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The study of melt inclusions is a recent, small-scale approach to a better understanding of
 melting in the continental crust. It builds on the discovery of glassy inclusions (CESARE et al.,
1997) and their crystallized counterparts (�“nanogranites�”, CESARE et al., 2009) in garnet and
other host minerals from anatectic crustal enclaves in lavas and from regional migmatites.
By producing a melt of broadly granitic composition and a silica-poor solid residue, crustal
 anatexis is of paramount importance in shaping the continental lithosphere: on one hand it
 determines the geochemical differentiation of the crust; on the other it allows easier and faster
deformation of the crust, with important tectonic and geodynamic implications. Among the
 several aspects of crustal melting that are still poorly known to scientists, one is the composition
of the natural melts produced during anatexis, as both leucosomes in migmatites and
 allochthonous crustal granites aren�’t representative of primary melts. 
Such gap of knowledge has led to a new approach to characterize the composition of natural
crustal melts: the study of melt inclusions. Building on the extensive work and literature on uid
and melt inclusions in mac rocks, we realised that tiny droplets of the melt phase produced
 during crustal anatexis can be trapped by, and preserved within, those minerals that grow
 simultaneously with the melt, i.e. the peritectic phases produced during incongruent melting.
For example, a garnet crystal that forms during the incongruent melting of biotite has the  potential
of trapping primary inclusions of the melt that is in contact with. Albeit straightforward, this
perspective has found little application to migmatites and granulites in the past, until our rst
works in the crustal enclaves and xenoliths from El Hoyazo, SE Spain (CESARE et al., 1997).
In these fragments of crustal rocks entrained in lavas that rapidly ascended, extruded and coo-
led on the Earth surface, the inclusions of anatectic melt could solidify to, and be preserved as,
rhyolitic glass. The mineralogical and chemical composition of these rocks is comparable to that
of residual melanosomes in migmatites, but here abundant glass is present, particularly as melt
inclusions in all the minerals. 
Glass inclusions were studied in particular in garnet and plagioclase (ACOSTA-VIGIL et al.,
2007, 2010, 2012). They range in size between 5 and 50 m, have a primary texture, contain
fresh and undevitried glass, and show very little evidence of melt crystallization upon cooling.
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The peraluminous leucogranitic and close-to-eutectic compositions of glasses support the
 conclusion that they represent natural anatectic melts. Zircon and monazite saturation
 temperatures of 665-750°C suggest that melts were produced by muscovite breakdown melting
early in a process of rapid anatexis, and mostly under H2O-undersaturated conditions. The
 analysis of trace elements in the glass inclusions also allowed the rst precise evaluation of the
extent of chemical equilibrium between felsic melt and crystalline residuum during the  anatexis
of metasediments in a natural context.
Crustal enclaves such as at El Hoyazo are extremely unusual and rare. Nonetheless, they  boosted
an important development of melt inclusion studies by raising the question: �“Why shouldn�’t
inclusions formed by the same process occur also in �“normal�” migmatites and granulites?�”
We (re)examined migmatite and granulite localities worldwide looking for garnet-producing
 incongruent reactions, until the rst occurrence of melt inclusions was found in the slowly
 cooled granulites of the Kerala Khondalite Belt (KKB), India (CESARE et al., 2009). There, the
inclusions are hosted within garnet: those in the range of 15-25 m are fully crystallized to a
cryptocrystalline aggregate of quartz, alkali feldspar, biotite and plagioclase (Fig. 1), locally
 showing micrographic intergrowths of quartz and feldspars. Inclusions generally have a  negative
crystal shape, and grain-size of crystals ranges from hundreds of nm to a few m. Given the
microstructural and chemical features, the cryptocrystalline aggregate found within these
 inclusions was named �“nanogranite�”. 

Figure 1: 
Backscattered SEM image of a
 nanogranite inclusion hosted in
garnet from a granulitic  migmatite
of the Kerala Khondalite Belt,
 India. (From HOLNESS et al.,
2011).
Bt: biotite; Kfs: K-feldspar
Pl: plagioclase; Qtz: quartz

Another exceptional and intriguing discovery was that, despite the very slow cooling rate of the
host rock, some inclusions <15 m are still completely glassy. This has been explained by
 inhibition of nucleation in the inclusions with the smallest volumes, by analogy with the  behavior
of aqueous solutions in sediments or of glass in lms and pores of contact meta-morphic rocks. 
Since the rst nding, nanogranite and glassy inclusions have been identied also in regional
metamorphic migmatites from other geological settings of various P-T conditions, such as the
Ivrea Zone and the Ulten Zone (Italy), Ronda (Spain), the Barun Gneiss (Nepal), the  Kaligandaki
valley (Tibet), and south-central Massachusetts (U.S.A.). 
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Inclusions are hosted in garnet at all these localities, and also in ilmenite at Ronda. Their  peculiar
microstructural features (FERRERO et al., 2012) make nanogranites one of the most reliable
 indicators for the former presence of melt in a rock. Moreover, their appropriate  characterization
and analysis can provide the missing information on the composition of natural anatectic melts
before these undergo modication processes. But while glassy inclusions can be directly  analysed
with minimal sample preparation, nanogranites need to be remelted to a homogene-ous liquid
and then quenched: to prevent the decrepitation of inclusions and loss of volatiles, remelting is
achieved in a piston cylinder apparatus (BARTOLI et al., 2013a).
EMP, Raman and nanoSIMS analysis of major elements and H2O contents of remelted nano-
granites shows that despite being all leucogranitic, compositions of natural anatectic melts
 generally plot away from those of minimum melts, and display systematic differences among
samples, particularly concerning Qtz-Ab-Or relationships (Fig. 2). 

Figure 2: 
Composition of remelted nanogranites (dark grey fields), of melt inclusions (MI) in garnet (Grt) and andalusite
(And) from spanish enclaves (encl.; light grey fields), and of experimental melts produced from metasedimentary
starting materials (white fields), plotted in the CIPW Q-Ab-Or diagram. Gray squares are leucosomes in the
 migmatite from Ronda. Black dot and lines show the eutectic point and cotectic lines for the subaluminous haplo-
granite system at 5 kbar and aH2O = 1.
Redrawn after BARTOLI et al. (2013b), where details of the sources of data of experimental melts can be found.

The analysis of H2O in the rehomogenized inclusions demonstrates that nanogranites preserve
the primary uid contents and that melts produced at Ronda were mainly H2O-undersaturated
even at low degree of melting (BARTOLI et al., 2013b). Since H2O is one of the main    parameters
determining melt viscosities and, in turn, the strength of partially melted rocks, our
 characterization of the uid contents of nanogranites is key for obtaining more realistic   constraints
to the rheological behaviour of the deep crust, and to the timescales of melt extraction from it.
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Melt inclusions should be targeted in the most chemically inert and mechanically strong  mineral
hosts (e.g., spinel, ilmenite, zircon) from the least deformed rock domains. A major problem
 associated with this research is analytical and relates to the small size of the objects of study,
enhancing the possibility of contamination by the host phase and loss of alkalis (in particular
Na) due to the use of focused beams during analysis. Another problem is methodological and
resides in the necessity of determining, case by case, the extent to which inclu-sions preserve
their primary features, including the degree of chemical interaction with the host and the degree
of crystallization upon cooling. 
Because the composition of anatectic melts can now be analysed rather than assumed, we  foresee
that our investigation will stimulate further research on melt inclusions in migmatites and
 granulites. With extension to melting of mac protoliths and to HP to UHP conditions of  anatexis,
our approach promises important impacts on a wide spectrum of disciplines including  petrology,
geochemistry, mineralogy, volcanology and geodynamics. As many occurrences of melt
 inclusions have been overlooked because they simply were not searched for, they will be
 uncovered by careful re-investigation of migmatite and granulite samples worldwide. In  addition,
the small size of inclusions (often <10 m) and crystals within nanogranite (often <1 m)  offers
new challenges and applications for cutting-edge micro-analytical techniques such as eld  
 emission gun-based SEM and EMP, LA-ICP-MS, nanoSIMS, synchrotron-based micro-XRF and
micro-XRD. The fast technological development is likely to eliminate all analytical obstacles
in a few years.
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Three examples of layered structures from the authors recent work will be presented. All  structures
show disorder due to stacking fault mechanisms.
The rst example, is the layered brownmillerite Ca4Fe2Mn0.5Ti0.5O9. This material shows strong
one-dimensional diffuse scattering (Fig. 1). A simulation study revealed the stacking fault
 mechanism and using high-resolution transmission electron microscopy the faults could be
 imaged (KRÜGER et al., 2011).

Figure 1:
Left side: a combination of calculated (left, Bragg scattering neglected) and observed (right) diffraction patterns
(3kl) is shown. The right side shows two brownmillerite layers with alternative stacking vectors.

Potassium aluminate KAl9O14 exhibits a mullite-type structure. In single crystals grown from a
vapour phase, we found a monoclinic superstructure which causes a complex nano- and micro-
structure due to multiple twinning and stacking faults (Fig. 2, LAZI  et al., 2013).
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Figure 2:
TEM of monoclinic KAl9O14: electron micrograph
(left) showing the nano-sized twin domains, and
 electron  diffraction pattern [010] (right) with super-
structure reflections and diffuse scattering.

The third example highlights an interesting case of stacking faults in an ordered  aluminosilicate
framework structure: the monoclinic kalsilite phase KAlSiO4-O1 (KREMENOVI  et al., 2013).
Our recent results revealed that the stacking faults are related to non-stoichiometry with silicon
excess and potassium vacancies according to K1-x xAl1-xSi1+x. The proposed stacking faults do
not break the framework, however, its topology is modied at the fault planes. Pseudo- hexagonal
twinning causes a complex diffuse scattering pattern (Fig. 3).

Figure 3:
Reciprocal space section hk0 of non-
stoichiometric KAlSiO4-O1. Strong
one-dimensional diffuse scattering with
twin-related additional directions.

KREMENOVI , A., LAZI , B., KRÜGER, H., TRIBUS, M., VULI , P. (2013): Acta Crystallographica, C69,
334-336.
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Introduction: general characteristics of orogenic gold deposits
Orogenic gold deposits are typical metallogenic features in moderate to high temperature - low
to moderate pressure metamorphic belts of convergent plate margins (GROVES et al., 2003).
They formed in large scale metamorphic uid dominated uid ow systems at 3-20 km depths,
along compressional-transpressional shear zones in accreted terrains during the late stages of
orogenies. Their host rocks most typically consist of mac metavolcanic and metasedimentary
sequences which also often host felsic (porphyry) and lamprophyre dikes and granitoid  intrusions
and thus magmatic input into the uid ow system cannot be ruled out in some deposits.  Location
of ore is controlled by brittle-ductile shear zones and it is also inuenced by competency  contrasts
among host rock lithologies as well as by superimpo-sition of shear zones on each other or on
fold structures. The mineralization forms dissemina-tions, stockworks and veins.  Gold
 enrichments are usually associated with elevated concen-trations of Ag, Bi, Sb, As, Te, W. The
base metal content of the ore is usually low; exceptions are the orogenic gold deposits with  atypical
metal associations. Epizonal (3-6 km depth) deposits may be enriched in Sb and Hg whereas
concentration of As and Te is more typical to meso- and hypozonal (6-10 and >10 km depths,
respectively) deposits. Native gold most commonly associates with pyrite and/or pyrrhotite,
 arsenopyrite and telluride minerals in car-bonate-quartz veins. Hydrothermally altered host rocks
are characterised by enrichments of K, Na, Ca, Fe, Mg, CO2, B and S. Thus albite, K-feldspar,
K-micas, biotite, phlogopite, amphibole, tourmaline, carbonates and Fe-sulphides are the  typical
alteration minerals. Parent uids of mineralisation are dilute (<6-8 NaCl equiv wt%) H2O-NaCl-
CO2 (± CH4 ± N2) type uids. These reduced, near-neutral uids transport gold in sulphur
 complexes and preci-pitation of gold is triggered by phase separation as a consequence of pressure
uctuation, removal of sulphur by sulphurisation of Fe-rich silicate/oxide minerals in the wall
rocks and changes in the oxidation state by mixing with more reductive/oxidative uids or
 carbonatisation of wall rocks. Most of the giant (>250t Au) and world class (>100t Au) deposits
were formed in relation to Archean and Paleoproterozoic supercontinent cycles at around 2.6-
2.7 and 1.8-1.9 Ga, as well as during the Phanerozoic, modern-style orogenic cycles between
600 and 50 Ma (GOLDFARB et al., 2001). Therefore it is especially interesting to study this
kind of deposits on the Fennoscandian shield where the Archean cratonic nuclei are surrounded
by Proterozoic and Phanerozoic orogenic belts (Fig.1).
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Figure 1: orogenic gold provinces in Finland.

Archean greenstone belts of the Karelian craton
The northerly trending, up to 200 km long, narrow greenstone belts with greenschist �– lower
amphibolite facies metasedimentary and metavolcanic units are surrounded by higher grade
 granite-gneiss complexes on the Karelian craton (Fig.1). The most important orogenic gold
deposits are located in the Hattu schist belt (HSB) in the eastern part of the Ilomantsi belt, but
similar deposits are also known in the Soumussalmi belt and in the Oijärvi belt (Fig.1). These
latter belts have comparable geology to the Ilomantsi greenstone belt. However, mac volcanic
rocks and related cumulates are more widespread in relation to sedimentary sequences. The
 currently known cumulative ore resource of gold deposits in the HSB is 4.8208 Mt and the  active
Pampalo mine has 1.6488 Mt resources with 4.3 g/t Au grade. In the HSB, the orogenic gold
deposits are located along the major N-S trending shear zones which cut folded, ca. 2.75 Ga old
sedimentary and volcanic units. Pre- and syn-deformation emplacement of tonalite- granodiorite-
granite plutons and felsic porphyry dikes took place between 2.75 and 2.72 Ga and lower
 amphibolite facies peak metamorphic conditions were established at around 2.70-2.63 Ga
 (VAASJOKI et al, 1993). According to SORJONEN-WARD (1993), formation of  gold deposits
took place before the peak of metamorphism, but STEIN et al. (1998) reported 2.607±0.047 Ga
Re-Os isochron age for pyrite associated to gold and suggested syn- to post peak metamorphic
timing of gold ore deposition. 
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Results of Pb-isotope studies on galena, altaite and hydrothermal K-feldspar, sulphur isotope
data for sulphides from the Pampalo mine and regional boron-isotope studies on tourmaline in
the HSB suggest that an early stage ore formation was synchronous with emplacement of
 granitoids and the hydrothermal circulation included magmatic uids. Occurrences of high
 salinity (30-40 NaCl equiv wt.%) high temperature (min. 300-350°C) carbonic-aqueous uid
inclusions in addition to the dilute CO2-CH4-NaCl-H2O type ones in some deposits of the HSB
(and in the Suomussalmi belt; POUTIAINEN & PARTAMIES (2003) probably also indicate this
input of magmatic uids. The gold mineralisation consists of disseminated-stockwork, locally
vein type ore which is enveloped by sericite-chlorite alteration zones with tourmaline in the host
metasedimentary units and felsic dikes. Gold is associated with pyrrhotite, pyrite, arsenopyrite
and various telluride minerals. The ore of the Pampalo mine is slightly different due to the  presence
of more widespread K-feldspar alteration zones and almost total absence of pyrrhotite and
 arsenopyrite. At ca. 1.85-1.7 Ga, tectonothermal processes affected the western parts of the
 Karelian craton due to overthrust of the up to 5-6 km thick east-verging Svecofennian nappe
complex. (KONTINEN et al., 1992; O`BRIEN et al., 1993). Pb-isotope and uid inclusion  data
from the Pampalo mine indicate local re-mobilisation of ore and overprinting wall rock  alteration
during interaction of carbonic-aqueous dilute (5-12 NaCl equiv. wt.%, 350-400°C temperature)
uids with the Archean mineralisation. Pb-isotope and uid inclusions data also record an even
more younger and lower temperature (200-250°C) saline (up to around 20 NaCl equiv. wt.%)
uid ow and ore remobilisation event.

