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Nelle pagine seguenti vengono riportati gli abstract presentati nelle sessioni della seconda European
Mineralogical Conference emc2016 “Minerals, rocks and fluids: alphabet and words of planet Earth”, che la
SIMP ha organizzato a Rimini nel periodo 11-15 settembre 2016.

Dal momento che tutti gli argomenti trattati nella Conference possono interessare i Soci SIMP, gli
abstracts inseriti nel volume distribuito ai partecipanti al congresso sono stati riportati integralmente, senza
operare selezioni di alcun genere.

Si sottolinea che Plinius non rappresenta in alcun modo — nemmeno parzialmente — il volume ufficiale
degli abstract del congresso che rimane quello distribuito in formato digitale ai partecipanti al congresso.

Pertanto la pubblicazione degli abstract su Plinius, € da ritenersi esclusivamente come un servizio utile
per i Soci.

Si ringraziano i responsabili editoriali del Volume degli Abstracts di emc2016, Marco Pasero e Bernardo
Carmina, per la cortese collaborazione.
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NEW PERSPECTIVES FOR MINERAL SCIENCES USING
FOURTH GENERATION LIGHT SOURCES

Appel K.xt
! European X-Ray Free-Electron Laser Facility, Schenefeld, Germany
Corresponding email: karen.appel@xfel.eu

Keywords: FEL, pump-probe experiments, dynamic compression

Free-electron laser facilities (FEL) i.e. fourth generation light sources enable new applications in the field
of time-resolved studies including mineralogical research. The pulse length of the X-rays of these FELs is in
the regime of a few to a few 100 fs and the repetition rate is 50 Hz - 4.5 MHz. The high intensity and the time
structure of the FEL X-ray beam allow single shot images of the exposed material. With the principle of
pump-probe experiments, reactions of materials can be studied with a time resolution down to femtoseconds.
First FELs operated in the VUV regime (FLASH and FERMI), but since a few years, FELs in the hard X-ray
regime are available (LCLS and SACLA) and several are planned to become operative within the next
couple of years (SwissFEL, PAL-XFEL) as well as the European X-ray Free Electron Laser (XFEL) in
Schenefeld. Since the X-rays allow to probe short-lived states, high-energy optical long pulse lasers have
been installed at SACLA and LCLS to study materials at extreme conditions of pressure and temperature.
One obvious application in mineralogy using optical high-energy long pulse lasers as a pump is for dynamic
compression experiments in high-pressure research. By modifying the pulse shape of the optical long pulse
laser, either the Hugoniot behavior of a material can be studied with shock compression, or the regions
below the Hugoniot line in the P-T diagram with ramp compression. In this contribution, an overview of
recent experiments in this field will be given. European XFEL is a new user facility which will open to the
users in late 2016. It will provide soft to hard X-rays of up to 25 keV and can be operated up to 4.5 MHz. Six
baseline experiments are currently being build, one of them is dedicated to High Energy Density Science
(HED). At this scientific instrument several pump systems are foreseen including a high-energy long pulse
laser (100 J, 2-15 ns). This will allow to realize P-T conditions in the Earth core and of rocky planets of
several Earth masses. X-rays with up to 25 keV will be available, thus enabling also diamond anvil cell
experiments at a unprecedented repetition rate. On top of that, chemical reactions can be studied in-situ at a
time resolution of up to 4.5 MHz. In this contribution, we present the actual status of the facility, the
capabilities of European XFEL with respect to mineralogy, compare this to state-of-the-art techniques and
will show planned first experiments.
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THE JOYS OF MAKING OR BREAKING BONDS IN MINERALS:
A MOLECULAR PERSPECTIVE

Benning L.G*7?
! Helmholtz zentrum Potsdam, GFZ Deutsches GeoForschungsZentrum, Potsdam, Germany
2 School of Earth and Environment, University of Leeds, United Kingdom
Corresponding email: benning@gfz-potsdam.de

Keywords: mineral-fluid interfaces, nanoparticles, weathering

Reactions leading to the formation or dissolutions of mineral phases control most biogeochemical
element cycles on Earth and as far as we know also elsewhere. Surprisingly, to quantitatively asses the
molecular level reactions that lead to bonds between atoms in minerals to be made or broken - essentially to
nucleate, grow, transform or dissolve a mineral phase - is harder to measure than you may think. In the last
decade our ability to follow such complex and highly dynamic reactions has massively improved, yet we still
lack quite a lot of fundamental theoretical knowledge about nanoscale processes, and we lack experimental
validations of reactions that have been inferred from observations of natural processes. Bases on examples |
will discuss how we can today not just quantitatively follow such complex and often multiple steps reactions
in solution, but also how we use this knowledge to further develop, test and validate new sample preparation
/ handling approaches, and or in situ, time resolved and high-resolution methods. This allows us to gain a
better understanding of fluid-mineral-microbe interface mineral reactions at more realistic chemical and
physical conditions representative of natural processes in aquatic media, soils, sediments, aerosol or other
geo-bio systems. | will show how mineral formation and transformations in the carbonates (Bots et al., 2012)
and sulphate (Stawski et al., 2016; Van Driessche et al., 2012) occurs, what the role of biology in mineral
weathering and soil formation is (Bonneville et al., 2016), or how we assessed if and why the delivery of iron-
rich nanoparticles into the ocean (Hawkings et al., 2014) teaches us something about nutrient cycling,
primary productivity and mineral chemistry in modern or ancient geological settings.

Bonneville, S., Bray, A.W., Benning, L.G. (2016): Structural Fe(ll) oxidation in biotite by an ectomycorrhizal fungi drives
mechanical forcing. Environ. Sci. Technol., 50, 5589-5596.

Bots, P., Benning, L.G., Rodriguez-Blanco, J.-D., Roncal-Herrero, T., Shaw, S. (2012): Mechanistic insights into the
crystallization of amorphous calcium carbonate (ACC). Cryst. Growth Des., 12, 3806-3814.

Hawkings, J.R., Wadham, J.L, Tranter, M., Raiswell, B., Benning, L.G., Statham, P.J., Tedstone, A., Nienow, P., Lee, K.,
Telling, J. (2014): Ice sheets as a significant source of highly reactive nanoparticulate iron to the oceans. Nature
Commun., 5, 3929.

Stawski, T.M.,van Driessche, A.E.S., Ossorio, M., Rodriguez-Blanco, J.D., Besselink, R., Benning, L.G. (2016):
Formation of calcium sulfate through the aggregation of sub-3 nanometre primary species. Nature Commun., 7,
11177.

Van Driessche, A.E., Benning, L.G., Rodriguez-Blanco, J.D., Ossorio, M., Bots, P., Garcia-Ruiz, J.M. (2012): The role
and implications of bassanite as a stable precursor phase to gypsum precipitation. Science, 336, 69-72.

