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Chemische und strukturelle Evolution von Chloriten und Hellglimmern
in verschiedenen Gesteinen des niedrig metamorphen Grazer Paldozoikums (Ostalpen, Osterreich)
Zusammenfassung

Aus dem Grazer Palédozoikum werden neue Daten zur chemischen und strukturellen Entwicklung von Chloriten und Hellglimmern unterschiedlicher
Lithologien (pelitisch-mergelige Sedimente, Metatuffite, Laven und untergeordnet basische Intrusivgesteine) aus den einzelnen Deckeneinheiten vor-
gestellt. Grundsétzlich kann die Chlorit-Kristallinitdt zur Abschatzung des Diagenese- und Metamorphosegrades in Peliten und Tuffiten herangezogen
werden. Gegeniiber der lllit-Kristallinitat ist sie weniger lithologieabhdngig. Die IK in Metatuffiten zeigt gegeniiber Metapeliten abnormal hohe Werte.
Metabasische Laven und Intrusivgesteine haben sowohl abnormale IK- als auch ChK-Indices.

Neben dem wohlbekannten temperaturgesteuerten Effekt der Abnahme smektitischer Mixed-layer-Mineralien in llliten-Hellglimmern beeinflusst
auch der Seladonit-Gehalt in starkem MaBe die IK. Sie ist wesentlich vom Gesamtgesteinschemismus abhdngig und korreliert vor allem mit dem
Al,04/(Al,04+Fe0*+MgQ)-Verhdltnis. Die ChK spiegelt die Anteile an quellfahigen Mixed-layer-Mineralien und dioctahedraler (sudoitischer) Substitu-
tionen wider, wéhrend die Fe/Mg-Verhéltnisse keinen nennenswerten Einfluss auf die ChK haben.

Daraus folgt, dass der Gesamtgesteinschemismus (Hauptelemente) und die mineralchemischen Relationen mitberticksichtigt werden miissen, um
Kristallinitats-Indices von Phyllosilicaten verschiedenster Lithologien zur Erfassung der Diagenese und beginnenden Metamorphose heranzuziehen.

Abstract

Reaction progresses of chlorite and white K-mica from various lithologies (pelitic-marly metasedimentary rocks, metatuffites, lava and subordi-
nately, intrusive rocks of mostly basic composition) are compared using XRD, EMP and bulk rock major element composition data. The sample series
derives from various nappes of the Graz Paleozoic, Upper Austroalpine Nappe System. The grades of mostly Variscan regional alteration of the Silur-
ian and Devonian samples span between late diagenesis (prehnite-pumpellyite facies) and epizone (greenschist facies), representing mainly the
anchizone.

Obvious discrepancies found between the EMP data (obtained necessarily from larger grains or aggregates) and XRD properties of <2 wm fraction
samples prove metastable inequilibrium conditions. XRD illite crystallinity (IC) indices measured on air-dried and glycolated mounts refer to decreas-
ing amounts of swelling mixed-layers with increasing grade. By contrast, no correlation was found between IC and total interlayer charge, indicating
that EMP-measured larger authigenic mica flakes reflect a more evolved stage in reaction progress as compared to the matrix-forming finer-grained
main population. In addition, IC shows significant positive correlations with celadonite content and with Fe2+/(Fe2++Mg) ratio, referring to effects of
the bulk rock chemistry (lithology).

*) Prof. Dr. PETER ARKal, Dr. GEzA NAGY: Laboratory for Geochemical Research, Hungarian Academy of Sciences, H 1112 Budapest, Budaérsi Gt 45, Hungary.
**) Univ.-Prof. Dr. ALoIs FENNINGER: Karl-Franzens-University Graz, Institute of Geology and Paleontology, A 8010 Graz, HeinrichstraBe 26, Austria.
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Differences in ChC indices measured on air-dried, glycolated and Mg-saturated mounts refer to subordinate amounts of swelling mixed-layers in
chlorite, the amounts of which seem to decrease with advancing grade. EMP data from larger grains or aggregates represent a more evolved stage
than that indirectly implied for matrix-forming chlorite from XRD data. Chlorite end member ratios were calculated from those analyses which prove
a poor chloritic phase (Ca+Na+K<0.1 p.f.u.). In addition to the Fe2*Mg_; and Tschermak’s substitutions, the di-trioctahedral (sudoitic) substitution
plays also an important role in chlorite chemistries. However, the proportion of sudoite end member is generally lower than 20 %. Although the com-
positional ranges are strongly overlapping, chlorites from metasedimentary rocks are characterized by mostly higher “amesite” and sudoite, chlorites
from metabasic lava and intrusive rocks with higher clinochlore + daphnite contents. Chlorites of metatuffites are of intermediate compositions. ChC
indices show significant negative correlations with A, and AIY' contents, while no relation was found with Fe2*/Mg ratios.

Thus, in addition to swelling mixed-layered impurities, crystallite size and lattice strain relations, IC and ChC are also influenced by chemistries of
illite-muscovite and chlorite, which, in turn, are related to bulk rock compositions. In spite of this, XRD chlorite crystallinity indices proved to be a reli-
able tool for estimating relative differences in metamorphic grade, when bulk rock chemistries are also taken into consideration.

1. Introduction

Exact determination of grades, facies or zones of low-
temperature meta-igneous rocks, including meta-volcan-
oclastics is hindered by the general lack of index minerals
in rocks that transformed in CO,-containing fluid systems.
Diagnostic index minerals such as various zeolites,
prehnite and pumpellyite form in fluid systems consisting of
H,O and practically devoid of CO, (for reviews see LIOU et
al., 1987; FREY et al., 1991; ROBINSON & BEVINS, 1999; ALT,
1999). By contrast, meta-igneous rocks of basic to inter-
mediate chemistries and their clastic derivatives that
formed in the presence of CO,-containing fluids commonly
comprise mineral assemblages such as quartz, albite,
chlorite + carbonate minerals and various accessories.
Such non-diagnostic mineral assemblages are stable over
a large temperature range between c. 100-150 and
400-450°C. These rock types are frequently found in
ancient continental shelf environment, thus are widespread
in many Paleozoic and Mesozoic sequences of the
Tethyan realm.

X-ray powder diffractometric (XRD) chlorite crystallinity
method was found to be a reliable measure of metamorphic
grades, not only for metapelites (ARKAI, 1991; YANG &
HESSE, 1991; ARKAI et al., 1995) but also for meta-igneous
rocks of basic to intermediate compositions (ARKAI & SA-
DEK GHABRIAL, 1997). ARKAI et al. (2000) found that —
despite significant differences in composition, mineral
assemblages and textures — reaction progress, as mea-
sured in part by chlorite crystallinity (ChC), in metapelites
paralleled that in metabasites. Mean crystallite size
increases, the proportion of (swelling) mixed-layers
decreases in chlorites with advancing grade.

In order to test the applicability of the ChC method, meta-
igneous rocks and their metasedimentary environments
from the Graz Paleozoic and Sausal Paleozoic, Eastern
Alps, Austria were studied. The geological history of the
Graz Paleozoic is rather well known and documented. The
aim of the present paper is to provide new bulk rock chem-
ical, mineral chemical and phyllosilicate crystallinity data
on selected rock samples in order to test the applicability of
the ChC method for determining the metamorphic grade.
Doing this, special attention is paid to the relations
between ChC, chlorite chemistry, bulk chemistry and
modal composition, i.e., on factors that may significantly
influence ChC and thus, may considerably restrict the
metamorphic petrogenetic application of chlorite.

2. Geology — Previous Data
on Volcanism and Metamorphism

Rock samples studied in the present paper originated
from the Graz Paleozoic and Sausal Paleozoic, Eastern
Alps, Styria, Austria (Text-Fig. 1). The Graz Paleozoic
belongs to the Upper Austroalpine unit and displays a com-
plicated nappe structure. The Rannach and Hochlantsch
nappes form the upper, the Laufnitzdorf and Kalkschiefer
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(Calcschist) nappes the middle and the Schéckel nappe
forms the lower units.