Orogenic gold provinces of the Lapland domain
The Lapland domain (Fig.1) contains three orogenic gold provinces: the Central Lapland green-
stone belt (CLGB), the Kuusamo belt (KS) and the Peräpohja belt (PB). One of the largest gold
producer of Europe, the Kittilä mine (Suurikusikko deposit, 59 Mt total resources + reserves
with 4.18 g/t average gold grade) is located in the CLGB. Pahtavaara (5.5 Mt total resources and
reserves with 2.65 g/t average grade) is another active mine in this belt. In addition to these  active
mines, several other orogenic gold deposits and occurrences are known in the CLGB and KS.
The PB is underexplored but the current discovery of extremely high grade (over 1000 g/t Au)
showings in the northern part of this province highlights further exploration potential. The host
rocks of gold deposits in these belts deposited during the elon-gated (2.45-2.0 Ga) intra continental
rifting of the Karelian craton. The early stage rifting pro-duced bimodal komatiitic and felsic
volcanic accumulations which are covered by quartzite, carbonate, BIF, turbidite, and graphitic
schist bearing metasedimentary sequences with inter-calations of tholeiitic basalts and repeated
emplacement of mac dikes and sills (LAHTINEN et al., 2005). The KS and PB represent  failed
rift zones but a narrow oceanic basin was developed in the zone of CLGB at around 1.97-1.95
Ga. SW oriented subduction and nal collision took place between 1.93-1.91 Ga. Metamorphism
and synorogenic plutonism between 1.96-1.88 Ga and repeated deformation events with
 development of ore controlling shear zones between 1.92 and 1.77 Ga established the nal
 geological architecture of the Lapland domain. The common feature of the CLGB and KS is that
the zones of ore deposits along the major shear zones and connected second to fourth order
 structures show low grade (greenschist facies) metamorphism whereas the metamorphic grade
is increasing apart from these zones (HÖLTTÄ et al., 2007). 
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The peculiar feature of the mineralised zones is the presence of pre-ore albite-carbonate
 (±scapolite) alteration which resulted in formation of competent massive albitites. This  alteration
most likely indicates mobilisation of formational brines during the early stages of the  development
of crustal scale fault structures (VANHANNEN, 2001). The same structures were reactivated
during the development of major ore controlling shears and competency differences between
 albitites and the metasedimentary-metavolcanic units supported development of favourable
 conditions for ore deposition. The Fe-rich composition of mac metavolcanic host rocks also
supported precipitation of gold by extraction of sulphur from hydrothermal uids. The most
 common Fe-minerals in association to gold are pyrite, pyrrhotite, arsenopyrite and löllingite. 
In the Suurikusikko deposit, most of the gold is refractory and is hosted by arsenopyrite and
 pyrite. Typical wall rock alteration assemblages around ore veins and stockwork zones contain
quartz, carbonate, sericite/fuchsite, biotite, chlorite and feldspars. Another interesting feature of
the CLGB and KS is that about half of the orogenic gold deposits have atypical metal  associations
with possible economic concentrations of cobalt (gersdorfte) and enrichments of Cu, Ni, Mo,
U, Se, Ba and LREE (EILU et al., 2003). This specic geochemistry of ore may be connected
to remobilisation of these metals by saline uids from the Paleoproterozoic basin sequences.
Age of formation of orogenic gold deposits in the Lapland domain is not well established; Pb-
isotopic data from galena suggest 1.84-1.80 Ga ages (MÄNTTÄRI, 1995). Lead isotopes data
also indicate Caledonian reactivation of ore controlling structures and local redistribution of
 metals.

Orogenic gold provinces in the Svecofennian domain
Orogenic gold provinces in the Svecofennian domain are located in collision zones   surrounding
the Central Finland granitoid complex (CFGC; Fig. 1). Gold is currently mined at Laivakangas
(22Mt@ 2.03 g/t Au) in the southern Ostrobothnia part of the Raahe-Haapajärvi province and
at Jokisivu (1.9 Mt@ 5.8 g/t Au) in the Pirkkala province. The basement of the CFGC, the  Keitele
microcontinent with a ca. 2.0 Ga old continental crust (LAHTINEN et al., 2005) formed the
 upper plate in those subduction zones which were developed along its eastern, western and
southern boundaries between 1.92-1.89 Ga. Subduction related volca-nism and plutonism, then
metamorphism and deformation of accreted domains took place between 1.9 and 1.87 Ga.
 Formation of orogenic gold deposits post dated the mid to upper amphibolite facies
 metamorphism: results of studies by SAALMAN et al. (2010) support 1.83-1.80 Ga age for ore
deposition in the Jokisivu deposit. The mineralized shear zones have NW-SE most typical
 orientation in the Svecofennian domain. They are mostly located in intrusive-volcanic  complexes
in Ostrobothnia: these host rocks also contain earlier formed porphyry-Cu type ore at some  places.
In the Seinäjoki and Pikkala province, turbiditic rocks are also common hosts of orogenic gold
deposits. In the Seinäjoki province, and subordinately in the Pirkkala province (Jokisivu  deposit)
composition of ore is characterised by enrichments of antimony (aurostibnite, native antimony).
The deposits usually contain free gold in association to pyrite, pyrrhotite, löllingite,  arsenopyrite
and Bi-Te minerals.
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Conclusions
Orogenic gold deposits in Finland were formed at around 2.7 Ga and 1.8 Ga in correlation with
the Archean and Paleoproterozoic global crustal growth cycles. This feature and their  comparable
mineralogical, petrological, geochemical and structural peculiarities with orogenic gold deposits
on other shield areas highlight the exploration and mining potential in the metallogenic  provinces
introduced in this brief summary.
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Der am Ostrand der Alpen gelegene Gebirgszug der Koralpe gehört innerhalb der Austro-
alpinen Einheit (Ostalpin) zum Koralpe-Wölz-Deckensystem und wird aus einer Tausende 
Meter mächtigen Abfolge von Gneisen und Glimmerschiefern aufgebaut. Der durch Scherbe-
wegungen in der Erdkruste �„ausgewalzte�“ Plattengneis spielt unter den verschiedenen Gneis-
typen eine Hauptrolle und bildet einen für die Koralpe typischen und markanten Bewegungs-
horizont. Ebenso charakteristisch sind die weithin verbreiteten Disthen-Paramorphosen-
schiefer. In diese Gneis-Glimmerschiefer-Abfolge sind Amphibolite, Eklogite, Gabbros, Peg-
matite, Marmore und Kalksilikatgesteine eingeschaltet. An den Gesteinen sind zumindest 
zwei Metamorphosen erkennbar. Die letzte eoalpine Metamorphose, mit ihrem Maximum vor 
rund 90 Millionen Jahren, war sehr druckbetont und hat zur Eklogitbildung geführt (siehe 
MILLER et al., 2005, cum lit.). Eine Besonderheit der Koralpe ist es, dass der im Perm 
gebildete Gabbro an einigen wenigen Vorkommen nur gering verändert erhalten geblieben ist. 
Übergänge von Gabbro zu Eklogit im Dezimeterbereich sind petrologische Leckerbissen 
(HERITSCH, 1973; PROYER & POSTL, 2010). Schließlich können verschiedene, permisch 
gebildete Pegmatit-Typen unterschieden werden. Dazu gehört das Vorkommen von 
Spodumenpegmatit nahe der Weinebene, das als größte Lithium-Lagerstätte Europas gilt 
(GÖD, 1989), aber auch jene, oft nur einige cm-dicke Pegmatitmylonit-Lagen im Platten-
gneis, die sich durch die Führung von beachtlich großen Schörl-Kristallen auszeichnen. 
Tonnenschwere, anpolierte Blöcke aller in der Koralpe auftretenden Gesteine, u.a. 
herausragende Exemplare mit Gabbro-Eklogit-Übergängen, werden seit 2001 im Geopark 
Glashütten einer breiten Öffentlichkeit präsentiert (POSTL, 2009). Eine ähnliche Open-Air-
Einrichtung ist kürzlich am neuen Dorfplatz von Wielfresen entstanden. 
Nur beispielhaft werden der typische Mineralbestand einiger Koralpen-Gesteine, aber auch in 
diesen auftretende Kluftmineralbildungen vorgestellt. Noch vor wenigen Jahrzehnten war 
man der Auffassung, dass im Kristallin der Koralpe keine alpinen Kluftmineralisationen 
größeren Ausmaßes auftreten. Seit dem Fund der bedeutendsten Kluftmineralisation der 
Steiermark in einem nahe Deutschlandsberg temporär betriebenen Amphibolit-Steinbruch 
Anfang der 1970er-Jahre, mit bis 90 kg schweren Bergkristallen und den größten Titanit-
kristallen der Alpen (ALKER, 1975), sind weitere beachtenswerte Funde gefolgt. 
 
ALKER, A. (1975): Mitt. Naturwiss. Ver. Steiermark, 105, 21-24. 
GÖD, R. (1989): Mineralium Deposita, 24, 270-278. 
HERITSCH (1973): TMPM Tschermaks Min. Petr. Mitt., 19, 213-271. 
MILLER, Ch., THÖNI, M., KONZETT, J., KURZ, W., SCHUSTER, R. (2005): Mitt. Österr. Min. Ges., 150, 
227-263. 
POSTL, W. (2009): Geopark Glashütten. Ein Führer durch die Gesteinswelt der Koralpe. Geologische 
Bundesanstalt, 89 Seiten. 
PROYER, A., POSTL, W. (2010): Mitt. Naturwiss. Ver. Steiermark, 140, 45-67. 
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The Eclogite Zone (Austria) is characterized by the occurrence of eclogite interbedded with 
other rocks, mainly metapelites and minor marbles, metapsammites and talc schists. 
According to geothermobarometry, PT-conditions of at least 26 kbar and about 580 °C were 
achieved. An open question is whether fluid-mediated compositional changes occurred 
between the interlayers during subduction zone metamorphism. Therefore, the mineralogy 
and geochemistry of the contacts eclogite�–metapelite and eclogite�–talc schists were 
investigated.  
The eclogite in contact to the metapelite shows almost no change in volume, with minor gain 
of Si, Ca and Na and loss of Mg. The metapelite, however, exposes 30 % volume loss, mainly 
as Si and Ca, coupled with enrichment of K, Mg, Fe and Na; the latter two stem from an 
external source. Trace element changes are less spectacular but corroborate changes in the 
major elements (Sr goes with Ca, Ba with K, etc.). 
The eclogite in contact to the talc schist also underwent no significant change in volume, with 
minor enrichment in Mg and depletion in Na. The talc schist is ultrabasic in composition and 
of uncertain origin. It experienced more than 30 % volume loss towards the contact, where 
Mg, Fe, Si, Na and Ti are depleted and no major element is enriched. 
These changes in bulk composition are expressed in mineralogical, textural and mineral 
chemical changes of considerable complexity. There is clear evidence that it is not caused by 
retrograde interactions. The compositional changes are too systematic and complex to be 
explained as primary (volcano-) sedimentary layering or mixing of clays and ashes. As the 
lithological boundaries are planar over distances of tens of metres at least, the volume losses 
are not induced by folding but rather by (pure or general) shear. Some composition changes 
cannot be explained by material exchange between the two lithologies (bimetasomatism) 
alone but must have been caused by advection parallel to the lithological boundaries. Rare 
garnets and epidotes with oscillatory zoning patterns near the contact indicate the effect of 
locally abundant fluids.  
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The mafic-ultramafic complex of Misho is exposed in the north-western part of Iran. The 
Misho mountains are part of the Central Iran domain which consists of a Precambrian 
crystalline basement, Paleozoic platform sediments, Cambrian to Triassic sedimentary and 
magmatic rocks representing Gondwana marginal terranes (STÖCKLIN, 1968; ALAVI, 
1991). 
The ore mineralization is hosted in the mafic portion (gabbro) of Misho complex. Two 
different types of mineralization, sulphides and oxides, were identified. The sulphide ore 
bodies are mainly composed of pyrrhotite accompanied by chalcopyrite, pentlandite, 
sphalerite, pyrite and troilite. Representative texture shows the typical sulfide�–silicate 
relationships as net-textured sulfides enclosing silicate. The oxides mineralization consists of 
ilmenite (< 5%) and with small amounts of magnetite as solid inclusions in pyrrhotite. 
Primary sulfide was replaced by pyrite, marcasite and violarite during alteration states.  
Selected samples of sulphides were investigated at the E. F. Stumpfl microprobe laboratory 
(University of Leoben, Austria). Pyrrhotite as a main sulfide phase contains 59.50 - 64.05 % 
Fe, 0.01 - 0.32 % Ni, 0.0 - 0.07 % As and 0.0 % of Co. Whole rocks analyses show that the 
total platinum-group element concentrations in sulfide rich gabbro are very low.  
Chemical composition of the sulfide minerals and their texture suggest that they were formed 
in a magmatic immiscible sulfide Fe-Ni-Cu system. The early crystallization phases consisted 
of gabbro without associated Fe-Ni-Cu sulphide mineralization. This was followed by later 
progressive crystallization which depleted silicate-oxide phases from residual magma. The 
last stage of crystallization formed predominantly of sulfide minerals by accumulation of 
immiscible magmatic sulfide droplets. Thermometry investigation based on exsolution texture 
of chalcopyrite-sphalerite and chalcopyrite-pyrrhotite suggests that the sulfide zone probably 
formed at temperatures about 400 °C. 
 
