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2.1
Stable isotope exchange and reactive fluid-flow around hydrothermal
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1

Stable isotopes have proven to be an efficient tool in tracing fluid-rock interaction. Carbonates in contact aureoles are
ideally suited for this kind of study, since significant (>10‰) oxygen isotope variations are present between magmatic fluids
and the carbonate host rocks.
Here, we present a detailed petrologic, Secondary Ion Mass Spectrometry (SIMS), and cathodoluminescence (CL) study of
reactions driven by infiltration of magmatic fluids in carbonate host-rocks of the Bergell and Adamello intrusions (Central
Alps, Italy). We focus on olivine veins, where fluid infiltration occurred along an open crack - now filled with olivine (Ol),
calcite (Cc) and retrograde tremolite and talc – forming a central zone. This zone is symmetrically framed by a replacement
zone, with Ol+Cc replacing the original dolomite (Do). Traditional stable isotope analyses across the veins show
overlapping and steep δ18O and δ13C fronts, which also coincide with the mineralogical front (Taylor & Bucher, 1986;
Bégué, 2008). A formation temperature of ~550°C for the Ol+Cc pairs has been established, which is in agreement with
phase petrology.
Numerous δ18O profiles in Cc and Do, acquired with SIMS, combined with CL imaging, show that stable isotope exchange
occurs only through mineral reaction and recrystallization. We also observe that: (1) partial dissolution and recrystallization
of Do occurs a few mm to cm further into the dolomitic protolith and beyond the Ol+Cc mineralogical front; and (2) sharp
δ18O fronts at the core-rim interface of Do are mirrored by different CL intensities, with brighter rims (low δ18O) around
darker cores (high δ18O).
The lack of Ol further into the replacement zone suggests that the silica front lagged behind the Do recrystallization front,
and since there is no new mineral phase that precipitates in the Do dissolution/recrystallization zone, the reaction must be
driven by small chemical changes or optimization of the crystal lattice only. Furthermore, progressive re-equilibration
between Cc and Do at the interface between the replacement zone and the original Do supports the presence of only small
amounts of fluid during the dissolution/recrystallization reactions.
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2.2
Deciphering the different sources of Cl input into the mantle beneath St.
Vincent (Lesser Antilles Arc): insight from B, O and Cl isotopes
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Institut des Sciences de la Terre, University of Lausanne, UNIL-Mouline, CH-1015 Lausanne
(anne-sophie.bouvier@unil.ch)
2
Institut de Physique du Globe de Paris, Sorbonne Paris Cité, Université Paris-Diderot, CNRS UMR 7154, Paris, France
1

The effect of recycling crust and sediments on the composition of the mantle wedge, in particular for volatiles, is still
debated. Chlorine is an important fluid mobile element. Its stable isotopes have different concentrations in the terrestrial
reservoirs making Cl-isotopes potential tracers of slab-derived fluids (e.g., John et al., 2010). Despite its potential as a
tracer, only a few studies report δ37Cl in terrestrial rocks, mainly due to the analytical challenge to accurately determined the
35
Cl/37Cl ratios.
Olivine-hosted melt inclusions provide a first order constraint on the δ37Cl of primary magmas, since they were unaffected
by near surface processes. However, due to their small size, an in situ technique is required. δ37Cl analyses were
conducted with a CAMECA IMS 1280-HR at the SwissSIMS laboratory. First results show that melt inclusions from the
Lesser Antilles, Aeolian and Vanuatu arcs range from -1.9 to +0.6‰, -3.3 to -1.4‰ and -1.7 to +0.4‰, respectively. These
first δ37Cl dataset on melt inclusions from arc settings suggest that Cl addition mainly originates from serpentinites in the
Lesser Antilles and Vanuatu arcs. In contrast, Cl added to the mantle wedge beneath the Aeolian Islands may record a
higher proportion of fluids derived from the subducting sediments (Manzini et al., submitted). However, based on δ37Cl only,
it is difficult to estimate the respective contributions of the different slab end-members, especially for altered oceanic crust
and serpentinites, which have similar δ37Cl.
Here, we used a well-studied sample from St. Vincent (Lesser Antilles) (Bouvier et al., 2008), for which melt inclusions
display a large range of δ37Cl (up to 2.5‰, Manzini et al., submitted). The previously determined δ37Cl were coupled with
new δ11B and δ18O analysis, providing a unique dataset to better constrain the different sources of Cl input into the mantle
wedge and to understand the large δ37Cl variation in melt inclusions from a single sample.
The coupling between δ11B and δ37Cl suggests Cl addition by fluids from serpentinites, and minor altered oceanic crust
(AOC) and sediments. These results are in agreement with previous study (Bouvier et al., 2008). Comparison of δ18O and
δ37Cl points towards serpentinized mantle wedge as the major source of fluids, which inherited the Cl isotopic sediment
signature during their early dehydration. Coupling the 3 isotopic systems in melt inclusions leads thus to coherent and
complementary results and could be used to better constrain the Cl cycle in the mantle.
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2.3
Porosity and permeability evolution during epidosite alteration of the
oceanic crust, Semail ophiolite, Oman
Alannah Brett1 & Larryn W. Diamond1
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Basaltic rocks underlying spreading ridges in the oceanic crust undergo hydrothermal alteration due to circulation of hot,
chemically altered seawater. Epidosites (rocks consisting of epidote + quartz ± hematite ± titanite) are extreme examples of
this alteration. Established models envisage epidosite formation in high-temperature upflow zones at the base of the
sheeted dike complex (Richardson et al. 1987; Alt, 1995). Because of their pervasive metasomatism and depletion in Cu
and Zn, epidosites have been postulated as source rocks for metals in seafloor volcanogenic massive sulfide (VMS)
deposits (Richardson et al. 1987; Jowitt et al. 2012).
In the Semail Ophiolite (Oman), epidosites are rare and small in the sheeted dikes but they are numerous and far larger (up
to ~ 1 km2 in outcrop) in the overlying pillow lavas. Moreover, their timing relative to crust-forming events suggests they are
not directly related to spreading (Gilgen et al. 2016). These deviations from the conventional model raise the question of
the significance of epidosites in the hydrothermal circulation system in the oceanic crust. In order to elucidate this issue, we
are mapping pillow lavas in the Semail Ophiolite and tracking changes in alteration mineralogy, bulk chemistry, porosity and
permeability. The results will be used as input for reactive-transport modelling of the epidotisation process.
A first step in understanding the significance of epidosites is to reconstruct the rock–water reaction by which they formed. An
important constraint is the change in volume of solids attending epidosite metasomatism. For example, Harper (1988) noted a
10 vol.% decrease when albite is altered to epidote. Most pillow lavas in Oman show regionally distributed chlorite-albite
hydrothermal alteration, which is attributed to seawater recharge. The epidosites, which presumably represent discharge
alteration, overprint the chlorite-albite alteration. Interpillow hyaloclastites are first converted to epidosites, followed by pillow
cores and finally pillow rims. Our helium-pycnometry measurements show that pillows altered to chlorite-albite have porosities
of 3 – 8 vol.%. In contrast, epidotised pillows have porosities up to twice as high. Similarly, dikes altered to chlorite-albite have
between 0.5 and 4 vol.% porosity, but the epidotised equivalents have up to two times higher porosity.
Digital processing of SEM back-scattered electron images has largely confirmed our pycnometry results and helped
characterize pores into four types: intra-crystalline pores (fluid inclusions), open inter-crystalline pores, inter-crystalline
pores clogged by post-epidotization calcite (precipitated during or after obduction of the ophiolite), and open micro-fractures
that post-date epidotization. Whereas fracture porosity is inevitably included in the bulk He-pycnometry measurements and
calcite-clogged porosity is inevitably excluded, the image-processing permits correction of these effects. We conclude that
pristine epidosites contain up to ~12 vol.% intra-crystalline porosity and up to ~1.5 vol.% intra-crystalline fluid inclusions,
resulting in DrV ~ –9 vol.% for the overall epidotization reaction in pillow basalts.
Our measurements of permeability reveal the same trends as those found for porosity in the pillow lavas. The chlorite-albite
precursor rocks have permeabilities of 1x10-20 – 1x10-18 m2 whereas epidosites have values up to four orders of magnitude
higher, at 1x10-18 – 1x10-15 m2. These observations confirm the suggestion of Harper (1988), that the epidosite reaction
strongly increases the permeability of oceanic rocks. We also see that epidotisation is a self-reinforcing process, in that the
metasomatic replacement creates its own porosity and thereby facilitates pervasive alteration of huge volumes of the pillow
lavas.
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2.4
Iron stable isotope fractionation during subduction of basic rocks
Afifé El Korh, Béatrice Luais, Etienne Deloule, Damien Cividini
Centre de Recherches Pétrographiques et Géochimiques (CRPG), UMR 7358 CNRS-Université de Lorraine, 15 rue Notre
Dame des Pauvres, BP 20, F-54501 Vandœuvre-lès-Nancy Cedex, France (elkorh@crpg.cnrs-nancy.fr)

During subduction, the hydrothermally altered oceanic crust dehydrates progressively. Mass transfers from the oceanic
rocks to the deep mantle may be responsible for compositional heterogeneities of the upper mantle.
Significant Fe stable isotope fractionation may occur during low-temperature (low-T; < 350°C) hydrothermal processes, as
well as during high-T magmatic processes. Fe is strongly sensitive to variations in Fe redox state, the heavier Fe isotopes
being preferencially incorporated into the Fe3+-phases.
This study employs Fe isotopes as a geochemical tracer of mass transfers during pre-subduction and syn-subduction
metasomatic processes. We have analysed Fe isotopes in series of high-pressure (HP) metamorphic basic rocks of MORB
affinity from the Ile de Groix (France) Variscan terrane (peak P–T conditions: 1.6–2.5 GPa; 500–600°C; El Korh et al.,
2009). Blueschist, eclogite and retrograde greenschist facies were investigated in order to determine if and how the
subducted basaltic crust may contribute to the mantle Fe isotope heterogeneity.
Fe isotopes (δ56FeIRMM-014 ± 0.01–0.03 ‰ 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 studied metabasites have δ56Fe values (+0.16 to +0.33‰) heavier than those of MORBs-OIBs
(+0.07 to +0.18‰; Teng et al., 2013). The heavy Fe compositions may be explained by the formation of isotopically heavy
Fe3+-rich secondary products during the pervasive seafloor low-T hydrothermal alteration that occurred prior to subduction.
Besides, our values are also consistent with the heavy δ56Fe values (up to +0.34‰) of Samoan differentiated lavas, which
could reflect either oxidising conditions or metasomatism of their mantle source, in addition to magmatic processes (Konter
et al., 2016).
A good correlation between the δ56Fe values and HFSE ratios (such as Y/Nb or Zr/Nb) reveals compositional
heterogeneities in the initial magmatic protolith compositions. The δ56Fe values decrease from blueschists (+0.19–0.33‰)
to eclogites (+0.16–0.18‰). Eclogites have higher SiO2 abundances and lower Al2O3 and Y/Nb contents than blueschists
(El Korh et al., 2009). Thus, the different δ56Fe values between blueschists and eclogites can be explained by: 1) small
variations in the protolith composition, and/or 2) Fe isotope fractionation during high-pressure metasomatic processes
related to dehydration reactions.
The δ56Fe values of retrograde greenschists (+0.17 to +0.27‰) are similar to those of eclogites and blueschists, even in
samples that show evidence of intensive interaction with Na-Al-Si bearing and Fe-poor fluids.
Fe isotope fractionation in the HP metabasites is limited by the restricted range of Fe2O3tot abundances (El Korh et al.,
2009) and Fe3+/ΣFe. In blueschists and eclogites, Fe is mainly distributed between the main metamorphic phases: Fe2+-rich
garnet, Fe3+-rich epidote, Fe2+-Fe3+-bearing glaucophane and Fe2+-Fe3+-bearing omphacite. While Fe3+-richer omphacite is
formed at the expense of Fe2+-richer glaucophane in eclogites, epidote is generally richer in Al and poorer in Fe3+ than in
blueschists (El Korh et al., 2009). In greenschists, chlorite, Fe3+-rich epidote, Fe2+-Fe3+-bearing barroisite and actinolite, and
magnetite formed at the expense of garnet, glaucophane and omphacite. No significant Fe amount was lost during the
dehydration and rehydration reactions, owing to Fe partitioning and Fe2+/Fe3+ exchange between the metamorphic minerals
stable under varying P–T conditions, and to the low mobility of Fe in low-Cl subduction zone fluids (Manning, 2004).
It is then suggested that the subducted metabasites have retained heavy Fe isotopic signatures until a depth of c. 60–70
km, where important dehydration occurs at the blueschist to eclogite transition. However, fluids derived from the subducted
basic crust are not expected to carry significant amounts of Fe that would generate mantle Fe heterogeneities, because of
the large stability field of Fe-bearing minerals in the source rock under subsolidus conditions. Our data predict that
isotopically heavy Fe rocks are carried to deeper levels in the subduction zone, where they undergo disequilibrium partial
melting (>100 km). Thus, the basic oceanic crust represents an important source for mantle Fe isotope heterogeneities
through melt-induced metasomatism of the fore-arc mantle wedge.
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The mantle source of the early stages of island arc magmatism:
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Island arcs are one of the primary sites of generation of new continental crust, and are also key locations to understand the proportion of
subducted sediment incorporated into the source of arc lavas versus recycled deep into the mantle. The Kohistan complex (northeastern
Pakistan) preserves a remarkably complete ~50 km thick cross-section through an exhumed Jurassic–Cretaceous island arc. It affords a
rare opportunity to study the chemical and isotopic evolution of island arc magmatism, from subduction initiation, through intra-oceanic
subduction, to arc–continent collision.
In this study, we investigate the ultramafic–mafic Jijal Complex, which preserves part of the plutonic roots of the Kohistan complex formed
over ~20 Ma of intra-oceanic subduction. We characterise the mantle source of the Jijal Complex using in situ LA-MC-ICPMS
determination of the Hf isotope composition of rutile from mafic lithologies, which are zircon-free. This work exploits the superior sensitivity
of the Neptune Plus, coupled with an improved analytical protocol, to improve precision of this novel technique and permit in situ analysis
of rutile with only ~10–30 ppm Hf.
The analysed Jijal Complex samples are garnet-bearing gabbros and garnet-hornblendites with variable development of paragonite–
quartz–epidote reaction textures attributed to interaction with residual hydrous melts. Rutile occurs included in early-formed minerals such
as clinopyroxene and garnet, indicating crystallisation at high pressures and temperatures. Rutile from all samples, collected across ~3 km
of former crustal depth, has indistinguishable Hf isotope compositions close to depleted mantle values. The Hf isotope composition shows
no variation with degree of development of paragonite–quartz–epidote reaction textures, supporting their formation by interaction with in
situ segregations of residual melt, and arguing against any role for late crustal fluids.
Integrating the new Hf isotope data for rutile with previously published whole rock Nd–Sr isotope data (Dhuime et al., 2009), we show that
the Jijal Complex gabbros have an enriched Indian Ocean type mantle source. The Hf isotope data permit only a very limited contribution
from subducted sediments to this source. This is in contrast to the previous interpretation of derivation of the Jijal gabbros from typical
depleted MORB type mantle, which would require a significant sedimentary contribution to explain the isotope systematics (Dhuime et al.,
2009). The distinction between these two scenarios, which is permitted by the new Hf isotope data, is of fundamental importance in
understanding the relative proportions of juvenile mantle versus recycled crustal material in the source of the early stages of island arc
magmatism.
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The plutonic-volcanic connection: Insights from central Japan
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The Takidani pluton in the Japan Alps is the potential source of large andesitic and rhyolitic eruptions and therefore
provides a rare opportunity to investigate the petrogenesis of large silicic magmatic systems and the highly debated
volcanic-plutonic connection.
Here we present new whole rock data from 103 samples of the Takidani pluton (including enclaves) and 11 samples of
volcanic rocks that have been proposed to be its erupted equivalent (i.e. Nyukawa PFD and Ebisutoge-Chayano PD)
together with glass analyses of pumices and trace element chemistry of plagioclase from the different volcanic and plutonic
units.
Whole rock REE patterns for the plutonic and volcanic rocks are similar and dominated by plagioclase and amphibole
fractionation. The segregated porphyritic unit near the roof of the Takidani pluton shows a more marked Eu anomaly
compared to the other Takidani units and the volcanic deposits. Glass compositions of pumices from crystal-rich andesitic
Nyukawa PFD and the crystal-poor rhyolitic Ebisutoge and Chayano eruptions are comparable.
Sr, Ba, Eu and La concentrations in plagioclase serve to distinguish two major populations in the volcanic products: high-Eu
plagioclases abundant in the andesitic Nyukawa PFD and low-Eu abundant in the rhyolitic Chayano tuff. Plagioclases from
the Ebisutoge deposits are typically high in Eu but also contain resorbed low-Eu plagioclase cores. The trace element
trends in the plagioclases across the different units of the Takidani pluton are similar from core to rim, with the exception of
plagioclase cores from marginal granodiorite at the roof contact of the intrusion. Trace element patterns of the Takidani
plagioclases are nearly identical to the low-Eu plagioclases observed in the Nyukawa PFD (i.e. 40 to 50 mol.% anorthite).
Overall, REE trends indicate that a petrogenetic relationship exists between the Takidani pluton and the Nyukawa PFD and
Ebisutoge-Chayano deposits. However, trace element and plagioclase chemistry clearly show that the Ebisutoge and
Chayano magmas evolved separately. The plagioclase compositions from the Takidani granodiorite and Nyukawa PFD,
however, suggest that plagioclases from the volcanic and plutonic systems crystallised from a similar or potentially the
same magmatic system.
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The oblique convergence and final collision of Gondwana-derived terranes and the Arabian plate with Eurasia during the
Cenozoic created a favorable setting for the formation of the the highly mineralized Meghri-Ordubad composite pluton in the
southernmost Lesser Caucasus, central segment of the Tethyan metallogenic belt. Regional strike-slip faults played a
critical role in the control of the porphyry Cu-Mo and epithermal systems hosted by the Meghri-Ordubad pluton. Detailed
structural field mapping, stereonet compilation of ore-bearing fractures and vein orientations, and paleostress
reconstructions allow us to constrain the formation of ore deposits in the context of wrench fault tectonics.
During Eocene subduction-related evolution of the region (Moritz et al. 2016), a NE-oriented compressional setting was
favorable for dextral displacements along the two major, regional NNW-oriented Khustup-Giratakh and Salvard-Ordubad
strike- slip faults (Fig.1). This resulted in the formation of a NS-oriented transrotational basin, known as the Central magma
and ore- controlling zone (Tayan, 1998). It caused a horizontal clockwise rotation of blocks. The EW-oriented faults
separating the blocks formed as en-échelon antithetic faults (Voghji, Meghrasar, Bughakyar, and Meghriget-Cav faults), and
controlled the rotation of the blocks. Тhe Central zone consists of a network of EW-oriented sinistral and NS-oriented
subparallel strike-slip faults (Tashtun, Spetry, Tey, Meghriget and Terterasar faults). They are active since the Eocene and
were reactivated during the entire tectonic evolution of the pluton, but with different behaviors. The regional Tashtun
transcurrent NS-oriented fault was active during all stages of evolution of the pluton. During the Eocene, dextral
displacement along the NS-oriented strike- slip faults were favorable for the opening of NE-oriented en-échelon normal
faults. The NS-oriented faults, in particular at their intersection with EW- and NE-oriented faults, were important orecontrolling structures for the emplacement of major porphyry Cu-Mo (Dastakert, Aygedzor and Agarak) and epithermal Au
and base metal (Tey-Lichkvaz and Terterasar) deposits.
During the Oligocene to the Miocene, collisional to post-collisional geodynamic evolution (Moritz et al. 2016), and
associated NS-oriented compression and EW-oriented extension, resulted in renewed dextral displacement along the NSoriented ore-controlling faults, and sinistral displacement along the EW-oriented en-échelon antithetic faults. This setting
created the favorable geometry for opening NS- EW- and NE-oriented extension fractures, and the adequate conditions for
the emplacement of vein and stockwork-type porphyry Cu-Mo deposits, including the giant Kadjaran deposit. During the
Lower Miocene, the Tashtun transcurrent fault had an oblique-slip bahavior. It formed a negative flower structure with a
strike-slip component, which resulted in the development of a pull-apart basin and the formation of the Lichk porphyry CuMo deposit.
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Figure 1. Schematic structural map of the Meghri-Ordubad pluton (modified after Karamyan et al., 1974; Tayan, 1998)
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Utilization of underground reservoirs for geothermal energy extraction, particularly using CO2 as a working fluid, requires an
in-depth understanding of fluid, solute (e.g., dissolved CO2 and minerals), and energy (heat, pressure) transport through
geologic formations. Such operations necessarily perturb the chemical, thermal, and/or pressure equilibrium between native
fluids and rock minerals, potentially causing mineral dissolution and/or precipitation reactions with often immense
consequences for fluid, solute, and energy transport, injectivity, and/or withdrawal in/from such reservoirs. The involved
physico-chemico-thermo-mechanical processes often lead to modifications of permeability, one of the most variable and
important parameters in terms of reservoir fluid flow and related advective solute/reactant and heat transport. Importantly,
the amount of mineral dissolution/precipitation that can cause orders of magnitude in permeability reduction can be very
small, if minerals are removed or deposited in pore throats or narrow fracture apertures. This potentially has detrimental
consequences for geothermal energy usage.
However, analysing, understanding, and predicting reservoir evolution and flow properties are non-trivial, as they depend on
complex chemical, thermodynamic, and fluid-dynamic feedback mechanisms. To achieve these goals, it requires the
integration and extrapolation of thermodynamic, kinetic, and hydrologic data from many disparate sources. The validity,
consistency, and accuracy of these data-model combinations are unfortunately often incomparable due to the relative
scarcity of appropriate parameterizations in the literature. Here, we present some results of hydrothermal flow-through
experiments on rock core samples. During the experiments, we fixed the flow rates, confinement and outlet pore-fluid
pressures, and recorded inlet pore-fluid pressure. We also analysed the outlet fluid chemistry samples throughout the
experiments and imaged our rock cores before and after the flow-through experiments using X-Ray Computed Tomography
(XRCT). With all these data, we are able to interpret the changes in permeability, porosity, and (reactive) surface area at
the core scale.