128



PLINIUS n. 42, 2016

RADIATION EFFECTS IN MINERALS
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! Department of Geological Sciences, Stanford University, CA, USA
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The earliest description of a change in mineral property caused by radiation damage was by Jons Jacob
Berzelius in 1814. Berzelius discovered that some U- and Th-bearing minerals glowed on heating, releasing
stored energy. In 1893, Braggger defined “metamikte” as a third class of naturally occurring, amorphous
materials. Metamict minerals were recognized as being amorphous due to their conchoidal fracture and
isotropic optical properties; however, well-developed crystal faces evidenced their prior crystalline state.
Thus, radiation effects in minerals were well recognized even before the discovery of radioactivity in 1896 by
Henri Becquerel. During the first one hundred years of investigation of metamict minerals substantial
progress was made in understanding radiation-induced damage in minerals and materials (Ewing, 1994).
During the past 25 years, much of the progress in understanding radiation damage in minerals has been
made by the use of ion beams to simulate different types of damage, mainly alpha-decay and fission
fragment damage (Ewing et al., 2000). These investigations have been stimulated by an interest in the effect
of radiation on nuclear waste forms (Ewing & Weber, 2010), the formation and annealing mechanisms of
fission tracks, and the diffusion and subsequent retention or loss of U, Pb and He in minerals used for age-
dating and thermochronology (Li et al., 2012). A variety of materials, with mineral analogues, have been
investigated because they have a high capacity to incorporate actinides, are chemically durable, and in some
cases, are resistant to radiation damage. There has been substantial interest in isometric pyrochlore,
A,B,0- (A = rare earths, actinides; B = Ti, Zr, Sn, Hf), for the immobilization of transuranium elements. Four
radiation-induced transformations occur: i) periodic-aperiodic, ii) order-disorder, iii) crystalline-to-crystalline,
and iv) chemical decomposition. Certain pyrochlore compositions (B = Zr, Hf) remain crystalline to very high
doses of alpha-decay event dose, which is mainly caused by ballistic interactions with the alpha-recoil
nucleus. The radiation-response of pyrochlore and zircon have been investigated using relativistic heavy
ions for which high energy deposition occurs by electronic excitation. Energetic ions deposit exceptional
amounts of kinetic energy (GeV) within an exceedingly short time (less that a femtosecond) into nano-scale
volumes. Energy deposition is up to tens of eV/atom, creating damage tracks, very similar to fission tracks in
zircon and apatite. Some irradiations have been done at high pressures (> 50 Gpa) and temperatures (up to
500°C) within a diamond anvil cell (Lang et al., 2009). The combined use of advanced in situ (synchrotron X-
ray diffraction and Raman spectroscopy) and ex situ (transmission electron microscopy) characterization
techniques has shown that normal phase relations are changed by irradiation and that most materials can be
amorphized. Most recently, new advances in understanding the local ordering in irradiated materials have
been made by the use of neutron total scattering and pair distribution function analysis (Shamblin et al.,
2016). The research horizon for metamict minerals remains broad and exciting!
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Soil trace elements are derived from either geogenic or anthropogenic sources. The first are directly
inherited from the parent materials, or from the weathering and leaching of ore deposits. Anthropogenic trace
elements enter the soil through several pathways; coming from industrial, urban and agricultural activities,
including those aerial deposition and acid mine drainage. These contributions to trace elements in soils are
of primary concern in pollution investigations. But, distinguishing between geogenic and anthropogenic
contributions in a soil is never a simple issue. In addition, from the total concentration of soil toxic elements
only the bioavailable fraction can result in a hazard to human and ecological receptors. The risk assessment
is generally a complex procedure that includes many parameters, many of them difficult to assess. The
proposed methodological approach for the evaluation of soil pollution by trace elements is an easier
procedure to obtain a reasonable evaluation of the potential risk soil contamination by toxic metal(loid)s. This
approach can be succefully applied in most of cases, avoiding a sometimes flawed risk analysis procedure,
which leads to an unnecessary declaration of soil contamination, resulting in mandatory and expensive
reclamation actions. The approach is primarily based on two considerations: a) the anomalous high
concentration of soil toxic elements does not always mean a health risk, although they exceed the generic
reference levels, b) the mobile fraction of the soil toxic elements and their bioavailability should be the base
of any risk assessment. As illustrated on the attached flow-sheet, the proposal consists on a series of
sucesive steps ranging from a simple investigation of available information of the history and present state of
the potential polluted site (PPS) to a detailed research that dtermines reference local values, enrichment and
geoacumulation factors, soil parameters, mobility, bioavailability, operational speciation, etc. For some
elements, i.e. As, Hg, Cd, and Pb, particular procedures are also proposed.
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Rare-metal granites and granitic rare-element pegmatites account for the majority of the production of
tantalum, tin, niobium, lithium, beryllium, and other raw materials. Each period of rare-metal granite and rare-
element pegmatite formation in Earth history is characterised by peculiar mineralogical and geochemical
features. The major and trace element composition of Ta-Nb and Sn oxides is used here to characterise
these periods and to distinguish ore provinces (Melcher et al., 2015, 2016). Some of the largest rare-element
pegmatite bodies are located within Archean terrains and intruded ultramafic and mafic host rocks. They are
highly fractionated, of LCT (Li-Cs-Ta) affinity and yield complex mineralogical compositions. Many carry
significant Li mineralization as spodumene, petalite, and amblygonite. In the Paleoproterozoic, syn- to post-
orogenic LCT-family pegmatites intruded variable lithologies within a variety of structural settings. Minor and
trace element signatures in columbite-tantalite are similar to those from Archean pegmatites, although some
are characterized by considerable REE enrichment along with Sc and Y, being transitional to NYF (Nb-Y-F)-
family pegmatites. The Mesoproterozoic period is comparatively poor in rare-element pegmatites and rare-
metal granites. Placer material from Colombia points to an unusual pegmatite source of NYF affinity, yielding
high total REE, Sc and Th at low Li in columbite-group minerals. A major period of pegmatite formation was
the Early Neoproterozoic at around 1 Ga. Pegmatite fields often display a zonal arrangement of mineralized
pegmatites with respect to assumed “fertile” parent granites. They intrude metasediments, metabasites,
gneiss and granite of middle to upper crustal levels and display a variety of mineralogical and chemical
characteristics. Pegmatites of the Sveconorwegian and Grenville domains are usually of the NYF type. In
contrast, the pegmatites of central and southwestern Africa are commonly of LCT affinity carrying
spodumene, beryl, abundant Ta-Nb oxides and cassiterite. The fourth major pegmatite-forming event
coincides with amalgamation of Gondwana around 550 Ma ago. Pegmatites showing both LCT and NYF
affinities often intruded high-grade metamorphic terrains. Rare-metal granites of NYF affinity are locally
abundant. The Alto Ligonha and Madagascar provinces are characterized by abundant REE and Sc both
within Ta-Nb-oxides and as separate mineral phases. In the Phanerozoic, pegmatite formation was related to
Sn-W mineralized granites during the Variscan and Alleghanian orogenies. Most of the pegmatites are of
LCT affinity, although NYF and some mixed types are present as well. Nb-Ta oxides from Mesozoic
pegmatites and rare-metal granites are invariably rich in REE, Sc, Y and Th. In all rare-metal granites, Ta-Nb
oxides are characterized by high total REE concentrations and both, negative Eu and Y anomalies in
chondrite-normalized REE diagrams.
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Serpentinites affect major tectonic and geochemical processes on Earth. Due to their abundance in
oceanic lithosphere and in subduction zones, they affect the volatile budgets and the geochemical-
geophysical properties of slabs and overlying mantle (Ripke et al., 2004). Increasing importance is now
given to interface domains between subducting and overlying plates, where serpentinite either occurs in
tectonic mélanges atop the slab, or forms kilometre-thick layers derived from hydration of supra-subduction
mantle (Bostock et al., 2002; Bebout, 2007). In such environments, serpentinite enhances deformation
channelling, fluid release, mass transfer and the buoyancy-driven uplift of eclogitic rocks (Hermann et al.,
2000; Gerya et al., 2002; Hyndman & Peacock, 2003). The role of serpentinite in element cycling during
subduction is debated. Sediments and altered oceanic crust are identified as the reservoirs delivering
incompatible elements to arcs and it has been envisaged that element loss from such rocks is boosted by
de-serpentinization fluids (Plank & Langmuir, 1993; Hermann et al., 2006; Spandler & Pirard, 2013).
However, it has been shown that serpentinites incorporate volatiles and fluid-mobile elements (FME) during
oceanic alteration and/or interaction with subduction fluids: once stored in serpentinite, these elements are
released during prograde serpentine dehydration (Hattori & Guillot, 2003; Deschamps et al., 2013; Kendrick
et al.,, 2011; Scambelluri et al., 2015). Serpentinite is also relevant for C storage and transport to depth in
subduction zones (Kerrick & Conolly, 1998). In the subduction-zone C cycle, de-serpentinization supplies
water to carbonate-bearing rocks promoting C mobility via decarbonation and carbonate dissolution. Back-
reaction of serpentinite with COH fluids converts silicates to carbonate minerals, sequestering carbon from
the circulating subduction fluids. To test the role of serpentinites as tracers of fluid activity in subduction
interface settings, | show FME contents and B, Sr, Pb isotopes of Alpine HP-UHP serpentinites and in their
dehydration products. | focus on: (i) lenses of de-serpentinized metaperidotite in the Cima di Gagnone
mélange (Central Alps); (ii) HP serpentinites (Voltri Massif, Western Alps). | discuss geochemical tracers to
assess fluid-rock interactions, element exchange and C-storage experienced during serpentinite subduction
and accretion to plate interface settings. Uptake of As, Sb, Be and reset of B, Sr and Pb isotopes are due to
interaction with sediment-derived fluids during prograde subduction metamorphism. This implies the early
slicing and accretion of serpentinite (of slab and/or mantle wedge origin) to plate-interface domains, where
they uptake crust- and sediment-derived fluids. Serpentinite metasomatism by sediment-derived fluids
enable transfer of these elements to subarc depths and their release to de-serpentinization fluids affecting
the mantle sources of arc magmas.
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The study of diamonds and the mineral inclusions trapped within them is of great interest to the Earth
Sciences, since it can provide insights into deep mantle conditions and evolution (Nestola et al., 2011).
Conventional techniques commonly used are destructive and thus do not allow the integration of different
methods to obtain complementary results. Significant information about the growth conditions of diamonds
and their inclusions should be obtained preferably by non-destructive, in-situ investigations. In this study, the
use of X-ray Topography combined with X-ray Tomography and Micro-X-ray Fluorescence allowed us to
obtain minero-petrogenetic information on diamonds and their inclusions, while totally preserving the
diamond hosts. In particular, X-ray Diffraction Topographic images, obtained in transmission mode, provide
maps of spatial distribution of lattice imperfections in the whole sample volumes, without the need for cutting
the samples into slices. This technique can furnish useful information to reconstruct the crystal's growth
history, in a similar fashion to diamonds from Finsch mine, South Africa (Agrosi et al., 2013) and from the
Udachnaya kimberlite, Russia (Agrosi et al., 2016). In our study, this methodological approach was applied
to diamonds from different provenances. Comparisons between the topographic images acquired on each
studied sample allowed the characterization of structural defects and identification of different types of post-
growth plastic deformation. Relationships between topographic features and different origin of diamonds
were found. X-ray Tomography provided visualization of the spatial distribution and shape of the inclusions,
permitting to distinguish inclusions made by a single crystal from polyphase inclusions or aggregates.
Chemical maps, obtained by Micro-X-ray fluorescence, allowed for the determination of the chemical
compositions of the majority of inclusions. Correlations were made between the composition of the inclusions
and their different density, obtained by the X-ray absorption observed in tomographic reconstructions. The
results obtained show that the plastic deformation of diamonds, the nature of the inclusions and their shape
are strictly related, contributing to the characterization of the different origins of diamonds.
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Super-deep diamonds are thought to crystallize between about 300 and 800 km (Harte, 2010) on the
basis of the inclusions trapped within them. Many of the inclusions are composites of multiple minerals and
show evidence of retrograde transformation from lower-mantle (LM) or transition-zone (TZ) precursors, and
their depth of origin is inferred. However, due to the lack of experimental evidence relating composite
inclusions directly to high-pressure precursors, their actual depth of origin has never been proven. Jeffbenite
is a new official mineral (Nestola et al., 2016), previously referred to as TAPP (Tetragonal Almandine-Pyrope
Phase), which occurs both in composite inclusions and as homogeneous inclusions, and may provide key
information about the depth of formation of super-deep diamonds. Jeffbenite is a tetragonal phase with
garnet-like stoichiometry discovered in Brazilian diamonds (Harris et al., 1997) and found exclusively in
nature as inclusions in super-deep diamonds. The main argument in favour of a super-deep origin for
jeffbenite is its coexistence in the same diamond with minerals, which are interpreted to have crystallized in
the TZ or LM (Harris et al., 1997; Harte et al., 1999; Hutchison et al., 2001; Brenker et al., 2002; Hayman et
al., 2005; Kaminsky, 2012). An origin for jeffbenite in the LM is also supported by its capacity to hold ferric
iron, as it was demonstrated that in deep mantle silicates Fe*" is significantly abundant (McCammon et al.,
1997; Harte, 2010). By contrast, the absence of octahedral silicon in the crystal structure, which is typical of
high-pressure silicates below 200 km depth, makes a LM origin difficult to explain if the jeffbenite structure is
primary (Harris et al., 1997; Finger & Conrad, 2000). Thus, whether jeffbenite forms as a primary phase in
the LM or is the product of retrogression from high-pressure mantle phases has been a matter of debate and
is still controversial.

The only experimentally determined stability field for jeffbenite is that of Armstrong & Walter (2012), which
provides a maximum pressure for jeffbenite stability of ~ 13 GPa (~ 390 km) at 1700 K. This confirms that
jeffbenite is a sub-lithospheric mineral, but rules out direct incorporation of jeffbenite in diamond at the TZ-
LM boundary. However, these results were obtained on a Ti-rich jeffbenite, which is usually found as part of
composite inclusions, and not on a Ti-free jeffbenite, which occurs as single-phase inclusions in diamonds
(Nestola et al., 2016). We therefore report here new laser heated diamond-anvil cell experiments from 5 to
30 GPa on a Ti-free jeffbenite, in order to determine the role that TiO, plays in the stability field of jeffbenite
and to figure out if the latter can be directly incorporated into diamond in the TZ or LM. Our preliminary
results show that the absence of TiO, extends the stability field of jeffbenite to higher pressures than
previously determined.
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NERC Grant NE/M000419/1 to MJW, NERC Fellowship Grant NE/J018945/1 to OTL and ERC-2012-StG
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Inclusions trapped in diamonds are one of the few diagnostic tools to constrain diamond growth
conditions in the Earth’s mantle. At conditions of the upper mantle, diamonds can potentially grow from
various forms of media (solid, gas, fluid). In this study, experiments have been performed to synthesize
inclusion-bearing diamonds employing starting mixtures of carbonates, graphite and silicates together with
diamond seeds in the presence of excess of pure water or saline fluids (H,O-NaCl). Experiments were
carried at conditions compatible with the Earth’s geotherm between 6-7 GPa (1300-1675°C) in multi-anvil
presses at the Bayerisches Geoinstitut, Bayreuth. Results show that within the timescale of the experiments
(6 to 30 hours) diamond growth occurs on seeds if water and alkali-bearing carbonates are present. Water
promotes faster diamond growth, which is favorable to the formation of inclusions (Bureau et al., 2012).

Thin sections of a few diamond seeds containing exposed inclusions were prepared using a Focus lon
Beam (about 2 to 5 um thickness). These sections were deposited on silicon wafers and gold coated for
micron-scale determination of the 3"°C isotopic compositions using the NanoSIMS 50 installed at the
Muséum National d’Histoire Naturelle, Paris.

Carbon isotope measurement with NanoSIMS were calibrated against a natural la and a synthetic lla
diamond used for diamond anvil cells, whose compositions were determined by gas-source mass
spectrometry at IPGP at 3.6£0.1%0 and -20.9+0.1%o, respectively. All the starting materials used for the
experiments were also characterized for their 3°C by the same technique at GEOTOP, Montréal.

The isotopic composition of the new diamond grown areas were measured close to the inclusions. They
exhibit a different isotopic signature than that of the starting seeds (starting diamond composition: -29.6 to -
30.4+1.4%0). The new diamond signatures are falling into the range of signatures of the starting carbonates
used for the experiments (-4.8+0.1 to -16.2+0.1%0) when they are far away from the composition of the
starting graphite (-26.4+0.1%o).

This shows that the carbon source for diamond growth must be the carbonates present either as CO3*
ions dissolved in the melt or as carbon dioxide species CO, in the aqueous fluid.

In the light of the results we suggest that the presence of small discrete or isolated volumes of water-
carbonate-rich fluids are necessary to grow inclusion-bearing peridotitic, eclogitic, fibrous, cloudy and coated
diamonds, and may also be involved in the growth of ultrahigh pressure metamorphic diamonds.

Bureau, H., Langenhorst, F., Auzende, A.-L., Frost, D.J., Estéve, ., Siebert, J. (2012): The growth of fibrous, cloudy and
polycrystalline diamonds. Geochim. Cosmochim. Acta, 77, 202-214.
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Diamonds and their mineral inclusions represent a real “probe” to the deepest regions of our Planet and
this explains why they are among the most studied geological materials in Earth Sciences. The diamond-
inclusion pair can provide crucial information about deep mantle conditions and its evolution (Nestola et al.,
2011; Pearson et al., 2014; Nestola & Smyth, 2016). Diamonds and their inclusions are usually investigated
by destructive techniques but it is evident that a non-destructive approach is in many case preferable to
preserve the samples. In this work we have performed in-situ high-resolution micro-Raman mapping of some
inclusions of olivines (compositions in average Mg;gFe(,SiO,) still trapped within diamonds in order to
investigate the distribution of the residual pressure exerted by the diamond. Indeed, it is well known that
olivine entrapped in diamonds can be under some residual pressures up to 0.5-0.6 GPa (Nestola et al.,
2011) and by the knowledge of such pressure and the thermo-elastic parameters (bulk modulus, thermal
expansion, etc.) of olivine-diamond pair it is possible to determine the depth of diamond formation. However,
a very recent work (Nimis et al., 2016) reported the presence of a SiO,-H,O fluid constituting a 1.5 pm thick
film around the inclusions at the interface with diamonds. Such a fluid could definitively affect the residual
pressure on the inclusions and have a strong impact on the final determination of the depth of crystallization.
Therefore, we have started a research project with the aim to determine if the residual pressure around the
inclusions is homogeneous by studying the positions of the Raman bands of olivine at the entire interface
with diamond. Such experiments could provide crucial information on the real distribution of the fluid around
the inclusion as it is not clear yet if such a film is distributed all over the interface between the inclusion and
the diamond or there is some contact between the two crystalline phases.