 
ALAVI, M. (1991): Geol. Soc. Am. Bull., 103, 983-992. 
STÖCKLIN, J. (1968): Bull. Am. Assoc. Pet. Geol., 52, 1229-1258. 
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In the process of continuous steel casting, isostatically pressed products are commonly used 
for flow control. By the combination of an alumina graphite main body material grade and a 
zirconia graphite slag band grade, thermal shock resistance is combined with enhanced 
chemi-cal resistance. Thermo-mechanical properties as well as chemical corrosion 
performance must be currently optimized. It is therefore of paramount importance to 
characterize the used raw materials. Microstructural information combined with an 
understanding of the crystallo-graphic phase transformations of zirconia provide predictive 
capabilities pertaining to the material performance. We present characterization methods for 
Ca-partially stabilized zirconia, including the in-situ trace element analysis of grains in 
combination with the charac-terization of the physical properties of zirconia-bearing 
materials. The application of electron backscatter diffraction (EBSD) and Raman 
spectroscopy allows deep insights in micro-scale phase transformations. The crystallographic 
transformation of the zirconia grains during operation is described by elemental distribution 
mappings. Recrystallization and exsolution phenomena are fundamental and also limiting 
factors regarding thermal shock resistance; and the chemical wear resistance changes with 
ongoing recrystallization. Structural modifications accompanied by chemical processes within 
the affected material are crucial to a better under-standing of refractory materials. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Left: BSE-image of Ca-partially stabilized zirconia showing a recrystallized rim. Scale bar is 50 µm. 
Right: Crystal orientation map for cubic zirconia. Scale bar is 15 µm.  
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The 1.1 Ga old Duluth Complex (DC), is composed of multiple, discrete mafic intrusions. 
Intrusive rocks are emplaced between the Archean granitic and Paleoproterozoic 
metasedimentary footwall and co-genetic volcanic hanging wall rocks. The mineralized, 
troctolitic Bathtub Intrusion (BTI) contains particularly in the bottom part scattered bodies of 
hornfelsed metasedimentary footwall inclusions, granophyric textured felsic veins and hybrid 
rocks as a sign of the footwall-intrusion interaction. Mineralization is mainly disseminated but 
towards the intrusion-footwall contact locally semi-massive pods and veins also occur. 
Cubanite, chalcopyrite and pentlandite occur interstitially between cumulate phases, whereas 
a more fractionated sulfide melt composed of chalcopyrite and bornite form veins and 
disseminations within the silicate phases.  
The average 34S values of sulfides in the troctolite are around +5 �‰. Irrespective of the 
stratigraphic height, melanocratic rocks have lower values (2.3-4.8 �‰), whereas samples of, 
or from the vicinity of metasedimentary footwall inclusions, quartz-bearing hybrid rocks, as 
well as felsic veins (all of them interpreted as derivate of the footwall) are enriched in heavy 
sulfur (8.6-16.7 �‰). With increasing contamination in the bottom 100 m thick part of the 
intrusion, sulfur isotope values increase abruptly towards the contact. Samples from the 
metasedimentary footwall have, however, slightly lower sulfur isotope signature (11.7- 
11.9 �‰) than samples in the lower, contaminated, inclusion-rich zone of the intrusion (11.0-
16.7 �‰).  
Although a large dataset is available for sulfur isotopes from the BTI (RIPLEY & ALAWI, 
1986), our new data suggest that the grade of mineralization and the deviation of sulfur 
isotope value from the magmatic composition (~ 0 �‰) of a certain sample is exclusively the 
function of the distance of the sample from the metasedimentary footwall or from a footwall 
inclusion. Presence of mineralization along with heavy sulfur signatures at various levels, 
even at the top of the intrusion suggests that not only the bottom, but any part of the intrusion 
could be in direct contact with the heavy sulfur (0.2-25.8 �‰) bearing metasedimentary 
footwall rocks. In our model the BTI is composed of a series of horizontal sills that repeatedly 
intruded the metasedimentary footwall and the pre-existing sills. Therefore, contrary to other 
mineralized intrusions the metasedimentary rocks form not only the footwall but the hanging 
wall of the intrusion, as well.  
 
RIPLEY, E. M., ALAWI, J. A. (1986): Canadian Mineralogist, 24, 347-368. 
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This research study focuses on the enigmatic occurrence of noritic lenses (termed �“brown 
sugar norite�” by mine geologists), within the feldspathic pyroxenite of the Merensky Reef as 
well as the hangingwall at Two Rivers Platinum Mine which is situated on the southern sector 
of the eastern limb of the Bushveld Complex. The primary purpose of this study is to 
determine the origin of the noritic lenses (later on referred to as BSN) and their influence on 
PGE distribution of the Merensky Reef as well as to characterise the cumulate rocks 
associated with the Merensky Reef unit by the use of geochemistry and mineralogy from the 
different genetic facies types. 
Underground samples were taken of different Merensky Reef profiles and studied petro-
graphically. These samples are compared to hangingwall leuconorites and mesonorites of 
Merensky Reef units found north of the Steelpoort fault. The BSN are fine-grained and appear 
to only occur where the upper chromite stringer is present.  
From petrography it is observed that orthopyroxene is the dominant cumulate phase in both 
the BSN and feldspathic pyroxenite followed by interstitial plagioclase. Both rock types 
contain a relatively high concentration of biotite, pyroxene exsolution lamellae and poikilitic 
textured clinopyroxene. Clinopyroxene may also occur as intermittent rims around ortho-
pyroxene which could be attributed to a decrease in temperature and compositional change of 
the melt. Clinopyroxene inclusions are found in some of the well-rounded chromite grains 
present in the pyroxenite indicating possible magma erosion. Preliminary geochemical results 
of the BSN postulate that they are different from the melanorites which constitutes the HW of 
Merensky reef of the farms north of the Steelpoort Fault. Geochemical and petrographic 
evidence show that the BSN are in fact felspathic pyroxenites. EMPA results show cryptic 
vertical variation of incompatible and compatible elements in orthopyroxenes which indicates 
fractionation and replenishment of magma. A general negative trend of the Mg# with 
stratigraphic height in the Merensky reef profile where the BSN occurs which is caused by 
fractionation of the magma. The difference in texture as well as composition suggests a 
different or late-stage magmatic origin of the BSN. The fine grained texture of the BSN may 
suggest that a change in temperature of the magma occurred most likely due to an injection of 
a new cooler magma resulting in rapid cooling of the resident magma and thus a finer grained 
pyroxenite. 
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The study area, located in the Sikhote-Alin fold belt, comprises mantle xenoliths from 
Tuttochi, a locality close to Khabarovsk. The xenoliths are spinel lherzolites, their sizes vary 
from 3 to 8 cm in diameter and they are exceptional fresh. The most striking feature is the fact 
that part of the xenoliths show heavy infiltration of melts. These melts, undersaturated but 
rich in alkalis, circulate intergranular and react with the neighbor minerals creating veinlets 
with variable thickness consisting of glass and new forming minerals such as hydroxyl-
apatite, apatite and ilmenite. According to their modal composition the xenoliths are fertile 
spinel lherzolites as also can be inferred from the compositions of their constituent minerals. 
Olivine is forsteritic with Fo varying from 89.3 to 90.0 The Mg# of orthopyroxene and 
clinopyroxene vary from 0.895-0.904 and 0.904-0.915, respectively and the Cr# of spinel 
varies around 0.100, indicating equilibrium conditions.  
Model calculations have shown that the lithospheric mantle in this area has experienced 1-5 % 
batch melting. Also the calculated equilibrium temperatures for the xenoliths at 1.5 GPa are 
relative low and range from 780 to 940 °C. According to the REE abundances in cpx the 
spinel peridotites could be divided into three groups; group 1 with (La/Sm)N= 0.11-0.53, 
group 2 with (La/Sm)N= 0.64-1.05 and group 3 with (La/Sm)N= 1.85. While the chondrite 
normalized LREE abundances in cpx demonstrate variable enrichments and depletions, the 
HREE do not show significant differences among the three groups. Their overall (Dy/Yb)N 
ratios vary from 1.05-1.16. 
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The deeps of the Baltic Sea provide ideal places to follow (trans)formations of barium, 
manganese and sulfur-bearing minerals in Holocene sediments under changing environmental 
and diagenetic conditions. The modern brackish conditions allow for the development of 
steep compositional pore water gradients already in surface sediments, leading to physico-
chemical dis-equilibrium conditions that may trigger the authigenic formation and destruction 
of minerals. The Baltic Sea deeps are in particular well known for the occurence of authigenic 
manganese(II)-calcium carbonate solid-solutions, manganese(II)sulfide, and different iron 
sulfides. Anoxic basins of the Baltic Sea, for instance, are the only known localities world-
wide where authigenic MnS has been identified. Very recently, evidence for the formation of 
a previously unrecognized low-temperature BaMn double carbonate was found (BÖTTCHER 
et al., 2012). For a proper mechanistic relation of compositional and textural mineral 
occurences to environmental conditions, experimental calibrations and physico-chemical 
interpretations are mandatory. 
We present results from different studies on authigenic mineral (trans)-formation in the Baltic 
Sea system. Sediment cores were retrieved from sediments deposited during brackish and 
freshwater stages. Besides chemical and phase analytical compositions, the stable isotopic 
composition of sulfur was analyzed as a function of depth with high resolution. Brackish and 
freshwater stages during sediment formation can be separated, for instance, by the contents 
and stable isotope composition of organic carbon and sedimentary sulfur. Microbial reactions 
associated with the oxidation of organic matter result in the formation of characteristic 
(thermodynamically stable and metastable) carbonate, sulfide and sulfate mineral 
assemblages. The limnic pre-Litorina sediments are a place where downward diffusing 
species lead to a superimposition of original geochemical signatures by diagenetic mineral 
(trans)formations. Textural and (isotope) geochemical characteristics will be discussed. 
Besides trace elements (BÖTTCHER & DIETZEL, 2010) and light stable isotopes (C, O, S) 
also new non-traditional stable isotope systems like Ba and Mo may be of particular value for 
the interpretation of mineral authigenesis (VON ALLMEN et al., 2010; NÄGLER et al., 
2011). 
 
BÖTTCHER, M.E., DIETZEL, M. (2010): EMU Notes in Mineralogy, 10, 139-187. 
BÖTTCHER, M.E., EFFENBERGER, H.S., GEHLKEN, P.-L., GRATHOFF, G., SCHMIDT, B., GEPRÄGS, 
P., BAHLO, R., DELLWIG, O., LEIPE, T., WINDE, V., DEUTSCHMANN, A., STARK, A., GALLEGO-
TORRES, D., MARTINEZ-RUIZ, F. (2012): CdE �– Geochemistry, 72, 85-89. 
NÄGLER, T.F., NEUBERT, N., BÖTTCHER, M.E., DELLWIG, O., SCHNETGER, B. (2011): Chem. Geol., 
289, 1-11. 
VON ALLMEN, K., BÖTTCHER, M.E., SAMANKASSOU, E. NÄGLER, T.F. (2010): Chem. Geol., 277, 70-
77. 
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Provenance studies of chert and flint raw materials (silicites) are an important component of 
archaeological research. The identification of the sources of rocks used for the production of 
chipped stone tools plays a significant role in the interpretation of lithic assemblages, e.g., 
revealing routes of migration, intercultural exchange and circulation networks of lithic raw 
materials (e.g., BARFIELD, 2003; PAWLIKOWSKI, 2008; ZVELEBIL, 2006). A transdisci-
plinary concept (�“Multi Layered Approach�” - MLA) presents a clear possibility for success-
fully sourcing chert and flint. The proposed method consists of a tripartite analytical system: 
Visual (macroscopical), microscopical and petrological/geochemical. For geochemical 
analysis, Laser Ablation-Inductively Coupled-Mass Spectrometry (LA-ICP-MS) was applied. 
LA-ICP-MS allows for the detection of trace element concentrations (0.1 ppm) in rock 
materials and has been well established in lithic raw material research (SPEAKMAN & 
NEFF, 2005; BRANDL et al., 2011; BRANDL et al., 2013). For the present undertaking, the 
MLA was applied to three case studies: 1) the differentiation between two tabular chert 
sources, (lacustrine �– marine); 2) the assignment of radiolarites from the Lower Austrian 
Krems-Wachtberg site (Upper Palaeolithic) to the Northern Calcareous Alps and to 
Carpathian sources; 3) the identification of the sources of gunflints dating to the Napoleonic 
War-period from Schloss Neugebäude (Vienna). Our results demonstrate that it is not 
sufficient to rely on a single analysis method for chert sourcing. Only a combination of 
methods with different layers of resolution can lead to a successful determination of the 
provenance of chert artifacts.  
 
 
BARFIELD, L.H. (2003): In: TSONEV, T., & MONTAGNARI KOKELJ, E. (eds.): The Humanized Mineral 
World: Towards social and symbolic evaluation of prehistoric technologies in South Eastern Europe, ERAUL 
103, 109-113. 
BRANDL, M., HAUZENBERGER, C., POSTL, W., MODL, D., KURTA, C., TRNKA, G. (2011): Quartär 58, 
51-65. 
BRANDL, M., HAUZENBERGER, C., POSTL, W., MARTINEZ, M.M., TRNKA, G., FILZMOSER, P. 
(2013): Quaternary International, http://dx.doi.org/10.1016/j.quaint.2013.01.031 
PAWLIKOSKI, M. (2008): In: KOSTOV, R.I., GAYDARSKA, B., GUROVA, M.(eds): Geoarchaeology and 
Archeomineralogy, Proceedings of the International Conference, 29-30 October 2008 Sofia, 18-21. 
SPEAKMAN, R. J., NEFF, H. (2005): In: R. J. SPEAKMAN, R.J., NEFF, H.(eds.), Laser Ablation-ICP-MS in 
Archaeological Research. Albuquerque, 1-15. 
ZVELEBIL, M. (2006): Journal of Anthropological Archaeology 25, 178-192. 
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Ischgl is the seventh meteorite named after an Austrian finding site. It was found in June 1976 
on a mountain road about 2 km NW of the Tyrolean town Ischgl at an altitude of ca. 2000 m 
above sea level. According to the finder, a single fist-sized black stone had been fallen out of 
the snow of an avalanche. He took the unusual stone to his home and kept it for more than 
thirty years. In 2007, the finder brought his find to the University of Innsbruck, where its 
meteoritic nature was confirmed. In 2011, the stone was acquired by the Natural History 
Museum, Vienna, and subsequently officially classified as a LL6 chondrite 
(BRANDSTÄTTER et al., 2013). The meteorite was investigated by a variety of techniques 
including optical microscopy, analytical SEM, SEM-CL, EMPA, and INAA. Macro-
scopically, the meteorite, weighing 710 g, is to a large extent fusion-crusted and exhibits well-
developed regmaglypts. Its interior is a uniform light-grey colored rock without any distinct 
clasts and shows only minor signs of terrestrial weathering. Microscopically, the meteorite is 
a monomict breccia consisting predominantly of coarse-grained mm to cm-sized clasts set in a 
finer-grained breccia matrix. Clasts and matrix are strongly recrystallized and only a few relic 
chondrules were encountered. Olivine, orthopyroxene and plagioclase are the main silicates. 
Other minerals include clinopyroxene, chlorapatite and whitlockite. The opaque phases 
consist predominately of nickel-iron, troilite, and chromite. In addition, ilmenite and native 
copper occur as rare constituents. Compositionally, all mineral phases are consistent with the 
classification of the Ischgl meteorite as LL6 chondrite. Olivines and orthopyroxenes are 
equilibrated with average compositions of Fa28.9 and Fs23.8Wo2.1 respectively. Plagioclase 
feldspar (Ab85An10Or5) is oligoclase. The compositions of the Ca-phosphates are in the range 
reported for equilibrated ordinary chondrites (JOLLIFF et al., 2006). Averaged compositions 
of the nickel-iron metal phases kamacite (4.42 wt. % Ni, 3.37 wt. % Co) and taenite (38.84 
wt. % Ni, 1.10 wt. % Co) agree well with the compositions reported for these phases in LL 
chondrites (AFIATTALAB & WASSON, 1979). Bulk chemical compositions for 34 major 
and trace elements were performed for two samples of the Ischgl meteorite. A comparison of 
these INAA data with the mean bulk concentrations reported by KALLEMEYN et al. (1989) 
for LL6 chondrites shows an excellent match. 
 