These nappes are characterized by various lithologies
(Text-Fig. 2). However, all of them contain basic meta-
igneous (mostly volcanic lava and pyroclastic) rocks. The
Paleozoic volcanism around Graz has been known for
more then 180 years (“Trappformation” of VON BucH, 1819,
see in HUBMANN, 1999). The first petrographic descriptions
are found in the works of TERGLAV (1876) and HANSEL
(1885), see in FLUGEL (1975), while the first chemical
analyses were done by WELISCH (1911). Volcanic rocks are
commonly found in association with Silurian and Devonian
sedimentary rocks (generally, up to the Middle or Upper
Devonian), indicating the time-span of magmatism.

Recent magma-genetic works carried out on the volcanic
rocks of the Graz Paleozoic concern mostly the upper
nappe unit (KOLMER, 1978; FRITZ & NEUBAUER, 1988, 1990;
LOESCHKE, 1989; WEBER, 1990). According to their inter-
pretations, these rocks represent products of intraplate vol-
canism, the extensional settings of which acted from the
Silurian (Kehr Fm.) up to the Middle/Upper Devonian. With-
in this time-span a shift of volcanism from south towards
north has also been observed. The Emsian (upper part of
the lower Devonian) volcanoclastic rocks of the Dolomite
Sandstone Series characterized by high K,O contents as
compared to Na,O were sedimented in small, shallow,
evaporitic basins of a tidal plane (FLUGEL & NEUBAUER,
1984). Givetian (upper Middle Devonian) volcanics (mostly
meta-alkali basalts and rhyolite tuffs) eventually ranging up
to the Upper Devonian are found mainly in the Hochlantsch
unit. These are interpreted also as products of intraplate
volcanism. Volcanics and their pyroclastics are frequently
found also in the lowermost tectonic units of the Graz Pale-
0zoic, i.e., in the Passail and Hochslag Groups (FLUGEL &
NEUBAUER, 1984).

The first results on metamorphism of the Graz Paleozoic
are based exclusively on mineral paragenetic observa-
tions, related to detailed geological mapping, tectonic and
lithofacies studies (THALHAMMER, 1983; NEUBAUER, 1981,
1982; GOLLNER, 1985; HUBAUER, 1984; TSCHELAUT, 1984;
FRITZ, 1986; AGNOLI, 1987; REISINGER, 1988; GSELLMANN,
1987; HUBMANN, 1990). The conditions of metamorphism
and thermal history of the Graz Paleozoic were recon-
structed in detail by RUSSEGGER (1992), HASENHUTTL &
RUSSEGGER (1992) and HASENHUTTL (1994), on the basis
of complex interpretation of vitrinite reflectance, illite crys-
tallinity (IC) measurements carried out on fine-clastic
metasedimentary rocks as well as Conodont colour alter-
ation (CAl), microstructural and mineral paragenetic obser-
vations (Text-Fig. 3). ChC measurements were carried out
on fine-clastic rock only, in a rather restricted way. Howev-
er, IC and ChC indices showed strong, positive correlation
(HASENHUTTL & RUSSEGGER, 1992).

These studies show an increase of metamorphic grade
from East towards North. In the deepest nappe unit epi-
zonal metamorphism was proved. In the middle nappe
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Text-Fig. 1.
Geological sketch map of the Graz Paleozoic, Eastern Alps, Austria.

units the grade of metamorphism seems to be rather het-
erogeneous: while the mostly anchizonal metamorphic
grade of the Laufnitzdorf Unit is comparable to that of the
upper nappe unit, the metamorphism in the other units of
the Kalkschiefer nappes corresponds to the epizone.
Anchizonal metamorphic and diagenetic conditions prevail

in the upper nappe units. Here — according to the vitrinite
reflectance data — temperature maxima are related to the
areas where Silurian—Devonian volcanites are found.
HASENHUTTL (1994) and HUBMANN & HASENHUTTL (1995)
estimated the following temperature values for the various
units: Rannach nappe: up to 250°C in the South and
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Lithological and stratigraphic features of the nappes that built up the Graz Paleozoic.

>300°C in the North; Hochlantsch nappe: max. 350°C (up
to the Upper Devonian) and max. 300°C (in the Carbon-
iferous); Laufnitzdorf nappe: max. 320°C; Kalkschiefer and
Schdckel nappes: min. 390°C.

3. Materials and Methods

For the present study, metasedimentary (pelitic-marly)
rocks associated with metatuffites of basic to intermediate
compositions and massive metamagmatic rocks (meta-
basalts and metagabbro) were collected and selected.
Rock types, localities, stratigraphic and tectonic relations

of these samples representing mainly the upper and lower
tectonic units are summarized in Tab. 1. In addition to the
Graz Paleozoic, several samples were collected also from
the Sausal Paleozoic located South of Graz, the geological
relations of which to the Graz Paleozoic is rather ambi-
guous.

In order to determine the rock types, their microstructur-
al (textural) features and modal compositions, detailed pet-
rographic microscopic observations were made. In general,
the analytical methods applied were similar to those
described by ARKAI et al. (2000). X-ray powder diffraction

Text-Fig. 3.

Metamorphism of the
nappes of the Graz
Paleozoic after Rus-
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53(1.9-8.8) 0.27(0.64-0.19) 5(4,5-7.5)| Rannach
. . . RANNACH -
5.4 (1.9-8.8) | 0.27 (0.64-0.19)| 5(3-7.5) HOCHLANTSCH NAPPE A 7‘
6.4(49-7.7) | 0.28(0.39-0.22)( 5(4-6.5) | LAUFNITZDORF NAPPE
9.9 (9.3-10.4)| 0.21 (0.26-0.15)| 55(5-7) | “KALKSCHIEFER” NAPPES
9.9 (8.6 - 10.6)| 0.19 (0.22-0.16)| 5.5 (5-6.5)| SCHOCKEL NAPPE

CRYSTALLINE OF ST. RADEGUND

SEGGER (1992), HASEN-
HOTTL & RUSSEGGER
(1992),  HASENHUTTL
(1994) and HUBMANN &
HASENHUTTL (1995).

IC = illite crystallinity
index; Rpau% = maxi-
mal vitrinite reflectan-
ce; CAl = Conodont
colour alteration index.

26



Table 1.

List and characterization of rock types investigated from the Graz and Sausal Paleozoic.

