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ABSTRACT

Brittle fault rock samples from carbonate shear zones along the Salzach-Ennstal-Mariazell-Puchberg fault system (SEMP) have been
analysed using cathodoluminescence microscopy (CL), microprobe analysis and stable isotope composition. The combination of these
analytical methods provides an insight into comminution processes and fluid chemistry. The reconstruction of the evolution of fluid che-
mistry leads to a chronological classification of five fluid phases with respect to fluid chemistry, CL behavior and related structural pro-
cesses. Initial cataclasis is accompanied by dedolomitization processes along crystal borders and intragranular fractures (Phase P1).
Subsequent fluid precipitation phases (P2-P5) are characterized by variable Fe- (and Si-content) and therefore variable CL behavior.

Microprobe element mappings support the discrimination of Fe-bearing, non luminescent phases and Ca- and Mn- bearing fluids
with bright luminescent calcite precipitations. Fe-bearing carbonates and Fe-hydroxide precipitation indicates fluid circulation in dee-
per parts of the stratigraphic sequence. These fluids are assumed to be derived from underlying clastic sequences of the Werfen
Formation. Stable isotope signatures (6"°C and &"0) indicate mainly meteoric origin of penetrating fluids and variable amounts of
fluids in the fault zone.

Kataklastische Stérungsgesteine aus karbonatischen Stérungszonen entlang des Salzach-Ennstal-Mariazell-Puchberg Stérungs-
systems (SEMP) wurden mittels Kathodolumineszenzmikroskopie (CL), Elektronenstrahl-Mikrosondenanalyse and Massenspektro-
metrie fur stabile Isotope untersucht. Die Kombination dieser Analysemethoden erlaubt eine detaillierte Analyse der Prozesse der
Deformation und der dabei beteiligten Fluide. Die chemische Analyse der aus fluiden Phasen ausgefallten Zemente erlaubt eine
chronologische Kilassifikation in finf Entwicklungsstufen beziiglich Fluidzusammensetzung, CL- Mikrostrukturen der ausgefallten
Zemente, und den entsprechenden strukturellen Prozessen. Beginnende Kataklase wird von Dedolomitisierung entlang einzelner
Kristalloberflachen und intragranularer Briiche begleitet (Phase P1). Nachfolgende Entwicklungsstufen (P2 bis P5) sind durch
unterschiedlichen Fe- (und Si-) Gehalt der Fluide, und in weiterer Folge durch entsprechend variierende CL- Mikrostrukturen
gekenzeichnet.

Elementverteilungsmuster bestatigen die Diskriminierung von Fe- fihrenden, nicht lumineszierenden Phasen von Ca- und Mg-
haltigen, lumineszierenden Zementfallungen. Fe- fihrende Karbonate und Fe- Hydroxidfallungen weisen auf die Zirkulation von
Fluiden durch tiefer liegende Formationen hin, und auf eine Wechselwirkung dieser Fluide mit klastischen Sequenzen der Werfen
Formation. Signaturen stabiler Isotope (§°C and 8"0) zeigen, dass die wéssrigen Lésungen hauptséchlich meteorischen Ursprungs
sind, und dass die Fluidpenetration in die Stérungszonen zeitlich variiert hat.

1. INTRODUCTION

The approach to investigate paleo-fluid flow and fluid che-
mistry in fault zones is variable since lithology of the host
rock, deformation mechanisms (brittle, brittle/ductile, ductile)
and the structural evolution of a fault zone are decisive for
potential pathways for fluid flow (e.g. Marquer and Burkhard,
1992; Sample et al., 1993; Conti et al., 2001; Cello et al. 2001b;
Abart et al. 2002; Bellot, 2007; Billi et al., 2007; Gabrielov et
al., 2007; Fitz-Diaz et al., 2011). Besides structural analysis
of fault zones and macroscopic investigations, micro-structural
and geochemical analyses are essential for studies on fluid
flow and fluid chemistry. Hence, our selection of analytical
methods primarily comprises petrographic- and cathodolumi-
nescence microscopy, stable isotope analysis, fluid inclusion

analysis and determination of major and trace elements by
variable analytical methods (e.g. Bustillo et al., 1992; Janssen
et al., 1998; Caine and Foster, 1999; Cello et al., 2001; Cello
et al.,, 2001b; Pili et al., 2002; Marfil et al., 2005; Micarelli et
al., 2005; Barker Shaun et al., 2006; Hausegger et al., 2010).

This study is based the structural investigations and expends
from results described by Hausegger and Kurz (2013) and
comprises multiple analytical methods in order to obtain a
semi-quantitative assessment on changing paleo-fluid che-
mistry in brittle carbonate shear zones during continuous shear.
Microscopic analysis (petrographic microscopy and cathodolu-
minescence) are combined with microprobe analysis (back-
scattered electron images and element mappings) and stable



isotope analysis. Data from X-ray diffraction and ICP OES
supported the interpretation of microscopic and geochemical
data. This combination led to a chronological sequence of (1)
changing paleo-fluid chemistry and (2) related deformation
and fluid-rock interactions, respectively.

2. GEOLOGICAL SETTING

Investigated sites are located in the southernmost part of
the Northern Calcareous Alps (Fig. 1). These Mesozoic units
overly the Greywacke Zone (e.g., Mandl, 2000; Bauer, 1998;
Schmid et al., 2004) which is characterized by a Palaeozoic
volcanic-sedimentary sequence. The study sites are located
within the Murzalpen nappe which comprises Mesozoic cover
sequences of Permian to Lower Triassic clastic terrigenous
sediments at the base, overlain by massive platform carbo-
nates (e.g., Mandl, 2000). The tectonic evolution of the Nor-
thern Calcareous Alps is characterized by multiple phases of
nappe stacking from the Late Jurassic to the Early Cretace-
ous (e.g., Frisch and Gawlick, 2003), and Late Cretaceous
shortening associated with tear fault- related pull apart basins
(Wagreich and Decker, 2001).

Post-collisional lateral extrusion and eastward displacement
of the southern parts of the NCA in the Late Oligocene to
Middle Miocene generated E-W to NE-SW oriented sinistral
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strike-slip faults (Linzer et al., 1997; Wang and Neubauer,
1998; Frisch et al., 1998, 2000). This evolution can be sub-
divided into several sub-events associated with the develop-
ment of new fault planes and fault re-activation, and with va-
riable principal stress orientations at a regional as well as a
local scale. A sequence of the evolution of fault zones and the
related deformation structures and stress orientation within
the NCA was elaborated by e.g. Decker et al. (1994), Linzer
et al. (1995, 1997, 2002), Decker and Peresson (1996), Pe-
resson and Decker (1997), and Ortner (2003).