AFIATTALAB, F., WASSON, J.T. (1980): Geochim. Cosmochim. Acta, 44, 431-446.  
BRANDSTÄTTER, F., KONZETT, J., KOEBERL, C., FERRIÈRE, L. (2013): Ann. Naturhist. Museum Wien, 
Serie A, 115, 5-18. 
JOLLIFF, B., HUGHES, J.M., FREEMAN, J.J., ZEIGLER, R.A. (2006): Am. Mineral., 91, 1583-1595. 
KALLEMEYN, G.W., RUBIN, A.E., WANG, D., WASSON, J.T. (1989): Geochim. Cosmochim. Acta, 53, 
2747-2767. 
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Kracovice pegmatite dyke (mixed NYF+LCT signature) cuts graphitic gneiss ~300 m W from 
the edge of the T ebí  Pluton (Moldanubian zone, Czech Republic). From contact inwards, 
the pegmatite consists of: a coarse-grained granitic unit (Kfs+Pl+Qtz+Bt+Ms+Tnt), an 
abundant graphic unit (Kfs+Qtz±Bt) evolving to minor blocky K-feldspar and albite complex 
situated close to a small quartz core. Minor to accessory tourmaline occurs in graphic, blocky 
K-feldspar and albite units. Other minor to accessory minerals include Y,Sc-enriched 
spessartine, topaz, Li-micas, beryl, cassiterite, zircon, allanite-(Ce), Nb-rutile, columbite-, 
fergusonite-, samarskite- group minerals, wolframoixiolite, F-rich hambergite, monazite-(Ce) 
and xenotime-(Y).  
Magmatic tourmaline forms typically black columnar crystals (  6 cm long), with 
composition corresponding to Al-rich schorl (6.92�–7.37 apfu Al; 1.96�–2.24 apfu Fe; 0.02�–
0.08 apfu Mg; Fetot/(Fetot+Mg) ~0.98; 0.19�–0.55 apfu F; X-site vacancy 0.28�–0.44 pfu), is 
usually overgrown and/or partly to almost fully replaced by later green magmatic-
hydrothermal fluor-elbaite (1.4�–2.5 wt. % Li2O; high Al 6.96�–7.32 apfu; variable Fe 0.39�–
1.45 apfu; high Mn 0.07�–0.57 apfu, Fetot/(Fetot+Mg) ~0.99; very high Na 0.83�–0.99 apfu in X-
site; high F 0.87-1.05 apfu). The magmatic Al-rich schorl shows high and variable Sc (42-364 
ppm) and Y+REE (17�–458 ppm) contents with steep LREE-enriched REE pattern (LaN/GdN 
ratio 10�–29). Scandium and Y+REE contents in magmatic Al-rich schorl systematically 
decrease during tourmaline crystallization reflecting depletion of the melt in Sc,Y,REE by 
progressive crystallization and coeval crystallization of Y,REE(±Sc)-rich phases. Later 
magmatic-hydrothermal fluor-elbaite is significantly depleted in Sc (18-61 ppm) and Y+REE 
(4�–31 ppm) with flatter REE pattern (LaN/GdN ratio 3�–12). Both tourmaline generations show 
deep negative Eu anomaly (Eu/Eu* <0.05).  
Sc,REE-rich central parts of magmatic Al-rich schorl are commonly partly altered and 
replaced by chlorite and allanite-(Ce). The allanite-(Ce) occurs exclusively in Al-rich schorl, 
in samples where Al-rich schorl is rimmed and partly replaced by fluor-elbaite. The allanite-
(Ce) has very steep LREE rich chondrite normalized REE pattern with significant negative Eu 
anomalies (Eu contents <1 ppm) and shows unusually high Sc content ( 3.3 wt. % Sc2O3) as 
well as Sn enrichment ( 1.0 wt. % SnO2). The replacement is resulted by interaction between 
Al-rich schorl and the Li- and F-rich pegmatite-derived fluids. REE and Sc required for 
formation of Sc-rich allanite probably released from dissolved REE and Sc enriched 
magmatic Al-rich schorl.  
 
This work was supported by the research project GA R P210/10/0743 and by the European 
Regional Development Fund project �“CEITEC�” (CZ.1.05/1.1.00/02.0068). 
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Initially synthesized pure H2O fluid inclusions in quartz are re-equilibrated under 
hydrothermal experimental conditions. A series of experiments within the -quartz stability 
field is compared to a series which is carried out at similar P-T conditions but above the -  
transition boundary. The transition between - and -quartz is a major change in crystal 
properties, and therefore, it may influence the properties of fluids that are trapped in these 
crystals. Previous experiments (DOPPLER et al., 2013) have evidenced the importance of 
H2O diffusion at constant pressures and relative high temperatures. This study illustrates that 

-  transition of quartz is another important process of fluid inclusion re-equilibration. A 
series of re-equilibration experiments has been carried out by using pure D2O at the 
experimental temperature of 625°C at 279.3 MPa and 322.2 MPa ( -quartz). A second series 
of experiments has been re-equilibrated at 675 °C ( -quartz) at the same experimental 
pressure as it was chosen for the -quartz experiments. The relative amount of H2O/D2O in 
the fluid inclusions can be easily detected by measuring the melting temperatures 
Tm(SV LV) due to the linear relationship between Tm (0.0°C H2O to +3.8 °C D2O) and 
concentrations. During re-equilibration initially elongated and irregular shaped fluid 
inclusions tend to become more ideal and equant shaped. No differences in magnitude of 
shape changes can be detected regarding eventual differences between re-equilibration in the 

-quartz stability field compared to the -quartz modification. After re-equilibration 
noticeable changes in composition and density of the initially synthesized pure H2O fluid 
inclusions can be recognized. In respect to the magnitude of changes there are considerable 
differences between -quartz and -quartz. The experiments in the -field show higher 
Tm(ice) values compared to the experiments that have been carried out at the appropriate 
pressure conditions in the -field. Within the -field changes in density are related to the 
experimental pressure. At 279.3 MPa fluid inclusions are shifting to lower Th(LV L) values, 
whereas at higher pressure they shift to higher homogenisation temperatures. Two 
experiments have been re-equilibrated with pure H2O. The changes in density are inverted 
regarding to the -field and the -field. The experiments in the -field show higher Tm(ice) 
values compared to the experiments that have been carried out at the appropriate pressure 
conditions within the -field. Fluid inclusion changes are more dominant within the -quartz 
field than within the -quartz field at nearly equal P-T conditions. Regarding the Th(LV L) 
of two -quartz experiments it is assumed that the difference in experimental pressure of 43 
MPa does not influence the diffusion rate of the fluid species regarding the same shift in 
homogenization temperatures. The invers changes in density of H2O re-equilibration 
experiments are most likely related to the different quartz modifications. We would like to 
thank the Austrian Research Fund (FWF) for financial support (project no. P 22446-N21). 
 
DOPPLER, G., BAKKER R.J., BAUMGARTNER, M. (2013): Contrib. Mineral. Petrol., 165, 1259�–1274. 
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In order to understand the role of arsenic in the environment, one has to investigate structural 
features and stabilities of naturally occurring arsenic compounds. In addition, a study of 
mineral-related synthetic phases should be very helpful because they can appear as a result of 
human activities. Sr2Mg(AsO4)2 2H2O was synthesised during an on-going research on natu-
ral and synthetic arsenates, with a focus on their structural and spectroscopic classification. 
The crystal structure of the novel, hydrothermally synthesised Sr2Mg(AsO4)2 2H2O was 
refined from single-crystal X-ray diffraction data (MoK , 298 K, 2 max = 70°), starting from 
the atomic coordinates of the isotypic mineral gaitite, CaZn2(AsO4)2 2H2O (KELLER et al., 
2004). The compound is triclinic, space group P1, with a = 6.0863(12), b = 7.1542(14),  
c = 5.6655(11) Å,  = 96.61(3)°,  = 109.15(3)°,  = 108.39(3)°, V = 214.46(7) Å , Z = 1. The 
refinement yielded for 1869 �‘observed reflections�’ with Fo

2  4 (Fo
2) R1(F) of 0.0250. The 

mean bond distances are <As O> = 1.688 Å, <Mg (O,H2O)> = 2.105 Å and <Sr (O,H2O)> 
= 2.638 Å. The positions of all H atoms were found in a difference-Fourier map and iso-
tropically refined. 
Sr2Mg(AsO4)2 2H2O represents the first Sr compound based on kröhnkite-type chains. This 
infinite tetrahedral-octahedral chain has a composition of [M(XO4)2(H2O)2], and is the main 
structural unit in a large family of compounds with the general formula AnM(XO4)2(H2O)2  
[A = Na+, K+, Rb+, Cs+, Tl+, NH4

+, H+ or Ca2+ (n = 1, 2), M = Mg2+, Mn2+, Fe2+, Co2+, Ni2+, 
Cu2+, Zn2+, Cd2+, Al3+, Fe3+, Sc3+, In3+, Tl3+, X = P5+, As5+, S6+, Se6+, Cr6+, Mo6+, W6+]. These 
compounds are assigned to seven types (triclinic A-C, E, G types and monoclinic D and F 
types), which differ in their linkage and stacking of the layers (FLECK & KOLITSCH, 2002; 
KOLITSCH & FLECK, 2006). Sr2Mg(AsO4)2 2H2O belongs to structure type A in this classi-
fication. Its crystal structure contains [Mg(AsO4)2(H2O)2] chains oriented along [001], 
composed of MgO4(H2O)2 octahedra alternating with each two AsO4 tetrahedra sharing 
corners. These chains are connected through Sr O bonds and one of two hydrogen bonds, 
O5 H1 O4i (i = -x+1, -y+1, -z+1) = 2.645(3) Å, into layers parallel to (010), which are 
further linked by the Sr O3 = 2.539(2) Å bond and the second hydrogen bond, O5 H1 O4 = 
2.649(3) Å, into the three-dimensional structure. The [8]-coordinated Sr atoms occupy 
interstices between the chains.  
 
Financial support of the Austrian Science Foundation (FWF) (Grant V203-N19) is gratefully 
acknowledged. 
 
FLECK, M., KOLITSCH, U. (2002): Z. Kristallogr., 217, 453-443. 
KOLITSCH, U., FLECK, M. (2006): Eur. J. Mineral., 18, 471-482. 
KELLER, P, LISSNER, F., SCHLEID, T. (2004): Eur. J. Mineral., 16, 353-359. 
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The crystal structure of norsethite was solved by LIPPMANN (1968) (X-ray powder data, 
synthetic material) in space group R 32. EFFENBERGER & ZEMANN (1985) discussed 
three structure models based on single-crystal two-circle diffractometer data: ordered models 
in space group (1) R �–3m (most appropriate), and (2) R32; (3) split oxygen position model in  
R �–3m. 
A re-investigation (NONIUS four-circle diffractometer, CCD detector) was performed at 100, 
150, 200, 250 and 273 K. The crystal structure is characterized by layers parallel to (001) of 
alternating Ba[12]O12 and Mg[6]O6 polyhedra with the CO3 groups in between. With decreasing 
temperature the cell parameters a and c as well as their ratio c/a decrease. At low temperature 
the structure refinements according model (1) exhibit minor shortenings of the Ba�–O and  
Ca�–O bond lengths (C�–O varies insignificantly only) going along with reduced displacements 
of the Ba, Mg and C atoms; the decrease of the anisotropy is significant for the Ba and Mg 
atoms only. More complex is the situation for the O atom: at room temperature a strong 
anisotropic displacement of the O atom with the maximal elongation in the [010] direction 
occurs. Whereas the equivalent isotropic displacement is proportional to the temperature, its 
anisotropy is inversely proportional. Successive refinements according to model (2) and (3) 
were performed.  
Images taken with a STOE StadiVari diffractometer (Pilatus 300 K pixel-detector, Mo micro-
focus X-ray source) revealed a doubling of the lattice parameter c, however the number of 
detectable reflections did not allow a structure refinement.  
 
 
EFFENBERGER, H., ZEMANN, J. (1985): Z. Kristallogr., 171, 275-280. 
LIPPMANN, F. (1968): Tschermaks Min. Petr. Mitt., 12, 299-318.  
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Among applications for laser ablation ICP-MS (LA ICP-MS) the microanalytical age dating 
of U-rich phases employing the U-Th-Pb decay scheme is still one of the most challenging in 
terms of the required spatial resolution, precision and accuracy. In recent years, the number of 
laboratories that perform microanalytical U-Pb-Th dating employing LA ICP-MS has in-
creased rapidly. Accordingly, the actual number of the peer-reviewed publications applying 
this technique is rapidly increasing. However, the absolute number of publications is still low 
compared to studies using conventional techniques (e.g. ID-TIMS, SHRIMP). Furthermore, a 
significant number of the papers published over the last decade are dealing with various 
aspects of improving the technique, showing the need for further developments. 
 
Zircon belongs to the key minerals for unravelling many processes during earth history. The 
U-Th-Pb systematic in most zircon grains is complex due to alteration processes, such as dis-
solution, recystallization and new zircon growth. A spatial resolution of 5 to 40 m are com-
monly needed to resolve the different age pattern in complex grains. Up to date, only few 
studies have shown that they are capable to routinely analyse these subdomains in zircon and 
to precisely detect low Pb contents, which are relative common, e.g., for young zircons and 
detrital zircon grains. Therefore, many zircons are currently not amenable to microanalytical 
U-Pb-Th age dating employing LA ICP-MS. 
 