No. of . . . . .
samples Rock type Locality Lithostratigraphy Age Tectonic unit
GP-98-1 marly slate Admonter Kogel, OK:164 Flosserkogel Fm. Lower Devonian Rannach Nappe
Coord: 15°13'19"E/47°06'50"N Emsian
GP-98-2 metatuffite Admonter Kogel, OK: 164 Flosserkogel Fm. Lower Devonian Rannach Nappe
GP-98-3  metatuffite Coord: 15°13'19"E/47°06'50"N Emsian
GP-98-4 metatuffite
GP-98-5 metatuffite ruin Gosting, OK: 164 Flosserkogel Fm. Lower Devonian Rannach Nappe
Coord: 15°22'00"E/47°06'12"N Emsian
GP-98-6 slate Fallentsch, OK: 163 Kehr-Vulkanit Fm.  Silurian Rannach Nappe
Coord: 15°13'00"E/47°07'28"N
GP-98-7 marly slate Fallentsch, OK: 163 Kehr-Vulkanit Fm.  Silurian Rannach Nappe
Coord: 15°13'00"E/47°07'28"N
GP-98-8 marly slate Fallentsch, OK: 163 Kehr-Vulkanit Fm.  Silurian Rannach Nappe
Coord: 15°13'00"E/47°07'28'"N
GP-98-9 metatuffite Fallentsch, OK: 163 Kehr-Vulkanit Fm.  Silurian Rannach Nappe
GP-98-10 Coord: 15°13'00"E/47°07'28"N
GP-98-11
GP-98-13  metabasalt Haritzgraben, OK: 164 Kehr-Vulkanit Fm.  Silurian Rannach Nappe
Coord: 15°26'23"E/47°10'23"N
GP-98-16a metabasalt NW Breitalmkreuz, OK: 134 Tyrnaueralm Fm. Middle Devonian Hochlantsch Nappe
GP-98-16b Coord: 15°28'00"E/47°21'28"N__
GP-98-17 metagabbro NW Breitalmkreuz (Jagdhiitte), OK: 134 Tyrnaueralm Fm. Middle Devonian Hochlantsch Nappe
Coord: 15°27'54"E/47°21'28"N
GP-98-18  metabasalt NW Breitalmkreuz (Jagdhiitte), OK: 134 Tyrnaueralm Fm. Middle Devonian Hochlantsch Nappe
Coord: 15°27'54"E/47°21'28"N
GP-98-14  silty, Russenstrasse, OK: 134 ? Kogler Fm. Devonian Kalkschiefer Nappe
marly slate Coord: 15°29'00"E/47°22'21"N
GP-98-15  palitic, Russenstrasse, OK: 134 ? Kogler Fm. Devonian Kalkschiefer Nappe
marly slate Coord: 15°28'13"E/47°21'43"N
GP-98-12  metabasalt Waldstein, OK: 163 Taschen-Schiefer Fm. ? Schockel Nappe
Coord: 15°17'30"E/47°13'23"N
GP-99-S1A metatuffite Silberberg, OK: 163 Taschen-Schiefer Fm. ? Schockel Nappe
GP-99-S1B slate Coord: 15°13'06"E/47°12'13"N
GP-99-S1C metatuffite
GP-99-A1 banded, Arzberg, OK: 134 Schonberg Fm. Lower Paleozoic Schéckel Nappe
GP-99-A2  carbonatic Coord: 15°31'07"E/47°15'00"N
GP-99-A3 metatuffite
GP-99-A4
GP-99-E1  metatuffite Arzberg, OK: 134 Schonberg Fm. Lower Paleozoic Schdckel Nappe
GP-99-E2  metatuffite Coord: 15°31'07"E/47°15'00"N
GP-99-E3  metatuffite .
GP-98-19  quartz phyllite Passail, OK: 165 Semriach Phyllit Fm. ? Schaockel Nappe
(metasandstone)  Coord: 15°30'11"E/47°16'46"N
GP-98-20  phyllite Seggauberg, OK: 190 ? Lower Paleozoic Sausal Paleozoic
Coord: 15°31'35"E/46°47'00"N
GP-98-21  greenschist Heimschuh, OK: 190 ? Lower Paleozoic Sausal Paleozoic
GP-98-22  (metatuffite) Coord: 15°28'54"E/46°46'38"N

(XRD) patterns were obtained from both non-oriented and
highly oriented powder mounts of whole rock and <2 um
spherical equivalent diameter size fractions. Decarbona-
tion of samples — if it was necessary — preceded the prepa-
ration of mounts using cold, 10 % acetic acid that — accord-
ing to earlier experiments of the authors — did not attack
even the Fe-rich variants of chlorite. XRD data were in part
used for the determination of modal composition and val-
ues of illite crystallinity [IC, i.e. the full width at half-maxi-
mum (FWHM) of the first, 10 A basal reflection of illite-
white K-mica] and chlorite crystallinity [ChC, i.e. the FWHM
values of the first (14 A) and second (7 A) basal reflections
of chlorite, denoted as ChC(001) and ChC(002), respec-
tively]. The <2um fraction samples were prepared by meth-
ods similar to that of KUBLER (1968), as described by ARKAI
(1991). Portions of the air-dried <2 um fraction samples
were saturated with 0.5 mol-' MgCl, solutions. Aqueous
suspensions were pipetted onto glass slides and dried at

room temperature to produce highly oriented mounts hav-
ing concentrations of 3 mg cm=2. Air-dried (AD), and Mg-
saturated and air-dried (Mg,AD) mounts were thus
obtained. Ethylene glycol (EG) solvations (80°C/overnight)
completed the sample preparation procedure. The XRD
instrumental and measuring conditions were: Philips PW-
1730 diffractometer with computerized APD system, Cu Ko
radiation, 45 kV/35 mA, proportional counter, graphite
monochromator, divergence and detector slits of 1°, and
collection of data with 0.02°20 steps, using time intervals
of 5s. The calibration of IC and ChC values against
KUBLERS IC scale, where values for the anchizone range
between 0.25 and 0.42°A20, was made using standard
rock slab series (Nos. 32, 34 & 35) kindly provided by B.
KUBLER. Smaller scale variations in instrumental conditions
were corrected by the repeated use of another calibrated
standard rock slab series (Nos. A-1, -2 & -3) of the Labora-
tory for Geochemical Research, Budapest.
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Applying the least-squares method, the calibration was
done by regression equations so that the IC boundaries of
the anchizone correspond exactly to 0.25 and 0.42°A20.
Consequently, the actual boundary range of ChC(001) and
ChC(002) of the present paper, which correspond to
Kubler’s original anchizone are 0.26—0.38 and 0.24-0.30°
A20 for fine-clastic metasedimentary rocks, as trans-
formed accordingly from the data of ARKAI et al. (1995b).

Electron microprobe (EMP) technique was used for the
determination of chemical compositions of rock forming
metamorphic minerals. EMP analyses were carried out
with a JEOL JCXA-733 instrument equipped with three
wavelength-dispersive X-ray spectrometers, using the ZAF
correction method. Measuring conditions, standards and
errors of quantitative analyses were the same as given by
ARKAI & SADEK GHABRIAL (1997). Cation numbers per unit
cells of the various minerals were calculated in the usual,
conventional way.

Major element compositions of bulk rock samples were
determined using a Perkin Elmer 5000 atomic absorption
spectrophotometer (AAS), after digestion with lithium
metaborate. In addition to AAS, permanganometric (FeO),
gravimetric (SiO,, TiO,, H,O and P,0s5) and volumetric
(CO,) methods were applied.

4. Results
Modal and Bulk Rock Compositions

Tab. 2 contains the modal composition of rock samples
involved in the present study. Most of the metasedimenta-
ry rocks are built up by mineral assemblages consisting of
quartz, illite-white K-mica = chlorite, albite, carbonate min-
erals (mainly calcite, subordinately dolomite). Accessories
are represented by hematite and rutile. Small amounts of
goethite accompanied by smectite and mixed-layers refer
to post-metamorphic surficial weathering, while the kaolin-
ite+siderite assemblage of sample GP-98-20 may be the
result of low-T hydrothermal alteration.

By contrast, metatuffites show more variable modal com-
positions than metasediments. Metatuffites of the
Flésserkogel Fm. (samples GP-98-2-5) are characterized
by the presence of K-feldspar and lack of chlorite, in addi-
tion to the commonly occurring quartz and illite-white K-
mica and eventually occurring albite, dolomite, hematite
and calcite. Metatuffites of the Kehr-Vulkanit Fm. (samples
GP-98-9-11) are built up by quartz, illite-muscovite, chlo-
rite, calcite, hematite * albite, ankerite, siderite, rutile and
apatite. Metatuffites from the Taschen-Schiefer Fm.
(Schéckel nappe, samples GP-99-S1A and C) are charac-

Table 3.
Major element bulk chemical compositions (weight-%).