Conjugated strike-slip fault sets and (N)NE-directed reverse
faults characterize a first deformation stage (D3 after Decker,
2002). Subsequent transtensional deformation events (D4 and
D5 after Decker, 2002) are mainly characterized by re-activa-
tion of pre-existing fault planes. E-W compression in post Mid-
dle Miocene times regionally reactivated prior established fault
systems (Decker et al., 1994; Decker and Peresson, 1996;
Linzer et al., 1997; Peresson and Decker, 1997).

The most distinct structural feature in the Eastern Alps is the
sinistral Oligocene-Miocene Salzach-Ennstal-Mariazell-Puch-
berg [SEMP] fault system (e.g. Ratschbacher et al., 1991;
Decker et al., 1993; Decker and Peresson, 1996; Wang and
Neubauer, 1998; Frisch et al., 2000; Schmid et al., 2004;). The
fault system extends over 400 km from the Northern margin
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FIGURE 1: Tectonic map of the Eastern Alps displaying the Paleogene to Neogene fault system (after Linzer et al. 2002). The sites discussed in this
contribution (see marked areas) are located along the Salzach-Ennstal-Mariazell-Puchberg fault (SEMP) (see Fig. 2). PF=Peijo fault; PLF =Palten — Lie-
sing fault; P6F=Pdls fault; G6B=Gdriach basin; PaB=Parschlug basin; SeB=Seegraben basin; FoB=Fohnsdorf basin; ObB=0Obdach basin; TaB=Tams-
weg Basin; TrB=Trofaiach Basin; LaT=Lavanttal Basin; KaT=Kainach Gosau Basin; KrT=Krappfeld Gosau Basin.



of the Tauern Window to the Vienna Basin (Fig. 1) and shows
a maximum displacement of up to 60 km (Linzer et al., 1997,
2002). The central and eastern parts of the SEMP fault sys-
tem exhibit brittle deformation over a broad segmented shear
zone (Frisch et al., 2000; ; Linzer et al., 2002; Hausegger et
al.,, 2010) that is mainly localized along the southern margin
of the NCA. In addition to this major fault zone numerous sub-
parallel E-W to NE-SW striking faults developed simultane-
ously, also within the NCA.

3. SITE DESCRIPTION

This study focuses on three different sites in the Ladinian
Wetterstein-limestone/ -dolomite units of the Murzalpen nappe
(Fig. 1, 2). At the studied sites the northern margin of the Mirz-
alpen nappe is transsected by the SEMP fault system (Fig. 1).
The sites are characterized by fault zones subparallel to the
main SEMP fault system as well as conjugate faults with va-
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rious orientations and displacements (Hausegger and Kurz,
2013). Site Haindlkar is located in the Gesause Mountains
and directly affected by the Ennstal/Gesause fault, a segment
of the SEMP fault system. Brandwald and Folz represent the
eastern part of the study area on the southern side of the
Hochschwab massif (Fig. 1, 2).

3.1 STRUCTURAL EVOLUTION

Nomenclature of structural elements follows common classi-
fications (following e.g. Caine et al., 1996; Caine and Foster,
1999; Billi et al., 2003; Kim et al., 2004; Faulkner et al., 2010)
and discriminates between host rock, damage zone, transition
zone and fault core. Fault type classification and particle ana-
lysis were adopted from Hausegger and Kurz (2013), who de-
scribe a continuous fault zone evolution due to increasing dis-
placement from initial fault type Il over fault type Il to mature
fault type | (Fig. 3).
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FIGURE 2: Digital Terrain Model (DTM) with overlaying geological map and sample locations of (a) site Haindlkar, (b) site Brandwald and (c) site Folz
(modified after Hausegger and Kurz 2013). Indication of sample locations (Tab.1) is sub-divided in ,host rock®, ,clasts®, ,matrix“ and ,cement“-samples.

Only fault zones that were identified in the field are displayed.
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FIGURE 3: Conceptual cross sections of classified fault types (modified after Hausegger and Kurz 2013). (a) Fault type | (exclusively in main fault
orientation and suitable thickness of more than 1m) is characterized by a complex internal fault core structure, composed of several domains of cata-
clasites, host rock lenses and internal fault planes (slickensides). (b) Fault type Il shows an advanced state of fault core segmentation (shear bands
and internal fault planes/slickensides) and thickness from 20 to 100 cm. (c) Fault type lll is classified as uniform and solitary cataclasite layer with
thicknesses less than 20 cm. All fault core cataclasites are composed of comminuted fragments (clasts) in a very fine-grained matrix of pulverized
host rock (dolomite) and variable amount of secondary calcite.

FIGURE 4: (a) Plane-light, (b) cross-polarized light and (c) CL image of a dolomite fault core cataclasite from site Haindlkar (sample G7). (d) Plane-
light, (e) cross-polarized light and (f) CL image of a damage zone rock sample from site Haindlkar (sample H4). Parent rock material is dolomite (‘Dol’)
with secondary calcite fillings and dedolomitizised crystal rims and matrix material (‘Cc,’).



FIGURE 5: BSE image of (a) fault core cataclasite (sample G7), (b) damage zone (sample H4) and (c) detailed image of a damage zone calcite
vein. In BSE images calcite is shown in bright grey to white and dolomite in dark grey colors. (d-f) Mapping of Ca content. (g-i) Mapping of Mg content.
(j) Compiled element mapping of Si and Al of sample G7 (fault core cataclasite). (k, I) Fe mapping of sample H4 (damage zone) showing slightly in-
creased Fe contents which quenches CL in areas of secondary calcite. All samples from site Haindlkar.