Figure 1. Dependency of the relationship between the fitted initial specific reactive surface area, s * , and the fitted parameter, w, on initial
porosity.
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Partial melting of the mafic lower oceanic crust
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Along oceanic spreading ridges, magma batches underplate, ascend, stall and erupt (see Fig.1). Although fractional
crystallization is frequently considered the most important process, MASH processes characterize open-system igneous
complexes and affects the crustal evolution of magmas. We examine the record of partial melting in lower oceanic crust
gabbro cumulate from slow- (Atlantic ocean at Kane Megamullion) and fast-spreading ridges (Pacific ocean at Hess Deep).
At the crystal scale, eutectic minerals are most affected by partial melting (i.e. Cpx + Plg ± Ol). Cpx oikocryst microstructure
show resorption embayments related to sharp geochemical variations: compatible Cr and Al and incompatible Ti, Zr and
REE decrease from core to rim, with a late-stage TiO2 and REE increase. Mg#, Eu* and Sr* increase from core to rim and
strongly decrease towards the outer rim. Plg shows reverse zoning.
Textures and geochemical evolution are incoherent with processes such as fractional crystallization or crystallization from
successive mantle-derived melts. Zoned Cpx oikocrysts result from 1) partial melting of REE-poor lower crust gabbroic
cumulate, 2) hybridization with intrusive hot Cpx-undersaturated primitive mantle-derived melt and 3) refertilization.
Reaction products are a Cpx-poor gabbro/troctolite residue and a hybrid melt saturated in Cpx and Plg (see Eq.1).
Mineralogy, texture and chemistry of cumulate primocrysts and hot intrusive melt are modified. Outer rim crystallized from a
distinct percolating late-stage reacted melt, close to solidus conditions.
Hybrid melt has high SiO2 and Mg# contents and is Cr-, Zr- and REE-depleted. MELTS calculations and geochemical
modelling of the hybrid melt liquid line of descent match N-MORB chemistry. Hybridization with co-genetic gabbro partial
melt is a valid alternative/complementary process to explain variations in the primitive MORB geochemistry. However, the
lacks of strong mineralogical and geochemical contrast between co-genetic invading melt and cumulate make it difficult to
distinct in erupted lavas alone.
Eq.1: initial rock (Cpx1+Plg1+Ol1) + hot primitive basalt = restite (Ol1±Plg1±Cpx1) + Cpx-rich hybrid melt => crystallization of
secondary and new phases (Ol2+Plg2+Cpx2±Spl)

