n = 7; MSWD = 0.5) with a model age of 207.4 
± 0.9 Ma and an initial Sr isotopic value of 0.70853 ± 
0.00004 (Fig. 11C). Gangue carbonates of Crest samples 
show initial 87Sr/86Sr values of 0.70797 – 0.70863. 

 

(4) Earlier isochron calculations pooling Rb-Sr isotope data of 
sphalerite from the Crest facies and the Erlach Revier are 
not considered here as this approach includes samples from 
structurally different ore bodies. In addition, a well-defined 
isochron can only be obtained by omitting of a relatively 
large amount of sample data (5 from a total of 17). 

The Rb-Sr model age of 228.8 ± 2.7Ma for Cardita sphalerite 
suggests ore formation in the Carnian stage (≈237 to ≈227Ma) 
according to the International Chronostratigraphic Chart v 
2023/04 (Cohen et al., 2013; updated). The isochron age thus 
fits to the Middle to Upper Carnian age of the host rocks. In 
addition, the initial 87Sr/86Sr isochron value of 0.70778 ± 
0.00004 is very close to the Sr isotopic composition of sea-
water at this time (ca. 0.7077; Korte et al., 2003). Therefore, 
we tentatively interpret the Rb-Sr dating results for the Cardita 
sphalerite to indicate ore formation very soon after deposition 
of its host rock and with a Sr isotopic signature close to sea-
water of Carnian age. However, the geological significance of 
the Cardita isochron has to be considered with caution as the 
isochron is only defined by 3 data points.  

In contrast to the Cardita isochron, the Rb-Sr isochron age of 
201.1 ± 4.0 Ma for sphalerite of the Erlach Revier is well-de-
fined, both on the sample basis (n = 6; 1 data set rejected) and 
the statistics (MSWD = 1.1). Therefore, we assign a high geo-
logical significance to this isochron calculation and interpret 
the model age to date formation of the Erlach Revier ore at the 
Triassic-Jurassic boundary (≈201Ma). Compared to an 
87Sr/86Sr(t ~ 200 Ma) value of seawater of ≈ 0.70765 (Korte et al., 
2003; Halverson et al., 2014), the initial 87Sr/86Sr value of the 
Revier Erlach isochron (≈0.710) is significantly enriched in ra-
diogenic Sr. This indicates that Sr was predominantly sourced 
from older crustal rocks during ore formation. 

The Rb-Sr isochron age of 207.4 ± 0.9Ma on sphalerite of the 
Crest facies is also well-defined, although it takes into account 
a reduced amount of Crest sample data. It is within-error to the 
errorchron model age obtained for all Crest samples (208.1 ± 
6.7Ma) and thus is assumed to be geologically significant. The 
model age indicates a Rhaetian (≈209 to 201Ma) formation age 
for ore bodies of the Crest facies. Similar to the Revier Erlach 
dataset, the initial 87Sr/86Sr value of ≈0.7085 for the Crest 
model isochron is more radiogenic compared to seawater Sr of 
that age (≈0.7082 – 0.7076) thus indicating the contribution of 
Sr from an older crustal component. According to Schroll et al. 
(2006), the range in Sr isotopic composition of whole-rock 
samples of the Crest facies can in part be modelled by mixing 
of marine Sr with 87Sr-enriched Sr derived from basement 
rocks. They obtained a best-fit mixing line for the age-cor-
rected 87Sr/86Sr sample values assuming a model age of 21 Ma 
(with an assigned uncertainty of ±30Ma).   

Geochronological data for ore and gangue minerals from other 
important APT deposits (Mežica, Raibl, Salafossa, Lafatsch) 
are lacking. However, recent in-situ U-Pb dating of hydrother-
mal carbonates in ore samples of the APT Gorno Pb-Zn mining 
District (Southalpine) yielded within-error identical ages of 
≈230Ma (Giorno et al., 2022). Error-weighted mean ages of 
229 ± 9Ma for dolomite predating sulphide formation (n = 2) 
and 229 ± 3Ma for calcite postdating mineralization (n = 4) 
indicate an Upper Carnian age of mineralization. As this age is 
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very close to the depositional age of the host rocks, minerali-
zation likely formed at shallow depths. 

