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2.1
Supra-subduction zone spreading in the Oman ophiolite
Thomas M. Belgrano1 and Larryn W. Diamond1
Water–Rock Interaction Group, Institute of Geological Sciences, University of Bern, Balterzstrasse 3, 3012 Bern,
Switzerland (thomas.belgrano@geo.unibe.ch

1

Over 40 years of research on the Semail ophiolite (Oman–U.A.E.) has influenced our understanding of crust produced at
fast-spreading ocean ridges. While the vast sheeted dike complex and comagmatic pillow lavas prove that the early Semail
crust formed at an axial spreading center, the precise tectonic setting of this center – whether true mid-ocean, back-arc or
fore-arc – is debated, resulting in increasingly divergent schools of thought. The geochemical signature of the main axialspreading volcanic unit (Geotimes/V1) is ambiguous and obscured by hydrothermal alteration. We bypass this issue by
recognizing the localized occurrence of Lasail unit lavas that have an unambiguously slab-derived geochemical character
and that are intercalated within the early Geotimes stratigraphy at three separate locations throughout the northern
ophiolite. Thus, the early incipient-arc volcanism recorded by these deep Lasail layers confirms a supra-subduction zone
setting for the entire axial spreading phase of the world’s largest ophiolite, ruling out subduction initiation by inversion of the
spreading axis responsible for Geotimes/V1 magmatism.
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2.2
Interrelation of Regional Metamorphism, Volcanism, Hydrotermal
Activity and Metallogeny During the Tethys Ocean Subduction and at
Post-collision Stage of Eurasian Continental Margin Development
Vladimir Gugushvili1, Tamar Beridze1, Tamar Chkhotua1, Sopio Khutsishvili1, Ramaz Migineishvili1
Alexander Janelidze Institute of Geology, Tbilisi State University, Tbilisi, Georgia (vgug34@yahoo.com)

1

The evolution of Tethys ocean as at subduction stage, so at postcollision development revealed in regional metamophism,
volcanic activity, hydrothemal alteration and metallogeny in the western segment of metallogenic belt of Eurasian actve
margin within the borders of Iran, Caucasus, Turkey and Carpathian-Balcans regions.
At the first stage of subduction, the regional metamorphism and formation of the granite-metamorphic complexes occured.
At the next stage, calc-alkaline volcanism of island arc setting took place with background chlorite-albite and zeolite
propylitization and gold-copper base metal mineralization. The downgoing slab temporally and spatialy was steepening (roll
back, break off, detachment and delamination) stipulating incursion of mantle diapir in the lithosphere which revealed in
interarc-balkarc rifting, shoshonite-trachyandesite and tholeiite-alkali basaltic volcanism, coinciding with chlorite-albite and
epitode-zoisite propylitization and copper-zinc-pyrite mineralization. The following intensification of slab steepening and
incursion of diapir at upper levels, provoked spreading and revealed in minor ocean setting, occured in the ophyolites
formation, ultramaphic dunite-peridotite magmatism, coincided with high temperature epidote-actinolite prophylitization,
serpentinization and copper-pyrite mineralization.
The steepening of subducting slab and related volcanic activity and metallogeny is developed in three directions: along
downgoing slab, lateraly to its deepening and in the way-up succession. The transformation is controlled by the intensity of
slab deformation temporally and spatialy during subduction. The above mentioned transformation is confirmed by
investigation within the borders of metallogenic belt (Gugushvili, 2015, 2017).
The type of mineralisation is depended on the scale of participation sialic, basaltic crusts and mantle in process of ore
formation. (Gugushvili et al., 2010; Gugushvili 2017). In the island arc setting in the process of mineralization participated
sialic, basaltic crusts and mantle revealed in gold-lead-zinc and copper ores formation. In interarc-backar setting mantle
related volcanic activity occurs and only copper-pyrite deposition took place without gold, lead and zinc. Therefore the
source of gold and lead is sialic crust, source of zinc would be basaltic crust, whereas source of copper is the mantle.
During subduction, in the island arc and interarc-backarc setting developed volcanic series common for synvolcanic block
faulting. It is in distinctly examplified within the Bolnisi ore district. (Lesser Caucasus). Here orebearing Upper Cretaceous
volcanics are disposed on the Paleozoic granite-metamorphic hard (solid) substatum. Cretaceous volcanic activity took
place in shallowmarine conditions. The block faulting was controlled by magmatic and volcanic activity. The invasion of
granodiorite intrusive stocks revealed in tumiscence of the sea bottom and island elevation. The ignimbrite explosion on the
island was terminated by the cauldron subsidence. The mineralization in uplifted blocks is controlled by intrusive stocks.
The blocks at the cauldron subsidence stage were already orebearing. In the Bolnisi ore district both – syn and postvolcanic
block faulting is determined. Here Cretaceous volcanic series is devided by regional fault in two postvolcanic,, giant“ blocks.
The ,,giant“ blocks formation would be related to detachment of subduction slab in the Late Campanian. (Gugushvili, et al.,
2017).
Tethyan subduction was terminated by ocean collision and suturing in the Oligocene-Miocene. The postcollision setting was
established and developed by stress of Gondvana at the Eurasian margin, revealed in orogenesis, fold-thrust structures,
invasion of granitoid intrusions and gold-porphyry and low sulfidation epithermal gold mineralization. The porphyry and low
sulfidation ores are characterized by high grades of gold, but relatively-low abundunces of base metals. Defined here trace
metals associations are indicators of postcollision activity overlapped on the precollision setting. (Gugushvili 2015)
The next stage of postcollision activity in the studied region revealed in the Pliocene-Quartenary volcanics represcented of
shoshonite-alkali basalt series. It is characterized by geochemical indicators of the similar rocks of precollision setting
interarc-backarc riftogenic rocks (Dilek et al., 2010) however postcollision volcanic series are not characterized by rifting
and mineralization.
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2.3
The volcanic-plutonic connection unveiled
Eva Hartung*, Luca Caricchi*, David Floess*, Simon Wallis**, 3 & Satoru Harayama4
* Department of Earth Sciences, University of Geneva, Rue Maraîchers 13, CH-1205 Geneva (eva.hartung@unige.ch)
** Department of Earth and Planetary Science, The University of Tokyo, Tokyo 113-0033, Japan
3
Department of Earth and Planetary Sciences, Nagoya University, Nagoya 464-8601, Japan
4
Department of Geology, Shinshu University, Matsumoto 390-8621, Japan

Are upper crustal plutons solidified magma bodies or residues from extracted and erupted liquids? This remains one of the
key questions to address to understand the construction and eruption of upper crustal magmatic systems.
We have investigated the Takidani Pluton and contemporaneous volcanic deposits (Nyukawa PFD, Chayano Tuff and
Ebisutoge PD) distributed around this crustal intrusion to understand whether they were sourced from this pluton. The
Takidani Pluton is a good candidate because it contains petrographic and geochemical evidences for residual melt
extraction, and pressure quenching associated with eruptive activity (Hartung et al., 2017).
We analysed major and trace element concentrations of 18 plagioclase phenocrysts (core to rim) from the Takidani Pluton
and Nyukawa-Chayano-Ebisutoge eruptions. Major elements were first analysed using an electron microprobe and trace
elements were subsequently determined by laser ablation inductively coupled mass spectrometry in the same spot.
Plagioclase chemistry shows that the Chayano and Ebisutoge rhyolitic deposits are not petrogenetically related to either the
Takidani Pluton or the Nyukawa PFD. However, plagioclase of the Nyukawa PDF and the Takidani Pluton show
indistinguishable REE patterns suggesting a common source domain for plagioclase from the two units. Ebisutoge
plagioclase grains commonly contain xenocrystic cores that have major and trace element compositions comparable to the
plagioclase grains observed in the Takidani Pluton and Nyukawa PFD.
Our data show that the Nyukawa and Takidani plagioclase are geochemically indistinguishable, suggesting that the Takidani
pluton was the magma reservoir that fed this large eruptive unit (400 km3, Oikawa, 2003). The Ebisutoge magma was not
extracted directly from the pluton, but interacted with Takidani-Nyukawa when it was still molten. We have no evidence to
suggest that the Takidani Pluton was the source of either the Chayano Tuff or the Ebisutoge PD.

REFERENCES
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2.4
The Karavansalija Mineralized Center in southwestern Serbia: Time
relationship of intrusive events, gold skarn mineralization and overlying
volcanics and characterization of the ore mineral assemblage.
Hörler J., Burkhard R.

Karavansalija mineralised Centre (KMC) is an active Cu-Au skarn exploration project near Novi Pazar in south-western
Serbia, currently developed by Eldorado Gold. It is situated within the Rogozna Mt. magmatic suite and belongs to the
Oligocene Serbo- Macedonian Magmatic and Metallogenic Belt (SMMMB). Samples from KMC show typical arc signatures
of subduction derived magmas, through enrichment of large ion lithophile elements (LILE) and depletion of high field
strength elements (HFSE). The magmas follow a high-K (calc-alkaline) fractionation trend and evolve towards shoshonites.
Zircon LA-ICP-MS and ID-TIMS dating, together with zircon trace element and Hf isotope measurements, were carried out
to establish the geochronologic and geochemical evolution of KMC. The results suggests that magmatism started at around
29.3 Ma with andesitic to trachyandesitic extrusives and shallow subvolcanic intrusives, and was followed by a more
evolved phonolitic shallow intrusion into Cretaceous limestone, generating a skarn field at ca. 29.0 Ma. During a quiescence
period of about 1.2 Ma, a new plutonic body evolved, which possibly also partly cannibalized the older plutonic body, as
inferred by zircon xenocrysts. Geochemical signals from REE ratios shift from apatite, titanite ± amphibole dominated
fractionation of the older magmatic session, to crystallization of allanite, efficiently depleting the LREE and Th/U in the
newly formed upper crustal pluton. After a lamproite-like melt was injected, the increased heat and fluid pressure lead to the
expulsion of a crowded porphyritic stock at ca. 27.76 Ma, strongly interacting with the skarn and establishing a new
hydrothermal system. Ore precipitation took place in the retrograde skarn stage.
Ore mineralization is present as (1) assemblage of base metal sulfides (pyrite, arsenopyrite, pyrrhotite, chalcopyrite,
galena, sphalerite) with associated Bi-phases (bismuthinite, cosalite, native Bi) and native Au in quartz-calcite vein/
stockwork zones in exoskarn, (2) in retrograde endoskarn, composed of clinopyroxene-epidote-chlorite along with quartz
and calcite, as base metal sulfides (pyrite, chalcopyrite, pyrrhotite, sphalerite, galena, arsenopyrite), (3) massive sulfide
(arsenopyrite, pyrrhotite, sphalerite, galena, chalcopyrite) replacement in endoskarn, and (4) late sphalerite-dominated base
metal mineralization hosted in calcite veins that cut through retrogressed garnet skarn. Native Au is primarily related to
calcite-hosted arsenopyrite, where it occurs as grains on the arsenopyrite surface, and as inclusions in the latter. LA-ICPMS revealed significant Au content in native Bi, which also forms small (<5 µm) inclusions in arsenopyrite, leading to
invisible Au mineralization in the latter. Native Bi occurs in greater abundance near and partly in direct contact with the
arsenopyrite grain surfaces. The incorporation of Au in native Bi indicates the liquid Bi collector model as important
precipitation mechanism for the Au mineralization. Fluid inclusion data of quartz and calcite from Bi-Au mineralized samples
support this idea. This style of Bi-Au mineralization is present as discrete vein zones in exoskarn, and as endoskarn veins
in the crowded porphyry.
Soon after the ore deposition, a second, unmineralized pulse of porphyry dykes cut the previous crowded porphyries and
skarns at 27.62 Ma, thus bracketing the maximum timespan of ore mineralization to about 140 ka.
This study has shown that with high precision ID-TIMS age dating, several pulses of porphyry dykes could be distinguished,
and together with field relations, the timing of ore mineralization could be parenthesized. Furthermore, the style and
temperature conditions of Au mineralization was established.
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2.5
Fluid-involved processes at the magmatic-hydrothermal transition in
Torres del Paine, Chile, studied through inclusions in miarolitic quartz
Anne Kaufmann1, Thomas Pettke1, Lukas Baumgartner2
1
2

Institute of Geological Sciences, University of Bern, Baltzerstrasse 1+3, CH-3012 Bern (anne.kaufmann@geo.unibe.ch)
Institute of Earth Sciences, University of Lausanne, CH-1015 Lausanne

The study of coexisting inclusions of multiple fluid phases (aqueous liquid, vapour, salt, and silicate melt) allows for direct
quantification of the partitioning behaviour of elements between residual water-saturated melt and exsolving aqueous
fluid(s) at the magmatic-hydrothermal transition. This stage is decisive for the mass transfer of elements between
geological reservoirs and is central to ore deposit forming processes.
The Torres del Paine bimodal igneous complex intruded as laccoliths at a depth of 2-3 km (~0.75 kbar) between 12.43 and
12.59 Ma (Leuthold et al., 2013). It is characterised by numerous fluid exsolution features exposed in the field, including
miarolitic cavities, frothy zones, and pegmatoid features, which record magmatic-hydrothermal processes from 750 °C
down to <300 °C. The complex is thus a perfect natural laboratory to investigate processes in very shallow subvolcanic
magma reservoirs that may ultimately trigger porphyry-type ore deposit formation (e.g. Audétat et al., 2008).
SEM-VPSE images visualise distinct growth phases of miarolitic quartz (see fig. 1b), (I) magmatic quartz associated with
feldspar in graphic texture domains, (II) high temperature magmatic-hydrothermal quartz characterised by irregular, patchy
patterns, (III) rhythmically zoned hydrothermal growth, and a dark, terminal overgrowth (IV). Seven inclusion types can be
distinguished based on phase relations observed at room temperature. These include dominantly aqueous fluid inclusions
ranging from vapour-rich inclusions (Type I) over 2-phase vapour-liquid (Type II) to simple and complex brines (Type IV+V),
as well as CO2-bearing 3-phase fluid inclusions (Type III), and crystallised silicate melt inclusions (Type VI). Figure 2
displays the spatial association of these inclusion types with growth domains of the miarolitic quartz crystals.
Preliminary fluid-melt partition coefficients for 42 elements from Li to U have been determined from LA-ICP-MS analyses of
co-existing aqueous fluid and silicate melt inclusions following the analytical protocol described in Pettke et al. (2012).
Highest KD values are determined for elements such as Zn, Ag, Pb, and Cu that are typical of magmatic-hydrothermal ore
deposits, while lowest values are observed for e.g. Zr, Th, Nb, Ta, and Al and testify to their limited mobility in low-P
aqueous fluids. Our data agree to a first order with data published for miarolitic cavities from generally deeper intrusions.
Whether the slight differences between published data and our new data are a function of variable pressure during
partitioning or are a consequence of different rock chemistries is a matter to be further explored.

Figure 1. Microphotograph (a), VPSE image (b), and sketch of typical growth domains in miarolitic quartz from Torres del Paine.

Swiss Geoscience Meeting 2017

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 2: Mineralogy, Petrology, Geochemistry

83

Symposium 2: Mineralogy, Petrology, Geochemistry

84

Figure 2. Occurence of assemblages of identified inclusion types as indicated by red shaded areas overlaying the miarolitic quartz sketch;
a – type IV brines, b – type V brines and type I vapour-rich inclusions, c – type VI silicate melt inclusions, d – rarely occuring CO2-bearing
(III) and 2-phase liquid-vapour (II) inclusions indicate no definite association with growth domains.
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2.6
Water incorporation into metamorphic olivine at high pressures in the
Zermatt-Saas serpentinites
Elias Kempf1, Jörg Hermann1
1

Institut für Geologie, University of Bern, Baltzerstrasse 3, CH-3012 Bern
(elias.kempf@geo.unibe.ch, joerg.hermann@geo.unibe.ch)

Metamorphic olivine occur in massive antigorite serpentinites, in shear zones and in veins in the eclogite-facies ZermattSaas serpentinites. The metamorphic olivine formed at 2.5 GPa and 550°C through the reaction antigorite + brucite =
olivine + fluid. Fourier Transform Infra Red (FTIR) measurements of the metamorphic olivines display absorbance bands at
3613, 3600, 3580, 3566, 3551, 3535 and 3480 cm-1 (Figure 1), which are characteristic for Si-vacancy in olivine (Walker et
al., 2007). The total integrated absorbance of these bands in clear olivines correspond to water contents between 100 - 140
ppm H2O, calculated with the absorption coefficient of Bell et al. (2003). Olivine from the massive antigorite serpentinite,
shearzones and veins all display the same high water contents. The involvement of brucite in the olivine-forming reaction
ensures a low Si-activity, which is manifested by the predominance of water incorporation in Si-vacancies in olivine. As
these olivines grow during a dehydration reaction, water activity is close to unity. Mapping the water distribution with a FPA
detector shows no signs of gain or loss of H2O after olivine formation, however, growth zoning is observed parallel to the
crystallographic a-xis. This supports experimental findings that diffusion of H in Si-vacancies is slow (Padron-Navarta et al.,
2014). Even for metamorphic timescales at 550°C, no diffusion modification is expected. Dusty, inclusion-rich olivines show
both the characteristic Si-vacanies and additional bands characteristic of Ti-Clinohumite lamella with main bands at 3416
and 3400 cm-1. This shows a second important water incoroporation mechanism that is related to the trace element Ti. The
100-140 ppm H2O found in the metamorphic olivine are similar to the highest values found in mantle xenoliths (Peslier
2010). It has to be evaluated in future studies, if this process represents an imporant mechanism to transport water into the
deeper mantle in subduction zones. Already a few ppm H2O in Si-vacncies can significantly weaken the crystal structure of
olivine (Walker et al., 2007). Thus in subduction zones olivines formed at low Temperatures through the reaction antigorite
+ brucite = olivine + fluid have the potential to provide a weak interface between the mantle wedge and the subducted
oceanic crust.