Fault type | is characterized by the most complex internal fault
core structure. Several domains of cataclasites, distinct shear
zones and relictic lenses of damage zone material are bordered
by internal fault planes or gradual transition zones to adjacent
domains. Cataclasite domains exhibit a wide range of particle

size distributions, maximum particle size (F,,,, from 2,5 to 13 mm)

and matrix/clasts area ratios (matrix area from 55 to 90%). Type
| fault cores reach widths of several 10’s of meters (Fig. 3 a).
Fault type Il represents an intermediate stage of development
from fault type lll (thin solitary cataclastic layers) towards fault
type |. Type Il fault cores are classified by an advanced internal
segmentation of one to several shears and thicknesses up to
100 cm (Fig. 3 b). Fault core cataclasites show bulk proportion
of matrix between 50 and 85% with a maximum clast diameter
of 14 mm. Fault types | and Il are configured in typical asym-
metric cross sections. Fault cores are bordered by at least one
master fault plane and, in some domains along strike, a variable
transition zone towards the damage zone. Progressive fault de-
velopment from Fault type Il to Fault type Il and Fault type | is
limited to fault orientations that provide high or maximum shear

stress (T,...) along the fault plane (Hausegger and Kurz, 2013).

max)
The thicknesses of fault cores, between planes of high to maxi-
mum shear stress concentration, reflect the main amount of dis-
placement along the shear zone and mark the main fault orienta-
tion on each site. The investigated fault zone development pro-
ceeds according to Mohr-Coulomb fracture evolution described
from Riedel type experimental configurations. The evolution of
these cataclastic fault cores is depending on orientation with

respect to principal stress axis as wellas pre-existing and pre-

dominant structures (Hausegger and Kurz, 2013).

500um

4. METHODOLOGY AND SAMPLE PREPARATION

Coincidentally to field data acquisition and structural analysis
(Hausegger and Kurz, 2013), oriented samples from all struc-
tural elements (host rock, damage zone and fault core) of
fault zones were taken at the study sites described above
(Fig. 2). Cubes of hand samples with an average edge length
of 10 to 15 centimeters were cut out with a power saw in order
to get sufficient sample size without destruction by hammer
stroke or a drilling bit. Where possible, fault core and damage
zone domains were sampled within one cube; otherwise, the
distinct domains were sampled separately along strike. In-co-
hesive and highly fractured specimens were stabilized with
synthetic resin. All samples were saw-cut into several sections
with respect to the orientation of the related fault zone, i.e. per-
pendicular to the fault piane and parallel to the slickensides,
coated with clear lacquer and scanned in high resolution
(600dpi) using a CCD flatbed scanner for further image and
particle analysis (Hausegger and Kurz, 2013). Thin-sections
for petrographic microscopy, as well as polished and carbon-
coated thin sections for cathodoluminescence- and micro-
probe analysis were prepared at the University of Graz, Ins-
titute of Earth Sciences were.

Powder samples for stable isotope analysis were categorized
as “host rock”, “clasts” (cataclasite particles), “matrix” (mainly
comminuted dolomite) and “calcite cement”. In order to mini-
mize cross contamitation of clasts and embedding material
two different sampling methods were conducted. (1) In fine
grained cataclasites (clasts less than 6 mm in diameter)clasts
and matrix material have been seperated by hand using a
steel needle under an illuminated magnifier and subsequently

FIGURE 6: (a) Plane-light, (b) cross-polarized light and (c) CL image of a fault core cataclasite from site Brandwald (fault type II; sample B8). (d)
Plane-light, (e) cross-polarized light and (c) CL image of the main fault core cataclasite from site Brandwald (fault type I; sample B11). Parent rock ma-
terial is dolomite (‘Dol’) with secondary calcite fillings, dedolomitizised crystal rims and matrix material (‘Cc,’) as well as subsequent calcite veins (‘Cc2’).
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FIGURE "7: BSE image of (a) fault core cataclasite (fault type II; sample B8), (b) fault core cataclasite (fault type |; sample B11) and (c) detailed
image of a calcite vein in fault type | cataclasites. Calcite and Fe-rich vein fillings (a) are shown in bright grey to white and dolomite in dark grey co-
lors. (d-f) Mapping of Ca content. (g-i) Mapping of Mg content. (j-I) Compiled Fe-Mn mappings express areas of increased Fe-content (brighter areas
and veins). All samples from site Brandwald.



pulverized in an agate mortar. (2) Powder samples of cata-
clasites with bigger clasts and sufficient matrix ratio were col-
lected with a micro-drilling gear.

5. RESULTS

5.1 SITE HAINDLKAR

At this site, subhorizontally bedded Wetterstein limestone
and dolomite (Ladinian) is trans sected by subvertical faults
with a general (WS)W — (EN)E trend. These main faults show
sinistral displacement and are associated with conjugate NNW
— SSE striking dextral faults (Fig. 2). Fault core cataclasites
from the major fault zone at site Haindlkar (fault type |) are
composed of dolomite components embedded in a fine grai-
ned matrix of comminuted dolomite (Fig. 4 a, b). Cathodolu-
minescence analysis (Fig. 4 c) exhibits typical dull to dark red
colors for dolomite components. Distinct bright red lumines-
cence is visible along crystal borders and intra-granular frac-
tures, respectively. Though the matrix material is dolomite, lu-
minescence along crystal borders causes bright red lumine-
scence of areas composed of fine grained matrix material.

Damage zone samples of minor faults, sub-parallel to the
main fault direction (fault type Il) are characterized by calcite
veins and pore fillings in a dolomite host rock (Fig. 4 d-f). Ana-
logue to fault core cataclasites (Fig. 4 a-c), the dolomite parent
rock material shows dull red luminescence, whereas bright

red colors are concentrated along crystal borders and intra-

granular fractures, respectively. Secondary calcite pore fillings
offer no luminescence and stay dark (Fig. 4 f).

Microprobe analysis, BSE images as well as element map-
pings of described samples (Fig. 5) support the observations
from optical microscopy and CL. The matrix of the fault core
cataclasite (Fig. 4 a-c) consists of comminuted dolomite mate-
rial derived from the parent rock (Fig. 5 a). Element mappings
of Ca and Mg show a slight decrease of Mg along crystal bor-
ders and intra-granular fractures (Fig. 5 d, g). Subsequent to
brittle deformation/comminution of dolomite host rock, conti-
nuous shear resulted in the development of a cataclastic shear
zone (Fig. 5 a, d, g, j). The compiled map of Si and Al distri-
bution (Fig. 5 j) underlines this feature and classifies this de-
formation band and matrix as area of increased Si content.

The parent rock material of the investigated damage zone
shows similar composition of Ca and Mg with respect to the
fault core cataclasite (Fig. 5 e, f, h, i). However, pore volumes
and fractures are filled with secondary calcite with almost no
Mg (Fig. 5 e, f). In element mappings of Fe (Fig. 5 k, 1) a slight
increase of Fe is visible in calcite fillings, which is responsible
for quenched luminescence of these areas (Fig. 4 f).