Figure 1. Cross-section of slow-spreading ridges, showing the different occurrences of melt in the oceanic crust (based on Sinton &
Detrick, 1992; Dick et al., 2008). Gabbro s.l. includes troctolite, gabbro, gabbronorite and oxide gabbro. Also dunite occurs along the Moho.
Young hot crustal gabbro reacts (i.e. partial melting, hybridization, re-crystallization) with invading primitive mantle-derived melt. Crystals,
rocks and melt chemistry and texture are modified.
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Reconstruction of Earth’s early crustal evolution is tied to the identification and precise and accurate age determination of
the Archaean rock record. The Bastar Craton (BC) in Central India is an Archaean terrane that comprises some of the
oldest domains of the Indian subcontinent. Granitoids from central Bastar yield zircon U-Pb dates of 3.56 and 3.58 Ga
(Ghosh 2004, Rajesh et al. 2009). Another sample from southern Bastar yields a date of 3.51 Ga (Sarkar et al. 1993).
However, due to the low amount of available data, it is still unclear whether the dates coincide with actual crust-forming
events, represent a time of reworking or interaction of juvenile melts with older crustal components.
In order to better constrain the timing of crustal growth in the BC we conducted U-Pb, LA-ICP-MS analyses on zircon grains
separated from all exposed rock types from a large area. For a suite of granites and gneisses zircon grains yielded dates of
ca. 3.50 Ga. Some samples also preserve older cores (ca. 3.58 Ga). One gneissic sample uniformly hosts 3.58 Gyr old
zircon. Other granitic rocks from the region yielded zircon dates of ca. 2.48 and 2.50 Ga without inheritance of older
components. In every sample, the degree of concordance is highly variable, but the upper intercept with Concordia is
always well-defined by the data array.
Despite some samples having older cores, the zircon dates within an individual sample are strikingly uniform indicating a
major addition of crust and reworking (assimilation) of slightly older material (3.58 Ga) at ca. 3.50 Ga. The intrusion of
Neoarchaean granites into the Paleoarchaean unit may have locally altered the host rock, but not its zircon. This simple
petrogenetic evolution of the older granitoids makes them particularly suitable to study crust-mantle differentiation
processes in the early Archaean.
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2.11
Decompression-driven crystallization of superheated melts:
The formation of orbicules and comb layers in shallow subvolcanic
conduits (Fisher Lake, USA)
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Understanding the formation of igneous layering is shallow arc plutons is key to constraining the migration and
emplacement of melts within the mid-to upper crust and their relationship with volcanic complexes. At intraplutonic contacts,
magma flow structures commonly separate more homogeneous bodies. Some of these features include orbicules and
comb layers, which are enigmatic features formed by the crystallization of elongated minerals (comb-textures)
perpendicular to the layering either on a wall rock (comb layers) or on pre-existing xenoliths (orbicules). By studying comb
layers and orbicules from Fisher Lake, Sierra Nevada (USA), we provide new insights regarding the mechanisms
responsible for the growth of comb layers and orbicules in shallow arc settings.
Comb layers and orbicules show a significant diversity in terms of layer thickness, mineralogy and texture. The majority of
comb textured layers show plagioclase as the initial mineral to crystallize, forming a plagioclase-dominated cumulate, with
crystal fractionation leading to interstitial pyroxene and oxide saturation. Conductive cooling will lead to the saturation of
amphibole, thereby forming plagioclase- and plagioclase-amphibole comb layers. The lack of comb textured amphibole in
orbicule rims suggests that the presence of a thermal gradient is important in diversifying comb layer mineralogy and
texture.
Comb layers and orbicules are formed in subvertical dykes at shallow emplacement depths (ca. 2kbar depth), and are
associated with high-An plagioclase (An85-97), magma-breccia bodies and orbicule cores (xenoliths) originating from local
lithologies, suggesting hydrous conditions and dyke propagation through hydraulic fracturing. We therefore propose that
comb layers and orbicules are formed by the adiabatic ascent of moderately hydrous mafic melts (ca. 4 wt% H2O) through
the crust, inducing dissolution of pre-existing crystals and nuclei and the formation of a superheated melt. Upon reaching
the upper crust, this superheated melt will reach volatile saturation. Degassing will induce heterogeneous nucleation and
growth of plagioclase on solid rocks (wall rocks or locally remobilized xenoliths), forming plagioclase-dominated comb
layers and orbicule rims.
The rarity of comb layers and orbicules worldwide is suggested to be related to i) their local formation in subvolcanic
conduits upon volatile saturation, ii) their formation in highly dynamic environment and iii) the rarity of adiabatic ascent
leading to superheating in arc settings.
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Chondrites are primitive undifferentiated meteorites, which contain chondrules, calcium-aluminum-rich inclusions (CAIs) and
matrix that belong to the most pristine components of the solar system. Models propose that chondrules were formed by
either collisions of planetesimals or by shock-induced remelting of dust agglomerates in the disk and that they may record a
key step towards planet formation. Because condensation of CAIs, formation of chondrites and differentiation of first
planetesimals occurred within a few million years only, high precision crystallization ages of chondrules with an age
resolution of a few tens to hundreds of thousands of years are needed to understand the relative timing of chondrite
formation. This project aims to date chondrules from different types of the most pristine chondrites using the 26Al/26Mg
extinct radionuclide system. Precise chondrule ages in chondrules will lead to a better chronology of the earliest processes
in the solar system and to the timing of formation processes of planetary systems in general.
Chondrules, viewed as closed systems that formed by melting followed by rapid cooling of mm to sub-mm sized objects,
comprise different minerals with distinct compositions (i.e. 27Al/24Mg). The short-lived (and now extinct) 26Al decays to 26Mg
(i.e. in situ excess 26Mg). This decay results in increasing 26Mg/24Mg that correlates with Al/Mg ratios of the host material
(minerals, glass, mesostasis). Mineral isochrons constructed from different components of chondrules in pristine meteorite
samples that have different Al/Mg yield information about the age of last crystallization and thus chondrule formation.
The set of samples selected for this study comprises some of the least metamorphosed carbonaceous (CO3 and CV3) as
well as ordinary chondrites (L/LL3.05, L3.05, L3.10, L3.15, L3.00). Reference materials, which are used to determine
instrumental mass fractionation laws, comprise natural high-T minerals (olivines and pyroxenes), international standard
glasses (BCR-2G, BHVO-2G) and synthetic glasses. First analytical sessions at the SwissSIMS laboratory were performed
in order to adopt and develop analytical protocols (e.g. Villeneuve et al., 2009) for high precision Mg isotope measurements
using the Cameca IMS 1280-HR large radius secondary ion microprobe.
Here we present first results of reference material measurements and correction for instrumental mass fractionation as well
as preliminary Mg isotope data for chondrite samples. A typical external reproducibility (2 s.d.) for 26Mg excess of better
than ±0.07‰ and a 2σ error on the mean of all standard materials (2 s.e.) of better than ±0.011‰ was achieved during the
first sessions, which, however, needs to be improved by modifying the analytical routine in order to reach the high precision
needed for 26Al-26Mg mineral isochron dating of single chondrules.
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The Madneuli polymetallic deposit, Bolnisi mining district in Southern Georgia is a part of the Artvin-Bolnisi tectonic zone,
located between the Somkheto-Karabakh island arc of the Lesser Caucasus in the East, the Eastern Pontides to the west
and the Santonian-Campanian Adjara-Trialeti back-arc to the North. The formation of the Madneuli deposit is tightly linked
to the evolution of Late Cretaceous island arc magmatism in the Bolnisi district, where calc-alkaline to tholeiitic rocks are
characteristised by a bimodal mafic-felsic composition. The Madneuli deposit is hosted by volcanic and volcanosedimentary rocks of rhyodacitic composition of the Mashavera suite interpreted as Coniacian to Santonian in age. Our
field-oriented detailed studies were based on facies analyses, and enabled us to collect and interpret different volcanic and
sedimentary structures, outline their distribution and their relationship in the open pit, and finally classify them into two
facies assemblages: volcanic and volcano-sedimentary (Popkhadze et al., 2014). This allowed us to constrain the evolution
of volcanism in the Madneuli deposit and adjacent areas (Fig.1).
Cycle I consists of a phreatomagmatic eruption, documented by ash fall deposits, including a pumice-rich pyroclastic flow
interfingered with beds of fine-grained tuff and vesiculated tuff, associated with accretionary lapilli horizons. Cycle II is
associated with the formation of a submarine dome-like structure, produced during several eruptive pulses, and was
accompanied by the emplacement of isolated lobes. Two types of hyaloclastite flows were described for the first time in the
Madneuli deposit: (i) hyaloclastite with glass-like selvages and (ii) hyaloclastite with pillow-like forms, representing the
external part of individual lobes (Popkhadze et al., 2014). During Cycle III, the bedded volcano-sedimentary sequence and
lobe structure was crosscut by a rhyodacitic extrusion, and later by dikes, which outcrop in the eastern part of the open pit.
A columnar-jointed ignimbrite in the northern part of the open pit is described for the first time and was connecting to Cycle
IV. Reliable evidence for the hot emplacement is columnar jointing and high-temperature devitrification textures
(e.g.spherulites), which was followed by the emplacement of a welded ignimbrite pyroclastic flow in the uppermost part of
the Madneuli deposit.
In conclusion, the phreatomagmatic eruption centre of Cycle I was located in the Bolnisi area, at a distance of several kms
away from the Madneuli open pit. The volcanic activity producing the dome structure and the rhyodacitic extrusion in the
open pit might be connected to a granodiorite to quartz diorite porphyry intrusion, crosscut by drilling at a depth of 800-900
m beneath the Madneuli deposit.
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Figure 1. Schematic evolution of magmatism at the Madneuli deposit and adjacent areas, and the processes and facies architecture
during Late Cretaceous volcanic activity (scheme based on Soriano et al., 2013).
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2.14
Xenotime formation in a low-temperature hydrothermal environment,
Browns Range, WA
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The Browns Range district is located in the northernmost part of Western Australia. The district comprises of a cluster of
mineralized, steeply dipping breccia bodies and veins, hosted by sedimentary rocks, which are presumably part of the ca. 6
km thick Birrindudu Group (Blake et al. 1975). Sedimentation of the host rocks took place from 1.735 to 1.64 Ga (Blake et
al. 1975). The age of xenotime-quartz mineralization has been constrained to 1646±5 Ma (SHRIMP U-Pb dating of
xenotime, Morin-Ka et al. 2016), corresponding to the final deposition stage of the Gardiner Sandstone (Blake et al. 1995).
The mineralogy is dominated by xenotime and quartz, with subordinate hematite, zircon and florencite-goyacite. We
observed two major textural types of xenotime: (I) fine-grained xenotime impregnating the host rock and (II) coarsergrained, euhedral xenotime growing within open veins, or as syntaxial overgrowth onto the oldest of three generations of
vein quartz. The quartz generations can be readily distinguished by their cathodoluminescence (CL) color. Quartz A
predates xenotime and shows dark blue CL. Quartz B is cogenetic with xenotime and emits light blue CL with distinct
oscillatory zoning and inclusions of xenotime along distinct growth zones. Quartz C is distinguished by yellow to light blue
CL, overgrows Quartz A and B and clearly postdates xenotime formation.
Fluid inclusion studies were carried out on Quartz A and Quartz B in order to constrain the conditions of xenotime
precipitation. Quartz A hosts fluid inclusion clusters and trails of pseudosecondary origin (according to criteria in Roedder
1984). They are H2O ± salt mixtures consisting of liquid-vapor (L-V) or liquid-vapor-solid (L-V-S) (accidental trapped solid
crystals), with ca. 10 vol.-% vapor at room temperature. Freezing data of individual fluid inclusion assemblages (FIAs;
Goldstein and Reynolds 1994) reveal a salinity range from 1 to 8 wt.-% NaCl eq. (Steele-MacInnis et al. 2012). Temperatures
of homogenization (ThTOT) into the liquid phase range between 190 and 165 °C. Regarding homogeneous trapping, ThTOT
constitute minimum trapping temperatures. Fluid inclusions in Quartz B are located along growth zones and are therefore
primary. Their assemblages comprise H2O±salt L-V inclusions and coexisting monophase vapor (H2O) inclusions. The liquid
is of high salinity (23.6-25.8 wt.-% NaCl eq.) and the L-V inclusions homogenize into the liquid phase at 120 to 100 °C. The
coexistence of L-V and mono-phase V inclusions in the growth zones in Quartz B suggests boiling of the low-salinity fluid.
Thus ThTOT represents the trapping temperature for Quartz B inclusions.
LA-ICP-MS analysis of fluid inclusions trapped in Quartz A and B (L-V fluid inclusions) reveals the dominance of Na, K, Mg
and Ca. Fluid inclusions in both quartz generations contain detectable Y, U, Fe, Cu, Zn, Pb and REE. Higher salinity fluids
hosted by Quartz B contain significantly greater amounts of Y, U and LREE compared to the low salinity inclusions in
Quartz A. However, not only the absolute abundance of REE changes between the two quartz generations. Normalization
of the analyses to equal salinities reveals that the fluid inclusions in Quartz A are markedly enriched in HREE vs. LREE,
whereas no such enrichment is recorded by fluid inclusions in Quartz B.
Although the ultimate source of REE remains unknown, detrital REE-bearing minerals in the lower portion of the Birrindudu
Group or U and REE mineralization in underlying basement rocks are suitable metal sources. Xenotime-quartz
assemblages evidently formed in a low-temperature environment from a fluid that was already enriched in REE in general
and in HREE in particular. Low-grade burial metamorphism of the sediments (Blake et al. 1979) led to mineral dehydration
and pore fluid mobilization. The mobilized aqueous fluid migrated along the basal unit of the Gardiner sandstone into
structural pathways. Xenotime-quartz mineralization coincides in age (Morin-Ka et al. 2016) with the final stages of the
sedimentation of the Birrindudu Group (Blake et al. 1995) and D6 deformation (Ahmad and Dunster, 2013). It is evidently
due to this regional tectonic event that SiO2- and REE-rich oxidizing pore fluids cooled and decompressed, resulted in fluid
boiling below hydrostatic pressure conditions (closed system) and precipitation of abundant Quartz B and xenotime.
Mobilization of fluids and precipitation of Quartz A could have taken place between 190 to 270 °C and 0.5 to 1.7 kbar, under
hydrostatic to lithostatic pressure conditions. The presence of hematite suggests oxidizing conditions.
Results of this study reveal that xenotime-quartz mineralization of the Browns Range District owes its origin to an HREEenriched, low salinity, oxidizing basinal fluid. Heavy REE may have been remobilized by this fluids during diagenesis/
metamorphism and concentrated by the mineralizing system. Whilst cooling is thought to be responsible for the precipitation
of large volumes of quartz (Quartz A), it was evidently boiling that led to extreme enrichment of HREE as an entirely new
mode of REE deposit formation.
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The core of the Lepontine dome: new geological, structural,
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The central part of the Lepontine dome includes, from bottom-to-top, the subpenninic gneissic nappes of the Leventina,
Simano, Adula/Cima-Lunga and Maggia. These nappes derive from the same post-Variscan gneissic crust complicating
their lithological distinction within the nappe pile.
We present the geological map of the Osogna sheet (Swiss National Map no. 1293,1:25’000) together with structural and
metamorphic data and magmatic and metamorphic U-Pb zircon ages of ortho- and paragneisses laying along the
Leventina-Simano boundary.
The geological map shows lithological boundaries that are locally incongruent with the tectonic contact of the published
maps. In particular, the boundary between the Leventina and the Simano gneisses is not clear. Generally, the boundary
was traced within leucogneisses by joining a carbonate lens with quartzite, amphibolite or paragneiss lenses. Nevertheless,
we could not find any quartzite and the amphibolite and paragneiss lenses are vertically distributed in the
tectonostratigraphy and do not form a single folded horizon. Within these two units the strain related to top-to-the-foreland
shearing is rather distributed. Such deformation occurred at peak metamorphic conditions between 570 and 620 °C and
below ~6000 bar (conditions constrained with equilibrium thermodynamics).
Magmatic Early Permian U-Pb zircon ages from a folded granitic dike discordant within the paragneisses that separate the
Leventina and the Simano units attest moderate deformation along the boundary during the Alpine orogen. Therefore, we
present evidence that the top-to-the-foreland deformation between the Leventina and the Simano units was more
distributed that commonly assumed, limiting the allochthonous character of the Simano unit.
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Control of water activity on the hydroxyl content of biotite
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Water activity is an important variable controlling metamorphic processes. Water can be present as a fluid phase, but its
activity is reduced by dilution with CO2 or dissolved salts, for example. Alternatively, water activity can also be reduced due
to undersaturation of the system, e.g. no free fluid phase is present. Such variations have been called upon to explain
processes as diverse as melting in the crust, granulite formation, equilibrium or the kinetics of mineral reactions. Water
activity is typically inferred from low-variance mineral assemblages or fluid inclusions, but it requires an independent
determination of both temperature and pressure. Here we present another approach: hydrous minerals can, in principle,
monitor aH2O through a change in hydroxyl ion concentrations by the reaction 2 OH-bt -> O2-bt + H2Ofluid (here for biotite, for
example). To evaluate this hypothesis, we have analyzed water content in biotite from two different contact aureoles using
SIMS.
The OH- content of biotite in pelitic schists from the mid-crustal contact aureole of the western Adamello (Floess and
Baumgartner 2013) decrease slightly with increasing temperature of biotite crystallization. In these biotites Ti content
increases, while no correlation with Cl or F was observed. Such an evolution has been attributed to Ti-oxygen substitutions
(Cesare et al. 2008). Nevertheless, here we demonstrate that Ti-content varies within an individual sample (outside EPMA
uncertainty), but these variations are not correlated with OH-, since OH- content is constant. Hence, Ti-oxygen substitution
is not solely responsible for water decrease in biotite of the Adamello contact aureole. We rather interpret the decrease of
OH- content from 3.41 ± 0.09 p.f.u. for sub-solidus samples to 3.27 ±0.08 p.f.u. for partially molten rocks as an indication of
a decrease in water activity due to fluid absent partial melting.
In the Ubehebe Peak contact aureole, infiltration of a water–rich fluid from the intrusion (Roselle et al. 1999) produced
metacarbonate assemblages containing phlogopite in two different metacarbonate samples, metamorphosed at the same
temperature, but different fluid composition, as determined by phase petrology. Water content decreases in biotite with
increasing CO2 in the fluid phase from 2.8-3.8 p.f.u. to 1.5-2.2 p.f.u. Since there is virtually no Fe or Ti in these phlogopites
we interpret this clear trend of OH- content in biotite to monitor water activity during crystallisation.
In conclusion, water content in biotite is a powerful tool to constrain the relative evolution of water activity of a system, but it
still requires a good experimental calibration of the relation between these two variables to be of absolute value.
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symplectites: insights from Pouso Alegre mafic rocks (Brasília Belt,
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Mafic rocks within crustal sections that underwent polycyclic tectono-metamorphic evolutions may be used as markers for
suture zones, particularly if they preserve relict of high-pressure metamorphism. Reconstructing the metamorphic history of
such mafic rocks is challenging because they are commonly retrogressed and are scarce in supercrustal sequences. The
mafic rocks from Pouso Alegre in the Meridional Brasília Orogen (SW-Brazil), outcrop as rare lenses within (Ky)-Sil-Grt
gneiss, Amp-Grt orthogneiss and Bt granite and are heavily weathered. It has been previously suggested that the Pouso
Alegre garnet amphibolites are “retro-eclogites”, based on a characteristic symplectite texture and mineralogical
observations, and thus they have been intepreted to mark the suture zone between the Paranapanema and São Francisco
cratons. However, no quantitative estimates of the pressure is available to support this conclusion. In this study we
investigated in detail these samples to refine their P-T-t history.
The Grt-Cpx amphibolite from Pouso Alegre shows symplectite and corona textures overprinting a former Grt-Cpx1
paragenesis, as commonly observed in retrogressed eclogites. Bulk rock chemistry indicates a tholeiitic gabbroic
composition, with a MORB-like signature. The bulk-rock composition was used for P-T modelling with THERIAK-DOMINO
(De Capitani & Petrakakis 2010). The Grt-Cpx1 assemblage is stable at 700°C and 14 kbar. The symplectite is developed
from the reaction Omp+Qz+H2O→Cpx+Amp+Pl+Qz. Local compositions of the symplectite domains were used to retrieve
the jadeite content of Cpx1. This value is in line with the predictions of the model and confirms a maximum pressure of 14
kbar. The P-T conditions for the formation of the symplectite are between 600-750°C and less than 7kbar as estimated
using XMapTools (Lanari et al. 2014) and BINGO-ANTIDOTE (Lanari & Duesterhoeft 2016). This program compares the
metamorphic assemblage, mineral modes and composition observed in a given domain of the rock to those predicted by
the thermodynamic models.
Rutile is a good candidate to preserve relict metamorphic stages that have been completely obliterated in the matrix. Zr-inrutile thermometry (Tomkins et al. 2007) indicates that rutile forms at temperature of ca. 715°C. The Zr-in-rutile data are
consistent with the T from modelling, without evidence of a preceding, higher grade stage.
The inclusions trapped in the garnet porphyroblast, rutile and in zircon were systematically analyzed to search for relicts of
a metamorphic stage predating the Grt-Cpx1 assemblage. Inclusions of Cpx, Amp, Grt, Ttn, Zrn and Bt are similar in
composition to the matrix minerals, supporting the results of the thermodynamic models with a maximal pressure of 14
kbar. We thus conclude that this sample equilibrated at lower crustal conditions.
U-Pb zircon age (LA-ICP-MS) of zircon cores spread along concordia from ca. 1.7 to 1.0 Ga with a significant cluster at
1518±9 Ma (MSDW = 1.3), which is interpreted as the protolith crystallization age. Zircon rim ages in the interval 660-590
Ma are correlated to the metamorphic event based on CL imaging and Th/U ratios. U-Pb geochronology of the samples
provide a crystallization age for the orthogneiss and granite of ca. 2,1 Ga, a maximum sedimentation age of the (Ky)-Sil-Grt
gneiss at 794±4 Ma and metamorphism in the orthoderivated rocks at 626±5 Ma.
In the mafic rocks, the significant time span between protolith crystallization and metamorphism (ca. 800 Ma), the lack of
evidence of a collision in this period and the bulk-rock chemistry indicate a continental basalt/gabbro origin. The mafic
magma intruded the granitic country rocks at ca. 1.5Ga, and sediments deposited on this basement by 800Ma. The
sequence was involved in the collision at ca. 630Ma, when it reached the peak metamorphic conditions.
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The role of trace and major element chemistry in controlling the
solubility of water in upper mantle olivine
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Experiments in simple systems (SiO2-MgO-Tr) have demonstrated that when doped with approporiate levels of a trace
element (Tr), the solubility of water in forsterite is substantially enhanced (Berry et al. 2005). Despite the clear relationship
in synthetic systems, studies investigating natural olivines have concluded that the ability of trace elements to influence
water incorporation is minimal (Gaetani et al. 2014). We have attempted to reconcile this discrepancy by conducting a
series of experiments on natural mantle olivines from a single locality with a range of trace and major element
compositions, representiative of typical depleted upper mantle.
Six optically-clear crystals of San Carlos olivine (Arizona, USA) were cut into cubes with dimensions of 15x15x15 mm, with
each face orientated parallel to a principle crystallographic direction. Cubes from each olivine were packed in platinum
capsules surrouded by olivine-orthopyroxene powder and heated at 1400 oC and atmospheric pressure for 24 hours. The
cubes were then extracted and sealed inside silver capsules containing distilled water. The capsules were held at 800 oC
and 15 Kbar for 72 hours, allowing hydrogen to diffuse into the crystal structure and decorate existing point defects. The
cubes were subsequently mounted in epoxy and double-polished such that profiles along the a and c axes could be
measured by Fourier transfor infrared spectroscopy (FTIR) in order to ascertain both the water content and the nature of
the hydrous defect populations present. The FTIR data was then compared to laser-ablation ICP-MS data for the same
cubes to deduce the relationship between water content and crystal composition.
Spectra along each axis consists of four main groups of bands in the water stretching region (3650-3000 cm-1). The sum of
the integrated absorbance of all of these bands (proportional to total water content) shows no clear relationship with
composition, similar to previous studies (Gaetani et al. 2014). However, when the absorbance beneath individual bands is
compared to composition, distinct relationships are found. The single band at 3612 cm-1 shows a negative correlation with
Cr and positive correlation with Mn.The intensity of bands centred at 3572 cm-1 and 3525 cm-1, which are typically dominant
in upper mantle olivine, have very strong positive correlations with the Ti content and negative correlations with Mg. Bands
between 3400 cm-1 and 3300 cm-1 show a positive correlation with Cr/Na and negative correlations with FeTot and Mg#. The
broad band at 3250 cm-1 has a weak positive correlation with Mn and a weak negative correlation with MgO. There were no
correlations between any of the band intensities and Al concentration.
These results illustrate the often overlooked complexity of hydrous point defect populations in olivine. The positive and
negative relationships between different bands and trace elements act to cancel each other out such that over the
compositional range investigated, trace element concentration would appear to have minimal impact on water solubility
when only measurements of total water are performed. However, when the total water content is broken down into water
associated with different point defects as done here, a substantial control from composition is apparent. Most significant is
the relationship with Ti, since formation of this hydrous defect results in the generation of Si vacancies and thus is a
principle weakening mechanism of the olivine structure (Faul et al. 2016). The substantial range of Ti contents and
associated hydrous defect concentration between olivine crystals extracted from such a limited volume of mantle suggests
that interaction of fluids with typical upper mantle peridotite may lead to weakening effects over much smaller scales than
previously thought. Any models considering total mantle water content and consequential weakening must therefore
incorporate trace element variability on both large and small scales in order to accurately model mantle dynamics and water
recycling.
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2.19
Clay mineral diagenesis in Cretaceous Dentale and Gamba clastic
reservoirs from the South Gabon Basin (West African passive margin) –
new insights on the regional geology and basin evolution history
Giovanni Zanoni1, Branimir Šegvić1, Andrea Moscariello1
1

Department of Earth Sciences, University of Geneva, Rue de Maraîchers 13, 1205 Geneva, Switzerland

