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Abstract

Quartz and various carbonate minerals often form gangue minerals within hydrothermal
ore deposits. This thesis deals with the applicability of carbonate-quartz gangue as geo-
thermometer. The results are comparable with ,classical” geothermometers like microther-
mometry and cation exchange geothermometers. The temperature range is crosschecked
with results of arsenopyrite and solid solution geothermometry. The applicability of stable
isotope geothermometry is limited by the grade of isotopic equilibrium between quartz
and carbonate and possible younger alteration by migrating fluids.

Vein deposits with great vertical extent within the Austroalpine and Sub-Penninic parts
of the Eastern Alps were the objects of study. The individual deposits of Erzwies-Siglitz
(Pb-Zn), Mitterberg-Buchberg (Cu), Radmer (Cu), Zinkwand (Ni-Co-Bi), Tosens (Pb-
Zn) and Kraubath (magnesite) are discussed in detail.

The reconstruction of the mineralising fluids results in similar mineralising processes
during during Eo-Alpine and Neogene times. The main motor of metallogenesis within
the worked deposits are metamorphic waters driven by orogenic induced fluid flow. The
formation of the Erzwies-Siglitz, Mitterberg-Buchberg, Radmer, Tosens and Zinkwand
deposits is related to such metamorphogenous fluids. Although formation ages, miner-
alogy and host rocks are different the mineralising fluids are dominated by fluids enriched
in %0 (7 bis 18 %o VSMOW) and depleted in §'*C (-6 bis -14 %o VPDB). Metasediments
and metacarbonates represent the main source rocks for this kind of metamorphogenic
fluids.

The investigated metamorphogenous deposits are the product of a multiphase genesis.
Primary fine dispersed metals or transition metals or enrichments thereof were mobilised
by metamorphogenous fluids during Variscan and Alpine orogenesis. The declining oro-
genesis with subsequent extensional tectonics lead to the formation of vein type deposits.

Another important mineralisation process is represented by the formation of magnesite
close to the palaeosurface. The cryptocrystalline magnesite deposit of Kraubath is bound
to shallow extensional tectonic structures in form of veins. Subsidiary sedimentary mag-
nesite occurs within hangingwall Miocene sediments. In this case, the mineralising low
tempered hydrothermal fluid system is strongly influenced by meteoric waters.

Suggestions for the application of quartz-carbonate mineral pairs as geothermometer
and for the reconstruction of mineralising fluid systems at a regional scale conclude this
work.






Zusammenfassung

Quarz und verschiedene Karbonatminerale (Kalzit, Ankerit, Siderit) stellen hiufig Gang-
arten in hydrothermalen Lagerstitten dar. Die Anwendbarkeit von Quarz-Karbonat Min-
eralpaaren als Geothermometer wurde untersucht und hinsichtlich ihrer diesbeziiglichen
Eignung diskutiert. Der Vergleich mit klassischen Geothermometern wie Mikrother-
mometrie, Kationenaustauschgeothermometrie ergibt eine gute Anwendbarkeit der Iso-
topengeothermometer. Einschrinkungen ergeben sich aus einem Isotopenungleichgewicht
zwischen Karbonat und Quarz sowie durch mogliche jiingere Fluidalteration.

Verschiedene gangformige Erzlagerstitten in unterschiedlichen geologischen Einheiten
der Ostalpen wurden untersucht. Im Detail wurden das Pb-Zn Vorkommen Erzwies-
Siglitz im Sub-Penninikum, die Kupfervererzung im Bereich Mitterberg-Buchberg und die
Vererzung des Paradeistollens in der Radmer innerhalb der Grauwackenzone, die Ni-Co-Bi
Vererzung der Zinkwand und der kryptokristalline Magnesit von Kraubath im Silvretta-
Seckau Deckensystem sowie das ehemalige Pb-Zn Vorkommen von Tésens im Otztal-
Stubai Komplex bearbeitet.

Der Grofsteil der untersuchten Vorkommen im Sub-Penninikum und im Ostalpin zeigt
dhnliche lagerstittenbildende Prozesse, die intrakreatzischer (Eo-Alpidischen) und neo-
gener Tektonik zuzuordnen sind. Die Vorkommen Erzwies-Siglitz, Mitterberg-Buchberg,
Radmer, Tosens und Zinkwand sind metamorphogenen Prozessen wihrend der Eo-Alpinen
Phase und des Neogens zuzuordnen. Trotz unterschiedlichen Alters, Mineralfiihrung und
Nebengesteine sind die lagerstéttenbildenden Fluide durch §'*0O Werte von 7 bis 18 %o
VSMOW und durch negative §'*C Werte von -6 bis -14 %o VPDB charakterisiert. Diese
metamorphogenen Fluide sind in erster Linie durch ihre ,\Muttergesteine” und die Migra-
tionsdistanz beeinflusst.

Die Entstehung der bearbeiteten metamorphogenen Lagerstétten ist eindeutig als mehr-
phasig anzusehen. Ein primérer dispers im Gestein verteilter Stoftbestand verschiedener
Metalle und Ubergangsmetalle bzw. mégliche Anreicherungen wurden im Zuge der variszis-
chen und alpidischen Gebirgsbildung mehrmals durch metamorphogene Fluide mobilisiert
und wihrend der abklingenden Metamorphose in Form von Géngen wieder abgelagert.

Einen wichtigen lagerstittenbildenden Prozess stellt auch die oberflichennahe Bildung
von kryptokristallinem Magnesit bei Kraubath dar. Hierbei ist eine starke Beeinflus-
sung durch meteorische Wisser zu beobachten. Gegenwirtig kdnnen magmatische bzw.
metamorphogene Fluide fiir Genese des Magnesits von Kraubath ausgeschlossen werden.
Deshalb wird fiir die Genese des kryptokristallinen Magnesits von Kraubath eine ober-
flachennahe sowie zeitgleiche Bildung mit der neogenen Storungstektonik des Fohnsdorfer
Beckens postuliert.

Anregungen zur Anwendung von Quarz-Karbonat Mineralpaaren als Geothermometer
und zur Rekonstruktion von lagerstittenbildenden Fluiden im Regionalmafstab runden
die Arbeit ab.
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Nomenclature brn  bournonite PbCuShS;

Acronyms cal  calcite CaCOs

w mass fraction cc chalocite Cu,S

apfu atoms per formula unit cpy  chalcopyrite CuFeS,
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SEDEX sedimentary-exhalative mk  marcasite FeS,

SUERC Scottish  Universities Environ-

mt  magnetite Fe3Oy
mental Research Centre

nic nickeline NiAs
SW  Seawater

rrhotite Fey, S,
TL  Transmitted light PO PYITROULE FC1x5x=0 10 02)

VPDB Vienna Pee Dee Belemnite py  pyrite FeS

VSMOW Vienna Standard Mean Ocean 47— duartz SiO

Water saf  safflorite CoAs,

XN  crossed nicols sid siderite FeCO4

Mineral Phases sku  skutterudite CoAss

ank  ankerite CaFe(COj3), sph  Sphalerite ZnS

apy  arsenopyrite FeAsS ten  tennantite (Cu,Ag,Fe,Co,Zn,Hg)12As4S13

. o b
bi native bismut tet  tetraedrite (Cu,Ag,Fe,Co,Zn,Hg)12Sb4S13

bou boulangerite PbsSbsSq;

Mineral acronyms are used as suggested by KRETZ (1983). Quantities and units are
used as suggested by BAKKER (2011).






1. Introduction

Numerous authors (in alphabetical order: EBNER 1997, EBNER 1998, EBNER et al. 1999,
EBNER 2002; FRIEDRICH 1968; PETRASCHECK 1926, 1963, 1975, 1976, 1986; POHL
& BELOCKY 1994,1999; PROCHASKA 1993,1999; SCHULZ 1979a,b; TUFAR 1969, 1974;
WEBER 1997) investigated the genesis of ore deposits within the Eastern Alps.

Since ore deposits in the Eastern Alps are investigated geologists are assuming that
the ore forming processes are are associated with different processes like sedimentation,
magmatism and/or metamorphosis. Fluid flow driven by orogenic processes is thought to
be a main motor of metallogenesis in the Eastern Alps (POHL & BELOCKY 1993, 1999).

Fluid circulation is strongly connected to metamorphism. Fault zones in late orogenic
stages provide suitable pathways for leaching, transportation and precipitation processes
of hydrothermal-metamorphogenic fluids (POHL & BELOCKY, 1994, 1999). Primary,
metal enriched rocks or fine dispersed sulphides are leached and redistribution of metals
takes place during the different phases of orogenic processes. Ore genesis took place
during Cadomian, Variscan and Alpine orogeny. Different metamorphic events mobilised
and thinned out mineral occurrences. Brittle tectonics during the Neogene disaggregated
older deposits and provided pathways for mineralising fluids as well.

Metamorphogenic fluids of similar isotopic compositions are precipitating ore minerals
and carbonate-quartz gangue. The application of oxygen isotope geothermometry applied
to quartz-carbonate mineral pairs is evaluated in this study. Suitable methods are applied
at the different study areas as well as data in literature.

1.1. Methodology of the thesis

This work is intended to present the results of the comparison of different classical”
geothermometers with oxygen isotope geothermometry. It is mainly based on stable
isotope investigations and data of fluid inclusion eluates. Stable isotope investigations
of oxygen, carbon and sulphur are essential tools to describe ore forming processes. They
provide informations about (1) the physico-chemical conditions of mineralisation processes
(SKINNER, 1997), (2) the temperature of formation (HOEFS, 2009), (3) the origin of
individual dissolved elements in solution like oxygen (POHL, 2011; HOEFSs, 2009), carbon
(SCHROLL & PROCHASKA, 1997) and sulphur (OHMOTO & RYE, 1979; L1 & Liv,
2006) as well as (4) possible subsequent alteration and equilibration processes (ZHENG
& HOEFS, 1993).

1.1.1. Stable isotope geothermometers
Basic principles

The following paragraph gives a summary of basic principles of stable isotope geochemistry
according to HOEFS (2009) and SHARP (2007).

Fractionation of elements in compounds is based on the fact that compounds with
heavy isotopes dissociate less likely than compounds with lighter isotopes. Elevated tem-
peratures result in an incitation of the molecule to a higher potential energy band. The
relation of vibrational frequency and mass can be expressed by Hooke “s law of a harmonic
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oscillator (O’NEIL, 1986):

1 [k

-~ (1)

Uig 0

v is the frequency, k represents the constant force-factor and g is the reduced mass.
The reduced mass of a 2-atom molecule is calculated using the masses m; and ms of the

molecules M; and M,:
m1me - 1

o 1 1
m1+m2 m_1+m_2

The relation of the harmonic oscillator (equation 1) results in the fact that smaller masses
have higher vibrational frequencies than heavier compounds. Therefore lighter compounds
dissociate more easily. Similar to equilibrium constant in chemical reactions the fraction-
ation factor o between two mineral phases A and B can be expressed:

= R (2)

R stands for the ratio of the heavy and the lighter isotope (e.g. i—g). The determination
of absolute frequencies is difficult therefore the relation of individual isotopes compared

to international standards (cf. Paragraph 2.2) is introduced:

Rm - Rstandard
0y =

. 1000 (%o

Rstandard

Isotope fractionation is in direct relation with the temperature and can be described in
the following equation using the coefficients A, B, C, D, E and F:

1018 102 10° 10° 102
3 _

or simplified to a quadratic expression and reducing to two coefficients (D, F):
10°
Using a polynomial of a higher degree makes only sense in a few cases when the frac-
tionation equation is of higher degree itself (see Figure 1).
Taking the logarithm of equation 2:

Inayg = In(107%64 + 1) — In(107%5 + 1)

o-values of minerals involved in natural rock systems result in maximum of several
10 %o. Therefore the following approximation is applicable:

In(107%8 + 1) =~ 107%%

or
AABE6A—6BQ1031DO(AB (5)
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Solving the simplified fractionation equation 4 after T gives the precipitation temper-
ature (in Kelvin) of the mineral pair in equilibrium:

D
T~y ————
Van, —F (6)

If two mineral phases have equilibrated oxygen with a reservoir (e.g. hydrothermal fluid)
the difference of the individual 610 values is a function of temperature. The calculation of
temperature is possible with known 8O minerat 4 and 88O inerar B due to the temperature
dependency of a4p. Some frequently used coefficients to determine the oxygen and carbon
exchange between different species and H,O or CO, are summarized in Table 1. A
good source for calculation of isotope fractionation or equilibrium temperatures is the
AlphaDelta web page of G. BEAUDOIN and P. THERRIEN at Université Laval who collected
1131 different equations'. The temperature dependency of the fractionation factor asp
with the values of Table 1 is shown in Figures 1 and 2. The application of a suitable
fractionation equation is evident. It is important to know the present carbonate phase
and the approximate precipitation temperature. Choosing an inappropriate equation
can result in discrepancies of several per mill for 10%In a,pimerai— 0 and therefore wrong
temperature estimations.

Slowly cooling down of precipitated minerals from a equilibrated solution is steadily
exchanging oxygen isotopes between the different mineral phases. Calculated precipitation
temperatures should be interpreted with caution. Calculated temperatures can only be
used as crystallisation temperature when the mineral phases are in equilibrium with each
other. The determination of isotopic equilibrium is therefore the main prerequisite to
the application of stable isotopes as a geothermometer. The exchange of isotopes should
have happened in a closed system. The fact of §; — do = A5 is easily transformed to
d1 = 02 + A1z2. That means for a closed system at a given temperature (constant /)
that the equilibrium isotope composition for two different phases is plotting along a line.

To describe the isotopic characteristics of open fluid-rock system it is necessary to
determine the characteristics of simplified fluid absent systems. In a closed system mineral
assemblages have fixed modal proportions and isotopic exchange can only take place with
each present phase while the bulk composition in the system remains invariant (GREGORY
& Criss, 1986). The two-phase closed system represented in the 8-space using simple
mass balance is written ¥ 5

o4 == 0n - (7)

X 4 and X p are representing the mole fractions of the phases of the element for interest.
This is a linear equation with the coordinates of 04 and 0p and a negative slope. The
assessment of isotopic equilibrium and disequilibrium is possible by the isotherm method
of JAVOY et al. (1970). This graphical method is referencing the heaviest mineral in a
succession to every other mineral. The determination of equilibrium or disequilibrium is
therefore only possible when three or more phases are present. Only two phases oblige
another attempt. Isotopic equilibrium of quartz and carbonate phases is assumed when the
mineral are in textural equilibrium. Temperatures received from oxygen isotope mineral

Thttp://www2.ggl.ulaval.ca/cgi-bin /isotope/generisotope.cgi (as per June 2012)
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System A B C D E F T (°C) Reference

ankerite-H,O 4120  -4.620 1.71  0-1200 )
calcite-H, O 2.780 -2.89 0-500 1
calcite-H,0O 18.030 -32.42  25-350 2
dolomite-H,O 3.260 -4.51  100-650 8
dolomite-H,O 4.060  -4.650 1.71  0-1200 5
magnesite-H,O 4.070  -4.640 1.72  0-1200 5
quartz-Hy O 3.340 -3.31  250-500 3
quartz-Hy O 3.380 -3.40  200-500 9
quartz-H,O 3.306 -2.71  180-550 11
quartz-H,O 3.650 -2.90 4
quartzaipha-Ha O 3.550 -2.57 195-573 10
quartz-calcite 0.870 4
quartz-calcite 0.470  -0.100 0-1200 5
quartz-calcite 0.0035 0.05 0.335 =127 6
Si02 amorphous-H20 3.520 -4.35 low T 7
siderite-HCO 4.230  -4.580 1.73  0-1200 5
dolomite-CO4 (g) -0.891  8.737 -18.110 8.44 <600 12
dolomite-CO4 (g) -0.388  5.538 -11.346 3.12 <600 13
calcite-CO4 (g) -0.891  8.557 -18.110 8.27 <600 12
chalcopyrite-HoS 0.050 0-1000 14
CaS04.2HO-H,S 5.260 6.00 200-350 12
galena-HoS -0.640 0-1000 14
pyrite-HyS 0.400 200-700 12
sphalerite-HyS 0.100 0-1000 14
S%-H,S -0.210 -1.23 -1.20 =25 12
SO3~-H,S 5.260 6.00 200-350 12

Table 1: Coeflicients used in equ. 3 and 4 for oxygen, carbon and sulphur isotope exchange.
References: (1) FRIEDMAN & O’NEIL (1977), (3) MATSUHISA et al. (1979), (4) SHARP & KIRSCHNER
(1994), (5) ZHENG (1999), (6) CrayToN & KEIFFER (1991), (7) MARTIN et al. (2012) , (8)
GOLYSHEV et al. (1981), (9) CLAYTON et al. (1972), (10) SHIRO & SAKAI (1972), (11) ZHANG
et al. (1989), (12) OrMoTO & RYE (1979), (13) SHEPPARD & SCHWARCZ (1970) (14) L1 & Liu
(2006).
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Temperature (°C)
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Temperature (K)
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Figure 1: Temperature dependency of equilibrium isotopic fractionation factors between carbonate min-
erals and H,O. See Table 1 for corresponding equations and applicable temperature ranges .

pairs are crosschecked with other independent geothermometers (cf. Chapters 1.1.2, 1.1.3
and 1.1.4). Deviating temperature estimations are discussed.

Uncertainty calculation

Oxygen isotope fractionation of carbonates as well as of quartz are the measured dimen-
sions from which the formation temperature is calculated. Both values (6O 4rponate and
80 yyart.) show different relative measurement uncertainties due to different analytical
methods (see Chapter 2.2). Therefore a proper calculation of accuracy is required. The
simplified equation 6 shows the connection between temperature and A 45. Table 1 shows
that higher polynomials require numerical solutions. In the following an exemplary work
flow for calculating the maximum absolute errors is given.

10° 103
Aup = Dap 7 + Fap—+ + Fap (8)

T T
A 4p defines the difference between §'¥0 4 and §'*¥*Op. Solving equation 8 after T gives
the solution for the formation temperature in Kelvin. The estimation of the maximum
error is possible using the first derivative of equation 8 and the repeatability of oxygen

measurements of minerals A and B:

-y , ; :
AT (A = ||l—T(A AN —T(A AN 9

@am) = | I3 =T @)l Ba| 1 |l 5 =T (@ an)l B )

ExAMPLE: Using the quartz-calcite mineral pair with the fractionation equations of
SHARP & KIRSCHNER (1994) and ZHENG (1999) with D = —0.36, E = 4.66, F' = —4.61,

d
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Figure 2: Temperature dependency of equilibrium isotopic fractionation factors between calcite or dolo-
mite and CO4 (g). The applicable temperature lies below 600 °C. See Table 1 for references.

80 carbonate = 14.01 10.07 %o and 680 4y4pr, = 15.22+0.20 %o gives a temperature estim-
ation of 440 £28°C. Due to different analytical errors the %0 measurements of quartz
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1.1.2. Arsenopyrite geothermometer

The As/S ratio of arsenopyrite coexisting with other phases in the system Fe-As-S is
a widely used, experimentally calibrated geothermometer (e.g. KERESTEDJIAN 1997;
KRETSCHMAR & SCOTT 1976; SHARP et al. 1985). The application is valid for deposits
metamorphosed under greenschist and lower amphibolite facies. For upper amphibolite
and granulite facies deposits it yields too low temperatures. For low temperature hydro-
thermal deposits inconsistent temperatures are calculated (SHARP et al. 1985).

1.1.3. Solid solution geothermometry in the system FeAsS-NiAsS-CoAsS

KLEMM (1965) proposed a geothermometer based on solid solution stability fields of
sulfarsenides and diarsenides. MISRA & FLEET (1975) pointed out that KLEMM (1965)
did not take the As for S substitution into account. Following the remarks of FANLO et
al. (2004) the sulfarsenide compositions with an As/S ratio greater than 1 are left out.

1.1.4. Fluid inclusion chemistry and cation geothermometry

The characterization of Total Dissolved Solids (TDS) provides information about the
source of solutes in ore-precipitating brines and mixing processes of different fluids. The
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crush-leach method is described on page 34. With this technique the I/Cl, Br/Cl, K/Na,
Li/Na ion ratios are calculated. The charge balance of the solution is determined in
order to trace influences caused by dissolved species that have not been analysed, or
contamination of the sample by e.g. clay minerals. HAFELLNER (1995) pointed out that
during the crushing procedure volatile phases (e.g. CO,) can get lost. The kind of chemical
elements of an inclusion are known but not the kind of chemical compound (species). The
elements Na, K, Ca, Mg and Fe are supposed to occur as chlorides. Discrepancies in
charge balances can also be due to Ht, CO3~ and OH~ concentrations. Taking these
restrictions into account charge balances provide useful information.

Bulk fluid inclusion chemistry gives hints about the processes that influenced salinity
of palaeofluids. At an initial stage of evaporation within a saline environment Na, Cl
and Br are concentrated in the residual brine and their ratios do not change. The halite
evaporation trend can be observed when seawater starts to precipitate halite. The com-
position of the bittern brine is shifting along the trend. Br is still concentrated within the
residual brine. With ongoing precipitation Br is incorporated and fractionation begins.
Furthermore the cations system changes from a Na dominated to Mg and K dominated
system (MCCAFFREY et al. 1987). On the contrary the halite dissolution trend defines
palaeofluids that gained their salinity by migration within the crust. The Br content is
diluted proportional to the Na and Cl contents.

Cation exchange geothermometers (Table 2) are applied by using the cation concen-
tration in bulk fluid inclusion solutes. The different geothermometers are empirical and
should only be used within their limits. A limitation is the fact that crush-leach ana-
lysis (see 2.3) is blending shares of primary, secondary and pseudo-secondary fluid in-
clusions. VERMA et al. (2008) developed a computer program (SolGeo) for calculating
formation temperatures using different cation exchange geothermometers. In this work
the Na-Li geothermometers of FOUILLAC & MICHARD (1981); KHARAKA & MARINER
(1989); VERMA & SANTOYO (1997) and Na-K geothermometers of DIAZ-(GONZALEZ et
al. (2008) are applied for calculating formation temperatures of carbonates and quartz.

. 1000 447 . ) )
Na-Li log(%%) 1 0.38 £0.11 273.15  FourLLac & MICHARD (1981)

; _ 1590 ARAK/ ,
Na-Li log(52) 4 0.770 273.15 KHARAKA & MARINER (1989)

. 1049444 - 7 ) ) .
Na-Li log(%2) 0.44 £10 273.15 VERMA & SANTOYO (1997)

883 £15
Na-K Tog(Z2)+0.894 £0.032

— 273.15  Diaz-GONZALEZ et al. (2008)

Table 2: Solute geothermometers used to calculate precipitation temperatures [ CJ of carbonate minerals
and quartz.
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1.2. Reconstruction of fluid provenance and evolution

Stable isotope measurements bear the possibility to reconstruct fluid provenance and
evolution. Reconstructions of ore forming fluids are possible when 60 , 6*C and §%4S
values are interpreted.

1.2.1. Oxygen isotopes

Oxygen isotopes provide information about the origin of ore forming fluids. Waters of
magmatic, metamorphic and sedimentary origin occupy partly overlapping fields. There-
fore the discrimination to one single fluid source is not possible. Using the 6D — 6O
diagram (Figure 3) illustrates the isotopic compositions of waters of different origin. The
isotopic composition of precipitation and shallow groundwater plots along the global met-
eoric water line (GMWL). Meteoric water represents water that was part of the meteor-
ological cycle (evaporation - condensation - precipitation). The isotopic composition of
meteoric water excludes seawater. Formation water depicts waters of unknown origin and
age within sediments. Possible overprints of the primary isotopic signature by meteoric
or formation waters have to be investigated.
Today 60 of atmospheric COg is about +41 %o (KEELING, 1961).

200 :
P il Formation waters
Q Seawater "
LAY
= |- - - === I
I =]
I Iemw i Metamorphic
= : water 300-600°C
I [ ——— — —_—
I PMW |_ I
A !
S |
. 1 | I 1 l I
5 10 15 20 25 30
18 ;
8 OSMO'-U (?;00)

Figure 3: Isotopic composition of fluids participating in the hydrothermal ore formation processes.
Simplified after POHL (2011) with data of HOEFs (2009). VV ... volcanic vapour, FMW ... felsic
magmatic water, PMW ... primary magmatic water.

1.2.2. Carbon isotopes

Due to the fact that the PeeDeeBelemnite (PDB) is used as a reference for §'*C measure-
ments marine carbonates show values around zero. Mantle carbon ranges from -4 to -8
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(DEINES, 1980), kerogen ranges from -20 to -30 %o (WHITICAR, 1996) and hydrothermal
carbonates show values between -6 and -9 %¢ (SCHROLL & PROCHASKA, 1997). Today
§13C of atmospheric CO; is about -8 %¢ (KEELING et al., 1995). The determination of
variations of §12C in a geological timescale is difficult but it can be estimated using marine
carbonates.

1.2.3. Sulphur isotopes

The fractionation between sulphides and a solution is function of temperature and the
dominant aqueous sulphide species (cf. OHMOTO, 1972). Principally four different sul-
phur species are present above 250 °C: > S037, HyS, HS™ and S?>~. The dominating
species is depending on pH, f(O2) and the temperature of the fluid.

Example A: Taking an acidic, hydrothermal fluid for example: bulk §*'Ss> = 0 %o,
T =300°C, pH = 4.5, log f(O2) = —38 and total sulphur equals 1 mole per kg HoO. Un-
der these conditions most of the dissolved sulphur occurs in form of HoS (Figure 5). When
sulphides are precipitating in equilibrium with HyS the following fractionation apply:
NS (galena — HyS) = —1.95 (calibration after L1 & Liu 2006), A*'S (chalcopyrite —
H,S) = 0.15 (calibration after L1 & LI1U 2006), A*S (sphalerite — HyS) = 0.30 (calib-
ration after L1 & L1U 2006) and A*'S (pyrite — HyS) = 1.22 (calibration after OHMOTO
& RyYE 1979).

Example B: If the the hydrothermal fluid of example A is oxidized >~ SO?~ would be the
dominant aqueous sulphur species with 6*Ss~ = 0 %o. The initial sulphur fractionations
of sulphides precipitated from such a fluid would be (applying the calibration of OHMOTO
& RYE (1979) for SO3™ (aq) = H,S): galena = —20.06 %o, chalcopyrite = —22.16 %o,
sphalerite = —22.31 %o and pyrite = —23.03 %e.

Example C: If the pH is increasing f(O;) remains similar to example A. For example
the fluid is entering organic rich carbonates. In this case the dominant species is S~
with §%Ss~ = 0%o. The initial sulphur fractionations of sulphides precipitated from this
fluid would be (using the calibration of OHMOTO & RYE (1979) for S*~ = H,9):
galena = 2.04 %o, chalcopyrite = 4.14 %o, sphalerite = 4.29 %o and pyrite = 5.21 %eo.

The examples A, B and C work for §*'Ss> = 0%o. Due to the fact that the Canon
Diablo Troilite (FeS) is used as an international standard mantle material and sulphides
derived from it have a 45 value near zero. Marine sulphate in contrast show values
from +10 to +30 %o. Modern seawater shows +21 %o (CLAYPOOL et al. 1980). Another
extreme values shows sulphide sulphur that is produces by organic fractionation that shows
negative 6%4S values from -20 to -60 %o (CANFIELD & THAMDRUP 1994; CANFIELD et
al. 2010). Magmatic and hydrothermal sulphur may contain sulphur of mixed origin but
an estimation about the provenance is possible.
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Figure 4: Diagram showing §'®O versus §'3 C values of carbonates and isotopic compositions of endogen-
ous COs, atmospheric COs and biogene fractionation of carbon through fermentation processes (modified
after SCHROLL & PROCHASKA 1997 with data of KEELING (1961) and KEELING et al. (1995) for at-
mospheric carbon and oxygen).
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Figure 5: left: Stability field of aqueous sulphur species as a function pH and f(Os) (modified after
OHMOTO 1972). right: Initial 534S values of sulphides precipitating from a fluid with §**Ss~ = 0 %o and
various dominant aqueous sulphur species: (A) HyS as dominant fluid species, (B) 3" SO? " as dominant
fluid species, (C) $*~ as dominant fluid species (calculated after calibrations of OHMOTO & RYE (1979);
L1 & Livu (2006).
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1.3. Quantification of fluid flux and fluid rock interaction
1.3.1. Zero-dimensional water-rock interaction model

Zero-dimensional water-rock interaction models after TAYLOR (1979) represent simple
models for estimating fluid /rock ratios by instantaneous and constant isotopic equilibra-
tion between a fluid and rock. The basis of this model is a mass balance equation:

W}{QO + Rf‘ock - WIZJJ;O + Rfock (10)
where 7 represents the initial value, f the final values, W is the atom fraction of the element
in the fluid and R is the atom fraction of the element in rock. Covariation of ¥ and §'3C
values of carbonates reflect a change in the isotopic composition of the solution and/or
temperature during precipitation. ZHENG & HOEFS (1993) developed a two component
model to describe the covariation of 6**O and §'C for hydrothermal calcites. They
describe three mixing processes quantitatively: (1) mixing between two different fluids,
(2) mixing between fluid and rock with calcite precipitation due to fluid/rock interaction,
(3) alteration of primary calcite by interaction with a subsequent fluid.