I present a method for microanalytical U-Th-Pb age dating of zircon and a wide range of other 
U-rich mineral phases. The method is based on simple off-the-shelf technology (a Resonetics 
S155 excimer laser ablation system coupled to a Thermo-Finnigan Element II magnetic 
sectorfield �– ICP-MS). The spatial resolution, limited by signal intensity of 207Pb, is usually 
between 20 m beam diameter and <20 µm ablation depth. A relative simple approach was 
used to correct for within-run U-Pb fractionation before normalisation to a repeatedly 
analysed reference zircon. The internal and external precision (over 4-8 hrs) generally 
achieved for the 206Pb/238U (0.5-1 %, 1-2 %, 1s) and the 207Pb/206Pb (0.5-1.5 % 1s) ratios is 
comparable to or even better as precision reported by other laboratories, although up to 30 
times less material is consumed. The most important factor controlling the error is counting 
statistics in case of the 207Pb/206Pb ratio and the reproducibility of the ablation process and 
sample heterogeneity for the 206Pb/238U ratio. We will present data from a wide range of 
different studies currently performed in our laboratories. Analysed grains spanning a wide 
range of U-bearing minerals (e.g., zircon, baddeleyite, perowskite) demonstrating their natural 
complexity. The results of these studies will illustrate the abilities but also the outstanding 
challenges for microanalytical LA ICP-MS dating of complex minerals using the U-Pb-Th 
decay scheme. 
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Several carbonate-hosted Fe and Mn ore deposits occur within the upper Austroalpine 
Grewywacke Zone. The Mn deposit of Veitsch at the Kaskogel and north of the Friedelkogel 
consists of lense-shaped carbonate bodies of ca. 1.5 m in length which are thought to have 
formed as sedimentary or submarine hydrothermal Mn-deposits. The manganese silicates 
described from this deposit are: tephroite, rhodonite, spessartine, Mn-chlorite, sonolite and 
friedelite. The Mn-carbonates are rhodochrosite and kutnahorite. Sulfides such as sphalerite, 
galena, chalcopyrite, Co-pentlandite, linnaeite, carrollite, cobaltite and pyrite also occur.  
During this investigation in several samples unusual REE-Mn-(V)-bearing minerals of the 
allanite subgroup were found. The allanite occurs in a veinlet with the mineral assemblage 
REE-Mn-allanite + tephroite + spessartine + Mn-chlorite + rhodochrosite + kutnahorite + 
serpentine. The REE-content varies between 0.6 and 1.0 a.p.f.u. in which Ce dominates, and 
Mn ranges from 1.0 to 1.6 a.p.f.u. In one sample elevated V contents of 0.8-7.3 wt.% V2O3 
were observed. The BSE images and chemical analysis reveal a complex zoning of the 
mineral with increasing Fe2O3, MnO and decreasing Al2O3 and CaO towards the rim, whereas 
the REE are unzoned except for V-bearing areas. In addition, it is planned to conduct laser-
ICP MS analysis of the zoned crystals to obtain the full spectrum of trace elements of these 
rare minerals. Charge balance considerations and site assignments indicate that the fraction of 
Mn3+ is very low (<0.2 a.p.f.u.). In terms of nomenclature, ARMBRUSTER et al. (2006) 
suggest that the dominant cations on the A1 and M3 sites are responsible for the correct root 
name, thus the names ferriandrosite-(Ce) (Mn2+ REE Fe3+ Al Mn2+ (SiO4)3 OH) and androsite-
(Ce) (Mn2+ REE Al Al Mn2+ (SiO4)3 OH) should be used. For three other occuring 
compositions (Ca2+ REE Fe3+ Al Mn2+ (SiO4)3 OH), (Ca2+ REE Al Al Mn2+ (SiO4)3 OH) and 
(Ca2+ REE V3+ Al Mn2+ (SiO4)3 OH), where Ca occupies the A1 site, an additional root name, 
which is not specified yet, is required. On the other hand, BONAZZI et al. (2009) observed 
similar compositions like in this study and named the composition (Ca2+ REE Fe3+ Al Mn2+ 
(SiO4)3 OH) a �„relation to ferriallanite-(Ce) along the substitutional vector M3(Mn2+)  
M3(Fe2+)�“. 
Textural observation indicates that these REE-bearing minerals formed along veins during 
low-grade (Eo-Alpine greenschist-facies) REE mobility in these Mn-carbonates. 
 
 
ARMBRUSTER, T., BONAZZI, P., AKASAKA, M, BERMANEK, V., CHOPIN, C., GIERÉ, R., HEUSS-
ASSBICHLER, S., LIEBSCHER, A, MENCHETTI, S., PAN; Y., PASERO, M. (2006): Eur. J. Mineral., 18, 
551-567. 
BONAZZI, P., HOLTSTAM, D., BINDI, L., NYSTEN, P., CAPITANI, G. (2009): American Mineralogist, 94, 
121-134. 
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This study provides insights in the processes that cause severe concrete corrosion and 
deterioration of an Austrian sewage system, which urgently requires restoration.  
Various crucial parameters for detecting alteration features were determined in the field and 
laboratory, including temperature, alkalinity, pH, and conductivity measurements as well as 
ion-chromatography, inductively coupled plasma optical emission spectrometry and X-ray 
diffraction analyses. Furthermore, the concentration of gaseous H2S, CH4 and CO2 within the 
sewer pipe atmosphere was measured. Dissolved sulfate content of the damaged concrete and 
the corresponding aqueous solutions were obtained, by precipitation as barium sulfate. 
The deterioration of the sewage system is attributed to a couple of complex processes, which 
are referred to as bacteriogenically induced sulfuric acid attack. Anaerobic bacteria, present 
within the sewage systems, have consumed the organic matter quantitatively, thereby 
reducing SO4

2- to H2S(g). Changes in the surrounding air pressure or water convection within 
the sewage chamber subsequently promoted degassing of the H2S, followed by its oxidation 
into elemental sulfur or other sulfur containing phases by the aerobic bacteria Acidithiobacilli. 
This led to the formation of sulfuric acid that reacted with the CH-phases of the concrete to 
form gypsum (SCRIVER & DE BELIE, 2013), which finally caused the severe damage of the 
concrete. 
Within the most heavily damaged concrete the SO4 concentrations were calculated to be 14-27 
wt. %, which correlate well with abundant gypsum. In contrast, the SO4

 concentration of the 
aqueous solutions was surprisingly low, ranging between 13 and 41 ppm. The pH of the 
sewage water fluctuated between 6 and 8 as well as the H2S(g) concentrations, which were 
from below the detection limit up to >100 ppm. The CO2(g) concentration ranged between 400 
and 2500 ppm, while the CH4 concentration remained below the detection limit.  
Further investigations, including sulfur isotope measurements, are planned, which may give 
new insights into the complexity of bacterially controlled reaction paths that finally cause the 
concrete damage in sewer systems. 

SCRIVER, K., DE BELIE, N. (2013): In: BERTON, A., DE BELIE, N., ALEXANDER M. (eds): Performance 
of Cement-Based Materials in Aggressive Aqueous Environments, 305-318, Springer, Ghent. 
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Kope mountains are located in western part of the Pohorje mountain range, which belongs to 
a south eastern part of the Eastern Alps (NE Slovenia). The Pohorje metamorphic and igneous 
complex belongs to the eastern continuation of the Periadriatic Lineament shifted northwards. 
In NW outskirts of Kope mountain intrusions of granodioritic magma into upper Cretaceous 
carbonate rocks produced an epidote-andradite-hedenbergite skarn with contact metamorphic 
ore mineralization, dominated by magnetite, which has been mined as iron ore in 18th century 
(GERMOV�ŠEK, 1953). We investigated zoned growth and composition of garnets. Electron 
microscopy study showed that growth zones have a variable composition. They are dominated 
by andradite with variable fractions of grossular and almandine. In addition to compositional 
variations of zones, we detected various Bi-rich phase inclusions using energy dispersive X-
ray spectroscopy (EDS). These include elementary Bi with traces of tellurium, Bi-tellurides 
(Bi3Te and Bi2Te), unknown Ag-rich Bi-telluride (Bi2Ag3Te), bismuthinite (Bi2S3) as the only 
sulphide, and oxides bismite (Bi2O3) and unknown Pb-rich Bi-oxide (Bi6PbO10). 
 

 
Study of zones and Bi-rich inclusions in andradite garnets from Kope. Backscattered electron (BSE) image 
shows light and dark bands depending on the ratio of heavy vs. light elements, e.g. the core of the crystal (spot 1) 
is dominated by andradite (And) while almandine (Alm) and grossular (Grs) fractions are low. Elemental maps 
for Al, Fe, Ti and Ca are shown above the table. Bi-rich inclusions present in garnets are shown on the right side. 
EDS spectrum (above), recorded under 30 keV, discloses the presence of Pb in some inclusions. 
 
GERMOV�ŠEK, C. (1954): Geologija, 2, 191-210. 
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RAMAN SPECTROSCOPY OF N2 IN NATURAL CORDIERITE AND BERYL 
SINGLE CRYSTALS 

 
Haefeker, U.1, Kaindl, R.2, Tropper, P.1 & Konzett, J.1 
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e-mail: udo.haefeker@uibk.ac.at 

 
 
Natural Cordierite with the idealized composition (Mg,Fe)2[Al4Si5O18]*x(H2O,CO2) occurs 
mostly as the orthorhombic polymorph with an ordered Al/Si-distribution on the tetrahedral 
sites. The structure contains stacked six-membered rings of (Si,Al)O4 forming channels 
parallel to the crystallographic c-axis. The rings are linked laterally and vertically by 
additional (Al,Si) tetrahedrons, octahedral sites contain mainly Mg and Fe2+. Similarly, the 
structure of hexagonal beryl with Al2Be3(Si6O18) contains six-membered rings of SiO4 
stacked along c which are laterally linked by BeO4 tetrahedra, octahedral sites contain Al. 
Volatiles like H2O, CO2 and N2 can be incorporated into the structural channels of both 
minerals in various amounts. Natural cordierite single crystals with N2 contents of 104 and 
446 ppm (samples 129875 and H06, LAZZERI, 2012) as well as a beryl single crystal (from 
Texel complex, Italy) were investigated with micro Raman spectroscopy under ambient 
conditions. The N2 stretching vibration occurs at 2325 cm-1 in cordierite and 2328 cm-1 in 
beryl and is thus shifted towards lower energies in both minerals when compared to N2 gas. 
Polarized spectra show that the N2 molecules in cordierite are incorporated perpendicular to 
the crystallographic c axis and are preferentially aligned parallel to a, which is consistent with 
former optical and X-ray diffraction studies (ARMBRUSTER, 1985). A plot of the N2 Raman 
peak intensities vs. N2 contents in ppm indicates a linear relationship in cordierite. Analogous 
to cordierite the N2 molecule in beryl is incorporated perpendicular to c.  
 
 
LAZZERI, K. E. (2012): Lehigh University Thesis, Paper 1327. 
ARMBRUSTER, T. (1985): Physics and Chemistry of Minerals, 12, 233-245. 
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STRUCTURAL AND RAMAN-SPECTROSCOPIC INVESTIGATIONS OF 
SYNTHETIC HEXAGONAL AND ORTHORHOMBIC Fe-CORDIERITE  
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The crystal structures of synthetic hexagonal and orthorhombic Fe-cordierite polymorphs with 
the space groups P6/mcc and Cccm were refined from single-crystal X-ray diffraction data to 
R1, hex = 3.14 % and R1, ortho = 4.48 %. The substitution of the larger Fe2+ for Mg leads to 
multiple structural changes and an increase of the unit cell volumes, with a, c (hex) = 
9.8801(16) Å, 9.2852(5) Å and a, b, c (ortho) = 17.2306(2) Å, 9.8239(1) Å, 9.2892(1) Å. Fe 
incorporation leads to an increase of the octahedral volumes, although the octahedral diameter 
in direction of the c-axis decreases in both polymorphs. X-ray powder diffraction analysis 
indicates a high degree of Al/Si ordering in the orthorhombic polymorph with a distortion 
index of ~0.24 (MIYASHIRO, 1957). Estimations of site occupancies based on the 
determined tetrahedral volumes result in the following values for hexagonal Fe-cordierite: 
~73% Al for T1 and ~28% Al for T2. Raman spectra of the hexagonal polymorph were 
recorded at ambient conditions and at -190 °C using laser-light with 633 and 532 nm 
wavelength for excitation. 
 
 
MIYASHIRO, A. (1957): American Journal of Science, 255, 43-62. 
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TAILORING OF A HIERARCHICALLY STRUCTURED MATERIAL
FROM DIATOMITE

Höllen, D.1, Klammer, D.2, Letofsky-Papst, I.3 & Dietzel, M.2

1Montanuniversität Leoben, Chair of Waste Processing Technology and Waste Management
Erzherzog-Johann-Str. 18, 8700 Leoben, Austria

2Graz University of Technology, Institute of Applied Geosciences
Rechbauerstraße 12, 8010 Graz, Austria

3Austrian Centre for Electron Microscopy and Nanoanalytics
Steyrergasse 17, 8010 Graz, Austria

e-mail: daniel.hoellen@unileoben.ac.at

Based on a previous study (HÖLLEN et al., 2012), where diatomite was converted into  zeolites
via the formation of an intermediate phase we adapted the hydrothermal treatment process by
decreasing the molarity of the Al-containing KOH solution from 1 M to 0.1 M to slow down
the dissolution of diatoms and to prolong the period of metastability of the intermediate phase.
This change of experimental parameters yielded after 1 d at 100°C a hierarchically structured
material consisting of remaining diatoms with macropores of about 100 nm and newly formed
nanoparticles of the intermediate phase. These x-ray amorphous particles consist of a  potassium-
aluminium-hydroxy-silicate, have a diameter of about 50 nm and are characterized by inner  pores
with a diameter of only few nm. The intermediate phase can remove heavy metal ions like Cu2+,
Pb2+ and Zn2+ very efciently from aqueous solution. Considering that particulated matter  acts
as adsorbens for oxyanionic contaminants like AsO43-, CrO42- and MoO42- which can be formed
during leaching of alkaline wastes (CORNELIS et al., 2008), hierarchically structured  materials
which can remove dissolved and particulate contaminants simultaneously from aqueous  solutions
are highly promising.

Figure 1. SEM-SE image of a hierarchically structured
 material, consisting of a macroporous diatom and nanoporous
potassium-aluminium-hydroxosilicates growing in its pores.

CORNELIS, G., JOHNSON, C.A., VAN GERVEN, T., VANDESCASTEELE, C. (2008): Applied  Geochemis-
try, 23, 5, 955-976.
HÖLLEN, D., KLAMMER, D.; LETOFSKY-PAPST, I, DIETZEL, M. (2012): Journal of Material Science and
Engineering A & B., 2, 10, 523-533.
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Iron and steel work slags are high value secondary resources, which are used in construction 
works due their beneficial mechanical properties (MOTZ & GEISELER, 2001). However, 
their application has become highly controversial due to their contents in steel alloy elements 
like chromium (PILLAY et al., 2003). In this study two different steel work slags (slag I and 
II) are investigated with respect to their chemistry, mineralogy and leachability. Chemical 
analyses of main and trace components by X-ray fluorescence spectroscopy (XRF) and ICP-
MS, respectively, show that slag I is richer in Al2O3 and MnO, but poorer in CaO and MgO 
than slag II, whereas the Cr2O3 content is in the same range.  
 