Figure 1. Absorption bands, for each crystallographic orientation are characteristic for Si-vacancies (Walker et al., 2007; Padron-Navarta et
al., 2014). Polarised measurements were conducted with a FTIR spectrometer using a MCT detector.
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The reconstruction of the Earth’s differentiation history is in part tied to isotopic mass balancing among the terrestrial
reservoirs (e.g. Kumari et al., 2016). Models that utilize the U-Pb isotope systematics have played a crucial role in
advancing our understanding of planetary scale differentiation (e.g. Kamber 2011). While the initial and modern Pb isotopic
compositions of the bulk silicate Earth (BSE) are relatively well-constrained (e.g. Murphy et al., 2003), its evolution cannot
easily be modelled. This is because in 207Pb/204Pb vs 206Pb/204Pb space, the BSE plots in an area inaccessible by a singlestage terrestrial evolution model. Previous attempts to solve this paradox rely on assumptions that are in disagreement with
more recent observations (e.g. Stacey & Kramers 1975; Allègre et al., 1982). Solving this issue can help to further constrain
other existing models and to refine our view of Earth’s (early) differentiation history.
Here we present a two-stage mixing model that ties together the giant-impact hypothesis and the possible compositions of
proto-Earth and the impactor to resolve the evolution of the BSE through time and the timing of the giant-impact.
The model is fully consistent with Pb isotopic estimates of the BSE and provides a mechanism that can explain the (first)
Pb paradox. In addition, it puts an independent constraint on the timing of the formation of the Moon at ca. 70 Myr after the
beginning of the solar system.
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2.8
Petrology and PT-conditions of quartz- and nepheline-bearing gneisses
from Mogok Stone Tract, Myanmar
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The Mogok Stone Tract is mainly composed of high-grade metamorphic rocks such as marbles, calc-silicate rocks,
gneisses, peridotites and igneous rocks such as granites, syenites and gabbros, etc. Furthermore, the Mogok Stone Tract
is eminent for its finest quality gemstones like rubies, sapphires, spinels and others semi-precious gemstones.
This study focuses on the metamorphic petrology and the P-T conditions of their host rocks. Three quartz gneisses were
selected for petrologic investigations. Sample ALT_03 is a biotite-garnet-orthopyroxene gneiss showing a granoblastic,
slightly foliated fabric. Conventional thermobarometry using the Grt-Opx-Pl-Qtz-thermobarometry of Lal (1993) yields 758
(±30)°C at 7.3 (±0.5) kbar. The Domino program of de Capitani & Petrakakis (2010) indicates water activities of 0.13-0.55
for an intersection of the garnet isopleths in the stability field of the observed paragenesis.
The closest match between conventional thermobarometry and isopleths method of the DOMINO are found at aH2O=0.4
(Fig.1a). Sample BPD_02 is a sillimanite-garnet-biotite gneiss with a distinctly foliated fabric. Grt-Bt-thermometry of
Holdaway (2000) and GASP-barometry of Koziol & Newton (1988) yield 792 (±30)°C and 7.6 (±0.5) kbar while the garnet
isopleths method of the Domino program indicates 789°C at 8.4 kbar (aH2O=0.34). Sample K1, a foliated garnet-biotite
gneiss reveals similar PT-conditions of 752 (±30)°C at 7.5 (±1.2) kbar using the Grt-Bt-thermometry of Holdaway (2000)
and the Grt-Bt-Pl-Qtz-barometry of Wu et al. (2004). The garnet isopleth method of the Domino yields 766°C and 6.6 kbar
(aH2O=0.4). Intercalated with ruby- and spinel-bearing marbles were different layers of melanocratic nepheline gneisses.
Sample M25 is a granoblastic garnet-K-feldspar-clinopyroxene-nepheline gneiss with accessory calcite, titanite and
magnetite.
Stoichiometric calculations of microprobe analyses reveal elevated contents of Fe3+ in garnet and clinopyroxene.
Conventional thermobarometry is problematic due to the peculiar mineral compositions. Nepheline-alkali feldspar
thermometry of Powell & Powell (1978) indicates temperatures of 709 (±70)°C and the Domino program shows a stability
field, which is in accordance with the PT-conditions of the quartz gneisses (Fig. 1b). For sample YKK_1a, a nepheline
gneiss with an identical paragenesis from a different location, nepheline-alkali feldspar thermometry of Powell & Powell
(1978) reveals 790 (±70)°C. Interlayered with sample YKK_1a is sample YKK_2d, a clinopyroxene-Ti-hornblendeplagioclase gneiss with a medium-grained granoblastic texture. Ti-in-hornblende thermometry of Colombi (1988) indicates
temperatures of 729-765 (±50)°C. Pressures of 11.0 (±1.5) kbar calculated using the amphibole-plagioclase barometry of
Bhadra & Battacharia (2007) have to be regarded as a maximum estimate due to the absence of quartz.
The thermobarometric results of the quartz gneisses are well in accordance with recent investigations on metamorphic
rocks from the Mogok area (Thu et al. 2016) highlighting their granulite facies overprint. The newly discovered nepheline
gneisses also underwent this high-grade metamorphism. Their occurrence as mafic layers within marbles and their
chemical composition point to strongly SiO2-undersaturated, magmatic dykes (tephritic foidites) as host rocks. Further
investigations will focus on the geochronology of these rocks and on the petrology of the ruby- and spinel-bearing marbles.

Swiss Geoscience Meeting 2017

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 2: Mineralogy, Petrology, Geochemistry

89

Figure 1. (a) Equilibrium phase diagram of sample ALT_03 calculated with the Domino program at aH2O=0.4 showing the stability field of
the observed paragenesis, the intersection of the garnet isopleths and the estimate of the conventional thermometry (diamond with error
bars). (b) Equilibrium phase diagram of sample M25 calculated with the Domino program showing the result of the nepheline-alkali feldspar
thermometry (broken red line). The presence of leucite (Lc) in the stability field of the observed paragenesis (yellow) is due to the SiO2undersaturated composition and K-content of the nepheline in the sample.

REFERENCES

Bhadra, S. & Bhattacharya, A. 2007: The barometer tremolite + tschermakite + 2 albite = 2 pargasite + 8 quartz: constraints
from experimental data at unit silicic activity, with application to garnet-free natural assemblages. American Mineralogist,
92, 491-502.
Colombi, A. 1988: Métamorphisme et géochimie des roches mafiques des Alpes ouest centrales (géoprofil Viége–
Domodossola–Locarno): PhD Thesis, University Lausanne, Switzerland, 216 pp.
De Capitani, C. & Petrakakis, K. 2010: The computation of equilibrium assemblage diagrams with Theriak/Domino software.
American Mineralogist, 95, 1006-1016.
Holdaway, M.J. 2000: Application of new experimental and garnet Margules data to the garnet–biotite geothermometer.
American Mineralogist, 85, 881-892.
Koziol, A.M. & Newton, R.C. 1988: Redetermination of the anorthite breakdown reaction and improvement of the
plagioclase-garnet-Al2SiO5-quartz geobarometer. American Mineralogist, 73, 216-223.
Lal, R.K. 1993: Internally consistent recalibrations of mineral equilibria for geothermobarometry involving garnetorthopyroxene-plagioclase-quartz assemblages and their application to the South Indian granulites: Journal of
Metamorphic Geology, 11, 855-866.
Powell, M. & Powell, R. 1978: A nepheline-alkali feldspar geothermometer. Contributions to Mineralogy and Petrology, 62,
193-204.
Thu, Y.K., Win, M.M., Enami, M. & Tsuboi, M. 2016: Ti-rich biotite in spinel and quartz-bearing paragneiss and related rocks
from the Mogok metamorphic belt, central Myanmar. Journal of Mineralogical and Petrological Sciences, 111, 270-282.
Wu, C.M., Zhang, J. & Ren, L.D. 2004: Empirical garnet-biotite-plagioclase-quartz (GBPQ) geobarometry in medium- to
high-grade metapelites. Journal of Petrology, 45, 1907-1921.

Swiss Geoscience Meeting 2017

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 2: Mineralogy, Petrology, Geochemistry

90

2.9
Molybdenum isotopic composition of the 1.85 Ga Sudbury impact basin
fill, Ontario: insights into volatile element loss and post-impact
biological activity
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The early Earth was inundated by giant meteorites during the late heavy bombardment (LHB) between 4.0 and 3.8 Ga.
Despite the hostility, the earliest life forms allegedly appeared directly after this period. Analogies to these early impacts are
critical to our understanding of the effects of repeated large impacts on the surface of the early Earth. Here we report on
the Mo isotopic composition of the 1.85 Ga Sudbury impact crater fill as a multiple-purpose proxy to explore the physical
and chemical evolution of a large marine crater, from its effect on crustal geology to the environment that developed within.
We build on a recent reconstruction of the impact-related processes and post-impact evolution of the Sudbury basin by the
current authors (O’Sullivan et al., 2016) focusing on two features: 1) the anomalous loss of volatile elements such as Pb
and Sb from crustal rocks by volatilisation due to the extreme conditions upon impact, and 2) the growth and prosperity of
life within the resulting marine environment inside the crater, isolated from the surrounding ocean by the crater rim.

1) Volatile element loss
It has been shown that the Earth’s crust is relatively depleted in volatile elements such as Pb, as compared to expected
abundances from planetary accretion models. The extreme conditions imposed on the crustal rocks upon impact have
previously been proposed to result in volatilisation and loss of these elements. Our data support this view in that the
immediately impacted material is extremely depleted in the volatile elements Pb, Zn and Sb in comparison to the average
upper continental crust. As expected from the literature, the volatilisation of these elements was recently shown to be mass
dependent in a study of Zn isotopes of the same samples (Kamber et al., 2017), with preferential loss of the lighter
isotopes, consequently enriching the remaining crustal material in heavy Zn isotopes. This prompted the question as to
whether the conditions were extreme enough to affect even the more refractory elements such as Mo and V; large impact
events like Sudbury produce enormous amounts of energy, generating temperatures much higher than the vaporisation
temperatures of many refractory elements. This gave rise to our first hypothesis: that the Mo isotopes will also show
fractionation towards heavy isotopes compared to the upper continental crustal average. We examined this by measuring
the Mo isotopic composition of the immediate crater fill, representing the directly targeted crustal rocks.
2) Biological activity
The Sudbury impact crater is unique for many reasons; one of its most notable features is the unusual abundance and
preservation of reduced C in the (essentially volcanic) impact-related deposits within the crater. Carbon isotope analysis
revealed extremely light δ13C values, consistent with biogenically produced C. Previous studies speculated that the organic
C was washed in from outside the crater. Conversely, our previous work confirmed that this organic C was produced within
the crater; the increasing abundance of C would be expected to be accompanied by an increase in particle-reactive Mo, as
it is efficiently scavenged by organic particles in the water column and buried. However, a negative correlation is observed,
indicating that the Mo inventory was supply-limited, being depleted from the water column by sinking organic particles in an
isolated, restricted basin. This lead us to our second hypothesis: as the scavenging of Mo by organic matter is mass
dependent, with preferential uptake of the lighter isotopes, the Mo isotopic composition of the C-rich deposits of the basin
would initially be light, becoming progressively heavier upwards through the basin fill as the reservoir was depleted over
time. We investigated this by analysing the Mo isotopic composition of the entire basin fill sequence, and comparing to the
post-impact, open-water black shales of the overlying formation.
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Uranium-Pb high temperature (>350°C) thermochronometers exploit thermally activated volume diffusive loss of daughter
isotopes in accessory minerals such as apatite, titanite and rutile. Previous studies (Cochrane et al., 2014) have shown that
U-Pb data can be used to generate accurate, continuous t(time)-T (temperature) solutions spanning hundreds of millions of
years. Single grain ID-TIMS analysis yields the highest precision, but detailed analyses of 238U/206Pb date vs diffusion length
scale reveal scatter beyond predictions from volume diffusion through a single set of intrinsic diffusion parameters. The
causes of this scatter can be numerous, and include i) metamorphic overgrowth, ii) fluid catalysed Pb-removal, iii) parent
isotope zonation, iv) metamictization, and v) changes in diffusion length. We compare single grain ID-TIMS with LA-MCICP-MS in-situ U-Pb dates, combined with apatite trace element data (Triassic leucosomes from the Northern Andes of
South America), to examine the influence of parent isotope zonation on the distribution of radiogenic Pb, and its impact on
the recovery of accurate thermal history paths. Time-T solutions are derived from the in-situ dates and U concentrations
using controlled random search Monte Carlo simulations and the intrinsic Pb-in-apatite diffusion parameters of Cherniak et
al. (1991; Figure 1). The solutions were constrained by crystallisation ages (zircon U-Pb), plateau 40Ar/39Ar muscovite dates
and low temperature (<350°C) thermochronological constraints (e.g. Spikings et al., 2010). A comparison of the best-fit t-T
solutions with the well-constrained tectonic history of the region (Andes of Ecuador and Colombia; Spikings et al., 2015)
suggests the solutions are accurate, validating the hypothesis that Pb has been lost by thermally activated diffusion.
Accounting for uranium parent isotope zonation is paramount to obtaining accurate t-T solutions. Uranium zonation is
ubiquitous in magmatic and metamorphic apatite, and thus in-situ methods are required by U-Pb thermochronology. We
also provide a preliminary exploration of the effect of boundary conditions (e.g. apatites as inclusions, or hosted by
groundmass) on Pb loss.
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Figure 1. A) Rim-core-rim U-Pb date profile and U concentrations measured perpendicular to the crystallographic c-axis (the rock is a
Triassic monzogranitic leucosome). The profile was measured as a raster and segemented into 10mm increments to facilitate input into the
inversion model. The observed and predicted dates are presented in B). C) Thermal history solutions obtained by inversion reveal
reheating into the apatite Pb Partial Retention Zone (PbPRZ; red line is the best-fit solution), which is defined as the closure temeprature
at the core of the grain and at 95% distance from the core towards the rim (Dodson, 1986). D) U-distribution map (5 micron spatial
resolution) reveals core enrichment, which is interpreted as a primary magmatic feature.
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High temperature thermochronology (>150°C) is used to study a range of processes from planetary accretion and meteorite
impacts to exhumation of deep crust. Thermochonology assumes that radiogenic daughter isotopes are dispersed by
volume diffusion. Additional important assumptions made by previous studies (e.g. Cochrane et al. 2014, Dodson 1973) are
(1) daughter isotopes are completely lost once they reach the crystal boundary, (2) crystals can be approximated by a
simple geometry (e.g. sphere, infinite slab or infinite cylinder), and (3) parent isotopes are homogeneously distributed within
crystals. However, within rocks minerals are surrounded by other minerals, which possibly inhibits radiogenic isotope loss at
their boundaries. Furthermore, crystals frequently have complex geometries and uranium zonation in apatite is ubiquitous.
This study aims to test the assumptions listed here for the U-Th-Pb-in-apatite thermochronometer.
The problem was explored numerically by finite difference modelling of the radiogenic ingrowth and volume diffusion of 208,
Pb in apatite crystals of different geometry and 238,235U and 232Th zonation. At the grain boundary, modelled grains
were either open to complete daughter isotope loss or were juxtaposed against another phase. In the latter case apatite
and the surrounding mineral were assumed to be in equilibrium at the boundary according to the partition coefficient
between the phases (Kd=Chost/Cinclusion), which was assumed to be constant through time. Pb-in-apatite diffusion parameters
were taken from (Cherniak 2010a), while diffusion through host alkali feldspar utilises parameters of (Cherniak 2010b).
Calculations were done using MATLAB.
207, 206, 204