1.3.2. Mixing between two fluids

ZHENG & HOEFS (1993) discussed the mixing process of two different hydrothermal
fluids and the evolving carbonates thereof intensively. The equations 11 and 12 show the
oxyvgen and carbon isotopic composition of calcite precipitated due to the mixture of two
fluids:

X, (613C, + 10* Inaseieite ) 4 P(1 — X,)(§3C, + 10% In aglsite)

61300& cite — HEOs 11
Leit P X. T PX. (11)
5 Oatete = 050y + 10 In a8 | X, (5150, — 650,) (12)

X, represents the mole fraction of fluid A in the mixed fluid and 10%In o5} is the equilib-
rium fractionation factor between the components X and Y. P denotes the carbon content
of the two fluids: P — g—z =~ i;gg . The model assumes furthermore that the predomin-
ant carbon species in the high-temperature and low-temperature fluid end members are
CO3(aq) and HCO3Z. The model assumes that mixing is a purely physical process that
ignores temperature and pH. The mixing curves of fluid compositions for mixing of two
fluids A with an isotopic composition of %0 = 0 %o and §'*C = 0 %o and fluid B with
B0 = 10 %o and 613C = -10 %o is illustrated in Figure 6. Fluid A is representing sea-
water or shallow formation water dominated by HCOZ and has a temperature of 50 °C.
Fluid B is dominated by HoCO3 (*=~CO;) and has a temperature of 300 °C and shows the

isotopic composition of metamorphogenic water.

1.3.3. Secondary alteration after Zheng & Hoefs (1993)

This model assumes isotopic exchange between carbonate host rock and a percolating
fluid. Taking a remobilised, stratiform ore deposit with carbonate gangue for example.
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Figure 6: (a) Simple temperature independent mixing curves of fluid compositions for mixing of two
fluids calculated after ZHENG & HOEFs (1993). Fluid A has 6'¥0 = 0 %o and §'*C = 0 %o and
represents seawater or shallow formation water. Fluid B has 60 = 10 %o and 6'*C = -10 %o and stands
for metamorphogenic water. P is the concentration ratio of total dissolved carbon in fluid B to fluid A.
Fluid A is dominated by HCO5 and has a temperature of 50 °C. Fluid B is dominated by HaCOs (=CO3)
and has a temperature of 300 °C. (b) Carbon and oxygen isotopic composition of calcite precipitating
due to mixing of fluid A and B.

The remobilised carbonates are subsequently precipitated in form of a vein type deposit.
By measurement of “primary” and re-deposited calcite an estimation migration distance
using the water/rock ratio is possible. The model is limited by several assumptions.
Knowledge of the primary isotopic composition of the involved limestone, the temperat-
ure and the isotopic composition of the fluid as well as the mole fraction of the carbon
species are necessary. With known isotopic compositions of altered carbonates the co-
variation curves can be modelled and the temperature and isotopic composition of the
involved fluid is assessable. The following equations are valid for an open system where
the fluid is replenished by fluid of the same isotopic composition. This is the case for
metamorphogenic fluids that have equilibrated during migration. The isotopic exchange
produces initially greater changes in §'*O than §'*C (Figure 7).
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Figure 7: Covariation of carbon versus oxygen isotopic composition during fluid/rock interaction in-
volving a marine limestone modelled after ZHENG & HOEFS (1993). The fresh marine limestone has
5180 = 28 %o and 6'3C = 0 %o. The involved fluid represents a metamorphogenic fluid with §'80 %o =
0 and §'3C %o = -7. The process takes place at 100, 200 and 300 °C and the HCO ™5 forms the main
dissolved carbon species. X HCO; — 0.2 represents the mole fraction of HCO™ 5 in the fluid. During

hydrothermal alteration a progressively increasing fluid/rock ration (W/R) from zero to 100 is assumed.

29



1.4. Selection of investigated ore deposits

This study is aimed to compare individual geothermometers applied to selected historical
important ore deposits of the Eastern Alps:

e Upper Austroalpine nappe system

— Greywacke zone nappe system
+ Cu deposit Miihlbach-Buchberg/Salzburg
+ Cu deposit Radmer/Styria

— Silvretta-Seckau nappe system
« Ni-Co-Bi deposit Zinkwand/Schladming/Styria
+ Magnesite deposit Kraubath/Styria

— Otztal-Bundschuh nappe system
« Pb-Zn deposit Tosens/Tyrol

e Sub-Penninic units of the Tauernwindow
— Pb-Ag deposit Erzwies-Silberpfennig/Salzburg.

All these vein systems are made up of mainly carbonate gangue (calcite, ankerite and
siderite) and minor quartz. They were selected due to their large vertical extent (up to ~
300 m) to assure a wide range in crystallization temperatures of ore minerals and gangue.
The variable tectonic position and differences in formation ages, metamorphic history
and host rocks provide ideal conditions to study pros and cons of the individual geother-
mometers and their usefulness. Summarized geological and metallogenetical information
about the individual deposits is found in WEBER (19974A).

1.5. Ore deposition within the Eastern Alps linked to
metamorphism

Ore deposition within the Eastern Alps is closely linked to several orogenic phases dur-
ing Phanerozoic. After FRANK & WEBER (1997) four phases were essential for the
metallogenetical evolution of ore deposits.

Pre-Permian metal enrichments

Pre-Permian metal enrichments and ore deposits are difficult to determine due to later
metamorphic overprints. In some cases remobilisation of older metal enrichments are
proven. The Pb-Zn deposit Tésens within the Otztal crystalline represents a pre-Variscan,
syngenetic mineralisation with pre-Varicsan magmatic cycles as possible source for metal
supply (VAVTAR, 1988).

The Pb-Zn-Ba ore district Graz Palaeozoic shows stratiform mineralisations within
Devonian black schists and is interpreted as SEDEX deposit of Meggen-typus (WEBER,
1990). The Paleozoic rocks of the Gurktaler nappe system exhibit small occurrences of
syngenetic magnetite-haematite mineralisations (EBNER, 1997).
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Permotriassic metamorphism

During the Permian crustal extension wide spread evaporites were formed. These evapor-
ites (Haselgebirge) are now incorporated into the Upper Austroalpine nappe system and
play an important role in ore generating processes during later metamorphic processes.
SCHUSTER & STUWE (2008) propose model of lithospheric thinning accompanied by
magmatic underplating with subsequent partial melting of the lower crust and IP/hT
metamorphism. If the Permian metamorphic event generated concentrations of ore min-
erals within the younger sedimentary cover, remains unresolved.

Eo-alpidic metamorphism

During Eo-Alpidic times (92 Ma) two different scenarios leading to intense fluid mobilisa-
tion, circulation and ore deposition are discussed. Parts of the Austroalpine Palaeozoic
especially the Greywackezone nappe system suffered increased fluid flow rates. These
enhanced rates are due to intense metamorphic processes in the depth (see SCHRAMM
1977 and Metamorphic map of the Alps by OBERHANSLI et al. 2004 and BOUSQUET et
al. 2008%) . The high number of different ore deposits within the Greywackezone nappe
system accompanies this rearrangement and remobilisation processes. The Mitterberg Cu-
vein is an instructive example for vein formation as a result of Cretaceous metamorphism
(see Chapter 4.1). Deformation occurred during and after the temperature peak respect-
ively. Therefore the relevant time span comprises several tens of millions of years. At the
base of the Northern Calcareous Alps massive units of evaporites (Haselgebirge) occur (cf.
SCHAUBERGER, 1986). Fluids migrating within these units represent acidic and chlorine
or sulphate solutions (POHL & BELOCKY, 1994; PROCHASKA, 1999). Such solutions
are able to dissolve ions from host rocks with subsequent deposition thereof at changing
physico-chemical conditions.

The second process occurs at the frontal areas of the Austroalpine crystalline. During
early nappe stacking units of the Semmering-Wechsel system were affected by intense fluid
movements at the beginning subduction of the Penninic ocean (PROCHASKA, 1993).

Neogene metamorphism and lateral extrusion

Ore deposits associated with prominent fault systems like Liesing-Paltental and Lavantal
fault are associated with fluid convection cells. Within such convection cells deep seated
ascending Cretaceous rest-fluids were mixing with descending meteoric waters. The mix-
ing process and degassing of CO, were the main driving factors for ore deposition.

The Tauerngold veins are a special case. These veins are associated with the fading
Tauern metamorphosis. In the Gastein and Rauris area shear zones due to the updom-
ing of the Hohe Tauern mountains during this late orogenic stage provide pathways for
metamorphogenic fluids.

Metamorphic structure of the Alps - Revised version (2008):  http://http://perso.univ-
rennesl.fr/romain.bousquet /Papers/MetMap/ (downloaded on 23.10.2012)
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1.6. Aims of research

Metamorphic processes are assumed to be the main motor of ore genesis within the Eastern
Alps. The different orogenic phases triggered remobilisation and subsequent ore depos-
ition. Metamorphogenic fluids of similar isotopic compositions precipitate ore minerals
and carbonate-quartz gangue. The application of oxygen isotope geothermometry applied
to quartz-carbonate mineral pairs is evaluated in this study. The investigated deposits
offer large vertical extensions and therefore a broad range in formation temperature is
given. The investigated deposits are situated in different geological units of the Eastern
Alps with variable geological history and formation ages.

Suitable analytical methods (Chapter 1.1) as well as literature data are applied to
decipher ore forming processes in the individual study areas. Limits, problems and con-
cluding remarks regarding metallogenesis, formation temperatures are critically examined
and individually discussed. Finally the main characteristics of mineralising fluids during
the different orogenic phases of the Eastern Alps and a code of practice for the use of
isotope geothermometers applied to re deposits are presented.



2. Analytical procedures

2.1. Electron microprobe

Electron microprobe measurements of sulphides, arsenides etc. were carried out using a
JEOL JXA 8200 Superprobe at the “Eugen F. Stumpfl Laboratory” at the Montanuni-
versitit Leoben. Operation conditions were 20kV accelerating voltage, a beam size of
2 um, peak counting times of 20s and background counting times of 10s . Counting times
for Co, Se, Ag,Ni and Pb were increased up to 100 s for peak counting time and 50s
for background. Radiation lines and crystals were used as follows: La TAP (As, Se), La
PETJ (S, Sb, Pb), La PETH (Ag), Ka PETJ (S), Ka LIF (Cu, Fe, Zn), Ka LIFH (Co, Ni).
The calculation of sample detection limits for single point measurement is based on the
standard counts, the unknown background counts and the magnitude of the ZAF correc-
tion factor (ScoTT & LOVE, 1983). This determination resulted in following detection
limits (in w?®): Ag, Co, Cu, Fe, Hg, Ni, Sb, S, Se = 0.0002; As, Pb, Zn = 0.0003.

2.2. Stable isotope measurements
o13C and 6'*0 of carbonates

Oxygen isotope ratios of carbonates were determined at the Stable Isotope lab at the
Montanuniversitit Leoben. The carbonate samples were prepared by drilling small ali-
quots from specimens using a dentist drill. The powder was transferred into autosampler
vials (Labco Exetainer vials) and sealed with butyl-rubber septa. The analyses were
performed on a Thermo Fisher Delta V mass spectrometer employing a Finnigan Gas
Bench IT following the descriptions of SPOTL & VENNEMANN (2003). The samples (0.2
- 0.3 mg) were dissolved with anhydrous H3PO, (density 1.91) in a pressurised helium
atmosphere at 70 °C for 8 hours. By using multiple measurements of an in-house calcite
reference material, precision of 6'¥0 and §'*C measurements are £ 0.07 %o and £ 0.05 %o
(1s, n=180) respectively. Carbon isotope data are reported relative to Vienna Pee Dee
Belemnite (VPDB) and oxygen isotopes relative to Vienna Standard Mean Ocean Water
(VSMOW) .

580 of quartz

Quartz mineral separates were prepared by hand-picking under a binocular microscope.
Quartz was finely crushed to avoid contamination by fluid inclusions. The quartz powder
was washed with HC1 (12 mol/1) for several hours to remove residual carbonates and sub-
sequently cleaned with deionized water. Oxygen isotope ratios of quartz were measured at
the Scottish Universities Environmental Research Center (SUERC) in East Kilbride/GB.
Oxygen of quartz aliquots (~ 1.5 mg) was converted to COy by the laser fluorination
method of SHARP (1990) with CIF3 as fluorine source as described by MACAULAY et al.
(2000). A carbon dioxide laser is used as a heat source in order to bring quartz grains

3The mass fraction w is defined as the mass of a constituent divided by the total mass of all constituents
in the mixture. The sum of all the mass fractions within the mixture is equal to 1 (c.f. BAKKER,
2011).
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to incandescence whereupon it reacts with the atmosphere of fluorinating reagent and
releases oxygen. The oxygen is purified cryogenically and by passage through an in-line
Hg diffusion pump whereby it is transferred to the vicinity of a heated graphite rod.
The resultant carbon dioxide is transferred to a capacitance manometer where the chem-
ical vield is measured as a monitor of complete reaction. Replicate analyses of in-house
silicate (garnet, quartz, agate) reference material give a long-term precision better than
0.2 %o (1s). The reference standard for §'*O analyses is VSMOW.

5*4S of sulphides

Sulphide samples were prepared by drilling sulphide crystals on polished blocks using a
standard dentist drill . Sulphur extraction for §*S analyses on sulphides was carried at
SUERC using the method of ROBINSON & KUSAKABE (1975). Sulphide samples were
converted to SO, by reaction with excess Cu,O at 1070 °C for 25 min. SO, was analysed
using a standard vacuum line technique on a dual-inlet gas-source mass spectrometer.
The reproducibility based on multiple measurements of an in-house chalcopyrite reference
material is £0.2 %o (1s). The reference standard for ¢*S analyses is troilite from the
Canyon Diablo meteorite (CDT).

2.3. Bulk fluid inclusion analysis

The chemical composition of solutes was determined using the technique modified after
BOTTRELL et al. (1988) as described in PROCHASKA (1999). The rock samples were
crushed to 1 — 2 mm grain size and subsequently carbonate minerals were hand-picked
under the binocular microscope. The carbonates were washed with distilled water. Hand-
picked quartz samples were washed with hydrochloric acid to remove residual carbonate
mineral grains. Between 0.5 and 1 g of cleaned grains were ground together with 5 ml
double distilled water in an agate mortar. The solution was subsequently filtered. A
DIONEX DX- 500 system at Montanuniversitit Leoben was used for analyses of halogens
and anions (F~, C1=, Br—, I", SO77). Cations (Li*, Nat, K*, Mg?*, Ca?") were analysed
in the aliquots of the same solution using atomic absorption spectrometry.

2.4. Geochemical analysis of carbonate minerals

Carbonates and quartz are strongly interdigitated in many cases when they occur as
gangue minerals in vein deposits. Following the instructions of HEINRICHS & HERRMANN
(1990) the samples were treated with CICH,COOH (4 g/100 ml) to digest the acid-
solvable carbonates. The dissolution reaction of carbonates took about 24 h. The filtrate
was subsequently filtered by a membrane filter. The solution was analysed for Ca, Mg,
Fe, Mn, Sr, Li and Na using atomic absorption spectrometry.



3. Geological framework of investigated deposits

Genetical aspects and fluid evolution of ore deposits affiliated with an orogen can only be
studied with proper knowledge of the geological evolution thereof. The following section
briefly outlines the connections between geology, tectonics and ore genesis in the Alpine
parts of Austria. Detailed geological characterizations and discussions are given in the
descriptions of the individual deposits (Chapter 4). The investigated deposits are located
in different geological units within the Eastern Alps which are described below.

Sub-Penninic units of the Tauernwindow

The rocks of the Sub-Penninic nappes are characterized by Variscan metamorphic, contin-
ental crust with overlying late Palaeozoic and Mesozoic metasediments. After the opening
of the Penninic ocean during Middle Jurassic Sub-Penninic rocks formed the southern mar-
gin of the European continental plate. The Alpidic orogeny segregated the Sub-Penninic
nappes from the lower crust and subcontinental mantle and pushed them to the north on
the European plate (SCHMID et al. 2004). In the Eastern Alps rocks of the Sub-Penninic
are exposed in the Tauernwindow. The lowest unit inside the Tauernwindow is the Vene-
diger nappe system. It consists of pre-Variscan rock complexes, Variscan intrusive rocks
(Zentralgneis) and post-Variscan rocks. Parts of the pre-Variscan rocks were metamorph-
osed and migmatised during Variscan orogeny. Variscan orogeny lead to the intrusion
of intermediate and acid plutonites (Zentralgneis). The bulk of the Zentralgneise are of
Upper Carboniferous age (FINGER et al., 1993). Post-Variscan metasediments comprise
Upper-Carboniferous and Permotriassic metasediments (Hochstegen marble and Silbereck
marble) directly deposited on Variscan basement (PESTAL et al. 2009). Alpine meta-
morphism reached greenschist to amphibolite facies during Oligocene (SCHUSTER et al.
2004) .

The Zentralgneis unit of the Sub-Penninic nappe is characterised by numerous, small
scheelite deposits, vein type and disperse molybdenite occurrences (Alpeiner Scharte &
Richterhiitte). The world-class scheelite deposit of the Felbertal ore district is bound
to the Palaeozoic rocks of the Habach group within the Venediger nappe (HOLL, 1975;
THALHAMMER et al., 1989; HOLL & EICHHORN, 2001; WEBER 1997A. B). Au bearing
veins within the Zentralgneis unit occur at the ore districts of Schellgaden-Oberdorf and
Rauris-Gastein. The Erzwies-Siglitz deposit is part of the ore district Rauris-Gastein.
Only of mineralogical interest are different U-Th enrichments in augengneisses, vein type
fluorite and small beryllium and lazulithe occurrences (WEBER & PAAR, 1997).

Austroalpine thrust system

The Austroalpine thrust system is distinguished in a Lower and an Upper Austroalpine
nappe system. The Lower Austroalpine is characterised by rocks that were deposited at
the south-eastern shelf of the Penninic ocean during Jurassic and Cretaceous. The closure
of the Penninic ocean resulted in structural and metamorphic evolution of these rocks.
Now these units form the tectonic lowest parts of the Austroalpine directly superposing
the Penninic nappes (SCHMID et al. 2004, FROITZHEIM et al. 2008).
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The Upper Austroalpine is a nappe system that formed during subduction and extrusion
processes during Eo-Alpine orogeny (Cretaceous). Since the beginning of early Cretaceous
the subduction process and the closure of the Meliata ocean formed enormous sedimentary
basins (NEUBAUER, 1994). During Late Cretaceous parts of the crystalline rocks were
sheared off the mantle. Until Middle Late Cretaceous a complex nappe system evolved
and was pushed to northwestern direction onto the Penninic nappes (SCHMID et al. 2004,
FROITZHEIM et al. 2008). The Upper Austroalpine nappe system is characterised by
crystalline rocks, Palaeozoic and Mesozoic (meta-)sediments (Figure 8). Metamorphism
during Eo-Alpine orogeny mostly reached greenschist facies (Greywackezone nappe sys-
tem) and is increasing to amphibolite and even eclogite facies (Schneebergzug and Kor-
& Saualpe) (FRANK, 1987).

Greywackezone nappe system

The Greywackezone nappe system is is subdivided into 4 different nappes (NEUBAUER et
al. 1994 ): Veitsch-nappe, Silbersberg-nappe, Kaintaleck-nappe and Noric-nappe (from
footwall to hangingwall). The Greywackezone nappe system is superposed by the Tirolic-
Noric nappe system®*. The individual nappes show variable lithologies, metamorphic and
structural overprint during Variscan orogeny against each other as well as against the
Palaeozoic part of the Tirolic-Noric nappe system. During Permian the different nappes
were exposed to the surface and were trangressively overlain by a sedimentary cover.
During Alpine orogeny the Grevwackezone nappe system was sheared off the basement
and overthrusted in northwestern direction (FROITZHEIM et al. 2008).

The Greywackezone nappe system represents one of the main ore and commodity bear-
ing units of the Austroalpine. Noteworthy are the following ore districts: Magnesite and
Graphite districts Veitsch nappe, Fe-(Cu) district Noric-nappe, Magnesite district Hoch-
filzen and Dienten, polymetallic Cu-ore districts (fahlore district Schwaz-Brixlegg, Cu-
district Rohrerbiihel-Kitzbiihel, Cu-Ni-Co-Hg-Ag district Leogang, Cu-district Jochberg,
Cu-district Mitterberg-Miihlbach-Larzenbach (c¢f. WEBER, 1997A,B). These mineral-
isations are bound to the Noric nappe and the Western Greywackezone nappe system.
The western parts of the Greywackezone nappe system are comparable with units of the
Noric nappe in the Eastern parts of the Austroalpine. Within this work the Mitterberg-
Buchberg deposit of the Cu-district Mitterberg-Miihlbach-Larzenbach and the Radmer
deposit within the Fe-(Cu) district Noric-nappe are investigated.

Silvretta-Seckau nappe system

The Silvretta-Seckau nappe system form the lowest unit of the Upper Austroalpine. It
is tectonically superposing the Lower Austroalpine and is overthrusted by the Greywack-
ezone nappe system and the Koralpe-Wolz nappe system (SCHMID et al. 2004). Several
kilometres thick crystalline rock and superposing, post-Variscan metasediments form the
lithological inventory. In some areas as the Schladming crystalline the nappe fronts are
overtiltet and inverted (SLAPANSKY & FRANK, 1987). Post-Variscan sedimentation is

4Note: The Noric nappe after NEUBAUER et al. (1994) is added to the Tirolic-Noric nappe system by
FROITZHEIM et al. (2008).
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beginning with Carboniferous/Permian. Pre-Variscan rocks suffered Variscan metamorph-
ism up to amphibolite facies.

Eo-Alpidic orogeny lead to different retrograde metamorphic influence up to 300 °C
in the western parts and amphibolite facies in the eastern parts (Seckauer Tauern and
Gleinalpe).

The Silvretta-Seckau nappe system lacks extended ore deposits. The Chromite-asbestos-
magnesite ore district Kraubath-Hochgrossen is famous for its former chromite mining and
the type locality of cryptocrystalline, vein type magnesite. The Cu-Fe-Pb-Zn mineralisa-
tion of the Arlberg area and the polymetallic ore district Schladming are only of historical
importance (cf. WEBER 1997A,B, THALHAMMER et al. 2010). The Kraubath mag-
nesite deposit (Chromite-asbestos-magnesite ore district Kraubath-Hochgrossen) and the
Co-Ni-Bi mineralisation of the Zinkwand within the polymetallic ore district Schladming
are investigated.

Otztal-Bundschuh nappe system

The Otztal-Bundschuh nappe system consists of the Otztal nappe (west of the Tauern
Window) and the Bundschuh nappe (east of the Tauern Window) (SCHMID et al. 2004).
Both nappes consist of thick crystalline basement units (Otztal-Stubai complex, Bund-
schuh complex) and are superposed by transgressive, Permomesozoic metasediments (Brenner-
and Stangalm Mesozoic) (TOLLMANN, 1977). FRISCH et al. (1998) are postulating a
connection between the Otztal and the Bundschuh nappe before the uplift of the Tauern
Window due to only partly Alpidic penetrative deformation. Eo-alpidic metamorphism

is decreasing from epidote-amphibolite facies in footwall rocks to greenschist facies in
hangingwall rocks. Units of the Otztal-Bundschuh nappe system have not been subduc-
ted during Alpine orogeny (after FROITZHEIM et al. 2008).

The Otztal-Stubai complex is only bearing small Cu-Fe-Zn-Pb occurrences (polymetal-
lic ore district Stubai-Otztal). Mesozoic carbonates of the Brenner- and the Stangalm
Mesozoic exhibit Fe mineralisations and occurrences of Pb-Zn and Cu mineralisations (cf.
WEBER, 1997A,B). The Toésens deposit represents one of the most important Pb-Zn
deposits within the polymetallic ore district Stubai-Otztal and is worked in this thesis.
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4. Studied ore deposits

The following chapter provides information about the investigated deposits in different
geological units (Figure 8). It focuses on the geological evolution of each individual deposit
and provides information on the formation temperatures and genetical models. Different
geothermometers are compared with each other. Especially the method of stable isotope
geothermometry is tested for quality and applicability. Microthermometric data from
literature and bulk fluid inclusion data give information about formation temperature and
fluid chemistry. The overall examination of all available data results in a comprehensive
discussion of the metallogenetical evolution of each individual deposit.

4.1. Mitterberg and Buchberg Cu
4.1.1. Geological setting

The former copper deposits of Mitterberg and Buchberg are located in the Upper Aus-
troalpine Greywackezone nappe system. The Mitterberger Hauptgang” copper vein is
steeply dipping to the south and crosscutting the Late Palaeozoic stratigraphic sequence
(grey & pink series). The vein pinches out in the post-Variscan trangressional metasedi-
ments (pink series) and is no longer detectable within the stratigraphic youngest schists of
the green series (Figure 10). The main ore vein Mitterberger Hauptgang” has a striking
extension of ~11 km and reached a thickness between 0.2 and 4 m.

BERNHARD (1965) is subdividing a three-phase mineralisation: an old pyrite, Ni-Co-
sulphide, arsenopyrite, quartz and ankerite bearing phase followed by a younger gen-
eration with chalcopyrite, pyrite, galena, sphalerite, tetraedrite-tennantite, quartz and
ankerite. The last paragenesis is dominated by chalcopyrite, pyrite, arsenopyrite, ga-
lena, tetraedrite-tennantite, ankerite and quartz. The last paragenesis is dated with ca.
90 — 95 Ma using a pitchblende-gold mineralisation. Pitchblende is occurring in form
of nodules and equals the formation age of the JMitterberger Hauptgang” (PAAR, 1978;
PETRASCHECK, 1975).

The Buchberg vein is bound to a SW dipping structure (254/30) and crosscutting south
dipping phyllites. The Buchberg deposit is only bearing the last paragenetic succession
after BERNHARD (1965). The thickness of the vein was about 1 to 4 m (BUTTMANN,
1913).

The Mitterberg and Buchberg deposits are grouped to the Mitterberg - Miihlbach -
Larzenbach ore district (WEBER, 1997A). The Mitterberg mine is abandoned since 1976
and the adits are closed. Therefore samples from the former mine dumps south of the
Arthurhaus are used for investigation. The Buchberg mine was closed 1959 and thereafter
used by the Austrian Armed Forces. Samples are taken from the top of the emergency
shaft.