5.2 SITE BRANDWALD

At Brandwald, moderately southward dipping Wetterstein
limestone and dolomite (Ladinian) is transsected by subverti-
cal faults with a general SW — NE trend with sinistral sense of
shear. These main faults are associated with conjugate NW-

FIGURE 8: (a, d) Plane-light, (b, e) cross-polarized light and (c, f) CL image of an ultracataclasite from site F6lz (samples EA1, EA2). (g) Plane-
light, (h) cross-polarized light and (i) CL image of a fault core cataclasite from site Félz (sample R14). Parent rock material is dolomite (‘Dol’). Dedo-
lomitizised material and vein fillings (‘Cc,’), quartz filled veins (‘Qz,’) and subsequent calcite veins (‘Cc, and Cc,’) are distinguished.
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FIGURE 9: BSE image of (a, b) ultracataclasite (samples EA1 and EA2) and (c) fault core cataclasites (sample R14). Calcite (Ca) is shown in
bright grey to white and dolomite (Mg) in dark grey colors. (d-f) Mapping of Ca content. (g-i) Mapping of Mg content. (j, k) Compiled element mapping
of Si, Fe and Mn of ultracataclasite samples EA1 and EA2 showing constant Mn distribution (dark) and increased Fe- (gray) and Si- (bright grey) con-
tent in the outer rims of calcite filled veins and in intergranular pore volume. (I) Compiled Fe-Mn mapping of cataclasite sample R14. Mn shows con-
stant distribution, whereas Fe content in calcite areas is very low. All samples from site Folz.



SE and N -S striking dextral faults (Fig. 2). At this site samp-
les from two different fault core cataclasites were analyzed.
Minor fault type Il cataclasites (Fig. 6 a-c) consist of dolomite
components in a very fine grained dolomite matrix. Subse-
quent fractures and pore volumes are partly filled with secon-
dary calcite and Fe-hydroxides. CL shows typical dark to dull
red luminescence colors of dolomite components. As already
described at site Haindlkar crystal borders and intra-granular
fractures exhibit bright red luminescence. Hence, the matrix
area, composed of very fine grained dolomite, appears like an
almost continuous area of bright luminescence.

Fault core cataclasites from the main fault zone at site Brand-
wald (fault type 1) also consist of dolomite components and
comminuted, fine grained matrix material (Fig. 6 d, e). Addi-
tionally calcite cement and vein fillings are dominant in this
sample (Fig. 6 d-f). In CL images (Fig. 6 f) dolomite compo-
nents and matrix areas show dull red luminescence but appear
slightly brighter than components in Fig. 6 c. Bright red lumi-
nescence is visible along crystal borders and intra-granular

10Bpm

fractures but also in irregular shaped areas inside dolomite
components. Calcite cements and vein fillings stay dark under
the bombardment of the hot cathode (Fig. 6 f).

Element mappings and BSE images of cataclasites from mi-
nor faults (Fig. 7 a, d, g, j) underline impressions from optical
microscopy and CL. Components as well as comminuted ma-
trix material mainly consist of dolomite. Element mappings of
Ca and Mg support results from CL analysis and express a
decrease of Mg along crystal borders and intra-granular frac-
tures (Fig. 7 d, g). Compiled Fe-Mn mappings (Fig. 7 j) clearly
indicate Fe-bearing (Fe-hydroxide) vein fillings in intra- and
inter-granular fractures and crystal borders.

Derived from the same dolomite parent rock material, fault
type | cataclasites can be distinguished by the presence of cal-
cite cement and calcite vein fillings in intra-granular fractures
(Fig. 7 b, c). Similar to minor faults (Fig. 7 a) a decrease in Mg
is detected along crystal borders (Fig. 7 e, h, k) as well as Fe-
rich crack fillings. However, Ca-(calcite) cement and vein fil-
lings (Fig. 7 e, f) differ this cataclasite type from type Il fault

Cc,

Mn-enriched

FIGURE 10: (a, c) BSE image of a secondary calcite vein in ultracataclasite sample EA1. Dolomite clasts (‘Dol’) are embedded in de-dolomitized
material (‘Cc,’). Calcite vein Cc, strikes through former quartz veins (‘Qz,’) and exhibits internal zonation, showing bands of increased Mn content. (b)
Combined element mapping of Si, Mn and Fe illustrates Mn enriched bands and quartz precipitation in veins and intergranular pore space. (c) Detailed
image of the upper rim of the calcite vein. (d) CL image clearly illustrates the bright luminescence of Mn-enriched bands. Dedolomite domains show

darker luminescence colours. Quartz rich areas stay dark.



core samples in Fig. 7 a, d, g, j. Compiled Fe-Mn mappings ex-
hibit slightly increased Fe-contents in areas of calcite cements
and fillings (Fig. 7 k, I). This change in Fe-content is manifes-
ted in the missing luminescence of this calcite generation.

5.3 SITE FdLz

Former structural analysis (Hausegger and Kurz, 2013) iden-
tified this site as fault zone with a complex structural evolu-
tion. NW — SE trending, subvertcal dextral fault zones cross-
cut Wetterstein limestone and dolomite, Gutenstein limestone
and dolomite (Anisian) as well as the underlying Permian to
Scythian clastic Werfen formation. Antithetic NE-SW trending
strike-slip fauts are situated within Wetterstein limestone and
dolomite (Fig. 2). Investigated fault cores from site Fdlz con-
sist of ultracataclasites (Fig. 8 a — f) and cataclasites (Fig 8 g-
i), both derived from dolomite host rocks.

Ultracataclasites are built up by dolomite components, par-
ticle diameter from 10 to 50 pym, embedded in a fine grained
calcite matrix (Fig. 8 a, b, d, e). Bands of dolomite components
and calcite define a layered internal structure. Vein fillings show
a distinct zonation of quartz along the rims and calcite inside
the vein (Fig. 8 a-f). Quartz-rich areas stay dark in CL, where-
as dolomite components exhibit typical dull red luminescence.
Calcite, whether cement/matrix or vein fillings, glares in bright
red colors. Furthermore, CL exposes an internal zonation of
calcite vein fillings, represented by small bands of brighter lu-
minescence towards quartz vein rims (Fig. 8 c).

Fault core cataclasites (Fig. 8 g-i) consist of dolomite com-
ponents in a matrix of comminuted dolomite material and cal-
cite cement in inter-granular pore volumes and intragranular
fractures. Microscopy and CL images display different genera-
tions of quartz and calcite vein fillings (Fig. 8 g-i). In Cl images
dolomite components stay dull red but calcite filled intra- and
inter-granular volumes show bright red luminescence. Quartz
filled as well as discordant calcite filled veins show no lumi-
nescence (Fig. 8 i).