Mineralogical investigations by X-ray diffraction (XRD) and electron microprobe analyses 
(EMPA) reveal that one group of phases consisting of wuestite (FeO) and minerals of the 
melilite ((Ca,Na)2(Mg,Al)[4][Si2O7]) and spinel ((Mg,Fe2+)(Al, Fe3+, Cr)2(F,O)4) group is 
present in both slags. However, their particular chemical composition varies a lot due to 
substitutions of Mg2+ for Fe2+ in wuestite, between Mg2+ and Al3+ in melilite and especially 
between Al3+ and Cr3+ as well as of F- for O2- in the spinel group phases. A second group of 
phases including kirschsteinite (CaFeSiO4) and bredigite (Ca1.7Mg0.3SiO4) is only present in 
slag I. The third group of phases is only present in slag II and includes cuspidine 
(Ca4Si2O7(F,OH)2), merwinite (Ca3Mg(SiO4)2), monticellite (CaMgSiO4), calcio-olivine 
(Ca2SiO4), mayenite (Ca12Al14O33), calcite (CaCO3), magnesite (MgCO3), fluorite (CaF2), 
scheelite (CaWO4), complex Ca-Nb-Cr-Al-Mg-Ti-F oxides and quartz (SiO2). However, the 
most interesting aspect of this study is the first description of Mg-Al-Cr-F-spinels in slag II, in 
which up to 25 % of oxygen ions are replaced by fluorine! 
 
Leaching experiments performed at distinct pH values show that the leachability of 
chromium, manganese, iron, barium, arsenic, molybdenum and selenium increases with 
decreasing pH, whereas the leachability of antimony shows a reverse behaviour. Interestingly, 
the leachability of chromium increases when F- substitutes for O2- in the spinel phases. Thus, 
attention has to be paid to the crystal chemistry of individual phases in which metal alloy 
elements are incorporated in slags as well as to the hydrogeochemistry of the aqueous 
solutions they interact with at the sites where the slags are used for construction purposes. If 
these aspects are considered, iron and steel work slags maintain environmentally friendly 
secondary resources for a broad range of applications. 
 
MOTZ, H., GEISELER, J. (2001): Waste Management, 21, 285-293. 
PILLAY, K., VON BLOTTNITZ, H., PETERSEN, J. (2003): Chemosphere, 52, 10, 1771-1779. 
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ECLOGITE-FACIES MAFIC OCEANIC AND CONTINENTAL CRUSTAL ROCKS 
FROM THE AKTYUZ AND MAKBAL COMPLEXES, TIANSHAN MOUNTAINS 

(KAZAKHSTAN & KYRGYZSTAN): GEODYNAMIC IMPLICATIONS 
 

Klemd, R.1, Meyer, M.1, Hegner, E.2 & Konopelko, D.3 
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3Geological Faculty, St. Petersburg State University, 7/9 University Embankment, 199034 St. Petersburg, Russia 

e-mail: Reiner.Klemd@fau.de 
 
The Late Paleozoic Makbal and Aktyuz Complexes in the western Tianshan Mountains of 
Kazakhstan and Kyrgyzstan consist of HP/UHP metasedimentary host rocks which enclose 
various high-pressure mafic blocks or boudins. These mafic rocks comprise rare eclogites, 
garnet amphibolites and newly discovered glaucophanite (glaucophane-garnet-omphacite 
bearing rock) in the Makbal complex. So far the Aktyuz and Makbal Complexes have been 
interpreted to predominantly consist of continental lithologies while the mafic rocks were 
considered as dismembered dikes intruding continental metasediments. This interpretation is 
mainly based on the geological relationship and bulk rock chemistry of the different rock 
types. It was further suggested that the Makbal and Aktyuz Complexes formed as tectonic 
mélanges. 
In the present study we combined conventional geothermometry, P-T pseudosection modeling 
and major and trace element whole rock geochemistry for different mafic samples (eclogites, 
glaucophanite and garnet amphibolites) in order to shed light on both the metamorphic 
evolution and the protoliths of the mafic HP rocks in the Makbal and Aktyuz Complexes. 
Prograde to peak-pressure clockwise P-T paths of both rock types were modeled using garnet 
isopleth thermobarometry. The results suggest that the eclogite, glaucophanite and the garnet 
amphibolite samples experienced similar prograde P-T paths and slightly different peak 
metamorphic conditions between ~520 °C and ~560 °C at ~2.2 GPa to ~2.5 Gpa (at Makbal) 
and  ~670 °C at ~ 2.1 GPa  (at Aktyuz) corresponding to burial depths between 70 and 85 km.  
Whole rock major and trace element analyses and petrological evidence suggest that the 
different rock types at the Makbal and Aktyuz Complexes most likely originated from various 
precursor rocks. From the geological relationship and from bulk rock and isotope chemistry of 
the different rock types the Aktyuz Complex has been interpreted as a continental crustal 
fragment and the mafic rocks as intrusive and now dismembered dikes. The Makbal garnet 
amphibolites are believed to represent strongly retrogressed former eclogite-facies rocks that 
have never been eclogites sensu stricto due to an unfavorable alkali-poor bulk composition. 
The high-pressure mafic samples investigated in this study clearly originated from oceanic 
crust, which is in contrast with all previous studies suggesting a continental protolith for the 
mafic HP/UHP rocks.  
The mafic high-pressure rocks are believed to represent incoherent segments of exhumed 
oceanic or continental crust. Juxtaposition of different mafic oceanic and continental crustal 
rocks is suggested to be due to buoyancy-driven exhumation of the metasedimentary host 
rock in the subduction channel where dismembered fragments of the subducted oceanic crust 
were captured in different depth supporting the tectonic mélange formation concept. 
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Most differential or incremental material motion during tectonic processes is taken up by 
shear zones. These work at different size scales, temperatures, pressures, fluid compositions 
and time scales and inevitably involve the deformation of minerals. The unambiguous exact 
quantification of these parameters is vital for the geologically meaningful reconstruction of 
tectonic processes. In this respect especially the age and duration of tectonic processes is 
important. 
Traditionally, "ages" of shear zone activity are determined by Rb/Sr and Ar/Ar mica dating. 
But due to the low closing temperatures in micas temperatures higher than ca. 500 °C cannot 
be dated by mica chronometry. Thus any shear zone activity above 500 °C is undetectable by 
these methods. Other possibilities can be Sm/Nd and Lu/Hf dating of garnet or Ar/Ar dating 
of amphiboles. Garnet dating is problematic because single mineral dating is not possible. 
Thus internal isochrons or whole rock - mineral isochrons have to be sought. This approach is 
often hampered by an open system behaviour of rocks undergoing deformation. 
The in-situ U/Th/Pb dating of zircon has the potential to overcome the above mentioned 
drawbacks: 
Zircon is plastically deformed by recovery and/or subgrain rotation recrystallisation that 
indicates formation and migration of dislocations under high-T conditions in a stress field. 
Plastic deformation in zircon occurs during deformation events due to stresses associated with 
the collision of zircon crystals with surrounding mineral phases. Different crystals domain 
showing different amounts of deformation are linked by so called low angle boundaries. 
These potentially act as a fast diffusion pathways facilitating Pb, Ti, U, Th and trace element 
mobility in the crystals. Crystal-plastic deformation in zircon can thus cause rapid 
redistribution (outwards diffusion) of radiogenic Pb which leads to a partial or complete 
rejuvenation of the U/Th/Pb ages. Due to the high closing temperature of the U/Th/Pb system 
in zircon (> 800 °C) the detection of such ages potentially allows the dating of the high-T 
deformation events at T > 500 °C. And due to the robustness of zircon low angle boundaries 
and associated U/Th/Pb age disturbances can be preserved at crustal temperatures for billions 
of years. 
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The project investigates the applicability of near-infrared spectroscopy for bauxite mining 
sites, namely the possibility to use this analysis method directly at conveyor belts to guarantee 
a continuous quantification of bauxite material. The idea is to use modal quantification from 
XRPD/Rietveld refinement and/or XRF analytics as reference and combine the results with 
NIR-spectra in a multivariate calibration model. 
The material used in this investigation originates from Paragominas, Brazil and consists of the 
minerals Gibbsite [Al(OH)3], Kaolinite [Al2Si2O5(OH)4], Goethite [FeO(OH)], Hematite 
[Fe2O3] and Anatase [TiO2]. To reduce preferred-orientation in XRPD-measurements, samples 
were ground, sieved and prepared with ethanol on a glass slide. Samples for XRF analytics 
were prepared with Li-tetraborate fusion technique for major element analysis. 
The result of the calibration shows that, for the industrial application of NIR-analytics two 
crucial points must be considered: (1) it is necessary to crush the bauxite material in order to 
get unbiased measurements, since bauxite is inhomogeneous with respect to size and modal 
composition; (2) humidity has a great influence on NIR-spectra in changing band-intensities, 
which leads to an underestimation of crystalline phase concentrations and needs to be 
corrected. 
In this study, a calibration model is presented using partial-least-squares regression 
(developed by ABB), dividing samples randomly into a training and test set. The training set 
generates the model, which is used to predict modal compositions of the test set (Fig. 1). The 
results show a predictability of the major mineralogical phases within ± 5wt% (2 ). Our 
results enable a useful application of NIR-spectroscopy at appropriate mining sites. 
 
 

 
 
 
 
 
Figure 1 
Example of a calibration result for kaolinite in lateritic 
bauxites: On the x-axis Kaolinite concentrations 
determined by XRPD/Rietveld (reference values) are 
shown. The y-axis plots the predicted kaolinite 
concentrations of a calibration model based on NIR-
spectra. Note that RMSEP defines the 1 -error of reference 
values vs. NIR-based predictions.  
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MAGMATIC STAUROLITE IN A PEGMATITE FROM THE TEXEL COMPLEX, 
SOUTHERN TYROL �– EVIDENCE FOR ANATECTIC FORMATION OF BERYL-

COLTAN PEGMATITES IN THE AUSTROALPINE BASEMENT OF THE 
EASTERN ALPS 
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A pegmatite field was studied in the Texel Complex of the Austroalpine Basement, Southern 
Tyrol, between Val Passiria and Val Racines. It contains pegmatites with Be-Nb-Ta-Sn-U 
mineralizations with various degrees of differentiation embedded in amphibolite-facies garnet 
± staurolite ± kyanite ± paragonite-bearing gneisses or calcite-dolomite marbles. One of the 
pegmatites contains an unusually diverse assemblage quartz + muscovite + paragonite + albite 
+ accessory garnet + beryl + apatite + zircon + cassiterite + Nb-Ta-rutile + ixiolite-wodginite 
+ columbite-tantalite + tapiolite + U-microlite + cheralite + thorite + uraninite + wyllieite + 
arrojadite. Tourmaline and K-feldspar are notably absent. HfO2 contents of up to 13.5 wt% in 
zircon and Rb and Cs contents of up to 965 ppm and 9700 ppm, respectively, in muscovite 
indicate a high degree of differentiation. Single grain U-Pb dating of zircon yields 240 Ma 
consistent with a formation during the Permian metamorphic event (SCHUSTER & STÜWE, 
2008). Beryl appears as idiomorphic crystals of up to several cm in length and contains an Al-
rich inclusion assemblage with chrysoberyl + staurolite + Zn-spinel + Be-cordierite. 
Staurolites form perfectly idiomorphic crystals up to 50 x 20 µm which are always intergrown 
with quartz. They are Fe-rich (XFe=0.88-0.98) and contain variable ZnO contents in the range 
0.7-3.7 wt%. Textures of the staurolites and the mode of occurrence as inclusions in beryl 
indicate a magmatic crystallization from a fluid-saturated melt. To test a possible origin of the 
staurolite by partial melting of the metapelitic country rocks, experiments at 7 kbar and 700-
750 °C were conducted using a garnet-staurolite-paragonite gneiss from the vicinity of the 
pegmatite as starting material. Preliminary results show that staurolite indeed is stable 
coexisting with granitic melt at 700 and 750 °C under both water-absent and water present 
conditions. These results are consistent with those from melting experiments by GARCIA-
CASCO et al. (2003) and show that staurolite may be stable as magmatic phase during 
anatexis of Fe-rich metapelites. In summary both textural and experimental evidence supports 
an origin of the investigated pegmatites by anatexis of the country rocks during the Permian 
metamorphic event at T  700-750 °C. This mode of pegmatite formation dispenses with the 
necessity of a genetic association with a granitic intrusive body. The absence of such 
associated intrusions is a characteristic feature of rare metal-bearing pegmatites of the Eastern 
Alpine basement (MALI, 2004). 
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SINGLE-CRYSTAL STRUCTURE AND RAMAN SPECTROSCOPY OF 
SYNTHETIC CaAlSiO4F 
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Titanite is an orthosilicate and its structure consists of chains of TiO6 octahedra which are 
linked by isolated Si-tetrahedra. The main coupled substitutions that occur are (Al, Fe3+ + F) 
= (Ti + O) and (Al, Fe3+ + OH) = (Ti + O). The extent of the Al + F substitution in natural 
titanites is high but complete solid solution in the system CaTiSiO4O-CaAlSiO4F has only 
been observed in experimental investigations. TROITZSCH et al. (1999) and TROITZSCH & 
ELLIS (1999) not only determined the crystal structure of synthetic CaAlSiO4F but also 
investigated the structural changes in titanite solid solutions along the join TiO = AlF based 
on Rietveld analysis. CaAlSiO4F is monoclinic, belongs to the space group A2/a (a= 6.91,  
b= 8.51, c= 6.44 Å and = 114.7 °). In this investigation synthetic CaAlSiO4F, the AlF analog 
of titanite, has been investigated using single-crystal synchrotron diffraction experiments at 
Beamline X06DA (Swiss Light Source, Paul Scherrer Institute, Villigen, Switzerland) and for 
the first time Raman spectroscopy. A single-crystal of 20x15x7 µm3 was selected using a 
polarising transillumination stereo microscope. The symmetry and reflection conditions are 
consistent with the model reported by TROITZSCH & ELLIS (1999). Therefore, the known 
model (A2/a setting) was used as a starting point for the structure refinement using Jana2006. 
Forty parameters were refined including anisotropic displacement parameters, resulting in a 
final fit of Robs = 2.6 %. The Raman spectrum is characterised by two spectral ranges with a 
distinct gap in between. The first range (167-593 cm-1) can be subdivided as follows: peaks in 
the range of 150-361 cm-1 are bending and stretching vibrations involving Ca as well as 
motions of the tetrahedral and octahedral sites. A second subdivision can be distinguished 
between 431 and 507 cm-1. The modes at 431 and 470 cm-1 are dominantly caused by 
tetrahedral torsion and F-displacement perpendicular to a with octahedral contribution. 
Vibrational spectra were calculated in harmonic approximation at G-point from fully relaxed 
energy optimisations of the crystal structures presented herein, using 3D-periodic density 
functional theory with Gaussian basis sets and the software CRYSTAL06. The lattice 
parameters of the fully relaxed structure were in good agreement with the experimental 
values, with the calculated values 0.8±0.4 % too large; the monoclinic angle was calculated 
0.4 ° too large. The agreement of the calculated Raman frequencies with the observed ones 
was very good, with standard deviation ±7 cm-1 and maximum deviations of ±7 cm-1. 
 