4.1.2. Results
Paragenesis

The Paragenesis at the Mitterberg vein is dominated by pyrite followed by chalcopyr-
ite. The ore minerals are bound to a ankerite - quartz gangue. Quartz grains do not
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Figure 9: Geological overview of the Mitterberg and Buchberg deposits simplified after BUTTMANN
(1913). The veins are marked in red The orientation of the Buchberg vein (254/30) is angular against
the Mitterberger Hauptgang. Note: The Brandergang vein is not worked in this thesis.
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Figure 10: Scheme of the Mitterberg ore vein presenting the discordant character of the vein. Sketch
modified after PETRASCHECK (1975). The formation of the pitchblende (UOs) nodules is dated with
£90 — 95 Ma (PaAR, 1978).
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show undulatory extinction and are therefore assigned to the last, Alpidic paragenesis.
BERNHARD (1965) is describing microcrystalline and undulatorious extincting quartz in
the older paragenetic sequences. The Paragenesis at the Buchberg vein comprises pyrite,
chalcopyrite, ankerite and quartz. The samples of the Buchberg vein show pinolitic anker-
ite and void filling quartz. The void filling quartz is not showing undulatory extinctions

and therefore the mineralisation is also correlating with the last paragenesis of Mitterberg
(Figures 11 & 12).

Figure 11: (a) Hand specimen of the Mitterberg deposit, (b) Chalcopyrite with ankerite and minor quartz
gangue (polished thin section, TL, XN), (¢) Cleavage parallel corroded ankerite and quartz (polished thin
section, TL), {d) Pyrite and chalcopyrite with ankerite and quartz gangue (polished thin section, RL.
air).

Mineral Chemistry

Pyrites from Mitterberg show ideal stoichiometric composition. The chemical composition
of chalcopyrite is nearly stoichiometric Cuqgo—1.04 Feogo—1.02 So. Sulfarsenides from the
Mitterberg deposit form a solid solution series between gersdorflite and arsenopyrite. The
chemical composition of these sulfarsenides is varving:

(F(l()_zg_o_g?, NiO.62—0,657 COO_Ol_O_OQ)E 1.00 AASO_74_0‘76 81'24_1_26. The sulfarsenides show
high S for As substitution. The As/S ratios are between 0.59 and 0.61 (Figure 13b).
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Figure 12: Paragenesis at the Buchberg vein: (a) Hand specimen of chalcopyrite and pyrite filling
voids in ankerite-quartz gangue , (b) Intergrowth between ankerite and quartz associated with sulphides,
(¢) Pyrites associated with chalcopyrite (polished thin section. RL, air), (d) Hypidiomorph pyrite with
chalcopyrite exsolutions (polished thin section, RL, air).
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Tetrahedrite-tennantite solid solution series show compositions of:

(Cu9‘87—10‘037Ag0‘01 ;Zﬂ0‘74—0‘97;FeO‘98—1‘24;Hg0‘05—0‘08)2 11.86—12.00
(ASO‘41—2‘17;Sb1‘83—3‘74)24‘00—4‘15812‘82—13‘09-

Bulk fluid inclusion composition

The composition of bulk fluid inclusion analyses is presented in Appendix B. The values
are believed to represent the composition of the ore forming fluids with minor contam-
ination by secondary fluid inclusions. This assumption is applicable due to the fact that
PoHL & BELOCKY (1999) are reporting that high saline primary fluid inclusions are
followed by lower saline secondary fluid inclusions in quartz from the Mitterberg deposit.
This is confirmed by the fact that the total dissolved salt contents are getting gradually
lower in the paragenetic sequence from ankerite to quartz (Figure 14).

The data for Mitterberg samples show considerable variability in both cation and anion
ratios. The I/Cl ratios are between 19 x 107%and 139 x 107° for ankerite and between
17 x 107% and 34 x 107% for quartz. These values are higher than modern seawater
(0.86 x 107%). The Br/Cl mass ratios for ankerites and quartz of the Mitterberg veins
are ranging from 1.8 x 107 to 4.9 x 107 (slightly elevated against the seawater value
of 1.54 x 107%). The K/Na ratios for quartz and ankerite are scattering between 0.034
and 0.086. The Li/Na ratios range from 0.0001 to 0.0913; the Ca/Na ratios are between
0.11 and 1.27. These three parameter are significantly higher than modern seawater
(McCAFFREY ET AL., 1987). The analyses of ankerite samples exhibit imperfect charge
balance (i.e. Qt/Q~ =1), because some dissolved species (e.g. bicarbonate, sulphide)
have not been analysed. In contrast the charge balance of quartz samples range from 0.9
to 1.23.

The data for the Buchberg vein is showing similar variability. The I/Cl ratios are
relatively homogeneous between 42 x 10~%and 53 x 107° for ankerite but more irregular
for for quartz samples (4 x 107%t0 45 x 107°). Br/Cl mass ratios for ankerites and quartz
from the Buchberg vein are ranging between 2.2 and 5.7. The K/Na ratios are ranging
from 0.028 to 0.047; Ca/Na ratios are between 0.05 and 1.16. The Li/Na values are from
0.0004 to 0.0349. These values are similar to the Mitterberg samples.

Stable Isotopes

Carbon isotope values of the Mitterberg mine dump samples range from -5.59 to -3.21 %o
and oxygen values are from 16.08 to 18.65 %o. The value of ankerite at Gotschen (MB
09 _012) is representing the eastward continuation of the Mitterberger Hauptgang (Figure
9). The low §*0 value of 16.36 %o, the §13C value of -3.36 %o in combination with the
absence of quartz are representing slightly higher precipitation temperatures than the
other samples. Stable isotope values of ankerites of the Buchberg vein show relatively
homogeneous values for oxygen ranging from 15.45 to 15.72 %o and -5.70 to -5.16 %¢ for
carbon respectively (Table C).

580 of quartz samples for Mitterberg shows values ranging from 14.3 to 17.9 %eo.
Buchberg quartz samples are ranging between 16.62 and 18.51 %o (Table C).

Formation temperatures calculated using the equations of SHARP & KIRSCHNER (1994)
and ZHENG (1999) result in temperatures of 343 £19 °C to 614 £33 °C for Mitterberg
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vein and 207 £14 °C to 550 £29 °C for Buchberg.

524 S ratios are showing values ranging from 3.9 to 5.7 %o for chalcopyrite and 3.7 to
9.1 for pyrite of the Buchberg vein. The Mitterberg chalcopyrite samples are relatively
homogeneous with values around 2.5 %o. The values for 6*S are slightly rising from
chalcopyrite to pyrite (Figure 15).

4.1.3. Discussion

The Mitterberg and the Buchberg veins show a similar paragenetic sequence. For both
depots a multi-phase mineralisation is assumed. In this study samples of the last miner-
alisation phase are investigated.

Texturally in Mitterberg and Buchberg samples ankerite and quartz are in equilibrium
(cf. Figures 11c¢ & d and 12a & b). Therefore the application of the computed quartz-
ankerite fractionation equation (with data of SHARP & KIRSCHNER 1994 and ZHENG
1999) is possible. The calculation leads to formation temperatures between 343 and
449 °C (maximum 658 °C) for the Mitterberg vein and 207 to 447 (maximum 550 °C) for
Buchberg. The maximum values are due to low Agyriz—ankerite values (0.31 and 0.19 %)
and therefore not to be considered. These temperatures are generally elevated against
crush-leach temperatures using the equ. of VERMA & SANTOYO (1997). Crush-leach
temperatures of ankerites (Mitterberg) are in the range of 387 to 436 °C and ankerites of
Buchberg lie between 228 and 280 °C. Quartz samples show irrealistic low temperature
values. Due to very low salinities (Appendix B) cation exchange geothermometers are
not applicable. POHL & BELOCKY (1994) report trapping temperatures of over 240 °C
in fluid inclusions of gangue quartz and pressures about 0.2 GPa which correspond with
formation depths of ~7 km. Metamorphic conditions during Eo-Alpine metamorphism
reached sub-greenschist to greenschist facies (KRALIK et al., 1987)(KRALIK ET AL.,
1987).

The mineralising fluid shows enriched values for 6'*0 between 16 and 17 %o for Mit-
terberg and 15.5 to 16 %o for Buchberg samples. 6'3C values of the fluid show depleted
values between -6 and -4 %o (Figure 16). The fractionation curves of the calcite-H,O
systems (ZHENG 1999; FRIEDMAN & O’'NEIL 1977) are shown for comparative purpose
against the fractionation curve of ankerite-Ho,O (ZHENG 1999). Fluid evolution after
POHL & BELOCKY (1999) is relativity simple starting with high salinities which dimin-
ish progressively with time. This is also represented by the Br/Cl and Ca/Na ratios which
are lowering with the precipitation of ankerite and subsequently quartz. The decreasing
salinities of fluid inclusion with progressing precipitation of gangue minerals suggest that
fluid inclusion chemistry represents the ore forming solutions.

Sulphur isotopic composition show slightly enriched values for chalcopyrite and pyrite
against CDT. Comparing these values with the seawater sulphate isotopic composition
during Cenomanium shows that the ore bearing solutions are influenced by formation
waters. This assumption is reinforced by the fact that primary fluid inclusions show
high saline (elevated values of Na and Cl) compositions. Migration distance of the metal
bearing fluids is therefore limited. Sulfarsenide compositions of the series arsenopyrite-
gersdorflite indicate formation temperatures of 450 - 500 °C.

44



4.1.4. Interpretation

The Mitterberg and Buchberg veins formed during Eo-alpidic metamorphism along E-W
striking extensional structures. The youngest ore generation is about 90 Ma old. Migrat-
ing brines leached metals of metasedimentary Palaeozoic rocks and partly remobilised
older ore generations as described by BERNHARD (1965). The ore forming solutions
show enrichment in §'®0 (15 to 17 %) and are depleted in 6*C (-6 to -4 %o). These
values indicate metamorphogenic waters influenced by a deep carbon source (HOEFS,
2009).

Ankerite precipitated mostly due to degassing of CO, in depths of about 7 km. The
metal bearing solutions precipitated sulphides and sulfarsenides at temperatures well
above 400 °C. The sulphur isotopic composition shows influence of sulphate bearing form-
ation waters. Subsequently quartz and ankerite evolved at temperatures of 340 to 450 °C
for Mitterberg and significantly lower temperatures of 230 to 280 °C for Buchberg. The
lower temperatures of the Buchberg vein substantiate the fact that this vein is repres-
enting a subordinate oblique shear zone with more distance to the main fluid pathways.
Also the fact that the ore quantity at Buchberg is lower than at Mitterberg matches this
picture.

The application of the quartz-siderite geothermometer gives temperatures from 210
to 550°C. Quartz and ankerite are in textural and isotopic equilibrium. Therefore the
temperatures gained from isotope geothermometry are realistic and in good agreement
with temperatures gained from bulk fluid inclusions thermometry and microthermometric
analyses (POHL & BELOCKY, 1999).
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Figure 13: (a) BSE images of a chalcopyrite-pyrite interdigitation with minor galena and ankerite
gangue, (b) Compositional plot of Mitterberg sulfarsenides in the system FeAsS-CoAsS-NiAsS. Solvus
lines at different temperatures are taken from KLEMM (1965).
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Figure 14: Log-Log plots of major cations Na, Ca, K and Br versus Cl. The grey points are the seawater
evaporation trajectory (data taken from MCCAFFREY et al. 1987)
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Figure 16: Oxvgen and carbon isotope compositions of ankerite forming fluids for the Buchberg and
the Mitterberg deposits calculated from the Na-Li geothermometer VERMA & SANTOYO (1997) and
equilibrium oxygen isotope fractionation in the ankerite-H,O system (dashed curves: ZHENG (1999))
and carbon isotope fractionation in the calcite-CO+ system (solid curves: OBMOTO & RYE (1979)).
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4.2. Radmer Cu

4.2.1. Geological setting

The copper district Hinterradmer-Johnsbach is situated in the Upper Austroalpine Noric
nappe of the Eastern Greywackezone (Figure 8). The mineralisation is bound to the
uppermost parts of the Noric nappe (WEBER, 1997A). The Noric nappe is tectonically
superposed by the Upper Austroalpine Northern Calcareous Alps (Figure 17). The Noric
Nappe in the Radmer area is dominated graphitic, phyllitic schists with interdigitations
of crystalline, banked carbonates of Devonian(?) age. REDLICH & SELLNER (1923)
describe 4 different vein systems in the Radmer area. In the following section the vein
system of the Haselbachgraben and the Paradeis adit respectively are described in detail.
The thickness of the mineralisation of the Paradeis adit has reached up to 3.5 m (REDLICH
& SELLNER, 1923). The ore vein of the Paradeis adit is situated approximately 340 m
below the base of the Northern Calcareous Alps within the Noric nappe. The direct
surroundings of the Paradeis adit are formed by different phyllitic schists (sericite schists,
graphite schists, calcareous schists) and marbles. Ankerite and quartz form the gangue
minerals of the deposit (OFNER 2002: SPERL et al. 2010).
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Figure 17: Geological map of the Radmer area after (Map section modified after Geofast-vorldufige
Geologische Karte 1:50.000 - 100 Hieflaw: Stand Okt. 2001)
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0.5 mm

Figure 18: (a) Chalcopyrite-pyrite ore specimen of the Paradeis adit with ankerite-quartz gangue within
graphitic schist, (b) Chalcopyrite interdigitated with quartz-ankerite (polished thin section, RL, air) .(c)
Chalcopyrite filled voids within aukerite gangue with minor quartz (thin section, TL), (d) Pyrite - fahlore
(tet-ten) - chalcopyrite succession with quartz gangue (polished thin section, RL. air)

4.2.2. Results
Paragenesis

The mineral succession in the Paradeis adit consists of chalcopyrite, fahlore, gersdorffite,
arsenopyrite and pyrite. Subsidiary galena and sphalerite occurs. OFNER (2002) sub-
divided ore formation into 3 generations : sulphides with ankerite-quartz gangue (gen-
eration 1), remobilized primary sulphide bearing veinlets (generation 2) and remobilized
small scale sulphide veins (< 1 mm) inside primary ankerites (generation 3).

Samples were taken from the mine backfill in the Paradeis adit and are focused on
specimens with macroscopic ankerite-quartz interdigitations. The following descriptions
and interpretations are applied to specimens from the first ore generation.

Bulk fluid inclusion composition

The data for Radmer ankerite and quartz samples (Appendix B) show considerable vari-
ability in both cation and anion ratios. The I/Cl ratios are relatively consistent between
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20 x 107% and 87 x 107° for ankerite. Fluid inclusions in quartz show similar values
ranging from 9 x 107° and 89 x 107°. The Br/Cl mass ratios for ankerites are very low
(up to 8.3 x 107*). Br/Cl ratios of quartz are between 1.1 x 107 and 4.8 x 1073, The
K/Na ratios for ankerite are scattering between 0.049 and 0.135. K/Na ratios for fluid
inclusions in quartz are higher by one power of ten and ranging between 0.305 and 0.816.
The Li/Na ratios for ankerite range from 0.0157 to 0.0611 and Li/Na ratios for quartz are
significantly lower between 0.0007 and 0.091 ; the Ca/Na ratios are scatter between 0.10
and 2.31. The analyses of ankerite samples exhibit elevated charge balances from 2.5 to
4.01 (one outliers with 8.53). The quartz samples have lower charge balance values from
1.00 to 2.91 (outlier with 6.15).

The calculation of ankerite precipitation temperatures using the Na-Li geothermometer
of VERMA & SANTOYO (1997) gives temperatures ranging from 234432 °C to 343445 °C.
Bulk fluid inclusion temperatures for gangue quartz are significantly lower and give tem-
peratures around 190 °C using the geothermometer of KHARAKA & MARINER (1989).

Mineral chemistry

Chalcopyrite samples show stoichiometric compositions of Cuggr_1.02 Feoos_1.01 S2.00—2.03-
Fahlore (ore generation 1) from the Radmer deposit exhibit two different generations:
an older disrupted tennantite generation that is cemented by a younger tetrahedrite
generation (Figure 19). The tennantite composition (Cuggs_10.26, ZNo.54-1.645 F€0.53-1.25
Hgo‘08—0‘22)2 11.84—12.33 (ASL21—2‘387 Sb1‘42—2‘66)23‘71—3‘94 S1281-13.25 as well as the tetra-
hedrite composition

(Cugsa—10.28, ZNo.56-2.02, Feo.18-1.22, HEo.05-0.36) 5" 11.92—12.35 (AS0.12-2.23, Sb1.51-3.84) 7 5.74-1.01
S12.74—13.20 show significant Zn?** values up to 2.02 apfu. OFNER (2002) is reporting com-
positional data from gersdorffites (Figure 20) that can be classified to a clean gersdorffite
and gersdorffite with remarkable amounts of Fe (up to 0.17 w). Pyrites show zonation
with substitution of S with As at the rims®.

Stable Isotopes

Ankerite samples are showing carbonate ratios ranging from -4.46 to -3.59 %o and oxy-
gen values from 16.97 to 18.72 %o. Oxygen isotope values of quartz are slightly higher
with values ranging from 19.6 to 21.6 %o. Formation temperatures calculated using the
equations of SHARP & KIRSCHNER (1994) and ZHENG (1999) result in temperatures
ranging from 139 +12 to 333 £18°C for quartz-ankerite mineral pairs.

Chalcopyrite samples show positive §%*S values from 2.1 to 4.8 %o. SPOTL & PAK
(1996) determined 6*'S values of + 11.1 for gypsum in hangingwall Permian evaporites.

4.2.3. Discussion

Genetical aspects of the Radmer deposit are intensely discussed by OFNER (2002). The
Radmer deposit is formed by three different hydrothermal mineralisation types and bound
to pinolitic ankerite veins in mostly graphite phyllites. Host rock fragments and graphite

50Ongoing research at sulphide chemistry is done together with F. MITTERMAYR (TU Graz).
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Figure 19: Element mapping (EMP) of tetraedrite-tennantite fahlore containing two different gener-
ations: (a) BSE image, (b) Fe-content. (c) Sb-content, (d) As-content. The fahlore mineralisation is
representing the first ore generation sensu OFNER (2002).
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plates embedded within the ankerite veins argue for a post-diagenetic formation of the
ankerite-quartz veins.

The application of the quartz-calcite fractionation equation of SHARP & KIRSCHNER
(1994) and ZHENG (1999) leads to formation temperatures between 139 and 333 °C.
These temperature coincide or fall into the calculated uncertainties of crush-leach tem-
peratures using the equation of VERMA & SANTOYO (1997). Crush-leach temperatures
of ankerites are in the range of 230 to 360 °C. Quartz samples show lower values of
140 to 200 °C. OFNER (2002) is reporting microthermometric formation temperatures
for ankerite between 170 and 210 °C and 170 to 270 °C for quartz respectively. The
temperature estimations of both methods (oxygen isotope geothermometry, crush-leach
geothermometry and microthermometry) show comparable results.

The mineralising fluid shows enriched values for 6O between 9 and 13 %o. §'*C values
of the fluid show values between -4 and -2%o (Figure 21). Carbon values seem to derive
from marine carbonates. Leaching hangingwall gypsum under reducing conditions leads
to a 0%S depleted, HyS - dominated fluid. At 350 °C® such a fluid would have a §34S of
-8.55 %o (calculated after OHMOTO & RYE 1979). Precipitating chalcopyrite from such a
fluid would result in enriched §%*S values of about 9 %o. Temperatures of more than 350 °C
would lower the 638 of the evolving chalcopyrite. Therefore formation temperatures of
chalcopyrite result in temperatures of more than 350 °C.

4.2.4. Interpretation

The copper mineralisation at the Paradeis adit in the Radmer area consists of three
hydrothermal ore generations within graphitic schists. Gangue minerals are formed by
pinolitic ankerite and quartz. Host rock fragments and graphite flakes within the vein
are arguments for a post-metamorphic emplacement of the ore veins. The third ore
generation sensu OFNER (2002) reinforces this assumption because it does not show
undulatory extinction within quartz grains. Following the paragenetic sequence sulphides,
sulfarsenides and sulfosalts precipitated from a metal bearing solution at temperatures of
more than 300 °C. Ankerite gangue was formed simultaneously at lowering temperatures
down to 250°C and quartz filled up remaining gaps at relatively low temperatures of
about 200 °C. The mineralising fluid was migrating at elevated temperature of more than
350 °C through hangingwall Permian evaporites and leaching gypsum. This acid, H,S rich
fluid defined the transport medium for the metals. §'%0 values between 9 and 13 %q plot
within the metamorphogenic field. Carbon is showing values between -4 and -2 %o and is
derived from marine carbonates.

6350 °C represents the maximum of the usable temperature range for the fractionation equation for
CaS04.2H2,0 = HyS of OrMOTO & RYE (1979).
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Figure 20: (a) Compositional plot of gersdorffites from the Radmer deposit: Clean Gdf with formation
temperatures well below 300°C and Fe-rich Gdf with formation temperatures ranging from 550 to 400°C.

Solvus lines at different temperatures are taken from Klemm (1965). Data includes measurements of
OFNER {2002) .
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Figure 21: Oxygen and carbon isotope compositions of ankerite-forming fluids of the Radmer deposit
calculated from the Na-Li geothermometer VERMA & SANTOYO {1997) and equilibrium oxygen isotope
fractionation in the ankerite-Ho O systein (dashed curves: ZHENG, 1999) and carbon isotope fractionation
in the calcite-COsq system (solid curves: OEMOTO & RYE, 1979).



4.3. Zinkwand Ni-Co-Bi
4.3.1. Geological setting

The medieval Obertal-Zinkwand-Vo6ttern mines are situated in the Schladming crystalline
of the Weilipriach nappe within the Silvretta-Seckau nappe system (MATURA, 1980; Liu
et al., 2001) (Figure 8). The Silvretta-Seckau nappe system represents the lowest unit of
the Upper Austroalpine. Nappes of the Greywackezone and rocks of the Koralpe-Wolz
nappe system superpose it in the north and south respectively (SCHMID et al. 2004, Liu
et al. 2001).

The Schladming crystalline is dominated by polymetamorphic ortho- and paragneisses
(MATURA, 1980, 1987). The gneisses were affected by Variscan amphibolite grade meta-
morphism (HEJL & SLAPANSKY, 1984). During the Alpidic event the Schladming crys-
talline was influenced by a retrograde greenschist facies metamorphic overprint (HEJL et
al. 1987). The continuous cooling of the Schladming Crystalline Complex started from
above 350 °C in the Cretaceous and is related to Cretaceous extensions (HEJL, 1997;
THONI, 1999), similar to comparable units in the Eastern Alps (NEUBAUER et al. 1995).
Alpidic tectonics resulted in a complete inversion of the Schladming crystalline and the
formation of thick phyllonite zones (MATURA, 1987; SLAPANSKY & FRANK, 1987).

Ore deposits within the Schladming crystalline are often bound to quartzite-schists,
quartzite-phyllites, gneiss-phyllites and phyllonites as well as foliation-parallel Fe-sulphide
rich phyllitic beds. After FRIEDRICH (1975) and WEBER (1997A) the polymetallic
Schladming ore district can be subdivided into five types due to different genetical aspects
and formation ages:

e two-dimensional Ag-rich Pb-Zn mineralisations (Eschach, Rokblei, Bromriese, Eis-
kar)

(Krombach)

lenses of massive pyrite and chalcopyrite ores

vein type Ni-Co-Bi-Ag mineralisations (Vottern, Zinkwand)

Primary, polymetallic metal supply during Early Palaeozoic seems to be due to bimodal,
calcalcaline volcanism in the range of a magmatic arc or rift zone (SCHEDL, 1981). Leach-
ing and mobilisation processes during the Alpidic orogeny are believed to be the driving
factors of the different types of mineralisation (FRIEDRICH, 1975; SCHEDL, 1981).

In the following section the Ni-Co-Bi-Ag mineralisation of the Zinkwand area is de-
scribed and discussed in detail (Figure 22 & 23). Gneisses, black schists and minor
amphibolites form the host rocks of the deposit. The main mineralisation is bound to
carbonate veins crosscutting blackschists. The blackschists are characterised by limonitic
weathering and reach up to several meters thickness. The rock texture shows fine layering
and is caused by tectonic movement (FucHS, 1988). Former workers (HIESSLEITNER,
1929) highlighted the fact that the Ni-Co mineralisation is confined to the intersection

95

two-dimensional Ag-bearing chalcopyrite-fahlore mineralisation within sericite - quartzites

Cu-(Co-Ni) mineralisation bound to diaphtoritic tectonic trajectories (Obere Giglerbaue)
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Figure 22: Geological map of the Zinkwand area (Map section modified after MANDL & MATURA,
1995)

area of carbonate veins with the blackschist. The following descriptions are focused on Ni-
Co ore samples with ankerite and minor quartz gangue. Samples are taken from different
elevation levels in the underground workings as well as from the mine dumps.

4.3.2. Results
Paragenesis

The paragenesis of the carbonate veins intersecting the blackschists is dominated by nick-
eline that is characterised by its copper red colour. Frequently the nickeline is intergrown
with gersdorffite. Nickeline is sometimes replaced by more As-rich minerals of the 16lling-
ite group (l6llingite - rammelsbergite - safflorite) or minerals of the skutterudite series.
Subsidiary saflorite occurs intergrown with gersdorffite. Arsenopyrite appears in form of
idiomorphic crystals as well as dense masses (Figures 24 & 25). Chalcopyrite, sphalerite,
phyrrothite, galena, pyrite, tetrahedrite, boulangerite, bournonite and jamesonite occur
as accessory minerals. FUCHS (1988) is furthermore describing the appearance of native
arsenic. PAAR & CHEN (1979) are reporting the occurrence of parkerite” as a mineralo-
gical speciality.
Quartz and calcite are intergrown with granular texture.

"Ni3(Bi,5b)2S5
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Figure 23: left: Overview of the Zinkwand ore deposit seen from the Keinprecht cabin with locations
of the different adits: HK Himmelkénigin, MK Mutterkirchental, Mi Mitterstollen, Mc Michaeli, Fr
Franziski, I Ignatzi, F Fund, E Elisabeth, H Hermann. Sketch modified after HIESSLEITNER (1929).
right: Detail of a carbonate vein crosscutting blackschists and gneisses. The thickness of the vein is
about 40 cm.

Mineral chemistry

Arsenopyrite of the Zinkwand deposit shows minor replacement of S against As and and
incorporation of Co up to 0.074 w. Stoichiometric compositions are as follows: (Feg7g_1.00-
Nio.00_0.04,C00_00_0.20)2:1_00A8094_1.1550_85_1_06. Gersdorffites also show enrichment in Co
ans substitution of S against As:

(Feo_oz_o_og, Ni0_64_0_94,COO'04_0'29)2:1_00AAS1'29_1_4680'54_0.71, Loellingite shows nearly stoi-
chiometric compositions with sulphur contents up to 0.03 w:

(Feo.s1—1.00, Nig.00—0.06:C00.00-0.14)x—1.00481 80_2.00- Safflorite shows variable composition
of: (Feo.s2-0.84, Nip.06—0.14,C0010-0.25)5—1.00A81.92—1.08. Another diarsenide intergrown with
gersdorffite showing similar contents of Fe.Co and Ni is also occurring and probably to
be named as safflorite® (see Figure 25a). This unnamed (Fe,Ni,Co)As; is showing com-
positions of: (Fep s1-0.37, Nio33-0.35,C00.20-0.32)5—1.00A81.97—1.0s. Nickeline is stoichiometric
with compositions of: Nig g9 00AS0.99-1.00-

Sulphides occur in form of chalcopvrite Cug g7—1.01Fe0.0s—1.02 S1.908—2.05, sphalerite (Zng 90— 095,Feq.08—0
galena showing compositions of Pbg gg_1.0550.91_0.99 and up to 0.006 w Bi, stoichiometric
pyrite as well as phyrrothite. Tetrahedrite shows high values of silver and composi-
tions of (Cu9.49—9.817 Zng 51-0.58. Ferso—1ss, AgO.lQ—O.Zl7BiO.OO—O.OI)E 11.80—12.09 (AS0.23—0.417
Sba sa_378)5 1.01—1.00 S12.9s—1315. Boulangerite is bearing high values of bismuth:

Pbs 02-5.37(Sbs 72—4.02. Bio.10-018)S10.45-11.00. Bournonite represents stoichiometric com-
positions: Pbggg_1.05CU1.00-1.07900.95-1.0392.83_3.04- One single jamesonite crystal shows:
Pby.2oFe1 34Sbs 73S 13.06-

Bulk fluid inclusion composition

The data for Zinkwand calcite and quartz samples (Appendix B) show variable cation
and anion ratios. The I/Cl ratios are between 107 x 10~"and 405 x 107° for calcite.
Fluid inclusions in quartz show values ranging from 16 x 107" to 237 x 107% These

8Presently the mineral is conducted as unnamed (Fe,Ni,Co)As,.
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Figure 24: (a) Typical ore specimen from Zinkwand mostly consisting of gersdorffite-arsenovprite with
minor guartz-carbonate gangue, (b) Nickeline intergrown with gersdorffite (polished thin section, RL,
air), (¢) Euhedral arsenopyrite crystal intergrown with gersdorffite within calcite gangue (polished thin
section, RL. air), (d) Succession of calcite-quartz gangue with minor apy (thin section, TL. XN).

values are elevated against seawater (0.86 x 107°). The Br/Cl mass ratios for calcites are
generally low with values up t05.0 x 10™* with one sample as high as 20.6 x 10 . Br,/Cl
ratios of quartz are between 2.8 x 107% and 19.5 x 107 and are therefore slightly higher
than seawater 1.54 x 107*. The K/Na ratios for calcite are scattering between 0.058 and
0.120. K/Na ratios for fluid inclusions in quartz are ranging between 0.067 and 0.140.
The Li/Na ratios for calcite range from 0.0028 to 0.0491 and Li/Na ratios for quartz are
significantly lower (up to 0.0025) ; the Ca/Na ratios are scattering between 0.19 and 4.52.
Calcite samples show elevated charge balance from 1.97 to 13.19. The quartz samples
have charge balance values from 1.21 to 11.29.