Nestola, F. & Smyth, J.R. (2016): Diamonds and water in the deep Earth: a new scenario. Int. Geol. Rev., 58, 263-276.

Nestola, F., Nimis, P., Ziberna, L., Longo, M., Marzoli, A., Harris, J.W., Manghnani, M.H., Fedortchouk, Y. (2011): First
crystal-structure determination of olivine in diamond: Composition and implications for provenance in the Earth's
mantle. Earth Planet. Sci. Letters, 305, 249-255.
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silicic fluid films around solid inclusions in gem-quality diamonds. Lithos, in press.
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Carbon isotope and nitrogen abundance data were acquired using secondary-ion mass spectrometry
(SIMS) for 198 diamonds from the Orapa Mine, Botswana. The diamonds were selected from a
microdiamond sampling campaign, hence full geological control exists for the location of the diamonds with
respect to the kimberlite pipe model.

The diamonds for which SIMS analyses were conducted have been thoroughly characterised in terms of
colour and morphology and comprise a representative subset of more than 2000 diamonds investigated.
Fourier Transform Infrared Spectrometry (FTIR) was used to determine nitrogen content and aggregation
state for the whole stones before they were mounted and polished for SIMS analyses.

The individual diamonds show considerable heterogeneity in both carbon isotope and nitrogen
abundance. The maximum variation in carbon isotope composition recorded for a single diamond is 17.82%o:
from -24.03 %o in the core of diamond S016 to -6.21%. in the rim. The largest variation in nitrogen content in
a single diamond is 3156 atomic ppm, from 40 to 3196 atomic ppm. Generally, stones that show
heterogeneity in carbon isotope composition and/or nitrogen abundance show clear evidence of more than
one growth zone in cathodoluminescence (CL) images. In some of these instances truncation of growth
zonation indicates the presence of a resorption boundary. Some diamonds appear to have had more than
one resorption and growth event.

A plot of nitrogen abundance versus carbon isotope composition shows a significant proportion (17%) of
the 412 analyses displaying light carbon isotope compositions and high nitrogen contents, falling well outside
the limit sector curve defined by Cartigny et al. (2001). The concave trend of the limit sector relationship was
used to argue against mixing of a subducted component with a primordial component for diamond growth
models (Cartigny et al., 2001).

The data are consistent with the presence of a subducted component in at least some of the diamonds
from Orapa. It is anticipated that this will be further confirmed with the acquisition of nitrogen isotope data
which will be presented if obtained timeously.

Unfortunately, most diamonds for which carbon isotope data exist are inclusion-bearing and not
representative of the run-of-mine populations, resulting in a bias. Furthermore, given the extreme
heterogeneity in carbon isotope and nitrogen content recorded in individual diamonds and clearly supported
by CL images, the bulk combustion analyses which comprise the majority of the global data set are
inappropriate. Clearly, detailed and spatially controlled stable isotopic analyses and fully representative
samples are required if the complex origins of diamonds in the mantle are to be understood.

Cartigny, P., Harris, J.W., Javoy, M. (2001): Diamond genesis, mantle fractionations and mantle nitrogen content: a study
of 8"3C-N concentrations in diamonds. Earth Planet. Sci. Letters, 185, 85-98.
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Because of its peculiar chemical and physical properties diamond can preserve clues on several
planetary processes. For example, inclusions trapped in inert diamonds are the key witness of mantle state.
But diamond can also preserve nanoscale traces of deformation (e.g., the hexagonal deviation from cubic
symmetry commonly called lonsdaleite phase) caused by instantaneous stresses such as those produced by
impact of meteorites and/or planetary bodies.

Impact cratering is undoubtedly one of the most frequent high-energetic and potentially catastrophic event
occurring at the earth surface and in the planetary system. For example, the energy released from an impact
occurring on the Earth’s surface for a small impact crater would be 3 orders of magnitudes higher than the
Hiroshima atomic bomb. These enormous energies (e.g., 624 GPa in terms of pressure have been
calculated for the 100km Popigai impact crater) and the very short duration cause unique irreversible
changes to rocks and minerals, are compatible with P and T conditions required to transform graphite into
diamond (e.g., 4.5 GPa at 1000°C) and are also enough to induce deformation in the newly formed
diamonds.

A fully integrated experimental and theoretical approach demonstrated that quantifying the amount of
stacking disorder in diamonds can lead to fundamental new insight not only on impact cratering process but
also on the origin of the carbon phases in our planetary system.

We have performed a completely new multi-methodological study of the stacking disorder induced on
diamond using shock waves at energies comparable to those released during impact cratering at Earth’s
surface (e.g., 7 km/s).

The results obtained on the laboratory-shocked diamonds have been then compared with the evidence
from natural diamond retrieved from Popigai impact crater allowing us to demonstrate that (i) hexagonal
features can form in diamond shocked to 60 GPa so that observations of “lonsdaleite” do not require
precursor graphite; (i) Coexisting hexagonal and cubic diamond features in laboratory-shocked and impact
diamond is explained by stacking disorder. Moreover, aided by first principle calculations, we extended the
current state-of-the-art demonstrating that Raman spectra for hexagonal diamond can provide a marker for
the presence of extended hexagonal sequences in diamond.

Furthermore, on the basis of these observation we could propose a metastable pathway for formation of
mixed cubic-hexagonal carbon phases that can explain fast energetic shock formation of both lonsdaleite
and impact diamond. Pure lonsdaleite has been reported in shock experiments, which for a few
nanoseconds approach extreme PT conditions (~ 6000 K, ~ 230 GPa; Kraus et al., 2016) similar to the
centre of the Earth. Since these very brief but energetic events can be recorded in diamonds, we can start to
consider new ways to search for these important messengers of extreme conditions in planetary materials.
Hypothetical formation of nanodiamond in supernovae, which might include hexagonal diamond, could in
principle survive Earth-sized planetary collisions and be older than our solar system.

Acknowledgements: This work was in part supported by Leverhulme grant A20080365 Superdeep
diamond and Earths atmosphere, and by ERC starting grant 307322 to F. Nestola and by the MIUR-SIR
grant “MILE DEEp” (RBSI140351) to M. Alvaro.
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Primary inclusions in diamonds are a guide to the general chemical composition of the diamond-parental
media at the mantle 150-800 km levels. This is the initial information for physico-chemical experimental
studies of the multicomponent heterogeneous systems which are responsible for natural diamond genesis. A
coordination of mineralogical and experimental data makes it possible to unravel the chemical and phase
compositions of growth melts that are effective in paragenetic origin of diamonds and their primary inclusions.
The following problems are of principal significance for the diamond genetic mineralogy: a) chemical nature
of growth melts for diamonds and paragenetic phases; b) physico-chemical mechanisms of diamonds and
primary inclusions syngenesis; c) phase reactions which govern the origin of discrete ultrabasic and basic
parageneses of mineral inclusions. The mantle-carbonatite concept of diamond origin is based on plausible
solutions of the problems which follow: a) the growth melts have changeable silicate-oxide-carbonate-carbon
compositions and are visualized in their generalized diagrams which are simultaneously demonstrative for
the primary inclusions genetic classification as well as genetic links to the upper mantle, transition zone and
lower mantle rocks; b) a labile carbon-oversaturation of the silicate-oxide-carbonate melts in respect to
diamond initiates mass nucleation and crystal growth of diamonds which are capable of trapping their
inclusions from the common growth melts (experimental “syngenesis” phase diagrams are evidenced about);
c) the regularities of ultrabasic-basic evolution and paragenetic transitions in the diamond-forming systems
are discovered by experimentally-based “syngenesis” phase diagrams under the regime of fractional
crystallization; d) a physico-chemically united mode of diamond origin at the mantle 150-800 km levels with
different mineralogy is demonstrated.

Acknowledgements: Program P34 of the RAS and RFBR grants 14-05-00537 and 16-05-00850.
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Ferropericlase (Mg,Fe)O is the most abundant non silicate oxide within Earth’s lower mantle and is one of
the most common mineral inclusions in super-deep diamonds. Magnesium-iron monoxide is the only lower
mantle phase thermodynamically stable at ambient conditions. Ferropericlase can incorporate significant
amount of Fe** (substituting Fe2+) in structural point defects, either in tetrahedral or octahedral coordination.
Under oxidizing conditions, the incorporation mechanism is controlled by a coupled cation substitution (2
Fe** for 3 Fe2+) which results in an octahedral cation vacancy (McCammon et al., 2004). In synthetic samples
at high-P and high oxygen fugacity the capacity of ferropericlase to accommodate Fe*'is suppressed likely
because of the high-P phase transition occurring in the magnetite-magnesioferrite system (McCammon,
1998). Magnesioferrite (natural occurrence) has been found as precipitates along dislocations and at the
interface with the diamond and accommodates Fe®*" from the (Mg,Fe)O. Therefore, it has always been
interpreted as the exsolution product of ferropericlase (Harte et al.,1999). The entrapment volume of the
ferropericlase inclusion in the diamond is constant and because of the higher density of the spinel, the above
mentioned precipitation process requires extremely high pressure conditions (Wirth et al., 2014). Another
explanation for the magnesioferrite formation might be the differential stress that the ferropericlase
accumulates during exhumation that leads to a large growth of dislocations that act as nucleation sites for
the spinel phase, but the pressure —temperature conditions are still not well constrained. To address these
issues, we aimed our investigation to bracketing the formation conditions (e.g. pressure, temperature and
oxygen fugacity) of magnesioferrite from ferropericlase to provide a new barometer for lower mantle phase
assemblages. We investigated the formation conditions of magnesioferrite by multianvil syntheses of
ferropericlase at different pressure (15 to 25 GPa) and oxygen fugacity conditions (Re-ReO, buffer; Fe-FeO
buffer). Combined Mdssbauer and TEM analysis provides evidence and characterization of the newly formed
spinel phase. The latest results will be presented with their relevance for better constraining the formation
conditions of ferropericlase inclusions in diamonds.

Harte, B., Harris, J.W., Hutchinson, M.T., Watt, G.R., Wilding, M.C. (1999): Lower mantle mineral associations in
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to Francis R. Joe Boyd”, Y. Fei, C.M. Bertka, B.O. Mysen, eds., Geochemical Society, Houston, 125-153.
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The identification of minute amounts of diamond and moissanite is possible with ease by means of
confocal Raman spectroscopy, as both species are fairly good Raman scatterers and yield characteristic,
narrow-line spectra. Further, these minerals are formed in the Earth’s interior under ultra-high-pressure
(UHP) conditions. The occurrence of diamond and/or moissanite as inclusions that are trapped inside rigid
host minerals, such as garnet, kyanite, or zircon, is therefore commonly taken as evidence for either mantle
origin or UHP metamorphism experienced by the host rock (e.g., Dobrzhinetskaya, 2012; Liou & Tsujimori,
2013, and references therein).

It however needs to be considered cautiously that both diamond and moissanite (i.e. silicon carbide) are
common abrasive materials, contained in many grinding and polishing powders, pastes, and sprays that are
used in the preparation of sample mounts. For this reason, the Raman-based identification of diamond
and/or moissanite alone is decidedly inconclusive with respect to origin/fformation of the host rock. Rather it
needs to be checked most cautiously and critically whether the diamond and/or moissanite detected is of
undoubted natural origin, then verifying high-pressure conditions, or might be inherited preparation debris
instead. An example for the latter has been documented by Dobrzhinetskaya et al. (2014) who showed that
the proposed discovery of what was assumed to represent the world’s oldest diamonds (Menneken et al.,
2007) merely was diamond abrasive trapped in surface voids of Hadean zircon in epoxy sample mounts.
Also, diamond is contained in many tools, such as drill bits or saws. Even insufficient cleaning of rock-
processing machines, such a jaw breakers, needs to be considered. Diamond detected in unpolished rock
specimens, or in heavy-mineral concentrates separated from crushed and acid-processed rock material,
therefore may be an inherited artefact. This has for instance been discussed by Ogasawara et al. (2011) who
guestioned the correctness of the proposed discovery of metamorphic diamond in the Dabie UHP terrane
(e.g., Xu et al., 1992).