The Gabon coastal region located along the equatorial West African continental margin, hosts several sedimentary basins
with well-developed and prolific petroleum systems whose two key elements (source and reservoir) developed prior, during
and after the opening of the South Atlantic Ocean in Cretaceous time. In this study, we focus on the Early Cretaceous
Dentale and Gamba Formations in the onshore part of the South-Gabon sub-basin formed during the syn-rift and transition
to post-rift time respectively. The two formations are both consisting of siliciclastic rocks thought to be accumulated in fluvial
and lacustrine environments. The exceptional access to core material from two wells from these two reservoirs allowed us
to provide unprecedented information on their mineralogy, geochemistry and thus origin and post-depositional diagenetic
processes that controlled the distribution of clay parageneses. The latter is considered to be of high importance for the
understanding of the basin’s burial history and geotectonic development. Sampled material was analysed by X-ray
diffraction, automated electron microscopy, and inductively coupled plasma mass spectrometry in order to reconstruct early
and burial diagenetic variations directing the formation of clay assemblages in the basin.The clay content in both cores
consists of authigenic mixed-layer minerals like illite-smectite (I-S), chlorite-smectite (C-S) and berthierine-chlorite (B-C) and
some minor detrital illite/mica and chlorite. Illite-smectite and C-S phase chemistry are interpreted as the product of
progressive evolution from the dioctahedral (I-S) and trioctahedral (C-S) smectitic precursors formed out of acid volcanic
feedstock during early diagenesis. Different magmatic fractionation degrees, from rhyodacite to trachyandesite, reflected in
the uniform REE curves of the volcanic glass conform to an active geotectonic development of the Cretaceous margins of
Africa. If this is confirmed, this will be the first account of active volcanism recorded during Barremian-Aptian times in the
eastern coast of South Atlantic.
Finally, the study on clay minerals allowed us to provide accurate description and quantification of pore filling minerals, a
new controlling factor for log calibration, all of which having a direct impact on porosity calculation.
Overall the findings provide new insights and ideas at regional and reservoir scale that may assist the future exploration
and development of hydrocarbons in these two ‘mature’ reservoirs formations.
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Activity at open vent basaltic volcanoes is highly variable, ranging from outgassing, to small ash explosions, larger
paroxysmal events, and lava flows. Mount Etna is a type example basaltic volcano characterized by frequent eruptions of
variable magnitude, intensity, and explosivity. This variability can occur among and within individual eruptions, with no
apparent shift in vent position and/or magma composition, suggesting that each eruption is the product of several preeruptive processes and their non-linear interaction. Unraveling these processes and the specific parameters controlling
explosivity of basaltic magmas requires specific studies on complex style eruptions.
We have investigated the eruptive dynamics of the May 2016 episode, which represents a relatively short eruption (1 week)
alternating both explosive and effusive phases. Strombolian explosions occurred at three of the summit craters at various
times during the episode. Among the summit vents, the Voragine Crater (VOR) displayed the greatest variability in style,
alternating between explosions, pulsating lava fountains, lava flows and elevated outgassing from 18 to 21 May. The three
lava fountains at VOR led to the formation of plumes to the east on 18 and 19 May and south-east on 21 May.
Compositional and physical magma properties were assessed on the tephra deposited from the 21 May plume and the lava
flow of the same day in order to determine any variability present and rheological change controlling explosivity. The
explosive phases are characterised by coupling field data with recordings from fixed monitoring cameras to constrain plume
heights, eruption phase durations, total erupted masses and fallout boundaries. Particle size distributions of tephra from
different locations were measured via CAMSIZER and used to compute the total grain-size distribution of the deposit. The
curve was then compared to the distribution obtained by conventional methods.
Results suggests that even in the case of small volume eruptions, an abrupt shift in magma properties results in a rapid
increase in explosivity with onset of efficient fragmentation and formation of a few km high plumes.
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Mount Etna is a type case of open vent basaltic volcano. It shows a large range of eruptive styles as lava flows,
Strombolian explosions, lava fountains, Subplinian and Plinian eruptions (Branca and Del Carlo, 2005). We compare two
eruptions characterised by different styles. The 1651-1653 is a large volume, long lasting effusive eruptions fed by a crystalrich (46.5 vol %) magma with up to 66.5. vol% cm- sized plagioclase crystals. The 2002-2003 eruption had a shorter
duration, with a strongly explosive phase and contemporaneous smaller lava effusion. Lava flows and explosions were fed
by lower crystallinity (25.6 vol% ) magmas with different volatile content (Andronico et al., 2005; Spilliaert et al., 2006).
These two eruptions represent ideal end-members in the volcanic activity of Etna because of the contrasting composition
and petrography.
We performed a detailed sampling of both 1651-3 lavas and 2002-3 tephras and lavas to analyse the properties of the
feeding magmas, their variations with time and at different eruptive vents. Moreover, the physical and textural properties of
the lava and scoria of these two eruptions (e.g. density, vesicularity, grain size distribution and componentry), compared
with their geochemical and petrological properties (bulk and phenocryst composition, CSDs) provide fundamental
information on conduit and magma chamber processes and how they affected the eruptive dynamics.
Our results suggest that the 1651-1653 lavas are more evolved, with higher content of SiO2, Al2O3 and Na2O and lower
TiO2, Fe2O3 and K2O concentrations with respect to the 2002 lavas. Two distinct chemical groups can be established
considering the products of the 2002 eruption: the southern flank lavas are more primitive (MgO-rich and K2O-poor) than
those emitted on the Northern flank. Plagioclase compositions range from 0.42 to 0.87, and 0.72 to 0.88 An mol % in the
1651 lavas 2002 tephra and lava, respectively. All crystals show complex zoning and resorption patterns. Clinopyroxenes of
1651-1653 lavas have a Mg-richer composition, reaching in some cases 15 wt% of MgO. 2002 clinopyroxenes are
characterized by a lower MgO content, generally ranging from 12 to 13.5wt%. Clinopyroxenes also reveal resorption
textures, especially at the core and strong oscillatory zoning. Different CSDs for the three phenocryst species are also
indicative of very distinct crystallization conditions.
Finally, heterogenous properties (vesicularity and groundmass crystallinity) of the scoria erupted during the Strombolian
phase of the 2002 eruption suggest recycling, shallow magma mixing and non homogenous crystallization in the volcanic
conduit as effective syn-explosive processes.
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Mantle xenoliths are abundant in many different localities throughout the Patagonia area. They are found in plateau and post
plateau alkaline volcanism (Miocene to Pleistocene) from Patagonian back-arc region. The latter is due to the subduction of
the Chile triple junction point, where the Nazca and the Antarctica plates subduct under the South American plates, leading to
the opening of a slab window. Mantle xenoliths from these localities are important because they provide information about the
processes happening in the Andean mantle wedge and in back-arc volcanism. In the present study, mantle xenoliths, which
include spinel bearing dunites, harzburgites and lherzolites, were collected in Sierra Baguales, Austral Patagonia, around 300
km east of the subduction trench in Chile, really close to the volcanic arc. We use petrographic analyses, geothermometry as
well as major and trace elements geochemistry to identify the different processes which have affected the lithospheric mantle.
Harzburgites and lherzolites yield equilibration temperatures
between 850°C and 950°C using the Wells (1977) and Brey
and Köhler (1990) thermometers. Olivine, cpx and
orthopyroxene Mg# range from 90 to 92.3, 89 to 94.7 and
90.5 to 92.6 respectively. Spinel is magnesiochromite and
has Cr# between 25 to 50% from the most fertile to the
most depleted peridotite. There are 3 distinct groups of
REE patterns in cpx: lightly convex-shaped (group 1), lightly
convex with LREE enrichment (group 2) and flat (group 3).
We estimate, based on the best fit of HREE content in
these cpx, that the initial melting process which depleted
these peridotites start in the garnet stability field (0-7%)
following by moderate melt extraction in the spinel stability
field (6-9%). Secondary melt enrichment associate to
chromatic effects related to melt circulation explain the
LREE enrichment observed in cpx from various xenoliths.
Refertilization simulations have been made with a a melt
having the same geochemistry as the host basalts (alkaline
with a slab component) and yielded really good fits, linking
all the samples together. The main different processes seen
by the lithospheric mantle under Sierra Baguales are
transition to porous to focused flow creating dunitic
channels, partial melting in the garnet and spinel facies and
refertilization by melt.