Sample | SiO, TiO, ALO; Fe,O; FeO MnO MgO CaO Na,O K,O +H20 -H20 CO, P,0s total
GP-98-2 54.62 1.06 2141 3.17 0.66 0.01 252 039 0.09 12.19 331 0.04 0.00 0.43 99.90
GP-98-7 1441 0.15 3.09 1.35 136 0.20 0.67 43.01 0.16 0.54 4.56 0.13 29.83 0.04 99.50
GP-98-9 3592 481 1882 229 933 0.14 3.17 7.55 030 3.72 520 0.07 6.73 135 99.40
GP-98-10 [29.60 3.81 15.17 248 1135 025 343 1233 0.20 235 4.68 0.03 12.76 1.01 99.45
GP-98-11 |[37.40 2.75 12.64 3.04 854 0.12 9.66 10.25 0.17 0.10 6.99 0.14 728 0.34 99.42
GP-98-13 [45.20 4.18 13.89 6.74 6.38 0.22 587 830 3.30 0.88 3.01 0.16 0.89 0.43 99.45
GP-9-16/a (4791 3.87 16.44 345 8.05 0.10 453 3.72 3.14 399 3.73 0.12 039 0.54 99.98
GP-98-16/b|47.49 3.12 13.88 6.63 6.88 0.18 587 4.57 3.44 274 336 0.10 0.78 0.39 99.43
GP-98-17 (4739 356 1542 245 842 0.17 6.06 622 4.09 135 3.76 0.06 023 0.34 99.52
GP-98-18 |48.79 3.05 1444 6.55 342 0.05 229 558 041 7.58 3.52 0.18 2.96 0.60 99.42
GP-98-15 |53.10 1.08 20.59 261 637 003 329 0.75 145 424 535 029 0.27 0.17 99.59
GP-98-12 [44.08 2.66 12.09 4.54 7.28 0.17 629 9.74 233 0.02 513 0.10 5.07 0.19 99.69
GP-99-S1A[50.26 2.56 1349 295 7.57 0.13 6.84 6.83 351 1.67 356 0.08 0.03 0.39 99.87
GP-99-S1B (40.41 291 11.88 386 530 027 358 13.22 442 0.79 298 037 884 1.03 99.86
GP-99-S1C [49.25 244 13.13 3.15 7.50 0.15 813 732 3.08 1.79 334 0.06 023 0.32 99.89
GP-99-E1 |51.76 2.40 1435 254 7.26 0.14 516 7.79 349 225 233 0.12 - 0.39 99.98
GP-99-E2 [50.85 2.40 1494 3.18 6.79 0.15 485 865 4.01 129 233 0.10 0.03 0.39 99.96
GP-99-E3 [50.98 2.37 1453 3.14 721 0.15 527 7.61 3.54 179 261 0.02 026 0.38 99.86
GP-99-A1 [36.42 334 10.70 241 825 0.17 6.87 13.28 1.81 212 4.67 0.10 926 0.38 99.78
GP-99-A2 [36.09 3.81 1536 3.53 1094 0.13 11.13 448 1.03 292 621 0.09 3.59 049 99.80
GP-99-A3 ([39.23 3.57 1454 217 1221 0.14 11.13 353 1.60 196 632 0.13 294 047 99.94
GP-99-A4 [39.15 430 14.16 3.12 12.08 0.09 10.11 3.26 091 241 645 0.11 3.01 0.81 99.97
GP-98-19 |[81.06 0.55 9.29 249 052 003 0.31 0.04 070 235 198 0.09 0.04 0.08 99.53
GP-98-21 [38.63 4.38 1634 2.63 1031 0.10 440 7.04 322 132 538 0.11 492 0.74 99.52
GP-98-22 [43.41 3.16 13.69 185 5.11 0.14 1.84 1149 2.12 281 298 0.07 10.10 0.56 99.33

Clastic and carbonatic metasedimentary rocks are indicated in italics, metatuffites and metatuffs in normal, and massive intrusive and lava rocks of basic composition in

bold letters.
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terized by quartz, albite, K-feldspar, illite-white K-mica,
chlorite, calcite, actinolite, hematite and titanite. In
metatuffites of the Schénberg Fm. of the Schdckel nappe
the general appearance of biotite seems to be a distin-
guishing feature. In the Arzberg locality (samples GP-99-
A1-A4) common occurrences of dolomite, calcite, hematite,
rutile, ilmenite and apatite, and sporadic occurrences of
epidote and tourmaline, whereas in the Silberberg locality
(samples GP-99-E1-E3) the lack of white K-mica and the
common occurrences of actinolite, epidote, calcite,
hematite and titanite are characteristic. In the greenschists
of the Sausal Paleozoic (samples GP-98-21 and 22) again
the assemblage of quartz, albite, white K-mica, chlorite,
calcite and hematite is found, locally with sporadic K-
feldspar, rutile and ilmenite. Goethite refers to weathering,
while minor amounts of kaolinite and siderite presumably
refer to low-T hydrothermal activity.

Considering the metabasic massive rocks of lava or
intrusive origin, clinopyroxene is the only relic magmatic
mineral (Tab. 2). The metamorphic minerals of the
metabasalt from the Kehr-Vulkanit Fm. of the Rannach
nappe (sample GP-98-13) consist of quartz, albite, white K-
mica, chlorite, actinolite, epidote and dolomite. Other min-

erals such as prehnite, calcite, siderite, hematite, rutile and
titanite occur only as traces. Similar assemblages are
found also in the metabasalt and -gabbro samples of the
Tyrnaueralm Fm. (Hochlantsch nappe, samples GP-98-
16a,b, 17 and 18). In some of them K-feldspar, biotite and
pumpellyite also occur. The metabasalt sample GP-98-12
from the Taschen-Schiefer Fm. of the Schéckel nappe from
the village Waldstein is built up by quartz, albite, chlorite,
calcite, hematite, rutile and titanite, with traces of dolomite.

Major element bulk chemical compositions of represen-
tative samples are given in Tab. 3. Their evaluations can
be found in context with mineral chemistry in the part “Dis-
cussion”.

lllite and Chlorite Crystallinity Indices

Calibrated IC and ChC values are given in Tab. 4. IC val-
ues of marly slate and metatuffites from the Flésserkogel
Fm. (samples GP-98-1 and 2-5, respectively) prove higher
anchizonal conditions. There is no systematic difference
between the IC values of slate, marly slate and metatuffites
of the Kehr-Vulkanit Fm (samples GP-98-6-11), all refer-
ring to boundary conditions between the anchi- and epi-
zones. Disregarding sample GP-98-11 that has anom-

Table 4.

Corrected chlorite and illite crystallinity values measured on <2um fraction, sedimented mounts (values in A°20, CuKa).

Sample [ChC(001)] ca. 14-A reflection [ChC(002)] ca. 7-A reflection IC ca. 10-A
AD EG Mgz, AD Mg EG| AD EG Mg, AD Mg.EG| AD EG

GP-98-1 - - - - - - - - 0.318 0.252
GP-98-2 - - - - - - - - 0.246 0.239
GP-98-3 - - - - - - - - 0.260 0.292
GP-98-4 - - - - - - - - 0.279 0.278
GP-98-5 - - - - - - - - 0.329 0.313
GP-98-6 0.284 - 0.297 0.259 | 0.272 0.255 0.265 0.258 0.262 0.239
GP-98-7 0.246 0.250 0.280 0.259 | 0.246 0.279 0.259 0.252 0.240 0.253
GP-98-8 - - - - - - - - 0.239 0224
GP-98-9 0.272 0.242 0.284 0.265 0.254 0.236 0.253 0.237 0.259 0.235
GP-98-10 0.255 0.229 0.280 0.269 | 0.234 0.225 0.243 0.244 0.244 0.233
GP-98-11 0.317 0.299 0.279 0.295 0.303 0.282 0.253 0.273 - -
GP-98-13 0.458 0.349 0.343 0332 | 0.376 0.310 0.283 0.285 0.445 0.317
GP-98-16a | 0.384 0.428 0.367 0.356 | 0.302 0.341 0.282 0.291 0.528 0.432
GP-98-16b | 0.388 0.370 0.338 0.353 | 0.289 0.323 0.260 0.267 0.633 0.455
GP-98-17 0.290 0.355 0.292 0.308 | 0.279 0.305 0.270 0.272 0.503 0.469
GP-98-18 - - - - 0322 0328 - - 0.387 0370
GP-98-14 0.302 0.286 0.290 0.266 | 0.279 0.282 0.265 0.248 0.278 0.256
GP-98-15 0.303 0.313 0.279 0.260 0.280 0.300 0.264 0.257 0.282 0.287
GP-98-12 0.344 0.268 0.280 0.281 0.315 0.242 0.254 0.265 - -
GP-99-S1A | 0.262 0.261 0.280 0.282 | 0.242 0.257 0.254 0.244 0.477 0.331
GP-99-SIB | 0.286 0.282 0.279 0.291 0.257 0.264 0.262 0.267 0.269 0.241
GP-99-S1C | 0.235 0.231 0.288 0.260 | 0.234 0.235 0.266 0.240 0.381 0.317
GP-99-A1 0.275 0.280 0.295 0.283 0.253 0.268 0.261 0.254 -