There have been attempts to distinguish UHP minerals and abrasives of the same material using
peculiarities of Raman spectral parameters (Perraki et al., 2009; Nasdala et al., 2016). The outcome,
however, is disappointing. Spectral parameters (i.e., band positions and widths) of UHP minerals and
abrasives both show extensive scatter and overlap widely. In addition, there may be vast differences
between the spectra of a fresh abrasive and its used analogue (Steger et al., 2013). We discuss that Raman
identification is a conclusive, genuine proof of UHP diamond and/or moissanite only if it is accompanied by
thorough optical microscopy and/or electron microscopy, verifying that the crystals analyzed are completely
enclosed inclusions and have naturally developed connections with their host or neighboring minerals.

Dobrzhinetskaya, L.F. (2012): Microdiamonds — frontier of ultrahigh-pressure metamorphism: a review. Gondwana Res.,
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The study of the crystallographic orientations and morphology of minerals included in diamonds can
provide insights into the mechanisms of their incorporation and the timing of their formation relative to the
host diamond (e.g., Nestola et al. 2014). The reported occurrence of non-specific orientations for some
minerals in some diamonds, suggesting an epitactic relationship, has long been considered to reflect
contemporaneous growth of the diamond and the inclusion. Magnesium chromites [(Mg,Fe)Cr,0,4, space
group Fd-3m] are the third most abundant mineral found as inclusions in diamond, representing about 14%
(identical to the olivine abundance) of all the inclusions in cratonic diamonds (Stachel & Harris, 2008). We
have measured the relative orientations of 23 chromites in 16 diamonds from the Udachnaya kimberlite
(Siberia) and four chromites in four diamonds from Panda mine (Slave Craton, Canada) by both in-house
and synchrotron in-situ X-ray diffraction. Allowing for the ambiguities in indexing caused by the symmetries of
the Mg-chromite and diamond host, the relative orientation of each inclusion relative to its diamond, were
determined with the OrientXplot software (Angel et al., 2015). The inclusions exhibit a strong tendency (more
than 90% of measured inclusions) for a single (111) plane of each inclusion to be sub-parallel to a {111}
plane of their diamond host, but without any statistically significant orientation of the crystallographic axes a,
b, and c. This parallelism of (111) chromite and (111) diamond without epitaxy may reflect a mechanical
control during growth of chromite and diamond octahedral crystals.

Diffraction measurements do not provide information about the morphology of the inclusions in diamonds,
although such information may constrain possible growth mechanisms of the diamond and/or its inclusions.
Three-dimensional imaging of 29 chromite inclusions was performed by Synchrotron Radiation X-ray
Tomographic Microscopy (at TOMCAT, Swiss Light Source). The three-dimensional images revealed
features such as olivine inclusions within chromite inclusions and details of the surface morphologies that
could be interpreted as growth and/or dissolution features.

Acknowledgements: This work was supported by ERC starting grant 307322 to Fabrizio Nestola and by
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Kimberlite-borne diamonds form from fluids or melts circulating at depth in the Earth’s mantle. Usually,
analysis of this parental material is confined to specific types of diamond, the so-called fibrous or milky
varieties. Here we provide the first direct evidence of the common presence of a hydrous silicic fluid
surrounding typical peridotitic and eclogitic mineral inclusions in gem-quality diamonds from the Siberian and
Kaapvaal cratons. The fluid film (up to 1.5 pm thick) was identified by using confocal micro-Raman
spectroscopy and Synchrotron-based X-ray Tomographic Microscopy and contains Si,O(OH)e, Si(OH),, and
molecular H,O. This observation would strongly suggest that gem-quality lithospheric diamonds from both
major parageneses normally grow in the presence of a water-rich fluid. The presence of the fluid envelope
should be taken into account for the interpretation of H,O contents in solid inclusions and will need to be part
of the assessment of diamond formation pressures based on residual pressures of inclusions.
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Earth’s deep water cycle plays a critical role in the long term geochemical evolution of our planet Recent
developments from high-pressure experiments and regional seismic studies(Schmandt et al., 2014),
geochemical evidence from magmas, and the discovery of a natural hydrous ringwoodite (Pearson et al.,
2014) affirm early theoretical predictionsthat the components of water can persist in minerals and melts as
deep as the mantle transition zone (410-660 km depth). However, the water storage capacity of the
dominant lower-mantle mineral assemblage, bridgmanite-(Mg,Fe)(Si,Al)O3z (~ 80% vol.) and ferropericlase-
(Mg,Fe)O (~ 20% vol.), is 10-15 times lower than in the transition zone. Contrast in H,O storage capacity
between the transition zone and lower-mantle can produce volatile-rich magmas by dehydration melting
below 660 km depth and could act as a factory for diamond formation. Here we show the first direct evidence
for water-bearing fluids in the uppermost lower mantle from natural ferropericlase crystal contained within a
diamond from Sao Luiz, Brazil. The ferropericlase exhibits exsolution of magnesioferrite, which places the
origin of this assemblage in the uppermost part of the lower mantle. The presence of brucite-
Mg(OH), precipitates in the ferropericlase crystal reflects the later-stage quenching of H,O-bearing fluid likely
in the transition zone, which has been trapped during the inclusion process in the lower mantle. Dehydration
melting may be one of the key processes involved in transporting water across the boundary between the
upper and lower mantle.

Pearson, D.G., Brenker, F.E., Nestola, F., McNeill, J., Nasdala, L., Hutchison, M.T., Matveev, S., Mather, K., Silversmit,
G., Schmitz, S., Vekemans, B., Vincze, L. (2014): Hydrous mantle transition zone indicated by ringwoodite included
within diamond. Nature, 507, 221-224.

Schmandt, B.,Jacobsen, S.D., Becker, T.W., Liu, Z., Dueker, K.G. (2014): Dehydration melting at the top of the lower
mantle. Science, 344, 1265-1268.
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Diamonds form in the lithospheric mantle at depths between 150 and 200 km. A small amount of
diamonds is recognized to form in the transition zone and even in the lower mantle. These “sub-lithospheric”
diamonds are particularly abundant in the Juina area, Mato Grosso, Brazil and thereby have been the
subject of numerous studies. Juina diamonds present a wide spectrum of mineral inclusions, covering both
peridotitic and eclogitic composition. Syngenetic mineral inclusions such as calcium silicate perovskite and
magnesiowustite point out to diamond formation at depths between 500 km up to 800 km. Among the more
rare inclusions found in the Juina diamonds, carbonates are interpreted as an evidence of deep recycling of
sedimentary carbon into the transition zone or the lower mantle. Yet, the 5"°C values measured in three FIB-
TEM foils by NanoSIMS50 of an alluvial diamond with a dolomite inclusion range between -8.85+1.32%. and
-2.31+1.88%0 with a mean total value of -5.0+2.3%.. These values are in the range of typical mantle carbon,
as measured in diamonds of peridotitic paragenesis. Similar 5'°C values from -6.6 to -4.4%o are reported in
literature for three other Juina diamonds with carbonate/dolomite inclusions. There are several hypotheses
that could explain the measured “peridotitic’-like carbon isotopic composition in these diamonds but the more
plausible is that these diamonds were formed from reduction of carbonatitic melts. In this case, the
carbonate inclusion would be inherited from the melt and survived its reduction into diamonds. Schrauder &
Navon (1994) found carbonates in fluid inclusions from peridotitic diamonds formed in the lithosphere. The
trapped inclusions are cogenetic with their host-diamonds and they represent their parent fluid. Thus the
implication of fluids in the precipitation of the dolomite in carbonate-bearing Juina diamonds cannot be
excluded.

Schrauder, M. & Navon, O. (1994): Hydrous and carbonatitic mantle fluids in fibrous diamonds from Jwaneng, Botswana.
Geochim. Cosmochim. Acta, 58, 761-77
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Octahedral nanoinclusions are the main characteristic defect microstructures in irregular shaped milky
diamonds from Juina area, Mato Grosso, Brazil. Comprehensive chemical analysis using scanning
transmission electron microscopy (STEM) combined with energy dispersive X-ray spectroscopy (EDX) with
new ChemiSTEM™ technology yields a high N content for all sealed nanoinclusions studied. The
ChemiSTEM™ design includes an X-Field emission gun (X-FEG), high-brightness, Schottky electron source
and the Super-XT'VI geometry. The latter includes four windowless silicon drift detectors (SDD) symmetrically
arranged around the sample within the TEM column. This new setup provides increased light element
sensitivity, handling of high count-rates with excellent energy resolution and low dead times (Schlossmacher
et al., 2010; Von Harrach et al., 2010). Fourier transform infrared mapping of the milky regions, occurring
within octahedral diamond growth zones, showed a strong correlation between structurally bound nitrogen,
hydrogen and the abundance of nanoinclusions. We propose that the most likely phase included in these
nanoinclusions is ammonia (NHs). Although the total amount of N measured via STEM EDX cannot be
calculated directly, approximations of the minimum values are possible. Assuming a detection limit for N of
about 0.1 wt.% and a calculated nanoinclusion volume fraction of 0.17% results in a minimum bulk N content
within the nanoinclusions of about 170 ppm. If NH;z is the inclusion species the minimum estimate for bulk
hydrogen within the nanoinclusions is about 510 ppm. Formation of these NH-bearing nanoinclusions can
possibly take place by two different mechanisms at two different times during diamond host formation or
evolution. They could be the result of a recovery process during a high-temperature episode and thus might
represent the last stage of the nitrogen aggregation, or they may have simply grown in defects that captured
a free NH-bearing fluid. Trace-element analysis of milky and non-milky areas will help to distinguish between
the two suggested growth processes. Platelet breakdown would not induce higher concentrations of trace
elements within the milky areas. Assuming nanoinclusions represent growth zoning, trapping the host fluids,
they might have higher levels of other elements delivered by the fluid.

Schlossmacher, P., Klenov, D.O., Freitag, B., Von Harrach, H.S. (2010): Enhanced detection sensitivity with a new
XEDX system for AEM based on silicon drift detector technology. Microsc. Today, 18, 14-20.

Von Harrach, H., Dona, P., Freitag, B., Soltau, H., Niculae, A., Rohde, M. (2010): An integrated multiple silicon drift
detector system for transmission electron microscopes. J. Phys. Conf. Ser., 241, 012015.
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Mineral inclusions entrapped in their hosts can provide fundamental information about geological
processes. For example, recent developments in “elastic” geobarometry allow the retrieval of encapsulation
pressures (Pyqp) for host-inclusion pairs. In principle this method can be applied to any mineral-mineral pair
as long as both the residual pressure (P;,c) on the inclusion, and the Equations of State (EoS) for both host
and inclusion are known (Angel et al., 2015). However, this is only possible if the deformation in the host-
inclusion pair is purely elastic. This excludes all inclusions that are surrounded by cracks, indicative of brittle
deformation, as such weaknesses may result in partial or complete release of the Pinc. If however the effects
of these cracks on pressure release could be quantitatively modelled, then the applicability of “elastic”
geobarometry might be extended to a much larger number of inclusion-host pairs.

We report the results of a pilot experiment in which the residual pressures have been determined for 9
olivine inclusions still entrapped in 5 diamonds. Inclusion pressures were determined from the unit-cell
volumes of the olivines measured by X-ray diffraction and the EoS suitable for their compositions as
determined by in-situ X-ray structure refinement (Angel & Nestola, 2016). We quantified the actual amount of
cracks surrounding the inclusions by Synchrotron Radiation X-ray Tomographic Microscopy (at TOMCAT,
Swiss Light Source). Preliminary results showed that 90% of the inclusions trapped in our set of diamonds
are surrounded not only by cracks, but also by a continuous fluid rim (Nimis et al., 2016). Both the volumes
of cracks and rim have been determined from 3D reconstructions to an accuracy of about 4%. Our results
show that the fracture intensity around the inclusions increases with increasing inclusion size. The presence
of a fluid phase around the inclusions and its migration into developing cracks enhances the pressure
released upon fracturing. As a confirmation of such behaviour, within an individual diamond the Pj.
decreases with increasing crack volumes normalized over the volume of the rim. In principle, combining
elastic geobarometry (e.g., EoS for host and inclusions and unit cell volumes of the inclusions at room-T and
Pinc) together with the information on the volume of the cracks, it would be possible to reconstruct the original
Puap regardless of the state of fracturing.

Acknowledgements: This work is supported by ERC starting grant 307322 to F. Nestola and by the MIUR-
SIR grant “MILE DEEp” (RBSI140351) to M. Alvaro.

Angel, R.J. & Nestola, F. (2016): A century of mineral structures: How well do we know them? Am. Mineral., 101, 1036-
1045.

Angel, R.J., Nimis, P., Mazzucchelli, M.L., Alvaro, M., Nestola, F. (2015): How large are departures from lithostatic
pressure? Constraints from host—inclusion elasticity. J. Metam. Geol., 33, 801-813.