Our preliminary results indicate that the apatite crystal environment, geometry and compositional zonation can significantly
influence the bulk grain date and in-situ dates of crystals that have experienced protracted thermal histories within a
temperature zone where Pb is partially lost by volume diffusion. Depending on the approach, knowledge of all these factors
may be necessary for the accurate reconstruction of thermal histories. (1) Crystal environment may significantly affect the
closure temperature (Fig. 1a). (2) If daughter isotopes are completely lost at the boundary, crystal zonation has a
considerable effect on the bulk grain date (Fig. 1b). . In contrast, if isotopes are dispersed into a surrounding phase with
diffusion properties similar to alkali feldspar, the zonation effect diminishes. (3) For grains with equivalent smallest
dimensions, the predicted bulk grain date and within-grain date profiles depend on both crystal zonation and geometry.
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Figure 1. Results of calculations for spherical crystals either open to complete radiogenic isotope loss at the interface
(Kd=∞) or having another adjacent phase at the boundary (Kd=5). a: Pb-in-apatite closure temperatures for compositionally
homogeneous spherical crystals; thermal histories and values for Kd=∞ are are equivalent to using Dodson’s equation
(Dodson, 1973). b: bulk grain 206Pb/ 238U dates for compositionally zoned crystals that have experienced the same thermal
history.
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The Alpine-Himalayan orogeny is one of the three major orogenic phases defining the geology of Europe and Asia. It
generated accretionary orogen that occurs at a diffuse and long lived convergent zone between Eurasia and Gondwana,
which has been active since Permian-Mesozoic times resulting in the consumption of major Tethyan ocean(s). The
convergence varies in style involving accretion of small continental slivers and numerous oceanic island arcs in the west, to
the world’s most comprehensive continental collision in the east. It eventually gave rise to a complex collage enclosing
continental crustal blocks intercalated with ophiolitic terrains of various sizes and ages forming superimposed mountainous
belts.
Magmatism that occurs within these belts postdates final accretionary events forming the Alpine–Himalayan chain. It is
diachronous with the most voluminous and widely distributed episode(s) beginning from the late Cretaceous. The
magmatism is derived from both the mantle and the crust, and is geochemically extremely heterogeneous, but dominantly
potassium enriched. Its origin and relationship to the large-scale elevations in several massifs (Tibet, Menderes etc.) of the
orogen is controversial, particularly the significance of the widespread geochemical signal typical for recycled continental
crust. Two competing scenarios invoke direct melting of continental crust during deep intercontinental subduction versus
removal of heavily metasomatised mantle lithosphere by delamination into the convecting mantle. However, no direct
evidence has been found to distinguish between these two models so far.
In my contribution I will draw conclusions about the geodynamic interpretation of orogenic lithospheric mantle within the
Alpine–Himalayan combining the field and geochemical studies of K-rich post-collisional mantle-derived lavas from Spain,
Italy, Balkans, Turkey, Iran and Tibet with newly developed high-pressure experimental approach. The composition of K-rich
postcollisional lavas suggests that the orogenic mantle underwent much more intense and complex material recycling than
anticipated only by fluid- or melt- dominated transport. This is based on several fundamental constraints: i) The lavas are
strongly incompatible-element enriched with elevated 87Sr/86Sr, 207Pb/204Pb, 187Os/188Os and low 143Nd/144Nd and 176Hf/177Hf
ratios. All these tracers represent a hallmark for continental crust; ii) The presence of an ultra-depleted component in the
source of the K-rich lavas is identified by usual presence of refractory Cr-spinel, high Fo olivine and relatively low wholerock FeO abundances; iii) Finally, extremely high Th/La is coupled with high Sm/La of potassic mantle-derived lavas points
to a genetic relationship with the melange.
The above observations suggest that neither fluids nor melts alone can precondition orogenic mantle using known
mechanisms that are active during material recycling within subduction zones, thus a new model is required. I will present a
hypothesis that the orogenic mantle along the Alpine-Himalayan system is preconditioned during the previous episode(s) of
“dirty” subduction. This process involves the formation of a new mantle lithosphere formed by accretion of suprasubduction
fore-arc oceanic lithosphere plus trench sediments beneath older lithosphere during convergence within the AlpineHimalayan system. The model demands conversion of the principally oceanic lithosphere (including melange) into the
phlogopite-bearing continental lithospheric mantle and production of K-rich post-collisional lavas, which is a multicomponent and multi-episodic process.
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Mechanically controlled chemical zoning in UHP garnets from the
Western Gneiss Region, Norway
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Garnets from the Western Gneiss Region (WGR) experienced Caledonian ultra-high pressure (UHP) metamorphism with
peak metamorphic conditions around 800°C at > 3.2 GPa, and a post-UHP amphibolite-facies overprint during exhumation.
Garnets from this region preserve prograde chemical zoning, despite being exposed to high temperature during slow
subduction and exhumation of the WGR. Current knowledge on chemical diffusion rates in garnet may not be enough to
explain the preservation of zonation in these garnets because at the million-year time scale it predicts complete chemical
re-equilibration at such high temperature. Interestingly, when chemical diffusion is relatively fast, the development and
preservation of compositional zoning in minerals can be strongly influenced by mechanically maintained pressure variations
(Tajcmanova 2015).
Here, we compare the application of conventional diffusion methods with the newly developed unconventional quantification
methods (Vrijmoed & Podladchikov, 2015) on natural garnets from the WGR. The new approach predicts compositional
zoning as a result of spatially varying pressure at chemical equilibrium. The results are used to test whether the observed
chemical zoning can be fit by equilibrium at heterogeneous pressure. First results show a good fit with natural observed
chemical zoning in garnet multi-component systems. This enables an explanation for chemical zoning by local pressure
variations instead of sluggish kinetics.

REFERENCES

Tajcmanova L., Vrijmoed J., Moulas E., (2015) Grain-scale pressure variations in metamorphic rocks: implications for the
interpretation of petrographic observations. Lithos 216–217:338–351.
Vrijmoed, J. & Podladchikov, Y.Y., (2015) Thermodynamic equilibrium at heterogeneous pressure. Contributions to
Mineralogy and Petrology, 16, p.14910.

Swiss Geoscience Meeting 2017

Platform Geosciences, Swiss Academy of Science, SCNAT

2.14
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Pristine peridotite xenoliths erupted from seamounts surrounding Ritter Island, West Bismarck island arc provide a rare
opportunity to study the chemical and physical manifestation of processes which modify the upper mantle wedge beneath
active oceanic arcs. The sample suite consists of a lithologically and texturally diverse array of ultramafic rocks; dominantly
harzburgites but also subordinate dunites and pyroxenites. A broad range of textures can be observed within the
harzburgite samples. Coarse protogranular textures are most common, but the frequent occurrence of disequilibrium
(reaction) textures, such as secondary mineral patches and veins indicates a complex and spatially heterogeneous record
of petrogenetic processes. The secondary textures consist dominantly of veins of pure orthopyroxene, forming at the
expense of olivine, however occasionally veins or patches of inter-grown, fine-grained clinopyroxene, orthopyroxene(s) and/
or glass can be observed. More rarely, veins of coarse clinopyroxene are found, which display better grain-boundary
equilibration than the other vein types.
Chemical and isotopic differences between the texturally distinct samples are clear. Samples with protogranular textures
have highly refractory bulk-rock trace element compositions indicative of extensive degrees of partial melting, in agreement
with the high olivine Mg# (0.905-0.922) and spinel Cr# (0.495-0.614). The heavy rare earth element systematics of coarsegrained orthopyroxene were modelled to quantify this melting history, and indicate that wet melting must have occurred in
order to generate such depleted compositions, close to or beyond the point of clinopyroxene exhaustion (and clearly distinct
from the melting trend displayed by orthopyroxene from global abyssal peridotites). It is therefore concluded that melting to
form the Ritter peridotite residues took place in a subduction zone setting. This is confirmed through their bulk-rock Sr
isotope composition, which, despite the very low Sr concentrations is substantially enriched isotopically over typical MORB
and overlapping in composition with sediments being subducted in the broad tectonic region (87Sr/86Sr up to ~0.7049).
Samples with reaction textures show considerable enrichment in most whole-rock trace elements, with the exceptions of
the high field strength elements and Ti, which show no or minimal enrichments compared to protogranular samples. Bulk
laser ablation of glass-bearing reaction patches provides a more direct view of the trace element composition of the melt
responsible for generating the observed textures. Both these analyses and the compositional difference between enriched
and depleted whole-rock peridotites bear striking resemblances to the trace element composition of locally erupted basalts,
indicating that similar melts were involved in the reaction textures observed. This is further supported by bulk-rock 87Sr/86Sr
of samples which overlap with the isotopic composition of West Bismarck lavas (down to 0.7034). Thermometry results on
secondary reaction patches reveal very high temperatures of formation, close to the wet basalt liquidus at upper mantle
pressures (1220-1260 °C) and much higher than equilibration temperatures for the protogranular peridotites (down to 660760 °C). The maintenance of such high temperatures, combined with the high degree of textural disquilibrium confirms that
the secondary texture formation was a relatively recent event, associated with modern magmatic activity beneath the island
arc.
The Ritter suite thus provides a remarkably detailed insight into the broad diversity of melt/fluid compositions and fluid-rock
reaction processes of oceanic sub-arc mantle. Several of these features can be found both in other samples of sub-arc
mantle and also cratonic mantle, demonstrating the ubiquity of such processes beneath modern arcs and also the potential
genetic relationship between subduction zone processes and the formation of cratons. In this way, sub-arc xenoliths such
as the Ritter suite, whilst presently under-sampled, can provide crucial insights for understanding the relationship between
the mechanisms by which modern arc systems are generated and evolve, and the nature of the upper mantle once
subduction processes have ceased.
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Garnet chemical and oxygen isotope zoning and accessory mineral
investigation to constrain the evolution of subducted continental crust
(Sesia Zone, Italy)
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Garnet is a key mineral in metamorphic petrology for constraining pressure and temperature (P-T) paths. Garnet can
preserve multiple growth stages due to its wide P-T stability field and the relatively slow diffusivity for major and trace
elements at sub-solidus temperatures. P-T-t-fluid paths of the host rock may be reconstructed by combining metamorphic
petrology with microscale trace element and oxygen isotope measurements in garnet and accessory mineral in situ dating.
Subduction zones represent relevant geological settings for geochemical investigation of element exchanges during
aqueous fluid-rock interactions. The Sesia Zone consists of a continental sequence containing a variety of mono- and polymetamorphic lithologies such as metagranitoids, sediments and mafic boudins.
The Varisican-Permian granulite to amphibolite-facies basement (6-9 kbar 650-850°C; Lardeaux & Spalla 1991)
experienced HP metamorphism (15–22 kbar 500–550°C; Regis et al. 2014) during Alpine subduction. In different lithologies
of the Internal Complex (Giuntoli & Engi 2016), including metabasites from Ivozio Complex, Ti-rich metasediments from Val
Malone, micaschists from Lys Valley and pre-Alpine Mn-quartzites associated to metagabbros from Cima Bonze, garnet is
abundant and shows a variety of textures that can be related to resorption, replacement and possible metasomatism.
Internal zoning in zircon in these samples preserves information about the age of the protolith (ca. 350 Ma gabbro at
Ivozio), Permian (Val Malone) and Alpine metamorphism (Ivozio and Lys Valley).
In-situ microscale oxygen isotopes analysis of garnet zones was performed by ion microprobe with the SwissSIMS Cameca
at University of Lausanne and SHRIMP-SI at the Australian National University. Each sample has a distinct δ18O
composition and shows different degrees of variation between domains. Homogeneously values of <5‰ are measured in
the garnets from Ivozio metagabbro. Intragrain variations up to ~3.5‰ in the porphyroblasts from Val Malone
metasediments, and up to ~6.5‰ in Cima Bonze garnets suggest significant metasomatic replacement from external fluids.
The combination of oxygen isotopes, trace element geochemistry and geochronology, and P-T modelling allows
reconstructing the major stages of metasomatism, as well as identifying the nature of the fluid interacting with the rock at
each metamorphic stage.
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Epidosite alteration of the oceanic crust: cumulative water–rock ratios
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Oceanic crust is subject to extensive fluid-rock interaction soon after formation. Driven by hot, shallow intrusives, recharging
seawater is heated and chemically modified by chemical reactions with basaltic wall-rocks. The rocks in turn are pervasively
altered to ‹spilites› consisting of chlorite + albite + quartz + hematite + titanite ± actinolite. Along the discharge path of these
convective systems, the fluid is thought to alter pre-existing spilites to ‹epidosites›, i.e. rocks consisting of epidote + quartz
+ Fe-oxides + titanite (e.g. Richardson et al., 1987; Alt, 1995). When the fluid reaches the seafloor at focussed vents, it may
form black smokers, eventually producing volcanogenic massive suphide (VMS) deposits. Insights into these hydrothermal
processes are primarily gained from active seafloor vents (e.g. Von Damm, 1995), studies of fossil oceanic crust, i.e.
ophiolites (e.g. Harper et al., 1988; Gilgen et al., 2016) and hydrothermal experiments (e.g. Seyfried et al., 1988). However,
owing to insufficient knowledge of the hydrothermal reactions involved, the significance of epidosites as markers of fluid
discharge paths and their link to VMS deposits are debated (e.g. Jowitt et al., 2012; Gilgen et al., 2016). In the present
study we use quantitative reactive-transport modelling to provide a new perspective on this issue.
The first question we have addressed is the volume of fluid that has infiltrated each cubic metre of rock (water–rock ratio)
during epidotisation. This is an important variable to quantify, as it sets constraints on the total fluid recycled through the
oceanic crust and on the capacity of the fluid to transport metals to the VMS deposits. Differing estimates of cumulative
water–rock (W/R) ratios required to form epidosites have been made in the past (e.g. Richardson et al., 1987; Seyfried et
al., 1988; Bettison-Varga et al., 1995). Depending on the method used (e.g. stable isotopes, strontium isotopes, base-metal
balance calculations, experimentally determined magnesium solubility or batch reaction modelling), these mass-ratios vary
from 10:1 to over 1000:1.
Using the reactive-transport code Flotran (Lichtner, 2007), we have performed isothermal, isobaric simulations of the spiliteto-epidosite transformation at subseafloor conditions (350 °C, 40 MPa, 0.5 mol/kg Cl-), as determined by fluid inclusions in
epidosites in the Semail Ophiolite, Oman (Richter and Diamond, 2017). The results reproduce the changes in mineralogy,
whole-rock composition and rock porosity observed in the Semail epidosites (Gilgen et al., 2016; Brett et al., 2017).
We have found that epidosites can be formed by fluids with a range of initial aqueous Ca/Na concentrations and pH values.
The modelling results confirm that large volumes of fluid are required to achieve complete epidotisation. The main reason is
the requirement that magnesium, which has a low solubility at elevated temperatures, must be completely leached from the
precursor spilite. Minimum W/R volume ratios of 500:1 are necessary to achieve complete epidotisation at a pH of 4. Much
larger volumes are needed if the fluid has a higher pH, owing to the pH-dependence of the Mg concentration in equilibrium
with the rock. While these results do not necessarily limit epidotisation to low-pH fluids, complete epidotisation becomes
increasingly unlikely at neutral pH because of the enormous amounts of fluid required.

REFERENCES

Alt, J. 1995: Subseafloor Processes in Mid-Ocean Ridge Hydrothermal Systems. Seafloor Hydrothermal Systems: Physical,
Chemical, Biological and Geological Interactions, Geophysical Monograph 91, 85-114.
Brett, A. C., Diamond , L. W., and Gilgen, S. 2017: Deep flow paths in VMS systems: Porosity and permeability of epidosite
alteration in the Semail ophiolite, Oman, in Proceedings SGA Annual Conference, Quebec City, Quebec, Canada, 2017.
Abstracts Volume, p. 661-664.
Bettison-Varga, L., Schiffman, P. and Janecky D. 1995: Fluid-rock interaction in the hydrothermal upflow zone of the Solea
graben, Troodos ophiolite, Cyprus. Geological Society of America Special Paper, 296, 81-100.
Gilgen, S., Diamond , L. W., and Mercolli, I., 2016: Sub-seafloor epidosite alteration: Timing, depth and stratigraphic
distribution in the Semail Ophiolite, Oman: Lithos, v. 260, p. 191–210.
Harper, G., Bowman, J. and Kuhns, R. 1988: A field, chemical and stable isotope study of subseafloor metamorphism of the
Josephine ophiolite, California-Oregon. Journal of geophysical research, 93, 4625-4656.
Jowitt, S. M., Jenkin, G. R. T., Coogan, L. A., and Naden, J., 2012: Quantifying the release of base metals from source rocks
for volcanogenic massive sulfide deposits: Effects of protolith composition and alteration mineralogy: Journal of
Geochemical Exploration, v. 118, p. 47-59.
Lichtner, P. C., 2007: FLOTRAN User’s Manual: Two-phase non-isothermal coupled thermal-hydrologic-chemical (THC)
reactive flow and transport code, Version 2, Los Alamos National Laboratory, Los Alamos, New Mexico.

Swiss Geoscience Meeting 2017

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 2: Mineralogy, Petrology, Geochemistry

99

Symposium 2: Mineralogy, Petrology, Geochemistry

100

Richardson C., Cann, J. Richards, H. and Cowan, J. 1987: Metal-depleted root zones of the Troodos ore-forming
hydrothermal systems, Cyprus. Earth and Planetary Science Letters, 84, 243-253.
Richter, L., and Diamond, L. W. 2017; Epidotization of the oceanic crust: products of hydrothermal alteration caused by
brines or by modified seawater?, in Proceedings European Current Research on Fluid Inclusions ECROFI, Nancy,
France, July 2017, Abstracts Volume, p. 108.
Seyfried, W., Berndt, M. and Seewald, J. 1988: Hydrothermal alteration processes at mid-ocean ridges: constraints from
diabase alteration experiments, hot-spring fluids and composition of the oceanic crust. Canadian Mineralogist, 26, 787804.
Von Damm, K. 1995: Controls on the Chemistry and Temporal Variability of Seafloor Hydrothermal Fluids. Seafloor
Hydrothermal Systems: Physical, Chemical, Biological and Geological Interactions, Geophysical Monograph 91, 222247.