TROITZSCH, U., ELLIS, D.J., THOMPSON, J., FITZ-GERALD, J. (1999): Eur. J. Mineralogy, 11, 955-965. 
TROITZSCH, U., ELLIS, D.J. (1999): American Mineralogist, 84, 1162-1169. 
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THE HYDRATION OF PERICLASE TO BRUCITE: AN EXPERIMENTAL STUDY 
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The hydration of mantle minerals is an important process in geodynamics as it changes the 
rock density and thus buoyancy forces of mantle units that are incorporated into orogenic 
processes. It can be described in terms of the MgO-SiO2-H2O model system. For the sake of 
tractability, we selected the MgO-H2O subsystem to investigate the hydration of periclase and 
the formation of brucite, a phenomenon which involves a positive volume change of the 
solids of about 100 %.  
We did dedicated hydration experiments on periclase single crystals, which we machined to 
cubes with 3x3x3 mm edge length and reacted with water at temperatures ranging from 400 to 
530 °C and pressures of 70 to 200 MPa using cold-seal hydrothermal pressure vessels. Run 
durations were between 30 min. and 2 h. Hydration produced reaction rims of fibrous brucite, 
which were separated from the reactant periclase by sharp reaction fronts. The end form of 
brucite is given in Figure 1. The reaction progress was determined from measurement of the 
remaining periclase and the newly formed brucite volume fractions. Reaction progress was 
recalculated as average thickness of the brucite layer.  
We assumed linear growth kinetics  
 
d = k(T)*t,  
 
where d is the thickness of the brucite 
layer in mm, k(T) is the rate constant, 
and t is time in seconds. 
Assuming that the interface reaction is 
thermally activated we have 
 
k(T)=k0*exp(-EA/R*T),  
 
where T is the absolute temperature, 
EA is the activation energy for the 
interface reaction, and k0 is the pre-
exponential factor. From our experi-
ments we estimated 66.35 kJ/mole for 
EA and 1.21 mm/s for k0. Further 
experiments are in progress. 
 

Figure 1, Brucite end form. 
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During a systematic study on the crystal chemistry and the synthesis of REE-fluorosilicates 
by the flux-method using KF and RbF melts as solvents several new compounds were 
prepared. Therefore, mixtures with a nutrient:flux ratio of 1:1 were homo-genized, loaded in 
platinum capsules and welded shut. The containers were fired to 1100 °C in a resistance 
heated furnace, isothermed for 2 h, followed by slow cooling to 800 °C at 5 °C/h and finally 
quenched to ambient temperature. In all cases transparent crystals of good optical quality (up 
to several mm in size) could be easily retrieved by dissolving the flux in distilled water. 
Furthermore, the crystals were characterized by X-ray single-crystal diffraction (performed at 
25 °C). The crystal structures of all phases could be solved by direct methods and difference 
Fourier synthesis. Structure solution was also employed to establish the chemical composition 
of the following three compounds: 
 

(1) K9Y3[Si12O32]F2, triclinic, space group P-1, a=6.8187(3) Å, b=11.3345(4) Å, 
c=11.3727(5) Å, =87.846(3)°, =89.747(3)°, =80.524(3)°, V=866.36(6)Å3, Z=1. 
Salt inclusion compound based on silicate layers with 6-, 8- and 12-membered rings. 

(2) Rb2Sc[Si4O10]F, tetragonal, space group I4/m, a=11.2619(3) Å, c=8.3053(4) Å, 
V=1053.37(7)Å3, Z=4. Tubular chain structure, isotypic with narsarsukite 
(Na2(Ti,Fe3+)Si4O10(O,F) (PEACOR & BUERGER (1962)). 

(3) Rb2Lu[Si4O10]F, monoclinic, space group P21/m, a=11.6695(3) Å, b=8.5238(2) Å, 
c=11.8165(3) Å, =111.753(2)°, V= 1091.67(5) Å3, Z=4. Tubular chain structure. 

 

 
 

Figure 1. Projections of the crystal structures of (a) Rb2Lu[Si4O10]F and (b) Rb2Sc[Si4O10]F parallel to the 
directions  of the tubular chains. Linkage between the silicate chains is provided by (Sc,Lu)O4F2-octahedra. 
 
PEACOR, D.R., BUERGER, M.J. (1962): Am. Mineral. 47, 539-556. 

(a) (b) 

[LuO4F2] [ScO4F2]

Rb
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Clathrate are minerals characterized by an H2O-cage structure hosting therein various gaseous 
molecules �– mostly of low molecular weight. Because of considerable economical impor-
tance, a vast amount of studies is concerned with the complex properties of this mineral 
group. This study was motivated by a previous work on the compression behaviour of water 
between 0 ° and 80 °C up to 1.2 GPa (MIRWALD, 2005a) revealing a complex P-T system of 
anomalies. The PVT anomalies of water may be traced by compression experiments, by 
detailed determinations of the P-T course of phase transition boundaries (e.g. melting curve of 
ice), or by decomposition reactions (e.g. dehydration reactions). Dehydration studies on 
gypsum, portlandite and brucite have shown that the water anomalies actually extent far into 
the P-T range of petrological relevance (MIRWALD, 2008, 2005b, c). Detailed studies on the 
P-T relations of clathrate hydrates have been conducted by Dyadin and co-workers (e.g. 
Dyadin et al., 1999). Out of the great number of investigations those on noble gas hydrates 
and H- and N-hydrate have been chosen, showing a minimum of interaction between guest 

molecule and hosting H2O-cage. The 
figure gives a view on the previously 
outlined system of water anomalies 
(closed circles connected by double 
lines). At 290, 780 and 1180 MPa the 
melting curve of ice is characterized 
by anomalous dP/dT-slope inflec-
tions (open circles; MIRWALD, 
2010). On the diagram superimposed 
the decomposition curves of various 
clathrate hydrates (Ne-, H-, Ar-, N-, 
Kr- and Xe-H2O) are given. In all 
cases the decomposition curves of 
the clathrate hydrates show at or in 

very next vicinity of the water anomalies a discontinuous behaviour of the dP/dT-slope (open 
squares) that is to be related to the anomalous PVT behaviour of H2O. 
 
DYADIN, Y. A., LARIONOV, E. G., MANAKOV, A. Y., ZHURKO, F. V., ALADKO, E. Y., MIKINA T. V., 
KOMAROV, V. Y. (1999): Mendeleev Commun., 9 (5), 209-210. 
MIRWALD, P.W. (2005a): Journal Chemical Physics 123, 124715, 1-6. 
MIRWALD, P.W. (2005b): Geophys. Res. Abstr. 7, EGU05-A-04554.  
MIRWALD, P.W. (2005c): Eur. J. Mineral., 2005, 17, 537-542.  
MIRWALD, P.W. (2008): Journal  Chemical Physics, 128, 074502, 1-7. 
MIRWALD, P.W. (2010): Int. Mineral. Ass., 21-27 Aug.2010; Acta Mineral.-Petrograph. Abstr.-Ser. 6, 813. 
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Tourmaline is a valuable indicator of geochemical processes and it is widely used to monitor 
degree of fractionation or external contamination of pegmatite melts. Tourmaline-bearing 
granitic pegmatites cutting various rocks in Vlast jovice exhibit similar size and mostly 
simple internal structure and mineral assemblages (Tab. 1). The parental granite of the 
pegmatites cutting Fe-skarn (Footwall granite-pegmatite) is located along the footwall contact 
of Fe-skarn and underlying orthogneiss body and the relevant pegmatite melts passed several 
decameters solely through Fe-skarn. Hence, they represent a unique case to study degree of 
contamination in pegmatites with distinct host rocks and degree of fractionation.  

 
Table 1. Brief review of the pegmatites examined.                Figure 1. Plot Fetot/(Fetot+Mg) vs. Ca in tourmalines. 
 
Evident Ca,Fe-contamination is seen in tourmaline from all pegmatites cutting Fe-skarn, 
whereas contamination in the pegmatites from gneisses is negligible. The overall positive 
correlation Ca-Fe is evident but the individual dikes show rather negative correlation with 
distinct slopes (Fig. 1). In the pegmatites from gneisses this evolution reflects fractionation of 
the melt to Ca-poor and Fe-enriched; however, in the contaminated pegmatites this process is 
more or less overprinted by the Ca, Fe-contamination from host Fe-skarn and fractionation of 
Mg from Fe is enhanced by contamination. The Footwall granite-pegmatite located between 
Fe-skarn and orthogneiss exhibits transitional features and corroborate these results. The 
tourmaline evolution in Vlast jovice also confirms tourmaline as a useful geochemical 
indicator.  
This work was supported by the research project GAP210/10/0743 to MN and PG. 
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Lannonite and wilcoxite were first described by WILLIAMS & CESBRON (1983) as two 
new fluosulfates from the Lone Pine mine, New Mexico, where both occur as weathering 
products of the primary pyrite-rich ore. The chemical formula was reported to be 
HMg2Ca4Al4(SO4)8F9·32H2O and a tetragonal symmetry without centering was derived from 
X-ray powder data. Due to the quality of the type material, however, no structural information 
could be obtained for both minerals. Recently PETERSON & JOY (2013) presented a 
detailed structural description of wilcoxite, MgAl(SO4)2F·17H2O. 
A second finding of lannonite from the Anna Mine, Alsdorf near Aachen, Germany, was 
reported by BLASS & STREHLER (1993), where lannonite is formed during the burning and 
weathering process of a coal dump after spontaneous ignition, i.e. mobilization of volatile 
components from the coal and formation of acidic solutions, which decompose the surround-
ing rock. Beside several ammonium and sulfate minerals, e.g. ammoniojarosite, anhydrite, or 
thermessaite-(NH4), selenium is also observed in the lannonite-bearing paragenesis. The title 
compound occurs as clear, colourless, optically uniaxial, tetragonal (square) platelets, which 
are suitable for single-crystal X-ray investigations at ambient temperature. Even though 
lannonite has a reported H2O content of 32 wt.%, it is a stable mineral with Mohs hardness of 
about 2 and a reported density of 2.22 g/cm3. 
The extinction conditions revealed a tetragonal I-centered cell (a = 6.860(1), c = 28.053(5) Å, 
V = 1320.3(4) Å3), and consecutive structure refinements applying the space groups of Laue 
class 4/m revealed the correct space group to be I4/m (R1all = 4.25%). The first outcome of the 
refined structure model is a reduced H2O and F content leading to Mg2Ca4Al4(SO4)8F8·24H2O 
as the corrected chemical formula for lannonite (Dx of 2.100 g/cm3) from this locality. The 
structure can be described by a columnar sequence along [001] of F-linked CaFO5-
AlF2(H2O)4-MgF2(H2O)4-AlF2(H2O)4-CaFO5 octahedra terminated by positionally disordered 
SO4 tetrahedra. These columns are interlinked by a second type of SO4 tetrahedra, connecting 
neighbouring CaFO5 octahedra. 
The crystal-structure determination, together with optical and chemical-analytical data and 
Raman spectroscopy of the material will be presented and discussed.  
We thank Mr. Frank de Wit for kindly providing the samples studied. 
 
BLASS, G., STREHLER, H. (1993): Mineralien-Welt, 4(4), 35-42. 
PETERSON, R.C., JOY, B.R. (2013): Canad. Mineral., 51, 107-117. 
WILLIAMS, S.A., CESBRON, F.P. (1983): Mineral. Mag., 47, 37-40. 
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Within the Sierras de San Luis, a part of the Sierras Pampeanas (central Argentina), mafic �– 
ultramafic rocks consisting of norites, gabbros, anorthosites, orthopyroxenites and dunites are 
exposed as lenses and strike about 120 km NNE-SSW with a width of ca. 30 km. The 
geotectonic setting of the mafic-ultramafic intrusions is thought to be an extensional back-arc 
basin which developed during the last stages of the Famatinian orogeny. A detailed 
investigation of a drill core (LAS5/3) profile from the Las Aguilas area has been made in 
order to document the petrography of the mafic-ultramafic rocks as well as the intercalated 
basement with depth. The study is focused on sulphides, Platinum-group mineral concentra-
tions as well as fluid inclusions. It is shown that these rocks are characterized by a moderate 
to high-grade base metal sulfide (BMS) mineralization. Sulfides include chalcopyrite, 
pentlandite and pyrrhotite showing primary magmatic and secondary mineralization textures. 
The platinum group minerals (PGM) such as merenskyite-melonite group minerals and 
cobaltite group minerals are related to the BMS and to the Cr-spinel-rich ultramafic part of 
the intrusion and occur as primary and secondary mineral phases. Primary PGM�’s occur as 
inclusions in sulfides and the secondary occur in veins or between BMS and silicates as a 
result of remobilization and precipitation processes. The secondary PGM`s seem to have 
crystallized at about 500 °C based on the Pd-Bi-Te plot of HOFFMAN & MACLEAN (1976). 
Textually and geochemically three different types of chromium spinel were distinguished. 
Type 1) iron-rich spinel with magnetite rim and mainly homogeneous cores. Type 2) show 
alumina-rich and chromium-poor rims as well as an increasing trend in chromium and iron. 
Cores point to a decrease in alumina content. Type 3) is a homogenous chromium spinel. 
These findings are similar to those reported by FERRACUTTI et al. (2006). Three different 
groups of primary CO2-N2-CH4 inclusions were identified in plagioclase and quartz by last 
melting temperatures Tm of the carbonic phase and Raman Spectroscopy. Fluid densities are 
derived from homogenization temperatures Th of the vapor bubble, which ranges from  
16.3 °C to -25.5 °C. Fluid inclusions reflect a decrease in densities with increasing depth 
within the drill core. It is important to note that the fluid inclusions in the hanging-wall 
basement at a depth of 40 meters represent the formation conditions of the Famatinian 
orogenic event of ~6 kbar at 600 oC. Fluid inclusions in samples at 60 meters and 120 meters 
depth can be related to the pressure and temperature conditions of the mafic-ultramafic 
intrusion with an estimated pressure of ~4kbar at 600 oC in the footwall. 
 
 
FERRACUTTI, G., MOGESSIE; A., BJERG, E. (2006): N. Jahrbuch Mineral. Abhandlungen, 183-1, 63-77. 
HOFFMAN, E. L., MACLEAN, W. H., (1976): Economic Geology, 71, 1461-1468. 
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In most natural surroundings soil solutions are primary gained from the uptake of meteoric 
water. Subsequently infiltration, capillary exchange, bioresponse, evaporation etc. result in 
complex and individual gas-water-solid systems. Knowledge on the chemical and isotopic 
composition of soil solution and its evolution is highly relevant for environmental and 
forensic studies, but respective systematic and combined field and experiment studies are rare.  
 
The composition of solids and interstitial solutions of individual horizons has been 
investigated for three cambisols in Styria (Austria). The solutions were separated from the 
soils by compaction method at hydraulic pressures of 27 and 55 MPa, corresponding to 
respective matric potentials (mp).  
 