Figure 1. Interpretation of the processes (creation of a dunite
channel, refertilization and partial melting) seen by the lithospheric
mantle under Sierra Baguales, including all the samples and a
comparison with their Cpx REE patterns. The initial setting of the
figure is based on a figure of Müntener and Piccardo (2003).
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The Neogene back-arc magmatism in southern Patagonia (South America) has been associated to the melting of OIB type
asthenospheric mantle, related to the opening of a slab window and/or slab tearing beneath South America as a
consequence of the subduction of the Chile ridge. This back-arc magmatism produced alkaline to subalkaline transitional
lavas – magmas with geochemical characterictics intermediate between alkaline and calc-alkaline geochemistry – yet the
spatial and temporal evolution of the geochemical signatures are largely unconstrained. Slab tear and/or slab windows
however, should produce a spatially and temporally resolvable signature in back-arc lavas, since the thermal structure of
the mantle above the subducting plate will be strongly influenced by the presence or absence of a subducting slab.
Here we use detailed field investigations and new geochemical data from the back-arc lavas of the Sierra Baguales
(southern Patagonia), that are located about 100 km east of the active volcanic arc, to test the potential relationships
between the geochemical signature and tectonic models.
New geochemical analysis show that basaltic lavas and mafic rocks from Sierra Baguales are primitive magmas (up to Mg#
= 70, Ni = 250-300 ppm and Cr = 500-550) with subalkaline to high-K calc-alkaline signature. Positive Pb and negative Nb
anomalies suggest a connection with calc-alkaline magmas, but the OIB like general enriched trace element patterns
distinct them from typical arc volcanoes. These basaltic magmas show, therefore, an unusual transitional signature with
relatively high Nb content (Nb = 15 ppm) regarding calc-alkaline basalts but high La/Nb (1.3-1.5) and low Ce/Pb (6-8)
regarding typical alkaline intraplate magmas (La/Nb < 1 and Ce/Pb> 15).
Studies have demonstrated that melting of amphibole-rich metasomatic veins or cumulates located in the lithospheric
mantle could represent an alternative hypothesis for the origin of intra-plate alkaline volcanism. In particular, Pilet et al.
(2011) have shown that the trace element signature of the alkaline magma are directly related to the metasomatic process
that form the amphibole-rich veins. Amphibole-rich cumulate could also be produced by calc-alkaline arc magma
differentiation at depth, and their potential delamination (e.g. Müntener & Ulmer, 2006) in a Ma time-scale could be an
alternative to produce transitional magmas characterize by low Nb high Pb content. This hypothesis provide an alternative
mantle source, linking the arc and back-arc magmatism with a coupled petrogenetic model, that differ from slab window
and/or slab tearing models.
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Large, explosive volcanic eruptions can have both immediate and long-term negative effects on human societies. A primary
goal of volcanology is to understand the frequency (f) and magnitude (M) of such events to mitigate their impact on human
society. Statistical analyses of volcanic eruptions show that the f-M relationship observed for the largest eruptions on Earth
(> ~450 km3) differs from that observed for smaller eruptions, suggesting different physical processes leading to eruption.
Recent studies also show that the average flux of magma (Qav) into a given volcanic-magmatic system fundamentally
controls the f and M of volcanic eruptions, yet this parameter is unknown for many volcanic regions on Earth. This project
will characterize the petrography, geochemistry, and geochronology of four caldera-forming ignimbrites from the Southern
Rocky Moutnain volcanic field, Colorado, to determine the physical processes leading to eruption, including the Qav for the
system. We collected outflow samples along stratigraphy of the three caldera-forming ignimbrites of the San Luis caldera
complex: the Nelson Mountain Tuff (>500 km3), Cebolla Creek Tuff (~250 km3), and Rat Creek Tuff (~150 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) and 26.87 ± 0.02 Ma (Snowshoe Mountain). This rapid succession of ignimbrite
eruptions within the central San Juan caldera cluster provides a unique opportunity to investigate the physical processes
leading to large, explosive volcanic eruptions. Our detailed study of whole-rock geochemistry, mineral chemistry, and zircon
geochronology of these four ignimbrites will quanitfy the average rate of magma input (Qav) and the frequency of magma
recharge that preceded these eruptions. The results of this study will be used to understand the role of magma flux and
periodicity of magma injection in determining the f-M relationship of volcanoes within the central San Juan caldera cluster.
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Petrography and mineral chemistry studies of mantle xenoliths from Kuk, Wum and Etome volcanoes (Southern continental
part of the Cameroon Volcanic Line) were carried out to better understand the origin of magmatic CO2 and the nature and
the geodynamic environment of the mantle source. Massive CO2 burst in two maars volcanoes lakes have led to the
sudden death of 37 people (Monoun) and 1746 people (Nyos) in 1984 and 1986 respectively, making the study about the
mantle source below the Cameroon Volcanic Line particularly relevant.
The studied rocks are spinel lherzolites of protogranular to porphyroclastic textures with olivine (64-75%), orthopyroxene
(15-20%), clinopyroxene (8-17%) and spinel (2-3%). Chemically, olivine is forsteritic (88.4-90.8%) and the orthopyroxene
has a slightly lower Mg# (85.6-90.0%). Clinopyroxenes show chemical variations in composition; they are diopside and
augite with En (37-54%), Wo (42-50%) and Fs (4.4-15.7%). Fluid inclusions occur in clinopyroxene that are aligned along
exsolution lamellae and at the rims (Nformidah-Ndah, 2016) . Pargasitic amphibole, as observed at Nyos maar mantle
xenoliths (Pinter et al., 2015), were not found in the studied xenoliths.
Trace and rare earth elements concentrations in olivines show differences in Sc and Cr (higher in Kuk), Yb, Er and Gd
(lower in Kuk). Clinopyroxenes show a continuous trend from higher to lower Al and Na contents that fit the general trend
for sub-continental lithospheric mantle. The good correlation between enrichment of Al2O3, TiO2 and Na2O, provide evidence
for metasomatism of the peridotite xenoliths.Trace and rare earth elements for clinopyroxene are generally higher in Etome
samples while Th and U values are higher in Wum. Trace element patterns are characterised by a general enrichment in
large ion lithophile elements (LILE) except for Ba and light rare earth elements (LREE) relatively to primitive mantle and
chondrite values. Nb is depleted with respect to LREE and U, as typical for subduction-related metasomatism. However, Pb
and Sr do not show enrichments and thus the nature of the metasomatic agent remains enigmatic.
Petrographical, mineralogical and geochemical characteristics of the studied xenoliths thus indicate that the sub-continental
lithospheric mantle below the Cretaceous Cameroon Volcanic Line was metasomatized probably during a Precambrian
convergent episode by a fluid phase. This is supported by recent Archean to Paleoproterozoic ages obtained for mantle
xenoliths from the Nyos region (Liu et al., 2016). While all samples display clear evidence for a metasomatic addition of
some LILE, Th, U and LREE, the origin of the metasomatic imprint is not yet resolved. Nevertheless, our study provides
evidence that the Precambrian geodynamics and related metasomatism of the mantle might create a modified
subcontinental lithosphere. We suggest that the investigation of this metasomatism will contribute to the better
understanding of CO2 generation below the Cameroon Volcanic Line.
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The study of coexisting inclusions of multiple fluid phases (aqueous liquid, vapour, salt or silicate melt) allows for direct
observation of the partitioning behaviour of elements between residual water-saturated melt and aqueous fluid at the
magmatic hydrothermal transition. This stage is decisive for the mass transfer of elements between geological reservoirs
and is relevant 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 an ideal study area due to the numerous fluid exsolution features exposed in the field
area, such as miarolitic cavities as well as pegmatoid and frothy zones, which document hydrothermal processes from 750
°C down to <300 °C as revealed by local occurrence of zeolite minerals. The complex is thus a perfect natural laboratory to
investigate processes in shallow subvolcanic magma reservoirs that may ultimately trigger porphyry-type ore (Cu,Mo)
deposit formation (e.g. Audétat et al. 2008).
During field work, numerous miarolitic cavities have been found and sampled in the exposed parts of magma-mingled
mafic-felsic units, as well as in the lowest granite unit and in fallen blocks of all three granite units. These cavities range in
size from mm up to about 1 m, and free-grown minerals are typically in the mm to cm range. The mineral assemblages of
the cavities are mainly dominated by free-grown quartz and feldspar, in several cases also featuring a narrow eutectic
graphic texture in the transition zone from the cavity into the surrounding rock. A few cavities show a more diverse
mineralogy exhibiting also titanite, biotite, needle-shaped amphibole, allanite-epidote and locally various zeolites.
In order to quantify element distribution between residual melt and an exsolving aqueous fluid phase the sequence of
inclusion entrapment and the different types of inclusions are characterised in detail using transmitted light microscopy. The
studied samples cover several generations of quartz, including unaltered igneous rock, graphic texture, and free-grown
crystals in cavities.
Vapour-rich inclusions (Type I) are found throughout all examined samples, while 2-phase vapour-liquid (Type II) and
silicate melt (Type VI) inclusions are less common. The latter mostly occur in areas showing graphic texture. Additionally, a
large number of inclusions are comprised of several types of brines, all of which are characterised at room temperature by
the presence of a vapour bubble and a halite crystal in aqueous liquid (Type III), and many feature additional crystal phases
(Type IV). In a few samples 3-phase-fluid inclusions (Type V) containing liquid H2O, liquid CO2 and CO2 at room
temperature are also observed.
Very promising for subsequent analysis are inclusion assemblages consisting of more than one type of inclusion. So far
several coexisting brine + vapour-rich fluid inclusions (“boiling assemblages”), as well as coexisting silicate melt + aqueous
vapour-rich inclusion trails have been identified in the samples from Torres del Paine.
Preliminary microthermometry was done using a Linkham THMS 600 heating freezing stage to obtain temperatures of
significant phase transitions in fluid inclusions, which provide bulk salinity data expressed as NaClequivalent, as well as first
estimations of entrapment conditions. Preliminary results were obtained from inclusions in smoky quartz of sample TdP04.
Type IV brine inclusions exhibit Tm,halite at 346 °C, corresponding to 42 wt% NaCleq (Driesner & Heinrich 2007) - and total
homogenisation into the liquid phase at TH,tot of 424 °C, which represents a minimum entrapment temperature. The
inclusions also contain a cluster of small black needle-shaped crystals that melt around 355 °C, thus representing most
likely daughter crystals.
So far, total homogenisation temperatures for another set of brine inclusions lie outside of the T range (>580 °C) accessible
by our microthermometry stage, but they confirm fluid entrapment at high temperatures close to or even at the magmatichydrothermal transition.
Future work will include measurements of the chemical composition of inclusions by LA-ICP-MS following procedures
documented in Pettke et al. (2012). Coexisting aqueous fluid and hydrous melt inclusions present in assemblages allow for
the direct measurement of element distribution coefficients at the magmatic-hydrothermal transition, and entrapment
temperatures are obtained from coexisting liquid-vapour fluid inclusion assemblages. Having determined the succession of
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inclusion entrapment will then allow the reconstruction of the temporal evolution of melt-fluid chemistry upon cooling in this
shallow intrusion.
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The Turkish-Iranian Plateau, shaped by the northward subduction of the Neo-Tethys Ocean during convergence and
subsequent collision between Arabia and Eurasia, is covered over vast areas by Miocene to Quaternary magmatic rocks.
Occurrence of Oligocene to lower Miocene limestones, indicating marine conditions across eastern Turkey to central Iran
(Reuter et al., 2009), restrict the uplift of the Turkish-Iranian Plateau to be later than ~ 16 Ma (Gelati, 1975, Okay et al.,
2010), coinciding with the first occurrence of Neogene volcanism (e.g. Keskin et al., 2006). For Azerbaijan Province in NW
Iran, 22 new U-Pb zircon ages show two distinct age clusters, in middle Miocene (~16-10 Ma) and latest Miocene-late
Pleistocene (~5.6-0.4 Ma). Samples are calc-alkaline with a wide compositional range, the SiO2 contents ranging between
48 – 70 wt%. The rocks are commonly Na-rich (Na2O 2-7.5 wt%) and show a large variety in K2O content (0.4-7 wt%),
plotting in low-K to high-K and shoshonitic fields. Plots of primitive mantle normalized trace elements systematically show
negative Nb-Ta and Ti anomalies, indicating a subduction-modified component in the mantle source and/or crustal
contamination (Pearce and Peate, 1995). These positive anomalies are less distinct in Quaternary samples. Very steep
negative LREE patterns that flatten into a spoon-shaped, strongly depleted HREE pattern indicate the presence of garnet (±
amphibole) in the source region or during fractionation. Some samples have adakite compositions as defined by Defant and
Drummond (1990) and Martin et al. (2005). Adakitic melts can be produced as primary melts from direct slab melting or
from a common andesitic primary melt travelling through the mantle wedge and experiencing high-pressure garnet
fractionation. 7 representative rock powders have been analyzed for Sr, Nd and Pb isotopic compositions. 87Sr/86Sr values
vary between 0.704802 and 0.708743, 206Pb/204Pb and 207Pb/204Pb values between 18.8512 and 19.0694 and 15.6557 and
15.7026, respectively. All analyzed samples show lower to upper crustal compositions. The adakitic samples should exhibit
a depleted mantle (DM) or MORB-like signature if they were derived from primary slab melts. The presence of numerous
small patched lava flows with a wide range in composition, the ubiquitous subduction zone signature, the lack of an age
and geographic correlation in the field area and the compositions with a highly depleted HREE pattern typical for deep
melting indicate that a heterogeneously metasomatized mantle produced small amounts of melts. Those experienced small
to higher degrees of crustal contamination on their way up into the crust.
This work is supported by SNF Research Grant (project 200021_153124/1).
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The emplacement of mafic dyke swarms has been a common occurrence at least in the last 3 billion years of Earth’s
history. Such dyke swarms are observed on all continents. The dykes are largely of basaltic composition, occur as straight
lineaments that can be several hundred kilometres long and are generally unaltered and unmetamorphosed, which makes
them ideal for geophysical and geochemical studies (Halls 1982). These extensive basaltic magmatic intrusions commonly
cut across all pre-existing geologic heterogeneities and thus can be used to reconstruct the formation and destruction of
supercontinents through geologic time (e.g. Ernst et al. 2016) if they can be correlated between now separated continental
fragments. There is a general acceptance that dykes are the result of rifting or at least some degree of crustal extension.
The attitude of a dyke is controlled by the regional stress field. As a consequence, dykes may have a common orientation
in a direction normal to the regional minimum principal stress (Anderson 1951).
The Archean Indian cratons have experienced mafic magmatism spanning from early Archean to Proterozoic, but due to
scarcity of high quality isotopic age data, the history of the spatial growth of the cratons is not well established in which
mafic magmatism has played a very crucial role (Bose 2009). Mafic magmatism in the Singhbhum craton spreads from ca.
3.3 Gyr old orthoamphibolite enclaves to younger dolerite dyke swarms (Bose 2009). These spectacular dyke swarms are
known as ‘Newer Dolerites’ and occur in at least four distinct strike patterns, NE-SW, NW-SE, NNE-SSW and WNW-ESE
and are readily visible in satellite images due to their large extent. The Bastar craton also has a history of episodic mafic
magmatism spanning the Precambrian which is evidenced by exposed mafic volcanic masses and dykes in the craton. The
Bastar Craton has at least three distinct mafic dyke swarms of Precambrian age (Srivastava & Gautam 2009). In order to
describe the origin of these dykes high quality bulk rock geochemical data are required.
A total of 12 dykes from the Singhbhum craton were sampled covering almost all major mafic dykes of all strike trends. Six
samples from the Bastar craton were collected from two dyke swarms trending NW-SE (prominent) and ENE-WSW. Bulk
rock geochemical data shows that these rocks are of alkaline basaltic nature evolved from heterogeneous source. The
trace element abundances indicate an origin by low degrees of melting possibly in a mantle plume. This implies that the
cause of dyke emplacement is due to mantle upwelling rather than melting of upper mantle material due to crustal
extension.
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The Holuhraun-Bárðarbunga eruption is the largest lava flow produced in Iceland since the 1783-1784 Laki eruption. The
eruption started at the end of August 2014 and lasted untill the end of February 2015, releasing >1.5 km3 of magma. The
eruption was associated with the synchronous progressive collapse of the Bárðarbunga caldera, which is located about 50
km from the fracture that released the magma. Geophysical and geochemical data suggest that volcanic activity was fed by
the lateral migration of magma originating from the plumbing system of the Bárðarbunga volcano.
The lava field covers a total surface of about 85 km2 and several lobes were produced at different times during the eruption.
In September 2015 we collected samples from the lobes emplaced at different times during the eruption. The series was
completed with samples collected at the onset of the eruption to obtain a full set of specimens representative of the entire
duration of the eruption. Existing geochemical data show no geochemical variation of the whole rock composition of the
samples during the eruption.
We performed a detailed petrographic investigation of the mineral phases present in the sample focusing on
clinopyroxenes. Clinopyroxenes show distinct oscillatory zoning and electron microprobe analyses show that they are
divided in two main populations with distinct trends of Cr2O3 vs MgO content. The test for equilibrium based on Fe-Mg
partitioning between groundmass glass and clinopyroxene shows that the most mafic clinopyroxene compositions are not in
equilibrium with the carrier liquid.
To establish whether the variation of the relative proportions or chemistry of the two main groups of pyroxenes are
statistically significant, we are currently performing a study using the cross correlation of chemical profiles and images
collected on the clinopyroxenes. The results of this study may highlight the processes occurring during the progressive
drainage of magma from crustal magma reservoirs.
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The role of crustal melting in the formation of rhyolites: contraints from
SIMS oxygen isotope data (Chon Aike Province, Patagonia)
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The origin of silica-rich magmas remains an important topic in igneous petrology. Here we report on a suite of Jurassic
rhyolites (El Quemado Complex) in Patagonia. We use the oxygen composition of quartz and zircon - both from SIMS and
laser fluorination analysis – to have a new look at the role of crustal contributions to the production of these silicic
volcanics. The El Quemado Complex belongs to the Chon Aike Province, one of the largest - yet little explored - silicic
igneous provinces known (Bryan & Ferrari 2013).
The studied rhyolites and ignimbrites are peraluminous in character and show a high d18O signature for both zircon (7.5‰
to 10.1 ‰) and quartz (10.8‰ to 12.5‰). This requires a significant contribution of supra-crustal (i.e., sedimentary or
pelitic) material during rhyolite formation – a suggestion that contrasts with previous works (Pankhurst & Rapela 1995; Riley
et al. 2001), arguing for smaller (< 20%) contribution from a mafic lower crust.
Another key observation is that zircon and quartz are not in high temperature (magmatic) isotopic equilibrium. It is then
usually assumed that quartz has been reset due to late stage alteration processes (King et al. 1997). To verify this
assumption, we carried out a series of SIMS profiles across several quartz phenocrysts, which showed magmatic
cathodoluminescence zoning. The investigated profiles are mostly flat and pronounced enrichment along cracks – as
expected for altered grains - are not evident. The SIMS data thus illustrate that the 18O composition of quartz is not
influenced by secondary alteration (in this case). This is true even for highly altered samples with high d18O whole rock
values around 15‰; here the matrix and feldspar is replaced by carbonate minerals.
We also observe a large 18O variation in zircon within single samples (up to 2.6 ‰) indicating either a heterogeneous
source, an assembly of isolated magma batches or extraction of zircons together with interstitial melt from a crustal mush.
We recognize that widespread crustal anatexis seems difficult to achieve due to the high thermal energy required, yet our
data support partial melting of 18O-rich crust to form the El Quemado rhyolites, probably reflecting the large-scale lower
crustal reworking associated with the special tectonic and igneous setting of the Gondwana break-up (Mpodozies & Ramos
2008).
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The Oman Ophiolite provides the world’s best surface exposure of the transition from axial-spreading to depleted-forearc
seafloor volcanism. Previous petrologic studies have subdivided the lavas into axial, seamount, depleted forearc, and
boninitic units (Alabaster et al. 1982; Ishikawa et al. 2002). However, current geological maps only differentiate two
regionally occurring volcanic units. In light of the recent recognition of the volcanostratigraphic controls on VMS
mineralisation (Gilgen et al. 2014), as well as debate on the tectonic setting of each magmatic phase, we have updated the
existing maps to the stratigraphy defined by Gilgen et al. (2014; Fig. 1). We collected 103 rock samples and geochemically
assigned each of them to one of the four recognized units using whole-rock XRF and ICP-MS and microprobe analyses of
clinopyroxenes. In doing so we refined the lava discrimination parameters to be consistent and effective over the entire
Ophiolite.

Figure 1. Volcanostratigraphy of the Semail Ophiolite after Gilgen et al. (2014)

We found that the extent of boninites is far greater than previously known, and that Lasail lavas intercalated deep in the
Geotimes unit have a clear subduction component, showing that axial magmatism took place above a subduction zone.
Furthermore, at certain sites we were able to correlate units with aeromagnetic features, allowing us to infer the presence
of lava units under sedimentary cover. Considering that six of the recent VMS discoveries were buried deposits, our
inferences should prove helpful for evaluating prospectivity and tracing potential ore horizons under the recent wadi gravels.
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The historical development of iron metallurgy has a special significance in West Africa. In the frame of the project “Origin
and development of iron metallurgy in Burkina Faso and Ivory Coast”, the present study, which is ongoing, aims to study
the remains excavated during the two field campaigns in 2013 (Siola) and 2015 (Doumbala).
Up to 1,000 years of iron smelting relics – slag heaps and furnaces – were discovered in the metallurgical region of
Kaniasso, north-western Ivory Coast, marking a continuous commitment in this direction. Smelting, which is an essential
step in obtaining iron metal for use in agriculture or defence, is the process where Fe3+ is reduced to metallic Fe within
special furnaces, at high temperatures (of up to 14000 C), and in controlled atmospheres (subject to a prominent air
supply). The samples (ores, slag and technical ceramcis) were analysed in Fribourg for geochemistry (XRF with LOI
corrections) and mineralogy (XRD and optical microscopy).
The series of techniques of both sites are comparable and demonstrate continuous exchange. The oldest technology, KAN
1 (small scale, mostly tapped slag) first appears in Siola (990 AD) and is borrowed in Doumbala. At the same time
around1450 AD, the technique is changed abruptly and simultaneously at Doumbala and Siola, for KAN 2 (a larger scale
technology resulting exclusively in internal slag). 3 or 400 years later, KAN 2 of Siola is upgraded to KAN 3 (similar
concept, larger scale), which is lent to Doumbala in the 18th century.
Different chemical and mineralogical compositions of the material demonstrate variability in the raw material sourcing and
the chaîne opératoire. The ore is multiply sourced (« Fe-rich », « Fe-poor and Mn-rich », and « Fe-, Al-, and Ti-poor ») and
suggests elaborate recipes of mixing. The slag marks variability in terms of resulting iron yields (KAN 3 the highest), lost
iron in the process (KAN 2 the most economical), and the amount of reduction of Fe3+ to Fe2+ (KAN 2 the weakest).
The aim is to explore the variability between technologies KAN 1-2-3 in the two sites of Siola and Doumbala, its triggers,
and its spread.
The project “The origin and development of iron metallurgy in Burkina Faso and Ivory Coast”, is funded by the SwissLiechtenstein Foundation for Archaeological Research Abroad (SLSA) and is supported by the Universities of Abidjan,
Ouagadougou, and Fribourg.
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The granitic massif of ElBema-east is a particular granite, it belongs to the family of the so-called granites ‘Taourirt’ “PanAfrican age (539-523 Ma) in the Tuareg Shield. The ‘Taourirt’ granites have been defined by Boissonnas, 1973 and
Azzouni and al, 2003, they split into three groups based on their location (figure-1)
– Group I, of Silet: all granites are located to the West of 4º 50’ shearzone
– Group II, of Laouni
– Group III of Tamanrasset.
The Groups II and III are located in the same Terrane ‘ Laouni’ and are for many of them associated with the Sn -W (Ta-Nb)
mineralization. While the granites of the first group are sterile (metallogenic sens) in their majority with the only one
exception of the small group ElBema-AitOklane. These two massifs of AitOklane and Elbema show a mineralization
essentially staniferous ( cassiterite) of vein morphology. The massif of Elbema-East is formed by three granitic facies
- granite type coarse to biotite leucogranite, it forms most of the massif
- similar gray granite and finer grain
- leucogranite with albite
Geochemical data of these granites show similarities with granites of RMG type with SiO2 (74.46 - 76, 56%) levels and
aluminous nature (Al203 (12, 54-13, 68) sodic with Na20 (3, 5-2, 3). They are poor in P2O5.
Analyses to the microprobe of an opaque minerals in granites of ElBema and AitOklane has shown that these are special
ilmenites by their composition rich in Manganese and Nb can permit rapprochement with the GMR