Discussion 

The Bleiberg and related deposits were described by Jicha 
(1951), Cerny (1989), Schroll & Rantitsch (2005) and Schroll 
(2008) as “Alpine-type” deposits. Further investigations by 
Kucha et al. (2005, 2010) showed that the Pb-Zn ores origi-
nate, at least partly, in context with microbial activity of sul-
phate-reducing bacteria. The stratigraphic package of all APT 
deposits comprises Lower Triassic red beds, Anisian shallow 
water carbonates that host small Pb-Zn orebodies in all tectonic 
units studied, Ladinian deep water carbonates, and the Carnian 
reef facies of the Wetterstein Formation hosting the bulk of the 
metal endowment. After a hiatus in the Julian, these are over-
lain by clastic sediments of the Raibl Group (Cardita Shales) 
and intercalated shallow water carbonates that may host strati-
form APT orebodies, between the lagoonal dolomites of the 
Norian Hauptdolomit Formation that are barren, with very few 
exceptions (Fig. 2; Cerny, 1989). This sedimentary pile reflects 
a shelf on a passive continental margin of the Neotethys. The 
Pb-Zn mineralization at the Bleiberg deposit formed in two 
stages at 229 and about 205Ma (Fig. 11A-C).  

The tectonic regime in which mineralization took place, the 
source of the metals and heat, the process of mobilization and 
the reason for the strictly stratiform nature of the ores hosted 
by only two stratigraphic levels in a carbonate sequence of sev-
eral 1000m thickness is still not fully understood. In the dis-
cussion, we briefly summarize the new data and begin to de-
velop a metallogenic model. We then discuss the APT/MVT 
dilemma and conclude with the most important findings of this, 
and previous studies. 

Sources of metals and sulphur, and conditions of ore 
formation 

Minor and trace element diagrams for sphalerite are widely 
used to discriminate deposit types. Sphalerites from APT plot 
into a “MVT” field constructed from published sphalerite anal-
yses, mainly from deposits in China (Fig. 12). This field differs 
from high-temperature deposit types such as skarn, VMS (vol-
canogenic massive sulphides) and SEDEX (sedimentary-ex-
halative sulphides) by generally lower Mn contents, higher Ge, 
and a positive correlation of Mn and Ge. Based on the large 
APT sphalerite dataset, a negative correlation of Cd/Fe versus 
Mn is noteworthy. Cd/Fe ratios >1 at low Mn contents enlarge 
the MVT field proposed by Liu et al. (2022) and Liang et al. 
(2023) (Fig. 12).  

Although sphalerite and galena compositions in APT-type de-
posits share common features, the data presented also reveal 
considerable differences within deposits and within ore Dis-
tricts (Fig. 12). In deposits within the Drauzug-Gurktal Nappe 
System, sphalerites are higher in Ge and Mn than in other tec-
tonic units. The deviant position of the data from the Brenner 
Mesozoic (Ötztal-Bundschuh Nappe System) within the 
“skarn” field (Fig. 12A) is most likely due to the high meta-
morphic temperature exceeding 450°C (Melcher & Krois, 
1992; Reiser et al., 2019). At those temperatures, sphalerite ex-
changes trace elements with host rocks (e.g., Mn-bearing car-
bonate) and thus changes its original composition (Frenzel et 
al., 2016). All other sphalerite datasets, however, still indicate 
the primary sphalerite composition formed at low tempera-
tures.  

Trace element concentrations in sphalerite vary over a wide 
range within individual deposits. Variations often correlate 
with sphalerite colour and texture.  Zeeh & Bechstädt (1994), 
Kuhlemann (1995), Kuhlemann & Zeeh (1995), Zeeh et al. 