Swiss Geoscience Meeting 2017

Platform Geosciences, Swiss Academy of Science, SCNAT

2.17
Metal enrichment in granitic melts: the role of protolith chemistry and
partial melting conditions
Mathias Wolf1, Rolf L. Romer1 & Leander Franz2
1
2

German Research Centre for Geoscience GFZ, Telegrafenberg, D-14473 Potsdam (mwolf@gfz-potsdam.de)
Institute of Mineralogy and Petrography, University of Basel, Bernoullistrasse 30, CH-4056 Basel

The mobilization of ore elements during partial melting of metasedimentary rocks critically influences the potential of granitic
melts to develop mineralizations. We present data from migmatite samples together with thermodynamic modeling results
to highlight the importance of protolith chemistry, melting conditions and mode of melt extraction during the generation of
Sn-enriched granitic melts.
The distribution of elements between melt and restite is controlled by the stability of element-sequestering minerals during
melt generation. The stability of a phase with high affinity for a certain element in the restite prevents enrichment of the
corresponding element in the melt and leads to its enrichment in the restite. For Sn, muscovite, biotite, titanite and
magnetite represent such sequestering phases in metasedimentary rocks. As muscovite and biotite are involved in
dehydration melting at different conditions, those two minerals play a key role for the distribution and mobilization of Sn
during partial melting. Release of Sn during the breakdown of muscovite at lower temperatures does not necessarily lead to
Sn-rich melts, as large quantities of Sn can be redistributed into restitic biotite, leading to Sn-enrichment in the restite.
Further heating, eventually resulting in biotite dehydration melting of Sn-enriched restitic rocks leads to Sn-rich melts, if no
other Sn-sequestering phase is stable. Biotite dehydration melting starts at elevated temperatures (>800 °C). Crust internal
heat production alone is not sufficient to reach such high temperatures. Therefore, there must be additional advective heat
input to reach biotite stability limits. Such heat input may originate from input of mantle melts in subduction zones (e.g.
South China, Malaysia), crustal extension (e.g. Cornwall) or the emplacement of UHT metamorphic units in settings of
continental collision (e.g. Variscan orogen, in particular the Erzgebirge).
Strongly weathered Paleozoic shales represent an ideal protolith for the generation of Sn-enriched granitic melts. Due to
the intense weathering they show a depletion in the feldspar-bound elements Ca, Na, Sr and Pb and a relative enrichment
in Al, K, Rb and Sn. The distinct chemical composition (low Ca, Na and high Al, K) leads to a very specific mineral
assemblage with high modal amounts of hydrous minerals during prograde metamorphism. These high amounts of
muscovite and biotite lead to high amounts of melt during partial melting. The concentration of Sn in the melt is not only a
function of Sn concentration in the protolith but also of the melt volume and removal of low-T melts. If Sn is released into
large amounts of low Sn-melt from muscovite dehydration melting, the overall concentrations will remain low. Thus, melt
extraction prior to the decomposition of biotite and the resulting release of Sn enhances Sn concentration in late melts. The
high modal abundance of muscovite leads to high melt volumes at low temperatures, which facilitates the extraction of melt
before the breakdown of biotite. Partitioning of Sn into small melt volumes results in elevated concentrations in the melt,
even before further enrichment by fractional crystallization starts.
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Figure 1. Equilibrium phase diagram for a deeply weathered shale. The red line represents the solidus of the system and the melt
generation by muscovite breakdown at elevated pressures. The green line denotes the biotite stability limit. Melts generated before the
breakdown of biotite are unlikely to be Sn-enriched as much of it is redistributed into restitic biotite.
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Most of the calc-alkaline and alkaline magmatic rocks in the southern Apuseni Mountains (SAM) are Neogene in age. They
mainly crop out along the NW-SE oriented Zarand-Brad-Zlatna intra-mountain basin. The graben like structure is a
consequence of a translational and rotational movement of the Tisia block (Harris et al. 2013). Roşu et al (2004a) showed
that the intrusives were emplaced between 14.7 and 7.4 Ma (K-Ar ages) and also proposed the involvment of fluids to
explain a “subduction signature” in the extensional magmatism in the area. The SAM is characterized by numerous
porphyry copper(-gold) deposits and is known as the “Golden Quadrangle” due to some of Europe’s biggest Au-Ag
deposits. Three main time intervals for the mineralization ages are 13.6 Ma for the Rosia Montana area, the second in
regional scale between 12.5-10 Ma and the third between 9.5-8.5 Ma at Baia de Aries (Roşu et al. 2004b).
With a thermal ionization mass spectrometry on zircons (von Quadt et al. 2015) we try to confine the old K-Ar ages. Some
of the intrusions in deposit scale are too similar to see a trend in the area (e.g. basin opening, mineralization ages).
Samples of intrusions (outcrops and boreholes) were collected in and around the basin. At Rovina Valley and Certej
exploration sites we were able to gather material of pre-, syn- and post mineralization dykes.
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The K-Ar geochronometer, and the 40Ar/39Ar technique deriving from it, are amongst the most widely used tools for dating
geological samples. Since its invention, the accuracy and reproducibility 40Ar/39Ar dating technique plays an important role in
determining the age of planets, constraining the durations of geological processes and establishing their sequence of
occurrence. The reliability of studies addressing Earth’s history and dynamics, in particular in terms of rates, cycles and
periodicities closely depends on our ability to calculate these ages with the best possible precision and accuracy. Currently
the total uncertainty of the 40Ar/39Ar method due to uncertainty contributions of the 40K decay constant, the branching ratio
and the flux monitor ages is estimated to be larger than 1.5% (Dèzes, 2016). However, modern Ar mass-spectrometry can
produce ages with the laboratory in-run statistical dispersion of the measurements of 0.2%, that gives the opportunity to
ascertain the intragrain age distributions on relative scale with permil precision. In this study two types of minerals were
investigated: (1) sanidine flux monitors (Fish Canyon (FCs) and Yulinshan (YBCs)) and (2) pristine micas (Palaborwa
plutonic complex and Rubikon pegmatite).
In literature, step-heating of sanidine flux monitors, such as FCs and Alder Creek (ACs), resulted in discordant age spectra,
which were attributed to a combination of mass fractionation, inherited Ar and minor recoil effects (Phillips and Matchan,
2013; Phillips et al, 2017). Hall (2014) extensively discussed the influence of impurity phases on recoil of Ar isotopes during
irradiation. We investigated FCs and YBCs with a precision of 0.2%, additionally measuring all five Ar isotopes. We
observed that most of the age discordance is accounted for by heterochemical impurities. The discordance of the age
spectrum is similar to that of the literature data (which, however, do not discuss the heterochemical Ca/Cl/K systematics). It
can also be noted that more discordant age spectra were obtained on ARGUSVI mass-spectrometers equipped with CO2
laser system, whereas step-heating of the YBCs in a resistance furnace connected to a VG5400 mass spectrometer did not
produce discordant age spectra (Wang et al., 2014).
The second type of samples, pristine micas from retrogression-free magmatic complexes (such as the Phalaborwa
carbonatite) were studied to observe the intragrain age distribution as well as step-heating behavior (see Fig.1). Intra-grain
age variations are well known for samples recording retrogression reactions (Hames & Cheney, 1997; Villa & Hanchar,
2017). Especially when chemical alteration patches deviate by less than 1 % from stoichiometry, they escape detection by
electron microprobe analysis, but can be detected by 40Ar/39Ar analyses, which can achieve a 0.2 % precision. Thus,
investigation of intra-grain K-Ar age distributions is crucial for systematic calibration work.

Swiss Geoscience Meeting 2017

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 2: Mineralogy, Petrology, Geochemistry