The comparison of different cation exchange geothermometers applied to bulk fluid
inclusions give similar values for both quartz and carbonate samples. The Na-K geother-
mometer of DIAZ-GONZALEZ et al. (2008) gives formation temperatures of 190 £11 to
337 £18 °C for carbonate and 186 +11 to 309 £16 °C for quartz samples. The application
of different Na-Li geothermometers for comparison was not successful due to very low Li
contents in the eluate.
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Figure 25: BSE images of: (a) Gersdorffite intergrown with safflorite, (b) Arsenopyrite-léllingite suc-
cession with native bismuth fracture fillings, (¢) Mass of gersdorflite with traces of bismuth in calcite
fractures, (d) Detail of gersdorflite with nickeline exsolutions and native bismuth.

Stable Isotopes

Oxygen isotope measurements quartz resulted in values from 13.21 to 19.18 %e. Carbon
and oxygen isotope measurements of vein carbonates form two distinet groups (Figure
26). The vein carbonates of the Zinkwand deposit show a high variability of ¢'*0 (11.79
to 19.18 %o) and of 0'3C respectively (-7.07 to -3.29 %o). Some values of sample material
of the Mutterkirchental dump overlap with values measured at the Bromriese deposit.

Formation temperatures calculated using the equation of SHARP & KIRSCHNER (1994)
result in temperatures of 180 to 334 °C for the lowest vein parts (Mutterkirchental adit),
465 °C for the central parts (Himmelkdnigin adit) and 276 to 337 °C (with one outlier
at 595 °C) for the highest reachable vein areas (Lobkowitz opening). ¢*'S values for
sersdorflite show negative values ranging from -1.3 to -10.0 %e.
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Figure 26: 680 vs. §'C of vein carbonates of the Zinkwand deposit. The two groups represent
carbonates veins associated with the Ni-Co veins at the Zinkwand deposit and the two-dimensional
Bromriese Pb-Zn deposit for competitive reasons. Note: Open squares mark samples taken from the
mine dumps where the exact position within the deposit is not reconstructable.

4.3.3. Discussion

KrLeEMM (1965) reported experimentally determined data on the solid solution system
NiAsS-CoAsS-FeAsS. The gersdorffite and arsenopyrite analyses form two populations
well within the experimentally determined solid solution fields at 300 °C (Figure 27).
Population A is suggesting slightly higher formation temperatures than population B (<
300 °C). Dendritic bismuth is texturally comparable to natural assemblages precipitating
from hydrothermal solutions at temperatures below its melting point. Above the melting
point of 271 °C native bismuth forms liquid droplets and retains this morphology during
cooling (GODOVIKOV & KOLONIN, 1966). Native bismuth fills cleavages and fissure
within carbonate gangue. The not detectable low S concentrations detected in nickeline
also indicate formation temperatures below 300 °C. At 300 °C nickeline can incorporate
as much as 5.0 wt.% S (e.g. YUND, 1962; WAGNER & LORENZ, 2002). The arsenopyrite
geothermometer of SHARP et al. (1985) shows formation temperatures of arsenopyrite
ranging from 365 to 400 °C. Boulangerite, jamesonite and bournonite usually form at low
to moderate temperature hydrothermal veins.

Using the mineral pair of quartz-calcite as a isotope geothermometer gives contradictory
results. Formation temperatures dependent from elevation level is not reconstructable.
But the overall range of formation temperatures is between 180 and 465 °C. It seems
feasible that oxygen isotope geothermometry can only be applied when the results are
crosschecked with other geothermometers.
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Reconstructing a mineralising fluid using the hyvdrothermal alteration model of ZHENG
& HOEFS (1993) results in a metamorphogenic fluid with 6'*0 =7 — 10 %o and §*C' ~
—5 %0 and temperature of 350 to 400 °C. Assuming that the primary sedimentary miner-
alisation is remobilised small water/rock ratios of 0.5 to 1 and therefore limited migration
distances are plausible. The difference in the carbon and oxygen isotopic composition of
calcite within the layvered and the vein type mineralisation provide information about the
migration distance of the mineralising fluid.

The relative low 40O values indicate a possible mixing with meteoric water. Sulphur
isotopic composition of gersdorffite is heavily depleted against CDT. The lack of fraction-
ation factors for the gdf-sulphur system results in an estimation of sulphur provenance.
The negative values indicate a migration of the ore forming fluids within metasedimentary
rocks containing biogenic depleted sulphide (e.g. pyrite). The black schists within the
Schladming crystalline provide these conditions. Bulk fluid inclusion data show increased
I/Cl against seawater. Diagenetic modified seawater (BOTTOMLEY et al. 2002) shows
enriched 1/Cl contents. Organic-rich marine sediments release iodine during diagenesis to
a migrating brine (BOTTOMLEY et al. 2002).

300" 400° 400

300" 400" 5007 500" 400"

CoAsS NiAsS CoAsz NiAsz

Figure 27: (left): Compositional plot of arsenopyrites and gersdorflites from the Zinkwand deposit in
the FeAsS-CoAsS-NiAsS field. Arsenopyrites represent a gradual cooling down from 550 to < 300°C.
Gersdorffite compositions form two groups: a high temperature (around 500°C) and low temperature
group (around 300°C). (right): Compositional plot of loellingite (green squares) and safflorite (red &
black squares) in the FeAsy-CoAsy-NiAs, field. Formation temperatures of 600 to 700 °C are too high
and therefore not meaningful. Solvus lines at different temperatures for both systems are taken from
KLEMM (1965).

4.3.4. Interpretation

The mineral paragenetic sequence of the Zinkwand arsenide mineralisation started with
high temperature phases of Ni monoarsenides (nickeline) and followed by Ni diarsenides at
temperatures well above 400 °C. Subsequently sulfarsenides precipitated at temperatures
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of 300 to 400 °C. Contemporaneously calcite and quartz started to precipitate at lowering
temperatures. The last mineral phase is defined by native bismuth that formed below
271 °C.

The mineralizing fluids at the Zinkwand deposit was a mixture of two different fluids:
a relatively high tempered, metamorphogenous brine derived from phyllonitic blackschist
due to retrograde leaching and low tempered meteoric waters. The mixing process between
these fluids led to an increase in pH and sulphur activity and a decrease of oxygen fu-
gacity and resulted therefore in the formation of quartz-carbonate gangue and late stage
hydrothermal sulphide. The extreme negative sulphur isotopic composition of gersdortfite
is due to an influence of fluid migration within blackschists and depicting an influence of
biogenic sulphur derived from pyrite.

The Ni-Co-Bi mineralisation was formed after the Eo-Alpine metamorphic peak when
extensional tectonics provided pathways for fluid migration.



4.4. Kraubath Mg

4.4.1. Geological setting

The Kraubath Ultramafic Complex (Figure 28) forms an integral part of the Speik com-
plex (NEUBAUER & FRISCH, 1993) in the Silvretta-Seckau nappe system (Figure 8).
The Kraubath Ultramafic complex is dominated by ultramafic rocks like serpentinised
peridotites, dunites and pyroxenites. Subsidiary metabasalts, metagabbros, augengneisses
and metasediments occur.

The magmato-metamorphic history of the Speik complex starts during Proterozoic
when a partial melting of not depleted mantle rocks in MOR or back-arc setting occurred
and a harzburigitic residuum was formed. In Lower Cambrian times repeated partial
melting in a supra-subduction environment or sub-arc setting occurred and strongly de-
pleted harzburgites evolved. Early Variscan (Lower Devonian) orogenesis expressed it-
self in amphibolite- to eclogite facies metamorphism. During Variscan agglomeration to
Variscan units (Carboniferous) moderate to high grade metamorphism in combination
with the intrusion of granites occurred. Eo-alpidic subduction and crustal thickening
heated the Speik complex to greenschist and amphibolite facies conditions (NEUBAUER
1988, MELCHER et al. 2002, MELCHER & MEISEL 2004). During Miocene the ul-
tramafic complex was affected by Mur-Miirz shear zone and E-W trending faults created
the Fohnsdorf-Seckau pull apart basin (SACHSENHOFER et al. 2000).

Magnesite is occurring in form of cryptocrystalline magnesite® hosted by serpentinites.
Two main types of cryptocrystalline magnesite occur: veins and networks of magnes-
ite (WENINGER, 1981) and sedimentary magnesite in form of breccias or conglomerates
(cf. KROISSENBRUNNER 2012; THALHAMMER et al. 2010). The magnesite mineralisa-
tion is part of the chromite-asbestos-magnesite district Kraubath-Hochgrossen (WEBER,
19974).

4.4.2. Results
Magnesite

The cryptocrystalline variety of magnesite was first described in Kraubath by REDLICH
(1909). WENINGER (1981) classified five different types of magnesite:

1. magnesite veins with thicknesses ranging from a few cm to 2 m. The borders of these
veins often show slickensided discontinuities. The magnesite is partly brecciated and
solidified by magnesite cement.

2. coarse grained serpentinite breccias in a magnesite mass
3. fine magnesite filled fissures forming a magnesite network
4. cauliflower shaped magnesite

5. red coloured magnesite due to small amounts of haematite

9Hereafter the term “magnesite” is used for cryptocrystalline variety of MgCOs.
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Figure 28: Geological map of the Kraubath area. The Augraben and Gulsen Area are marked. (Map
section modified after Geofast-Provisorische Geologische Karte der Republik Osterreich 1:50.000 - 132
Trofaiach: Stand 1999, Ausgabe 2005/10)

This tectonically controlled magnesite mineralisation in form of veins, fissures and net-
works is labelled as “Kraubath type magnesite” in international literature. The Kraubath
type magnesite is strictly controlled by depth (THALHAMMER et al. 2010). Vein type
magnesite of the Augraben area is investigated within this thesis. KROISSENBRUNNER
(2012) is describing conglomerates with magnesite components and magnesite cement at
Gulsen. The conglomerates are interpreted as alluvial fans that filled the Neogene Fohns-
dorf basin (SACHSENHOFER et al. 2010). This sedimentary type magnesite is similar to
Bela Stena type magnesite (EBNER et al. 2012, HORKEL 2012, EBNER & WILSON 2006,
PonL 1990, FALLICK 1991).

Stable isotopes

Stable isotope values for oxygen and carbon show two different populations for Kraubath
type and sedimentary magnesite (Figure 30). The Kraubath type is characterised by a
broad range of §3C' values between -23 and -10 %qo. 60 values show relative constant
amounts of 24 to 27 %e¢. A further subdivision of of Kraubath type magnesite due to its
appearance shows a very focused data set of vein type magnesite (60 : 26 - 27 %o; §'3C
: -12.5 to -15 %o). Sedimentary magnesite in form of breccia and conglomerate cement
shows lower §'¥0 values ranging from 25 to 18 %o. d'3C values are slightly higher than
vein type magnesite an lie between -7 and -14 %o. Both sub-types overlap, because the
discrimination of vein and network is not unfailingly possible and both types are closely
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Figure 29: Different types of cryptocrystalline magunesite: (a) Network mineralisation (Augraben), (b)
Vein type (Augraben). (¢) Serpentinitebreccia cemented by magnesite (Augraben). (d) Sedimentary mag-
nesite in form of conglomerate with magnesite cement (Gulsen). Photographs used with permission of
P. KROISSENBRUNNER.

linked with each other. For comparison measurements of chalk and calcitic breccia matrix
from lacustrine sediments within the comparable Rein basin are shown in Figure 30 as
grey triangles.

4.4.3. Discussion

The genesis of cryptocrystalline magnesite has been the subject of controversial discussions
for vears. Two different models of magnesite formation are proposed. The ascendant
model favours ascending carbonated fluids from the depth that precipitate magnesite in
surface near positions (¢f. KADIR et al. 2012; ECE & COBAN 2005; UNTERWEISSACHER
et al. 2009; POHL 1990).

In contrast the descendent model associates magnesite formation with alteration and
weathering of ultramafic rocks due to the infiltration of CO,-rich, surface derived waters
(cf. BASHIR et al. 2009a & b; ZEDEF et al. 2000). Choosing between “one side™ or “the
other” is rather difficult or even not possible regarding to stable isotope investigations.
The source of Mg?T is clearly attributed to the serpentinised, ultramafic rocks (numerous

65



28 —

26 —
a
i ®
* g
S o
24 . .
Eg °
e | L[]
=
g 22 L] -
<
< | .
[Ye} 20 Kraubath type CM
network
= vein
Sedimentary CM
18 — ® cement & breccia matrix .
| | ! | ' I ! | |
-25 -20 -15 -10 -5 0 5
13
) CVPDB [%o0]

Figure 30: Covariation plot of §'®0 and 6'C magnesite samples from Kraubath. Vein and network
type magnesite forms a distinct group of samples. Magnesite showing sedimentary appearance like cement
and /or breccia matrix is depleted in §'® Q. For comparison values for lacustrine sediments (chalk) and brec-
cia matrix (calcite) from the Rein basin (Miocene) are shown in grey. The data set includes measurements
of HORKEL (2012) (network and vein type) and DIETMAYER-KRAUTLER (2013); KROISSENBRUNNER
(2012) (sedimentary).

works since BARNES & O'NEIL, 1969; DABITZIAS, 1980).

In contradiction to the source of Mg?t the origin of HCOJ is still the matter of debate.
Using the values of §'%0 and §'*C of magnesite sheds some light to the issue (Figures
30 & 31). Positive §'*C values indicate alkaline, surface near environments. Sediment-
ary magnesite deposits in Serbia (Bela Stena) show values ranging from -5 to +5 %o
(DIETMAYER-KRAUTLER 2012; JURKOVIC & PAMIC 2003, FALLICK et al. 1991). Re-
cent magnesite stromatolithes from Salda Go6lii in Turkey show values from 0.2 to 4.5 %o
(BRAITHWAITE & ZEDEF, 1996). Sedimentary magnesite from the Tethys Ophiolite
Magnesite Province shows similar values for 6*C but 6'¥0 does not display values below
23 %o (EBNER et al. 2012).

The fractionation of oxygen between magnesite and H,O is a function of temperature
(see Table 1). Using the fractionation equation of ZHENG (1999) and an oxygen frac-
tionation of HyO of -2 %o leads to formation temperatures of Kraubath type magnesite
of around 40 to 50 °C. The §®¥ Oy, value of -2 %o reflects Miocene alkaline lake waters
similar to the early state of Lake Pannon (HARZHAUSER et al. 2007).

Calculating formation temperatures of sedimentary magnesite the same way results in
temperature up to 90 °C. Such high temperatures are irrealistic for lacustrine sediments .
Presuming the formation temperatures of sedimentary magnesite with ambient Miocene
conditions (~ 30 °C) leads to a strongly depleted lake water (6'¥Op,0: -6 to -12 %o) from
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Figure 31: §'80 and 6" C covariation plot of Kraubath type and sedimentary magnesite samples from
the Tethys Ophiolite Magnesite Province (TOMP) and Kraubath Ultramafic complex. The data set
includes measurements of HORKEL (2012) (network and vein type) and DIETMAYER-KRAUTLER (2013):
KROISSENBRUNNER (2012) (sedimentary).

which the magnesite precipitated. Such a depleted fresh water is more or less correspond-
ing with fresh water end members for Miocene basins comparing the Fohnsdorf basin with
similar basins like the Pannonian basin (HARZHAUSER et al. 2007).

The values of §**C for vein type and network magnesite is due to the migration dis-
tance of the mineralizing fluids within the Kraubath Ultramafic complex. Vein type
mineralisations occur at the fluid pathways where an infinite reservoir of mineralizing
fluid (60,0t -2 %0) can be assumed. Network mineralisations show a broader range
in §'*C and therefore subsequent fractionation depending on migration distance from the
main pathways occurs. The reason for this fractionation effect is that carbon represents
the limiting factor in the fluid system. Assuming atmospheric carbon as the main carbon
source of precipitating magnesite seems feasible. The lack of footwall carbonates or shales
providing the carbon reinforces this assumption.

Generally the previously published model (THALHAMMER et al. 2010, POHL 1990)
of descendent fluids precipitating the cryptocrystalline magnesite within the Kraubath
Ultramafic complex and the superposing sediments is substantiated and the carbon source
is specified.

4.4.4. Interpretation

The cryptocrystalline magnesite mineralisation at Kraubath formed during Miocene along
the prominent extensional shear zone that formed the Fohnsdorf basin. Two types of
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mineralisation occur: (1) vein (Kraubath-) type magnesite and (2) sediment (Bela Stena
type) hosted magnesite.

The Kraubath type mineralisation (veins and network) is bound to extensional struc-
tures within a NE-SW striking extensive shear zone. Parallel to the opening of fractures
during extensional movements meteoric waters were infiltrating the ultramafic rock and
leaching Mg?™. With ongoing cxtension the infiltration depths were increasing and lake
waters were filling the Fohnsdorf pull-apart basin. The convective hydrothermal fluid flow
reached at least 2 km.

Within the superposing alkaline lake sedimentary magnesite precipitated as cement in
coarse grained sediments.
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Figure 32: Genetical model for the Kraubath magnesite deposit after PoHL (1990). The formation
of sedimentary magnesite (Gulsen) occurs contemporaneously with precipitation of vein type magnesite
(Augraben) during Miocene.



4.5. Tosens Pb-Zn
4.5.1. Geological setting

The Pb-Zn deposit Tésens is situated in the Otztal nappe of the Upper Austroalpine
Otztal-Bundschuh nappe system (SCHMID et al. 2004). The Otztal nappe (Figure
8) is located west of the Tauernwindow and consists of crystalline basement (Otztal-
Stubai complex) and transgressive, Permomesozoic metasediments (Brenner Mesozoic)
(TOLLMANN, 1977). The Otztal nappe is confined by the Unterengadin window and the
Silvretta-Seckau nappe system in the west. The southern margin is represented by the
Vinschgau shear zone and the Schneeberg nappe of the Koralm-Wolz nappe system. The
eastern boundary against the Penninic nappes of the Tauernwindow and the Innsbruck
Quartzphyllite nappe is formed by the Brenner normal fault (SELVERSTONE, 1985).

The Pb-Zn deposit Tosens is part of the polymetallic Cu-Fe-Zn-Pb Stubai-Otztal ore
district. Two different regional, substantial and genetic types of pre-metamorphic miner-
alisations are distinguished (after WEBER, 1997A; VAVTAR, 1988):

e (Cu-Fe sulphide paragenesis in amphibolite-rich areas within the crystalline basement

e /n-Pb sulphide paragenesis in amphibolite-poor areas within the crystalline base-
ment (including the Tosens deposit)

The mined Pb-Zn mineralisation is bound to concordant sulphide enrichments in mylonitic
shear zones inside ortho- and paragneisses. VAVTAR (1988) is describing a stratiform min-
eralisation located to two distinct ore horizons. These mineralisations are about 4 km east
of the gently SE dipping thrust fault, that defines the border between the Otztal-Stubai
Crystalline and the Unterengadin window. The metal enriched zones are concordant to
the S dipping gneisses.

The adits of the Tosens deposit is not accessible at the moment (cf. Ucik 2006) but the
collection of samples from mine dumps in different elevation levels is possible (Appendix
A).

4.5.2. Results
Paragenesis

The mineral paragenesis is characterised by sphalerite, galena, pyrite, chalcopyrite, and ar-
senopyrite. Minor phyrrothite, tetraedrite-tennantite, boulangerite, jamesonite, bournon-
ite, pyrargyrite, marcasite, ullmannite, cobaltite, covellite, digenite, antimonite and gud-
mundite (after VAVTAR, 1988). Host rocks are ortho- and paragneisses with a clearly
developed schistosity. Concordant to these gneisses metabasalts occur. Gangue minerals
are quartz and carbonates of the dolomite - ankerite group. Minor calcite is occurring.

Mineral chemistry

Galena shows stoichiometric compositions of Pbgg7_1.0090.99—1.01 With minor contents of
antimony (up to 0.004 w) and zinc (up to 0.006 w). Sphalerite incorporates remarkable
amounts of iron and shows compositions as follows:
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Figure 34: Cross section of the former adits at the T8sens deposit (Obernbergler vein). Sketch simplified
after HIESSLEITNER & CLAR (1950) in VAVTAR (1988).
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Figure 35: (a) Ore specimen of the Tdsens deposit, (b) Galena within calcite-quartz gangue (polished
thin section, TL, XN), (¢) Galena within calcite-quartz gangue (polished thin section. TL). (d) Galena
filling voids within calcite-quartz gangue (polished thin section, RL, air).
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(Zngss 0.92,Fe0.08 0.10)S0.001.01- Cobalt contents in pyrite samples reach up to 3.53 wt.%
and have minor added arsenic (maximum 1.4 wt.%) and zinc (maximum 0.73 wt.%). The
calculated stoichiometric composition of pyrite is (Feggs 1.01,C00.000.07)S1.07 1.09. Boulan-
gerite occurs as exsolutions in galena and shows a non stoichiometric composition of
(Pb4_9976_00(Sb3_2073_867Cu0_3770_44)810_46710_64. Gudmundite has normal COI’HpOSitiODS of
Fey00-1.029b0.g01.0250.07_0.08 and occurs as exsolutions in galena (Figure 36).

Figure 36: (1) BSE image of galena - sphalerite interdigitations with small exsolutions of chalcopyrite
within sphalerite, (b) Remarkable gudmundite exsolutions within galena (BSE image).

Bulk fluid inclusion composition

Bulk fluid inclusion data for Tosens quartz samples (Appendix B) have to be treated with
caution due to small sample weights. The I/Cl ratios are ranging between 16 X 10~ %and
123 x 107° The Br/Cl mass ratios are very low (up to7.3 x 1073). The K/Na ratios for
quartz are scattering between 0.086 and 0.234. The Li/Na ratios are not meaningful due
to the very low Li values; the Ca/Na ratios are scattering between 0.11 and 0.57. The
quartz samples show charge balances from 0.86 to 2.33.

The N-K cation geothermometer of VERMA & SANTOYO (1997) gives temperature
between 253 and 366 °C with errors ranging from 50 to 68 °C for quartz samples and
212 £44 °C for a single carbonate sample. These estimated temperatures are relatively
concordant with the geothermometers of FOUILLAC & MICHARD (1981). The geother-
mometer of DIAZ-GONZALEZ et al. (2008) gives similar temperatures (238 £13 to 266
+15 °C for quartz and 184 11 °C for calcite) but lower relative errors.

Stable Isotopes

Oxygen isotope measurements quartz resulted in values from 12.8 to 15.2 %c. The vein
carbonates of the Tosens deposit show relative constant values of §**0 (14.57 to 17.47 %)
and of §'3C respectively (-5.89 to -7.43 %o).

Formation temperatures calculated using the equation of SHARP & KIRSCHNER (1994)
and ZHENG (1999) result in temperatures of 366 + 7 °C and 372 + 17 *C(with one value
of 555 £27 °C) for quartz-calcite mineral pairs.
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6*1S values (Appendix D) for galena show negative values ranging from -0.1 to -1.5 %o.
Pyrite is showing values from 0.8 to 1.2 %c. Sphalerite is constantly enriched in heavy
sulphur and showing values of 2.4 to 2.6 %c¢. One single chalcopyrite sample is producing
a value of 6.1 %o. The share of heavy sulphur is normally rising in the queue of galena -
chalcopyrite - sphalerite - pyrite (OHEMOTO, 1972). The To6sens deposit however shows
the series galena - pyrite - sphalerite - chalcopyrite (Figure 37).
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Figure 37: 6*'S values of sulphides of the T6sens deposit

4.5.3. Discussion

VAVTAR (1988) is considering the Pb-Zn mineralisation within the Otztal-Stubai crys-
talline as pre-Variscan, svngenetic mineralisations with pre-Variscan magmatic cycles as
a possible source for extrusive or hydrothermal metal supply. VOHRYZKA (1968) is pos-
tulating an Alpine age for the mineralisation. Lead isotopes show model ages around 350
Ma with a maximum at 406 Ma for the Tosens deposit (KOPPEL, 1997).

The combination of the results of oxygen isotope measurements of quartz with cation
geothermometry leads to quartz precipitating fluids enriched in oxygen with §¥0 between
13 and 15.5 %o)(Figure 38). Formation temperatures range from about 250 to 350 °C.
Vein carbonates show similar 60 values than quartz. The assumption of oxygen isotopic
equilibrium between quartz and calcite seems applicable and the calculated temperatures
accompany with cation geothermometry. Carbon isotopic composition of gangue carbon-
ates show depletion in heavy carbon. The sulphur isotopic composition of galena formed
at 300 °C from a HyS dominated fluid is -1.65 %o (L1 & Liu, 2006) and copes with
measured values of galena (Appendix D). Using A juena—sphaterite = 3.9 %o with values of
VAVTAR (1988) give no result for a temperature calculation. Therefore it is assumed that
galena and sphalerite are not in equilibrium. Boulangerite and gudmundite usually form
at low to moderate temperature hydrothermal veins. The appearance of boulangerite and
gudmundite as exsolution textures within galena points out that they formed at lowering
temperatures (below 300 °C).
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Figure 38: Oxygen isotope compositions of quartz-precipitating fluids for the Tdsens deposit versus
mineralisation temperature calculated from the Na-K geothermometer (Diaz-GONZALEZ et al. 2008)and
equilibrium oxygen isotope fractionation in the quartz-H-O system (solid curves: SHARP & KIRSCHNER,
1994).

4.5.4. Interpretation

The Pb-Zn deposit was formed during Alpine orogeny from metamorphic fluids. The
migrating metal bearing fluids remobilised an older stratiform mineralisation. The older
mineralisation is about 350 Ma old. The mineralizing fluids were enriched in heavy oxygen
and depleted in heavy carbon. Quartz and gangue carbonates show similar values for
680 and evolved from the same fluid. The low §'*C values indicate a metamorphogenic
carbon source like metasediments. Relatively high tempered metamorphogenous brines
were leaching metal enriched meta-sediments. Sulphur isotopic composition of sulphides
indicates an acidic brine with HyS as the main sulphur species. The values around zero
point out that migration distances were not too far. Therefore a local remobilisation of
an older mineralisation is proven. The ore mineralisation formed at temperature above
350 °C. Subsequently at lower temperature quartz and carbonates precipitated from the
solution.
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4.6. Erzwies-Siglitz Pb-Zn-Ag-Au
4.6.1. Geological setting

The ore veins of the Erzwies-Siglitz area are located in Sub-Penninic Venediger nappe
system (Figure 8). The Venediger nappe system forms the lowest unit inside the Tauern-
window. Pre-Variscan and post-Variscan rock complexes are distinguished.