BSE images and element mappings of Ca and Mg of ultraca-

taclasite samples (Fig. 9 a, b, d, e, g, h) show distinct areas
of dolomite components embedded in calcite cement/matrix.
Surrounded by calcite filled veins, areas of almost pure calcite
matter without any dolomite components are visible in Fig. 9 a,
d, g, h below the calcite vein and Fig. 9 b, e, h, k on the left
and right image border below the calcite vein. Cataclasite fault
core samples consist of dolomite components and mainly calcite
cement and vein fillings (Fig. 9 c, f, i). Combined Fe-Mn ele-
ment mappings show very low Fe contents in primary calcite
cement and vein fillings. This lack of Fe-quenching is visible
as bright red to orange luminescence (Fig. 8).

5.4 DEFORMATION AND PRECIPITATION PHASES

Distinct stages of deformation and cementation were defined
chronologically with respect to the chemical composition of the
precipitates and the related CL observations in a sequence of
five phases (Fig 10, 11):

Phase 1 (P1) concerns all sites and analyzed samples. De-
dolomitization, as described above, is visible in variable dis-
tinctness. This stage comprises dedolomitization processes
synchronous and subsequent to cataclastic events. Chemistry
of precipitated cement is characterized as Ca-rich with a very
low amount of Fe and an adequate Mn content, indicated by
bright red luminescence along crystal borders and intra-gra-
nular fractures (Fig. 4, 6, 8).

Phase 2 (P2) is subdivided with respect to cement chemistry
in two different stages. At site Folz quartz filled veins and ce-
mented pores indicate precipitation from Si-rich fluid phases
(Fig. 8). Samples from site Haindlkar and site Brandwald exhi-
bit pores and veins cemented by euhedral to subhedral calcite
assumed to have derived from Ca-rich fluids. The cements
are characterized by an increased Fe content with respect to
phase P1. Precipitation of Fe-hydroxides in veins and pores
were distinguished in samples from site Brandwald and Folz
(Fig. 7 j-I; 9 ], k). As a basic principle increased Fe-content
quenches luminescence. Therefore, precipitated calcite from
this phase can be easily distinguished from early dedolomiti-

FIGURE 1 1: CL images of ultracataclasites from site F6lz (samples EA1 and EA2) illustrating CL behavior and chronological sequence of all five
precipitation phases (phase P1 to P5). Calcite cement derived from de-dolomitization (‘Cc,’) and phase P3 (‘Cc,’) show intermediate to bright lumine-
scence. Calcite veins from phase P4 (‘Cc,’) with no luminescence developed sub-perpendicular to Cc,-veins. Bright red calcite veins from phase P5
(‘Ccy’) strike through dark Cc, veins, dragging non-luminescent material from phase P4 along the course of P5 veins.



zation features (Fig. 4 f; 5; 6 ¢, f; 7).

Phases 3 to 5 (P3-P5) exclusively
developed at site Folz. P3 is restric-
ted to ultracataclasite samples and
characterized by calcite vein fillings
with bright red luminescence. These
veins developed in concordant quartz
veins from phase P2 (Fig. 8, 9) and
show an internal zonation of Mn-bea-
ring bands, visible as bright stripes
in CL images (Fig. 10).

Phase 4 represents another change
in cement chemistry and deforma-
tion. Calcite filled veins developed
sub-perpendicular to no-luminescent
quartz and calcite veins from phase
P3 (Fig. 8 g-i, 11). Chemical compo-
sition (high Fe-amount and low Mn-
values) prevents any luminescence
of P4-vein fillings.

The latest stage of marks another
change in cement chemistry. Phase
5 (P5) calcite veins crosscut all pri-
or features and show a very bright
red luminescence (Fig. 11).

5.5 STABLE ISOTOPE ANA-
LYSIS

At site Haindlkar host rock and ca-
taclasite components show constant
5"C values from 3.16 to 3.93 %o and
variable 50 values (1.49 to -0.47 %)
from host rock to cataclasite compo-
nents. Cataclasite matrix/cement ex-
hibits similar "0 values with respect
to components but shows more va-
riable 5"C values from 1.86 to 3.38
%o (Fig. 12 a) (Tab. 1).

Stable isotope composition at site
Brandwald shows similar patterns
with respect to site Haindlkar. Host
rock and cataclasite components plot
in a field of uniform 5"°C values (2.90
to 3.74 %o) and variable ™0 values
from -2.31 to 0.18 %.. Cataclasite ma-
trix/cement generally shows lower
values for 5"°0 than host rocks and
clasts (-3.94 to -1.38 %o). Similar to
site Haindlkar, matrix/cement is more
variable in 8"°C values and ranges

TABLE 1: Site and location of analy-
zed samples. Stable isotope data of host
rock, cataclasite clasts, cataclasite matrix
and secondary calcite cement samples.