 

Figure 12:  Binary diagrams of Mn vs. Ge (A) and Cd/Fe vs. Mn (B) for LA-ICP-MS analytical data from APT deposits in four 
tectonic units. Deposit type fields were constructed using data from Cook et al. (2009), Ye et al. (2016), Li et al. (2020), Wei et 
al. (2021), Yang et al. (2022) and Liang et al. (2023). 
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(1998) and Kuhlemann et al. (2001) provided evidence for dif-
ferent sphalerite generations co-crystallizing with carbonate 
cement types possibly attributed to diagenetic processes. How-
ever, within-deposit variations and also variations among tex-
tural types show that a consistent model of sphalerite genera-
tions and their trace element inventory cannot be provided at 
this stage. Even within one deposit such as Bleiberg, a correla-
tion is impossible, not to mention the correlation among differ-
ent ore deposits within a District.  

Certain correlations of trace elements with sulphur isotope ge-
ochemistry are attributed to enhanced input of bacteriogenic 
sulphur at slightly elevated temperatures from reservoirs rich 
in trace elements (Fig. 9). The variation of trace element data 
within and among ore Districts is also enormous and shows 
that all deposits investigated have their own trace element sig-
natures (Fig. 8). Differences are most likely due to chemical 
variations in source rocks, given that other parameters such as 
fluid composition, fluid temperature and sulphur reservoir are 
similar. The Pb isotope data point to feldspar from crystalline 
basement rocks of Palaeozoic age as lead (Ba and Tl) sources; 
however regional variations exist that also point to a heteroge-
neous basement composition (Fig. 10). Nevertheless, there is 
no generally accepted explanation for the sources of the com-
mon trace metals Ge, As, Tl and Cd. As some of these metals 
are redox-sensitive, a source from organic-rich material may 
be envisaged. Kuhlemann et al. (2001) proposed iron-rich 
Partnach basin sediments and Permo-Triassic red beds and 
evaporites as potential sources of metal and of thermally re-
duced sulphur respectively. They also envisaged hydrothermal 
convection cells progressively moving to greater depth with 
time and thus tapping progressively deeper and hotter base-
ment rocks. Rantitsch et al. (1999) found condensate-like hy-
drocarbon in sphalerite and galena at Bleiberg, demonstrating 
that late Cretaceous to Palaeogene fluid migration influenced 
ore formation. 

The sulphur isotope composition of sphalerite, galena and py-
rite varies over a wide range and is often bimodally distributed, 
that can be explained by two sulphur sources: one with highly 
negative values (δ34S ≤ -20‰) reflecting bacteriogenic sul-
phate reduction, and a second weaker maximum at δ34S = -10 
to 0‰ explained by thermogenic sulphate reduction from a 
second (hydrothermal?) source (Henjes-Kunst et al., 2017). 
The sulphur reservoir for BSR derived from seawater sulphate. 
Dissolved sulphate in pore water and/or evaporites could have 
been the ultimate source derived from the lagoonal “special fa-
cies”.  

Galena and sphalerite of the APT deposits mostly show late 
Palaeozoic to early Mesozoic common Pb model ages. Their 
Pb isotopic composition is compatible with a metal source 
from Palaeozoic basement rocks and Triassic sedimentary 
strata. 

Application of the GGIMFis thermometer reveals tempera-
tures between 60 and 140°C, consistent with thermal models 
for subsidence of the Drau Range (Rantitsch, 1995, 2001, 
2003). These temperatures are in accordance with fluid inclu-
sion data available for some of the deposits, e.g. Bleiberg and 
Mežica (Zeeh & Bechstädt, 1994; Zeeh et al., 1998; Kuhle-
mann et al., 2001). Fluids analyzed in fluorite, carbonate and 

sphalerite from the Triassic/Jurassic mineralization phase indi-
cate formation temperatures from 122° to 159° (for early sphal-
erite and clear saddle dolomite) to >200°C in fluorite (Zeeh et 
al., 1998). Fluids evolved from relatively low salinities for 
sphalerite-forming fluids (8-12 wt.% NaCl eq.) to higher salin-
ities during the fluorite precipitation (18-25 wt.% NaCl eq.). 
Late-stage Alpine mineralization is characterized by more var-
iable fluid temperatures (120-250°C) and salinities (7-25 wt.% 
NaCl eq.; Zeeh et al., 1998). 