During Variscan orogeny pre-Variscan rocks underwent high-grade metamorphism and
migmatisation as well as the intrusion of intermediate to acidic plutonites (Zentralgneis
unit). Post-Variscan metasediments (Silbereck marble group) comprise Upper-Carboniferous
to Permomesozoic rocks, that were deposited directly on Variscan surface (PESTAL et al.
2009).

The Silbereck marble group in the Erzwies area consists mainly of dolomitic and cal-
citic marbles as well as rauhwackes and calcareous mica schists (Figure 40). Alpine
greenschist- to amphibolite facies metamorphism affected the Venediger nappe during
Oligocene (HOECK & KOLLER, 1999).

The Erzwies-Siglitz ore district is part of the Au-district Rauris-Gastein (WEBER,
1997A). The main part of ore veins is bound to NNE-SSW striking, steeply inclined
tectonic structures (Figure 39). The ore veins are extended over a total elevation of more
than 1000 m (PAAR, 1997).

The ore veins are well recognizable in the field due to old mine dumps (see Figure
45). Two parallel veins crosscut the Zentralgneis unit (lower parts) and the overlying
metasediments (upper parts). The ore veins are dominated by quartz gangue in the lower
parts and by siderite gangue in the upper parts, that are crosscutting the Silbereck marble
group. The lower parts within the Zentralgneis unit are characterised by its high gold
concentrations together with arsenopyrite. The upper parts within the Silbereck marbles
were mined for silver, lead and zinc within siderite gangue.

The ore bearing structures in the southern slope of the Silberpfenning mountain can
be followed from the bottom of the valley near the Bockhart lake (2070 m) towards
an elevation of 2380 m near the Baukarl pass. The rock material of the mine dumps
is changing in a remarkable way from limonitic oxidised rocks in the Zentralgneis unit
to black coloured rocks in the Silbereck marble group. This colour change is due to a
quantitative change in the primary paragenesis as well as the oxidised products thereof
(VAVTAR, 1982). Samples were taken from mine dumps of the different adits.

4.6.2. Results
Paragenesis

The paragenesis of the quartz veins is dominated by arsenopyrite, pyrite, minor galena
and quartz (Figure 41).

The siderite veins are characterised by siderite!?, pyrite and minor galena, sphalerite,
chalcopyrite, ankerite, calcite, quartz and muscovite. Siderite and ankerite are altered
under surface conditions to goethite-limonite and Mn-oxides. Euhedral quartz is inter-

10Tn the following the term “siderite” is used for carbonates from mesitine (Fe/Mg = 50/50) over
pistomesite (Fe/Mg = 70/30) to siderite (Fe/Mg = 100/0).
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Figure 39: Metallogenetical map of the Sonnblick area. The strike direction of the Tauerngold veins is
parallel NE-SW. Note the transition of the apy-py veins at the Erzwies area within the Zentralgneis into
the siderite paragenesis within the Silbereck marbles. Map section adapted from WEBER (1999).
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Figure 40: Geological map of the Erzwies-Siglitz area (Map section modified after EXNER, 1962)
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grown with siderite (Figure 42b, ¢ & d). VAVTAR (1982) is furthermore describing the
occurrence of native Au, native Ag, schapbachite! and anglesite.

Mineral chemistry

Geochemical analysis of siderite samples show relative constant amounts of Fe,O3 ranging
from 0.61 to 0.69 w. Remarkable amounts of MnO between 0.192 to 0.223 w occur. CaO
(0.012 - 0.027 w), MgO (0.019 - 0.041 w) and SiO; (0.028 - 0.067 w) show relative low
values. Galena within the quartz veins crosscutting the Zentralgneis unit show traces of sil-
ver (up to 0.02 w) and compositions of Pbg_gs_1.00S0.08_1.02- Arsenopyrite samples exhibit
replacement of S against As and therefore compositions of Feqg3_1.05A80.85-0.0091.06—1.15-
Pyrites show traces of As and calculated stoichiometric formulas of Fegos_1.0351.96—2.01-

Galena of siderite veins show stoichiometric compositions of Pbggs_1.01590.98-1.01- Co-
genetic sphalerite exhibits minor emplacement of iron: (Zng.os_o.94, Fe0.04)S1.02-1.03. Ac-
cessory occurring chalcocite shows enrichment in lead:
(Cu1‘88—1‘90;FeO‘03—0‘04;Pb0‘06—0‘08)81‘00—1‘01-

Bulk fluid inclusion composition

Fluid inclusion data for Erzwies quartz samples (Appendix B) show variable cation and
anion ratios. The I/Cl ratios are between 112x 10~%and 400 x 107 and therefore increased
against modern seawater (0.86 x 107%). Br/CI mass ratios are generally low with values
up to 2.8 x 107 (Seawater = 1.54 x 107*). The K/Na ratios are scattering between
0.061 and 0.601; the Ca/Na ratios scatter between 0.17 and 11.61. The quartz samples
have elevated charge balance values from 2.92 to 17.68. The elevated charge balance is
probably due to siderite contamination of the sample.

Bulk fluid inclusion geothermometry of quartz of the apy-py paragenesis (222 £46 °C) as
well as the siderite paragenesis (435 £81 to 530 £101 °C) give no meaningful results . Cal-
culated temperatures for the apy-pv-qtz samples give lower and the siderite-quartz veins
give exaggerated temperatures compared to fluid inclusion temperatures (300 - 350 °C)
of BELOCKY (1992).

Stable Isotopes

Oxygen isotope measurements of vein quartz resulted in values from 11.1 to 20.3 %o. The
oxyvgen isotope ratio is constantly rising with vein level. Carbon and oxygen isotope values
of siderites show relatively constant values (6'%0: 12.7 - 13.7 %o, §'%C: -6.2 to -7.0 %o).
Carbonates of the Silbereck marbles show similar values than seawater (6'¥0: 22.40 -
24.30 %o, 0%3C: 0.20 - 2.30 %0), see Appendix C. Sulphur isotope ratios are showing
values ranging from 0.9 to 4.6 %o for pyrite and 1.4 to 2.9 %o for arsenopyrite. §**S values
for galena show values around -1.3 %o and sphalerite values are ranging between -5.9 and
1.4 %o (Figure 43).

11AgBiSQ
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Figure 41: (a) Polished section of a pyrite-arsenopyrite interdigitation inside quartz, (b) BSE-image of
arsenopyrite-pyrite-quartz paragenesis.

siderite vein ' 0,5mm

0.5 mm

Figure 42: (a) Siderite vein (dark brown) crosscutting carbonate host rock (grey). Sample taken near
the Baukarl pass 2380 m. (b) Siderite-quartz interdigitation. Opaque phases along cleavage are Fe- and
Mn-oxides (polished thin section. XN, TL), (¢) Euhedral quartz inside sphalerite and galena matrix with
minor arsenopyrite (polished thin section, TL). (d) Arsenopyrite within siderite-quartz gangue. Minor
muscovite is occurring (polished thin section, XN, TL).
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Figure 43: 6**Scpr values of sulphides of the Erzwies-Siglitz district (Appendix D)

4.6.3. Discussion

The use of the fractionation factors of SHIRO & SAKAI (1972) for the quartz-H,O and
of ZHENG (1999) for siderite-H20O in order to calculate the equilibrium precipitation
temperatures is only applicable with caution for the siderite-quartz mineral pair of the
Erzwies deposit. The calculated temperatures for the siderite paragenesis range between
284 £25 and 426 £30 °C and coincide with microthermometric results of fluid inclusions
of BELOCKY (1992). A elevation dependent trend of the temperatures is not evident.

Measurement precision of stable isotope measurements affects small Agigerite—quartz val-
ues relatively strong and results in elevated temperature estimations. But generally the
calculated temperatures are slightly above the temperature field of vein quartz. Vein
quartz in the Sonnblick area show formation temperatures of 365-410 °C (FEITZINGER &
PAAR, 1991) and total homogenisation temperatures of fluid inclusion in the Goldzeche
area of 275-380 °C (ROBL & PAAR. 1994).

Data from the Erzwies siderite veins fall along a positive trend on the §3C' — §¥0O plot
(Figure 44). The conditions of precipitation of siderite and vein quartz are investigated
by applying a model for precipitation from a single fluid over a defined temperature
range. The siderite curve is calculated using the fractionation factors of ZHENG (1999)
for Aco,—siderite a0d Agigerite—m,0- The temperature range is defined by quartz-siderite
geothermometry and fluid inclusion data of BELOCKY (1992) and ranges between 300-350
°C for vein quartz. Fractionation between HaCOj(4p) and CO4 above 100 °C is negligible,
therefore the fractionation factor of CO, is used to account for both species (OHMOTO,
1972).

A set of different fluid 6'*C and 680 compositions was tested to fit the siderite data.
The modelled mineralising fluid is characterised by 6*0O = 7 %o and 4'*C — —14.5 %e.
The oxvgen isotope value of the model fluid is ambiguous and can be interpreted both as
magmatic and/or metamorphogenic. In contrast carbon isotope composition is strongly
depleted in heavy carbon. Such a signature may represent (1) carbon originating from
the lower crust or (2) carbon from the homogenized Earth “s crust (HOEFs, 2009) and/or
a possible influence of oxidized organic matter. Oxygen isotopic composition of the fluid
forming the apy-pv paragenesis is about 14 — 16 %o. The oxygen isotopic composition
of the fluid creating the siderite paragenesis is slightly lighter and lies between 4 — 8
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%o. These values coincide with the isotopic compositions reconstructed with siderite data
(Figure 44). Sulphur isotopic compositions of pyrite show more depleted values for the
apy-py paragenesis than for the siderite paragenesis. This is a result of the sudden pH
change when the migrating fluids entered the Silbereck marbles. It can be assumed that
the fluid is changing from a H,S dominated fluid to a S>~ dominated one.

Bulk fluid inclusion data show increased I/Cl and Cl/Br values against seawater. Fluids
generated in deeper parts of crystalline basement (e.g. Bohemian Massif; DOLNICEK
et al. 2009) exhibit similar Br/Cl ratios than the Erzwies data. Diagenetic modified
seawater (BOTTOMLEY et al. 2002) shows enriched I/Cl contents similar to the Erzwies
data. Organic-rich marine sediments release iodine during diagenesis to a migrating brine
(BOTTOMLEY et al. 2002).

VAVTAR (1982) is discussing the provenance of the metal bearing solutions and propos-
ing the model of a topomineralic influence and lateral secretion of primary metal enriched
carbonate sequences of the Silbereck marbles. The application of the open-system car-
bonate alteration model of ZHENG & HOEFS (1993) results in high water-rock ratios.
These high ratios (water/rock > 10) indicate long migration distances. Lateral secretion
of metals and migration of mineralizing fluids through host rock carbonates should also
result in higher CaO values of vein siderites or result in the deposition of ankerite.

PAAR (1997) indicates that the COy derives from the mantle or from metamorphic
fluids generated in deep seated Penninic series. Also POHL & BELOCKY (1994, 1999)
rank the Au-veins of the Rauris-Gastein district among metamorphogenic mineralisations.
They assume that fluids migrated along deep seated convection zones and that the miner-
alisation is influenced both by meteoric and metamorphogenic fluids. BELOCKY (1992)
delineates tectonically incorporated carbonates within the Zentralgneis as the main source
of CO, during pro-grade Alpine metamorphism.

4.6.4. Interpretation

Mineralisation temperatures of the Au-veins in the Erzwies-Siglitz area are decreasing
from the lower parts (apy-py paragenesis) of the veins to the upper areas (siderite para-
genesis) (Figure 45). The lower apy-py-qtz veins formed at temperatures around 300 to
350°C. The abrupt change of the paragenesis from apy-py-qtz to siderite veins is due to the
different geochemical environment. The sudden rise in pH forced siderite to precipitate.

The application of the quartz-siderite geothermometer gives scattering temperatures
from 426 to 284°C. But the grade of isotopic equilibrium (cooling effect) is variable and
cannot be derived from textural analysis. Therefore a statistical significant number of
measurements has to be done to get meaningful results. Otherwise the results have to be
crosschecked with different geothermometers.

The mineralising fluid is characterised by negative §'3C values of -14.5 %o and positive
580 values of 7 %o for the siderite veins and by more enriched §'¥O values of 14 - 16 %o for
the apy-py veins. It seems feasible that the mineralising fluids are influenced by oxidized
carbon. Therefore migration of meteoric waters and mixing with metamorphogenic fluids
as well as large migration distances are plausible. The high water/rock ratios and the
lack of alteration of the host rock carbonates reinforces this assumption. The lateral
secretion model of VAVTAR (1982) is therefore not applicable anymore. The sulphur
species is changing from H,S at the vein parts crosscutting the Zentralgneis unit to S?%-
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Figure 44: left: §'3C — 'O plot of Erzwies vein siderites and host rock carbonates. Data fitted by a
model for the precipitation of siderite from a COo or Ho COs bearing fluid of constant isotopic composition
(§13C = —14.5 %o, 60O = 7 %) over a temperature range of 300 - 350 "C. The siderite curve is calculated
using the fractionation factors of ZHENG (1999) for Aco,—siderite and Agigerie—r,0. right: Oxygen
isotopic composition of quartz forming fluids at the Erzwies deposit derived from microthermometric
data of BELOCKY (1992) and FEITZINGER & PAAR (1991) and oxygen isotope fractionation in the
quartz-H, O system (solid curves: SHARP & KIRSCHNER, 1994 ). The oxygen isotopic composition of the
ore forming fluid was 680 = 4 — 8 %ofor the siderite paragenesis and §'80 = 14 — 16 %o for the apy-py
paragenesis.

for the siderite paragenesis. An additional limiting factor of the model is the fact that
the chemical composition of the ore veins is very low in CaO and enriched in MnO.
The necessary amounts of Mn cannot be explained only by leaching of primary enriched
carbonates. The source of the Mn therefore still remains unknown.



X ... samples
Silberpfenning 2600 m

ES09_012
ES09_016
- ES09_011

ES09_022

Figure 45: Southern slope of the Silberpfenning (2600 m) seen from Kolmkarspitz (2529 m). The
estimated formation temperatures of the different areas are marked. The red lines mark the two parallel
vein systems.
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5. Discussion

5.1. Methodical approach

The main prerequisite using stable isotopes in the mean of a geothermometer is the grade
of equilibrium. The determination of isotopic equilibrium between 3 or more phases is
relatively simple (JAVOY et al. 1970). But the determination of isotopic equilibrium in
the case of two mineral phases is ambivalent. Therefore a different approach is necessary.
The first step is to evaluate the textural equilibrium of the mineral assemblage. Textural
equilibrium is present when different minerals are crystallized in a granular texture. The
grains are of idiomorphic to hypidiomorphic shape and the boundaries form triple junc-
tions. The different mineral phases impede themselves during contemporaneous growth.
The mineral phases are evolved from the same fluid and therefore show isotopic equi-
librium. This kind of texture is applicable for stable isotope geothermometry. (Figure
46a). When minerals grow independently and temporaneously different they are not in a
textural equilibrium. Such minerals cannot demonstrate isotopic equilibrium. Figure 46b
shows a mineral phase A where a younger mineral phase B is crosscutting the structure
along a joint for example.

Cooling down a precipitate and a possible metamorphic overprint can alter the primary
isotopic composition of a mineral assemblage. Calcite and quartz show different exchange
rates for oxygen isotopes when they react with a fluid phase. Calcite is therefore affected
stronger than quartz. FARVER & YUND (1998) report oxygen grain boundary diffusion
rates in calcite aggregates is about 100 times greater than that in feldspar and quartz
aggregates. The experimental conditions used (330 to 500 °C, 100 MPa water pressure)
approximate natural conditions within hydrothermal systems.

Fluid flow and diffusion (see MANNING, 1974) occur mainly along cleavages (surface
diffusion) and grain boundaries (grain boundary diffusion) as well as along mineral cleav-
age (volume diffusion) (Figure 46¢). Atoms in regions of good crystal structure are more
restricted and confined in their motion than atoms on free surfaces or grain boundar-
ies (MANNING, 1974). Therefore diffusion along surfaces or boundaries proceeds more
readily than volume diffusion.

Vein deposits with quartz-calcite gangue are assumed to be in an ideal equilibrium when
the two phases are crystallized alternatingly and the vein does not show any zonation.
However exchange reactions with the host rock can influence the isotopic compositions
during metamorphic overprint or late alteration caused by fluid flow (Figure 46d). Es-
timating the grade of isotopic equilibrium or disequilibrium is challenging.

Especially scaling effects due to sampling are crucial. Upscaling from thin-section scale
to a vein thickness of several meters in combination with bad outcrop conditions presents a
big difficulty. Therefore it is only possible to interpret from a sufficient number of samples.
Outliers in stable isotope values and formation may represent younger alteration and
contemporaneously isotope exchange effects of vein parts. These values are not showing
primary formation conditions.

After selecting appropriate samples with textural equilibrium the choice of analysis
method has to be made. SPOTL & MATTEY (2006) give a practical comparison of mi-
crodrill, micromill and laser ablation techniques allied to microsampling of speleothems.
Speleothem sampling needs a high spatial resolution. Sampling of gangue mineral inter-
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Figure 46: (a) Interdigitation of two mineral phases A and B in textural equilibrium. (b) Two mineral
phases A and B in textural disequilibrium, (c¢) Schematic diagram illustrating paths of surface diffusion,
volume diffusion and grain boundary diffusion (sketch after MANNING 1974), (d) Ideal case of vein type
mineralisation in textural equilibrium after SHARP & KIRSCHNER (1994).

growths within ore deposits is similar and can be done in different ways: (1) crushing
the sample down to grain size of 1-2 mm with subsequent handpicking and separation
of carbonate and quartz grains, (2) manual drilling of carbonate grains - crushing and
grinding of the residual sample with subsequent repeated dissolution of carbonate miner-
als using HCI to receive a quartz concentrate, (3) semi-automated micromilling'? and (4)
laser ablation.

A comparison of different methods suitable for the analysis of carbonates is given in
Table 3. Oxygen isotope measurements of quartz can only be done by the laser fluorination
method described in Chapter C. Drilling of quartz using tungsten carbide dentist drills is
not practicable due to the mineral hardness of quartz. Therefore crushing, hand-picking,
grinding and repeated washing with HCl is the most practicable solution to produce a
quartz sample for oxygen isotope measurement.

2The MicroMill Sampling Prep Device of Electro Scientific Industries is the only product on market at
the moment.
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Method Measurement precision Spatial resolution Time duration

Handpicking 5180 + 0.07 %o low high
SB3C 4 0.05 %o

Manual microdrilling 5180 + 0.07 %o medium high
SB3C 4 0.05 %o

Semi-automatic micromilling 5180 + 0.07 %o high high
SB3C 4 0.05 %o

Laser ablation 50 + 0.3 %o high low

SBC 4+ 0.2 %o

Table 3: Summary of different sampling methods in stable isotope analysis applied to carbonate minerals.

Another crucial point for the application of stable isotopes as geothermometers is the
fractionation equation used. Different equations are collected in Table 1. Each equa-
tion is only valid for a distinct temperature range. Taking the quartz-calcite mineral
pair for example reveals substantial temperature differences. Figure 47 shows formations
temperatures in °C versus oxygen isotope fractionation of quartz mineral pairs.

Different equations of various authors are compared: ,A” SHARP & KIRSCHNER (1994),
LB ZHENG (1999), ,C” Clayton & Keiffer (1991), ,D” computed curve with data of
SHARP & KIRSCHNER (1994) and ZHENG (1999). Using a fractionation of 2 %o between
quartz and calcite leads to viable temperature estimations. SHARP & KIRSCHNER (1994)
give 390 +28 °C, ZHENG (1999) shows 190+14 °C and CLAYTON & KEIFFER (1991)
show a numerical value of 330 £18 °C. Computing a fractionation equation for the quartz-
calcite pair using the equations of SHARP & KIRSCHNER (1994) for quartz-H,O and of
ZHENG (1999) for calcite-HyO gives a temperature of 345 £19 °C. The curves A, C and D
are fitting quite well therefore temperature estimations of both seem useful. The equation
of ZHENG (1999) gives deviant temperatures due to the enormous temperature range (0
to 1200 °C) it is assumed to be applied. So which calibration should be used at the end?
The best thing would be the application of several different calibrations - theoretically
based calibrations and empirical ones as well.

Knowledge about the involved carbonate phase is also essential. Figure 48 illustrates
the fractionation curves for different quartz-carbonate mineral pairs versus formation
temperatures. Calculating formation temperatures with A juartz—carbonate 0f 2 %o gives.
Using the equations of SHARP & KIRSCHNER (1994) for quartz-H,O and of ZHENG
(1999) for calcite-H,0, ankerite-H,O and siderite-H,O results in temperature estimations
of 344+16°C for qtz-cal, 302417 °C for qtz-ank and 251£19°C for qtz-sid. Fractionation
curves of magnesite-H,O and dolomite -H,O are parallel and temperatures derived from
these equations are similar. Therefore temperature estimations of magnesite and dolomite-
magnesite interdigitations are applicable. This fact comes into play when calculating
formation temperatures of sedimentary magnesites.

The grade of equilibrium or better the grade of disequilibrium can be used to trace
vounger hydrothermal alteration of an ore deposit. As discussed before the oxygen com-
position of carbonates is affected more by migrating younger fluids than quartz (FARVER
& YUND, 1998). In this case the covariation for oxygen and carbon isotope ratios is use-
ful to determine the grade of alteration (water/rock ratio). When quartz and carbonates
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Figure 47: Formation temperatures [*C| versus oxygen isotope fractionation for the quartz-calcite min-
eral pairs of different authors: A SHARP & KIRSCHNER (1994), B ZHENG (1999), C CLAYTON &
KEIFFER (1991), D computed curve with data of SHARP & KIRSCHNER (1994) and ZHENG (1999).
For temperatures between 270 and 550 °C curves A, C and D are corresponding quite well. The use of
curve B leads to irrealistic temperature estimations when applied to hydrothermal mineralisations.

are in textural equilibrium measures values of quartz still represent their primary isotopic
composition. A similar attempt can be used with sulphides. When the difference between
two sulphide phase results in irrealistic temperature estimations a younger fluid alteration
is obvious.

5.2. Metallogenetical evolution

Stable isotopic compositions of carbonate and quartz gangue minerals provide more in-
formation about ore formation than just temperature. The combination of stable isotope
investigations and a profound knowledge of the mineral paragenesis and the regional
geological situation allows the interpretation of the metallogenetical evolution of each
individual deposit.

The provenance of ore forming fluids of the investigated deposits can be traced back
to two distinct groups: The first group shows 6'¥0 values of obviously hydrothermal
deposits like Erzwies-Siglitz, Mitterberg-Buchberg, Radmer, Zinkwand and T6sens with
a broad range between 7 and 17.5 %o. 6'2C' is plotting in a more focused range from -8 to
-3 %o. The reconstruction of the involved fluids leads to an oxygen isotopic composition
of =7 to +16 %o for the carbonate precipitating fluids. The values fall into the field
of metamorphogenic waters. Primary magmatic waters, formation waters and volcanic
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Figure 48: Oxygen isotope fractionation functions for quartz-calcite , quartz-ankerite and quartz-siderite
(based on SHARP & KIRSCHNER 1994; ZHENG 1999) mineral pairs versus Aguarts—carbonate - USIDg a
A quartz—carbonate Of 2 %o gives formation temperatures of qtz-cal: 344%16 °C , gtz-ank: 302+17 °C and
qtz-sid: 251419 °C .

vapour shows 'O values between +6 and +10 %o(Figure 3). A major influence of
meteoric water or seawater within the hydrothermal cycle can be excluded using the
simple mixing model of ZHENG & HOEFS (1993). A mixture of these waters with
primary magmatic water, formation water or volcanic vapour would result in isotopically
more depleted fluids with §'¥0 values well below +10 %o. Sedimentary rocks show §1%0
values of 11 to 32 % (HOEFS, 2009). During metamorphism waters with §%0 values of
+5 %0 to +23 %o are released (TAYLOR, 1974). Therefore the only applicable solution are
metamorphogenic fluids that precipitate ore deposits with quartz-carbonate gangue. Host
rocks for this kind of metamorphogenic waters are formed by metasediments like marbles,
organic-rich schists and metasediments. This assumption is reinforced by the carbon
isotopic composition of the ore forming fluids. The fluids show negative §'*C values
between -14.5 and -2 %o. Hydrothermal and thermal decomposition of marine limestones
and shales results in fluids depleted in heavy carbon (ZHENG & HOEFs, 1993). Mantle
derived carbon is also depleted in §'*C' and shows values between -4 and -8 %o (DEINES,
1980) and can be excluded as source.

The second distinct group is formed by the cryptocrystalline magnesites of the Kraubath
deposit. The magnesites show a narrow range between 22.5 and 27.5 %o for §'¥0 values.
d13C shows more spreaded values from -22.5 to -10 %c. In contrast to the hydrothermal
deposits an influence of meteoric water is evident. The oxygen isotope composition of the
magnesite precipitating solution lies around -2 %o and is similar to alkaline, Miocene lake
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water of the Lake Pannon (HARZHAUSER et al., 2007) . Mixing depleted, alkaline seawater
(-8 %0) with slightly enriched formation water (~ +5 %) provides such conditions.

The evaluation of possible carbon source for the Austroalpine cryptocrystalline mag-
nesite creates some problems. The different possible carbon sources as discussed for
Turkish cryptocrystalline magnesite deposits (synopsis in HORKEL 2012) are not ap-
plicable at Kraubath. The negative values are assumed to derive either from magmatic
carbon (DEINES, 1980) or decarboxylation of biogenic carbonates (GARTZOS et al., 1990;
JEDRYSEK & HALAS, 1990). Both possibilities are not possible for Kraubath because sur-
rounding rocks do not show signs of magmatic activity and metacarbonate rocks are not
occurring in the surroundings of the deposit. The only possible carbon source is represen-
ted by atmospheric CO, with a negative §'3C' that is in equilibrium with dissolved CO,.
The absolute values are not computable due to the lack of information about §'*C of
atmospheric CO4 during Miocene.

The extreme negative values are due to further fractionation along fluid migration
pathways. With increasing distance from the main fluid pathways the §'*C' of magnesite
decreases. Fluid migration along extensional structures during Miocene is evident.

Stable isotope measurements of the calcite sinter of Maria Buch near Judenburg by
SPOTL in SACHSENHOFER et al. (2000) exhibit §'*C values of -0.1 to +0.3 %¢ and
oxvgen values between -13.3 and -11.4 %o. These values indicate a marine origin of the
mineralised waters. SACHSENHOFER et al. (2010) conclude a syn-sedimentary genesis
of the calcite sinter. Although an absolute age is not determined a Miocene age seems
plausible. In addition the elevated mean temperature of 14 °C as well as B (1650 ug/l)
and Sr (2400 pg/l) concentrations of mineralised, COo- rich spring water near Thalheim
speak for deep seated fluid migration paths (ZETINIGG, 1993).

The comparison of the two hydrothermal fluid systems at a regional scale leads to the
implication that fluid flow driven by metamorphism is one of the main factors influencing
ore genesis within the Eastern Alps. The investigated deposits are different in their
tectonostratigraphic position, age and mineralogy. But the mineralising fluids are similar.
Eo-Alpine and Neogene metamorphism produced fluids depleted in carbon and enriched
in oxygen. POHL & BELOCKY (1994) conclude retrograde leaching as the best model
for metamorphogenic metallogenesis, although a possible mantle influx cannot not be
neglected. But a major influx of meteoric water can be excluded.



6. Conclusions

6.1. Stable isotope geothermometry - code of best practice

The following section provides informations and rules for the “correct” application of stable
isotope geothermometry. These recommendations are only for stable isotope geothermo-
metry and should be crosschecked with classical fluid inclusion techniques like crush-leach
analysis and microthermometry to decipher the complexity of hydrothermal ore deposits.

Sampling

The sampling strategy is the first crucial point of all geothermometric applications. It is
essential to know the provenance and position of the sample in the deposit. Alteration (sili-
fication, argilitic alteration, propylitization, sericitization, greisenization, dolomitization,
carbonatization, tourmalinization), weathering and post-depositional fluid flow influences
and overprints primary isotopic signatures.When applicable samples have to be taken in
form of sections across veins and at different elevation levels to cover a broad range of
formation temperatures and possibly influenced vein parts.