105

Figure 1. Comparison of step-heating age spectra for Fish Canyon sanidine (FC), Yulinshan sanidine (YBC), Phalaborwa phlogopite (PhB).
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The Larderello geothermal field in southern Tuscany is underlain by a series of shallow intrusions of isotopically and
geochemically distinct two-mica granites belonging to the Miocene-Pleistocene Tuscan Magmatic Province (Dini et al.
2005). Their emplacement in already thinned contintental crust produced an extensive geothermal anomaly that has been
commercially exploited for over 100 years. Muscovite is ubiquitous in the granites, the contact metamorphic aureole and the
deep pre-Alpine metasedimentary units that constitute the lower reservoir. Texturally and chemically distinct generations of
muscovite record stages of magmatic crystallization, thermometamorphic/hydrothermal replacement and fluid/rock
interaction (Petrucci et al. 1994, Cavaretta & Puxeddu, 2001).
Existing O isotope data of whole rock and mineral separates indicates that granite and contact metamorphic rocks have
been gradually depleted in d18O (+5-12‰; Gianelli & Ruggieri 2002). Although some secondary minerals, such as
muscovite, proved highly retentive and retained its pre-alteration signature (+8-10‰), biotite can have d18O values as low
as +1.5‰ (Petrucci et al. 1994). Bulk rock and mineral oxygen isotope values thus show evidence of both hydrothermal
stages, especially in the deeper part of the reservoir. However, the complex textural and chemical characteristics of single
muscovite grains (Fig.1) may record several individual episodes of fluid-rock interaction. An intra-grain variation in the
muscovite O isotope signature is thus expected based on lithology, spatial distribution, hydrothermal alteration grade and
formation age. To investigate that we will perform in-situ O isotope microanalyses with Secondary Ion Mass Spectrometry
(SIMS) on muscovite from granite, contact metamorphic micaschist and phyllite, and metasediments from the upper and
lower reservoir rocks from geothermal wells.
We have identified at least two muscovite generations that show textural and chemical differences. Preliminary data for
muscovite in granite indicates an early fine-grained, Na-bearing (0.09-0.19 apfu), Mg- and Fe-poor (<0.15 Mg+Fetot apfu)
generation and a late, complex-zoned, coarse-grained Mg-Fe-rich (0.3-0.8 Mg+Fetot apfu) population (Fig.1A). Muscovite
from the thermometamorphic units is chemically variable (3.0-2.3 Al apfu, 3.0-3.3 Si apfu, 0.0-0.4 Mg apfu) and texturally
complex (Fig.1B-C). The lone meta-arkose sample from the upper reservoir has one chemically homogeneous muscovite
generation (2.7-2.4 Al apfu, 3.3-3.2 Si apfu, 0.2-0.4 Mg apfu, Fig.1D) and one slightly heterogeneous generation with an
intra-grain Na variation of 0.0 to 0.2 apfu. We expect that the O isotope signature varies within the different muscovite
generations and/or chemical domains in response to fluid-induced re-crystallization and O isotope exchange.
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Figure 1. Back-scatter electron (BSE) images of representative muscovite grains in A – granite, B-C – contact aureole micaschist, D –
meta-arkose from upper reservoir (ms – muscovite, bt – biotite)
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Switzerland has a long tradition of waste incineration. Municipal solid waste (MSW) that cannot be recycled has to be
thermally treated in one of the 30 MSW incinerators. The main objectives of thermal waste treatment are mass and volume
reduction, destruction of organic compounds, energy recovery and transformation into inert incineration residues. At present
about 750’000 tons of bottom ash are produced annually in Switzerland which are deposited in landfills of type D. These
large quantities and environmental concerns caused the Federal Office of the Environment, Forestry and Landscape to
elaborate guidelines for waste management in 1986. These guidelines encouraged the investigation of bottom ash
composition and treatment methods (Belevi et al. 1992; Bunge 2010; Eggenberger & Mäder 2010). As a result, the recently
revised Swiss Waste Ordinance (VVEA, Swiss Confederation 2016) dictates improved metal recovery rates. Consequently,
new processes for the recovery of metals in finer fractions have been developed and implemented in individual MSWI
plants.
Despite these improvements ca. 90 wt-% of bottom ash remain after metal separation, predominantly as a sand fraction. At
present, little is known about the properties and composition of this residue. The aim of this study is to evaluate the quality
of bottom ash residues with regard to deposition or use as secondary raw material. Assessment criteria are defined by the
VVEA explicitly for deposition. They are moreover limited to threshold values for TOC and particulate non-ferrous metal
content.
In order to assess bottom ash integrally with regard to recycling and deposition without aftercare, further criteria for the
quality have to be defined. These criteria have to focus on contaminant and emission potential for deposition or recycling. A
promising first approach to do this in Switzerland is to compare bottom ash fractions from different processes with data
from similar materials published in the European reference database LeachXS (van der Sloot et al. 2012). The
interpretation of bottom ash in a European context will help to define key parameters for an improved quality assessment.
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Hydrothermal seafloor alteration is best preserved in obducted oceanic lithosphere. Among the alteration types in the
basaltic crustal section of ophiolites are rocks which have been completely altered to epidote + quartz ± titanite ± Feoxides, so-called epidosites. These rocks have been interpreted to form within the base of hydrothermal discharge zones
that ultimately feed black-smoker seafloor vents (Richardson et al., 1987). Cowan and Cann (1988) and Juteau et al. (2000)
observed high-salinity liquid + low-salinity vapor fluid inclusions in epidotized trondhjemites in the Troodos and Oman
ophiolites, respectively, and concluded that these boiling fluids transformed the adjacent sheeted dikes into massive
epidosites.
We have sampled massive epidosites in pillow lavas in the Semail ophiolite of Oman, as described by Gilgen et al. (2016).
For comparison we have also sampled the same trondhjemites at the base of the sheeted dike complex as studied by
Juteau et al. (2000). Epidote in the massive epidosites hosts primary, homogeneously trapped L–V inclusions with final ice
melting temperatures, Tm(Ice), between -2.7 and -1.6 °C, implying salinities from 2.7 to 4.6 wt.% NaCleq or 3.5 to 5.4 wt.%
CaCl2eq. The inclusions homogenize into the liquid state between 300 and 315 °C. Coeval quartz crystals host
pseudosecondary, homogeneously trapped fluid inclusion assemblages with Tm(Ice) from -1.8 to -1.5 °C (corresponding to
2.6 to 3.1 wt.% NaCleq or 3.3 to 3.9 CaCl2eq) and homogenization into the liquid phase between 275 and 290 °C. In the
igneous quartz crystals within the trondhjemites we found primary melt inclusions and secondary healed fractures
containing coexisting brine + vapor fluid inclusions, in agreement with the work of Juteau et al. (2000).
As only single-phase fluids are present in the massive epidosites, the observed homogenization temperatures correspond
to minimum trapping temperatures, i.e. the epidosites formed at T > 275–315 °C. Using the stratigraphic depth constraints
provided by Gilgen et al. (2016) and assuming hydrostatic pressure gradients, the fluid inclusion densities imply that the
massive epidosites formed at T = 305–355 °C and Pfluid = 28–42 MPa.
In contrast to previous models, our results show that the metasomatism that produces massive epidosites in pillow lavas of
the oceanic crust is caused by a homogeneous aqueous liquid with chlorinity similar to that of seawater. The hydrothermal
fluid was originally seawater that has been enriched in Ca and depleted in Na and Mg by water–rock reactions during
hydrothermal circulation. We conclude that the brine + vapor inclusions trapped in quartz within the trondhjemites are
magmatic fluids which play no role in formation of the massive epidosites in the pillow lavas. Accordingly, low-salinity fluids,
rather than brines, should be the basis of any genetic model that includes epidosites in the hydrothermal circulation path
leading to seafloor vents and their associated volcanogenic massive sulfide deposits.
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The existence of hydrated sulfate minerals on Mars, such as kieserite, polyhydrated sulfate and gypsum, has been
confirmed with satellite data (e.g. Arvidson et al. 2005; Gendrin et al. 2005; Langevin et al. 2005) and observations from the
Mars Exploration Rover Opportunity (Squyres et al., 2004). On Earth, such minerals form through evaporation of liquid
water, in shallow saline lakes and coastal inland lagoons (sabkha’s), and in association with hydrothermal environments
(Warren, 2016, and references therein). Recent studies show that gypsum crystals on Earth have the capacity to
permineralize micro-organisms, (Benison & Karmanocky, 2014; Schopf et al., 2012) and even preserve organic molecules
for millions of years (Aubrey et al., 2006). Thus, gypsum proves to be an exciting target for the search of signs of life on
Mars. To get a better understanding of the potential of gypsum in perserving signs of past life, we have analyzed gypsum
samples from a site that is considered a good analogue to Mars, namely the Dohat Faishakh sabkha in Qatar. Our analysis
revealed the presence of bacterial phospholipid fatty acids and archael glycolipids with biomarker analysis, beta-carotene
with Raman spectroscopy and possibile microbial textures with scanning electron microscopy inside the gypsum crystals.
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A primary goal of volcanology is to understand the frequency and magnitude of large, explosive volcanic eruptions to
mitigate their impact on society. Recent studies show that the average magma flux and the time between magma injections
into a given magmatic-volcanic system fundamentally control the frequency and magnitude of volcanic eruptions, yet these
parameters are unknown for many volcanic regions on Earth. We focus on major and trace element chemistry of individual
phases and whole-rock samples, cross-correlation of zircon zonation profiles, initial zircon ID-TIMS analyses, and zircon
SIMS oxygen isotope analyses of four caldera-forming ignimbrites from the San Juan caldera cluster in the Southern Rocky
Mountain volcanic field, Colorado, to determine the physical and chemical processes leading to large eruptions.
We collected outflow samples along stratigraphy of the three caldera-forming ignimbrites of the San Luis caldera complex:
the Rat Creek Tuff (~150 km3), Cebolla Creek Tuff (~250 km3), and Nelson Mountain Tuff (>500 km3); and we collected
samples of both outflow and intracaldera facies of the Snowshoe Mountain Tuff (>500 km3), which formed the Creede
caldera. Single-crystal sanidine 40Ar/39Ar ages show that these large eruptions occurred in rapid succession between 26.91
± 0.02 Ma (Rat Creek Tuff) and 26.87 ± 0.02 Ma (Snowshoe Mountain Tuff), providing an opportunity to investigate the
temporal evolution of magmatic systems feeding large, explosive volcanic eruptions. Major and trace element analyses
show that the first and last eruption of the San Luis caldera complex (Rat Creek Tuff and Nelson Mountain Tuff) are rhyolitic
to dacitic ignimbrites, whereas the Cebolla Creek Tuff and Snowshoe Mountain Tuff are crystal-rich, dacitic ignimbrites.
Trace elements show enrichment in light rare-earth elements (LREEs) over heavy rare-earth elements (HREEs), and
whereas the trace element patterns are similar for each caldera cycle, trace element values for each ignimbrite show
variability in HREE concentrations. This variability indicates that these large eruptions sampled a magmatic system with
some degree of internal heterogeneity. These results have implications for the chemical and physical processes, such as
magmatic flux and injection periodicity, leading to the formation of large magmatic systems prior to large, explosive
eruptions.
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Fragmentation of low viscosity mafic magmas has largely been overlooked on the assumption that such magmas have very
limited explosivity and low potential to undergo brittle fragmentation. As such, fragmentation of low viscosity magmas
remains a poorly understood process despite the recognised occurrence of highly explosive, ash-forming eruptions at some
mafic volcanoes. The specific mechanism governing mafic fragmentation, the primary factors controlling fragmentation
efficiency, and a link between eruption style and fragmentation efficiency are currently unknown.
In addressing this gap in mafic fragmentation knowledge, we have first examined the May 2016 eruption of Mount Etna, a
type example basaltic volcano with frequent eruptions of variable magnitude, intensity and explosivity. Within this complex
10-day eruption, a vent within the Voragine crater went through three cycles of explosive activity (pulsating lava jets)
alternating with effusive activity (lava flows). The three associated plumes which were produced deposited tephra along
narrow axes to the east and south east. Tephra deposits associated with 1) the first two plumes and 2) the third plume were
sampled.
We characterise the May 2016 eruption by assessing plume heights, eruption phases, total erupted masses and fallout
boundaries and comparing them to previous eruptions. We also analyse the total grainsize distribution (TGSD) of the scoria
particles formed in the jets. Conventional methods for obtaining grainsize and total distributions of an eruption are based on
mass and provide limited information on fragmentation though. For this reason, the TGSD was assessed by coupling
particle analyser data and conventional sieving data to assess both particle size and number of particle distributions with
better precision. This allowed for more accurate testing of several existing models describing the shape of the TGSD.
Coupled further with observations on eruption dynamics and eruption phase durations obtained from the network of fixed
INGV cameras, early insight into possible links between fragmentation and eruption conditions are identified. A link between
fragmentation and magma properties is also examined and we discuss the relationship between the conventional and new
analytical methods and their potential in unravelling key information on the fragmentation process.
Additionally, geochemical analyses on melt inclusions and their host olivine, clinopyroxene and plagioclase phenocrysts,
along with groundmass glasses give insight into the May 2016 magma ascent. We propose the explosive activity resulted
from the arrival of fresh magma, which triggered the effusive eruption of an older, shallow magma.
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The Ivrea-Verbano zone in northwestern Italy is a well-known almost complete section through the permian lower crust.
Due to the 90° tilting during the Alpine orogeny, this section is now exposed. Bordered in the north-west by the Insubric line
and in the south-east by the Cossato-Mergozzo-Brissago (CMB line) and the Pogallo lines, it mainly consists of (1)
supracrustal rocks of the kinzigite and stronalite formation, (2) the mafic complex and (3) the mantle peridotite of
Balmuccia. The kinzigites and stronalites formation include metapelitic, metabasic, metacarbonatic and metapsammitic
rocks from lower amphibolite to granulite facies with a north-west metamorphic gradient direction. In the mafic complex,
metasedimentary units called septa have been incorporated. In the litterature, many studies have shown that the gabbroic
rocks were contaminated by the surrounding country rocks and the so-called septas. Since this effect is poorly constrained
at a very local scale, the first goal of the present work is to study the spatial chemical evolution of the contaminated gabbro
using major and trace elements whole-rock geochemistry on a sample showing the contact between a metapelitic septa
and a gabbro.
Garnet, a very common mineral in the Ivrea-Verbano mafic complex, is one of the most promising asset for monitoring the
cristallization and the temperature-time evolution of the mafic complex. As the diffusivities of rare earth elements (REE) in
garnet are 0.5 to 1.5 order of magnitude smaller than those for the major cations (Carlson, 2012), REE can monitor the
geochemical evolution of the surrounding rocks. A the base of the mafic complex some gabbros display large garnet
crystals, up to 5 cm, some show numerous small garnets of 1 to 2 mm and some show no garnet. The septas are divided
in several layers corresponding to the original metapelite, the restitic part after melting and mobilization of the melt, and the
in-situ cristallized melt, also called charnockite. In those septas, garnets are mainly located in the restitic part but also in the
charnockite layer. The garnets from the gabbros and the septas show different shapes and geochemistries and seem to
have crystallized from different processes. The second goal of this work is the study of the garnet in the septa and the
gabbro with 3D tomography grain size quantification and chemical maps on major cations (Fe, Mg, Ca, Mn), traces element
(Ti, V, Cr, Y) and rare earth elements in order to understand its and to investigate the processes by which they crystallized.
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Lithium is an alkaline fluid mobile light element that can be used as a tracer of (sub-)seafloor hydrothermal alteration in
oceanic crust and lithospheric mantle. Fresh MORB have low Li and δ7Li values (< 8 ppm and +3.4 ± 1.4 ‰ at 2σ,
respectively; Tomascak et al., 2008 and references therein). High Li enrichments and high δ7Li of altered MORB result from
low-temperature (low-T) hydrothermal alteration prior to subduction by interaction with heavy Li-rich seawater (+32‰; Chan
et al., 1988, 2002). By contrast, serpentinites may display variable δ7Li values (Decitre et al., 2002; Wunder et al., 2010).
In-situ SIMS analyses were employed to investigate Li mobility and isotope fractionation during low-T and high-temperature
(high-T) hydrothermal alteration in a series of Variscan basic and ultrabasic rocks from the Limousin ophiolite.
The Limousin ophiolite is located in the upper part of the Middle Allochthon domain of the Variscan belt. Serpentinisation of
dunites and harzburgites, as well as amphibolitisation of the gabbros and mafic dykes, result from intensive seafloor
hydrothermal alteration under low-P conditions (~0.2 GPa) and temperatures from high-T late-magmatic conditions to low-T
greenschist–zeolite metamorphic facies, following magma emplacement (Berger et al., 2005). Because of the absence of
talc, serpentinisation is thought to have occurred below 500°C, while amphibolitisation took place at 570–750°C (Berger et
al., 2005). Serpentine in the serpentinised harzburgites follows a retrograde reaction with a rimward Mg# increase related to
the formation of a chrysotile/lizardite generation, suggesting a decrease of temperature during hydrothermal alteration (e.g.
Mével, 2003; Wunder et al., 2010). In the serpentinised dunites, serpentine is mostly magnesian, but its Mg# ratio
decreases in altered zones.
Li concentrations were determined by AA Spectrometry (± 2–10%; 1σ) for whole rocks, and by SIMS (external 2σ SE ± 0.7–
1.8%) for minerals. High-temperature hydrothermal alteration of oceanic ultrabasic rocks produced serpentinites with low
whole rock Li abundances (0.9–4.6 ppm), as commonly observed for ocean floor serpentinites and serpentinised peridotites
(e.g. Decitre et al., 2002). Amphibolites display typical Li contents (3.1–8.2 ppm) of hydrothermally altered sheeted dykes
and gabbros.
In ultrabasic rocks, serpentine is the main host for Li, with higher contents in Fe-richer serpentine (1.2–8.2 ppm) than in
Mg-rich serpentine (0.3–3.6 ppm). The less abundant olivine and amphibole display similar Li contents as serpentine (1.5–
3.0 and 1.1–3.5 ppm, respectively), while chlorite have low Li abundances (0.2–1.0 ppm). In amphibolites, Li abundances
are higher in Mg-hornblende (1.3–10.7 ppm) than in plagioclase (0.1–1.0 ppm).
Li isotopes were analysed by SIMS using a Cameca ims1280-HR (external 2σ SE ± 1.1‰). In the serpentinised dunites,
serpentine has a δ7Li varying from -12.4 to -3.5 ‰. In the serpentinised harzburgites, δ7Li values of serpentine range from
-9.56 to +6.95‰, and show a rimward increase from Fe-richer to Fe-poorer generations. Co-existing amphibole has a δ7Li
of +4.5 to +9.4 ‰, while relicts of olivine have a δ7Li of +3.1 to +8.8‰. Hornblende in amphibolitic dykes has MORB-like
δ7Li of -0.15 to +6.9‰, which increases up to +9.4 to +10.1‰ in alteration zones. In metagabbros, hornblende has higher
δ7Li values (+2.9 to 18.2‰).
The δ7Li decrease and only weak Li increase from olivine to the replacing Fe-rich serpentine during the early stage of
hydrothermal alteration suggest that serpentinisation probably results from fluid-induced kinetic fractionation caused by the
higher diffusivity and preferential incorporation of 6Li in serpentine compared to 7Li (Decitre et al., 2002). By contrast, in the
second generation of serpentine (Mg-richer serpentine) and cogenetic amphibole, the Li abundances decrease and the δ7Li
increases. Those variations reflect changes in temperature and/or fluid composition, such as more evolved hydrothermal
fluids, the latter becoming heavier during their way through the oceanic crust (Decitre et al., 2002). Our results also agree
with Wunder et al. (2010), who show that chrysotile is generally heavier than antigorite.
The δ7Li values in amphibolitic dykes are typical of the Li signatures of hydrothermally altered deep oceanic basic rocks
(sheeted dykes and gabbros: -1.7 to +7.9 ‰; Chan et al., 2002). However, the δ7Li increase in alteration zones and
metagabbros indicates an interaction with heavy-Li fluids – seawater or upwelling hydrothermal fluids – under hightemperature conditions.
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Even if dehydrating serpentinites play a major role in the fluid-mobile element recycling during subduction and generate
high amounts of fluids (e.g. Kodolányi et al., 2012), our results show that subduction and subsequent dehydration of
abyssal serpentinites with Li-poor MORB-like abundances would release Li-poor fluids with variable δ7Li in subduction
zones.
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Ophiolites are remnants of ancient oceanic lithosphere, consisting of an association of ultrabasic, basic and sedimentary
rocks. Before being embedded in tectonic processes, the oceanic lithosphere undergoes various stages of (sub-) seafloor
hydrothermal alteration, mainly: 1) high-temperature (high-T; > 350°C) hydrothermal alteration along mid-oceanic ridges; 2)
low-temperature (low-T; < 350°C) hydrothermal alteration on the seafloor.
Fe stable isotope fractionation may fractionate significantly during low-T hydrothermal processes, as well as during high-T
magmatic processes. During hydrothermal processes, Fe isotope fractionation strongly depends on Fe redox state, the
heavier Fe isotopes being preferencially incorporated into the Fe3+-phases. However, Fe isotopes also fractionate if the
chemistry of Fe-bearing solutions changes (e.g. chlorinity, Fe speciation, relative abundance and coordination number of
Fe2+ and Fe3+; Hill et al., 2010). The hydrothermally alterated basaltic oceanic crust may display variable Fe isotopic
composition, depending on the nature of hydrothermal products: Fe2+-rich sulfides (low δ56Fe) or Fe3+-rich clays (e.g.
celadonite) or Fe-hydroxides (high δ56Fe) (Rouxel et al. 2003).
In this study, we have measured Fe isotopes in series of metagabbros and serpentinites from the Limousin ophiolite
(French Massif Central) to investigate Fe isotope fractionation during low-T and high-T hydrothermal alteration. We aim to
determine whether subducted serpentinites may inherit Fe isotope signature of pre-subduction hydrothermal alteration
(abyssal serpentinites).
The Limousin ophiolite belongs to the upper part of the Middle Allochthon domain of the Variscan belt. Serpentinisation of
the ultrabasic rocks (dunites and harzburgites) and amphibolite facies metamorphism of gabbros and mafic dykes occurred
during intensive seafloor hydrothermal alteration that followed magma emplacement. Alteration took place under lowpressure conditions (~ 0.2 GPa) and temperatures from high-T late-magmatic conditions to low-T greenschist–zeolite
metamorphic facies (serpentinisation: < 500°C; amphibolitisation: 570–750°C; Berger et al., 2005).
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Fe isotopes (δ56FeIRMM-014 ± 0.01–0.04 ‰ at 2σ SE) were measured in bulk samples using a NeptunePlus MC-ICPMS
(ThermoFisher Scientific) after sample dissolution and Fe separation through ion exchange chromatography column at the
CRPG (Liu et al., 2014). The Fe2O3tot and FeO contents were measured at the SARM (CRPG) by ICP-AES and by
volumetric method, respectively, and allowed calculation of the Fe3+/ΣFe ratios.
Amphibolite facies metagabbros and basaltic dykes from the Limousin ophiolite have Fe2O3tot (5.3–8.6%) similar to oceanic
gabbros (Kaczmarek et al., 2008) and basalts (Jenner and O’Neill, 2012). Their Fe3+/ΣFe ratios (0.11–0.14) and δ56Fe
values (+0.12 to +0.18‰) are generally within the range of MORB values (Fe3+/ΣFe: 0.07–0.16; δ56Fe: +0.06 to +0.18‰;
see El Korh et al., 2017; and references therein). Only one metagabbro show a lower δ56Fe of 0.03‰. These results
suggest that Fe was relatively immobile during high-T hydrothermal alteration, which prevented Fe isotopes fractionating.
Serpentinites have higher Fe2O3tot contents (7.4–11.3%) and Fe3+/ΣFe ratios (0.6–0.7), which are typical for greenschist
facies serpentinites in ophiolites (Debret et al., 2014). However, serpentinites display heavier δ56Fe values (+0.15 to
+0.18‰) than abyssal serpentinites (–0.098‰ to +0.108‰; Craddock et al., 2013; Debret et al., 2016). Fe isotope
fractionation occurred concomitantly with Fe oxidation during seafloor hydrothermal alteration under lower T conditions, and
probably results from the precipitation of Fe3+-rich secondary products (magnetite, Fe-hydroxydes).
The δ56Fe composition of the Limousin serpentinites is comparable to the highest δ56Fe values measured in some
blueschist-facies Alpine serpentinites (from -0.011 to +0.142‰; Debret et al., 2016), which are thought to result from the
release of sulfate-rich or hypersaline Fe2+-bearing fluids during serpentinite dehydration. However, the high δ56Fe values of
the Limousin serpentinites suggest that Fe isotopes may already fractionate towards heavier values in highly oxidised
abyssal serpentinites before subduction of the oceanic lithosphere.
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Studies of lava flows physical volcanology on the example of two Neogene-Quaternary volcanic provinces of Georgia have
been recently established for the first time by the group of presented work authors. Two distinct localities of lava flows
exposures have been selected on this purpose: basalt (known before as dolerites) flows from the vicinities of the village
Khertvisi (Javakheti Highland, Southern Georgia) and andesite flows from the river Chkheri gorge (Kazbegi, the Greater
Caucasus). Morphological features of these lava flows have been recorded on the basis of detailed field observations.
Preliminary results of these studies are introduced here.
Khertvisi lava flows have been ascribed to the river Mtkvari (Kura) dolerite flow in previous publications (Skhirtladze1958;
Maisuradze1981). According to these data several relics of this flow are exposed within the River Mtkvari gorge. The
recently studied cliff section of lavas in the immediate vicinity of the village Khertvisi is represented by compound
pahoehoe, rubbly pahoehoe and ‘a’ā units forming flow fields with hummocky and sheet flows morphologies (Duraiswami
2014; Self 1998). The lower and upper flows are separated by prominent pillow breccia unit.Thin section petrographic
analysis of these flows shows, that these are olivine basalts. Various types of alteration minerals are represented by
carbonate, illite-seladonite-chlorite, goethite, iddingsite.
The Chkheri lava flows are exposed on the both slopes and in the valley of the same named river (the left tributary of the
river Tergi) and form four flows separated by breccia horizons. The flows correspond to andesites by composition and
constitute thick entablature ‘a’ā flows. Some of them preserve breccia core rosettes.
Surface morphology and internal structures of the Khertvisi flow field are indicative for low viscosity lavas, whereas the
Chkheri lava flows represent highly viscous lava flows.
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The Lesser Caucasus, located in the Central Tethyan orogenic belt, extends from the Black Sea to the Caspian Sea across
Georgia, Armenia and Azerbaidjan. It resulted from the Neotethys ocean closure during the Late Cretaceous and the
Cenozoic as a consequence of NNE-verging convergence of Arabia, Gondwana derived microplates and Eurasia. Timing of
the collision onset remains uncertain (Rezeau et al., 2017) and recent studies, including this one, focused on constraining
the geodynamic and metallogenic evolution from the subduction to post-collision stage in this part of the Tethyan orogenic
belt.
The Lesser Caucasus is divided in three main tectonic domains, including from NE to SW (Fig. 1): 1) the magmatic and
sedimentary Somkheto-Karabagh belt and the Kapan Zone belonging to the Eurasian plate, 2) the ophiolitic Amasia-SevanAkera suture zone, and 3) the Gondwana-derived South Armenian block (SAB) (Sosson et al., 2010). Long lived Cenozoic
magmatic activity took place along the Pambak-Sevan-Sunik and Garni faults zones (see PSSF and GF in Figure 1, after
Philip et al., 2001), as well as intermittent emplacement of Eocene to Miocene porphyry and epithermal deposits (Moritz et
al., 2016). Our knowledge concerning the geodynamic, magmatic and metallogenic evolution of the Lesser Caucasus
remains fragmentary.
The Cenozoic geodynamic, magmatic and metallogenic evolution of the Lesser Caucasus has been relatively well
constrained by recent studies in its southermost part (see MOP in Figure 1; Rezeau et al., 2016, 2017). Three distinct
magmatic events of different ages and compositions have been recorded in this area, varying from calc-alcaline midEocene to shoshonitic/adakitic early Miocene magmatism. Each magmatic episode being associated with the formation of
porphyry copper and/or epithermal deposits and prospects (Rezeau et al., 2016, 2017).
This study focuses on the Tejsar and Amulsar areas in Armenia (Fig. 1). They present a similar geodynamic, magmatic and
metallogenic context to the MOP, but which remains poorly documented. Both study areas include epithermal deposits
spatially associated with Cenozoic magmatism, as well as porphyry occurrences in the case of Tejsar. Field mapping has
highlighted chronological relationships among distinct magmatic intrusions with different compositions similar to the MOP
area. New geochemical and petrogenetic data of the different Cenozoic intrusions surrounding the epithermal and porphyry
deposits combined with U-Pb zircon dating will improve our understanding about the geodynamic, magmatic and
metallogenic evolution of the Lesser Caucasus.
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Figure 1. Geology and major regional faults of the Lesser Caucasus (Philip et al., 2001; Moritz et al., 2016). The northern red box outlines
the Tejsar study area including the Cenozoic Pamback pluton (PP) and Meghradzor gold deposit. The southern red box outlines the
Amulsar study area (A). Both study areas are located along the Pamback – Sevan – Sunik and Garni Faults (PSSF and GF, respectively)
and are part of the South Armenian Block (SAB).
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Crystals growing in magma record thermal and chemical variations within a reservoir. Linking the chemical zoning of
minerals to magmatic processes can serve to identify the sequece of events leading to a volcanic eruption. Correlating the
pattern of zonation between multiple crystals allows the similarities and differences between suites of crystals to be
quantified, both within the same sample and between different samples. This offers an opportunity to quantify the chemical
and/or thermal structure of a magmatic reservoir and the magmatic processes that precede a volcanic eruption.
We are advancing a method that has been designed to rapidly and objectively correlate crystal profiles based on chemical
and grayscale profiles of magmatic crystals including zircon, clinopyroxene and plagioclase. An important component of this
method is its ability to account for the misalignement of crystals (i.e. if from a thin section), or if profiles are taken from
different crystal axes and thus vary in length. The critical aspect of this methodology, however, is determining when two
crystals are significantly correlated. This varies, depending on whether the correlation of crystals is in the exterior or interior
of the crystal, and on the complexity of the zonation that is observed. We approach this issue using two examples (zircons
and clinopyroxene), and the identify the large potential of this quantitative approach, which provides an automatic method
to identify correlation in different portions of crystal profiles, for many hundreds of profiles.
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Linking pre-eruptive processes to the frequency at which eruptions of different magnitudes occur is essential to understand
the underlying factors controlling the behaviour of volcanoes. To attempt to establish this link it is necessary to study in
detail the long-term evolution and dynamics of magmatic systems.
For this study we sampled the entire about 1.5 Ma spanning eruptive history of Nevado de Toluca in Mexico, a subductionrelated volcano with well documented effusive and explosive eruptions. We use a combination of whole rock and mineral
chemistry, as well as cross-correlation of plagioclase and zircon crystal zoning profiles to compare eruptions of different
magnitude, size and style. The first results show that Nevado de Toluca is characterized by a remarkably homogeneous
dacitic major element composition, even for contrasting eruptive styles, throughout its eruptive history.
This indicates that similar processes in favour of production and extrusion of this magma type must operate on long
timescales beneath the volcano. Trace element patterns are also rather restricted in variability for eruptions of different style
through time and show enrichment of LREE over HREE. Larger variability is observed for monogenetic cones in the vicinity
of the volcano.
Interestingly, Nevado de Toluca is characterized by high Sr/Y of up to 90 showing an adakite-like signature. Further work
will provide quantitative insights on petrogenetic processes and on the frequency at which intensive parameters changed
within the magma reservoir before the eruptions. Our results will be integrated in a global database including other volcanic
systems and literature data in an attempt to identify similarities and differences between magmatic reservoirs feeding
volcanic eruptions of different magnitudes. The final target of this project is to constrain the physical factors controlling the
recurrence rate of volcanic eruptions at regional and global scale.
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The Temporal Evolution of an Arc Volcano through Thermobarometry
and Petrography of Intrusive and Volcanic Products
Max J. Jensen, Luca Caricchi, Jon Blundy, Lena Melekhova George Cooper