Alkali metals and halogens were analysed by ion chromatog-
raphy on crush-leach fractions from ores and host rocks of the 
Bleiberg deposit (Schroll & Prochaska, 2004; Schroll, 2006). 
Molar Na/Br (100-300) and Cl/Br ratios (158-576) of ore sam-
ples and mineralized rocks plot on the seawater evaporation 
trend. The data exclude mixing with meteoric water and the 
dissolution of marine evaporitic salt by meteoric water. Since 
evaporitic salts were deposited in the lagoonal sabkha facies, 
the origin of the halides cannot be traced back exclusively to 
the ore solutions (Schroll, 2008). 

Palaeogeography and metallogeny 

According to the data available, the formation of APT deposits 
took place over an extended period of time, probably starting 
in the Anisian, with major pulses in the Carnian (Julian) and in 
the Rhaetian to lowermost Jurassic. Although mineralization in 
the Anisian has not been confirmed by radiometric data, tex-
tures and sulphur isotopes in the stratiform Topla deposit (Dis-
trict VII) indicate early diagenetic emplacement (Spangenberg 
& Herlec, 2006). Mineralizing fluids are interpreted as basinal 
brines derived from buried and evaporated seawater that mi-
grated into Palaeozoic and early Mesozoic basement rocks 
along extensional structures. Both the timing and fluid compo-
sition indicate a connection to hydrothermal fluids producing 
metasomatic magnesite and siderite deposits in the Upper Aus-
troalpine tectonic units mainly during Upper Triassic times 
(Prochaska & Henjes-Kunst, 2009; Henjes-Kunst et al., 2014).  

The metallogenic evolution in the southern and eastern Alps is 
most likely related to the breakup of Pangaea starting in the 
Permian, deposition of deep-water pelagic sediments in basins 
within the Triassic carbonate platform and opening of the Pen-
ninic ocean (Alpine Tethys) in the Early Jurassic. Thick Trias-
sic carbonate platforms developed on an extensive, but rapidly 
subsiding shallow shelf at the westernmost embayment of the 
Neotethys ocean. Lithospheric extension in the Permian and 
Early to Middle Triassic (290-240Ma) resulted in high-temper-
ature, low-pressure metamorphism with local migmatization 
and pegmatite formation in the Austroalpine basement unit 
(Knoll et al., 2023). In tectonically higher and probably more 
external positions within the Austroalpine, saline and hot hy-
drothermal fluids (ca. 200-350°C) locally transformed Palaeo-
zoic carbonates into magnesite and siderite (Prochaska & Hen-
jes-Kunst, 2009; Henjes-Kunst et al., 2014). Magnesite 
formation in the Breitenau deposit (Graz Palaeozic Nappe 
Complex within the Drauzug-Gurktal Nappe System; Fig.1A) 
is dated to an upper Carnian age (≈229Ma; Henjes-Kunst et al., 
2014). Ar-Ar dating of polyhalite in salt deposits of the North-
ern Calcareous Alps points to a massive fluid event at about 
235 Ma (Leitner et al., 2013, 2022), although the interpretation 
is tenuous (See Figure 13). 
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The fluids responsible for metasomatic magnesite and siderite 
formation were likely sourced from thick Mesozoic carbonate 
platforms overlying locally extensive evaporite beds (Pro-
chaska & Henjes-Kunst, 2009). By analogy, we assume that 
the APT metals were leached from Palaeozoic basement rocks 
due to enhanced hydrothermal activity, whereby metal-bearing 
fluids were released that moved along zones of higher perme-
ability to higher stratigraphic levels. According to Pb isotopic 
evidence, Triassic sedimentary rocks may also have contrib-
uted to the metal content of the APT deposits. Textural and iso-
topic evidence indicates an early sulphide precipitation during 
the Carnian, whereas most Pb-Zn sulphides in the Bleiberg de-
posit were likely formed epigenetically in the Rhaetian. Multi-
phase brecciation and redistribution processes are texturally 
documented, indicating remobilization of earlier mineraliza-
tion. 