The soils consist mainly of quartz, chlorite, muscovite and plagioclase with associated 
silicates like kaolinite, vermiculite and smectite due to weathering processes. No significant 
vertical variability was visible. The pH of the soil solution typically increases with depth and 
elevated mp. Concentrations of dissolved ions such as Ca2+ and Mg2+ increase at high mp, 
which correspond to higher D and 18O values. Lab experiments for wetting and evaporation 
indicate higher concentrations of dissolved components of the soil solutions at higher D and 

18O values. Field-related and experimental results are discussed in respect to the impact of 
seasonality, evaporation, wetting and mp-related interstitial distribution of the (isotope) 
geochemical compositions of the separated soil solutions.  
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The electron microprobe (EMP) has become a common analytical technique in geosciences 
over last three decades. The EMP analysis is based on measuring of characteristic X-rays 
generated during interactions of accelerated electrons with a sample. The measured character-
istic X-ray has to be corrected by a function including various factors such as atomic number 
of the sample, absorption and fluorescence effects. For accurate matrix correction calculations 
is crucial to set the exact composition of analyzed phase. The modern EMP machines 
automatically process the measured intensities of characteristic X-rays by a matrix correction 
procedure taking into account chemical composition of the sample, e.g. PAP (POUCHOU & 
PICHOIR, 1984) and -( z) (MERLET 1994). During a �“common�” EMP analysis, fluorine 
and heavier elements are usually measured and O content (in oxide phases) is calculated by a 
valence and all these elements are automatically involved into the matrix corrections. A 
higher content of B, C, Be, Li and H in minerals should be involved in to the matrix 
corrections as well, because the incomplete input dataset for the matrix correction calculations 
leads to an incorrect final analytical results. To optimize the matrix corrections and 
consequently analytical output, it is important to: 1) include the non-analyzed oxides of light 
elements (H2O, CO2, B2O3, BeO, Li2O) into matrix corrections of analyzed minerals, 2) set 
the right O content in minerals with high halogen content (e.g. topaz Al2SiO4F2). An electron 
microprobe analysis of tourmaline and topaz proceeded by -( z) matrix correction routine 
(MERLET, 1994) excluding and including of non-analyzed elements are shown in Table 1.  
 

 
 
Table 1. Influence of non-analyzed elements on the on results of the EMP analysis. 1a*-analysis of tourmaline 
(in wt.% ox.), 1b*-the same analysis of tourmaline including 3.3 wt.% B and 0.3 wt.% H involved in matrix 
corrections. 2a- analysis of topaz (in wt.% ox.), 2b-the same analysis of topaz (in wt.% elm.), O not determined, 
2c- the same analysis of topaz (in wt.% elm.), O (up to 100 wt.%) involved in matrix corrections. Tourmaline 
and topaz formula was calculated on the basis of Si = 6 and 1, respectively. 
Financial support of grant GACR P210/10/0743 of the Grant Agency of Czech Republic is acknowledged. 
 
MERLET, C. (1994): Microchim. Acta., 114-115, 363-376. 
POUCHOU, J. L., PICHOIR, F. (1984): Rech. Aerosp., 1984, 3, 167-192. 
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Several samples of wulfenite, PbMoO4, varying in colour from colourless to yellow, orange 
and red, have been characterised by means of IR and optical absorption spectroscopy and by 
microprobe analyses. A distinct pleochroic band group with absorption maxima centred at 
3380 and 3150 cm-1 can be seen in the IR spectra of wulfenite single-crystals, indicating the 
presence of hydroxyl groups. The pleochroic and thermal behaviour of the OH stretching 
bands along with deuteration experiments, as well as results obtained from synthetic flux-
grown samples, exclude the presence of submicroscopic hydrous mineral inclusions (mainly 
considered were phases belonging to the alunite-crandallite mineral group) as their primary 
origin. Whereas jarosite and plumbogummite, in which the OH absorption bands coincide in 
shape and position with the IR absorption phenomena visible in wulfenite, decompose already 
at 250 °C, the OH bands of wulfenite persist up to 500 °C. A significant CO2 absorption 
pattern which evolves upon heating the samples to 500 °C is attributed to the decomposition 
of included carbonates (siderite and smithsonite), which were found by means of a scanning 
electron microscope and EDX analyses. 
The pleochroic scheme and the band positions were used to postulate a model for the OH 
incorporation mode, based on the assumption of vacancies on Mo and Pb sites in the structure 
of this �‘nominally anhydrous mineral�’, where the latter case presumes an interstitial OH group 
occupying the vacant Pb position. 
Optical absorption spectra of coloured natural samples show a broad and polarised band 
around 23000-24000 cm-1, preceding the fundamental UV absorption edge, which has been 
identified as the reason for the colour of the mineral. The comparison with synthetic PbMoO4 
single-crystals, doped with variable amounts of Cr6+, yielded conclusive evidence that trace 
amounts of the CrO4

2- anion group, substituting for MoO4
2-, determine the variable colour. 

Besides, in one sample, trace amounts of Nd3+ have been spectroscopically identified. 
To confirm the assignment of the observed absorption patterns to Nd, a PbMoO4 sample 
doped with Nd3+ has been synthesised using the coupled substitution Nd3+As5+  Pb2+Mo6+. In 
natural samples, V5+ is believed to provide the necessary charge balance, as samples with 
observable REE bands have enhanced contents of V2O5. 
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A common feature of HP and UHP terranes is the subduction of lower crustal rocks to great 
depths. Previous investigations have shown that this process is triggered by fluids present 
during an eclogite-facies metamorphic overprint. Key examples of these processes is exposed 
in the metapelites at Val Savenca and the metagranites of Monte Mucrone, both in the Sesia-
Lanzo Zone, Italy, where Alpine eclogite-facies metamorphism and fluid flow led to partial 
transformation of Variscan amphibolite-eclogite facies metapelites (garnet + biotite + silli-
manite + K-feldspar + plagioclase + quartz) and metagranites (garnet + biotite + K-feldspar + 
plagioclase + quartz) to zoisite ± jadeite + kyanite + phengite + quartz with associated jadeite 
veins. This transformation took place under P-T conditions of 1.7 �– 2.1 GPa at 600 °C and 
low a(H2O) of 0.3-0.6. The textures in the Val Savenca metapelites show relict igneous biotite 
which is rimmed by a thin rind of garnet. The replacement of plagioclase by jadeite + zoisite 
+ kyanite + quartz takes place also along former fractures. Within the jadeite + zoisite + 
kyanite + K-feldspar pseudomorphs after plagioclase, jadeite and quartz coexist with K-
feldspar. Jadeite also shows some late stage replacement by omphacite at the rims, which was 
also observed in jadeite-rich veins in adjacent samples. Biotite is replaced by the assemblage 
phengite + omphacite ± kyanite if it is adjacent to former plagioclase, otherwise by phengite + 
rutile/titanite, or only by phengite. These omphacitic areas contain no zoisite. Former 
metamorphic K-feldspar seems to recrystallize during Alpine metamorphism, as suggested by 
development of a homogeneous host with included needles of zoisite and jadeite. The extreme 
development of microdomains can best be studied by investigating garnet and clinopyroxene 
zoning. Garnet grows in two generations, namely garnet from the primary assemblage and 
garnet growing around biotite is pyrope-rich. The grossular content increases during the 
Alpine metamorphic overprint and garnets growing adjacent to plagioclase domains are very 
grossular-rich. Clinopyroxenes also show strong compositional variations depending on the 
microdomain in which they grew. The compositions range from jadeite (>90% Jd) to 
omphacite (ca. 40% Jd). Thermodynamic modelling of individual microdomains was done by 
calculating pseudosections of stoichiometric mixtures of protolith minerals using the program 
DOMINO (DE CAPITANI & PETRAKAKIS, 2010). Protolith plagioclase composition was 
calculated using image analysis and yielded a plagioclase composition ranging between 30% 
and 50% anorthite component. The aim of the pseudosection calculations was two-fold: 1.) to 
reproduce the observed mineral assemblage and 2.) to provide constraints on the amount of 
fluid present in the transformation. The results so far indicate that the amount of fluid was 
low, otherwise paragonite would have formed instead of jadeite in the plagioclase domains. 
Reproduction of the observed mineral assemblage has only been partly successful so far since 
biotite is still stable in the calculations.  
 
DE CAPITANI, C., PETRAKAKIS, K. (2010): American Mineralogist, 95, 1006�–1016. 
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Large bodies of Variscan felsic high-P/high-T granulites with the assemblage quartz + ternary 
feldspar (mesoperthite) + garnet + rutile ± kyanite occur in the Southern Bohemian Massif. 
They are thought to have formed at 950-1050 °C and 1.5-1.9 GPa, from granitic protoliths. In 
order to assess the processes of high-P/high-T granulite formation, fluid-absent piston 
cylinder experiments were conducted with granitic gneiss as starting material (K-feldspar + 
plagioclase + quartz + biotite + muscovite), whose chemical composition almost perfectly 
matches the main granulite type of the Southern Bohemian Massif. The experimental 
conditions were chosen to simulate the metamorphic P-T path determined for the granulites, 
with runs at 750 �– 1000 °C / 1.6 GPa, (prograde path), at 950 °C / 1.4 GPa and 800 �– 900 °C / 
1.2 GPa (retrograde path). The experiments in the temperature range of 850 �– 1000 °C all 
yielded the typical granulite assemblage garnet + ternary feldspar + quartz ± kyanite ± rutile. 
The melt-forming reaction observed in the experiments is: biotite + plagioclase + quartz = 
garnet + ternary feldspar + melt. At pressures of 1.6 GPa, this reaction commences at 
temperatures >750 °C and goes to completion between 800 °C and 850 °C. In the isobaric 
section at 1.6 GPa, both biotite and muscovite are present at 750 °C and 800 °C. Up to  
850 °C, two feldspars are present in the experiments, albeit with a strong decrease in the 
modal amount of plagioclase from 18 vol.% at 750 °C to <1 vol.% at 850 °C. In runs at  
900 °C and 1000 °C, Na-rich alkali feldspar is no longer stable and a K-rich alkali feldspar 
appears instead as the only feldspar phase. Experiments at 1.2 GPa show assemblages and 
textures similar to runs at 1.6 GPa with biotite being stable at 800 °C and plagioclase 
consumed by partial melting between 800 °C and 900 °C. 
In order to compare the experimental results with theoretical predictions, pseudosections with 
the programs PERPLEX (CONNOLLY & PETRINI, 2002) and DOMINO (De CAPITANI & 
PETRAKAKIS, 2010) and the updated database of HOLLAND & POWELL (1998) were 
calculated. The calculated phase relations and modes are in good agreement with the 
experimental results. The only major discrepancy lies in the stability of biotite, which is 
grossly underestimated in the calculations using both programs (prediction is 100 °C lower at 
1.6 and 1.2 GPa). Electron microprobe analyses showed that biotite contains up to 5 wt.% 
TiO2 and 2 wt.% F. Although Ti contents can be considered empirically in Ti-biotite activity 
models, no biotite activity model involving F yet exists. 
 
 
CONNOLLY, J.A.D., PETRINI, K. (2002): Journal of Metamorphic Geology, 20, 697-708. 
DE CAPITANI, C., PETRAKAKIS, K. (2010): American Mineralogist, 95, 1006�–1016. 
HOLLAND, T.J.B., POWELL, R. (1998): Journal of Metamorphic Geology, 16, 309-344. 
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WYHLIDAL et al. (2008) investigated the Na-incorporation in cordierite in natural samples 
using two different quartzphyllites (SP: Na, Si-rich; W: Na, Si-poor). The experiments were 
performed in a hydrothermal apparatus as well as a piston-cylinder apparatus. In order to 
provide estimates on the degree of equilibration in the experiments, structural investigations 
such as Raman-spectroscopy and chemical constraints from compositional reversals and 
pseudosection calculations were performed on samples from both experimental series. 
Structural constraints: In order to provide structural constraints on the degree of structural 
equilibration in the experiments Raman spectroscopic investigations of newly grown 
cordierites as a function of temperature were done. Synthetic Mg-cordierite has two structural 
transitions and transforms from the hexagonal over a modulated state to the orthorhombic 
structure mainly as a result of Al-Si ordering. The cordierites of the experimental series SP 
and W show a clear temperature-dependent ordering as indicated by the extent of peak 
splitting in the 530-600 cm-1 region. For instance in SP sample 18 at 550°C peak splitting is 
the least developed indicating the lowest Al-Si ordering state. The distance between the peaks 
at 555.5 cm-1 and 575 cm-1 is 19.5 cm-1 and almost no peak splitting is visible. Experiment 17 
was synthesized at 730 °C and the sample shows the highest degree of ordering as indicated 
by the distance between the peaks at 554 cm-1 and 576 cm-1 of 22 cm-1 and the shape of the 
clearly visible peak splitting. The data show that hydrothermally synthesized cordierites grow 
initially as the disordered polymorph and thus show temperature-dependent Al-Si ordering.  
Compositional constraints: Compositional reversals were run in a first step at 0.3 GPa at 
 680 °C for 720 h and then in a second step at 580 °C for another 720 h. The results of both 
starting materials show that the Na contents of cordierite started to re-equilibrate which is 
shown by the overlap of the Na values which were obtained at 580 °C. Pseudosection 
calculations were undertaken for both whole-rock compositions in the system KNCFMTiASH 
using the program THERIAK-DOMINO. The amount of the coexisting fluid phase H2O taken 
was assumed to be the LOI. The agreement between the calculated and the observed mineral 
assemblages in both experimental series is only satisfactory but the onset temperature of melt 
formation is the same at 680 °C. It is also noteworthy that muscovite is more stable in both 
sets of experiments than in the calculations. Although this discrepancy is large and varies 
between 30 °C and 110 °C it could be due to minor F and/or Cl contents in the micas which 
we did not analyse.  
The results of this study indicate that even if theoretical, geothermometric and experimental 
constraints points towards attainment of chemical equilibrium in the experiments, structural 
disequilibrium features despite the long run times (>300 h) can still occur. 
 
WYHLIDAL, S., THÖNI, W.F., TROPPER, P., MIRWALD, P. (2008): EMPG XII, Innsbruck Univ. Press, 118. 
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Gem zircon from the Ratanakiri province, Northeastern Cambodia, is famous for its particu-
larly rich blue colouration (BALMER et al., 2011). The blue colour is however not natural but 
produced only by dry heating of initially brown to reddish brown stones at ca. 1000 °C under 
reducing conditions for several hours. We present first results of a study of the Ratanakiri 
zircon that focuses on its mineralogical characterisation and possible causes of the colour 
change. Gem-quality zircon specimens (6�–19 mm in size) were oriented using a single-crystal 
X-ray diffractometer, and pairs of doubly polished slabs were produced. One slab each was 
subjected to heat treatment. Raman, luminescence and X-ray analyses on natural and heated 
slabs did not yield significant differences, indicating that the Ratanakiri zircon has accumu-
lated negligible amounts of radiation damage. The brown colour of the natural material is due 
to a combination of broad absorption bands near 20500 and 12000 cm�–1 and an intense 
absorption edge extending into the blue region. After heating, the absorption is less intense 
and dominated by a newly formed, pleochroic colour centre near 15500 cm�–1. 
  

Figure1. Optical absorption spectra for two zones in one oriented zircon slab (left, intensely coloured area; right, 
light area), obtained before and after heat treatment. 
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