Site Sample Sample type Sample locationS 5”0 |[8"C
Haindlkar | G10 H1 host rock 47°34'01.97"N 14°36'14.14"E 1,07 |3,93
G10 H2 host rock 47°34'01.97"N 14°36'14.14"E 0,95 |3,80
G6 H1 host rock 47°34'01.74"N 14°35'57.45"E 1,49 | 3,47
G2 K clasts 47°34'01.49"N 14°35'47 81"E 0,08 | 3,41
G7 K1 clasts 47°34'01.22"N 14°36'13.77"E 1,21 3,48
G8 K clasts 47°34'01.22"N 14°36"13.77"E 0,66 |3,57
GI9K clasts 47°34'01.22"N 14°36'"13.77T"E -047 | 3,48
H6 K1 clasts 47°33'56.60"N 14°36'15.39"E 065 |3,16
H7 K1 clasts 47°33'56.37"N 14°36'14.13"E 0,50 |345
G11Z matrix 47°34'03.19"N 14°36'15.26"E | -0,23 | 2,77
G122 matrix 47°34'03.19"N 14°36'15.26"E 0,29 |3,36
G132 matrix 47°34'03.19"N 14°36'15.26'"E | -0,13 | 3,16
G22Z matrix 47°34'01.49"N 14°35'4781"E | -1,32 [ 1,86
G3iz matrix 47°34'01.49"N 14°35'47 81"E 0,03 | 3,07
G52 matrix 47°34'01.33"N 14°35'51 46"E | -0,19 | 3,36
G7 21 matrix 47°34'01.22"N 14°36"13.77"E | 044 |263
G9 21 matrix 47°34'01.22"N 14°36'"13.77"E 0,38 | 3,25
H6 Z2 matrix 47°33'56.60"N 14°36'15.39"E 0,10 | 2,79
H7 Z1 matrix 47°33'56.37"N 14°36'14.13"E 0,68 |3,28
H7 Z2 matrix 47°33'56.37"N 14°36'1413"E 0,49 |3,38
Brandwald | B10 H1 host rock 47°33'55.58"N 15°912.72"E -046 | 3,74
B6 K1 host rock 47°33'55.96"N 15°9"12.56"E 0,09 | 3,54
B2 K1 host rock 47°33'55.46"N 15° 9'14.92'"E 0,18 | 3,50
B& H1 clasts 47°33'55,92"N 15°9'14.02"E -2,31 | 3,40
B1 K1 clasts 47°33'55.15"N 15° 9'15.45'E -1,70 | 2,90
B1 K2 clasts 47°33'55.15"N 15° 9'15.45"E -1,12 | 3,21
B10 K1 clasts 47°33'55.58"N 15°9'12.72"E -1,09 | 3,59
B11 K1 clasts 47°33'55.58"N 15° 912.72"E -1,14 | 3,44
B13 K1 clasts 47°33'55.58"N 15°9'12.72"E -1,26 | 3,53
B19 K1 clasts 47°33'57.24"N 15°9'12.99"E -0,29 | 3,50
B19 Z1 matrix 47°33'57.24"N 15°9'12.99'E -3,86 -
B6 Z1 matrix 47°33'55.96"N 15° 9'12.56"E -242 | 3,11
B1 21 matrix 47°33'65.15"N 16° 9"165.45"E -3,04 -
B10 21 matrix 47°33'55.58"N 15° 912.72"E =317 -
B10 22 matrix 47°33'55.58"N 15°912.72"E -3,83 -
B8 Z1 matrix 47°33'55.92"N 15° 9"14.02"E -2,31 | 3,40
B6 Z2 matrix 47°33'55.96"N 15° 9'12.56"E -1,72 | 3,18
B13 21 matrix 47°33'55.74"N 15° 912 45"E -2,09 |0,32
B2 Z1 matrix 47°33'55.46"N 15°9'14.92"E -1,45 |2,10
B11 Z1 matrix 47°33'55.58"N 15° 9"12.72"E -1,96 | 0,60
B11 22 matrix 47°33'55.58"N 15°9'12.72"E -1,83 | 1,83
B13 22 matrix 47°33'55.58"N 15° 912.72"E -1,38 1,33
B2 Z1 matrix 47°33'55.46"N 15°9'14.92"E -3,62 | 0,94
Félz R18 H1 host rock 47°3410.52"N 15°11'36.03"E -2,38 | 3,29
R18 H2 host rock 47°34'10.52"N 15°11'36.03"E | -1,34 | 3,10
R10 H1 host rock 47°34'11.03"N 15°11'35.81"E -1,76 | 3,27
R9 H1 host rock 47°34'11.16"N 15°11'356.91"E | -1,40 |[3,73
R9 H2 host rock 47°34'11.16"N 15°11'35.91"E -1,31 | 3,86
R19K1.6 host rock 47°34'10.09"N 15°11'36.07"E | -1,56 | 3,69
R12 K2 clasts 47°34'10.85"N 15°11'35.97"E -4.10 | 3,00
R12 K1 clasts 47°34'10.85"N 15°11'35.97"E | -3,49 |3,45
R13 K1 clasts 47°34'10.02"N 15°11'35.95"E -3,49 |295
R13 K2 clasts 47°34'10.02"N 15°11'35.95"E | -4,84 |3,16
R14 K1 clasts 47°3410.62"N 15°11'35.91"E -3,13 | 3,63
R14 K4 clasts 47°34'10.62"N 15°11'36.91"E | -2,89 |[4,29
R14 K5 clasts 47°34'10.85"N 15°11'35.97"E -3,19 | 3,98
R19 K5 clasts 47°34'10.09"N 15°11'36.07"E | -2,44 | 3,63
R14 Z1 matrix 47°34'10.62"N 15°11'35.91"E -3,68 | 3,00
R14 Z2 matrix 47°34'10.62"N 15°11'356.91"E | -2,55 |3,64
R10 21 matrix 47°34'11.03"N 15°11'35.81"E -2,24 | 2,92
R19 Z1 matrix 47°34'10.09"N 15°11'36.07"E | -3,00 |3,97
R9a M1.1 calcite cem. 47°34'11.16"N 15°11'35.91"E -293 | 263
R16 M1.4 calcite cem. 47°34'10.58"N 15°11'36.00"E | -3,48 |2,77
R9a M1.2 calcite cem. 47°34'11.16"N 15°11'35.91"E -2,36 | 3,14




from -1.96 to 3.46 %.. However, matrix/cement samples plot in
a wider field of stable isotope composition (Fig. 12 b) (Tab. 1).

All types of samples from site FOlz plot in a narrow band of
8"C values from 2.63 to 4.29 %.. Variations in 8O values
range from -4.84 to -1.31 %o.. Dolomite host rock material plots
in a 8"°0 range from -2,38 to -1,34 %.. Cataclasite components
show lower 8"0 values with respect to host rocks and range
from -4,84 to -2,44 %.. Comminuted matrix matter plots in a
5"0 field similar to clast components from -3,68 to 2,24 %..

Calcite cement and vein fillings show similar 5"°0 values with
respect to matrix material but tend towards lower 3"C values
from 2,63 to 3,14 %o (Fig. 12 c) (Tab. 1).

Host rock data (both 8°C and &"0) are in the range typical
for the Lower Triassic. The trend with enrichment of light iso-
topes in both systems may be explained by (1) formation of
clay minerals that incorporate lighter isotopes, (2) heating of
carbon and/or (3) infiltration of meteoric fluid. All these pro-
cesses may lead to the observed trend, we favour, however,

however, situations 1 and 3 that are
compatible with the chemical data
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FIGURE 1 2: Stable isotope compositions (8" °C and "0 in %) of host rock slices as well as cata-
clasite clasts, cataclasite matrix and secondary calcite cement from fault core samples from (a) site

etal., 1998; Arenas et al., 1999; Zeeh
et al., 2000; Nader et al., 2003; Be-
nito et al., 2006; Arienzo, 2008; Fu

Haindlkar, (b) site Brandwald and (c) site Félz. All sites indicate the tendency of decreased 50 values

in the course of evolution from host rock to cataclasite components and matrix/cement. (a, b) Dedolo-
mitizised matrix material from site Haindlkar and Brandwald show decreased 5"°C values.

et al., 2008; Rameil, 2008) with vari-
able characte-ristics (Fig. 14, 15, 16).