Figure 1- Taourirt plutons in the Central Hoggar with localization of the three groupes and ElBema-AitOklane zone
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Cu and Zn isotope compositions have been measured by multiple collector inductively coupled plasma-mass spectrometry
(MC-ICP-MS) for:
a) Volcanic rocks representing various degrees of evolution within the high-potassium calc-alkaline and shoshonitic
series of Vulcano Island (Aeolian Island Arc, Italy).
b) Gas condensates and altered rocks from the fumaroles of La Fossa Cone (active magmatic-hydrothermal system in
Vulcano Island).
The main goal was to investigate whether Cu and Zn isotope fractionation occurred during magma evolution and during the
transfer of these metals from the magma to the fluids in the active system of Vulcano. Petrographic, major and trace
elements whole-rock compositions, mineral chemistry, and radiogenic isotope studies have also been performed to
establish the petrogenetic frame inside which interpretation of Cu and Zn isotope data could be carried out.
For Cu and Zn isotope compositions, different chromatographic purification methods were tested but the method developed
by Maréchal et al. (1999) has been followed with two purification columns for Cu and one for Zn because it gave the best
results in terms of purification and hence the minimal interferences. Standard bracketing correction was used for both
elements. Due to incomplete purification and multiple polyatomic interferences, in-run correction was applied for Zn
analyses but not for Cu analyses, because Ti-oxides and Ti-hydroxides interferences at several Zn atomic masses
prevented the use of Zn for internal normalization.
Results for fresh volcanic rocks range between -0.579±0.133‰ and +0.595±0.890‰ for δ65Cu and between +0.059±0.106‰
and +1.145±0.101‰ for δ68Zn. Variations within uncertainties are not observed for Cu isotopes, but Zn isotope variability is
beyond analytical uncertainty and could reflect processes of magmatic differentiation. The main factor responsible of the
observed variations is a source effect related to recycling of subducted crust.
Results for the high-temperature fumarolic field of la Fossa generally show higher δ65Cu values for gas condensates than
for altered rocks, and lower δ68Zn for gas condensates than for altered rocks. These results can be explained by
evaporation/condensation processes occurring at different levels of the magmatic-hydrothermal plumbing system of
Vulcano: (i) equilibrium fractionation at surface levels and (ii) kinetic fractionation (precipitation) during gas ascent.Cu
isotopes reflect the kinetic fractionation occurring during gas ascent and for this reason present heavier δ65Cu in the
measured gas phase because during kinetic reactions the lighter isotopes are incorporated preferentially into the reaction
products. δ68Zn values are mainly affected by equilibrium fractionation at surface levels, therefore, the gas phase is
enriched in the lighter isotopes because the heavier isotopes are preferentailly incorporated into the solid phase during
equilbrium reactions. The different behaviors of the two metals are related to their different solubilities with respect to
temperature (higher solubility for Zn than for Cu at a given temperature), so that, within the fumarole temperatures range
(98-427°C), Cu tends to precipitate during gas ascent (at higher temperature) while Zn tends to remain in the solution and
precipitate only near the surface at lower temperature. This explains the different concentrations of Cu (0.065-3.582 ppm)
and Zn (28.0-2859 ppm) measured on the gas condensates.
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Determining extremely low concentrations of trace elements in minerals in situ is a constant challenge in analytical
geochemistry. When such trace elements are present only at the parts per billion or trillion levels, they may fall below
detection limits of conventional methods, and hence be excluded from consideration. Beryllium (Be) is one such element.
For example, beryllium, when at > µg g-1 levels, has been a useful tool for understanding the nature of fluids released from
subducting slabs (e.g. Johnson and Plank 1999, Pacquin et al 2004). Be diffusion profiles in olivine have potential to yield
timescales of magmatic processes, without the complications of needing to constrain oxygen and water fugacities (Jollands
et al, 2016). However, the behaviour of Be in mantle and lower crustal minerals is generally very poorly understood.
We have thus developed a protocol for Be analyses using laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS). We show that this can have similar detection limits to ion probe techniques (albeit with poorer spatial
resolution), which are more commonly used (e.g. Marschall et al., 2006) but has the advantages of much faster data
acquisition and simpler sample preparation.
Signal enhancement (and background reduction) protocols were developed using both a sector field ICP-MS (Thermo
Element XR) and a quadrupole (Agilent 7700) coupled to similar 193 nm excimer lasers, with hydrogen or nitrogen bled into
the central gas flow (following Guillong and Heinrich, 2007; Hu et al., 2008).
By systematically varying the carrier gas flow and that of H2, sensitivity enhancements of up to 40 x from a base level (i.e.
normal, non-specific tuning) have been achieved. Nitrogen has a lesser effect on signal enhancement, but is effective at
reducing a surprisingly high background interference from 18O++, which appears on the sector field instrument but not the
quadropole. In addition, using an X-type skimmer cone (rather than H-type) both increases the sensitivity and changes the
response of the ICP-MS to H2 or N2 addition.
The best detection limits so far are obtained using the sector field instrument with sample gas flowing at 0.85-0.9 L min-1, H2
at 12-16 mL min-1, with an X type cone. Coupled with only moderate laser ablation settings (75 µm spot, 5 Hz, ~8 Jcm-2
fluence), this technique gives >400,000 cps on NIST SRM 612 glass (~40 µg g-1 Be).
To show the potential of the new protocol, a variety of minerals from olivine and/or pyroxene bearing rocks, plus some other
mineralogical samples were then analysed for their Be contents and inter- and intra-crystalline distributions.
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Volcanic rocks from Stromboli volcano (Italy) were investigated in order to determine the processes the different magmas
that have been feeding the volcano underwent, and to perform whole rock copper (Cu) and zinc (Zn) isotope analyses on
the rocks. By first characterizing the magmas, it is possible to study the behaviour of Cu and Zn isotopes during magmatic
processes and assess the potential of this isotopic system in tracing metal degassing processes. The samples from this
study correspond to basalts and basaltic-andesites from the different Eruptive Epochs along Stromboli eruptive history, and
represent the different magmatic series produced by the volcano: calc-alkaline (CA), high-K calc-alkaline (HKCA),
shoshonitic (SHO), and potassic-alkaline (KS). Petrographic and geochemical studies have been performed on them,
showing that open-system magmatic processes are widespread along the history of the volcano with some crustal
contributions in some cases. Degassing processes occur in the present-day activity. From whole rock geochemistry,
compatible behaviour is attributed to Cu and Zn elements during magmatic differentiation, showing a decrease of these
elements content with increase of silica. However, Zn displays incompatible behaviour when studied along clinopyroxene
phenocrysts.
Regarding Cu and Zn isotope analyses, the samples were prepared following the purification protocol for ion-exchange
chromatography defined by Maréchal et al. (1999). Only one column of purification ion-exchange chromatography was used
for chemical Zn isolation and two columns were used for Cu. The purified samples were measured on a Neptune PLUS
MC-ICP-MS applying standard bracketing and external normalization corrections in the case of Zn and only standard
bracketing correction in the case of Cu (to correct the mass bias of the machine). Purification was better achieved for Zn
preparation, whereas Cu analyses still presented interferences from the matrix of the rocks, especially Na. The Cu and Zn
isotopic compositions of the investigated samples of Stromboli are from -0.212 ± 0.063‰ (2σ) and 0.456 ± 0.387‰ (2σ) for
δ65Cu, and from 0.113 ± 0.144‰ (2σ) to 0.299 ± 0.147‰ (2σ) for δ68Zn. The values of the different units overlap in both
cases. Cu isotope compositions seem to reflect fractionation towards heavier values with increasing magmatic
differentiation, especially in the case of samples from present-day volcanic activity. This is attributed to fractionation of
minerals introducing Cu in their structure, mainly sulphides. Zn isotope values of the samples do not show fractionation with
magma fractionation. The effect of magmatic degassing is not reflected either on the δ68Zn value of the residual magma
relative to the volatile-rich one. On the other hand, the effect of a heterogeneous mantle source on the Cu and Zn isotope
composition of volcanic rocks seems to be reflected on the variable δ65Cu and δ68Zn values observed among samples
from Stromboli and Vulcano Island (Italy).
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The factors that control the frequency, magnitude and style of volcanic eruptions can be linked to the physico-chemical
properties of magmas, as well as to geodynamic processes, and crustal properties. However, our ability to forecast the
recurrence rate and style of eruptions is veiled by the lack of data on key factors controlling the inner workings of magmatic
systems.
Nevado de Toluca volcano in Mexico is a subduction-related volcano with an eruptive history spanning about 1.5 million
years. Its activity is characterised by dacitic lava flows, and it is punctuated by explosive eruptions of up to 8 km3 in volume,
making Nevado de Toluca an excellent laboratory to study the factors controlling the transition from effusive to explosive
eruptions.
We collected samples spanning the entire eruptive history of the volcano and we will initially focus on the study of the
largest eruption (12.5 ka) and two eruptions preceding and following this large volcanic event.
Detailed petrography, major and trace element geochemistry will be combined with in-situ high precision U-Th disequilibria
dating and trace element analysis of zircon crystals, and cross correlation of chemical profiles in minerals. Zircon
geochronology will be used to calculate average magma fluxes for eruptions of different magnitudes (Caricchi et al., 2014)
while mineral chemistry will provide quantitative insights 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 to attempt to identify
similarities and differences between magmatic reservoirs feeding volcanic eruptions of different magnitude. The final target
of this project is to identify the physical factors controlling the recurrence rate of volcanic eruptions at regional and global
scale.
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Field, Mineralogical and Petrographical Characteristics of the Ladakh
Batholith in NW India
Azimuddin Mirza, Nurdane Ilbeyli
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The Himalayan Mountain is a unique example of young continent-continent collision and the contradiction about ages has
attracted the attention of geoscientist from all over the world. The Ladakh Batholith is located in the Trans-Himalayan Plutonic
Belt (Fig. 1). The batholith has a Cretaceous-Paleogene in age and having Andean-type arc characteristics. It is bounded by
the Indus suture zone in the south, the Shyok suture zone in the north and the Karakoram fault in the east. The Ladakh
Batholith occurs as a linear body (Fig. 1) measuring about 600 km long and 25-75 km wide covers a major part of the Ladakh
range (NW India). We have mainly focused on the mineralogy and petrography of the studied area which is located in
westside of Leh district of Ladakh region.
The Ladakh Batholith is mainly composed of biotite granodiorite, hornblende granodiorite, quartz granodiorite, leucogranite,
biotite-hornblende granite and hornblende biotite monzodiorite. The rocks are mainly medium- to coarse-grained and
occasionally porphyritic with feldspar.
Main minerals of the studied rocks are alkali feldspar, plagioclase, quartz, biotite and hornblende. The accessory minerals of
them are apatite, zircon, titanite, monazite, allanite, microcline, rutile, and opaque minerals. Secondary minerals are mainly
chlorite, sericite, epidote, muscovite and clay minerals. Alkali feldspars are present in megacrysts with simple twinning. They
have perthitic textures and having inclusions of biotite and plagioclase. Plagioclases have polysynthetic twinning and also
dusty appearances due to sericite and clay minerals. They also show complex zoning (i.e. oscillatory). Quartz is anhedral
showing that it occurred as a late mineral. Alkali feldspar, plagioclase and also quartz display intergrowth textures such as
mymekites, microphyric and granophyric.
Biotite is subhedral, lath-shaped and is generally altered to chlorite. It has inclusions of hornblende crystals. Hornblende
occurs as minor mafic minerals as compared to biotite. Apatite generally forms as a basal section of hexagonal system. Zircon
is euhedral and prismatic in shape. Titanite is present as euhedral to suhedral crystals. Microcline typically shows tartan
twinning.
Igneous enclaves are common in the Ladakh batholith and they have different shapes like rounded, elongated, lenticular etc.
The presence of plagioclase xenocrysts and also acicular apatite could indicate that they are formed from magma mixing/
mingling process.
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Figure 1. Geological map of Ladakh– Zanskar (modified after Mahe´o et al., 2000).
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Late Paleozoic (Sudetian) granitoids within the Caucasus are spread in all outcrops of the pre-Alpine crystalline basement
except Miskhan, Akhum and Asrikchay crystalline massifs. In particular, the granitoids crop out: in the southern part of the
Scythian Platform and within the Greater Caucasian, Black Sea – Central Transcaucasian and Baiburt-Sevanian terranes
(Figure 1).
Connection of the granitoids under consideration with the Sudetic orogeny is well-grounded by geological and isotopegeochronological data (Gamkrelidze & Shengelia 2005; Somin 2011; Shengelia et al. 2014). Geodynamic conditions of
formation of Sudetic granitoids of the Caucasus are characterized mainly by thinning and unloading of the Earth’s crust in
one case and thickening and additional subsidence under the load of thick nappes in the other case. Therefore, despite the
origin of the granitoids parent magma there are stated U and T (unloading and thickening of the Earth’s crust) types of
granitoids (Shengelia 1998). Most of these granitoids belong to S and I types of granites and to A, M etc. types as well.
Sudetic granitoids from various structural units of the Caucasus differ from each other by mineralogic and petrological
composition and isotope parameters (Th/U, 176Hf/177Hf, 176LU/177Hf, eHf(T), TDM and TDMC (Gamkrelidze & Shengelia 2005;
Shengelia et al. 2008).
Comprehensive investigation of Late Paleozoic granitoids of the Caucasus show that in spite of their belonging to the
Sudetic orogeny, they considerably differ in petrogenetic parameters and geodynamic conditions of their formation.

Figure 1. Tectonic zoning of the Caucasus with the exposures of pre-Alpine crystalline basement.
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Metamorphic terranes are one of the most important sources of gold worldwide, associated with orogenic belts from
Archean to Cenozoic time. Gold occurrences are found in association with sulfides in sericite and muscovite schists in the
Surselva district of Graubünden, Switzerland (Jaffe, 2010 and references therein). They lie within the Gotthard Massif, a
tectonic unit consisting of pre-Variscan, poly-metamorphic basement rocks with granitic cores that was deformed during the
Alpine orogeny (Labhart 1977; Schmid et al. 2004). Additionally, native gold is found in the adjacent and highly sheared
Tavetscher Zwischenmassif (Labhart 1977). Gold occur as either dissemminated, in veinlets of quartz aligned or crosscutting foliation and as layers of semi-massive sulfides. Alterations include sericicitization, carbonatization and silicification.
Despite the discovery of gold in the early 20th century, the understanding of the deposit is still in an early stage. In
particular, the timing of the fluid leading to gold enrichment and precipitation remains debated (e.g., Della Valle and
Haldemann, 1991; Stäheli, 2000; Jaffe, 2010). Some have argued for a pre-Alpine mineralization related to magmatic
bodies, whereas others have suggested an Alpine timing of mineralization.
Here, we present evidence for an Alpine timing of gold precipitation, based on structural relationships and geochemical
anomalies. We identified and mapped out cross-cutting veins of four generations on a scoured exposure of a pre-Alpine
orthogneiss (9 by 4 meter) in Val Plattas, northern Gotthard Massif. The chl-biot-musc-KFsp-plag-qtz augengneiss has a
penetrative foliation in E-W direction of Variscan age, as visible by its degree of deformation and mineral assemblage
(amphibolite facies conditions). Discontinuous musc-KFsp-plag-qtz pegmatites are oriented parallel to foliation, and
occasionally boudinaged. Quartz veins with rounded holes (< 1cm; often filled with carbonate and pyrite) are generally
cross-cutting the pegmatite and foliation, indicative of a syn-Alpine timing. Contrastingly, they are also found parallel to
foliation. The quartz bodies are deformed in a ductile-to-brittle regime by sulfide (pyrite-pyrrhotite) veinlets oriented in a
conjugate-like manner in NE-SW and NW-SE. The sulfide veinlets displace pre-existing features in a predominantly sinistral
manner, and is associated with discrete zones of limonitic alteration halo (rich in disseminated pyrite and minor
chalcopyrite). Carbonate veinlets composed of calcite and ankerite is associated with the sulfide veinlets.
We studied the petrographic evolution using unpolished and polished thin sections, and alterations were identified –
including a progressive evolution from biotite to chlorite, extensive sericitization of feldspars, sulfidation and carbonatization.
Despite that the exposure is located several hundred meters from known gold occurrences in Val Plattas, geochemical gold
up to 0.131 ppm was identified from the sulfide veins. Metallurgical assay and whole-rock geochemistry of major and trace
elements (XRF and LA-ICP-MS) was carried out, and preliminary results suggest comparable geochemical anomalies to
the mineralized zones. Mass balance calculations of least altered host rock versus altered is to be performed, and will
contribute to quantify which elements were introduced and removed from the system during mineralization.
On a larger scale, the work contributes to our understanding of the timing of gold mineralization within orogenic belts and
metamorphic terranes worldwide.
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Swiss gravel industry produces ca. 2.5 Mt of pressed gravel wash mud per year (Behl & Bunge, 2013). Due to its
characteristics, this material could be used as secondary raw material for various applications. Nevertheless, it is generally
removed from value cycles by renaturation of gravel quarries or disposal in landfills. In both cases, valuable space is
eliminated.
Gravel wash muds originate from the fine fraction of quaternary deposits. Consequently, their composition is regionally
variable. In 1979, Mumenthaler has shown that mainly carbonate and clay mineral types are affected. In addition to local
variabilities, a general East–West trend exists. In summary, there is no “average”, or “homogeneous” gravel wash mud in
Switzerland. However, depending on the application as substitute raw material, different properties are of significance.
Subsequently, several applications of gravel wash mud have been successfully tested (e.g. Peters et al., 1982; Iberg et al.,
1983; Bayer & Iberg, 1983): (a) The material can be used in brick factories. (b) Thermal treatment increases hydraulic
properties of the material. Applications as mineral components in cement are technically feasible. (c) The chemical
composition is close to that of clinker and the mineralogical composition is similar to conventional cement raw meal but
energy-intensive milling is not required. Because of the large and locally dispersed availability of gravel quarries, lifetime of
clinker raw material quarries could be extended.
Recently, gravel wash mud has been applied as soil-improver (www.kiwe-ca.ch) and as filler in construction materials
(Logbau AG, Maienfeld). For its sustainability, such a building material has recently won the Swiss environmental award.
Since 1979, quarrying areas and material processing have significantly changed, technical requirements on material
properties have increased and moreover, analytical techniques allow better material characterization. However, the
inventory has not been updated.
NEROS – Netzwerk mineralische Rohstoffe Schweiz has launched a joint project together with FSKB (Fachverband der
Schweizerischen Kies- und Betonindustrie) and gravel-industry partners that aims at pointing out the potential of gravel
wash mud as substitute raw material, and finally increase its degree of recycling. In a first step, a new inventory is
compiled, revealing local abundance and material parameters such as chemical and mineralogical composition as well as
fineness. Preliminary results will be presented.
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Paleoproterozoic gold deposits/occurrences occur in different host rocks in Northern Sweden (e.g. Svartliden) and in South
Greenland (e.g. Nalunaq and Vagar). The Svarliden gold deposit (2.967 Mt., 4.26g/t; Fig. 1A, Schlöglova et al. 2013) is
located in the Lycksele-Storuman gold belt (LSGB), commonly referred to as the “Gold Line” and the Nalunaq gold deposit
(0.713 Mt., 15g/t; Fig 1A, Bell et al. 2016) is located in the Nanortalik gold belt (NGB). The “Gold Line” trends in NW
direction for 150 km within the Fennoscandian shield and is tentatively correlated with the NGB which can be followed for
about 150 km from South-West to South-East Greenland (Fig. 1A, Lahtinen et al. 2008).