Textural and geochemical variations indicate the polyphase de-
velopment of APT deposits. Three phases are distinguished.   

Phase 1: Based on textural and geochemical arguments, early 
diagenetic subseafloor mineralization of Fe and Zn-Pb sul-
phides occurred in the Anisian (Sankt Veit, Topla, Serles; Fig. 
1A).  The Topla deposit is interpreted as a low-temperature 
MVT deposit formed in an anoxic supratidal to hypersaline en-
vironment (Spangenberg & Herlec, 2006). A relation of ore for-
mation to magmatic activity in the Anisian is possible, espe-
cially in the Southalpine, but not yet proven. Magmatic 
processes associated with the precursor Periadriatic Fault Sys-
tem (PAF) have been dated at 224 to 245 Ma by U-Pb in zircon 
(Huang et al., 2022) and are attributed to the opening of the 
Meliata oceanic back-arc basin. A Rb-Sr isochron age of 228.8 
± 2.7 Ma for stratiform Pb-Zn ore in the Cardita orebody at 
Bleiberg gives a late Carnian mineralizing event. At Bleiberg, 
and at other deposits in the Drau Range and the Tirolic-Noric 
Nappe System (e.g., Lafatsch), stratiform Pb-Zn ore with pre-
served biogenic textures are related to the Carnian special sed-
imentary facies (“Bleiberg special facies”; Cerny, 1989). The 
Gorno deposit in the Southalpine is also late Carnian age. 

Phase 2: An Upper Triassic/Lower Jurassic age of mineraliza-
tion was postulated by Zeeh & Bechstädt (1994), Kuhlemann 
(1995), Kuhlemann & Zeeh (1995) and Zeeh et al. (1998) 
based on carbonate cement stratigraphy, fluid inclusion and 
stable isotope data. They assumed metal transport by gravity-
driven fluid flow from the Bohemian Massif in the north. Epi-
genetic mineralization in the uppermost Triassic (Rhaetian) to 
lowermost Jurassic is now supported by Rb-Sr isochron ages 
of 207 ± 1 Ma and 201 ± 4Ma for trace element-rich sphalerite 
from Bleiberg. This process is probably related to ongoing tec-
tonic instability following deposition of the Upper Hauptdolo-
mit with formation of deep basins (e.g., Seefeld basin), where 
hydrocarbon source rocks were deposited on a regional scale, 
and subsequent deposition of the Kössen Formation (Fig. 2).  

On paleogeographic maps of the Alpine realm in the Lower 
Triassic and Late Jurassic compiled by Haas et al. (2020), the 
Southalpine is positioned opposite the Transdanubian Range 
and the basement of the Noric Nappe, separated by the Meso-
zoic precursor of the Periadriatic Fault System (PAF). In the 
Jurassic, this system evolved into a left-lateral transform fault 
cutting the ridge axis of the Penninic Ocean (Alpine Tethys) 

that was located further to the NW, at a right angle. Following 
this paleogeographic model, the PAF precursor structure may 
have served as potential fluid conduit over an extensive period 
of time during the Mesozoic. The Pb-Zn ores thus were em-
placed in structures related to a continental-scale strike-slip 
system. The large APT deposits such as Raibl (District XI), 
Salafossa (District XII), Mežica, Bleiberg (District VIII), and 
those from District II (Lafatsch) were located close to the PAF 
precursor throughout the Triassic and thus were supplied with 
fluids of varying composition. During this phase, sulphur from 
additional sources (e.g., basin sediments) was added, along 
with metals, to form typically dark and often massive schalen-
blende textures. A relation to magmatic events at ≈205Ma is 
not likely as evidenced by differences in common lead isotopic 
signatures (Köppel & Schroll, 1985). 