GP-99-A2 | 0.240 0.247 0.277 0.281 | 0.249 0.242 0.257 0.254 -

GP-99-A3 0.243 0.243 0.279 0.279 | 0.242 0.249 0.261 0.259 -

GP-99-A4 | 0.260 0.273 0.310 0.317 | 0.268 0.270 0.288 0.280 -

GP-99-E1l 0.341 0.301 - 0.362 | 0.280 0.267 0.286 0.284 -

GP-99-E2 0.255 0.229 0.301 0.349 | 0.242 0.249 0.241 0.244 -

GP-99-E3 0.333 0.261 0.400 0.380 | 0.253 0.256 0.275 0.240 -

GP-98-19 - - - - 0320 0271 - - 0.321 0.266
GP-98-20 - - - - - - - - 0.250 0.279
GP-98-21 0.218 0.222 0.262 0.279 | 0.237 0.230 0.250 0.264 0.256 0.240
GP-98-22 0.234 0.221 0.262 0.256 | 0.247 0.233 0.247 0.237 0.267 0.248

FWHM measured on AD = air-dried; EG = ethylene-glycol-solvated; Mg,AD = MgCi,-saturated and air-dried; Mg,EG = MgCi,-saturated and ethylene-glycolated mounts.
Clastic and carbonatic rocks are indicated in italics, metatuffites and metatuffs in normal and massive intrusive and lava rocks of basic composition in bold letters.
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alously high ChC values [ChC(001) referring to medium-T
anchizone, ChC(002) to anchizone/diagenetic zone transi-
tion], ChC averages of the slate and metatuffite samples
unequivocally show transitional anchi-/epizonal boundary
conditions, agreeing fairly well with the IC averages. The
pelitic-marly slates of the Kogler Fm., Kalkschiefer nappe
(samples GP-98-14 and 15) display higher anchizonal IC
and ChC values. The single IC value from the slate of the
Taschen-Schiefer Fm., Schéckel nappe (sample GP-99-
S1B) also refers to high-T anchizonal metamorphism, while
IC values of metatuffites from the same locality (Silberberg,
GP-99-S1A and S1C) are significantly higher and appar-
ently correspond only to low-T anchi- or diagenetic zones.
By contrast, opposite behaviour of ChC indices can be
observed, the ChC values of the metapelite sample refer-
ring to higher-grade anchizonal, while those of the
metatuffites mostly to epizonal conditions.

Because of the presence of biotite, only the ChC values
can be used for evaluating the metatuffites from the Schén-
berg Fm. (Schdckel Nappe, localities at Arzberg). In sam-
ple group GP-99-A1-A4 mean values of ChC(001),AD and
ChC(002),AD indicate metamorphism very near to the
boundary between the anchi- and epizones. In sample
group GP-99-E1-E3 the ChC averages correspond to high-
T anchizonal conditions.

IC value of the quartz phyllite sample from the Semriach
Phyllite Fm. (Schockel nappe, GP-98-19) falls within the
high-T part of the anchizone, while ChC(002) refers only to
the diagenetic zone.

A single IC value from the phyllite of Sausal Paleozoic
(GP-98-20) falls to the boundary between the anchi- and

epizones. Greenschist samples of the Sausal Paleozoic
(samples GP-98-21, 22) show high-T anchizonal IC and
mostly epizonal ChC values.

Considering the massive (lava or intrusive) metabasic
rocks, their IC and ChC values are strongly varying. I1C
indices of the metabasalts from the Kehr-Vulkanit Fm.
(Rannach nappe, sample GP-98-13) and from the Tyrn-
aueralm Fm. (Hochlantsch nappe) fall mostly to the diage-
netic zone, subordinately to the lower-grade anchizone.
Similar conclusions can be drawn from the ChC indices of
these rocks. Metabasalt from the Taschen-Schiefer Fm.
(Schéckel nappe, sample GP-98-12) displays lower
anchizonal-diagenetic ChC indices.

Mineral Chemistry

Chemistries of relic magmatic clinopyroxene and main
metamorphic minerals were determined by EMP. Out of
these results, the data of dioctahedral white K-micas
(Tab. 5) and chlorites (Tab. 6) are summarized here. The
evaluation of mineral chemistries are given in the part “Dis-
cussion” in context to the phyllosilicate evolution.

5. Discussion

As usual, the common modal compositions of pelitic-
marly metasediments studied have no diagnostic value for
evaluating metamorphic grade. The same is valid also for
the majority of the meta-tuffites. The actinolite + epidote +
biotite + chlorite assemblage from the Schénberg Fm.
(Schoéckel nappe, Arzberg, samples GP-99-E1-E3) may
refer to low-T greenschist facies conditions (see BUCHER &
FREY, 1994). Biotite is found also in an other locality of

Table 5.
Average chemical compositions of white K-micas (weight-% and cation numbers) determined by EMP.
sample GP- 98-7 98-9  98-10 98-11 98-13 98-16a 98-17 98-15 98-19 98-22 99-A1 99-A2 99-A4
n 1 6 5 3 4 6 3 3 3 6 3 3 3
Sio, 4875 4557 46.75 4899 4696 50.18 4935 48.84 4812 4862 46:53 49.50 48.08
TiO, 0.19 0.22 0.14 0.11 0.12 0.08 0.02 0.39 0.22 0.47 0.62 0.85 0.66
Al,O4 38.53 37.01 36.13 3399 2805 2650 27.05 3371 3726 2831 30.89 27.67 28.31
*FeO 0.89 1.09 1.45 2.47 5.46 5.78 6.87 2.03 1.21 4.23 4.51 6.05 5.18
MnO 0.01 0.02 0.02 0.01 0.03 0.05 0.03 0.02 0.00 0.01 0.00 0.03 0.01
MgO 0.57 0.85 0.98 1.39 2.10 2.70 1.57 1.81 0.67 2.55 2.13 4.07 2.92
CaO 0.06 0.06 0.08 0.04 0.13 0.03 0.12 0.03 0.01 0.03 0.02 0.04 0.01
Na,O 0.42 0.69 0.47 0.32 0.22 0.09 0.04 0.39 0.58 0.07 0.26 0.08 0.22
K,0 8.77 9.30 9.24  10.50 9.78 9.20 9.82 9.34 9.41 9.71 10.45 10.30 10.55
total 98.19 9481 9526 97.82 9284 9461 94.87 96.56 97.48 94.00 9541 98.59 95.94
number of cations on the basis of 22 oxygens
Si 6.18 6.05 6.17 6.36 6.53 6.81 6.74 6.37 6.19 6.62 6.30 6.52 6.50
AlY 1.82 1.95 1.83 1.64 1.47 1.20 1.26 1.63 1.81 1.39 1.70 1.48 1.50
A" 394 384 379 356 314 304 3.09 355 384 316 323 281 3.0l
Ti 0.02 0.02 0.01 0.01 0.01 0.09 0.00 0.04 0.02 0.05 0.06 0.08 0.07
*Fe® 0.09 0.12 0.16 0.27 0.64 0.66 0.78 0.22 0.13 0.48 0.51 0.67 0.59
Mn 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.11 0.17 0.19 0.27 0.44 0.55 0.32 0.35 0.13 0.52 0.43 0.79 0.59
sum R 416 418 416 411 423 426 420 417 412 421 423 435 425
Ca 0.01 0.01 0.01 0.01 002 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.00
Na 0.10 0.18 0.12 0.08 0.06 0.02 0.01 0.10 0.15 0.02 0.07 0.02 0.06
K 1.42 1.58 1.56 1.74 1.74 1.59 1.71 1.56 1.54 1.69 1.80 1.73 1.82
t.i.c. 1.54 1.77 1.70 1.83 1.84 1.62 1.76 1.66 1.69 1.71 1.88 1.76 1.88
total 13.69 1394 1384 1394 1405 13.88 1394 13.83 13.81 13.92 14.11 14.11 14.13
XMg 0.03 0.04 0.05 0.07 0.10 0.13 0.08 0.09 0.03 0.12 0.10 0.18 0.14
Fe*'/(Fe**+Mg) 047 042 045 050 059 055 072 039 050 048 055 046 050
AYAIY+Fe™ +Mg)| 095 093 091 087 074 072 074 086 094 076 077 066 072
Na/(Na+K) 0.07 0.10 0.06 0.05 0.04 0.02 0.01 0.06 0.09 0.01 0.04 0.01 0.03