Figure 1. A: Plate reconstruction of Laurentia and Baltica at about 1.8 Ga and locations of Nalunaq and Vagar gold and Svartliden gold.
Modified after Lahtinen et al. 2008. B: Sketch summarizing orogenic events and estimated timing of gold introduction in South Greenland
and in Northern Sweden.

In this paper we discuss the similar geological environments of the LSGB and the NGB and depict the geological and
geochemical characteristics of the gold deposits/occurrences of both gold belts. Gold mineralization occurs mainly in rocks
of amphibolite metamorphic grade in all studied areas of the LSBG and the NGB. Gold of the NGB mainly occurs in quartz
veins which are hosted in shear zones and a variety of rocks such as metabasalts (e.g. Nalunaq) and metagranitoids (e.g.
Vagar) and the presence of auriferous quartz veins suggest an orogenic gold deposit. At Svartliden gold occurs in a shear
zone at the contact between amphibolites and graphite-bearing schists and in boudinaged slivers of banded iron formation
and is also considered to be an orogenic gold deposit (Schlöglova et al. 2013).
The Svartliden gold deposit is dated indirectly by the intrusion ages of Skellefte-Härnö granites at 1.8 Ga (Fig. 1B) whereas
the Nalunaq gold deposit has recently be dated to 1783 to 1762 Ma by Bell et al. (2016). Finally the Vagar gold
occurrences of the NGB are suggested to be contemporaneous with the Ketilidian orogeny at about 1.85 to 1.83 Ga (Fig.
1B), hence the gold emplacement of the LSBG and NGB are roughly similar in ages. The most typical alteration minerals
associated with the gold emplacement at the LSBG and the NGB are K-feldspar/biotite/sericite, arsenopyrite and pyrrhotite/
löllingite reflecting addition of potassium, arsenic and sulphur at the time of the introduction of the gold. At Svartliden the
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gangue of the gold mineralization comprises diopside-quartz, whereas at Nalunaq a similar calc-silicate alteration style that
also comprises diopside pre-dates the mineralization (Bell et al. 2016). Both gold belts are characterized by abundant
regional calc-alkaline granitoids which are in places sericite altered (Schlatter et al. 2013); but it is unclear if the granites
were genetically related to gold mineralization. In summary gold deposits of the LSGB and the NGB are interpreted to be of
orogenic type and share intriguing similarities with respect to their ages, their variety of host rocks and the similar
hydrothermal alteration type and tectonic settings in shear zones.
Additional research including dating of the Svartliden deposit and the Vagar occurrences will add an argument in the
discussion if there is a continuity of the LSGB and the NGB prior to the breakup of the Paleoproterozoic Columbia (Nuna)
supercontinent. With respect to gold exploration a better understanding of the setting of the gold deposits of the “Gold Line”
in Sweden will help the exploration efforts in remote South Greenland where much less data exist, and furthermore if the
correlation of the proven prolific LSBG with the NGB can be demonstrated, such argument will favour investments for future
exploration in South Greenland and elsewhere along the orogenic grains of the orogens, such as e.g. in Inglelfield (Fig.
1A).
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Correlation of reservoir properties of productive series and the red
series within Absheron-Pribalkhan threshold
A.N.Huseynova
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Physico-chemical interaction in the system fluid and the enclosing rocks in sedimentary basins, are observed at all stages
of their evolution and ontogenesis of hydrocarbons. Already at the stage of demolition and accumulation in marine reservoir
precipitation, organic and plant residues, subsequent lithogenesis and diagenesis in the fluid-rock system, there are various
physico-chemical interaction between the components of its material composition. Rocks of the lower Pliocene, formed on
the Eastern edge of the South Caspian basin (Red-series - RS, South-Western Turkmenistan), differ from rocks of the
same age on the West side (Productive series - PS, Azerbaijan) its brown color, which gives reason to assume about the
various conditions of formation of RS and PS. In this regard, this article on the example of fields of the Absheron-Pribalkhan
threshold of the South Caspian basin the comparative analysis of the physico-chemical properties of rocks and oil PT and
CT.
Very specific conditions observed during the formation of signalizing of sediments in the SCB. Isolation of the SCB in the
late Miocene from the Black sea and the rest of the Paratethys contributed in the arid climate of intensification of the
process of evaporation, leading to a dramatic lowering of sea level. From late Miocene up to present time the basin was
filled with sediments with a total capacity of approximately 10 km, represented by alluvial, deltaic, shallow-marine to deepwater clastic sediments.
To study the spatial heterogeneity signalizing most favorable reservoir object is the Absheron-Pribalkhan area that stretches
from the Absheron Peninsula (in the West) to the Cheleken Peninsula (East), forming in the bottom topography peculiar
latitudinal stretching stage – Absheron-Pribalkhan threshold. This underwater rise, sea is a continuation of the mountain
ranges of the B. Caucasus (West) and Balkhan (in the East). According to its geological and geophysical characteristics of
the considered area can be clearly divided into two sub — Absheron and Pribalkhan. Conventionally, the geological
boundary between them and, accordingly, between PT and CT scan are conducted through the raising of the Kapaz (Bank
intermediate). Within Absheron-Pribalkhan threshold identified some 20 petroleum structures, 8 of which are located within
the Turkmen sector of the South Caspian.
Thus, it is considered a genetic indicator shows the relationship of oil PS and RS within Absheron-Pribalkhan zone, despite
the various geochemical conditions of their location. Earlier came to the same conclusion and other researchers.
Comparative analysis of rocks PS and RS in the SCB allowed to reveal the differences in their reservoir properties, which
are explained as material composition of precipitation, demolished in the pool from a variety of power sources, physicochemical interactions in the fluid - enclosing sedimentary rocks. It is established that the oil fields RS are not derived OM
enclosing rocks and genetically similar to oil PS.
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Micron- and submicron-sized mineral particles, omnipresent in natural environments, comprise most of the potentially
reactive surfaces responsible for transfer and removal of organic and inorganic contaminants [1]. On account of the sizerelated changes in surface reactivity, mineral particles occurring in the nanosized range (1-100 nm) are of considerable
interest in investigations of fate of contaminants. In marine environment, micron- and submicron-sized mineral particles
mostly consist of clay minerals, metal oxides and oxyhydroxides and sulphides while carbonate minerals more often occur
as larger lithogenic and biogenic fragments. Even though investigations of their occurrence in the nanosized range are rare
(Morse, 2007), authigenic precipitation can produce carbonate minerals in the submicron size (Sondi & Juračić, 2010).
This research investigates occurrence of carbonate minerals in different size fractions of two distinct sedimentological
environments characterized by high carbonate content in sediment (Figure 1). One is a highly stratified karstic estuary
(Krka River Estuary), supersaturated in calcite, with calc tufa barriers formed at the uppermost part of the estuary. The
second is an enclosed marine lake (Mljet Lakes) with limited water exchange, where whiting events (drifting milky clouds of
water) and the formation of aragonite-rich lake sediments have been the focus of previous investigations (Sondi and
Juračić, 2010).
Recent marine sediments were retrieved using Uwitec gravity corer during different sampling campaigns. The upper 5 cm of
sediment was treated with NaOCl for organic matter removal after which micron- and submicron-sized fractions were
collected by gravitational settling. The size of each fraction was confirmed by laser-based granulometry and separated
fractions were freeze-dried. Samples were mineralogically (XRD) and morphologically (FE-SEM) characterized, their
physico-chemical properties (specific surface area, SSA and cation exchange capacity, CEC) and trace element
concentrations (HR ICPMS) determined.
The results obtained showed that carbonate minerals resulting from weathering of carbonate rocks and disintegration of
biomineral structures (i.e. Krka River samples) do not produce significant share of carbonates in the submicron and,
especially, nanosized range. This is reflected in a very significant increase in concentrations of lithogenic trace elements
(Al, Li) already in the fraction containing particles <8 µm, suggesting significant removal of carbonate minerals by settling.
Their absence was accompanied by a sharp increase in SSA and CEC, as a result of higher concentration of clay minerals
and Fe and Mn oxides/oxyhydroxides. Contrarily, in environment where carbonates (mostly aragonite) are produced as a
result of authigenic processes (i.e. Mljet), their share is significant even in finest fractions. Incorporation of Sr in the
aragonite crystal structure allows it to be used as a tracer of aragonite content. High levels of Sr were measured in all
fractions collected from this sample, with a maximum of 4461 µg g-1 determined in fraction containing particles <4 µm. Its
concentration lowered only in the finest fraction (<0.45 µm; 1793 µg g-1), where 90 % of particles were <200 nm. The sharp
decrease in Sr concentration was accompanied by a 56 % increase in concentrations of Al. The prevalence of carbonate
minerals in all size fractions collected from this sample is reflected in continuously low SSA and CEC values.
The study investigated influence of origin of carbonate mineral
phases on their occurrence in various size-fractions.
Carbonates were shown to be present in larger quantities in
sub-micron sizes in environments were their authigenic
formation occurs. Low surface reactivity of carbonate mineral
phases of different origin was established.

Figure 1. Map showing sampling locations.
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Monitoring dehydration reactions in subducted serpentinites by
metamorphic olivine formation in the Zermatt-Saas Ophiolites
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Serpentinization at mid-ocean ridges involves hydration of mantle peridotite and the formation of magnetite, hydrous
silicates such as chrysotile and lizardite ± chlorite and brucite. The hydrated mantle contains up to 12 wt% water bound in
these hydrous minerals. Upon subduction, these hydrous minerals break down at various reactions. Every metamorphic
olivine-forming reaction liberates water and hence the study of major and trace elements in olivine permit to reconstruct
dehydration reactions in subducted serpentinites. Since olivine is stable to 660 km in the earth’s mantle it is an important
phase to study the deep water cycle.
The Zermatt-Saas serpentinite, a unique locationnearly unaffected by Alpine deformation, preserves the history from mantle
hydration at the seafloor to subduction and exhumation. The early history from the mantle to peak metamorphism is best
preserved within a 50 m wide zone between two shear zones. In this domain, mantle textures escaped Alpine overprint.
0.5-2 cm sized olivines grow over the relict mesh texture, recognized as polygonal magnetite rims produced through the
oceanic serpentinization of mantle olivine. The metamorphic olivines show iron-rich cores and magnesium-rich rims. The
iron rich centers grow over the relict mesh texture, thus proving its metamorphic origin. Moreover, they occasionally contain
sub-microscopic titanium-clinohumite patches. These olivines contain numerous inclusions of magnetite, chlorite, antigorite,
diopside and sub-micron sized fluid inclusions. At peak temperature, the large olivines recristallize into a second generation
of olivine along discrete shear zones. They are unzoned regarding iron and magnesium contents and form a mosaic texture
between polygonal 0.05-0.15 mm sized olivines with occasional diopside and magnetite inclusions, descrete titaniumclinohumite grains, antigorite and chlorite blades. The mesh texture in the newly formed olivine zone has vanished, the
magnetite veins formed during serpentinization shrink and they are free of fluid inclusions. The shear zones contain also
0.1-0.75 mm wide titanium-chondrodite/titanium-clinohumite-olivine veins some of which are aligned en echelon. Olivines
form a mosaic texture together with chlorite, antigorite and titanium-clinohumite/chondrodite grains.
Iron-rich cores in the first generation of olivines show Mg# of 0.95-0.96. The rims of these olivines have a Mg# of 0.96-0.98.
Titanian-clinohumite-rich patches within the iron-rich cores have Mg# of 0.95-0.96 and contain 0.29-2.33 wt% TiO2. The
recrystallized olivines show Mg# values between 0.95-0.96. Recrystallized titanian-clinohumites have Mg# between 0.950.97 and contain 2.3-3.5 wt% TiO2. Olivines in the shear zones show Mg# between 0.95-0.96. Titanian-clinohumites have
Mg# of 0.97and 1.9-4.9 wt% TiO2. Titanian-chondrodites have Mg# between 0.95-0.96 and contain 7.7-7.8 wt% TiO2.
The very high Mg# of all described phases are interpreted to be a product of the initial amount of iron preserved in the
reactive phases antigorite and brucite and hence are thought to be dependent on the degree of serpentinization. This
indicates that large amounts of Fe are sequestred into magnetite that formed during the extensive serpentinisation of the
mantle rocks at the ocean floor. With increasing temperatures during Alpine convergence chrysotile transforms into
antigorite and brucite. Upon further subduction temperatures increase and antigorite + brucite react to olivine + water ±
chlorite at around 450°C. The observed zoning of olivine with increasing Mg# indicates continuous growth in a divariant
field, as first reported by Kunugiza (1982), and occurs typically within a temperature intervall of 20-40°C (Shen et al., 2015).
Titanian-clinohumite patches form by the dissolution of titanium-bearing magnetite. The higher iron content in the second
generation of homogeneous recrystallized olivines is explained by the partial reaction of oxides with serpentine, shown by
the disappearance of the relic magnetite mesh rims. Temperature estimates using the olivine-antigorite iron-magnesium
exchange thermometer from Evans et al. (2012) indicates peak temperatures of the recrystallized olivines of around 600°C.
Grains of titanian-clinohumite and titaninan-chondrodite in equilibrium with antigorite and olivine suggest that pressures
might have exceeded 25 kbar (Shen et al., 2015).
Our detailed investigation of textures and composition shows that the first metamorphic olivine grows during a continuous
dehydration reaction over 20-40°C where brucite disappears. The second generation of olivine with lower Mg# is interpreted
to form through a redox reaction involving reduction of magnetite. This dehydration reaction has not been documented in
subducted serpentinites before. It occurs close to peak conditions of ca. 25 kbar, 600°C, well before the terminal
breakdown of antigorite and liberates small amounts of water-rich fluid.
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Textural characterization of forsterite + talc assemblage resulting from
antigorite breakdown in the bergell contact aureole (Italy)
Romain Lafay & Lukas P. Baumgartner
Institut des Sciences de la Terre, Université de Lausanne, Lausanne, CH-1015, Switzerland