Eruptible magma (magmas with <50 vol.% of crystals) represents a variable but generally small fraction of the total amount
of magma in subvolcanic reservoirs. Therefore, the exclusive analysis of volcanic products may provide a biased picture of
the temporal evolution of the thermal and chemical structure of magma reservoirs. Consequently, the study of coeval
volcanic and intrusive products is better suited to unravel the processes controlling the chemical evolution of volcanic
systems.
The volcanic islands of St. Martin, St Kitts and Nevis, situated in the northern part of the Lesser Antilles Volcanic Arc in the
Caribbean Sea, offers a rare opportunity to study coeval plutonic and volcanic rocks from the same magmatic system. On
St. Martin, volcanic quiescence has prevailed since ~ 26 Ma, allowing erosion to expose the intrusive parts of the volcanic
system. While on the younger islands of St. Kitts and Nevis, where no intrusive rocks are exposed, cumulates are present
in the volcanic products, which indirectly sample the intrusive rocks and can be utilized to further investigate the plumbing
system at depth.
We focus on petrography combined with recent Al-in-hornblende geobarometry (Mutch et al. 2016), and amphibole–
plagioclase thermometry (Putirka 2008), from the volcanic and intrusive products (plutonic + cumulates) to trace the
temporal evolution of the islands magmatic systems. Analysis of major and trace element compositions of bulk rock and
minerals will be determined using XRF, EPMA and LA-ICP-MS. The results will be used to compare the geochemistry of
coeval deposits from volcanic and intrusive products to determine if the results, when integrated, provide a complementary
picture of the temporal evolution of magmatic systems.
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To improve the understanding of the geochemical and petrophysical evolution of magmas forming intermediate calc-alkaline
batholiths after emplacement at shallow crustal levels, phase equilibria relations were established for a tonalitic/andesitic
system at a pressure of 2 kbar and under water-saturated conditions.
Melting experiments were performed at temperatures between 700 and 1000 °C in externally heated HCM pressure
vessels, with oxygen fugacity controlled close to the Ni-NiO buffer equilibrium (NNO) employing an argon-methane mixture
as pressure medium and Co-Pd redox sensors to verify fO2 conditions.
Natural rock powder of a Medium-K tonalite from the Adamello Batholith in Northern Italy served as experimental starting
material. Recovered charges were first analysed by Scanning Electron Microscopy coupled with Energy Dispersive X-ray
Spectroscopy (SEM-EDS) and subsequently remeasured with an Electron Probe Micro Analyser (EPMA) allowing the
determination of an isobaric crystallisation sequence for an upper crust hosted tonalitic intrusion.
Based on compositional data of stable phases, mass balance calculations were performed in order to investigate the
evolution of the crystal/melt ratio with respect to temperature. Furthermore, compositional trends of minerals as well as the
liquid line of descent of residual melts were obtained. Orthopyroxene, clinopyroxene and plagioclase were identified as
near-liquidus phases (below 990 °C). At 900 °C, amphibole joins the solid phase assemblage at the expense of
clinopyroxene, indicating the existence of a peritectic relation between the two phases.
With subsequent cooling, clinopyroxene completely disappears and amphibole becomes the dominant mafic mineral phase
(875 °C). Crystallisation proceeds continously to 825 °C with a linear decrease of residual melt fractions reaching a plateau
of 40 % at 800 °C with only minor additional crystallisation upon further cooling. Quartz and biotite saturate at 775 °C
coevally with orthopyroxene approaching its stability limit.
Residual liquids compositionally evolve along a typical calc-alkaline differentiation trend with decreasing temperature
(increasing SiO2 and decreasing Al2O3, CaO, MgO and FeO contents) and become peraluminous at temperatures below
900 °C.
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The Madan district, located in the Central Rhodopes in southern Bulgaria, is renowned for its Pb-Zn skarn, vein, and
carbonate replacement ore bodies (Vassileva et al., 2009). The deposits are controlled by 6 district-scale northwest trending
structures that cut across the Mesozoic amphibolite-grade gneissic host rocks. These structures extend up to 2.5 km in
length and are thought to be the primary fluid conduit for Pb-Zn sulfide mineralization. The highest metal concentrations are
found where these structures intersect marble lenses within the gneiss, where much of the ore is hosted in pyroxene skarn
bodies that predate the mineralization event (Vassileva et al., 2009). The geneteic relationship between the skarns and the
Pb-Zn mineralization is still controversial.
The timing of sulfide mineralization has been constrained using Ar-Ar dating on hydrothermal sericite at 29-30.5 Ma (KaiserRohrmeier et al., 2004, 2013). Since the skarn mineralization predates the Pb-Zn mineralization, this is a minimum age limit
for skarn formation in Madan. The prograde mineralogy of the skarns consists only of Mn-rich pyroxene, and no
geochronometer has been utilized to constrain the maximum age of skarn formation. Regional Tertiary magmatism that
predates the mineralization has previously been proposed as the source of heat and fluid for skarn formation (Marchev, et
al., 2005). In this study, we present new field relationships between a skarn body and rhyolite dike which help constrain the
upper age limit of skarn formation based on LA-ICP-MS zircon dating and trace element analyses from the rhyolite.
Regional magmatic activity in the Tertiary is found across the Madan district, and has been a focus of other tectonic and
economic studies (Figure 1). The Smilian Granite, previously dated at 42.29 ± 0.08 Ma (TIMS U-Pb on zircon, KaiserRohrmeier et al., 2013), is interpreted as a crustal melt that was generated during a post-orogenic extension event in the
Rhodopes (Kaiser-Rohrmeier et al., 2013), resulting in the formation of low-angle normal fault structures in the region.
Pegmatite intrusions in the vicinity have been dated at 35.31 ± 0.25 Ma (Rb-Sr on Kfs; Peytcheva et al., 2003). Postcollisional extension was followed by the emplacement of pre-mineralization east-west oriented rhyolite dike swarm in the
northern part of the district and regional ignimbrite deposits to the northwest that have been previously dated between 30
and 32 Ma (Harkovska et al., 1998; Kaiser-Rohrmeier et al., 2013).

Figure 1. LA-ICP-MS weighted mean ages (WMA) for concordant zircon dates from this study. Error bars reflect 2σ error. Samples in gray from Peytcheva et al. (2003) [Rb-Sr] and Kaiser-Rohrmeier et al. (2013) [U-Pb TIMS; Ar-Ar]. Ignimbrite age range - from Harkovska et al.
(1998) [K-Ar; Ar-Ar].

Five samples from the Madan district have been dated and analyzed for trace elements in zircon. Two samples of the E-W
trending rhyolite dikes produced ages of 31.41 ± 0.39 Ma (16-MN-13; n = 35) and 31.15 ± 0.39 Ma (16-MN-03; n = 15).
Sample 16-MN-13 is from a subsurface rhyolite dike at the Mogilata deposit which predates the skarn body, as skarnforming fluids exploited the contact between the dike and the marble. One sample from an ignimbrite from the Smolyan
basin (16-LA-02) was dated at 30.71 ± 0.40 Ma (n = 27).
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Two intrusive samples from the Smilian granite body in the western part of the Madan district, 16-MN-20 and 16-MN-21,
produced crystallization ages of 39.85 ± 0.50 Ma (n = 18) and 41 ± 2.6 Ma (n = 3) respectively. The presence of inherited
cores and zircon xenocrysts supports interpretations of crustal melting during extension and exhumation of the Central
Rhodopes.
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Zones of partial melt in the middle crust of Lhasa Block, Southern Tibet, have been geophysically observed as seismically
reflective “bright spots” in the past 20 years. These batholiths bear important relevance for geodynamics as they serve as
the principal observation at depth supporting channel-flow models in the Himalaya-Tibet orogen.
Here we assess the spatial abundance of and partial melt volume fraction within these crustal batholiths, and establish
lower and upper estimate bounds using a joint geophysical-petrological approach.
Geophysical imaging constrains the abundance of partial melt zones to 5 ± 2 km3 per surface-km2 on average. Physical
properties detected by field geophysics and interpreted by laboratory measurements constrain the amount of partial melt to
be between 15 ± 5 percent.
We evaluate the compatibility of these estimates with petrological modeling based on geotherms, crustal bulk rock
compositions and water contents consistent with the Lhasa Block. These simulations determine: (a) the physico-chemical
conditions of melt generation at the base of the Tibetan crust and its transport and emplacement in the middle crust; (b) the
melt percentage produced at the source, transported and emplaced to form the observed “bright spots”.
Two main mechanisms are considered: (1) melting induced by fluids produced during mineral dehydration reactions in the
underthrusting Indian lower crust; (2) dehydration-melting reactions caused by heating within the Tibetan crust. We find that
both mechanisms demonstrate first-order match in explaining the formation of the partially molten “bright spots”.
Thermal modelling of their cooling shows that these Lhasa Block batholiths are fated to crystallize within geologically short
times (few Myr). This, together with their small size compared to the Tibetan Plateau, suggests that these partially molten
zones are ephemeral and local features of the geodynamic evolution. Their transience excludes both long-distance and
long-lasting channel flow transport in Tibet.
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Strontium-rich Archaean barites (Ba[Sr]SO4), depleted in 18O, can potentially preserve primary 87Sr/86Sr ratios and thereby
give information on the extent and timing of crust-mantle evolution during Earth’s earliest preserved history. Barite
precipitated formed from hydrothermal solutions during the Archaean included Sr from both seawater and surrounding
basalts and provide an upper limit for the composition of the mantle and a lower limit for early Archaean seawater (e.g.,
McCulloch, 1994).
Early Precambrian stratiform barite deposits have been reported from a small number of places including the Pilbara Block
of Western Australia, the Fig Tree and the Onverwacht Groups of Swaziland Supergroup of South Africa and the Sargur
Group in Karnataka, India (Deb,M et al., 1991). The barite-bearing zone in the Ghattihosahalli Schist Belt (GSB) occurs as
minor, conformable and discontinuous bands and lenses, largely confined to the fuchsite quartzite horizon and lie directly
above the older mafic-ultramafic units. The sulphate-sulphide association and the significant Cr content in the layers prove
a hydrothermal origin for the barites. The barites from the Sargur greenstone belt were first studied for their isotopic
signatures by Deb at al. who report an average for 87Sr/86Sr= 0.7018±7 (their preferred value) with the lowest value of
0.70128±5 and 4.02‰ for δ34S. In the present study, 87Sr/86Sr values from 0.70157±4 to 0.70182±6 were determined (with
negligible Rb). This range is similar to the values from the ~3.2Ga Barite Valley barites in the Barberton Greenstone Belt,
South Africa (Henshall et al., 2017). These values are in the range of the least radiogenic, coeval mantle values defining
less production of crustal material and can give information on Sr evolution. The measured Sr-isotope values are similar to
seawater Sr evolution curve (proposed by Veizer, 1989) and imply a ‘mantle-buffered’ ocean during the Archaean.
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Figure: (A) Simplified model of the Dharwar Craton, modified after E. Muller et al., 2017 (B) Strontium isotopic evolution, modified after
Veizer, 1989. The poorly time-constrained values are removed. The ellipse gives the range of values measured for the Archaean Sargur
barites.
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The southern Patagonian (South America) Neogene retro-arc magmatism has been associated to the opening of slab
windows and/or slab tearing beneath the South American plate (Gorring et al. 1997, Guivel et al. 2006), as a consequence
of the Chile ridge subduction and the melting of OIB-type asthenospheric mantle. This retro-arc magmatic activity produced
alkaline to subalkaline transitional lavas – magmas with geochemical characteristics intermediate between intra-plate
alkaline and arc calc-alkaline geochemistry – yet the spatial and temporal evolution of their geochemical signatures remain
largely unconstrained.
New geochemical data and detailed field investigations from the retro-arc lavas of Sierra Baguales and Cerro del FraileTres Lagos area (southern Patagonia), located about 100-150 km east of the active volcanic front, are used to test the
potential relationships between the geochemical signature and the dynamics of the southern Patagonian subduction system
during the last 20 million years. Results show that basaltic magmas from the Sierra Baguales plateau lavas are primitive
magmas with subalkaline signature. Their positive Pb and negative Nb anomalies are hallmarks of calc-alkaline magmas,
but the enriched incompatible trace element patterns differ from typical arc volcanoes. In contrast, less voluminous and
similar spatially located basaltic lavas from Cerro del Fraile, Tres Lagos and Sierra Baguales as well, have an alkaline and
OIB-like signature, suggesting a geochemically different mantle source without a slab-related component.
Experimental results have demonstrated that melting of amphibole-rich metasomatic veins or cumulates located in the
lithospheric mantle are a viable mechanism for the origin of intra-plate alkaline volcanism (e.g. Pilet et al. 2008). Likewise
melting amphibole-rich lithologies in the sub-arc mantle might produce the trace element signatures of arc-related
transitional to alkaline magmas and are directly related to the metasomatic process induced by mobile components that
form the amphibole-rich rocks. These amphibole-rich cumulates could be produced by calc-alkaline arc magma
differentiation at depth, and their potential delamination (e.g. Müntener & Ulmer, 2006) and partial melting on a Ma timescale could represent an alternative mantle source. Our goal is to test the various hypothesis to produce transitional
magmas, characterized by low Nb high Pb content, and spatially related OIB-like magmas, by linking arc and retro-arc
geodynamic and magmatism by cumulate melting with mantle melting. Slab window and/or slab tearing models are not
required to explain the chemical characteristics of arc-rear arc associations.
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Several decades of studies have shown that Nominally Anhydrous Minerals (NAMs) in Earth’s mantle may contain a
substantial amount of water incorporated in defects in the mineral structure, making the mantle a significant “water”
reservoir (Bell and Rossman, 1992a). Water in minerals, even in small concentrations, has an influence on mechanical
strength, melting behavior, diffusion rate, electrical conductivity, viscosity and rheology (Beran and Libowitzky, 2006). The
influence is even greater in a large volume of rocks such as the mantle where it has important implications for geodynamics
and mantle processes. The main NAMs in which water is incorporated are olivine, orthopyroxene, clinopyroxene and
garnet. A very good proxy to measure water contents in the upper mantle is peridotite xenoliths. This study focuses on
measuring water contents in peridotite xenoliths coming from several different localities throughout Southern Patagonia,
using Fourier Transformation Infrared Laser (FTIR). The final goal of the work would be to understand the relationship and
influence between water concentrations in the samples and different mantle processes such as depletion, metasomatism or
water loss during magma ascent. The presence of mantle xenoliths in Southern Patagonia is related to Miocene to
Pleistocene alkaline volcanism in the back-arc region (Rivalenti, G. et al. 2004). The source of this alkaline volcanism is
debated, but one of the hypotheses is upwelling of the asthenosphere, related to the opening of a slab window which is due
to the subduction of the active Chile spreading ridge (between the Nazca and the Antarctica plates) beneath the South
American plate (Gorring, M. L et al. 1997). The dispersion of mantle xenoliths occurrences from west to east make
Southern Patagonia a good location to study spatial variability of water contents in the mantle wedge. Three main areas
have been chosen: Tres Lagos, Cerro del Fraile and Estancia Las Cumbres. The peridotite samples were collected in
different lavas flow and scoria cones. Their shape, size and alteration degree vary from one locality to the other. The
samples are spinel-lherzolites, harzburgites, dunites and pyroxenites. The measurements using FTIR were taken on single
crystals of olivine (ol), clinopyroxene (cpx) and orthopyroxene (opx) mounted in epoxy and doubly polished. 400 microns
doubly polished sections were also made to investigate a potential link between textures, minerals and the water
measurements in the samples. The preliminary results on the Las Cumbres xenoliths show very low concentration of water
in ol, cpx and opx in dunites and harzburgites. Absence of water may signify water loss during ascent or depletion. Future
work will investigate whether water contents vary from core to rim, in which case it would be possible to model diffusion
profiles of hydrogen to extract rates of magma ascent.
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Garnet is an anhydrous mineral but water can be incorporated in the form of OH groups, replacing cations in the lattice,
known as point defect. Garnet is of particular interest, because it is present in many metamorphic rocks. If water features
are preserved in garnet through metamorphism, hydrogen diffusion in garnet could be used as a geo-speedometer. For this
purpose, we need to know how retentive water is, how fast the diffusion of hydrogen is and how many point defects
incorporating water there are in garnet.
To address these questions, we performed diffusion experiments on natural gem-quality spessartine (300 ppm H2O) and
grossular (800 ppm H2O). The chemical composition of garnet influences the peak positions in infrared spectra, which are
lower in wave numbers for spessartine than for grossular. The experiments were conducted on cubes of 1.5*1.5*1.5 mm3,
at 1 atm over a temperature range of 750-1050°C under both air and various lower oxygen fugacities buffered by CO/CO2
gas mixes (ΔQFM+8 to ΔQFM-3). Water diffusion profiles were measured by FTIR with 3 μm step in a slice through the
center of the cube.
Water diffusion is fast in air, slows down with oxygen fugacity and is absent at our experimental timescales at low (ΔQFM
-3) indicating that hydrogen diffusion is coupled to the very fast oxidation reaction
, where M is Fe or Mn. The activation energy (Ea) of this exchange has been determined with experiments at 950, 850 and
750°C. Ea is low, (158kJ/mol) consistent with a diffusion mechanism that doesn’t involve metal vacancies. Figure 1 shows
that a change of colour (darkening) at the edge of the grossular garnet slice (a) is linked with a water loss (b), consistant
with an iron oxidation related mechanism. We noticed that the water concentration at the interface of the slice is not zero,
meaning that when all iron get oxidised, this fast mechanism stops. An automated deconvolution program was developed
to resolve the relative contributions of each FTIR band in the measured diffusion profiles. Absorption bands decrease at
different rates during H diffusion allowing identification of “families” of bands that belong to the same point defects. Some
bands even grow during the experiment. Our data provide evidence for up to four different water incorporation mechanisms
in garnet. Apart from H in silicon vacancies, our results suggest water related to trivalent cations, water in dodecahedral
vacancies as well as water associated with minor Ti.
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Figure 1. Slice of a grossular garnet cube after a diffusion experiment in air at 850°C for 5 days and related water map and profile. a)
Picture of the slice taken with a light microscope in transmission mode. b) Water map aquired using FTIR with a Focal Planned Array
detector. Pixel size is 5.6 x 5.6µm2. Conversion of total absorbance to water content is made using the calibration of Maldener et al. 2003
for grossular. c) Profile of water content measured with high resolution (3µm step) along the WE line drawn on a). Calibration used is
identical as the one used for the map.
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In the Dent Blanche Tectonic System, the Mont Morion biotite-bearing granite is a km-scale intrusion preserved in a lowstrain volume. Zircon saturation thermometry suggests that it crystallised from a melt that reached about 800°C. U-Pb
zircon and allanite geochronology indicates crystallization of the magma in the Permian (290 ± 3 Ma; 280 ± 8 Ma,
respectively). Migmatitic biotite-gneiss and amphibolite are found as xenoliths within the Mont Morion granite and constitute
its country-rocks. In two samples of migmatitic biotite-gneiss zircon has metamorphic overgrowths that yield U-Pb ages of
285 ± 3 Ma and 281 ± 4 Ma, and are thus contemporaneous with the intrusion of the granite. The Mont Morion granite with
its country-rocks of migmatitic biotite-bearing gneiss and amphibolite was thus emplaced at middle crustal levels while
amphibolite facies metamorphism affected its country rocks. The magmatic and metamorphic record in the Mont Morion
area reflects the high-temperature regime and lithospheric thinning of the Adriatic continental margin during Permian
(Manzotti et al., in press).
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Monazite-(Ce) is a light rare earth element phospate (LREE,Th)PO4 of major interest for geochronology in hydrothermal
systems because the Th-U-Pb system is not affected by diffusion at temperatures below ~450°C at which they form
(Cherniak et al., 2004). Even though it is very resistant to radiation damage, its isotopic system can be reset by
recrystallization or dissolution/reprecipitation in presence of hydrous fluid (e.g., Seydoux-Guillaume et al., 2012;
Grand’Homme et al., 2016) at relatively low temperatures (<400°C; Grand’Homme et al, 2016).
Hydrothermal monazites are found in alpine fissures that formed during tectonic movement under peak to retrograde
metamorphic conditions. Retrograde mineral reactions at temperatures below 350°C are common in clefts due to the
presence of fluid while this is rarely observed in the surrounding rocks. Monazite-(Ce) dissolution/precipitation at such low
temparatures is mainly caused by tectonic events. This means that the tectonic activity can be dated (Berger et al., 2013;
Bergemann et al., 2017).
SIMS Th-U-Pb dates were obtained for different monazite growth domains in grains from the western and central Tauern
window, Austria. Growth domains were identified by BSE images and corresponding to trace element variations (REE+Y,
Th, U and Pb). Dating of these domains revealed that stepwise growth (and dissolution) occurred mainly at 20 and between
17 and 13 Ma in the western part and between 13 and 11, 11 and 10 Ma in the central part. Field observations confimed
that in some cases the repeated tectonic activity resulted in cleft deformation and formation of a second set of fissures with
different orientation. Interestingly, recent studies in the eastern Tauern have shown that crystallization of monazite occurred
in a temperature range of ~200-300°C and started in most cases at the closure temperature of the zircon fission track
system and ceased at higher temperatures than those recorded by the zircon (U-Th)/He system (e.g., Gnos et al., 2015). In
the central and western Tauern monazite-(Ce) crystallization in fissures seems to be controlled by the tectonic movement
along the major faults (e.g. Greiner Shear Zone (GSZ), Ahrntal Shear Zone (AhSZ), Ahorn Shear Zone (ASZ)). Whereas
the major tectonic activity is recorded at around 13 Ma, the youngest domain ages show movement as late as 10 Ma.
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The Bor metallogenic zone contains world-class porphyry copper, high- and low-sulphidation epithermal deposits of Bor,
Veliki Krivelj and a newly discovered Cukaru Peki with over 20 million tons of Cu and 1000 tons of Au (Jelenković et al.,
2016). The deposits are located at the Eastern margin of the Timok magmatic complex, in the Serbian part of the ApuseniBanat-Timok-Srednogorie belt (ABTS). The Bor deposit is overlain by epiclastic layers of andesitic and dacitic composition
intercalated with pelites (Đorđević, 2005) and is truncated on the Eastern side by reverse Bor fault and Bor conglomerates
(Jankovic et al., 2002).
A complete range of mineralization types from porphyry (pyrite-chalcopyrite veins at lower levels of T and T1 orebodies,
quartz-pyrite and quartz-chalcopyrite veins as well as pyrite paint veins at Borska reka) to high-sulfidation epithermal
(anhydrite-pyrite-covellite veins at upper levels of Borska reka and at Tilva Ros) and massive sulfide orebodies (T and T1)
is present at Bor. The extreme high-sulfidation assemblage occurs within the L orebody with native sulfur and massive
sulfide ore.
Massive sulfide mineralization is contained in veins and in 30 to 50 m isometric to lens-like massive sulfide orebodies (Tilva
Ros, T, T1 and T2). At the bottom of the T orebody, matrix-supported breccias occur with clasts of vuggy silica, bornite and
chalcopyrite in a silicified matrix, and quartz with minor pyrite mineralization. These breccias are mineralized, sometimes to
a degree where quartz clasts are embedded in pure covellite matrix.