Nimis, P., Alvaro, M., Nestola, F., Angel, R.J., Marquardt, K., Rustioni, G., Harris, J.W. (2016): First evidence of hydrous
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The formation conditions of diamond can be determined by measuring the residual pressures on small,
trapped mineral inclusions. Determinations of the pressure of entrapment require accurate EoS of the
inclusion phases as well as diamond. Because mineral inclusions in diamonds from the subcratonic
lithospheric mantle are often garnet (38% of them; Stachel et al., 2008), we have determined new sets of P-
V-T EoS coefficients for various end-member aluminosilicate garnets (i.e., pyrope, almandine, grossular) and
uvarovite. These compositions constituent the main components of the garnet solid solutions found as
inclusion in diamonds. We test whether it is possible to determine the thermoelastic properties of
intermediate compositions by linear interpolation of the end members.

We began by synthesizing four end-member garnets and one intermediate garnet composition
(Pys1Al,Gr,7) using piston-cylinder and multi anvil devices (Milani et al., 2015). The unit-cell volume for each
garnet was measured as a function of pressure from 1 atm to 10 GPa and temperature from 100 to 1073 K.

Simultaneous fits of the elastic coefficients, performed using a thermal pressure Eos combined with a
3rd order Birch-Murnhagan in EoSFit7 (Angel et al., 2014), yielded the following values for the bulk modulus,
its first pressure derivative and the thermal expansion coefficient:K's:

UVioo: Kro = 157.9(1.8) GPa, K'p = 5.4(5), and a = 2.16(3)-10°K™*
Gri00: Kro= 167.0(2.0) GPa, K'o = 5.0(5), and a = 2.07(1)-10°K™
PYi100: Kro = 163.7(1.7) GPa, K'o = 6.4(4), and a = 2.52(1)-10°K ™"
Alygo: K1o= 172.6(1.5) GPa, K'o = 5.8(5), and a = 2.21(1)-10°K™

and
Pys1AIm,,Gra7: Kig = 166.2(1.9)GPa, K'y =5.8(5), and a = 2.45(1)- 10°k™

Linear interpolation from the EoS parameters of the end-members yields Kyp= 166.8(1.2) GPa, K'g =
59(4) and a = 2.36(1)-10-5K'1 for Pys;Alm,,Grp;. The difference between interpolated and measured
parameters are about 0.29 GPa for typical entrapment pressures of inclusions in diamond.

Acknowledgements: This work was supported by ERC starting grant 307322 to Fabrizio Nestola and by
the MIUR-SIR grant “MILE DEEp” (RBSI1140351) to M. Alvaro.
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Many of the world’s largest and most famous diamonds have been noted to have very low concentrations
of nitrogen, below the detection limit of infrared spectroscopy. These diamonds constitute a unique and
enigmatic variety of Type Il (low nitrogen) diamonds, whose origin has long remained uncertain (Moore,
2014). In addition to their nitrogen deficient character, these diamonds are generally large, inclusion poor,
relatively pure, irregularly shaped, and highly resorbed. The renowned 3106 carat Cullinan diamond,
discovered over a century ago, is a prime example. These Cullinan-like Type Il diamonds are especially
valuable as gemstones and difficult to access for research. Furthermore, they very rarely contain any
inclusions that might shed light on their geological origin.

Here we report the findings of a systematic search for inclusions in large, high-quality Type lla diamonds,
which reveals the recurring appearance of metallic inclusions. Analysis using X-ray diffraction and electron
microprobe shows a consistent assemblage of Fe-Ni-C-S phases within the inclusions. Such inclusions
suggest that Cullinan-like, large, high-quality diamonds could represent an unrecognized, unique
paragenesis with an intimate link to Fe-Ni metal in the deep mantle (Rohrbach et al., 2014; Smith & Kopylova,
2014).

Moore, A.E. (2014): The origin of large irregular gem-quality Type Il diamonds and the rarity of blue Type llb varieties.
South African J. Geol., 117, 219-236.

Rohrbach, A., Ghosh, S., Schmidt, M.\W., Wijbrans, C.H., Klemme, S. (2014): The stability of Fe—Ni carbides in the
Earth's mantle: evidence for a low Fe—Ni—C melt fraction in the deep mantle. Earth Planet. Sci. Letters, 388, 211-221.

Smith, E.M. & Kopylova, M.G. (2014): Implications of metallic iron for diamonds and nitrogen in the sublithospheric
mantle. Can. J. Earth Sci., 51, 510-516.
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The tectonic history in the Zagros Orogenic belt of northeastern Iraq (Kurdistan) started in the late
Cretaceous and continued into the early Miocene. Two allochthonous terranes in northeast Iraq are the
Upper and Lower Allochthon thrust sheets (Aziz et al., 2011). These were obducted and transported on top
of the northeast of the former Arabian passive margin during the early Miocene (Aswad, 1999).
Consequently the northeastern Arabian passive margin is first covered by parautochthonous flysch deposits
of Late Campanian-Maastrichtian age (known as the Tanjero clastics) and then by “Tertiary Red Beds”. The
Tanjero clastics and Tertiary Red Beds unconformably overly the autochthonous Balambo platform
carbonates and the accretionary prism of the Qulqula par-autochthonous radiolarites of oceanic provenance.
The verification of a long-lived tectonism of Iragi Zagros Suture Zone is a non-trivial task, mainly because the
Arabian passive margin has been affected by incremental superimposed deformation through time. A part of
the Upper Allochthon segment is the Hasanbag arc complex (Ali et al., 2012). ““Ar-*Ar dates on Hasanbag
magmatic hornblende from volcanic arc units indicate an Albian — Cenomanian age (106-92 Ma; Ali et al.,
2012). Aswad (pers. comm.) provides further insights into the extended episode of magmatism that resulted
from ridge subduction by examining the tectonic evolution of the Zagros thrust at Jabal Bulfat, 30 km east of
Qala Deza City. The biotite and hornblende from gabbroic and coeval granitoid components of a Bulfat
composite intrusion yield OAr-*Ar ages of 39.23+0.21 and 38.87+0.24 Ma respectively. These argon ages of
~39 Ma might also represent the termination of arc related magmatism that had initiated more than sixty
million years previously in the Albian-Cenomanian. Unlike the Upper Allochthon Ophiolite-bearing Terrane,
the Lower Allochthon has limited extent in Iraq. Their equivalents in Iran occur in the Kamyaran area along
the Sahneh-Marivan line. It is composed of the Walash- Naopurdan volcano-sedimentary groups. The “Ar-
*Ar data on basalt shows that the Walash- Naopurdan Groups are the major manifestations of 43.01+0.15 to
24.31+0.60 Ma magmatism i.e. with a long time span of approximately 19 million years (Ali et al., 2013). This
suggests that Cenozoic subduction was proximal to the northeastern margin of the Arabian craton.

Ali, S., Buckman, B., Aswad, S., Jones, K., Ismail, S., Nutman, A. (2012): Recognition of Late Cretaceous Hasanbag
ophiolite-arc rocks in the Kurdistan region of the Iragi Zagros Thrust Zone: A missing link in the paleogeography of
the closing Neo-Tethys Ocean. Lithosphere, 4, 395-410.

Ali, S., Buckman, B., Aswad, S., Jones, K., Ismail, S., Nutman, A. (2013): The tectonic evolution of a Neo - Tethyan
(Eocene—Oligocene) island - arc (Walash and Naopurdan groups) in the Kurdistan region of the Northeast Iraqi
Zagros Suture Zone. Island Arc, 2, 104-125.

Aswad, K.J. (1999): Arc-continent Collision in Northeastern Iraq as Evidenced by Mawat and Penjein Ophiolite
Complexes. Rafidain J. Sci., 10, 51-61.

Aziz, N.R.H., Aswad, K.J., Koyi, H.A. (2011): Contrasting of serpentinite bodies in northwestern Zagros Suture Zone
serpentinites, Kurdistan region, Irag: tracing a “subduction signature” in serpentinite-matrix mélanges Geol. Mag., 148,
819-837.
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Plio-Pleistocene alkali basaltic volcanism occurred within the Carpathian-Pannonian Region (CPR; e.g.,
Szabo et al.,, 2004) at six distinct volcanic fields. Several lava and pyroclast outcrops contain xenoliths,
however mantle xenoliths from only a few outcrops have been studied in details in the Styrian Basin Volcanic
Field (SBVF, Eastern Austria and Northern Slovenia). Based on previous studies, the subcontinental
lithospheric mantle (SCLM) beneath the SBVF is mainly composed of texturally homogeneous coarse
granular and high temperature spinel lherzolites. In our study we present new comprehensive petrographic,
crystal preferred orientation (CPO) and mineral chemistry data from 12 less-studied volcanic outcrops across
the SBVF.

The studied xenoliths are mostly coarse granular lherzolites, amphiboles are present in almost every
sample and often texturally replace pyroxenes and spinels. In amphibole-rich samples phlogopite, coupled
with apatite, is also present. The peridotites are highly annealed, with lobate grain boundaries, and the
microstructures of the constituent phases, particularly those of olivine and pyroxenes, do not suggest
significant intragranular deformation (i.e., they are devoid of subgrain walls and undulose extinction).

CPO of olivines varies between the most common distributions in nature: [010]-fiber, orthogonal and
[100]-fiber symmetry (Tommasi & Vauchez, 2015). The CPO of pyroxenes is usually coherent with coeval
deformation with olivine, showing [100]c, distributed subparallel to [001]opx. The CPO of amphiboles suggest
postkinematic epitaxial overgrowth on the precursor pyroxenes.

The studied xenoliths show a broad temperature range (850-1100°C), corresponding to mantle depths
(estimation based on local geotherm) between 30 and 60 km, which coincide with the shallower part of the
recent 60-80 km thick lithosphere beneath the SBVF (Bianchi et al., 2014). Equilibrium temperatures show
correlation with the varying CPO symmetries and grain size: coarser xenoliths with [100]-fiber and
orthorhombic symmetry and appear in the high temperature (> 1000°C) xenoliths, which is characteristic for
xenoliths that have asthenospheric origin (Kovacs et al., 2012). Most of the xenoliths display transitional
CPO symmetry between [010]-fiber and orthogonal, which may apply lithospheric deformation under varying
deformation regime from transtensional to transpressional setting (Tommasi et al., 1999). Such deformation
may have been caused by the Neogene evolution of the lithosphere within the CPR. According to our
calculations, a significant part of the observed seismic anisotropy under the SBVF can be generated by the
SCLM beside the assumed mantle flow beneath the region (Qorbani et al., 2015).

Acknowledgements: This research was granted by the Hungarian Science Foundation (OTKA, 78425 to
C. Szabd). K. Hidas’' research leading to these results was funded by the European Union Framework
Programme 7 (EU-FP7) Marie Curie postdoctoral grant PIEF-GA-2012- 327226.
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Earth’s mantle has been cooling at least since the Mesoarchaean, but there is little agreement on the rate
at which this proceeded and several models have been proposed that differ by as much as ~ 200°C in the
Mesoarchaean (Davies, 2009; Herzberg et al., 2010). Our weak grasp of the mantle thermal evolution is in
stark contrast to the importance of this parameter in regulating terrestrial dynamics and geochemical cycles,
ranging from controls on the peridotite solidus and consequent geochemical differentiation, to plate stiffness
conducive to the operation of plate tectonics and to the recycling efficiency of volatiles in subduction zones.

High-Mg eclogite xenoliths, entrained by kimberlites from the mantle lithospheres of ancient continental
cores into which they were emplaced during craton amalagamation, have elemental and isotopic
compositions indicative of formation in Archaean oceanic spreading ridges. Combined with rare orogenic
eclogites, exhumed or obducted during closure of ancient ocean basins, they may retain a memory of the
thermal and redox state of the ancient convecting mantle sources that gave rise to their low-pressure
protoliths. In contrast to modern MORB, their protoliths formed from higher-degree melts, in part from Fe-rich
mantle heterogeneities, experienced orthopyroxene (opx) fractionation in addition to or instead of olivine
fractionation (indicative of high pressures of crystallization), and some subsequently experienced partial melt
loss upon recycling and metamorphism.

Flat MREE-HREE patterns and lack of Y or Al,O; depletion relative to TiO, and MgO in Archaean
eclogites indicate formation of protoliths from a melt that separated predominantly from a garnet-free
peridotite source, implying intersection of the solidus at shallow pressures in or not far above the spinel
peridotite stability field at pressures ~ 2.5 GPa. Low average melt fractions (~ 0.25) are calculated from the
TiO, contents of the least differentiated, non-cumulate Archaean samples, assuming robustness of
TiO, during partial melting of eclogite as supported by experiments. This again suggests shallow intersection
of the solidus at ~ 3 GPa for decompression melting with productivities of ~10% per GPa and final melting
pressures of 0.5 GPa. Combined with a solidus parameterisation (Hirschmann, 2000), this yields initial
melting temperatures of ~1400-1520°C, corresponding to Tp of ~ 1370 to 1480°C. This temperature estimate
is significantly lower than some estimates for the ambient convecting mantle, arguing for early plate
strengthening that would support plate tectonics and topography and possibly facilitating deep volatile
recycling from the Mesoarchaean onwards.