Phase 3: Epigenetic remobilization at higher temperatures dur-
ing or postdating the Upper Cretaceous Eoalpine phase is evi-
denced by crosscutting mineralization reaching into strati-
graphically and tectonically higher units, e.g., into the Norian 
Hauptdolomit. Such mineralization appears to be more abun-
dant in the Northern Calcareous Alps, especially towards the 
east, where mineralized young Alpine fault systems predomi-
nate (e.g., Annaberg, Hagenguth et al., 1982). Spatial relations 
and chemical signatures in some cases point to metal mobili-
zation from underlying Permo-Triassic sediments by saline flu-
ids. In rare cases (Arzriedel; Fig. 1A), heavy sulphur isotopes 
in ore sulphides point towards a contribution from oil-field 
brines associated with hydrocarbon migration, probably during 
the Cenozoic (see also Rantitsch et al., 1995). The Gorno min-
eralization was probably influenced by magmatic processes 
(Fruth & Maucher, 1966), as evidenced by crosscutting Oligo-
cene magmatic dikes related to the Periadriatic magmatic prov-
ince (Mondillo et al., 2020). Hydrothermal post-tectonic de-
posits occur in the greenschist-facies metamorphosed Ötztal-
Bundschuh nappe system of the central Alps. (e.g., Obern-
berg). Trace element data from the syn- to early diagenetic 
Serles mineralization show that metamorphic temperatures 
higher than ca. 350°C (Frenzel et al., 2016) shifted the trace 
element composition of sphalerite to higher Fe and Mn con-
centrations. Pyrite, however, largely retained its original chem-
ical composition. 

In the wider context of central and southern Europe, 
mineralizing processes during the Mesozoic have been 
explained as a response to the breakup of Pangaea  (Burisch et 
al., 2022). The oldest hydrothermal processes in the circum-
Mediterranean are related to the initial rift axes. Mineralization 
spans an age range from 230 to 160Ma with a maximum at 
230-200Ma. The data presented here fit into this pattern. On 
the continental scale, Burisch et al. (2022) interpret the 
formation of fluorite-barite-Pb-Zn, native metal-arsenide and 
strata-bound Pb-Zn deposits as a consequence of episodic 
mixing of basement-derived fluids with seawater-derived 
brine.  

APT – a subtype of MVT? 