Figure 1. Porphyry and epithermal type mineralization at Bor. A) Sinuous quartz vein cut by a pyrite paint vein. B) Sinuous quartz veins
cross-cut by anhydrite-pyrite vein with euhedral pyrites. C) Anhydrite-pyrite D type vein cross-cuts earlier quartz-pyrite vein with thread-like
pyrite aggregates. D) Magnetite-chalcopyrite-quartz vein, deep levels of Borska Reka porphyry. E) Pyrite + chalcopyrite equilibrium texture,
lower part of T1 massive sulfide orebody. F) Massive pyrite vein with covellite x-cutting C-type pyrite-quartz vein with pyrite central line,
transition from Borska Reka porphyry to Tilva Ros epithermal orebody. G) Epithermal anhydrite-covellite-pyrite vein cross-cutting pyrite
paint vein, Borska Reka porphyry. H) Epithermal covellite-pyrite vein cross-cutting quartz A-vein. Scale bar = 1 cm.
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Cross-cutting relationships between different types of veins suggest the following time sequence of vein emplacement:
1. Earliest barren stage is accompanied by the formation of sinuous quartz veins, practically free of sulfides and cross-cut
by all other vein types.
2. Porphyry-style B-veins, either with pyrite/chalcopyrite stringers, or with euhedral pyrite crystals, crosscut early sinuous
quartz veins and are cross-cut by epithermal veins.
3. Epithermal pyrite-anhydrite veins, which cut early sinuous quartz veins and are in turn cross-cut by pyrite paint veins
and anhydrite-covellite veins, are of transitional nature between porphyry and epithermal mineralization styles.
4. Pyrite paint veins, cross-cut by the latest vein assemblage. However, this cross-cutting relationship is occasionally
reversed. This generation of veins is coeval with massive pyrite mineralization.
5. Latest anhydrite-covellite veins with some pyrite and solid sulfur. Solid sulfur forms and equilibrium texture with
anhydrite; this assemblage overgrows early covellite-anhydrite assemblage. Anhydrite-covellite veins represent the late
stage of mineralization, as well as covellite-enargite assemblage within massive sulfide orebodies.
One of the pecularities of late-stage veins and advanced argillic alteration assemblage is ubiquitous presence of anhydrite,
which might indicate that the formation of massive sulfide ore coincided in time with transition from subaerial to submarine
conditions.

REFERENCES

Đorđević, M., 2005. Volcanogenic Turonian and epiclastics of senonian in the Timok magmatic complex between Bor and
the Tupižnica mountain, eastern Serbia. Geoloski anali Balkanskoga poluostrva, 66: 63-71
Jankovic, S., Jelenković, R., and Kozelj, D., 2002. The Bor copper and gold deposit. QWERTY, Bor. 298
Jelenković, R., Milovanović, D., Koželj, D., and Banješević, M., 2016. The Mineral Resources of the Bor Metallogenic Zone:
A Review. Geologia Croatica, 69(1): 143-155

Swiss Geoscience Meeting 2017

Platform Geosciences, Swiss Academy of Science, SCNAT

P 2.27
Recovery Potential of Heavy Metals from Swiss Fly Ash
Wolfgang Zucha1, Urs Eggenberger1, Gisela Weibel1,2
*Institut für Geologie, Universität Bern, Baltzerstrasse 1+3, CH-3012 Bern (wolfgang.zucha@students.unibe.ch)
**Zentrum für nachhaltige Abfall- und Ressourcennutzung ZAR, Wildbachstrasse 2, CH-8340 Hinwil

In Switzerland the disposal of untreated waste has been prohibited for 17 years. At present non-recyclabe waste must be
thermally treated in Municipal Solid Waste Incineration plants (MSWI). Ca. 73 kt of fly ashes are the annual by-product of
the combustion process. The fly ashes are enriched with volatile heavy metals and cannot be disposed of without further
treatment. Today’s state of the art treatment in Switzerland is the FLUWA process (Schlumberger et al., 2007), during which
heavy metals are extracted by acidic leaching. Nowadays around 50 % of the fly ashes are treated in this way. All other
ashes are either mixed with concrete prior to disposal or exported and deposited underground. However, as from 2021, the
new Ordinance on Waste and Disposal (VVEA, Swiss Confederation 2016) requires not only the removal but also the
recovery of heavy metals by a “state of the art” process. Such a state of the art solution would be the FLUREC process
(Schlumberger et al., 2007) that allows the recovery of Zn, Cu, Pb and Cd.
Since the VVEA is not specific on how this is done, so that the upcoming guidelines need further elaboration and
assessments. In collaboration with the Federal Office for the Environment and all MSWI plant operators, a detailed study of
all MSWI fly ash in Switzerland has been initiated: Chemical and composition of the solid state have already been analyzed
with XRF and XRD.
The recovery potential of heavy metals in Swiss fly ashes measured during this study (Table 1) is very promising and
confirms the results from previous unpublished investigations by the ZAR (Zentrum für nachhaltige Abfall- und
Ressourcennutzung).

Table 1. Recovery potential of Zn, Cu, Pb and Cd in t/a. The yield corresponds to the current state of the FLUREC process.

Metal recovery is not only required because of environmental aspects. It is also interesting from an economic point of view
due to the retrieval of pure zinc (99.99 %). This study study will help to assess the economical impact of the FLUREC
process on a national scale.
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Lithogeochemical techniques using immobile elements are widely described in the literature and such methods have been
successfully applied in mineral exploration for the classification of variably (hydrothermally) altered host rocks and for more
advanced chemostratigraphy (e.g. Barrett and McLean, 1994). Although lithogeochemical rock classifications are well
established for volcanic rocks (including those which have experienced intense alteration), suitable rock classification
diagrams for altered plutonic rocks, particularly granitoids, are lacking, with the literature heavily biased to the least altered
examples.
Rock classification diagrams based on major oxides (e.g. Debon & Le Fort, 1982; De la Roche et al., 1980) are useful for
unaltered rocks, however are wholly inappropriate for altered rocks due to the mobility of major elements during alteration.
For example, K, Na, Ca, Si, Fe, Mg are recognised to be mobile during alteration and can be added or removed during
metasomatism (Barrett and McLean, 1994). The addition of K is observed within highly altered granitoids located in
proximal sericite alteration zones at the Vagar gold prospect in South Greenland (Fig. 1a; Schlatter et al., 2013). This
alteration style is widely reported from other orogenic gold deposits of various ages.
In this contribution we discuss how altered plutonic rocks can be classified based on immobile elements. This has the
potential to be used in distinguishing favourable granodiorite compositions associated with gold mineralisation within the
study areas thus providing a useful vector for future gold exploration. We present new preliminary classification diagrams
from 94 granitoid samples from Vagar gold prospect in the Nanortalik Gold Belt of South Greenland (Schlatter et al., 2013)
and from the Svartliden (Schlöglova et al., 2013) and Fäbodtjärn (Fettweis, 2015) deposits of the Gold Line in Northern
Sweden.
The plutonic rocks of both areas host auriferous quartz veins deposited at ca.1.8 Ga (e.g. at Vagar and Fäbodtjärn) or are
spatially associated with the gold mineralisation (Schlatter et al., 2016; Fettweis, 2015). The preliminary classification
diagrams based on the immobile elements Zr and Y discriminate the calc-alkaline Vagar granodiorite samples from the
Svartliden and the Fäbodtjärn samples (Fig 1b), and classification based on the immobile element ratios Al/Ti and Zr/Al
(Fig. 1c) allow the discrimination of granitoids of different areas and two geochemically discrete granodiorites at Vagar, a
feature which is not apparent from major oxides diagrams (Fig. 1a).
It is conceivable that the granodiorites predate the orogenic gold, and thus “fertile” granodiorites reflect the fact they are
suitable chemical or structural traps. Perhaps the composition of the Vagar granitoid, hosting significant gold mineralisation
(e.g. quartz veins up to 2533 ppm and granodiorite up to 14.4 ppm) and with high Al/Ti ratio (Fig. 1c), is more reactive with
an auriferous fluid than other granitoids, and thus represent a more favourable host for gold mineralisation.
High field strength elements bearing phases e.g. synchesite, allanite and monazite identified in SEM-BSE images and EDS
analyses of gold bearing samples from Vagar (Schlatter et al., 2013), suggests that the hydrothermal fluid introduced REE
elements together with the gold, making REE a possible pathfinder for gold exploration.
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Figure 1. Lithogeochemical plots based on (a) major oxides (b) immobile elements assessing the affinity (c) immobile element ratios
fingerprinting different granitoid types. Granitoids carrying gold are discriminated (filled symbols) from those barren (non-filled symbols). vf
= volatile free basis.
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The pyrite is one of the the most abundant sulfide minerals in hydrothermal ore deposits which is also a part of
hydrothermal alteration haloes formed at great distance from the main mineralization. During the last few decades the
development of high sensitivity and excellent spatial resolution microbeam techniques, such as LA-ICP-MS, allowed
determination of many trace elements in pyrites and other hydrothermal minerals like magnetite, titanite, rutile, chlorite and
epidote. The geochemistry of these hydrothermal minerals makes them an efficiеnt tool for provinance studies and mineral
exploration. The most commonly studied trace element in pyrites is gold, due to its great economic importance. Recent
studies of pyrite, arsenian pyrite and arsenopyrite revealed that they can contain significant amount of the so called
“invisible” Au and others trace metals such as: Ag, As, Cu, Pb, Zn, Co, Ni, Sb, Se, Te, Hg, Tl and Bi (Cook and Chryssoulis,
1990; Large et al., 2009; Reich et al., 2013). We have analyzed pyrite and arsenopyrite (where present) from different types
of mineralisazations in Elatsite ore field using a combination of SEM-EDS and LA-ICP-MS techniques. The LA-ICP-MS
system consists of Perkin Elmer ELAN DRC-e ICP quadrupole mass spectrometer coupled with New Wave UP-193 nm ArF
excimer laser, based at the Geological Institute of the Bulgarian Academy of Sciences. The aim of the study is to determine
the trace element composition of pyrites and to test weather their geochemistry can be a reliable exploration tool for
destingtion of porphyry copper and base metal-gold mineralizations in the region.
Elatsite-Chelopech ore field is an excellent area for such a study, because it comprises numerous porphyry copper and
epithermal gold deposits and occurences. It is situated at the northern end of the Panagyurishte ore district of the Central
Srednogorie Zone, Bulgaria. The Srednogorie Zone is part of the Apuseni-Banat-Timok-Srednogorie Magmatic and
Metallogenic Belt of the Alpine-Balkan-Carpathian-Dinaride orogenic system. A number of important ore deposits, mainly
porphyry Cu-Au-(Mo) and epithermal Au deposits with Late Cretaceous age, are associated with this belt. In the present
study we have analysed pyrites from three porphyry copper systems: The first one comprises Elatsite porphyry Cu-Au
(PGE) deposit, the proximal base metal-Au occurence Negarshtitsa and the distal base metal- and Au-bearing veins of
Kapalu, Kordunsko Dere and Svishti Plaz; The second one consists of Gorna Kamenitsa porphyry Cu-Mo deposit and
Dolna Kamenitsa base metal occurence; The third one comprises a porphyry copper occurence of Etropole and barite-base
metal mineralization of Kiselitsa.
The LA-ICP-MS data reveiles that the pyrites from the three porphyry copper deposits have similar trace element
compositins. They have low As and Au contents and relatively high concentrations of Se. Typical characteristics of these
pyrites are the high Co and Ni concentrations and low Ag, Cu, Pb and Sb contents. The pyrites from the base metal and
base metal-gold veins have higher As content and elevated concentrations of Au than these from the porphyry copper
deposits . The concentrations of Au are highly variable (from few ppm up to 100 ppm) and show positive correlation with As
content of the pyrite. They have also higher Cu, Pb and Sb and lower Se concentrations compared to the pyrtite from the
porphyry copper deposits. The pyrite from these types of mineralizations is often formed together with arsenopyrite, that
has also high gold concentrations, reaching up to 160 ppm Au. Two elements that behave differently in pyrites from base
metal and base metal-gold veins and allow to destinguish among them are Co and Ni. In pyrites from the base metal
deposits, these elements have concentrations comparable to the pyrites from the porphyry copper deposits. On the other
hand the pyrites from the base metal-gold veins comprise lower concentrations of Co and Ni.
Our results show that pyrites from the different types of deposits from Elatsite ore filed have specific geochemical
characteristics that can be used as an exploration tool in the region. The best option will be their combination with the
geochemistry of some hydrothermal alteration minerals (e.g. chlorite, epidote, rutile from propylitic zones), which are
recognized good indicators of the distance from the ore body in porphyry systems (e.g. Wilkinson et al., 2015).
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The term “Shirimi” is widely used in Georgian Architecture and art history science to define the building material which is
generally named travertine or calcareous tufa (calcareous sinter).It can be found in Georgian toponymy as well. In particular
- Shirimi Mountain located on the Mtiuleti-Gudamakari range (the Great Caucasus) and the river Shirimiskhevi which begins
from the northern slope of the same named mountain. Historically in the river Shirimiskhevi gorge, in the vicinity of the
village Tsinamkhary was distinguished the exposure of travertine deposit (Mineral resources of Georgia, 1933; Natural
resources of Georgian SSR. 1959).
The reason of our interest to shirimi was conditioned by conspicuous inconsistencies between the architectural and
geological data. The great majority of Georgian architectural monuments either completely (Alaverdi, Fudznari, Kvetera,
Zemo Krikhi, Tvibi, Mutsdi, BevreTi and etc.) or to a certain degree (Dzveli Shuamta, Veres Gvtismshobeli, Atenis
Natlismtsemeli, Tskheta and etc.) are built by shirimi. These monuments are scattered in different regions of Georgia and
therefore the source areas for the building stone (shirimi) should be more numerous and proximal to the monuments’
locations, than it has been recorded so far. In geological sources presence of travertine (shirimi) deposits exposures is
indicated only in the Truso, Gudamakari, Mestia and Khashuri environs. It is also well-known, that during the historical
period constructions in Georgia the building stones from remote areas were not used. The idea, that travertine deposits are
more widespread on the territory of Georgia, than it is recorded in historical geological data inspired our research group to
find out new occurrences of these rocks. Consequently, outcrops of thick sequences of travertine deposits in the environs of
villages Makarta, Dumatskhomde and in the river Boseli gorge have been recently detected (fig. 1, 2, 3). We present the
results of petrographic and X-ray analysis of eight shirimi deposits. According to these data, recently found in Gudamakari
area shirimi occurrences completely meet the requirements for the use of these rocks as a building stone. Further
investigations aiming to define and study more occurrences of shirimi are planned in the nearest future.