The most common feature is an increased luminescence along
crystal borders and intragranular fractures caused by the ded-
olomitization along fragment borders. This reaction produces
Mg-depleted, Ca-enriched rims around dolomite components
and is responsible for observed luminescence behavior (Fig.
4c,f6¢c f;8c,f i 13 a).

Ultracataclasites are characterized by an advanced stage of
dedolomitization (Fig. 13) due to syn- or post-deformational al-
teration of the fault rock. Due to high displacement (shear) and
appropriate fluid chemistry (Ca-rich) and fluid flow, these fault
rocks mainly consist of micritic calcite cement/matrix and dolo-
mite components with particle sizes less than 50 ym (Fig. 13b).

6.2 FLUID SOURCE AND
FLUID FLOW

Stable isotope composition of §°C
and &"0 was used to get additional
information on fluid sources and fluid
flow (e.g. Kerrich, 1986; Taylor and
Bucher-Nurminen, 1986; Marquer
and Burkhard, 1992; Ghisetti et al.,
2001; Abart et al., 2002; Pili et al.,
2002; Rasser and Fenninger, 2002;
Caja et al., 2003; Kopf et al., 2003;
Dallai et al., 2005). All samples show
variable ™0 values, ranging from -
4,84 to 1,49 %o. Host rock samples
exhibit the tendency to higher values
than cataclasite components, matrix
material and calcite cement (Fig. 12).
Host rock and cataclasite compo-
nents show only slight variation in
5"C values at all three sites, rang-
ing from 2,77 to 4,29 %.. Samples
of matrix material from site Haindl-
kar and especially from site Brand-
wald show the tendency to decrea-
sed 8"C values of 1.96 to 3,97 %o,
whereas all samples from site Folz
show constant §°C values between
2,63 to 4,29 %o (Fig. 12).

Variation of stable isotope signatu-
res are regarded as related to the
amount and the chemical composi-
tion of fluids (e.g. Pili et al., 2002;
Agosta and Kirschner, 2003). Varia-
tions in "0 values with relative con-
stant "°C signatures are interpreted
as either having derived from mete-
oric (aqueous) fluids with very little
carbon content (e.g. Kerrich, 1986;
Ghisetti et al., 2001; Pili et al., 2002;
Rasser and Fenninger, 2002) or as

FIGURE 1 3: BSE images to illustrate dedolomitization and comminution processes.
H4 from site Haindlkar consists of dolomite clasts (‘Dol’; dark grey) which show brighter rims along
crystal borders as result of dedolomitization processes (‘Cc,’). Subsequent cementation with calcite
material is illustrated in light grey to white (‘Cc,’). (b) Ultracataclasite sample from site Folz (sample
EA1) showing dolomite clasts with maximum diameters of 50 um embedded in completely dedolo-

Depletion of "C in matrix material at site Brandwald and
Haindlkar also indicates a meteoric fluid source. The develop-
ment to lower 8"°C values, with respect to host rock and com-
ponents, is related to the content of biogenic carbonate and
the amount of fluid, penetrating the fault core. High fluid flow
prevents equilibration of fluids and solids and causes varia-
tions in isotope signatures. Low variation in 8°C signature at
site Folz represents a closed system (e.g. Kirschner and Ken-
nedy, 2001; Pilil et al., 2002; Agosta and Kirschner, 2003).

The development of isotopic signatures from host rocks to
components and further matrix material, indicated by decrea-

sing 8'°0 values and decreasing (site Haindlkar and Brand-

(a) Sample

mitizised (calcite) cement (‘Cc,’). Dashed line borders two domains of ultracataclasite in this sample.

repeated infiltration of fluids with vari-
able chemistry (Janssen et al., 1998).

Left domain exhibits dolomite components with maximum diameters of 20 um, indicating increased
shear and comminution with respect to right domain.




wald) or constant 8"°C values (site Félz) (Fig. 12), indicate
meteoric derived fluids and low temperatures between 30 and
100°C (e.g. Kerrich, 1986; Agosta and Kirschner, 2003; Nader
et al., 2003).

Precipitation of Fe-hydroxides and Fe-bearing carbonates
(Phase P2 and P4) indicates that related fluids circulated through
deeper parts of the sedimentary sequence. Fe-content is assu-
med to be derived from clastics, therefore, the underlying Wer-
fen Formation is presumed to be the source for the Fe. Site
Folz is situated in close range to the clastic Werfen Formation
and shows Fe-contents up to 10 times higher than samples
from site Haindlkar and Folz. Si-bearing fluids (Phase P2, site
Fo6lz) also reference the Werfen Formation as potential fluid
source. Increase in Fe and/or Si is assumend to be an indica-
tor for changing fluid temperature and/or changing pH-value.

7. CONCLUSIONS

The methodical combination of cathodoluminescence, micro-
probe- and stable isotope analysis in this study enables the
determination, characterization and chronological sequence of
different fluid precipitation phases in fault core rocks of brittle
fault zones in the Northern Calcareous Alps. The following ge-
neral assumptions can be deduced from the interpretation of
this study’s results:

1) From the chemical and CL data five precipitation phases
and related processes can be reconstructed and classified
with respect to fluid chemistry, CL behavior and structural
processes.

2) Besides differentiation of fluid generations, detailed CL ima-
ges provide an indication of internal, chemical zonation of
carbonate vein and pore fillings.

Ca/Mg composition (site Haindlkar)
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FIGURE 1 4: Ca and Mg composition of powder samples from site Haindlkar. Though CL and microprobe analysis give distinct evidence for de-dolo-
mitization processes, no significant change in Ca/Mg ratios between host rock, cataclasite components and cement/matrix is visible. Host rock samples
may already underwent de-dolomitization in similar extent with respect to cataclasite clasts and matrix.
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FIGURE 1 5: Ca and Mg composition of powder samples from site Brandwald. While the Ca/Mg ratio is constant in host rock and cataclasite clasts,
matrix samples exhibit distinct indications for de-dolomitization, illustrated by a distinct change of Ca/Mg ratio (decreased Mg- and increased Ca content).



Ca/Mg composition (site Fdlz)
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FIGURE 1 6: Ca and Mg composition of powder samples from site Félz. Ca/Mg ratios of host rock and cataclasite samples exhibit only slight vari-
ations. However, ultracataclasite matrix show very low Mg contents and indicate distinct evidence of almost complete de-dolomitization of matrix ma-

terial into calcite.