Estimation of isotopic equilibrium

A determination of quartz-carbonate interdigitation has to be done macroscopically and
microscopically. Granular texture is the main prerequisite of isotopic equilibrium and
therefore temperatures estimated are most likely formation temperatures. Younger cross-
cutting veinlets provide information about remobilisation processes.

Selection of analytical method

The selection of an analytical method is influenced by the factors measurement preci-
sion, time and cost. Therefore the a target oriented choice between microdrilling, mi-
cromilling and laser ablation has to be made. An outline of oxygen measurements of
quartz-carbonate pairs with subsequent refinement done by micromill and/or microdrill
methods would return the best results.

Selection of fractionation equation

A realistic temperature estimation done with oxygen isotope mineral pairs stands and falls
with the fractionation equation applied. For the quartz-calcite, the quartz-ankerite and
the quartz-siderite mineral pairs computed equations with data of SHARP & KIRSCHNER
(1994) and ZHENG (1999) provide formation temperatures in good agreement with clas-
sical geothermometers. When only one carbonate or silicate phase is present a plausible
estimation of the oxygen fractionation of the mineralising fluid has to be done.
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Figure 49: Oxygen and carbon isotopic compositions of gangue carbonates hosted by metamorphogenic
and low-tempered hydrothermal/sedimentary ore deposits. The metamorphogenic deposits are of different
formation ages but the mineralising fluids are similar an have equilibrated during migration through the
crust. The low-tempered hydrothermal/sedimentary magnesite deposit shows strong fractionation of
carbon due to fractionation during migration and strong meteoric influx.

6.2. Regional geologic implications

Comparing the results of the individual deposits described in Chapter 4 gives insights
into ore formation within the Austroalpine and Sub-Penninic units. Isotopic compositions
of gangue quartz and carbonates reveal two different groups of ore deposits (Figure 49).
Vein type deposits are of metamorphogenous origin and present party remobilised primary
enriched or fine dispersed metals. Metamorphism with accompanying temperature, pres-
sure and fluid flow leaches primary deposited metals from metasediments. Transportation
happened via acidic fluids and subsequent deposition occurred at temperatures of 300 to
450 °C for sulphides and lower temperatures for carbonates and quartz.

Gold district Rauris-Gastein

Massive fluid flow driven by the E directed movements of the Neogene extrusion tectonics
(FRISCH et al. 1998) and the updoming of the Tauernwindow with subsequent brittle
tectonics formed the main favourable conditions for ore genesis within the Sub-Penninic
units. The mineralising fluid was characterised by positive §'¥0 values between 7 and
16 %o. The negative §'3C values derive from oxidized carbon. The isotopic composition
of the mineralising fluids is due to minor mixing of meteoric or formation waters with
metamorphogenic waters. The main transport medium for the dissolved carbon species

90



is formed by metamorphogenic water.

Copper district Mitterberg-Miihlbach-Larzenbach

Fluid flow and ore deposition at the copper district Mitterberg-Miihlbach-Larzenbach are
closely linked to Eo-Alpine metamorphism. (KRALIK et al. 1987) report metamorphic
conditions between sub-greenschist and greenschist facies from higher structural levels
like the Mitterberg area. Nappe stacking provided temperature and pressure for fluid
movement. The mineralising fluid was characterised by enrichment in oxygen (15 to
17 %0) and sparse depletion in heavy carbon (-6 to -4 %o). The carbon value represents
crustal average. During migration the fluids were influenced by sulphate bearing forma-
tion waters hosted by hangingwall Permian sediments (Werfen formation). Stratabound
mineralisations were remobilised and subsequently deposited in form of ore veins. Migra-
tion distances therefore were limited. A similar mineralisation is the Au bearing copper
mineralisation at Larzenbach /Hiittau where stratabound as well as discordant veins occur
within low grade metasedimentary rocks (KucHA & RAITH, 2009).

Iron (Copper) district Noric Nappe

Ore genesis is closely linked with Eo-Alpine orogenesis. The mineralising fluid strongly
influenced through the migration within the hangingwall Permian evaporites and marine
sediments of the Northern Calcareous Alps. The fluid was characterised by enrichment in
oxygen (9 to 13 %o) and sparse depletion in heavy carbon (-2 to -4 %o).

Chromite-Asbestos-Magnesite district Hochgrdssen-Kraubath

Magnesite genesis at Kraubath is linked with extensional movements causing the subsid-
ence of the Fohnsdorf basin during Miocene. Alkaline lake waters and meteoric waters
migrating within the ultramafic rocks and leaching Mg?™. Alkaline lake waters with §13C
values of -2 %o caused the precipitation of vein type magnesite. These waters result from
the mixing of fresh meteoric water and groundwater with longer retention times. Dur-
ing migration groundwaters are getting enriched in 6'*O due to leaching of serpentine
minerals. The more depleted lake waters ( up to -8 %) are the source of sedimentary
magnesite.

Polymetallic ore district Schladming

The Ni-Co-Bi mineralisation was formed after the Eo-Alpine metamorphic peak when
extensional tectonics provided pathways for fluid migration. A relatively high tempered,
metamorphogenous brine derived from phyllonitic blackschist due to retrograde leaching
mixed with low tempered meteoric waters. Fluid migration distance was limited to black
schists within the Schladming crystalline.

Polymetallic Cu-Fe-Zn-Pb district Stubai-Otztal

The ore deposit of Tosens is linked with Alpine nappe stacking. Relatively high tempered
metamorphogenic brines remobilised primary enriched metasediments. The mineralising
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fluids show enrichment in oxygen between 13 and 15.5 %e.

6.3. Concluding remarks

Some questions on stable isotope geothermometry have been answered. But stable isotope
investigations applied to ore deposits in the Austroalpine remain challenging in the future.
The good knowledge of the structure and relatively well known geological history of the
Eastern Alps makes it possible to reconstruct fluid flows in time and space as well as at
a regional scale. Especially the great number of small and medium ore deposits within
the Palaeozoic units (Greywackezone nappe system or Graz Palaeozoic) provides a broad
field of study. The understanding of fluid flow and precipitation mechanisms is still a
crucial point in the evaluation of ore deposits. Stable isotope investigations provide a
fast and relatively inexpensive method for gaining knowledge about these processes when
the methods are applied at samples deriving from well known positions within mineral
deposits and the results are evaluated carefully.

Direct measurements of stable isotope ratios on primary fluid inclusion of the investig-
ated deposits would provide information about the mineralising fluids directly and would
allow an examination of the applied fluid provenance reconstructions. Especially at the
Kraubath magnesite deposit direct measurements of the mineralising fluids would provide
further insights. But this kind of analysis is still an elaborate one and not practicable as
a standard routine in economic geology.
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Appendix

A. Localities

Sample Zone Easting Northing Elevation Description

Mitterberg

MB 09 01 33T 358183 5251616 1370 mine dump 250m NE Mitterberghaus
MB 09 03 33T 358183 5251616 1370 mine dump 250m NE Mitterberghaus
MB 09 05 33T 358183 5251616 1370 mine dump 250m NE Mitterberghaus
MB 09 06 33T 358183 5251616 1370 mine dump 250m NE Mitterberghaus
MB 09 08 33T 358183 5251616 1370 mine dump 250m NE Mitterberghaus
MB 09 09 33T 358183 5251616 1370 mine dump 250m NE Mitterberghaus
MB 09 10 33T 358183 5251616 1370 mine dump 250m NE Mitterberghaus
MB 09 12 33T 365063 5251601 685 "Roter Palfen"

MB09_13 33T 357851 5251391 1330 mine dump "Emil" adit

MB 09 14 33T 357851 5251391 1330 mine dump "Emil" adit

MB09_15 33T 357851 5251391 1330 mine dump "Emil" adit

MB 09_17 33T 357851 5251391 1330 mine dump "Emil" adit

Buchberg

all samples "Buchberg" adit near Bischofshofen
Radmer

all samples stope backfill "Paradeis" adit
Tosens

TS 09 01D 32T 624939 5203574 2124 mine dump

TS 09 01 E 32T 624939 5203574 2124 mine dump

TS 09 01 G 32T 624939 5203574 2124 mine dump

TS 09 011 32T 624939 5203574 2124 mine dump

TS 09_10 32T 626506 5201178 2595 mine dump

TS 09_11 32T 626506 5201178 2595 mine dump

TS 09 11 A 32T 626506 5201178 2595 mine dump

TS 09 13 32T 626879 5201305 2816 vein outcrop

TS 09_15 32T 627039 5201327 2757 exploration pit

TS 09 16 32T 627041 5201364 2850 mine dump "Berglerkar"

Zinkwand

ZW 09 01 33T 400416 5295966 2300 mine dump "Himmelkonigin" adit
ZW 09 _02 33T 400416 5295966 2300 mine dump "Himmelkonigin" adit
ZW 09 _03 33T 400416 5295966 2300 mine dump "Himmelkonigin" adit
ZW 09 04 33T 400416 5295966 2300 mine dump "Himmelkonigin" adit
ZW 09_05 33T 400441 5236025 2250 mine dump "Mutterkirchenthal™ adit
ZW 09_06 33T 400441 5236025 2250 mine dump "Mutterkirchenthal™ adit
ZW 09_07 33T 400441 5236025 2250 mine dump "Mutterkirchenthal™ adit
ZW 09_08 33T 400441 5236025 2250 mine dump "Mutterkirchenthal™ adit
ZW 09_09 33T 400441 5236025 2250 mine dump "Mutterkirchenthal™ adit
ZW 09_10 33T 400441 5236025 2250 mine dump "Mutterkirchenthal™ adit
ZW 09 11 33T 400441 5236025 2250 mine dump "Mutterkirchenthal™ adit
ZW 09 12 33T mine dump "Mutterkirchenthal™ adit
ZW 09 13 33T mine dump "Mutterkirchenthal™ adit
ZW 09 14 33T "Fiirst Lobkowitzzeche" underground
ZW 09 15 33T "Fiirst Lobkowitzzeche" underground
ZW 09 16 33T "Fiirst Lobkowitzzeche" underground
ZW 09 17 33T 2240 "Himmelkonigin" underground
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Sample
ZW 09 18
ZW 09 19
ZW 09 20
ZW 09 21
ZW 09 22
ZW 09 23
ZW 09 24
ZW 09 26
ZW 09 27
ZW 09 28
ZW 09 29
ZW 10_01
ZW 10_03
ZW 10 _04
ZW 10_06
ZW 10_07
1G 01
1IG02 A
1G028B
RB 10 01 A
RB10 01 B
RB 10_05
Kraubath
Augraben
Gulsen

Zone FEasting Northing Elevation
3T 2240
3T 2190
3T 2190
3T 2190
3T 2185
3T 2185
3T 2195
3T

3T 2210
33T 400441 5236025 2250
33T 400441 5236025 2250
3T

3T

3T

3T

3T

3T

3T

3T

3T

3T

3T

33T 496350 5237145 720
33T 494970 5236565 615

Description

"Himmelkonigin" underground
"Mutterkirchenthal™ underground backfill
"Mutterkirchenthal" underground solid
"Mutterkirchenthal" underground solid
"Mutterkirchenthal" underground solid
"Mutterkirchenthal" underground solid
"Mutterkirchenthal" underground solid
"Schmiedenstollen" underground backfill
"Schmiedenstollen™ underground solid
Collection J.Grill

Collection J.Grill

"Fiirst Lobkowitzzeche" underground
"Mutterkirchenthal" underground solid vein
"Mutterkirchenthal" underground solid vein
mine dump "Mutterkirchenthal™ adit
mine dump "Mutterkirchenthal™ adit
"Tgnazibaue" underground

"Tgnazibaue" underground

"Tgnazibaue" underground

"Rofsblei" underground

"Rofsblei" underground

"Rofsblei" underground

Coordinates are given UTM system using WGS 84 reference ellipsoid. Elevation data is given in meters
above sea level. Coordinates for underground samples represent the location of the mine portal.
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60T

Sample

Erzwies
ES09 12
ES09 13
ES 09 _16
ES09 22 A
Mitterberg
MB 09_01
MB 09 01
MB 09_013
MB 09 _017
MB 09 017
Mb 09_03
MB 0903
MB 09 _06
MB 0906
MB 09_08
MB 09 _08
MB 09 13
Buchberg
DU 10_01 A
BU 10_01 A
BU 10_01 B
BU 10_01 B
BU 10 01C
BU 10_01C
BU 10 01D
BU 10 01D
BU 10_02B
BU 10_02 B
BU 10_03
BU 10_03
Radmer
RA 10_08
RA11_01
RA 1101
RA11_03
RA 11_03
RA 11_04
RA11_04
RA11_05
RA11_05
RA11_06
RA 11_06
RA 11_07
RA 11_07
RA11_08
RA11_08
RA_SLG_01
RA_SLG_01
Zinkwand
ZW 09_01
ZW 0907
ZW 09 _15
ZW 09 16
ZW 09 16
ZW 09 18
ZW 09 20
ZW 09 22
ZW 09_24
ZW 10 01
ZW 10 01
ZW 10 _07
ZW 10_15
To6sens

TS 09_010
TS 09_011
TS 09 011
TS 09_011 A
TS 09_013

qtz
qtz
qtz
qtz

ank
qtz
ank
ank
qtz
ank
qtz
ank
qtz
ank
qtz
qtz

qtz
ank
qtz
ank
qtz
ank
qtz
ank
qtz
ank
qtz

ank
ank
qtz
ank
qtz
ank
qtz
ank
qtz
ank
qtz
ank
qtz
ank
qtz
ank
qtz

qtz
cal
cal

cal
qiz
qtz
qtz
qtz
qtz
cal
qtz
qtz
qtz

qtz
cal

qtz
qtz
qtz

g/l

40
58

2
91
25

55
15

306
37

20
291
185

28
591

25

55

16

39

44

1305

70

51

49
1706

154

cl
ug/1

434
334
850
1803

21988

7280
25779
45889
33113
63186
25694
42143

6417
61917
14858
11790

11769

9113
45670
13353
12917
25959
40121
13376
47729

8880
52539
14938

45523
61768
17741
42409
12068
25999

1654
51904

3633
38924

6850
46165

2352
10475
24834
34975

5637

3561
66243
4509
2495
2006
2405
7152
5594
6107
3288
843
3262
10356

3991
1875
2173
3049
2630

Br
ug/1
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110
67
407
69
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216
519
116
582
57
408
73
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83
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15
553

429
52
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20
100
182
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3077
51
16
13
63
310
246
161
72

88
109

26
25

50
31

NO;
g/t
41
66

57
55

137
58
478

83
43

479

780
106

734

55
55
135
313
93
56
21

1194

1
30
41

52
36
38
172
45

0
37

S04
g/l

22
28
272
366

1586
186
3593
259
592
487
486
2610
185
635
265
621

224
240
2669
83560
382
1065
582
138
457
126
1130
2157

3152
2284
212
1511
143
526
77
938

274

60
331

52
223
614
749
116

28
66
14
30
24
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15
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29
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78
27
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69
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16
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Na
g/l

659
842
442
1745

12179
4158
11275
17735
17236
24444
12979
17688
3330
26440
8107
6049

6586
5438
24442
7707
21960
14423
20308
7856
25308
5697
20566
9121

19033
27098
4674
17800
2901
12261
883
23227
1754
17527
1875
20946
1426
4785
7035
18256
1806

2275
27242
3009
2107
1539
2093
3697
3061
3379
1894
962
1968
5417

1863
1230
1401
2047
1760

g/l

674
707
276
180

971
319
777
1224
1606
1395
811
1121
395
1867
780
886

486
255
1576
447
1142
886
1361
775
1348
460
1427
671

1686
3295
5018
4081
3951
1452

465
2374

911
1822
2602
2393

845

404
6158
2223
1734
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bLLL]
393
591
144
332
419
402
589
186
200
251
657

741
112
497
301
319

Mg
g/l

242
121
888
112

5129
169
16187
14034
Y
27634
434
19498
93
25721
494
176

7148
5713
14299
2648
11982
247
13417
275
14369
1550
15704
4639

35746
22046
235
17082
174
17800
11
18457
527
21988
568
25556
1290
16865
2062
24769
159

175
L1636
8055
1927
47
2155
230
6530
1134
7322
1981
219
613

90
12591
12
92
10

Ca
ug/l

271
256
8958
1681

6797
920
24918
12516
1830
20221
2558
26125
892
22361
2295
1317

12167
10982
18649
8097
15787
1321
18699
4007
17771
5952
18540
11762

14881
27413
3362
27908
3425
19013
500
27479
3525
20637
3988
21774
4668
19283
13311
22105
1513

2013
18290
13075

8652

863

6008

1196
13494

3028
11259

7587

1423

4848

865
15746
257
2033
482

Br/Cl x 10*
mol/mol

2.43
2.78
0.78
2.13

2.46
1.78
4.28
4.49
2.81
4.91
3.63
4.04
2.47
0.00
2.73
4.41

4.16
3.27
3.96
2.28
5.73
3.70
5.74
3.84
5.41
2.85
3.45
218

5.51
0.00
2.86
0.00
3.04
5.37
4.10
4.73
3.65
4.89
3.38
4.69
3.86
4.23
3.24
0.00
3.15

16.50
20.61
5.04
2.83
2.85
11.57
19.22
19.55
11.67
9.77
4.06
11.94
4.66

1A
5.89
5.05
7.31
5.22

1/Cl x 10°
mol/mol

399.90
383.75
265.26
112.11

75.41
32.41
18.58
114.49
22.21
139.11
33.51
136.58
29.30
45.85
18.00
17.18

41.60
44.98
48.35
9.93
45.98
3.82
53.36
9.20
44.32
20.11
46.74
20.89

36.23
66.73
17.86
66.88
17.62
87.40
88.54
80.90
24.10
78.13
19.82
73.34
28.99
48.68
47.77
81.93
34.89

73.93
106.87
314.18
405.16
237.23
69.51
65.10
75.52
16.49
148.08
198.11
56.41
123.31

16.20
160.12
0.00
109.22
123.06

1/Br

mol/mol

0.164
0.138
0.342
0.053

0.031
0.018
0.004
0.026
0.008
0.028
0.009
0.034
0.012
0.000
0.007
0.004

0.010
0.014
0.012
0.004
0.008
0.001
0.009
0.002
0.008
0.007
0.014
0.010

0.007
0.000
0.006
0.000
0.006
0.016
0.022
0.017
0.007
0.016
0.006
0.016
0.008
0.012
0.015
0.000
0.011

0.004
0.005
0.062
0.143
0.083
0.006
0.003
0.004
0.001
0.015
0.049
0.003
0.026

0.008
0.027
0.000
0.015
0.024

K/Na
mol/mol

0.601
0.494
0.367
0.061

0.047
0.045
0.041
0.041
0.055
0.034
0.037
0.037
0.070
0.042
0.057
0.086

0.049
0.028
0.038
0.034
0.031
0.036
0.039
0.058
0.031
0.047
0.028
0.043

0.052
0.071
0.631
0.135
0.801
0.070
0.309
0.060
0.305
0.061
0.816
0.067
0.348
0.050
0.515
0.072
0.565

0.140
0.120
0.077
0.165
0.055
0.093
0.067
0.077
0.103
0.058
0.122
0.075
0.071

0.234
0.054
0.208
0.086
0.106

Ca/Na
mol/mol

0.236
0.174
11.615
0.553

0.320
0.127
1.268
0.405
0.161
0.475
0.113
0.847
0.154
0.485
0.162
0.125

1.060
1.158
0.438
0.603
0.412
0.053
0.528
0.293
0.403
0.599
0.360
0.740

0.448
0.580
0.413
0.899
0.677
0.890
0.325
0.679
1.153
0.675
1.220
0.596
1.878
2.312
1.085
0.695
0.481

0.508
0.385
2.493
2.355
0.322
1.647
0.186
2.529
0.514
3.409
4.524
0415
0.513

0.266
7.342
0.105
0.570
0.157

Li/Na
mol/mol

0.000
0.000
0.000
0.001

0.019
0.000
0.023
0.073
0.001
0.091
0.001
0.071
0.000
0.083
0.000
0.000

0.022
0.011
0.028
0.001
0.035
0.001
0.030
0.000
0.035
0.001
0.026
0.006

0.055
0.034
0.007
0.032
0.003
0.060
0.000
0.046
0.000
0.040
0.001
0.041
0.000
0.024
0.009
0.029
0.001

0.000
0.049
0.016
0.012
0.000
0.003
0.001
0.005
0.000
0.003
0.000
0.000
0.004

0.000
0.004
0.000
0.000
0.000

I/Na

mol/mol

1.967
0.838
4.731
0.334

0.104
0.045
0.022
0.149
0.013
0.131
0.027
0.178
0.020
0.040
0.021
0.018

0.029
0.037
0.034
0.011
0.010
0.003
0.052
0.011
0.040
0.034
0.036
0.024

0.044
0.057
0.023
0.086
0.035
0.165
0.917
0.080
0.032
0.072
0.159
0.081
0.241
0.035
0.096
0.103
0.074

0.082
0.091
0.282
0.703
0.379
0.092
0.038
0.043
0.025
0.061
0.161
0.075
0.083

0.013
0.018
0.000
0.112
0.101

Br/Na
mol/mol

0.001
0.001
0.001
0.001

0.003
0.002
0.006
0.008
0.001
0.008
0.005
0.006
0.003
0.000
0.003
0.006

0.005
0.004
0.005
0.003
0.007
0.004
0.007
0.004
0.007
0.003
0.004
0.002

0.009
0.000
0.007
0.000
0.008
0.007
0.005
0.007
0.005
0.007
0.008
0.007
0.004
0.006
0.007
0.000
0.006

0.017
0.033
0.005
0.002
0.002
0.009
0.024
0.023
0.014
0.011
0.002
0.013
0.006

0.004
0.006
0.005
0.007
0.005

Q+/Q-

5.122
5.469
17.676
2915

2.010
1.184
3.840
2.016
1.117
2.486
1.014
3.012
0.990
2.569
1.235
1.050

4.247
4.807
2.385
0.456
2.275
0.972
2.524
1.481
2.377
2.677
2.361
2.886

3.391
2.503
1.025
3.009
0.997
4.011
1.499
2.684
2.910
3.309
1.375
3.185
6.150
8.526
1.815
3.968
1.166

2.198
1.966
11.294
8.800
2.026
8.239
1.206
8.373
2.311
13.189
23.610
1.899
1.852

0.862
34.122
1.111
2.325
1.434
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C. Stable isotopes

Sample Min
Mitterberg

MB09_01 ank
MB09_03 ank
MB09_05 ank
MB09_06 ank
MB09_08 ank
MB09_09 ank
MB09_10 ank
MB09_12 ank
MB09_13 ank
MB09_ 14 ank
MB09_15 ank
MB09_ 17 ank
Buchberg

BU10_01 A ank
BU10_01B ank
BU10_01 C ank
BU10_01 D ank
BU10_02 B ank
BU 10_03 ank
Radmer

RA 10_01 ank
RA 10_02 ank
RA10_03 A ank
RA10_03 B ank
RA10_04 ank
RA 10_06 ank
RA 10_08 ank
RA 10_09 ank
RA10_10 ank
RA11_01 ank
RA11_02 ank
RA11_03 ank
RA11 04 ank
RA11_05 ank
RA11_06 ank
RA 11 _07 ank
RA 11 _08 ank
RA11_10 ank
RA11_11 ank
RA11_12 ank
RA11_SLG_01  ank
Tésens

TS09_01D cal
TS09_01 E cal
TS09_01 G cal
TS09_011 cal
TS09_10 cal
TS09_11 cal
TS09_11 A cal
TS09_13

TS09_15 cal
TS09_16 cal
Zinkwand

IGO0l cal
IG02 A cal

§**Cvpps

-4.30
-3.87
-5.15
-4.80
-5.03
-4.55
-4.35
-3.36
-4.39
-3.21
-4.37
-5.59

-5.53
-5.87
-5.16
-5.27
-5.66
-5.70

-3.73
-3.59
-4.01
-3.81
-4.21
-3.91
-4.06
-4.04
-3.94
-5.52
-3.82
-5.32
-3.85
-4.34
-3.90
-4.15
-5.27
-3.91
-3.91
-4.42
-3.73

-6.91
-6.88
-7.43
-7.10
-7.25
-7.39
-6.23

-6.11
-5.89

-4.34
-3.83

18
§°Ovsmow

17.41
16.20
18.52
17.66
15.86
16.08
18.52
16.36
16.55
16.65
16.57
18.65

15.66
15.72
15.72
15.66
15.54
15.45

17.34
18.16
18.72
16.97
17.92
17.49
17.53
17.81
17.51
17.35
17.61
18.38
18.26
18.48
17.60
17.84
18.50
17.06
17.18
18.44
17.58

14.82
17.47
15.11
14.57
15.30
15.71
14.66

15.45
16.05

17.36
21.33

gtz
gtz

gtz
gtz

gtz

gtz

gtz
gtz
gtz
gtz
gtz
gtz

qtz

qtz
qtz
qtz
qtz
qtz
qtz

gtz

gtz
gtz
gtz
gtz

18
6 Ovsmow

17.2
17.9

14.3
17.0

17.4

17.7

17.4
16.6
18.5
16.7
17.0
17.0

2.3

2.2
2.9
19.8
2.3
19.6
21.2

21.6

13.5
15.2
13.4
12.8

Remarks

111
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Sample
1G02 B
ZW_RE 01
ZW_RE 02
ZW_RE 03
ZW_RE 04
ZW 09_01
ZW 09_02
ZW 09_03
ZW 09_04
ZW 09_05
ZW 09_06
ZW 09_07
ZW 09_08
ZW 09_09
ZW 09_10
ZW 09_11
ZW 09_12
ZW 09_13
ZW 09_14
ZW 09_15
ZW09_15B
ZW 09_16
ZW 09_17
ZW 09_17 A
ZW09_17B
ZW 09 _17C
ZW 09_18
ZW 09_19
ZW 09_20
ZW 09_21
ZW 09_22
ZW 09_23
ZW 09_24
ZW 09_26
ZW 10_01
ZW 10_03
ZW 10_04
ZW 10_06
ZW 10_07 A
ZW 10 _07B
RB 10_01 A
RB10_01 B
RB 10_05
Erzwies

ES 09_06
ES 09_08
ES09_09B
ES 09_11-1
ES 09_11-2
ES 0912
ES 09_13
ES 09 14
ES 09_15
ES 09_16
ES09_17 A
ES 09_18
ES 09 22 E
Kraubath
Gul

Min
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal
cal

sid
cal
sid
cal
sid
sid
sid
sid
sid
sid
sid
sid

mag

" Cvppn
-4.57
-6.57
-5.61
-4.12
-4.25
-4.47

0.28
-0.01
-5.34
-6.12
-7.27
-4.46
-5.39
-7.07

0.41
-4.38
-4.43

-3.41
-5.47
-4.68
-5.55
-5.84
-6.38
-4.75
-5.04
-5.81
-5.38
-4.92
-5.04
-4.54
-7.59

-5.47
-3.29
-6.54
-6.54
-5.64
-6.69
-4.20
-0.48

0.70
-1.00

-6.71

0.23
-6.89

2.32
-6.60
-6.15
-7.02
-6.85
-6.82
-6.79
-6.70
-6.90

-11.27

5" Ovsmow
14.60
13.59
15.84
16.00
16.81
15.22
21.33
20.56
16.55
19.18
11.32
13.58
13.36
14.78
21.52
13.04
16.85

15.23
12.92
15.46
13.73
12.68
12.55
13.85
13.42
14.24
12.39
13.45
12.55
12.80
11.68