Pohl (2020) uses the term “diagenetic-hydrothermal car-
bonate-hosted Pb-Zn (F-Ba) deposits” for Pb-Zn ores hosted 
by marine carbonate rocks that display end member and mixed 
characteristics of syngenetic (e.g., SedEx) and epigenetic hy- 
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Figure 13:  Late Permian/Lower Triassic (A) and Late Jurassic (B) paleogeography of crustal blocks and continental 
mega-units; modified after Haas et al. (2020). A, Argentera Massif; AG, Aar-Gotthard Massif; ALCAPA, Alps-Carpa-
thian-Pannonian; Briançonnais; BM, Bohemian Massif; BP, Belledonne-Pelvoux Massif; GE, Gemericum; IV, Ivrea Zoe; 
M, Montblanc Massif; NO, Noric basement; NÖ, Nötsch (Drau Range); Ö, Ötztal; S, Silvretta; STW, south of Tauern 
Window; TD, Transdanubian Range and Drau Range; PAF, precursor of Periadriatic Fault. (A) Colours: grey, oceanic 
crust; yellow, continental clastics; blue, sabkha and shallow marine carbonates. Red circles indicate position of Middle 
Triassic (Anisian) APT occurrences overlying Lower Triassic clastic rocks. (B) Dark orange, continental and evaporitic 
facies; yellow, shallow marine Hauptdolomit Facies; light blue, Dachsteinkalk facies; dark blue, pelagic Hallstatt facies. 
Green circles indicate position of Upper Triassic (Carnian) APT occurrences in rocks of the Wetterstein Platform and 
the Raibl Group. 
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drothermal ore formation. Among the epigenetic type, sub-
types have been defined, such as Alpine (‘APT’), Irish (‘IRT’), 
Mississippi Valley (‘MVT’) and Upper Silesian-Cracow 
(‘USCT’) subtypes. In contrast, other authors classified all car-
bonate-hosted Pb-Zn deposits collectively as MVT deposits 
(Leach et al., 2005). A long discussion has therefore centred on 
the question whether APT Pb-Zn deposits are to be assigned to 
the MVT group or represent a separate class of ore deposit. 
Discussions were summarized by e.g., Fontboté & Boni 
(1994), Zeeh & Bechstädt (1994), Leach et al. (2003, 2005, 
2010), and Schroll (1996, 2008). Features that are common to 
both, APT and MVT, include the following:  

(1) Both occur in clusters of deposits, typically hosted in shal-
low marine carbonate sequences of predominantly Phaner-
ozoic age. Commonly they are found at the margins of ba-
sins or above basement highs. Metamorphic basement 
rocks and clastic sedimentary rocks underlie the carbonate 
sequence and evaporites are often present in the strati-
graphic column. Karst structures, breccia horizons and 
synsedimentary faults indicate emergence and tectonic in-
stability providing pathways for fluid migration.  

(2) The ores show similar elemental composition (Zn-Pb-Ba-
F) and similar simple mineralogy (sphalerite/wurtzite, ga-
lena, barite, fluorite).  

(3) A low temperature (<100 up to 200°C) of ore formation is 
indicated, and the ore fluids were reduced, acidic NaCl-
dominated brines of moderate to high (10-30%) salinity. 

Differences between APT and MVT Pb-Zn deposits include: 

(1) APT ores form at shallow depth, often close to the surface, 
whereas MVT typically form at deeper levels.  

(2) Ore textures commonly include colloform schalenblende 
in APT, and finely laminated textures (rhythmites) that oc-
casionally preserve evidence of bacteriogenic sphalerite 
formation. 

(3) APT fluids follow a seawater evaporation trend in Cl/Br 
and Na/Br ratios, whereas MVT deposits are often formed 
by mixing of formation water with meteoric water. 

(4) APT deposits are dominated by isotopically light sulphur 
with a wide range of δ34S ranging from -40 to about 0‰ 
(Schroll & Rantitsch, 2005). This indicates a predomi-
nance of BSR in an open system, with local input from 
TSR. MVT deposits, in contrast, are dominated by TSR, 
and no fractionation between ore sulphur and seawater sul-
phate can be established.  

(5) APT deposits yield Pb model ages older than the formation 
age of the host rocks (so-called “B(leiberg)-type signa-
ture”; Köppel & Schroll, 1985; Köppel, 1997; Henjes-
Kunst, 2014). In contrast, classic MVT deposits show 
younger Pb model ages when compared to their host rocks 
(“J(oplin)-type signature”; Leach et al. 2005).  

(6) Muchez et al. (2005) demonstrated that extensional tecton-
ics played a major role in the formation of sediment-hosted 
base metal deposits in Europe, including APT deposits. 
Although MVT deposits in extensional settings have been 

described (e.g., Ostendorf et al., 2015), this is one im-
portant argument to separate APT from MVT as the latter 
are typically formed in compressional tectonic settings. 
This also implies elementary differences in the driving 
forces of large-scale basinal fluid flow: higher crustal heat 
flow in the platform caused by extensional tectonics due to 
continental break-up vs. tectonic-driven gravitational fluid 
flow during compressional tectonics. 