* = total Fe calculated as FeO and Fe2+, respectively; t.i.c. = total interlayer charge; n = number of measurements.
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lously high IC values, indicating anomalously low apparent
grade, as compared to IC values of the associated
metapelites. However, ChC indices proved to be reliable
metamorphic zone indicators in both lithotypes also in
these localities.

As compared to the mineral assemblages, anomalously
high IC and ChC values were obtained from the massive
metabasic rocks. In addition to bulk rock and mineral
chemical effects outlined below, the lower porosity and per-
meability of these rocks as compared to metatuffites may
be a cause responsible for the retarded reaction progress
of phyllosilicates (see also SCHMIDT & ROBINSON, 1997).

In order to evaluate the metamorphic zone-indicating sig-
nificance of IC and ChC measured in various lithotypes,
eventual effects of factors that may affect the FWHM val-
ues of basal reflections of illite and chlorite are discussed
below.

Factors Affecting lllite Crystallinity

Text-Fig. 4 demonstrates that the differences between
IC values measured on airdry and glycolated mounts
decrease with decreasing IC,AD, i.e., with increasing grade
or temperature. The strong positive linear correlation
implies that the amounts of swelling (smectitic) mixed-lay-
ers, being responsible for the sharpening of the 10-A
reflection after glycolation, decrease with advancing grade.
This trend corresponds to the general evolution path of
illite-muscovite in diagenetic and incipient metamorphic
conditions (for summary reviews see FREY, 1987; MERRI-
MAN & PEACOR, 1999). Judging from the relatively low
absolute values of the differences, the proportion of
swelling component in illite of the <2um grain-size fraction
may be subordinate. It is worth mentioning that glycolation
causes small-scale broadening of the 10-A peak (negative
values) in certain epizonal samples.

The trend in Text-Fig. 4 would require an increase in total
interlayer charge (t.i.c.) and K with decreasing IC. How-
ever, as demonstrated by Tab. 5, both t.i.c. and K content
vary within relatively narrow ranges (1.51-1.84 and
1.42-1.74, respectively), showing no systematic differ-
ences either between the various lithotypes or in function
of IC. [Correlation coefficients between IC,AD and t.i.c
(—0.07) and IC,AD and K (0.28) are not significantly differ-
ing from zero.]

EMP analyses (summarized in Tab. 5) were done on
white mica flakes necessarily larger than the <2um frac-
tion’s grains studied conventionally by XRD. Using
microstructural criteria, larger flakes and their aggregates
accumulated in the micro-shear cleavage zones were
analysed preferentially. Although involvement of detrital

-0.05

0.1 0.2 03 0.4 0.5 0.6 0.7
IC(AD)

Text-Fig. 4.

Effect of ethylene glycol solvation on illite crystallinity in function of meta-
morphic grade (IC,AD).

0 = metapelite; X = metatuffite; + = massive (lava or intrusive) metabasic
rock.

mica grains in the EMP analyses can not be ruled out per-
fectly, the majority of the EMP data has been obtained on
newly formed (metamorphic) white micas of larger (>5 um)
grain-size. Thus, compositional trend in function of grain-
size of metamorphic white K-micas can be set up in an indi-
rect way, comparing XRD and EMP data. This trend sug-
gests that reaction progress of illite to white K-mica has
reached a more advanced stage in the fluid-rich micro-
shear (cleavage) zones than that of the small-grained white
K-micas found in the matrix. In these shear zones carbon-
ate minerals and quartz also have very often accumulated,
in addition to white mica and chlorite.

Text-Fig. 5 shows the chemical relations of dioctahedral
white K-micas. The subordinate (generally <20 %) pyro-
phyllite component is a consequence of the t.i.c. deficiency
as compared to ideal muscovite or celadonite. There are
complete overlaps between the three main rock groups.
Metapelites are characterized by Ms>Cel ratios, while the
whole range of Ms-Cel solid solution is represented by
metatuffites and basic meta-igneous rocks, the latter two
rock types having predominantly of celadonitic white K-
micas.

At the P =5 % level significant correlations were found
between IC,AD and Cel% (r=0.59), IC,AD and
AlVI/(AV'+Fe2*+Mg), where r=-0.60, and IC,AD and
Fe2+/( Fe2*+Mg), where r = 0.60. The strongest correlation
being significant at P = 1 % level was found between IC,AD
and Si content (r = 0.77), which is also a function of the

Muscovite

Vt AV AV \ V AV \ AV

Celadonite

Text-Fig. 5.

Muscovite — celadonite — pyrophyllite end-member relations of dioctahe-
dral white K-micas, calculated from EMP data after VIDAL & PARRA (2000).
For symbols see Text-Fig. 4.

Pyrophyllite

proportion of smectitic interlayers, in addition to the domi-
nating role of the celadonite content. One may conclude
therefore that both the amounts of smectitic mixed-layers
acting mostly in the finer-grained fraction and the
celadonite content playing role also in the larger grain pop-
ulation affect the illite crystallinity. With increasing
celadonite content the FWHM of the 10-A reflection
increases, thus indicating apparently lower metamorphic
grade (temperature). This conclusion confirms the early
statement of ESQUEVIN (1969) who has found that IC val-
ues of only aluminous illites can be used for indicating
metamorphic grade, magnesian illites being unsuitable.
ESQUEVIN (1969) used the 15 A/I10 A ratio to estimate the
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Al/Mg relation. However, this intensity ratio proved to be
unreliable for estimating chemical relations (HUNZIKER et
al., 1986).

At the P = 5 % level significant positive correlations were
found between MgO (r = 0.67), FeO (r = 0.42) and FeO,ya
(r = 0.51) contents of bulk rocks and chlorites (see Tables
3 and 5). Out of ratios of major elements, only the
Al,O5/(Al,O3 +FeO+MgO) and Al,O4/(Al,O3+FeOy4+MgO)
ratios of bulk rocks and white micas show moderate (at
P =5 % level significant) positive correlations (r = 0.48 and
0.46, respectively), indicating that the more basic a rock is,
the more celadonitic the chemistry of its white K-mica will
be. Consequently, IC values obtained on mixed (tuffitic)
and meta-igneous rocks of basic composition are larger
and indicate apparently lower metamorphic grade than the
associated normal pelitic metasedimentary rocks.

Chemical Relations of Chlorite

Similarly to white K-mica, larger flakes and monomineral-
ic aggregates of chlorite commonly found in micro-shear
(cleavage) zones, vesicle fillings or in pseudomorphs after
magmatic phenocrysts were analysed by EMP. As to
Tab. 6, the t.i.c. of chlorites is generally lower than 0.1 p.f.u.
(considering 28 oxygens), and reaches 0.2 only in one
case.