17.36
17.57
19.00
17.50
12.40
12.95
17.92
21.99
24.02
20.95

5.70
22.40
12.86
24.30
13.15
13.65
12.73
12.93
12.67
12.89
13.15
12.74

22.91

Min

qtz

qtz

qtz

qtz
qtz
qtz
gtz

qtz

qtz

gtz
gtz

qtz

gtz

18
5°Ovsmow

14.0

14.9

16.4

13.2
18.4
14.8
13.5

15.6

13.5

14.5
14.5

2.3

Remarks

cement



Sample
Gu 2
Gu 3
Gu 4
Gub
Gu 6
Gu7
Gu 8
Gu9
Gu 10
Gu 11
Gu 12
Gu 13
Gu 13-2
Gu 14
Gu 15
Gu 16
Gu 17
Gu 18
Gu 19
Gu 20
Gu 21-2
Gu 21
Gu 22
Gu 22-2
Gu 23
Gu 24
Gu 25
Gu 26
Gu 26-2
Aul
Au2
Au3
Aud
Aub
Aub
Au6-2
Au7
Au8
Au9
Aul0
Aull
Aul2
Aul3
Aul3-2
Aul4d
Auld-2
Aulb
Aulb-2
Aul6
Aul6-2
AulT7
Aul7-2
Aul8
Aul8-2
Aul9
Aul9-2
Au20
Au2l
Au21-2

Min
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag

§"*Cvppn
-12.77
-11.20

-7.86

-6.92
-10.70
-11.25
-12.45
-11.18
-11.05
-12.14
-14.65
-11.29
-12.92
-11.18
-11.32
-11.07
-10.63
-11.44
-11.03
-12.09
-11.56
-10.44
-12.82
-10.58
-12.02
-13.53
-11.04
-12.88
-12.30
-14.54
-14.56
-14.65
-14.28
-14.93
-14.36
-14.95
-14.21
-15.02
-14.12
-14.97
-14.25
-14.36
-14.34
-14.65
-14.69
-14.50
-14.34
-14.50
-14.68
-14.57
-13.67
-13.67
-14.10
-14.84
-13.61
-13.79
-13.54
-14.00
-13.84

5" Ovsmow
23.84
22.07
21.93
17.75
25.19
25.52
24.91
24.22
20.83
23.28
24.59
24.86
23.07
24.24
25.14
25.00
25.35
25.71
25.76
25.66
24.40
24.99
24.51
24.83
24.66
25.18
25.40
24.69
25.64
26.39
26.62
26.78
26.77
26.29
26.85
26.38
26.51
26.84
27.29
26.49
27.08
26.89
26.85
26.61
26.77
26.91
26.91
26.47
26.50
26.46
26.90
26.66
25.84
26.03
27.10
26.69
26.98
27.10
27.15

Min

18
5°Ovsmow

Remarks
cement
cement
cement
cement
cement
cement
cement
cement
cement
cement
cement
cement

breccia component
breccia component
breccia component
breccia component
breccia component
breccia component
breccia component
breccia component
breccia component
breccia component
breccia component
breccia component
breccia component
breccia component
breccia component
breccia component
breccia component
breccia
breccia
breccia
breccia
breccia
network
network
vein
vein
breccia
network
breccia
breccia
network
network
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein

113



114

Sample
Au22
Au23
Au23-2
Au24
Au25
Au25-2
Au26
Au27
Au27-2
Au27-3
Au28
Au29
Au29-2
Au30
Au30-2
Au3l
Au3l-2
Au32
Au33
Au 33-2
Au34d
Au34-2
Au3b
Au3b-2
Au36
Au36-2
Au37?
Au37-2
Au38
Au39
Au39-2
Aud0
Audl
Aud2
Aud2-2
Aud2-3
Aud3
Aud3-2
Audd
Audd-2
Audb
Aud6
Aud7
Aud8
Aud9
Aub0
Aubl
Aubl1-2
Aub2
Aub3
Aub4
Aubb
Aub6
Aub7?
Aub9
Au60
Aubl1
Au62
1-1

Min
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag

§**Cvpps
-14.37
-14.50
-14.25
-14.53
-14.57
-13.15
-14.82
-14.06
-14.14
-14.41
-14.40
-14.02
-13.78
-14.61
-13.92
-14.22
-14.32
-13.70
-15.33
-14.57
-14.12
-14.73
-13.53
-13.82
-14.26
-14.48
-14.43
-14.65
-14.93
-13.98
-14.20
-14.22
-14.08
-14.21
-14.29
-14.59
-13.98
-13.40
-14.74
-14.71
-13.51
-14.42
-13.20
-13.76
-13.41
-14.93
-14.49
-14.37
-15.73
-13.82
-13.01
-13.89
-14.74
-16.56
-15.15
-14.41
-15.70
-14.82
-13.84

5" Ovsmow
26.80
26.76
26.66
26.21
26.14
24.91
26.31
26.97
26.57
26.73
26.63
26.80
26.99
26.54
26.11
26.65
26.66
26.76
26.28
26.17
26.48
26.71
25.77
26.18
26.30
26.56
26.51
26.63
26.38
26.35
26.76
25.82
26.32
25.29
25.55
26.40
26.91
27.42
25.76
26.15
25.62
26.61
27.19
25.89
26.39
26.39
26.20
25.87
26.22
26.04
27.19
26.48
26.54
25.77
25.38
26.62
25.62
25.05
26.42

Min

18
5°Ovsmow

Remarks
network
breccia
breccia
network
network
network
network
network
network
network
network
vein
vein
vein
vein
breccia
breccia
breccia
network
network
breccia
network
vein
vein
vein
vein
vein
vein
breccia
breccia
breccia
network
vein
network
network
network
vein
vein
network
network
network
breccia
vein
network
network
network
network
network
network
network
network
vein
network
network
vein
vein
network
network
vein



Sample
1-2
1-3
1-4
1-5
2-1
2-2
2-3
2-4
2-5
2-6

3-2
3-3
3-4
4-1

5-2
5-3
5-4
7-1
6-1
6-2
6-3
6-4
6-5

Min
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag
mag

§"*Cvppn
-13.73
-13.04
-13.60
-13.97
-13.48
-13.47
-13.65
-13.35
-13.51
-13.36
-13.47
-13.28
-13.36
-13.04
-12.58
-13.40
-13.91
-13.82
-13.72
-13.34
-13.62
-13.56
-13.57
-13.68
-12.94

5" Ovsmow
26.21
26.66
26.33
26.00
26.71
26.71
26.42
26.46
26.66
26.29
26.65
26.59
26.87
26.52
25.77
26.29
26.64
26.56
26.63
25.56
26.09
26.32
26.61
26.33
26.58

Min

18
5°Ovsmow

Remarks
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein
vein

115






D. Sulphur Isotopes

Sample
Mitterberg-Buchberg
MB09_003

MB09_006

MB09_013

MB09_017

BU 10_01 A

BU 10_01 B

BU10_01 D

BU10_02 B

BU10_02 B

Radmer

RA10_04

RA10_08

RA11_03

RA11_04

RA11 08

RA11_09

Tosens

TS09_10

TS09 11 A

TS09_013

Tésens

Tésens

Tésens

Tésens

Tésens

Tésens

Tésens

Tésens

Tésens

Zinkwand

ZW 09 01

ZW 0912

ZW 09 24

Erzwies

ES 09_012

ES 09 16

ES 09 22 A

ES 09 22 E

ES 09 22 A

Au district Rauris-Gastein
Au district Rauris-Gastein
Au district Rauris-Gastein
Au district Rauris-Gastein
Au district Rauris-Gastein
Au district Rauris-Gastein

1 ... this study, 2 ... VavTar (198R), 3 ... data of REDEN (1991) & ScuRrROLL published in WEBER (1997)

Mineral

cpy
cpy
cpy
cpy

py

cpy
py

py
cpy

cpy
cpy
cpy
cpy
cpy
cpy

gal
cpy
gal
py
py
gal
gal
gal
gal
sph
sph
sph

gdf
gdf
gdf

py
py
py
py
apy
gal
sph
sph
apy
apy
py

5348

2.5
2.2
2.5
2.5

9.1
3.9
5.6
3.7
5.7

2.2
2.9
4.8
3.0
3.9
21

—-1.2
6.1
—-0.1
0.8
1.2
—-1.4
—-1.5
—-1.3
—-1.3
2.4
2.5
2.6

—-1.3
—10.0
—3.6

4.6
21
2.7
0.9
2.9
—-1.3
-5.9
1.4
1.4
2.0
0.9

Remarks

average (n = 13)

average (n = 6)

Reference

S Y [ Y

S

NN N DN DN DN DN DN BN = =

_ =

oW W W W W
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Mitterberg

Sample

MB09_004_py01
MB09_004_cupy01
MB09_004_cupy03
MB09_004_cupy06
MBO09_004__py02
MB09_004_cupy08
MB09_004_cupy09
MB09_004_cupyl2
MBO09_ 006 _cupy01
MBO02_ 006 _cupy02
MB09_006_cupy03
MBO09_ 006 _cupy04
MB09_004_cupy04
MB09_004_cupyll
MB09_004_cupyl0
MB09_004_cupy02
MB09_004_cupy05
MB09_004_cupy07
MB09_004_py03
MBO09_ 004 _fahl03
MBO09_004 _fahl02
MBO02_004 _fahlO1
MBO09_006_py01
MBO02_006_py03
MBO02_006_py02

Radmer

Sample
Ral0_04fahldklol
Ral0_04fahldklO2
Ral0_04fahldklO3
Ral0_04fahldklo4
Ra10_04fahidki05
Ral0_ 04fahldkl06
Ral0_04fahldkl0?
Ral0_04fahldklO8
Ral0_ 04fahldkl09
Ral0_04fahldkl10
Ral0_04fahldklll
Ral0_04fahldkl12
Ral0_04fahldkl13
Ral0_04fahldkll4
Ral0_04fahldklls
Ral0_04fahldkl1s
Ral0_04fahldkll?
Ral0_04fahldkl18
Ral0_04fahldkl19
Ral0_04fahldkl20
Ral0_04_FEid
Ral0 04 FE2d
Ral0_04_FEd3
Ral0_ 04 FE4d
Ral0_04_FE5d
Ral0_04_fahlhellO1
Ral0_04_fahlhell02
Ral0_04_fahlhellO5
Ral0_04_fahlhellO6
Ral0_04_fahlhellO7
Ral0_04_fahlhellO8
Ral0_04_fahlhell09
Ral0_04_fahlhelllO
Ral0_04_fahlhellll
Ral0_04_fahlhelll2
Ral0_04_fahlhelll3
Ral0_04_fahlhelll4
Ral0_04_fahlhelll5
Ral0_04_fahlhelll6
Ral0_04_fahlhelll7
Ral0_04_fahlhelll8
Ral0_04_fahlhell19
Ral0_ 04 FEhi
Ral0 04 FE2h
Ral0 04 FE3h
Ral0 04 FE4h
Ral0_04_FE5h
Ral0_04_FElm
Ral0_04_FE2m

As Sk
0.0390
0.0360
0.0280
0.0530
1.85 27.7
2.90 26.5
10.5 14.4
42.9
43.1
43.6
As S
10.6 27.1
10.7 27.3
8.02 26.3
7.52 26.0
10.7 27.1
9.92 27.1
5.62 26.0
5.97 26.2
7.22 26.5
7.20 26.4
8.17 26.6
7.79 26.4
8.31 26.6
8.15 26.6
8.14 26.4
7.46 26.4
10.3 27.1
8.55 26.6
7.69 26.3
6.08 25.9
6.25 25.4
11.4 26.4
10.8 26.8
8.80 26.0
9.73 26.5
7.88 26.7
5.71 26.0
7.99 26.4
10.8 27.3
1.49 25.1
7.7 26.5
5.52 26.0
6.63 26.4
0.537 25.4
2.26 25.3
2.24 25.3
3.48 25.1
3.40 25.4
1.49 25.1
1.90 25.3
3.48 25.3
2.18 25.0
1.94 24.2
1.39 24.6
0.696 24.9
2.24 25.0
1.51 24.8
6.36 25.4
7.21 25.6

E. Electron Microprobe Results

Cu

34.8
34.9
34.8
34.8
0.0750
34.9
34.2
34.8
35.2
34.7
34.5
34.6
34.5
34.5
34.6
35.1
35.1
34.8
0.0840
38.5
39.6
40.5
0.111

0.0590

Cu
41.6
41.6
39.9
38.4
41.4
40.5
39.5
39.3
390.8
40.0
40.6
40.0
40.2
40.2
40.6
40.0
40.8
40.6
40.2
39.4
40.3
41.2
41.3
40.2
40.7
40.3
39.5
40.2
41.1
37.3
40.1
39.7
390.8
38.3
38.2
38.5
38.9
38.6
38.0
38.7
38.9
37.8
38.7
39.0
38.6
38.5
38.4
40.5
40.4

Hg Co
0.0650
0.0400
0.0290
0.0370
0.0960
0.0540
0.0320
0.0510
0.0560
0.0470
0.0800
0.0550
0.0390
0.0650
0.0360
0.0440
0.0540
0.0370
0.121

0.986
0.936
0.619
6.72
3.48
0.740
Hg Co
1.06 0.
1.14
1.91
2.73 0.
1.71 0.
1.13 0.
2.71 0.
1.43 0.
2.03 0.
2.50 0.
2.00 0.
1.91 0.
2.06 0.
2.45 0.
2.61 0.
2.39 0.
1.22
1.93 0.
2.14 0.
2.44 0.
1.81 0.
1.12
1.21
2.58 0.
1.74 0.
2.41 0.
2.73 0.
2.61 0.
1.89 0.
0.579
2.61 0.
2.86 0.
1.14
1.31
2.18
1.13 0
4.36 0
3.99 0
2.69
1.02
2.50 0
1.82 0
3.46
1.76
0.615
2.47
2.75
3.10 0
2.87 0

The results of electron microprobe measurements are given in g/100 g.

Pb
0.0880
0.125
0.174
0.0830
0.145
0.169
0.147
0.104
0.0830
0.0880
0.0420
0.120
0.177
0.111
0.198
0.0800
0.145
0.233
0.227
0.112
0.0630
0.0670
0.0790
0.0720
0.0950

Sb
0226 12.
11
16.
0480 17.
0296 11
0230 13
0417 19.
0240 20
0424 17
0408 17
0338 16
0444 16.
0470 15.
0510 16
0407 16.
0474 16
12
0369 15.
0268 16
0498 18
0238 18
11.
12.
0227 14
0392 13
0420 16.
0390 19
0420 16.
0288 11
26
0277 16.
0425 20.
19
28.
25
.0253 25
.0847 23.
L0574 23
27
26.
.0412 23
.0227 25
25.
27
28
25.
26.
.0445 18
.0286 17
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Fe

30.
30.
30.
46.
30.
30.
30.
30.
30.
30.
30.
30.
30.
30.
30.
30.
29.
46.
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11.4
13.0
16.2
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Ni S Zn

34.8

34.6

33.8

34.7

0.0730 54.0

34.8

34.3

34.8

34.7

34.8

34.7

34.6

34.6

34.6

34.7

34.3

35.2

34.7

53.3

25.0 3.85

25.5 3.50

27.1 3.14
17.5 20.5
19.5 20.3
19.0 20.1

Ni Phb

11 0.0537
38 0.116
30 0.136
78 0.121
82 0.120
92 0.0764
84 0.136
14 0.0985
39 0.0979
34 0.0234
92 0.0686
37 0.0824
70 0.124
42 0.0695
13 0.0785
30 0.0784
34 0.0783
98 0.0742
54 0.0883
12 0.137
54 0.139
42 0.196
59 0.0547
19 0.172
58 0.0622
35
67
38 0.0531
08 0.127
835 0.121
36 0.0940
94 0.0721
05 0.0543
619 0.0772
03 0.0703
25 0.0698
50 0.0357
42 0.0224
44 0.0600
000 0.0794
59 0.103
10 0.100
32 0.108
19
849
30
35
o7 0.178
21 0.191

Sum

101
100

98.
99.

101
101

99.

100
100
100

99.

100

99.

100
100
100
101

99.

100
102
103
101

99.
99.
99.
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50
o7

.80

61
13
93
68
08
54
44
03
73
25
25
71
33

.41

10
63
98
74
35
23
71
01
29
79
37
30
93
69
81
65
02
11
25
23
35
54

.88
.47

22

.45

24
05
75
66
50
35
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Sum

100
100
99.6
98.3
100
101
100
100
100
100
101
99.7
100
101
101
100.0
100
101
101
100
99.8
99.1
100
99.3
99.8
101
99.9
101
101
98.8
101
101
101
102
101
101
101
101
101
101
101
99.8
101
101
102
101
101
101
99.9



Sample Min As S Cu Hg Co Sb Fe Ni Pb Zn Sum
Ral0_04_FE3m ten 7.02 25.4 39.4 2.94 0.0297 17.1 3.72 0.274 3.21 99.
Ral0_04_FE4m ten 8.30 26.4 40.7 1.88 0.0325 15.5 2.57 0.0646 4.81 100
Ral0_06_Py2 Py 0.0652 52.7 0.0303 0.166 0.0263 46.7 0.238 100.
Ral0_06_Py3 Py 2.02 50.9 0.0330 0.0639 45.0 0.298 0.192 98.
Ral0_06_Py4 Py 0.456 53.1 0.0289 0.0689 46.2 0.0407 0.161 100
Ral0_06_Py5 Py 0.266 53.3 0.0859 0.0820 47.1 0.0590 0.214 101
Ral0_06_Pycore0l Py 53.6 0.0449 0.0806 47.0 0.0852 0.195 0.0236 101
Ral0_06_Pycore0l Py 53.7 0.0536 0.0759 46.7 0.0914 0.180 101
Ral0_06_Pyrim01 Py 0.122 53.7 0.331 0.0869 46.9 0.0457 0.179 101
Ral0_06_Pycore02 Py 0.0518 52.8 0.0487 0.185 46.7 0.0399 0.202 0.0241 100
Ral0_06_Pycore03 Py 53.4 0.0797 47.4 0.188 101
Ral0_05_Pyl Py 53.3 0.248 0.0707 46.8 0.238 101
Ral0_05_Py2 Py 53.9 0.0685 0.0966 0.0494 43.9 1.87 0.213 100
Ral0_05_Py3 Py 54.2 0.0301 0.0700 47.0 0.125 101
Ral0_05_Py4 Py 53.1 0.0460 0.0596 44.0 2.15 0.207 99.
Ral0_05_Py5 Py 0.0234 53.6 0.0352 0.0741 46.8 0.196 0.0241 101
Ral0_05_Py6 Py 53.5 0.162 0.0760 46.9 0.191 101
Ral0_05_Py7 Py 53.8 0.0646 0.0649 47.0 0.159 101
Ral0_05_Py8 Py 53.7 0.0484 0.0733 47.8 0.206 0.0492 102
Ral0_04_pyl Py 52.0 0.149 46.9 0.200 0.145 99.
Ral0_06_Pyl Py 0.0799 53.7 0.0403 0.102 47.0 0.0260 0.173 0.0430 101
Ral0_04_CP1 cpy 34.8 34.2 0.0560 28.9 0.108 1.69 99.
Ral0_06_CP cpy 35.0 35.0 0.0444 29.4 0.121 99.
Ral0_06_CP2 cpy 0.0208 35.0 33.9 0.0513 29.9 0.107 99
Ral0_06_PyinclusCPO1 cpy 35.0 34.4 0.0475 30.1 0.129 99
Ral0_06_PyincCPO2 cpy 35.7 33.8 0.0487 31.0 0.147 101
Ral0_05_CPO1 cpy 35.0 35.1 0.0437 29.5 0.118 99
Ral0_05_CPO0O2 cpy 34.8 34.7 0.0412 29.7 0.169 99.
Ral0_05_CPO3 cpy 35.7 35.0 0.0389 29.7 0.159 101
Ral0_05_CPO04 cpy 35.3 34.9 0.0484 29.6 0.111 100.
Ral0_05_CPO5 cpy 0.0229 34.9 34.8 0.0356 30.0 0.116 99.
Ral0_05_CPO6 cpy 35.0 34.8 0.0383 0.0283 29.8 0.167 99.8
Zinkwand
Sample Min Bi Cu Fe Ni Co As Sb S Zn Phb Sum
ZW09_001 _apy01 apy 33.7 0.0880 46.3 18.3 0.140 100
ZW09_001 _apy02 apy 34.9 0.0280 0.412 44.1 0.129 19.5 0.0360 0.0440 99.1
ZW09_001_apy03 saf 20.7 2.49 5.34 69.7 0.0710 0.860 99.2
ZW09_001 _apy04 saf 18.1 2.63 6.95 69.2 0.599 0.0360 97.6
ZWO09_001 _apy05 saf 20.0 3.18 5.25 68.2 1.01 1.22 0.0390 0.139 99.0
ZW09_001 _apy06 saf 21.1 2.63 4.90 70.5 0.587 0.0210 99.7
ZWO09_001 _apy07 saf 20.1 3.29 4.82 70.1 0.565 0.597 99.5
ZWO09_001 _apy08 saf 19.7 3.16 5.73 69.9 0.315 0.516 99.4
ZW09_001 _apy09 saf 19.4 3.25 5.73 70.3 0.207 0.295 0.0570 99.3
ZWO09_001_apyl0 saf 17.9 3.51 7.00 70.3 0.146 0.572 0.0540 99.6
ZW09_001_apyll apy 31.7 0.108 3.08 47.3 0.0510 17.4 0.0920 99.7
ZW09_001_apyl2 apy 27.6 0.410 6.55 47.5 0.0740 17.2 0.134 99.4
ZWO09_001_apyl3 apy 290.1 0.315 5.39 48.2 0.185 16.5 0.126 99.8
ZW09_001_apyl4 apy 28.3 0.567 5.77 48.2 0.191 16.7 99.8
ZW09_001_apylh apy 32.5 0.0770 2.70 47.0 0.104 17.6 0.0310 0.127 100
ZW09_001_apyl6 apy 27.3 0.481 6.70 48.7 0.106 16.5 0.0870 99.9
ZW09_001_apyl7? apy 31.8 0.0880 2.85 47.1 0.0740 17.5 0.192 99.6
ZW09_001_apyl8 saf 17.7 3.49 7.20 69.9 0.345 0.664 99.3
ZWO09_001_apyl9 saf 18.8 3.50 6.14 70.0 0.594 0.490 99.6
ZWO09_001 _apy20 saf 18.0 3.36 7.04 69.9 0.443 0.452 99.3
ZW09_001 _apy21 saf 17.9 3.35 6.95 70.0 0.343 0.584 0.0220 99.1
ZW09_001_apy22 saf 19.2 3.22 6.01 69.9 0.351 0.423 0.0560 99.2
ZWO09_001 _apy23 saf 18.2 3.36 7.13 68.8 0.329 1.13 99.0
ZW09_001_apy24 apy 0.0220 26.6 0.575 7.20 48.3 0.149 16.5 0.0490 0.113 99.6
ZWO09_001_apy25 apy 27.6 0.627 5.95 48.4 0.194 16.5 0.0490 99.4
ZWO09_001 _apy26 apy 31.6 0.0760 3.04 46.9 0.0570 17.6 0.0340 99.4
ZWO09_001 _apy27 saf 17.6 3.35 7.35 70.0 0.298 0.609 99.2
ZW09_001 _apy28 saf 20.9 2.48 5.46 70.5 0.420 0.370 100
ZWO09_001 _apy29 saf 18.8 3.44 6.60 69.3 0.512 0.817 0.0210 99.5
ZW09_001 _apy30 apy 28.0 0.449 6.40 48.4 0.129 16.7 100
ZW09_001 _apy31 apy 33.0 0.0500 2.32 46.6 0.0870 18.2 0.0500 100
ZW09_001 _apy32 apy 0.0290 26.8 0.471 6.93 48.5 0.154 16.4 0.0980 99.4
ZW09_001 _apy33 saf 23.6 1.66 2.98 70.6 0.258 0.272 99.4
ZW09_001_apy34 apy 32.1 0.0790 2.59 47.3 0.0540 17.6 0.0710 99.8
ZW09_001_apy34 saf 0.0200 17.3 3.99 6.97 69.9 0.183 0.348 98.7
ZW09_001_apy35 apy 28.2 0.589 5.70 48.2 0.0880 16.5 0.132 99.3
ZW09_001_apy35 apy 27.8 0.446 6.24 48.6 0.173 16.1 0.0240 99.5
ZW09_001 _apy36 apy 27.2 0.395 7.40 47.8 0.170 16.7 0.0230 99.7
ZWO09_001_apy36 sku 2.25 1.17 17.2 78.5 0.0580 0.0750 99.3
ZWO09_001 _apy37 sku 2.11 1.20 17.5 78.4 0.0870 0.0770 99.4
ZW09_001 _apy38 saf 17.8 3.85 6.71 70.4 0.233 0.310 99.4
ZW09_001 _apy39 saf 17.7 3.84 6.73 69.9 0.302 0.298 98.8
ZW09_001 _apy40 apy 31.2 0.256 3.98 47.9 0.0380 17.0 0.0690 101
ZW09_001_apyd1l apy 27.7 0.723 6.19 48.9 0.141 15.8 0.0320 99.6
ZW09_001_apy42 sku 2.32 1.18 17.1 78.5 0.0680 0.124 0.0480 99.4
ZW09_001_apy43 sku 2.41 1.17 17.2 78.2 0.0540 0.131 99.3
ZW09_001_apy44 saf 17.5 4.02 6.71 70.2 0.291 0.330 99.2
ZW09_001_apy45s apy 32.0 0.153 2.74 47.2 0.0340 17.5 99.6
ZWO09_05 anl0 apy 30.8 0.180 2.18 48.5 18.3 100
ZWO09_05 anll apy 33.6 0.180 0.177 46.1 20.2 100
ZWO09_05 anl2 loe 22.3 1.60 3.12 72.4 0.866 100
ZWO09_05 anl3 apy 31.8 0.148 1.42 48.0 18.6 99.9
ZWO09_05 anl4 loe 22.5 1.53 2.92 71.9 1.22 100
ZW09_05 anlb apy 31.9 0.113 1.60 47.5 18.8 100
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Sample
ZW08_05 anl6
ZWO09_05 anl7
ZW08_05 anl8
ZW08_05 an2
ZW09_05 an3
ZW08_05 and
ZW08_05 an3
ZW09_05 an6
ZW09_05 an7
ZW09_05 an8
ZW09_05 and
ZW09_012-grA202
ZW09_012-grA203
ZW09_012-grA204
ZW09_012-grA205
ZW09_012-an02
ZW09_012-an03
ZW09_012-an04
ZW08_012-an09
ZW09_012-anl0
ZWO09_012-anll
ZW08_012-grAl
ZW09_012-grA2
ZW09_012-grA3
ZW09_012-grAd
ZW09_012-grAS5
ZW09_012-grA6
ZW09_012-grA201
ZW09_012-grB1
ZWO09_012-grB2
ZW09~ 012-grB3
ZWO00 012-grB4
ZW09_012-grB5
ZW09_012-grC1
ZW09_012-grC2
ZW09_012-grC3
ZW09_012-grC4
ZW09_012-grC5
ZW09_ 012-kon01
ZW09_012-kon02
ZW08~ 012-kon03
ZW09_012-kon04
ZW09_012-kon05
ZW098~ 012-kon06
ZW09_ 012-konO7
ZW09 14 1
ZW09_14 10
ZW00~ 14 11
ZW09 14 12
ZW09_14 13
ZW09 14 14
ZW09_14 15
ZW09_14 16
ZW09 14 17
ZW09_14 18
ZW09_14 19
ZWO09 14 2
ZW09_14 20
ZW00~ 14 21
ZW09 14 22
ZW09_14 23
ZW09 14 24
ZW09_14 25
ZW09_14 26
ZWO09 14 27
ZW09_14 29
ZW09 14 3
ZW09_14 30
ZW09 14 4
ZW09 14 5
ZW09 14 6
ZW09 14 7
ZW09 14 8
ZW09 14 9
ZWO09_017-an01
ZW09_017-an010
ZW09_ 017-an011
ZW09_017-an012
ZW09_017-an013
ZW09_017-an014
ZW09_017-an015
ZW09_017-an016
ZW09 017-an017
ZW09_017-an018
ZW09_017-an019
ZW09_017-an02
ZW09_017-an020
ZW09 017-an022
ZW09_017-an023
ZW09 017-an024
ZW09_017-an025
ZW09_017-an028