(7) Isotopic ages indicate a polyphase history of APT, with 
syn- to early diagenetic ore formation followed by a longer 
history of diagenetic growth documented by carbonate and 
sphalerite stratigraphy (Kuhlemann, 1995). In the Bleiberg 
deposit, a major mineralizing pulse occurred about 20-25 
million years after the early mineralization period. In clas-
sic MVT deposits the timing of mineralization may post-
date sediment deposition by tens to even hundreds of mil-
lion years. 

In summary, considering geological, mineralogical and geo-
chemical arguments (e.g., trace elements in sphalerite, Fig. 12), 
APT-deposits appear to represent a subtype of the general 
MVT type. However, using geographical designations such as 
MVT, APT, IRT, USCT etc. suggests that similar deposits are 
restricted to, or at least dominate in a specified region. As this 
is definitely not the case, it is recommended to use the neutral 
term carbonate-dominated Pb-Zn deposits, synonymous to 
clastic-dominated Pb-Zn deposits as the two subtypes of the 
sediment-hosted Pb-Zn deposits (Leach et al., 2010). Differ-
ences within the carbonate-dominated subtype could then be 
expressed by using additional denominations such as exten-
sional, compressional, manto, pipe-shaped, replacement, skarn 
and the like. 

Conclusions 

The data presented allow the following conclusions to be 
drawn: 

(1) More than 500 occurrences of carbonate-hosted, APT Pb-
Zn ores divided into 13 Pb-Zn ore Districts are docu-
mented in Austroalpine and Southalpine units of the East-
ern and Southern Alps.  

 

(2) They are invariably hosted by carbonate rocks of Anisian 
or Carnian age.  
 

(3) Ore textures are complex and often equivocal. However, 
biogenic textures and relict bacteria colonies cannot be 
neglected. Therefore, some mineralization must have oc-
curred at shallow level at low temperature. 
 

(4) Sphalerite is low in Fe, Mn, Co and In, but commonly 
contains elevated Cd, Ge, As, Tl and Pb. 
 

(5) Sphalerite chemistry indicates low temperatures of for-
mation, ranging from 60 to 140°C. This is lower than sug-
gested by previous fluid inclusion data, but in line with 
results of thermal modelling. 
 

(6) Metamorphosed sphalerite (>450°C) in the Brenner and 
Stangalm Mesozoic reveals metal exchange with higher 
Fe and Mn, and lower Ga, Ge, As and Tl concentrations.  
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(7) Galena is Ag-poor, although both sphalerite and galena 
tend to higher Ag concentrations towards the northern ar-
eas of the Austroalpine nappe system.  
 

(8) Pyrite- and marcasite rich ores display an As-Tl-(Hg) sig-
nature but are low in Co and Ni. Pyrite appears to be sta-
ble to higher temperatures, keeping original low-temper-
ature trace element compositions. 
 

(9) Rb-Sr isochron dating of sphalerite reveals two phases of 
ore deposition: a first one at ≈229Ma and a second at 
≈207-201Ma. 
 

(10) Initial 87Sr/86Sr of the early (229Ma) sphalerite is con-
sistent with Carnian seawater composition. 
 

(11) The Carnian Rb-Sr isochron age corresponds to U-Pb 
ages determined for calcite associated with mineraliza-
tion at the Gorno deposit (Southalpine). The younger 
(≈205Ma) age is interpreted to reflect fluid flow within 
the carbonate sequence due to fracturing of the platform 
caused by initial rifting of the Penninic Ocean. 

 

(12) Sulphur isotopes indicate a dominant bacteriogenic 
origin for the sulphur, but also point to multiple sulphur 
sources including thermogenic sources. 
 

(13) Lead isotopes point primarily to a metal source from the 
Palaeozoic basement and Triassic sedimentary rocks. 
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