3) Stable isotope composition (8"°C and &'°0) indicates fluid
sources of mainly meteoric origin. The extent of variation of
isotopic signatures is related to the amount fluid and fluid
flow through the fault zone, respectively.

4

~

Circulation of meteoric derived fluids through deeper, clastic
sequences (Werfen Formation) is deduced as potential
source for Fe- and Si-contents within the fluids and related
precipitation of Fe-hydroxides, Fe-bearing carbonates and
quartz vein fillings.
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APPENDIX
ANALYTICAL TECHNIQUES

Optical microscopy and cathodoluminescence

Optical microscopy on a petrographic microscope was con-
ducted at the Institute of Applied Geosciences, Graz Univer-
sity of Technology, on a Leica DMLP microscope equipped
with an Olympus DP26 digital camera. Digital overview ima-
ges were recorded in order to locate areas of special interest
for subsequent Cathodoluminescence (CL) analysis.

CL microscopy was executed on polished and carbon-coated
thin-sections with a Lumic HC5-LM cathodoluminescence mi-
croscope at the Department of Lithospheric Research, Uni-
versity of Vienna. The electron beam of this stage is supplied
by a heated filament (“hot cathode”) delivering true color CL
images. Acceleration voltage was fixed at 14 kV, beam current
varied from 0,14 to 0,21 mA. Digital high resolution images
were recorded with a high sensitivity CCD Kappa PS 4/40
camera and subsequently processed with common image edi-
ting software packages.

Cathodoluminescence (CL) analysis is a powerful tool for the
investigation of carbonate rocks and used for visualization of
petrographic features which are often not visible in conven-
tional transmitted-light microscopy (e.g. ten Have and Heijnen
1985; Budd et al. 2000; Habermann et al. 1996; Gillhaus et al.
2000; Gotz 2002; Lee et al. 2005; Boggs and Krinsley 2006).
CL behavior is generally triggered by the amount and/or ratio
of certain elements. The main activation element in carbona-
tes is Mn2+, causing orange to red luminescence colors at a
minimum concentration of ~20 to 40 ppm. Pairs of REE (e.g.,
Eu2+ and Eu3+ or Tb3+ and Dy3+) can also act as activators
and/or influence the colors of Mn2+-activated luminescence
(e.g. Habermann et al. 1996, Marchel 2000, ten Have and
Heijnen, 1985). Main sensitizers for Mn2+-activated lumine-
scence in carbonates are Pb2+ and Ce3+. In natural carbo-
nates Fe2+ is considered as the main quencher of Mn2+-
activated luminescence, being effective from a concentration
of ~30 to 35 ppm (Marchel, 2000). In this study CL analysis
gives contribution to the understanding and interpretation of
diagenesis, deformation history and fluid flow in carbonate
fault rocks.

Microprobe analysis

Microprobe analysis was an important application for the
evolutionary interpretation of investigated fault rocks. Back-
scattered electron emission (BSE) images provide an over-
view of the chemical composition and contribute to the inter-
pretation of brittle deformation and comminution. Element map-
pings of main (Ca, Mg) and minor (Si, Fe, Mn, Al) elements
complete the assembly of analytical micro-scale applications.

Polished and carbon-coated samples were analyzed by elec-
tron microprobe analysis (EMPA) using a JEOL JXA8200 at the
University of Leoben, Austria. Backscattered electron emission
(BSE) images were collected at an accelerating voltage of 15 kV
and a beam current of 5 nA. Qualitative single-spot analyses

were conducted by energy dispersive X-ray spectrometry (EDS)
in order to determine main and accessorial mineral phases
using magnifications from 40x (overview) up to 600x for details.

Selected areas were analyzed by wave-length dispersive X-
ray spectrometers (WDS) with 600x magnification in order to
get element mappings for main (Ca, Mg) and minor elements
(Si, Fe, Mn). Analyses were conducted with constant accele-
rating voltage of 15 kV. Probe current ranged from 50 to 90nA
with variable dwell time from 16 to 25 ms in intervals from
0,46 x 0,46 to 2 x 2 uym. The content of each element is sta-
ted by the detection level (counts per second), aligned with
respect to measurement conditions and evaluated with know-
ledge from CL and optical microscopy. Hence, element map
color levels of images from each site are comparable and
support interpretation of micro-structural and geochemical
processes.

Stable isotope analysis

Stable isotope geochemistry was used in order to determine
5'°0 and &"C isotopic composition of host rock, cataclasite
fragments (components), cataclasite matrix/cement and secon-
dary vein fillings. Discussed and displayed data of 30 different
samples were analyzed at the isotope lab of the Joanneum
Research Forschungsgesellschaft mbH (Graz, Austria) using
a Gasbench Il for automated continuous-flow gas preparation
coupled to a Finnigan DELTAplus XP Mass Spectrometer.

Analytical techniques, experimental conditions and data cor-
rections follow the describions in Dietzel et al. (2009) and
Hausegger et al. (2010). Sample vessels were cleaned with
diluted phosphoric acid, then rinsed three times with deionized
water, and dried overnight at 70 °C. 200 to 400 pg of calcite
was added to the sample vials, sealed and flushed with He
gas to remove residual air from the sample vials. Prior to ana-
lyses phosphoric acid was injected into the individual sample
vials and reacted with calcite for 82 min at 72.0+0.1 °C. Each
sample was analyzed twice (Dietzel et al., 2009). An overall
precision of 0.08% for d"®O and of 0.06% for d*C has been
achieved. Stable isotope results are reported in d-notation. All
d-values have been normalized into the V-PDB scale.

Inductively coupled plasma spectrometry (ICP)

Inductively coupled plasma optical emission spectrometry
(ICP-OES), synonym for inductively coupled plasma atomic
emission spectroscopy (ICP-AES), is a very common tool in
numerous scientific fields e.g. Hou and Jones (2000), Mon-
taser (1992), Nolte (2002), Todoli and Mermet (2008). This
analytical technique provides qualitative and quantitative de-
tection of a broad spectrum of elements. ICP-OES analysis
was conducted on samples of cement-, matrix-, fragment-
and host rock material with a Perkin EImer Optima 4300 at
the Institute of Applied Geosciences, University of Graz. Main
elements (Ca, Mg) were detected in order to differentiate cal-
cite and dolomite and to.support the interpretation of defor-
mation and fluid-rock interaction (dedolomitization).