Figure 1: Calcareous tufas – shirimi near the v. Makarta.

Figure 2: Makarta shirimi - calcareous tufas (close view).
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Figure 3: Shirimi - calcareous tufa in the river Boseli bed.

On the basis of our field observations and analytical data, we assume that Gudamakari calcareous tufas – shirimi
correspond to the rocks which generally are known as travertine. As the word “travertine” is derived from Italian toponym,
we consider that it will be fair to establish using of the name “shirimi” in Georgian geological terminology to denote
calcareous tufas of the local origin. It is especially topical as this name has been already widely introduced in Georgian
architectural-art history sciences. This will bring closer research communities of national natural and art history sciences
and will contribute in active exchanging of the related to this issue information.
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During the examination of Fe-Ti oxides from andesites of the Late Cretaceous Timok Magmatic Complex in East Serbia
(hereafter TMC), special attention was paid to the appearance of hemoilmenite. Hemoilmenite was discovered exclusively
in hornblende-biotite andesite of the first volcanic phase, which is known to host the large Bor and Veliki Krivelj porphyry
copper deposits [Karamata et al., 2002].
This mineral was discovered on three out of four investigated outcrops, namely in Majdanpek, Krivelj and Nikoličevo,
whereas it was absent at the Brestovac locallity. This is to the best of our knowledge the first time that the presence of
hemoilmenite is reported in TMC andesites. It is comprehensively studied by reflected light microscope, electron microprobe
analysis (EMPA), X-ray diffraction (XRD) and transmission electron microscope (TEM).
The study found that only grains from the Krivelj locality are homogeneous. According to the EMPA and WRD results, it is
established that the studied hemoilmenite generally corresponds to the intermediate member of the series with 53.34
mole% ilmenite.
The grains of hemoilmenite from the Majdanpek site show very fine exsolutions of the hematite-ilmenite phase, along the
(0001) direction The average chemical composition of this decomposed hemoilmenite corresponds to the composition of
the homogeneous hemoilmenite from the Krivelj site, probably because the host rocks belong to the same volcanic phase,
but due to slower cooling of andesite from Majdanpek, the breakdown of initial hemoilmenite has occurred
Hemoilmenite from the Nikoličevo site exhibits distinctive exsolutions of rutile, most likely, as a result of subsequent
hydrothermal activity.
The absence of hemoilmenite in the Brestovac locality implies that this mineral is not ubiquitously present in all andesites of
the first phase. Furthermore, we suggest that presence/absence of hemoilmenite could serve for further subdivision of
volcanic rocks of the first phase, which may potentially have large significance for mineral prospecting, i.e. for distinguishing
volcanic rocks that are genetically related to porphyry and other mineralization processes in the TMC in a most direct way.
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The Bolnisi ore field is located in the northwest part of the Lesser Cavcasioni (Lesser Caucasus) and is the part of the
Artvin-Bolnisi tectonic unit. It was developing as a relatively uplifted Mesozoic island-arc type unit with suprasubduction
magmatic events and related Late Cretaceous ore mineralization. Volcanogenic complexes are characterized by variable
lateral and vertical regional stratigraphic relationships and are subdivided into several formations due to their petrological
features. The depositional environments of Upper Cretaceous volcanic formations vary from submarine (marine micro and
macro fauna data (Tsagareli et al. 1965; Migiheishvili & Gavtadze 2010; Popkhadze et al. 2014) to subaerial (lithofacies
analysis data). Mafic to intermediate volcanic rocks are in subordinate amount. Felsic formations are the major hosts of
numerous ore deposits (Madneuli, Kachagiani (Sakdrisi), Bertakari, Bneli Khevi etc.) within the ore field.
Within the Bolnisi ore district, Kachagiani deposit host lithofacies and spatial distribution of associated mineralization has
been recently studied within the large-scale geological mapping framework. Kachagiani deposit is the part of Sakdrisi group
of deposits, which is the hosted by Upper Cretaceous felsic Mashavera formation. Based on deposit host rocks analysis
(outcrops, drill cores, thin section microscopy) several lithofacies units have been identified.
The deposit is hosted by volcanic (rhyo-dacite lava flows and domes) and volcaniclastic rocks. Primary volcanic
(pyroclastic) deposits are represented by
ignimbrites (columnar jointed in places), crystal, lithic and pumice rich lapilli tuffs. Resedimented syn-eruptive volcaniclastic
rocks are introduced by volcaniclastic turbidites.
Here as well as in nearly all deposits of the Bolnisi ore field has been distinguished the link of mineralization to various
types of breccias (phreatic, phreatomagmatic and hydrothermal). Epigenetic hydrothermal breccias (Fig.1) have become
good criteria in mineral deposits exploration within Bolnisi ore field (Lavoie 2014; Sadradze et al. 2017).

A

B

Figure 1. Epigenetic mineralized hydrothermal breccia, (A) in
outcrop, (B) in thin section.
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The present research is focused on the Cenozoic magmatic-metalogenic activity along a NNE–SSW transect and covers
rejuvenating magmatic episodes (40–6 Ma) in 7 distinct areas of SW Bulgaria, FYROM and Northern Greece. Although it
postdates the main Late Cretaceous subduction event, the magmatism preserves subduction-related features as sourced in
the subcontinental mantle lithosphere and lower crust that were enriched during the previous subduction. The rocks from
the distinct magmatic areas show specific geochemistry and petrological characteristics and can be assigned to five
evolving geodynamic episodes:
1. Paleocene to Early–Middle Eocene. The Late Cretaceous subduction-related magmatism (93–68 Ma) is followed by a
magmatic gap of ≈ 10–14 Ma, related to compressional regime and crustal thickening. Afterwards the magmatic activity
was rejuvenated forming a Late Paleocene to Early – Middle Eocene magmatic belt (56–40 Ma). It is represented by
scattered felsic plutons in the Rhodope Massif, dyke swarms in the Kraishte Zone and asthenosphere alkaline basalts in
NE Serbia. The Visoka Elha paleovolcano is part of that magmatic activity. The rocks are medium-K calk-alkaline and
exhibit adakite-like features that most probably are due to that the garnet was residue in their source. The 87Sr/86Sr(i) ratio of
0.70565–0.70579 and εNd(i) (–2.16/–2.44). The Concordia U-Pb zircon age of the rhyolite is determined at 40.38±0.48 Ma.
2. Eocene-Oligocene. The later magmatic activity was followed by 5–7 Ma regional uplift, exhumation of the Late
Cretaceous and Paleocene to Early-Mid-Eocene granitoids, migmatisation (at ≈ 38 Ma) and core-complex formation in the
Rhodopes. The magmatic activity resumed over the entire Rhodope Massif at 35 to 28 Ma forming a Late Eocene–Early
Oligocene magmatic belt. The composition of the rocks correlates with the present-day crustal thickness. Studied areas:
North Pirin pluton, Ilovitsa, Kratovo-Zletovo: The North Pirin pluton and related subvolcanic rocks in Padesh, Kresna
and Karnalovo area are predominantly intermediate to acid in composition, high-K calc-alkaline, metaluminous to
peraluminous. The 87Sr/86Sr(i) (0.71010–0.71448) and εNd(i) (–6.47/–8.34) ratios of the magmatic rocks correspond to that of
the upper continental crust. A clear tendency of decreasing 87Sr/86Sr(i) and encreasing εNd(i) with crustal depth (Moho
discontinuity) is found. The U-Pb zircon geochronological data suggest Late Alpine plutonic and volcanic-subvolcanic
activity at 35 to 31 Ma. Subvolcanic bodies (stocks), numerous dikes and related Ilovitsa Cu-Au deposit are formed during
the Oligocene in the area of Ilovitsa village, SE FYROM. The granodiorite-porphyry stock that hosts the Cu-Au
mineralisation is formed in two magmatic phases, dated by ID–TIMS at 30.31±0.054 Ma and 30.13±0.032 Ma, respectively.
The ages of the post-mineralisation dykes are in the interval of 29.6–28.8 Ma. The 87Sr/86Sr(i) ratio of 0.70791–0.70883 and
εNd(i) (–5.25/–7.14) is in accordance to the thinner crust (compared with N Pirin) and is most probably due to mantle
derived magma affected by crustal assimilation, fractionation and mixing. Kratovo – Zletovo is a large volcanic area
located at the border of Serbo-Macedonian Massif and Vardar Zone. It is presented by several main volcanic phases with
intermediate to dacitic – trachydacitic, rarely more mafic in composition, high K calc-alkaline to shoshonitic rocks. The
87
Sr/86Sr(i) ratio is in the range of 0.705859–0.708647 and εNd(i) (–1.57/–6.7). The volcanic activity, based on the zircon U-Pb
geochronology is dated at 32.5 to 27 Ma, nevertheless a few subvolcanic bodies with ages around 25 Ma are observed.
Au-epithermal, basemetal and porphyry copper mineralisations are related to that magmatic activity.
3. Early Miocene. Since ca. 24–18 Ma, the Aegean region has been the site of pronounced late orogenic crustal extension,
which is considered to be a result of the rollback of the Hellenic slab and formation of the Aegean Sea basin. This time
coincides with the onset of the formation of the metamorphic core complexes in the Mediterranean region such as Southern
Rhodopes, Cyclades and Menderes Massif. Studied area: Buchim – Borov dol – Doyran – Vathi magmatic area is
presented by several subvolcanic bodies and epiclastics and pyroclastics, predominantly with latite-trachydacitic, rarely
rhyolitic composition and high-K calc-alkline to shoshonitic seriality. Mingling and mixing is often observed. The 87Sr/86Sr(i)
ratio is in the range of 0.70634–0.70739 and εNd(i) (–2.30/–3.80). The U–Pb zircon ages are very close 24.5–24.0 Ma with
just a few rare xenocrystyc zircons found. The Buchim porphyry copper deposit and the Vathi porphyry copper occurance
are related to this magmatic activity.
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4. Middle to Early Miocene. During the Middle to Late Miocene the region was a site of variable magmatism. The
formation of those magmatic rocks can be directly linked to the Miocene extensional tectonic regime and formation of the
curvature of the Hellenide orogeny. Studied area: Limited occurrences of small and scattered subvolcanic bodies crop out
along Strimon River valley (Kozhuh and Neo Petritsi) and Doyran region (Stoyakovo). The rocks are fractionated
high-K trachyte to trachydacites, which exhibit adakite-like signatures most probably due to amphibole fractionation in a
crustal chamber. The relatively high 87Sr/86Sri ratios (0.70616–0.70648) and negative εNd(i) (–3.29/–3.46) are observed.
The rocks are dated by ID–TIMS at 12.24±0.03 Ma (Kozhuh cryptodome) and LA–ICPMS at 11.32±0.10 Ma (subvolcanic
body near Stoyakovo village) respectively.
5. Late Miocene to Pleistocene. The last magmatic episode in the region is represented by Late Miocene to Pleistocene
extensional magmatism (6–1.8 Ma) in the Vardar zone in FYROM, and in southern Serbia. Studied rocks are the trachytes
that represent one of the most widespread phases of Kozhuf paleovolcano. The trachytes show adakite-like
charackteristics (due to amphibole fractionation) and are dated by ID–TIMS at 5.988±0.026 Ma. The 87Sr/86Sr(i) (0.709048–
0.709145) and εNd(i) (–6.77/–6.96). In the Kozhuf area, the Sb–As–Tl–Au Allchar deposit and Au Duditsa mineralisation are
well known and are related to this magmatic activity.
Acknowledgements: The study is supported by SNF-SCOPES Projects IZ73Z0–128089 and IZ74Z0–160512.
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During the last 2 decades, one of the authors has mapped the mineral occurrences in the Mogok valley and registered the
mineral assemblages of approximately 100 spinel mines in a profile of 30 km length (first part published in Peretti et al.,
2007 and Peretti & Tun 2016).
The map of the mineral occurrences shows the co-existence of spinel with ruby and sapphire in various types of marble
rocks. Different colour varieties of spinel were found including fancy spinel, vivid red spinel and vibrant pinkish-red spinel.
The variable colours of spinel may be due to the influence of trace elements from different types of metasedimentary or
intrusive rocks in the environment of the marbles and changes in fluid compositions and formation conditions.
Detailed investigations with different methods (microthermometry, Raman spectroscopy, stable isotope and LA-ICP-MS
geochemistry) are ongoing on spinel of one of the commercially most important mine, the Mansin mine. Its rock suite was
investigated and sampled by detailed field work. The Mansin spinels formed in an impure layered dolomitic marble with
layers of olivine, sulfides and spinel. There are indications for the influx of fluids that created halos in the marble forming
Fe-rich dolomite.
To characterize the growth conditions of the Mansin spinels, fluid and solid inclusions were investigated in detail. At least
two types of fluid inclusion assemblages are distinguished. Based on the actual knowledge, they were more or less
simultaneously trapped as immiscible fluids (Giuliani et al. 2015) in the system Na? - K? - Ca - Mg - Al - Fe - Zn – SO4 - Cl
- H2S - H2O, with traces of some volatiles. These fluid inclusions may contain accidentally trapped minerals like phlogopite,
calcite and retrograde precipitated daughter mineral phases, i.e. native sulphur, different salts, diaspore, brucite, calcite,
goethite, pyrite, marcasite, sphalerite, fluorapatite, etc. One fluid inclusion assemblage is characterized by an H2S bubble of
10 to 35 vol.% and a series of daughter minerals. In contrast, the H2S bubble of the second fluid inclusion assemblage is
markedly smaller (3-5 vol.%), but nearly totally filled with daughter minerals. A striking feature of the first inclusion
assemblage is the presence of two immiscible yellowish liquid phases (L1 and L2 at room temperature) and a vapour
bubble (Fig. 1). The homogenization temperature of the L1 with the vapour phase lies at 101 ± 2 °C, close to the critical
temperature of H2S, which has been verified by Raman spectroscopy. An additional striking feature is the presence of large
rounded, Raman inactive solids which are interpreted as salts.
Based on these preliminary results we conclude that the formation of spinel from Mansin was triggered by a very sulphurrich, highly saline brine.

Figure 1. Multiphase fluid inclusion within a spinel from Mansin (East Mogok) at room temperature. There are two immiscible liquid phases
and a vapor phase (gas bubble).
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