Min
loe
apy
loe
apy
apy
apy
apy
loe
loe
loe
loe
gdf
gdf
gdf
gdf
gdf
nic
gdf
gdf
nic
nic

gdf

Bi

0.687
0.422

0.292
0.745
0.591
1.89
1.75
1.08
0.414
0.0460
1.72
0.425

1.49
0.416
0.328

Cu

13.4
0.0880
13.4

13.7
13.6
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34.1
34.1
33.4
33.8
33.8
33.6
33.2
33.4
27.8
26.3
27.3
27.7
32.6
26.8
30.7
28.9
30.2
34.2
33.8
34.1
31.6
33.5
33.6
33.4
33.3
33.6
27.5
32.5
35.0

0.0390
0.0260
0.0270
0.0530

35.7

0.0340
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0962
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176
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96
65
45
0403

847
0610
92
89
12
95
66
39
04
54
39
0260
62
63
204
0780
49
40
42
03
48
70
37
21
40
19
62
21
63
16
81
33
64
76
47
36
66
61
71
10
300

0363
381

0265

0347
283
35
89
31
04
398
18
01
58
36
120

0517

.0469

171
92
743
112
0250

0740

.0200

0290

.0840
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70
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45
49
47
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45.1

44.4

Sb

23
25
44
10
20
o7
20
18
56
03
42
64
25
32
33
50
51
72
43
35
52
56
29
33
884
29
10
292
0550
262
248
396
0820
363
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1.47
18.3
2.71
20.1
19.8
17.6
18.5
0.941
1.13
1.52
1.53
9.80
10.3
10.1
10.5
10.3
0.0800
10.4
9.37
0.0560

10.8
10.2
10.3
9.64
10.4
9.32
9.87
9.70
10.3
10.5
9.89
11.9
10.5
9.41
9.60
9.68
9.63
12.2
0.373
0.306
11.7
0.283
0.487
11.9
19.1
20.6
21.0
20.5
20.4
20.2
20.5
18.8
20.7
17.9
16.0
16.5
17.4
19.4
17.4
19.3
18.0
19.4
21.2
20.4
20.9
19.0
20.2
20.3
20.6
21.0
20.5
17.7
20.1
20.0
18.4
20.8
19.0
19.8
20.4
13.4
17.5
19.1
18.0
17.9
20.4
18.4
18.3
31.4
16.8
20.3
19.2

Zn

0.0660

63.1
0.0220

Phb

43.2
0.0660
42.9
42.1
86.8
56.5
55.8
56.5
42.8
0.0820
55.8
42.8
0.0220
55.7
42.6
43.1
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Sample Min Bi Cu Fe Ni Co As Sb S Zn Pb Sum
ZWO09 _017-an027 gal 0.549 0.0200 0.126 12.1 86.7 99.5
ZW09_017-an028 gal 0.435 0.0620 0.0780 0.0290 12.5 85.9 99.0
ZWO09_017-an029 cpy 34.2 29.9 0.0400 0.0280 33.7 0.0570 0.0860 98.1
ZW09_017-an03 apy 0.0370 0.0310 35.3 0.0860 0.0550 45.5 0.0810 19.6 101
ZW09_017-an03 apy 0.0370 0.0310 35.3 0.0860 0.0550 45.5 0.0810 19.6 101
ZW09_017-an030 po 0.171 59.3 0.0230 0.0760 0.0730 37.9 97.5
ZW09_017-an031 tet 0.0240 37.9 5.35 1.10 28.8 26.4 2.29 102
ZW09_017-an032 po 0.186 0.0740 58.6 0.0270 0.102 0.0650 0.0330 39.7 98.7
ZW09_017-an033 tet 0.141 38.2 5.26 1.90 27.8 26.4 2.23 102
ZW09_017-an034 Py 0.0660 46.1 0.297 0.0890 49.9 96.5
ZW09_017-an035 cpy 0.0500 34.1 30.6 0.0440 0.0280 34.4 0.0690 99.3
ZW09_017-an036 po 0.120 0.341 59.3 0.0710 0.0680 0.0370 38.2 0.0390 98.2
ZWO09_017-an037 tet 0.128 38.2 5.38 1.88 27.3 25.2 2.03 0.0280 100
ZWO09_017-an04 apy 35.5 0.0400 0.0660 44.5 0.0580 20.0 0.0590 0.0300 100
ZW09_017-an05 apy 0.0570 35.3 0.0200 0.0770 45.5 0.0290 18.7 99.7
ZW09_017-an06 apy 35.3 0.137 0.0880 45.7 18.1 0.0340 0.105 99.4
ZW09_017-an07 sph 5.46 0.0330 0.0350 34.4 63.2 103
ZW09_017-an09 cpy 34.5 30.7 0.0270 37.0 0.0530 0.0510 102
ZW09 _020 apy 34.0 0.0403 45.1 20.1 99.3
ZW09 _020 apy 33.9 0.0626 45.6 19.8 99.4
ZW09 _020 apy 33.6 0.180 0.177 46.1 20.2 100
ZW09 _020 apy 33.2 0.0870 0.0610 47.2 18.5 99.0
ZW09 _020 apy 31.9 0.113 1.60 47.5 18.8 100
ZW09 _020 apy 31.8 0.148 1.42 48.0 18.6 99.9
ZW09 _020 apy 31.4 0.213 1.65 48.4 18.3 99.9
ZW09 _020 apy 30.8 0.180 2.18 48.5 18.3 100
ZW09 _020 apy 31.2 0.512 0.847 49.0 17.6 99.1
ZW09 _020 loe 23.5 1.41 2.45 70.1 2.71 100
ZW09 _020 loe 22.9 1.64 2.96 71.2 1.47 100
ZW09 _020 loe 22.9 1.51 3.12 71.8 1.52 101
ZW09 _020 loe 22.5 1.53 2.92 71.9 1.22 100
ZW09 _020 loe 22.4 1.59 2.95 72.2 1.53 101
ZW09 _020 loe 22.7 1.58 2.89 72.3 1.13 101
ZW09 _020 loe 22.3 1.60 3.12 72.4 0.866 100
ZW09 _020 loe 22.0 1.41 3.92 72.5 0.941 101
ZW09_021-anl0 apy 34.6 0.0580 47.1 0.126 17.1 0.0590 99.0
ZW09_021-anll loe 29.0 0.0530 72.4 0.456 1.09 0.0460 0.0370 103
ZWO09_021-anl2 loe 0.0350 28.6 0.102 72.4 0.905 102
ZW09_021-anl3 apy 35.1 0.0840 47.0 0.0880 17.5 0.0220 99.8
ZWO09_021-anld apy 0.111 35.2 0.0230 0.0440 47.1 0.0520 18.8 101
ZWO09_021-anlb apy 0.320 0.0260 34.9 0.0720 47.0 16.7 99.1
ZW09_021-anl6 apy 34.9 0.0230 0.0560 46.2 0.0810 18.2 0.0210 99.5
ZW09_021-anl7 apy 0.0250 0.0220 35.0 0.0210 0.0680 46.8 0.0990 16.5 0.0280 98.6
ZW09_021-anl8 loe 29.2 0.0370 72.0 0.981 0.0240 102
ZWO09_021-an2 apy 34.5 0.429 0.121 48.0 0.0200 16.1 99.2
ZWO09_021-an3 apy 34.8 0.191 0.202 47.5 0.0480 18.5 101
ZWO09_021-an4d apy 35.1 0.0460 0.114 45.9 19.2 100
ZWO09_021-anb apy 0.108 34.7 0.193 0.133 47.2 0.100 18.9 101
ZWO09_021-anb6 apy 0.0460 35.8 0.0440 0.0590 45.7 21.8 103
ZWO09_021-an7 apy 35.0 0.149 0.225 46.7 19.9 0.0390 0.0230 102
ZW09_021-an8 apy 0.0240 34.9 0.132 0.124 46.4 0.0770 18.8 0.0330 100
ZWO09_021-an9 loe 28.5 0.0330 0.0490 72.4 0.768 0.507 0.0530 102
ZW09_024-an01 gdf 2.26 30.0 1.97 54.1 1.39 12.1 102
ZW09_024-an02 gdf 2.06 29.3 2.12 53.4 1.43 12.7 101
ZW09 _024-an03 gdf 2.12 29.8 2.11 54.5 1.46 12.3 102
ZW09_024-an04 gdf 2.14 29.8 2.14 54.7 1.58 12.0 102
ZW09_024-an05 gdf 2.05 29.0 2.04 54.0 1.23 12.2 100
ZW09 _024-an07 gdf 1.42 29.5 1.80 56.1 1.57 10.8 101
ZW09_024an08 nic 0.154 45.1 0.107 53.1 2.55 0.0800 101
ZW09 _024an09 nic 0.0620 46.3 0.0330 53.7 2.50 0.181 103
ZW09_024an10 nic 0.0950 45.1 0.0360 53.5 2.51 0.106 101
ZW09_024anll gdf 1.52 30.5 1.56 54.6 1.58 11.6 101
ZW09_024an12 gdf 1.64 30.8 1.59 55.0 1.51 11.9 102
ZW09_024an13 nic 0.0260 45.1 0.0470 53.2 2.70 0.103 101
ZW09_024anl4 nic 0.0810 45.4 0.0420 53.5 2.53 0.0990 102
ZW09_024anls gdf 1.45 30.6 1.54 55.4 1.80 11.2 102
ZW09_024anl6 nic 0.142 45.1 0.0960 53.8 2.71 0.0570 102
ZW09_024an17 gdf 1.42 30.1 1.81 56.0 1.92 11.3 103
ZW09_024an19 nic 0.0840 46.2 0.118 53.7 2.40 0.0870 103
ZW09 _024an20 gdf 1.86 28.6 2.43 53.5 1.45 12.3 100
ZW09_024an21 nic 0.128 45.8 0.108 53.6 2.56 0.122 102
ZW09_024an22 gdf 1.81 29.7 2.27 54.2 1.38 12.5 102
ZW09_024an23 nic 0.146 44.7 0.109 53.4 2.43 0.102 101
ZW09_024an24 gdf 1.52 30.3 2.20 55.6 1.73 11.6 103
ZW09 _024-an27 nic 0.142 45.6 0.0730 53.5 2.48 0.0870 102
ZW09 _024-an28 nic 1.57 30.6 1.72 56.2 1.55 11.5 103
ZW09_024-an28 nic 0.0940 44.5 0.0860 53.5 2.71 0.111 101
ZW09_025-an30 apy 35.3 0.0560 45.5 0.148 20.0 101
ZWO09_025-an31 loe 29.0 0.0410 0.0410 71.5 1.67 102
ZWO09_025-an32 apy 35.0 0.0500 45.1 0.0760 19.8 100
ZW09 _025-an33 loe 28.6 0.0250 0.0580 72.8 0.475 0.447 102
ZWO09_025-an34 loe 28.4 0.0380 0.0330 72.9 0.411 0.199 102
ZWO09_025-an35 apy 34.9 0.0620 46.6 0.459 19.0 101
ZW09 _025-an36 loe 28.6 0.0200 0.0730 73.0 0.303 0.135 102
ZW09 _025-an37 apy 34.6 0.0710 46.2 0.0970 19.0 99.9
ZW09 _025-an38 loe 28.5 0.0620 72.2 0.728 0.418 102
ZW09_025-an40 loe 28.5 0.0370 0.0280 72.6 0.759 0.113 102
ZWO09_025-an4l loe 28.6 0.0620 0.0560 70.5 0.971 0.880 101
ZWO09_025-an42 loe 28.6 0.0390 0.0720 70.6 1.46 1.16 102
ZW09 _025-an43 loe 28.7 0.0580 71.1 0.113 1.02 101
ZWO09_025-an44 loe 28.6 0.0600 71.0 0.130 0.902 101
ZWO09_025-an45 loe 28.3 0.0460 0.0330 72.3 0.815 0.0990 102
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Sample Min Bi Cu Fe Ni Co As Sb S Zn Phb Sum
ZW09 _025-an50 loe 28.4 0.0420 71.4 1.60 0.844 102
ZWO09_025-an51 loe 28.7 0.0640 70.4 1.52 1.25 102
ZWO09_025-an52 loe 28.7 0.0380 70.6 0.0780 0.894 100
ZW09 _025-an53 loe 28.6 0.0340 0.0450 71.0 2.06 0.527 102
ZW09 _026-an03 apy 0.0800 35.2 0.174 0.0500 42.0 1.65 18.7 0.0270 97.9
ZW09 _026-an08 apy 35.1 0.0800 0.248 43.7 0.744 18.8 0.0300 98.6
ZWO09_026-an12 jam 5.41 0.0470 3.42 0.114 0.144 32.0 19.2 0.0230 39.9 100
ZWO09_026-anlb apy 35.2 0.743 0.194 43.0 0.0990 19.3 98.5
ZW09 _026-anl6 saf 14.0 18.0 4.10 43.6 0.0810 18.8 98.5
ZW09 _026-anl7 apy 0.0600 33.4 1.08 1.23 43.1 0.0980 18.5 0.0380 97.6
ZW09 _026-an18 apy 35.5 0.0460 0.0720 43.4 0.549 19.8 99.3
ZW09 _026-an19 apy 0.141 35.1 0.129 0.0730 41.6 2.34 19.4 98.8
ZW09 _026-an20 apy 0.0380 34.0 0.538 0.693 43.0 0.834 17.9 0.129 97.2
ZW09_028 apy 34.0 44.0 20.5 98.6
ZW09_028 apy 33.8 44.7 20.1 98.6
ZW09_028 apy 33.9 44.9 20.1 98.9
ZW09_028 apy 33.9 45.0 20.4 99.4
ZW09_028 apy 33.9 45.1 20.2 99.2
ZW09_028 apy 33.6 0.0277 0.0442 45.2 19.4 98.3
ZW09_028 apy 33.8 45.2 20.4 99.4
ZW09_028 apy 33.9 45.4 20.3 99.7
ZW09_028 apy 33.8 45.4 20.3 99.5
ZW09_028 apy 33.5 0.0618 45.8 19.8 99.1
ZW09_028 apy 33.9 0.0979 45.8 19.9 99.7
ZW09_028 apy 33.7 45.8 20.2 99.8
ZW09_028 apy 33.7 0.0503 45.9 19.8 99.3
ZW09_028 apy 33.8 0.0454 46.4 19.3 99.5
ZW09_ 028 apy 33.6 0.0343 46.5 19.1 99.2
ZW09_ 028 loe 27.5 0.0623 0.0415 69.1 2.26 99.0
ZW09_ 028 loe 27.9 0.104 0.0379 69.8 2.26 100
ZW09_028 loe 27.1 0.146 72.0 0.142 99.4
ZW09_ 028 loe 27.1 0.0623 0.0461 72.5 0.152 99.9
ZW09_ 028 loe 27.3 0.170 0.0901 73.1 0.130 101
TOsens
Sample Min As Sb Cu Co Pb Fe Ag S Zn Sum
T&sens
TS09_011_sulfol bou 0.0450 20.7 1.24 61.5 0.0650 0.0520 17.8 101
TS09_011_sulfo? bou 0.0510 20.8 1.28 61.5 17.7 101
TS09_011_sulfo4 bou 0.0200 21.0 1.26 62.0 17.6 102
TS09_011_sulfos bou 20.0 1.14 62.5 0.0310 16.7 100
TS09_01F _2ns02 bou 20.1 1.38 62.2 17.5 101
T309_01F _pbs03 bou 0.0450 20.5 1.45 61.6 17.3 101
TS09_011_sulfo3 bou 20.9 1.28 62.3 17.8 0.0240 102
TS09_011_sulfo2 bou 20.7 1.24 63.5 0.0410 17.9 0.0390 103
T309_011A_pbsO1 bou 25.8 56.7 0.205 18.4 2.24 103
TS09_011_sulfo9 gud 0.102 61.1 0.0470 0.128 27.7 15.4 105
TS09_011_sulfos8 gud 0.102 61.4 0.0390 0.131 27.7 0.0420 15.5 105
TS09_011_sulfio gud 0.144 60.6 0.0470 0.0710 28.4 15.7 0.0410 105
TS09_011_pbs05 gal 0.0560 86.0 13.6 99.7
TS09_011_pbs04 gal 0.126 86.2 0.0300 13.5 99.8
TS09_01F _pbs02 gal 0.444 86.3 0.290 13.5 101
TS09_011_pbs02 gal 0.156 86.5 0.0240 13.5 100
TS09_011_pbs07 gal 0.0460 0.0470 86.9 13.4 100
TS09_011_pbs08 gal 0.0540 87.0 0.0350 0.0350 13.4 101
TS09_01J_pbs05 gal 0.145 0.0210 87.1 13.5 101
TS09_01F _pbs04 gal 0.194 87.3 0.0200 0.135 13.5 101
TS09_01F _pbsO1 gal 0.155 86.7 0.0320 0.0260 13.4 100
TS09_011_pbs06 gal 0.112 86.4 0.0280 13.6 100
TS09_01F _pbs05 gal 0.256 85.5 0.125 13.2 0.0200 99.2
TS09_011_pbs09 gal 86.2 0.0280 13.3 0.0220 99.6
TS09_01J_pbs07 gal 0.0930 87.0 0.0490 13.5 0.0920 101
TS09_011_pbsO1 gal 0.126 86.7 0.0280 13.4 0.116 100
T309_01F_pbs06 gal 0.198 86.6 0.0410 13.3 0.120 100
TS09_01D_Pb304 gal 0.123 86.0 0.0450 13.3 0.128 99.7
TS09_01D_Pb303 gal 0.0960 87.2 0.0260 13.6 0.136 101
T309_01F _pbs07 gal 0.275 86.3 0.0360 0.0320 13.4 0.157 100
TS09_01_Pbs01 gal 0.0850 86.2 0.0430 13.4 0.159 99.9
TS09_01D_Pb305 gal 0.0460 86.5 13.5 0.203 100
T309_01F _pbs09 gal 0.165 86.8 13.5 0.268 101
TS09_011_pbs03 gal 0.0680 87.5 13.3 0.320 101
TS09_01D_Pbs02 gal 0.184 86.8 13.4 0.347 101
T309_01F_pbs08 gal 0.146 86.1 0.0240 13.3 0.425 100
TS09_01J_pbs08 gal 0.153 85.2 0.0440 13.4 0.483 99.3
TS09_01J_pbs06 gal 0.0840 86.2 13.4 0.505 100
T309_01F_pbsl0 gal 0.101 0.0240 85.8 0.0350 0.0420 13.6 0.599 100
TS09_01F _apy01 Py 1.39 0.262 0.288 46.0 52.0 100
TS09_011A_py05 Py 0.0690 0.277 47.8 53.4 0.0210 102
TS09_011A_ py04 Py 0.0210 0.0820 0.291 47.4 53.8 0.0820 102
TS09_011A_py02 Py 0.111 2.59 0.263 45.2 53.3 0.127 102
TS09_011A_ py01 Py 0.0920 3.53 0.170 43.7 53.2 0.183 101
TS09_011A_ py03 Py 0.0200 1.23 0.0880 46.6 53.3 0.729 102
TS09_011A_ zns01 sph 0.0460 0.126 4.91 33.0 59.7 98.0
TS09_011A_ 2ns04 sph 0.0580 5.88 33.2 59.8 99.3
TS09_01D2zns01 sph 0.0850 0.196 5.25 33.5 60.7 100
TS09_011A_ 2ns03 sph 0.0630 0.0800 5.82 33.4 60.8 100
TS09_011_2ns02 sph 0.0390 0.155 5.82 33.4 60.8 100
TS09_011_2ns01 sph 0.0320 0.0290 0.0890 6.07 33.3 60.9 101
TS09_01J_sph08 sph 0.0330 0.110 4.82 32.9 61.0 99.2
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Sample Min As Sk Cu Co Pb Fe Ag S Zn Sum
TS09_01D_ZnS05 sph 0.0390 0.184 4.67 33.3 61.2 99.
TS09_011A_ 2ns02 sph 0.0280 0.0640 0.103 5.75 33.5 61.2 101
TS09_011_2ns03 sph 0.0810 0.210 5.83 0.0230 33.2 61.2 101
TS09_01J_sph09 sph 0.0470 0.172 5.55 32.9 61.4 100
TS09_011A_ 2ns05 sph 0.0280 0.0280 0.0680 0.210 5.47 0.0210 33.3 61.5 101
TS09_01D_ZnS02 sph 0.0200 0.191 5.33 33.9 61.8 102
TS09_01D_ZnS03 sph 0.0990 0.106 5.44 33.9 61.9 102
TS09_01J_sphl0 sph 0.0320 0.218 5.58 33.3 61.9 101
TS09_011A_ 2ns06 sph 0.0310 0.0380 0.0530 5.37 33.2 62.0 101
TS09_011A_ 2ns07 sph 0.0470 0.0200 0.0310 0.231 5.21 33.3 62.0 101
TS09_01F _2ns03 sph 0.0280 0.0900 4.86 33.0 62.1 100
TS09_01F _zns01 sph 0.0270 4.55 33.3 62.6 101
TS09_01F _2ns05 sph 0.209 4.63 33.3 62.7 101
TS09_01F _2ns04 sph 0.0340 0.146 5.21 33.5 62.8 102
TS09_01D_ZnS304 sph 0.0800 4.48 33.4 63.0 101
TS509_01F_zns06 sph 0.0230 0.125 4.47 33.3 63.0 101
Erzwies
Sample Min Ag Cu Fe Co As Sb S Zn Pb Sum
ES09_018an01 gal 0.0280 0.0250 14.0 0.0680 88.5 103
ES09_018an05 gal 0.0310 13.8 89.1 103
ES09_018an01 gal 0.0390 13.7 88.5 102
ES09_018an06 gal 0.0470 0.0390 0.0410 13.5 88.8 103
ES09_018an04 gal 0.0530 13.8 88.4 103
ES09_018an01 gal 0.0740 0.0620 0.0480 13.4 87.3 101
ES09_009an4 gal 0.117 0.0710 0.0330 0.0240 13.6 0.110 88.4 102
ES09_009an3 gal 0.0780 0.0820 13.7 0.0250 88.3 102
ES09_009an10 gal 0.0480 0.110 13.6 0.0330 89.2 104
ES09_ 009an09 gal 0.152 13.7 89.1 103
ES09_018an09 gal 0.324 0.169 0.194 13.8 88.6 103
ES09_009an8 gal 0.0400 0.203 0.175 13.4 88.9 103
ES09_018anll cc 69.0 1.08 0.0270 18.7 0.0260 9.52 98
ES09_018an10 cc 0.0890 72.1 1.22 19.2 0.0440 7.16 100.
ES09_009an5 sph 0.0350 2.04 0.0380 0.0520 33.6 63.2 99.
ES09_ 009 sph 0.0360 2.18 0.295 33.9 62.2 99
ES09-002__Pb302 gal 1.41 0.0250 0.0490 13.5 83.7 98.
ES09_022C_pbs01 gal 0.947 0.0540 0.0540 13.5 0.0470 83.2 97.
ES09_018an07 gal 0.267 0.0750 0.0940 13.4 0.0790 88.8 103
ES09_22D_pbs01 gal 1.96 0.355 14.0 81.6 98.
ES09_022A _ pbs02 gal 0.563 0.401 0.0380 0.0350 13.6 85.5 100
ES09-002_sulf01 apy 36.2 0.0670 40.8 22.3 0.160 99.
ES09_022A _apyll apy 36.3 0.0610 41.7 0.0220 21.9 0.0990 100
ES09_022A _ apy01 apy 36.3 0.0520 42.5 21.6 0.0230 101
ES09_022C_apyl6 apy 36.4 0.0400 42.4 21.5 0.0240 100
ES09_022A apy06 apy 36.5 0.0690 41.9 0.0280 22.0 0.108 101
ES09_022C_apy04 apy 0.0240 36.5 0.0400 42.4 21.7 101
ES09_022C_apyls apy 36.6 0.0650 41.8 0.0260 22.2 0.0800 101
ES09_22D_apy08 apy 36.7 0.0550 41.7 0.0310 22.1 101
ES09_022C_apy20 apy 0.0260 36.7 0.0640 41.6 0.0380 22.0 0.108 101
ES09_022C_apyl7 apy 36.7 0.0470 42.2 22.1 0.108 101
ES09_022A apy04 apy 0.0200 36.7 0.0700 42.5 21.7 0.0700 101
ES09_22D_apy04 apy 36.7 0.0660 41.5 22.0 0.105 100
ES09_022C_apy05 apy 36.8 0.0690 40.8 22.7 0.154 101
ES09_022A apyl2 apy 36.8 0.0600 42.7 21.9 0.0460 102
ES09_22D_apy01 apy 36.8 0.0750 41.9 0.0360 21.7 0.105 101
ES09-002_apyl0 apy 36.9 0.0510 41.6 22.0 0.0320 101
ES09_022A _ apy09 apy 36.9 0.0650 41.6 22.2 0.0310 0.128 101
ES09_22D_apy03 apy 36.9 0.0590 41.9 0.0450 22.1 0.126 101
ES09-002_apy03 apy 36.9 0.0660 40.4 0.0340 22.6 100
ES09-002_apy06 apy 36.9 0.0560 40.9 0.0460 22.5 0.0250 0.126 101
ES09_022C_py05 apy 36.9 0.0830 42.3 21.8 0.0920 101
ES09_22D_apy06 apy 37.0 0.0450 42.4 21.7 0.0470 101
ES09_022A apyl3 apy 37.0 0.0510 42.4 21.8 0.0410 101
ES09_022A _ apy05 apy 37.0 0.0570 40.7 0.0430 22.9 0.0470 101
ES09-002_apy08 apy 37.0 0.0480 42.4 0.0290 21.6 0.0360 101
ES09_022A apyls apy 37.0 0.0720 42.2 22.1 0.0850 101
ES09_022C_apyl0 apy 37.0 0.0440 42.0 21.8 0.107 101
ES09_022C_apy09 apy 37.1 0.0500 41.6 22.4 0.0980 101
ES09_022A apyl0 apy 0.0270 37.1 0.0630 42.0 22.1 0.195 101
ES09_022A apy07 apy 37.1 0.0630 41.6 22.5 0.0430 0.131 102
ES09_022A apy08 apy 37.1 0.0730 42.0 21.8 0.0770 101
ES09_022A apy03 apy 37.1 0.0610 42.7 21.5 0.0850 102
ES09-002_apy04 apy 37.1 0.0620 40.7 22.6 0.0860 101
ES09-002__apy05 apy 0.0250 37.2 0.0670 41.0 22.5 0.0250 0.0620 101
ES09_022A apyl4d apy 37.2 0.0590 42.3 0.0290 21.7 101
ES09_22D_apy05 apy 37.2 0.0660 41.2 22.7 0.127 101
ES09-002_apy02 apy 37.2 0.0630 41.1 0.0570 22.5 101
ES09_22D_apy02 apy 37.2 0.0650 41.5 22.3 101
ES09-002_apy07 apy 37.2 0.0580 42.2 0.0270 22.1 0.0630 102
ES09_022C_apy01 apy 37.3 0.0470 41.0 22.5 101
ES09_022C_apyll apy 37.3 0.0650 42.0 0.0470 22.0 101
ES09_22D_apyl0 apy 37.3 0.0740 40.9 0.0280 22.7 0.0330 101
ES09_022C_apyl8 apy 37.3 0.0670 41.2 22.8 0.0210 0.0640 102
ES09_022C_apyl9 apy 0.0200 37.3 0.0500 42.0 0.0640 22.3 0.0520 102
ES09_22D_apy09 apy 37.4 0.0850 40.8 22.6 0.0960 101
ES09-002_apy01 apy 37.4 0.0530 41.8 21.9 0.171 101
ES09_022C_apy06 apy 37.4 0.0460 41.8 22.3 0.0730 102
ES09_022C_apy02 apy 37.4 0.0520 42.2 22.1 0.0260 0.0400 102
ES09_022C_apyl4 apy 37.4 0.0600 42.1 22.1 0.0490 0.0580 102
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