Davies, G.F. (2009): Effect of plate bending on the Urey ratio and the thermal evolution of the mantle. Earth Planet. Sci.
Letters, 287, 513-518.

Herzberg, C., Condie, K., Korenaga, J. (2010): Thermal history of the Earth and its petrological expression. Earth Planet.
Sci. Letters, 292, 79-88.

Hirschmann, M.M. (2000): Mantle solidus: Experimental constraints and the effects of peridotite composition. Geochem.
Geophys. Geosyst., 1, 70.
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The extreme depletion of the Earth’s mantle in the chalcogens (S, Se, Te) is commonly seen as a
signature of mantle-core equilibration at high pressure. However, in addition to S, Se, and Te, the mantle
contains other elements as volatile as S that are hardly depleted relative to the volatility trend despite being
potentially siderophile. Sulfur-bearing metal-silicate experiments over a wide range of metal/S ratios reported
here show that the relative abundances of all moderately volatile elements cannot be reproduced with metal-
silicate equilibration, neither at low nor at high pressure. Much of the volatile inventory of the Earth’'s mantle
must have been added late in the accretion history, when core formation had become largely inactive. The
great depletion in the chalcogens is attributed to the selective segregation of a late sulfide matte from an
oxidized and largely crystalline mantle. We propose that the volatile abundances of the Earth’s mantle may
not be in redox equilibrium with the Earth’s core.
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Recent studies of olivine-rich gabbroic rocks from the lower oceanic crust describe a hybrid origin of
olivine-rich troctolites, through melt-rock interaction processes, impregnation and incorporation of mantle
slivers in the lower crust (e.g., Drouin et al., 2010). The Erro-Tobbio ultramafic massif allows the study of the
association between impregnated mantle peridotites and a hectometre-size ultramafic body composed of
troctolite to plagioclase-bearing wehrlite. We used detailed structural analyses and in-situ mineral
geochemistry to infer the formation mechanism of this mafic body. The inner troctolitic body exhibits high
complexity, with a host troctolite (Troctolite A) crosscut by troctolitic tabular bodies (Troctolite B). These
different generations of troctolites show distinct modal compositions and textures. The host troctolite A is
characterized by a dominant millimetre-size corroded granular texture of olivine associated with dunite pods
and a layering defined by poikilitic plagioclase enrichment. The contact between the mafic body and the host
mantle peridotites is defined by irregular troctolite to wehrlite apophyses. The troctolite A shows
microstructures and Crystallographic Preferred Orientations (CPO) indicative of a formation after
impregnation of a mantle dunite by an olivine-undersaturated melt. This impregnation leads to olivine
dissolution, associated with poikilitic plagioclase and clinopyroxene crystallization. This is indicated by a
progressive randoming of the Axial-[100] CPO with olivine disaggregation and increasing melt input in the
troctolite. The crosscutting troctolite B displays extreme olivine textural variation, from fine-grained granular
to deformed coarse-grained skeletal olivine. Troctolite B shows CPO indicative of crystallization after
magmatic flow, intrusive into the host troctolite A. Both troctolite types display large major and trace element
variations in minerals, e.g. variation of anorthite content (An = 54-67) in plagioclase at rather constant
Forsterite content in olivine, and significant Zr, Ti, HREE heterogeneity in olivine, systematically correlated
with the textural variability (e.g. corroded deformed vs. undeformed granular olivine). Such features indicates
an important role of reactive (rather than pure fractional) crystallization. We infer that the textural
heterogeneity of olivine in the troctolite B is related to variations in the degree of undercooling and cooling
rate of the melt (Faure et al., 2003). The skeletal olivine crystallization corresponds to a first influx of a
primitive melt into a colder host troctolite, followed by a local reheating of the host rock and evolution of the
melt leading to formation of fine-grained euhedral crystals. Overall, the results of this study suggest a poly-
phase formation of this hectometre-scale troctolitic body through multiple processes: the impregnation of a
mantle-derived dunitic body followed by intrusions by undercooled primitive melts.

Drouin, M., lldefonse, B., Godard, M. (2010): A microstructural imprint of melt impregnation in slow spreading
lithosphere: Olivine-rich troctolites from the Atlantis Massif, Mid-Atlantic Ridge, 30°N, IODP Hole U1309D. Geochem.
Geophys. Geosyst., 11, Q06003.

Faure, F., Trolliard, G., Nicollet, C., Montel, J.M. (2003): A developmental model of olivine morphology as a function of
the cooling rate and the degree of undercooling. Contrib. Mineral. Petrol., 145, 251-263.
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Field, petrological and geochemical data is reported on the Jacupiranga alkaline-carbonatite complex
(133-131 Ma) which, together with other alkaline complexes of southern Brazil and south-western Africa,
occurs in the central part of - and is coeval with - the Parana-Etendeka CFB province. It consists of a shallow
intrusion in the Precambrian crystalline basement, and can be subdivided in two main diachronous plutonic
bodies: an older dunite-gabbro-syenite in the NW and a younger clinopyroxenite — ijolite (s.l.) in the SE, later
injected by a carbonatitic core (< 1% volume). A petrogenetic model based on bulk rock major and trace
element, mineral chemistry and Sr-Nd-Pb-C isotopes indicate that the two silicate intrusions generated from
different parental magmas that rose from distinct mantle sources and evolved at shallow level in two zoned
cup-shaped plutonic bodies. The first intrusion was generated by OIB-like alkaline to mildly alkaline parental
basalts that initially led to the formation of a dunitic adcumulate core, surrounded by gabbroic cumulates, in
turn injected by subanular syenite intrusive and phonolite dikes. Mela-nephelinitic (+ melilite) melts likely
generated deep (= 3 GPa) in the lithosphere were the parental magmas of the second intrusion and gave
rise to large coarse-grained clinopyroxenite ad- to meso-cumulates, in turn surrounded and partially cut, by
semi-annular fine-layered melteigite-ijolite-urtite ortho-cumulates. Isotopically, carbonatites do not evidence
genetic links with the associated silicate intrusions, thus suggesting either a direct mantle origin or shallow
liquid immiscibility from hypothetical silicate magmas currently not observed in the complex. An important
result arising from the new Sr-Nd-Pb isotopes on Jacupiranga rocks is the clear correspondence of the
clinopyroxenite-ijolite (s.l.) intrusion with the “Gough component” recently identified as the initial plume
signature that characterizes the magmatic activity since 132 Ma, encompassing the oldest part of the Walvis
Ridge volcanism and the Etendeka picrite-basalt association. Therefore, a model is proposed to account for
the Early Cretaceous tectonomagmatic evolution of western Gondwana, where the impinging proto-Tristan
(Walvis) mantle plume caused lithospheric arching, extension and radial fracturing of the south American-
African plate triggering widespread small volume alkaline-carbonatite episodes mostly coeval with the
eruption of the majority of Parana-Etendeka CFB; the model could explain the coexistence of 1) small
degree alkaline melts mostly generated from lithospheric mantle sources that, for the deepest magmas such
as Jacupiranga parental melanephelinites, may also record the signature of sublithospheric plume-related
geochemical components; and 2) higher degree melting CFB picrites generated from the hottest and
deepest sublithospheric mantle sources at the core of the plume head.
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Magma chambers in the deep continental crust play a major role in modifying the compositions of
ascending mantle-derived melts, through complex evolution processes involving fractional crystallization,
crustal assimilation and melt-crystal mush reactions (e.g., Solano et al., 2012). To unravel the early
magmatic evolution experienced by the mantle melts intruding the lowermost continental crust of the Ivrea-
Verbano Zone, we carried out a petrological and geochemical study of the km-scale ultramafic lens exposed
near M. Capio. This lens spreads for a few km from Strona to Sesia valleys, near the Insubric tectonic line,
and has a maximum thickness of 300 m. The ultramafic lens includes Fe-Ni-Cr mineralizations (e.g.,
Zaccarini et al., 2014) that were exploited in the past through mine activity, and shows intrusive relationships
with respect to granulite-facies metasediments of the Kinzigite Formation (Ewing et al., 2013; Redler et al.,
2013). Primary magmatic relationships between the ultramafic lens and garnet-bearing gabbros are locally
preserved (Ferrario et al.,, 1983). A U-Pb zircon date of 31445 Ma was reported for one garnet-bearing
gabbro and interpreted as the intrusion age (Kl6tzli et al., 2014).

The ultramafic lens mostly consists of amphibole-bearing peridotites and pyroxenites. Olivine from the
peridatites (dunites to olivine-rich harzburgites/lherzolites) has forsterite molar proportions ranging from 84 to
79% and is associated with accessory Cr-poor spinel. The pyroxenites are characterized by euhedral
orthopyroxene (Mg# = 82-77) as the most abundant phase and are locally plagioclase-bearing. The
peridotite-pyroxenite association is locally crosscut by plagioclase-bearing hornblendite dykes. In addition,
sparse amphibole-rich gabbronorite dykes were found in one of the pyroxenite exposures. Amphibole from
the peridotites has relatively low TiO, (about 1.5 wt.%) and rather variable K,O. In the pyroxenites and the
dykes, amphibole has TiO, ranging from 2 to 3 wt.% and nearly constant K,O, and plagioclase is anorthite-
rich (89-75 mol%). Amphibole and clinopyroxene from the peridotites show marked variations in the
incompatible trace element signature, contrary to amphibole and clinopyroxene from the pyroxenites and the
dykes. The variable geochemical fingerprint of the peridotites is attributed to reactive melt migration within an
olivine-rich spinel-bearing matrix. Nd-Sr isotopic analyses of mineral separates and whole-rocks are currently
in progress to elucidate whether the percolating melts were differentiates mantle melts or melts
contaminated by crustal components

Ewing, A.T., Hermann, J., Rubatto, D. (2013): The robustness of the Zr-in-rutile and Ti-in-zircon thermometers during
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The southern Alps in the Province of Trento (ltaly) are constituded by a Paleozoic crystalline basement
covered by Mesozoic sedimentary units. Volcanism is also represented, as testified by Permian (calcalkaline
products, mainly rhyolitic in composition), Triassic (basic to intermediate shoshonitic products) and
Paleogene (tholeiitic and Na-alkaline basalts) episodes. In this framework, the updated 1:50,000 geological
map of Trento revealed in Valsugana (a lateral valley respect to the main Adige valley) the presence of a
series of basic dykes crosscutting the crystalline basement, ignored by the previous researches. These
dykes, outcropping close to the towns of Pergine and Levico Terme, could represent evidence for an
indipendent volcanic episode so far overlooked in the literature. To discover the nature of these dykes 10
whole-rock samples have been analyzed by XRF and ICP-MS to have a major and trace element
characterization, as well by TIMS for the analysis of Sr-Nd-Pb isotopes. Plotted in a Total Alkali Silica (TAS)
diagram, samples include subalkaline and transitional products, that according to the K,O vs. SiO, diagram
pertain to the calcalkaline and shoshonite series, respectively. The incompatible trace element distribution
invariably displays the negative anomalies in High Field Strenght Elements (HFSE) typical of subduction
related magmas. The Sr-Nd-Pb isotopic composition (carried out on leached whole rock powders) displays a
marked crustal signature, with ®’Sr/®°Sr 0.7093-0.7464, “*Nd/***Nd between 0.5122-0.5121, **Pb/***Pb
18.6-19.6, *'Pb/**'Pb 15.6-15.7, *°*Pb/***Pb 38.9-40.5. Preliminary dating of two samples, performed by
ActLabs, gives K-Ar ages of 23616 and 251+7 Ma. On the whole, considering the observed spatial location,
the timing, and the geochemical signature, we propose that the studied dykes represent a transition between
the Permian and the Triassic volcanism that are known in neighbouring sectors of the southern Alps, as
result of post-collisional magmatism following the end of the Varisic orogenic cycle. On the other hand, a
possible relation between these dykes and the Cenozoic (Alpine) tectono-magmatic phases (an hypothesis
proposed in the notes of the geological map) seems to be unwarranted.
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Mantle peridotites exposed in ultramafic massifs are often veined by pyroxenitic lithologies that can be
originated by deep magmatic infiltration, thus representing old heterogeneities in the mantle. These
pyroxenites experienced the same metamorphic evolution of the host peridotites but they are expected to
develop sensibly different phase assemblages from peridotites as a result of significantly different bulk
composition. Although several experimental studies have been focused on melting relations in pyroxenites
over a wide compositional range, phase relations at subsolidus lithospheric conditions are still poorly
experimentally investigated. This study aims to provide new experimental constraints on phase stability and
mineral chemistry in pyroxenites. A natural pyroxenite from ophiolitic mantle sequence (Northern Apennine,
Italy) has been chosen; this pyroxenite has a peculiar bulk composition, with relatively high Xyg (0.83), high
CaO (14.5 wt.%) and low Na,O (0.48 wt.%) contents, and it is interpreted as a hybrid secondary pyroxenite
originated by interaction between peridotite and pyroxenite-derived melt (Borghini et al., 2016). Experiments
were performed at pressure from 0.7 to 1.5 GPa, temperatures from 1100 to 1250°C using both single stage
and end-loaded piston cylinders. The starting material was prepared as an anhydrous glass obtained from
the powder of the natural pyroxenite, seeded with 1% of a mixture of synthetic spinel s.s. (50%) and pyrope
(50%). Al-rich spinel is ubiquitous in all experimental run products together with clinopyroxene,
orthopyroxene and olivine. At 1100°C, a plagioclase-bearing assemblage is stable up to 0.9 GPa and a
garnet-bearing assemblage is stable at 1.5 GPa and temperature between 1150 and 1230°C. The stability of
plagioclase moves to slightly higher pressure than what observed in fertile lherzolite (Borghini et al., 2010).
At 0.8 and 0.9 GPa, plagioclase is slightly more anorthitic than in Iherzolite and its modal abundances are
about 12 and 8 wt.%, respectively. We found few percent (5-6 wt.%) of a pyrope-rich garnet in experiments
at 1.5 GPa; at T = 1150-1230°C the “garnet-in” curve is rather flat and located at significantly lower pressure
as compared with mantle peridotites, expected to be above 1.8 GPa (Klemme & O'Neill, 2000). Pyroxenes
mineral chemistry varies significantly in the plagioclase stability field and in the garnet stability field, but is
rather homogeneous in the spinel pyroxenite field, as result of negligible variability of spinel composition
reflecting the very low Xc, of the bulk (0.01). The results of this experimental study are comparable with
mineral compositions variability documented in natural samples and they can represent useful tools to trace
the geothemobarometric evolution of tectonic mantle sequences.