The Malenco serpentinite unit (Central Alps, Italy) suffered contact metamorphism within aureole of the Bergell tonalite. In
this context, the dominant dehydration reaction is represented by antigorite (atg) breakdown to forsterite (fo) and talc (tc)
(Trommsdorff & Evans 1972).
A detailed field and petrologic study provide interesting results to delineate processes controlling the fo + tlc metamorphic
assemblage development.
In this unit, the protolith chemistry remains linked to the primary layering of the mantle rocks (dunite/lherzolite/
clinopyroxenite). In turn, the spatial distribution and textural characteristics of metamorphic assemblage reveals different
textures for rocks with different modal abundance of tlc produced.
Peculiar jack-straw (spinifex-like) fo of up to 15 centimeters in size with an aspect ratios of up to 20 developed at or near
the fo + tlc isograd. Moreover, fo mineral size decreases towards the intrusion and olivines tend to become equigranular.
Metamorphic fo is homogeneous, but contains inclusions of atg, which is often Al-rich and the external part of the fo
contains tlc.
Our observations are very similar to the carbonate-hosted olivines of the Ubehebe peak contact aureole (Death Valley,
California, Roselle et al., 1997). The similarity between those two locations indicates that the texture observed in the Bergell
contact aureole is due to limited nucleation at the isograd. The shape of the fo is an inherent growth form, rather than due
to the specifics of the dehydration/decarbonation reaction. Overstepping of the reaction increases toward the intrusion favor
abundant fo nucleation (Roselle et al., 1997).
Atg breakdown initiation can develop vein-like reaction zones composed of weakly foliated, fine-grained tlc and equigranular
fo aggregates. The formation of wavy tlc veinlets of centimeter to decimeter length and few milimeter width is characteristic
of lithologies with abundant fo. These tlc veins likely acted as exfiltration channels for fluid produced by the atg breakdown.
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Alpine clefts are open fissures created during tectonic movements under peak to retrograde metamorphic conditions. They
occur in all types of rocks and form at temperatures below the ductile/brittle transition of a rock (e.g., Mullis et al., 1996;
Stalder, 1998), probably by fluid-assisted cracking (e.g., Cox, 2010). Monazite-bearing alpine clefts are of major interest for
geochronology because the monazite, (LREEE,Th)PO4, is very resistant to radiation damage (e.g., Meldrum et al., 1998),
and the Th- U-Pb system is not affected by diffusion at <450°C recorded in clefts (Cherniak et al., 2004). However, its
isotopic system will be reset by recrystallization or dissolution/reprecipitation, notably in the presence of hydrous fluids (e.g.,
Seydoux- Guillaume et al., 2002, 2012; Grand╒Homme et al., 2016). Due to the presence of a hydrous fluid in an Alpine
cleft, retrograde mineral reaction is common. Monazite dissolution/precipitation occurs in clefts while this is rarely observed
in the surrounding rocks. This permits to date the duration of brittle deformation (Berger et al., 2013; Bergemann et al., in
review) occurring at temperatures below ~300°C.
Individual growth domains are revealed in cleft monazite by BSE images representing trace element variations (REE+Y, Th,
U and Pb). SIMS Th-U-Pb age dating of these domains revealed that stepwise growth (and dissolution) can last up to 20
Ma, that cleft monazite crystallization in the Alps occurred between 90 and 6 Ma and that the age steps recorded can be
correlated with tectonic activity (Janots et al., 2012; Berger et al., 2013; Gnos et al., 2014; Bergemann et al., 2015;
Bergemann et al., in review). Interestingly, recent studies indicate that crystallization of monazite starts in most cases at the
closure temperature of the zircon fission track system (Berger et al., 2013; Gnos et al., 2014) and that crystallization ceases
at higher temperatures than those recorded by the zircon (U-Th)/He system (Gnos et al., 2014).
We collected cleft monazite from the Argentera Massif, Alpine high-pressure regions, the Tauern Window and the Aar- and
Gotthard Massifs in order to acquire SIMS monazite growth domain ages, and to compare them with zircon fission track
and (U-Th)/He data and to use them for constraining shear zone activity. Moreover, we will try to better define monazite
growth conditions using monazite-quartz and other oxygen isotope thermometers, Ti-in-quartz thermometry in TiO2-buffered
monazite associations, and fluid inclusions. The interaction of host-rock REE minerals and cleft monazite will be
investigated for selected cases in order to better understand fluid-rock interaction.
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Composition, origin and time evolution of ore-forming fluids and trace
element geochemistry of enargite in the Lepanto epithermal highsulfidation deposit (Philippines).
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The Lepanto-Far Southeast (FSE)-Victoria cluster in the Mankayan district, Philippines, offers an excellent opportunity to
study fluid processes at the porphyry-epithermal interface (Tejada, 1989; Hedenquist et al. 1998). The district is centered on
the FSE porphyry system and the Lepanto high-sulfidation epithermal ore body is developed outwards in NW direction. In
the present study the Lepanto ore body has been subdivided into three main areas according to their distance from the
FSE porphyry center – proximal, intermediate and distal.
The combination of near-infrared (NIR) microscopy and microthermometry with LA-ICP-MS analysis of enargite-hosted fluid
inclusions (Kouzmanov et al. 2010) allowed studying composition, metal content, and P-T parameters of real oreprecipitating fluids at Lepanto. Such information is unique and can be used for a better understanding of ore precipitation
mechanisms in the shallow epithermal environment. In addition, a detailed mineral geochemistry study of enargite from the
three areas of the ore body has been performed in order to investigate the trace element pattern of the mineral as a
function of distance to the supposed porphyry center.
Fluid inclusion microthermometry of enargite- and quartz-hosted fluid inclusions revealed a trend of decreasing temperature
of formation from the proximal area (250°C) towards the distal areas of the deposit (125°C) and a slightly oscillating salinity
of the mineralizing fluids (3.3 wt. % NaCl eq. on average for enargite-hosted and 0.88 wt. % NaCl eq. for quartz-hosted
fluid inclusion assemblages), with no clear dilution pattern over the 2 km distance, as previously reported (Mancano and
Campbell, 1995). Salinities measured for enargite-hosted fluid inclusions show a much wider range of values than
previously reported for the deposit, with a maximum of 6 wt. % NaCl eq.
LA-ICP-MS analyses of enargite- and quartz-hosted fluid inclusions from the Lepanto ore body reveal high metal contents,
especially in Pb, Zn, Ag, Bi and Au. Lead and zinc appear in anomalously high concentrations in fluid inclusions from the
distal parts of the deposit and decrease towards the FSE porphyry center.
A combined NIR microscopy, electron microprobe and LA-ICP-MS study of enargite crystals from various parts of the ore
body revealed a common oscillatory and/or complex sector zoning of the mineral. Systematic study of trace-element
signatures of enargite along different sectors indicates a preferential incorporation of some trace elements in one specific
sector with concentrations varying within several orders of magnitude. Therefore the potential of enargite trace element
chemistry as a vectoring tool for porphyry-style mineralization (Deyell and Hedenquist, 2011) needs to be carefully
reevaluated taking in account the complex internal growth features of the mineral.
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OPTiCMin©: a new electronic teaching tool for optical mineral
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During the last years, the hours of teaching optical mineralogy had to be reduced in the undergraduate class schedule.
Nevertheless, skills in optical mineralogy are still essential in the Earth Sciences, not only in academia, but also in the
applied Earth Sciences, such as mineral exploration, asbestos or material characterization in general.
The University of Geneva and the department of Earth Sciences have recently set up a new microscopy room with 21
working places, each equipped with a stereomicroscope, a polarized light microscope attached to a computer and a
camera. A tablet allows the projection from every working place on a screen promoting interactive microscopic work with
students.
The new open access OPTiCMin© software coupled to an optical mineralogy database is a new tool to be used in
undergraduate student courses aiding students in their mineral identification in thin section petrography. The database is
based on long-term teaching experience and accommodates the trend towards a dominance of online information
acquisition with respect to books. The mineral database is essentially based on minerals introduced in Schmidt (2016) and
replenished with further major minerals (Phillips & Griffen, 1981; Deer, Howie & Zussman, 1993; Nesse, 2014). In total, 136
mineral entries are included and cover about 90% of all major rock forming minerals. At this stage of program development
the database is built up as table combining eleven categories: mineral, color, form/relief, cleavage, twinning, extinction/
elongation, birefringence, refractive index, optical character/crystallographic system, optical angle, occurrence/paragenesis/
alteration. Furthermore, the program provides thin section images collected during many years of teaching in order to
visualize the mineral appearance in thin section. The mineral entries will be refined by running a search match algorithm.
For example, the user may enter the color “blue” and the optical character is negative “U(-)”. The program will provide a
mineral list which meets the criteria (Fig.1). The user is encouraged to use this list and to determine further optical
properties to make the final decision for the mineral identification. In addition, the user is invited to carry out several checks
and to carry on the determination using the reference books listed in the bibliography. Thin section images (Fig. 2) serve as
a significant contribution to simplify the decision-making process.
The table is user friendly designed and is thought to support and guide the independent work of students on an optical
microscope.

Refined mineral list:
beryl, corundum, melilite and tourmaline

Search: Blue U(-)

Figure 1. Screenshot of the user interface with the result of the color “blue” and the optical character negative “U(-)”.
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Figure 2. Example of tourmaline as it appears in OPTiCMin©.
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An efficient, clean procedure for bulk rock major to trace element analysis by 193 nm Excimer LA-ICP-MS analysis of
nanoparticulate pressed powder pellets (PPPs) employing a binder is presented (Peters & Pettke, 2016). Sample powders
are milled in water suspension in a planetary ball mill, reducing average grain size by about one order of magnitude
compared to common dry milling protocols (Garbe-Schönberg & Müller, 2014). Microcrystalline cellulose (MCC) is
employed as a binder, improving the mechanical strength of the PPP and the ablation behaviour, because MCC absorbs
193 nm laser light well. Use of MCC binder allows for producing cohesive pellets of materials that cannot be pelletized in
their pure forms, such as quartz powder. Rigorous blank quantification was performed on synthetic quartz treated like rock
samples, demonstrating that procedural blanks are unproblematic except for a few elements at the 10 ng g-1 concentration
level. The LA-ICP-MS PPP analytical procedure was optimised and evaluated using six different SRM powders (JP-1, UBN, BCR-2, GSP-2, OKUM, and MUH-1). External calibration using SRM 610, SRM 612, BCR-2G, and GSD-1G glasses
allows for evaluation of possible matrix effects during LA-ICP-MS analysis.
The measurement trueness of the PPP LA-ICP-MS analytical procedure compares well to that achieved for liquid ICP-MS
and LA-ICP-MS glass analysis (Fig. 1), except for element mass fractions below ~30 ng g-1, where liquid ICP-MS offers
more precise data and in part lower limits of detection. 1σ standard deviations on the measurement repeatability of LA-ICPMS PPP element concentrations are of the order of 0.5 to 2 % (n = 6) for mass fractions exceeding ~1 µg g-1. For lower
element concentrations these uncertainties increase to 5-10% or higher when analyte-depending limits of detection (LOD)
are approached, and LODs do not significantly differ from glass analysis. Sample homogeneity is demonstrated by the high
analytical precision, except for very few elements where grain size effects can rarely still be resolved analytically.
Matrix effects are demonstrated for PPP analysis of diverse rock compositions and basalt glass analysis when externally
calibrated based on SRM 610 and SRM 612 glasses; employing basalt glass GSD-1G or BCR-2G for external calibration
basically eliminates these problems. Perhaps the most prominent progress of the LA-ICP-MS PPP analytical procedure
presented here is the fact that trace elements not commonly analysed, i.e. new, unconventional geochemical tracers, can
be measured straightforwardly, including volatile elements, the flux elements Li and B, the chalcophile elements As, Sb, Tl,
Bi, and elements that alloy with metal containers employed in conventional glass production approaches. The method
presented here thus overcomes many common problems and limitations in analytical geochemistry and is shown to be an
efficient alternative for bulk rock trace elements analysis.

Figure 1. Comparison of MCC-PPP data from this study vs. liquid ICP-MS data (bomb digestion) from Kodolányi et al. (2012), based on
JP-1, plotted as a primitive mantle (PM)-normalised spider diagram (PM values from Palme and O’Neill 2014). MCC-PPP data were
calculated with GSD-1G as calibrator and internally standardised to the sum of major element oxide mass fractions. Most analytical
uncertainties are smaller than symbol size.
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Located in the center of the Indo-Pacific Warm Pool (IPWP) Lake Towuti provides an excellent archive that records the
changes of the region’s hydroclimate on orbital to millennial time-scales during the Quaternary. Hyposulfidic, ferruginous,
partially stratified and anoxic Lake Towuti offers the opportunity to study the (bio-)geochemical cycling of redox sensitive
elements such as iron. Owed to the, in many ways, unique water chemistry of Lake Towuti, the lake may be considered as
an analogue of early Earth environments, opening the doors to Archean ocean’s studies and interplanetary sciences.
Identifying the main processes that drive isotopic variability and fractionation of iron in Towuti’s sedimentary record is one of
the main goals of our research endeavors.
Lake Towuti (2.75°S, 121.5°E; 318 m a.s.l.; 560 km2 surface area; 203 m maximum water depth) is a tectonic lake located
on the island of Sulawesi, central Indonesia. Its catchment area is primarily composed of intensely weathered ultramafic
rocks from the East Sulawesi Ophiolite belt. Therefore, Lake Towuti is anomalously rich in iron and other redox-sensitive
metals. Today the lake is anoxic below 140 meters depth, hyposulfidic, and is one of the least productive lakes on Earth.
The high contents of iron and other heavy metals in Towuti’s water makes this lake an ideal place to study redox conditions
during sediment deposition. The reduction and re-oxidation of iron is a common process in anoxic environments and iron
fractionation occurs during this dynamic cycle. However, it is poorly constrained in lacustrine, low-sulfur and iron rich
environments. Many studies in short cores or lab experiments tried to disentangle Fe-isotope fractionation in the many
phases involved in redox reactions. Our work focusses on a long sedimentary record from the Towuti Drilling Project (TDP)
Site 1 that was drilled in May-July 2015 at Lake Towuti in course of a scientific deep drilling project under the umbrella of
the ICDP. Pelagic sedimentation in our sediment record is thought to span several glacial interglacial cycles, possibly
reaching back to 600 kyr.
Constraining Fe-fractionation is challenging due to the many potential abiotic and biotic drivers of the redox reactions. Fereducing bacteria have been suggested as one of the most important drivers for the Fe-fractionation which may occur
during the dissimilatory iron reduction (DIR). Thus, it is crucial to characterize the bulk nature of the organic matter (OM) as
a main support for microbial development and to determine the dominating microbial communities in the subsurface
sediments of the lake. As a first step we performed Rock Eval and CHN (Carbon-Hydrogen-Nitrogen) analyses on bulk
samples as a means of characterizing OM in our samples. Additionally, qPCR analyses and DNA sequencing will be
performed at the Geomicrobiology Laboratory of GFZ-Potsdam. These data, along with detailed mineralogical analyzes and
characterization of the depositional environment, will set the framework in which the DIR bioproducts occurred.
Two approaches will be compared to define the iron isotopic signatures on sediments: mechanically separated magnetite
and iron recovered from chemical sequential extraction. While magnetite is an important biogenic endproduct of DIR, high
amounts of detrital magnetite in Lake Towuti sediments may limit its significance to better understand Fe-fractionation
during DIR. A depositional model, which incorporates source to sink element fluxes and cycling, will provide quantitative
information on the amount of detrital material reaching our coring site through time. Preliminary SEM and XRD analyses of
separate extracts show a mixture of magnetite and serpentine. Our planned sequential acid digestion extraction has the
advantage of focusing on particular bioproducts such as siderite. Finally, our results from the sediment cores will be
compared with the Fe-isotope signature of the catchment-characteristic bedrocks.
Combining the Fe-isotope datasets with the paleoclimatic reconstruction of Lake Towuti will be critical to define how Fefractionation relates to the dominant redox reactions taking place in this particular environment and further use it as an
analogue for Archean oceans.
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Travertines, defined as continental carbonates rocks precipitating from oversaturated rocks, as CO2 degasses, are
extremely sensitive to deposit conditions, especially to water chemistry and temperature, but also to climate and tectonics.
Skoura travertines precipitated during Quaternary from thermal waters and are composed by a succession of various
layers, varying in color (pink, orange, white, and grey), thickness (mm to cm) and texture (coarsely to fine-grained).
Manganese and iron oxides commonly occur in these travertines either as diffuse or well-developed shrubs (up to 1 cm).
Microbes are known to be present in travertines and are often the main drivers in Mn and Fe oxidation. In a former study
at Skoura, Chafetz et al. (1998) reported that the Mn-shrubs in the travertines resulted from bacterially-induced
precipitation. Mn-oxides appeared as spherical and rod-shaped bodies under scanning electron microscope (SEM). Their
interpretation was based on the fact that microenvironments around bacterial bodies induced precipitation due to
variations in pH and Eh. However, a geochemical model expressing stability fields of Fe and Mn-carbonates and oxides
as a function of partial pressure of O2 and CO2 could explain chemical phases (modified after Garrels & Christ, 1967).
The aim of this study is to determine whether the precipitation of Mn and Fe oxides in travertine samples is biologically
induced or purely geochemical in origin. To do so, two main axes have been studied: (i) characterization of chemical
phases and comparison to the geochemical model; (ii) search of indices associated with biological activity, including the
reproduction of observations of Chafetz et al. (1998). Analyses included XRD, XRF, stable isotopes, observations using
optical and electronic microscopy, and precise mineralogical analyses and elemental mapping performed on microsites of
interest, using the synchrotron facilities at the Paul Scherrer Institute (Villigen, Switzerland).
Chemical analyses show that shrubs are mainly composed of cryptomelane, which is consistent with the geochemical
model. The reproduction of results from Chafetz et al. (1998) was not possible: no rod-shaped or spherical bodies have
been found. Instead, TEM reveals that Mn oxides appear as nm-scale needles. Diffusion Limited Aggregation (DLA)
processes could explain the geometry of the shrubs. Results show that (i) there is no need for bacterial mediation to
explain the presence of Mn-rich shrubs in Skoura travertines; (ii) the morphology observed is not consistent with bioinduced precipitation; (iii) bacterial precipitation remains unlikely.
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Figure 1. Pictures of Mn-rich shrubs under SEM, corresponding elemental XRF maps of Mn and K, mineralogical XRD map of
Cryptomelane and pictures of nanoscale needles of Mn-shrubs observed using TEM.
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