Consequently, the quantities of smectitic and/or mica-like
impurities being present either in form of mixed-layered
components or discrete phases should be extremely low.
By contrast, the apparent octahedral vacancies abbreviated
as O (supposing tri-trioctahedral structure) range up to c.
0.4 p.f.u., and thus, the proportion of smectitic mixed-layers
calculated on the basis of apparent octahedral vacancies
using the method of BETTISON & SCHIFFMAN (1988) may
reach 15-17 %, however its values commonly range
between 0 and 5 %. This contradiction can be solved by a
thorough evaluation of EMP data outlined below.

Although t.i.c. of individual chlorite analyses are general-
ly low, only rather few analyses fulfil the strict requirements
of VIDAL & PARRA (2000) for selecting correct chemical data
on “pure” chlorite. These criteria are as follows:

a) Totals vary between 84 and 91 weight-%;

b) 3(Na,O + K,0 + CaO) <0.5 weight-% or (Ca + Na + K)
<0.1 p.f.u. and

c) O = (AIV-AIV)/2 = 12 — SRV within an error of 15 %.

Selecting the appropriate analyses and plotting their
end-member relations after VIDAL & PARRA (2000)
Text-Fig. 6a shows that the di-trioctahedral (DT, i.e.,
sudoitic) substitution also plays an important role in addi-
tion to the dominant FeMg_; (FM) and Tschermak [TK:
AIVAIVISi_;(Mg,Fe)_4] substitutions in chlorites. The propor-
tion of dioctahedral end-member is usually <10 %, how-
ever it may reach 20 %. Thus, apparent octahedral vacan-
cies given in Tab. 6 are mostly plausible consequences of
the transient (tri-dioctahedral) nature of the chlorites rather
than those of the smectitic or mica-like impurities, the pres-
ence of which is not supported by the amounts of alkalis,
either. However, when plotting all of the EMP analyses in
Text-Fig. 6b, the scatter of the sudoitic substitution
increases, indicating that smectitic impurities are also act-
ing in addition to DT substitution. Figs. 6a and 6b show that
metapelites have higher “amesite”, sudoite (and smectite)
contents than metatuffites and metabasites, the latter hav-
ing higher clinochlore + daphnite contents and generally
lower sudoitic substitutions.

Tab. 7 summarizes the statistical parameters of regres-
sions calculated between the chlorite properties. With
decreasing total amounts of octahedral divalent cations the
Si content also decreases (relation 11 in Tab. 7). This rela-
tion displayed in Text-Fig. 7 corresponds to none of the
main trends of mixing between chlorite and other minerals
displayed by JIANG et al. (1994). Instead, together with
relations [1, 4 and 5] this trend refers to TD substitution.
The rather weak but at P = 5 or 1% levels significant corre-
lations of relations [6] and [9] in Tab. 7 refer to subordinate
contribution of smectitic and/or mica-like impurities to
“chlorite” chemistries.

Factors Affecting Chlorite Crystallinity

Figs. 8a and 8b show that glycolation and Mg-saturation
affect ChC(001): with increasing FWHM values of the
<2pm grain-size airdry mounts the 14-A peak becomes

Amesite

\ A"4 AV AVA AV

Clinochlore+Daphnite Sudoite

Amesite

b

AV Y__ N NV AV4 N/

Sudoite

Clinochlore+Daphnite

Text-Fig. 6.

End-member relations of chlorite analyses using the criteria of VIDAL & PARRA (2000) for selecting “pure” chlorites (a) and displaying all analyses (b).
End-members are as follows: “amesite”: (Mg,Fe)sAl,[SisAl;050](0H)6; sudoite: (Mg,Fe)4AlgLI5[SigAl,050](0H)4s and clinochlore + daphnite:

(Mg, Fe)1oAl5[SigAl,020] (OH) 6.
For symbols see Text-Fig. 4.
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Table 7.

Correlation coefficients ( r) and parameters of linear regressions (y = ax + b) between various chlorite properties.
* = r differs significantly from zeroat P =5 %; **=atP =1 % and *** =at P = 0.1 % levels.

relation y X a b r n
1 ALY 0216 -0.465 0.68%%* 24
2 AlY 0.072 -0.083 0.14 24
3 Al(total) 0.098 -0.405 0.48% 24
4 total oct. R** -0.199 1.944 -0.807%# 24
5 MY\ 0.464 0.053 0.93%** 24
6 ti.c. AlY -0.112 0.332 -0.49% 24
7 ti.c. Al -0.015 0.090 -0.11 24
8 ti.c. AIVEALY 0.069 0.044 0.31 24
9 ti.c. 0 0.256 0.026 0.58%* 24
10 AIV-ATY Al(total) 0.257 -1.215 0.63%* 24
11 Si total oct. R** 0.325 2.476 0.65% % 24
12 AlY ChC(001), AD -1.612 2.977 -0.46% 22
13 AlY ChC(001), EG -2.568 3.223 -0.65%* 22
14 AlY ChC(001), MgEG -2.202 3.165 -0.40 22
15 AlY ChC(001), MgAD -1.780 3.040 -0.29 21
16 AlY ChC(002), AD -2.804 3.254 -0.45% 22
17 ALY ChC(002), EG -3.652 3.478 -0.55%% 22
18 AlY ChC(002), MgAD -7.158 4.382 -0.45% 22
19 ALY ChC(002), MgEG -7.835 4.538 -0.61%* 22

20 AV A +Fe* +Mg) ChC(001), AD -0.206 0.279 -0.47% 22
21 AIV/AIY+Fe* +Mg) ChC(001), EG -0.199 0.274 -0.42 22
22 AIM/(AIY+Fe +Mg) ChC(001), MgAD -0.239 0.292 -0.30 22
23 AIYV/(ATIYHFe® +Mg) ChC(001), MgEG -0.318 0.314 -0.46% 22
24 AIV(ATY'+Fe* +Mg) ChC(002), AD -0.224 0.282 -0.28 24
25 AV A +Fe* +Mg) ChC(002), EG -0.314 0.305 -0.37 24
26 AIY(ATY+Fe* +Mg) ChC(002), MgAD -0.764 0.419 -0.38 22
27 AV AIY+F +Mg) ChC(002), MgEG -0.820 0.432 -0.51% 22
28 Fe*'/(Fe*'+Mg) ChC(001), AD -0.478 0.633 -0.28 22
29 Fe*'/(Fe*' +Mg) ChC(001), EG -0.565 0.652 -0.29 22
30 F®'/(F' +Mg) ChC(001), MgAD -0.595 0.671 -0.19 21
31 Fe' /(Fe* ™ +Mg) ChC(001), MgEG -0.815 0.738 -0.30 22
32 Fe'/(Fe* ' +Mg) ChC(002), AD -0.591 0.662 -0.20 24
33 Fe*'/(Fe*'+Mg) ChC(002), EG -0.560 0.652 -0.18 24
34 Fe?*/(Fe"+Mg) ChC(002), MgAD -2.925 1.260 -0.37 22
35 Fe*'/(Fe’ +Mg) ChC(002), MgEG -2.861 1.236 -0.45% 22
36 T°C [Cathelineau, 1988] ChC(001), AD -234 411 -0.40 22
37 T°C [Cathelineau, 1988] ChC(001), EG -411 458 -0.64%% 22
38 T°C [Cathelineau, 1988] ChC(001), MgAD -276.5 426 -0.27 21
39 T°C [Cathelineau, 1988] ChC(001), MgEG -345 446 -0.38 22
40 T°C [Cathelincau, 1988] ChC(002), AD -412 453 -0.40 22
41 T°C [Cathelineau, 1988] ChC(002), EG -579 497 -0.53%* 22
42 T°C [Cathelineau, 1988] ChC(002), MgAD -1105 632 -0.42% 22
43 T°C [Cathelineau, 1988] ChC(002), MgEG -1184 650 -0.56% 22
44 0 ChC(001), AD -0.128 0.128 -0.08 22
45 O ChC(001), EG 0.287 0.011 0.17 22
46 | ChC(001), MgEG -0.574 0.263 -0.24 22
47 ti.c. ChC(001), AD 0.288 -0.035 0.37 22
48 ti.c. ChC(001), EG 0.560 -0.107 0.65% 22
49 ti.c. ChC(001), MgAD 0.366 -0.059 0.27 21
50 ti.c. ChC(001), MgEG 0.277 -0.033 0.23 22
51 AlM ChC(001), AD -2.404 3.298 -0.48% 22
52 AV ChC(001), EG -2.750 3.364 -0.49% 22
53 ALY ChC(001), MgAD -2.811 3.437 -0.32 21
54 A1V ChC(001), MgEG -3.713 3.708 -0.47* 22

n = number of data pairs.
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Text-Fig. 7.