Borghini, G., Fumagalli, P., Rampone, E. (2010): The stability of plagioclase in the upper mantle: Subsolidus experiments
on fertile and depleted Iherzolite. J. Petrol., 51, 229-254.

Borghini, G., Rampone, E., Zanetti, A., Class, C., Cipriani, A., Hofmann, A.W., Goldstein, S. (2016): Pyroxenite layers in
the Northern Apennines’ upper mantle (Italy) - Generation by pyroxenite melting and melt infiltration. J. Petrol., in
press, DOI: 10.1093/petrology/egv074.

Klemme, S. & ONeill, H.S.C. (2000): The near-solidus transition from garnet Iherzolite to spinel Iherzolite. Contrib.
Mineral. Petrol., 138, 237-248.
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Secondary pyroxenites can form in the deep mantle as a result of interaction between pyroxenite-derived
melt and peridotite (e.g., Sobolev et al., 2005); they therefore potentially represent a melting component in
the basalt sources. Although partial melting of pyroxenites has been extensively investigated at P > 2 GPa
(e.g., Lambart et al., 2013), melting relations for peculiar hybrid pyroxenite compositions at P < 2 GPa is still
poorly known. We have experimentally derived the extent and composition of partial melts from a secondary
pyroxenite at 1 and 1.5 GPa, in order to evaluate its role in the basalts composition by combining the results
of this work with experimental data on peridotites in a simple partial melting model. As starting material, we
selected a pyroxenite sample from the Northern Apennine ophiolites (Italy), whose “second-stage” origin was
documented by field and geochemical observations (Borghini et al., 2016). This pyroxenite has solidus
temperature of 70 and 100°C lower than the solidus of moderately fertile peridotite (MM3), at 1 and 1.5 GPa
respectively. It encounters very high degrees of melting (around 90%) within narrow temperature ranges
(100 and 130°C, respectively), and its melt productivity, at fixed T, can be 6-7 times higher than that of a
peridotite. At increasing melt fraction, orthopyroxene (x garnet), spinel and clinopyroxene are progressively
consumed by melting reactions. At both pressures, olivine is the liquidus phase. Pyroxenite melts cover a
wide range of Xyg (0.53-0.80), with SiO,, Al,O; and Na,O decreasing and CaO increasing with degree of
melting. Profiting of experimental results we calculated melt compositions for mantle sources made by
different proportions of peridotite, considering both fertile and depleted peridotite composition, and
secondary pyroxenite. In this simplified model, the effect of heat transfer from peridotite towards the lower
solidus-temperature pyroxenite (e.g., Phipps Morgan, 2001) has been not considered, and the two
components are chemically and thermically isolated until melt mixing and extraction. At elevated melting
degrees of the mixed source (F > 20%), due to the higher melt productivity of pyroxenite, the influence of
pyroxenite component results in Xygsimilar to peridotite melts, very low Na,O contents and
CaO/Al,O3 higher than MORBs. At moderate melting degrees (F < 20%), computed mixed melts are highly
comparable with most primitive MORBs either assuming fertile or depleted peridotite, even for high
pyroxenite fraction (20-50%). In such melting scenario, the studied secondary pyroxenite would represent a
“hidden” component in the mantle source, potentially capable to explain the decoupling between “enriched”
trace-element/isotope and “normal” major-element compositions sometimes documented in oceanic basalts.

Borghini, G., Rampone, E., Zanetti, A., Class, C., Cipriani, A., Hofmann, A.W., Goldstein, S. (2016): Pyroxenite layers in
the Northern Apennines’ Upper Mantle (Italy) - Generation by pyroxenite melting and melt infiltration J. Petrol., in
press, DOI: 10.1093/petrology/egv074.

Lambart, S., Laporte, D., Schiano, P. (2013): Markers of the pyroxenite contribution in the major-element compositions of
oceanic basalts: Review of the experimental constraints. Lithos, 160-161, 14-36.

Phipps Morgan, J. (2001): Thermodynamics of pressure release melting of a veined plum pudding mantle. Geochem.
Geophys. Geosyst., 2, 2000GC000049.
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The Tertiary Magmatic Province of Veneto, known as Veneto Volcanic Province (VVP), in the North-East
of Italy, represents the most important volcanic district of the Adria Plate. It is composed by five volcanic
localties: Val d’Adige, Marosticano, Mts. Lessini, Berici and Euganean Hills. Most of the volcanic products
are relatively undifferentiated lavas and range in composition from nephelinites to tholeiites. Often VVP
nephelinites and basanites carry mantle xenoliths (mainly harzburgites and Iherzolite).

This study reports a petrological comparison between Marosticano xenoliths (new outcrop) and those
from the Lessinean and Val d’Adige areas (Siena & Coltorti 1989; Beccaluva et al., 2001; Gasperini et al.,
2006).

Mineral major elements analyses show that the Marosticano lherzolites and harzburgites reflect “more
restitic” composition than the mantle domain beneath the other VVP districts (Lessini Mts. and Val d’Adige).
Olivine and pyroxene of Marosticano xenoliths have in fact the highest mg# values of the entire district
(Marosticanoa90-93; literaturea86-92). At comparable mg# (45-85 wt.%) Marosticano spinels tend to be
higher in Cr,03 (23-44 wt.%) contents with respect to the other VVP spinels (7-25 wt.%). Ni contents in
Marosticano olivines are higher (2650-3620 ppm) than those of the Lessinean xenoliths (1500-3450 ppm),
and similar to that of Val d’Adige Iherzolites (3000-3500 ppm), approaching the contents of Archean cratonic
mantle (Kelemen, 1998). In turn, Lessinean olivines properly fall in the Ni-mg# Phanerozoic field.

Detailed in-situ trace element analyses show that clinopyroxene in the Marosticano mantle xenoliths
exhibits strong enrichment in Th, U and LREE, but depletion in both HREE and HFSEs (e.g., Ta, Zr and Hf).
Moreover clinopyroxenes in most Marosticano mantle xenoliths have high La/Yb but low Ti/Eu ratios,
suggesting a metasomatism by carbonatitic melts (Coltorti et al., 1999), while the Lessinean clinopyroxene
compositions are consistent with a metasomatism by silicate melts (Beccaluva et al., 2001).

To complete this state-of-art, the equilibration temperatures and oxigen fugacities for Marosticano
peridotites were estimated and compared with those of the other VVP xenoliths. At fixed pressure of 15 kbar,
the equilibration temperatures of Marosticano xenoliths are similar (Brey & Kéhler: 920-1120°C) to those of
Lessini (O'Neill & Wall: 990-1110°C; Beccaluva et al., 2007), but higher than those of Val d’Adige (Wells:
909-956°C; Gasperini et al., 2006). Finally, Marosticano mantle fragment show similar relatively high redox
conditions (Dlog fO,: +1.2 to -0.7, Ballhaus, 1991) with respect to Lessinean and Val d’Adige xenoliths, in
agreement with the range of continental lithosphere (Foley et al., 2011).
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Grodziec nephelinite is one of the mantle xenolith-bearing Cenozoic alkaline lavas in Lower Silesia (SW
Poland, Central Europe). The xenoliths are represented by peridotitic and clinopyroxenitic suites. The
peridotites comprise mostly spinel Iherzolites, but other lithologies are present as well. Forsterite content in
olivine classifies the xenoliths into four groups: A (Fo = 90.7-91.8%), A- (Fo = 89.3-89.9%), B (Fo = 85.2-
86.1%), and clinopyroxenitic group C (Fo = 78.8-86.6%). Xenoliths from groups A and A- plot into OSMA
field by Arai (1994) and thus represent undoubtly mantle rocks. Group B xenoliths are Cpx-bearing dunites
(2-6 vol.% of Cpx) and wehrlite (15 vol.% of Cpx) and are characterized by adcumulative texture.
Clinopyroxene (Mg# = 0.88-0.86) occurs in interstices as clusters or parallel layers. It is enriched in LREE
((La/Lu)y = 4.07-4.15).

Dunites can form during partial melting of primary mantle which degree exceeds 40% (Pearson et al.,
2003). However, more commonly dunites originate due to reaction of harzburgite with silicate melt which
result in crystallization of olivine at expense of orthopyroxene (e.g., Kelemen, 1990). The dunites may
contain small amounts of clinopyroxene which crystallized from the percolating melt. Such replacive dunites
are commonly observed as veins in ophiolitic complexes and are interpreted as channels through which
silicate melt was transported. Our study shows that Grodziec group B xenoliths share the replacive origin
with ophiolitic dunites and that group C xenoliths represent precipitates from the percolating melt in
uppermost mantle conditions. Moreover, the peridotite-melt reaction caused also olivine enrichment in Fe
(“Fe-metasomatism”). Dunites and wehrlites have been found in Lower Silesia (Puziewicz et al., 2015),
however they were not considered as effect of dunitization. Chemical and textural features of dunite
xenoliths (olivine enrichment in Fe, absence of orthopyroxene, LREE enrichment in clinopyroxene, if present),
allow us to suppose that dunitization process can be more widespread in upper mantle in Central Europe.