Si content of chlorite in function of sum of octahedral divalent cations.
Iso-lines of apparent octahedral vacancies, R3* content and trends of
mixing between chlorite and other phases are plotted after JIANG et al.
(1994).

Legend as in Text-Fig. 4.

more and more sharp, the effect being more regular at Mg-
saturation than at glycolation. Similarly to white K-micas,
these trends indicate that swelling mixed-layers are pres-
ent in the <2pm fraction chlorites in higher quantities than
in the larger grains analysed by EMP. The commonly sub-
ordinate quantities of smectitic component decrease with
increasing grade (i.e., with decreasing FWHM values). In
certain cases, especially at epizonal grade Mg-saturation
causes small-scale but regular broadening of the 14-A
peak. This effect might be explained either by the formation
and existence of high interlayer-charge (rather weakly
swelling) vermiculitic mixed-layers and/or by an effect of
ethylene glycol and Mg-containing solution loosening and
splitting the originally large crystallites into smaller
domains along planar structural defects, similarly to that
observed in white K-micas.

Conclusions drawn on the role of mixed-layers in
anchizonal chlorites from XRD data of the <2um grain-size
fraction mounts are in contradiction with the chemical data
of larger chlorite grains studied by EMP. In this respect
white K-mica and chlorite are similar and both refer to
grain-size and rock microstructure dependent crystal struc-
tural and mineral chemical inhomogeneities of these miner-
als. These inhomogeneities may considerably restrict the
validity of the following discussion in which ChC indices are
compared to chlorite chemistries.

As summarized in Tab. 7, in general there are no corre-
lations significant at least at P =5 % level between the
ChC values and total interlayer charge [relations 47-50 in
Tab. 7] and ChC values and apparent octahedral vacan-
cies [relations 44—46 in Tab. 7]. Moderate, mostly at P =5
and 1% levels significant negative correlations exist
between ChC and Al"Y content [relations 12—19 in Tab. 7].
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Rather loose (mostly only at P = 5 % level significant) neg-
ative correlations are found between the AlV' content and
ChC and between the AIV/(AlV'+Fe2++Mg) ratio and ChC
[relations 51-54 and 20—-27 in Tab. 7], while no significant
correlations exist between Fe?+/(Fe?*+Mg) and ChC [rela-
tions 28-35 in Tab. 7].

Comparison of ChC indices with chlorite chemistries
confirm that chlorite crystallinity reflects the integrated
effects of swelling mixed-layers and dioctahedral (sudoitic)
substitutions, while the Fe/Mg ratio does not influence
ChC. Considering also the mainly insignificant amounts of
smectitic impurities, the moderate but mostly significant
negative correlations between Al'Y and ChC and tempera-
ture and ChC [relations 36—42 in Tab. 7] proves that the
empirical chlorite-Al"Y geothermometer of CATHELINEAU &
NIEVA (1985) and CATHELINEAU (1988) and its corrected
varieties (KRANIDIOTIS & MACLEAN, 1987; JOWETT, 1991;
ZANG & FYFE, 1995) reflects not only the decreasing
amounts of smectitic impurities with advancing grade but
also a regular change of chemistry of chlorite structure
sensu stricto.

When evaluating the metamorphic petrogenetic signifi-
cance of chlorites, the relations between bulk rock and
chlorite chemistries should also be taken into considera-
tion. Because of the great variability of bulk rock
chemistries including strongly varying carbonate contents,
and because of the polyphase nature of the rocks, the cor-
relations between bulk rock and chlorite chemistries should
be necessarily rather weak in general. Thus, no significant
correlations were found in SiO,, Al,O; and FeOy),
amounts and Al,O4/(Al,03+Si0,) ratios between bulk rocks
and chlorites. By contrast, significant positive correla-
tions were found for MgO (r = 0.82, P = 0.1%), for
MgO/(MgO+FeQ) ratio (r = 0.62, P = 1%) and for
Al,O5/(Al,;O03+MgO+FeOyyy) ratio (r = 0.44, P = 5%) be-
tween bulk rocks and chlorites. Surprisingly similar rela-
tions were found by ARKAI & SADEK GHABRIAL (1997)
between chlorites and their hosting meta-igneous rocks
with compositions ranging from basic to acidic.

Thus, combining the bulk rock chemistry — chlorite chem-
istry — ChC relations, one may conclude that the
Al,O4/(Al,O3+MgO+FeOyya) ratio of bulk rocks should be
taken into account when ChC values and chlorite chemistry
(first of all, Al'V) are intended to use for estimating diage-
netic and metamorphic zones. An increase in Al,Os/
(Al,03+MgO+FeO,qy) ratio of bulk rock results in increase
in  Al,O5/(Al,03+MgO+FeQ,,) ratio of chlorite and
decrease in ChC indices providing higher apparent meta-
morphic grades. By contrast, changing Al,O4/(Al,O3+SiO5)
and MgO/(MgO+FeO,,) ratios has no remarkable influ-
ence on ChC.

6. Conclusions

Evaluating illite and chlorite crystallinity, mineral and
bulk rock chemical data obtained from metatuffites and
meta-igneous rocks of basic to intermediate compositions
and pelitic-marly metasediments all deriving from the Graz
and Sausal Paleozoic of the Eastern Alps, the following
conclusions are drawn.

1) In general, chlorite crystallinity indices can be used for
approximate determination of diagenetic and metamor-
phic zones in metapelites and associated metatuffites.
Illite crystallinity proved to be much more lithology-
dependent than chlorite crystallinity, showing anom-
alously high IC values (anomalously low apparent
grades) in certain metatuffites, as compared to
metapelites. Massive metabasic rocks of lava or intru-
sive characters display anomalously high IC and ChC
values.



Text-Fig. 8. a
Effects of glycolation (a) and Mg-saturation
(b) on chlorite crystallinity, in function of
metamorphic grade [ChC(001), AD].

Legend as in Text-Fig. 4.
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flakes and aggregates formed
mostly in the cleavage (micro-
shear) zones represent a more
evolved stage in the reaction
progress than the <2um grain-
size fraction, matrix-forming
white K-mica and chlorite.

3) In addition to the well-known
effect of decreasing amounts of
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white K-mica is a function of
bulk rock chemistry, correlating
first of all with the Al,Og4/

(Al,03+FeO*+MgO) ratio of bulk

rocks.

4) Chlorite crystallinity reflects the
integrated effects of swelling
mixed-layers and dioctahedral
(sudoitic) substitutions, while the
Fe/Mg ratio of chlorites has no
appreciable effect on ChC.

Out of the chlorite — bulk rock
major element relations, the Al,O4/
(Al,O3+FeO*+MgO) ratio seems to
be strongly controlling both the
ChC indices and the Al and AlV!
contents of chlorite. Consequently,
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in addition to the evaluation of the
effects of mixed-layers in chlorite, a
strict bulk rock chemical control is
needed when the chlorite-Al'Y con-
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tent is applied for geothermometry.

As a consequence, bulk rock major element and mineral
chemical relations should be taken into consideration when
phyllosilicate crystallinity indices obtained from varying
(mostly contrasting) lithologies are compared for decipher-
ing diagenetic and incipient metamorphic conditions.
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