Dunitization process is limited to narrow channels (centimeters to meters) therefore their volume in upper
mantle is rather low (5 to 15%; Kelemen et al., 1995). Replacive dunites constitute 13.6% of all xenoliths
from Grodziec and 3 to 9% of all xenoliths from another Lower Silesia locations. This observation suggests
that proportions between “normal” and “dunitized” peridotites laying beneath Lower Silesia resemble those
from the oceanic lithosphere.
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The gabbroic series drilled at IODP Hole U1309D (Mid Atlantic Ridge, IODP Expeditions 304, 305)
comprise a whole range of modes from the most primitive olivine-rich troctolites to more evolved gabbros.
High Mg-contents and a relatively large proportion of olivine-rich lithologies characterize this gabbroic series.
In situ trace element geochemistry and crystallographic preferred orientation measurements of olivine-rich
troctolites indicate that they record extensive melt impregnation of pre-existing olivine rich material (mantle
rocks or dunitic cumulate). By studying well-preserved olivine-rich troctolites from Hole U1309D we aim at
understanding their formation and the timing of re-equilibration processes. Processed EBSD maps show
variable textures characterized by coarse grained and deformed olivines, and small rounded undeformed
olivines. Clinopyroxene, plagioclase, and minor orthopyroxene are present as interstitial phases. In situ
major and trace element analyses were performed in selected microstructural sites. To constrain the local
conditions driving the formation of these rocks, we performed core-to-rim major and trace element analyses
along the [100], [010], and [001] crystallographic axes of olivine. Adjacent clinopyroxene and plagioclase
minerals were also analysed. No systematic compositional differences were observed between deformed
and undeformed olivines. Cpx;im-0l;im analyses revealed that the two phases are in disequilibrium. Although
Ni and Mn in olivine are high (Ni 1915-3537 ppm and Mn 1665-1930 ppm), olivines show low Mg# and Ca
(Mg# 82.5-86 and Ca 387-800 ppm), and are relatively enriched in incompatible elements (Sc 5.72-9.03 ppm,
Y 0.03-0.15 ppm, Yb 0.02-0.09 ppm). These compositions suggest that olivines were in equilibrium with an
evolved MORB derived melt (Mg# 50-56) enriched in incompatible elements compared to the melt that
crystallized clinopyroxene (Mg# 67-70). Major and trace elements analyses reveal flat profiles cpXim-CpXim-
olim-Oliim €xcept for Ca and Y, and only in fine grained olivines, indicating incipient subsolidus re-equilibration.
We test two end-member scenarios to interpret the inter-mineral disequilibrium observed in olivine-rich
troctolites; 1) formation of an Fe-rich olivine-rich cumulate after a MORB-type melt followed by the infiltration
of a less evolved melt after which clinopyroxene crystallized upon cooling; 2) infiltration and dissolution of a
mantle-derived olivine-rich rock by olivine-undersaturated MORB melt, followed by crystallization of
plagioclase and Mg-rich clinopyroxene after the “contaminated” MORB derived melt. The consequences of
the two scenarios for the architecture and composition of the oceanic crust (including MORB) at slow
spreading ridges are discussed.
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Melt-rock reaction processes are inferred to play an important role in the origin of olivine-rich troctolite at
mantle-crust transition in oceanic spreading lithosphere. We performed reactive dissolution and
crystallization experiments at pressure < 0.7 GPa in a piston-cylinder apparatus to provide experimental
constraints on textures and mineral chemistry variations of melt-rock reaction products. Experiments are
carried out by using salt-Pyrex-graphite-magnesium assemblies and graphite-lined platinum capsules.
Experimental charges are prepared with three layers superposed from the bottom up: (1) basalt glass
powder, (2) fine powder of San Carlos olivine (Fo90) as dunite analog, and (3) vitreous carbon spheres,
used as a melt trap. In order to investigate the effect of melt composition, three synthetic MORB-type glasses
have been used, two tholeiitic basalts and a primitive one (Xyg= Mg/(Mg+Fe'”) = 0.62, 0.58 and 0.74
respectively). Experiments have been performed at 0.5 and 0.7 GPa, at temperatures from 1150 to 1300°C,
at both step cooling and isothermal conditions for different run durations (12-72 hrs). Step cooling
experiments resulted in layered samples in which all the initial San Carlos olivine reacted with the melt
generating different lithologies from olivine-gabbro to olivine-rich troctolite (ORT). ORT has a poikilitic texture
with rounded, lobate and euhedral olivine and interstitial poikilitic plagioclase and clinopyroxene; these latter
showing mutual sharp contacts. Similar textures of resorption and recrystallization are observed in natural
samples. Olivine shows significant chemical variations as a function of distance along the experimental
sample; it ranges from Fo85 at the olivine-gabbro/ORT transition, i.e. the original melt-dunite interface, to
Fo90 in the major part of the ORT layer far away from the original interface. Clinopyroxene shows
Xmg ranging from 84 to 90 from olivine-gabbro/ORT interface toward the ORT, plagioclase composition is
ANn75 close to the interface, decrease along the ORT layer reaching An52. Chemical variations are observed
also in the melt recognized as trapped phase all along the capsule, and not only within the vitreous carbon
spheres at the top of the charge. Melt display an increase of Xyg value from the bottom to the top coupled
with a CaO/(CaO+NaO) decrease. In isothermal experiments only olivine and an interstitial melt are present,
giving clues on the melt rock interactions that originate troctolites. Furthermore, reacted melts have been
successfully trapped in the carbon spheres. They show, as expected, an increased Xy, compared to the
starting material (e.g., from Xyg 0.62 to 0.73). Textures and mineral chemistry obtained in the present
experiments are discussed in the light of natural occurrences in oceanic and ophiolitic environments.
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The Finero Phlogopite-Peridotite (FPP) is a mantle unit outcropping in the northernmost part of the Ivrea-
Verbano Zone (IVZ, Southern Alps). Multistage pervasive to channelled melt migrations had completely
recrystallized the entire FPP. The main metasomatic event pervasively formed an association of amphibole-
rich phlogopite harzburgite with subordinated phlogopite-pyroxenites which do not show geochemical
gradients (Zanetti et al., 1999). Channelled migrations lately formed dunite bodies, sometimes containing
stratiform chromitites and, more rarely, pyroxenite layers similar to those associated to phlogopite
harzburgite. Several other lithologies, showing geochemical gradients with rocks of the main FPP
association and characterized by the presence of apatite sometimes associated to carbonates (i.e. dolomite
and calcite), are subordinated in volumes and abundances. Commonly these lithologies occur as dykes or
veins along deformation zones. Geochronological data from apatite-calcite zircon syenites and apatite-
dolomite wehrlites provide Triassic ages assumed to document the time of the melt/fluid migrations.
Notwithstanding the apparent mineralogical and chemical differences with the main lithologic sequences,
apatite-carbonates-bearing rocks have been frequently interpreted as cogenetic to phlogopite harzburgites
and related to the main metasomatic event. Recently, apatite-calcite-bearing gabbroic dykes randomly
crosscutting the FPP lithologic associations were recognized as possibly the last (or one of the last) melt
migration event within the mantle unit (Giovanardi et al., 2013). The dykes show symmetrical internal
layering formed by melanocratic bands towards the host peridotite dominated by titanian pargasite and a
central leucocratic zone dominated by plagioclase. Magmatic sapphirine occurs in plagues at the contact of
the leucocratic zone within the melanocartic bands. New field, petrographic and geochemical studies were
conducted to constrain the gabbroic veins intrusion and their genetic relationships with other FPP
metasomatic events. Petrographic evidences, major and trace element data and the O isotopic composition
of such gabbroic veins indicate that they formed at shallow mantle conditions by multistage fractional
crystallisation of a migrating melt unrelated to those forming the harzburgite-pyroxenite association and the
dunite bodies. However, local strong enrichments in LILE, LREE and 5'%0 in vein minerals confirm that such
melt was deeply modified by interaction with the host phlogopite peridotite. However, the amphiboles in
textural equilibrium with sapphirine show a marked M-HREE and Y depletion associated to a marked positive
Eu anomaly, which support melt evolution through plagioclase assimilation. The genetic relationships with
other intrusive events recorded by the FPP and the associated crustal sequence will be addressed with the
aim of placing place new constraints on the petrologic and geodynamic evolution of the IVZ.

Giovanardi, T., Morishita, T., Zanetti, A., Mazzucchelli, M., Vannucci, R. (2013): Igneous sapphirine as a product of melt-
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Mantle peridotites sampled at ODP Site 1274 (15°20 FZ, Mid-Atlantic Ridge) are highly refractory and are
interpreted as recording extensive melt extraction; yet observation of interstitial clinopyroxene and local
variations in bulk compositions suggest late melt rock reactions occurred (e.g., Godard et al., 2008). In order
to better understand the sequence of melt extraction and percolation processes, we carried out a
geochemical study of a series of Site 1274 harzburgites using Laser Ablation HR-ICPMS for trace element
analyses. In situ trace element composition of olivine (ol), orthopyroxene (opx) and clinopyroxene (cpx) is
used to characterize the contribution of each phase to the bulk rock and to discuss to what extent the
geochemical signature of peridotites can be modified by late magmatic processes in oceanic environments,
in particular for petrogenetic indicators (e.g. REE).

Site 1274 peridotites are characterized by strong downhole modal and geochemical variations at ~ 80-90
mbsf, marked by a higher olivine mode in harzburgites and by an increase of the cpx Na and Ti contents
(from < 0.2 to ~ 0.8 wt.% Na,O and from < 0.1 to 0.25 wt.% TiO,). Cpx are poor in all trace elements (e.g.,
Yb = 1.6-2.6 x C1-chondrites), and are preferentially depleted in LREE and MREE except for the 80-90 mbsf
area, where cpx is less fractionated. These depleted compositions, amongst the most depleted analyzed
until now, are consistent with high degrees of melt extraction. Yet, extended trace element patterns of cpx,
opx and ol are characterized by relative enrichments in Cs, Rb, Th, U, Nb and Ta and Pb relative to LREE,
suggesting addition of highly incompatible elements by post melting magmatic processes. However, these
elements have similar compositions in all phases indicating that their distribution is not controlled by the
mineral structure. Comparison to lattice strain models suggests that ol, opx and ol are at equilibrium only for
HREE (Dy to Lu). This implies that the melt in equilibrium with these samples can be calculated only for
these elements. The observed downhole variations in the less incompatible elements are consistent with an
open system partial melting process except at 80-90 mbsf area, where compositions are in equilibrium with
melts similar to ultra-depleted MORB melts. The 80-90 mbsf area is interpreted as a melt focusing zone.

Godard, M., Lagabrielle, Y., Alard, O., Harvey, J. (2008): Geochemistry of the highly depleted peridotites drilled at ODP

Sites 1272 and 1274 (Fifteen-Twenty Fracture Zone, Mid-Atlantic Ridge): Implications for mantle dynamics beneath a
slow spreading ridge. Earth Planet. Sci. Letters, 267, 410-425.
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Boninites are an extremely depleted endmember of volcanic rocks in subduction zones. In contrast to arc
tholeiites that are produced from Iherzolitic mantle sources, boninites are melted from refractory harzburgite
residues in the presence of subduction fluids penetrating the mantle wedge. The details of boninite
petrogenesis are still debated. Iron isotopes can be used as tracers to identify the processes that account for
boninite formation, such as partial melting or fractional crystallisation. A number of recent studies
demonstrated that partial melting of the mantle is the main process fractionating Fe-isotopes (e.g.,
Schoenberg & von Blanckenburg, 2006; Weyer & lonov, 2007; Dauphas et al., 2009). This leads to a 5°°Fe
of about +0.1 % in MORB-like basalts relative to the IRMM-014 standard that has an Fe-isotope composition
undistinguishable from chondrites (Craddock & Dauphas, 2010). As working hypothesis, refractory mantle
sources might exhibit light Fe-isotope compositions, and therefore boninites from such sources should be
isotopically lighter than arc tholeiites. Fractional crystallisation is an additional process that fractionates Fe-
isotopes (e.g., Teng et al., 2008; Schuessler et al., 2007; Weyer & Seitz, 2012). The lighter Fe-isotopes
preferentially enter the crystal lattice during olivine crystallisation, thereby producing an isotopically heavier
melt during olivine fractionation. Thus, subsequently crystallising pyroxene should be enriched in isotopically
heavier Fe.

Iron-isotopes were analysed using the ThermoFinnigan Neptune MC-ICP-MS in the joint Cologne-Bonn
facility with 3¢r, **Fe, *°Fe, °'Fe, *®Fe, ®Cu and ®*Cu ion beams measured simultaneously at medium
resolution. Each sample analysis was bracketed by measurements of the IRMM-014 standard. Sample
concentrations were 1 g mL™ for bulk samples and 0.5 pg mL™ for mineral samples. The blank-sample ratio
was below 10~ Samples and bracketing standards were doped with 1 ug mL™ Cu (NIST 976) to correct for
instrumental mass bias.

We studied bulk and mineral Fe-isotope composition of 12 boninites and bulk compositions of 6
associated tholeiites from the Cape Vogel locality of Papua New Guinea (Konig et al., 2010). Boninites
display a variation in 5°°Fe from -0.02+0.05 %o (2 sd, n = 3) to +0.11+0.04 %0 (2 sd, n = 3) with a mean of
+0.04+0.03 %o (2 sd, n = 36). Associated tholeiites range in their 5°°Fe from +0.01+0.04 %o (2sd,n=23)to
+0.12+0.01 %0 (2 sd, n = 3) with a mean of +0.06+0.03 %0 (2 sd, n = 18). Hence, boninites indeed have a
slightly lighter Fe-isotope composition than tholeiites. Boninitic pyroxenes range in their 5°°Fe from -
0.07+0.03 %o (2 sd, n = 2) to +0.3+0.06 %o (2 sd, n = 1) with a mean of +0.12+0.08 %o (2 sd, n = 13). Boninite
glass ranges in 5°°Fe from -0.07+0.02 %o (2 sd, n = 3) to +0.27+0.09 %o (2 sd, n = 4) with a mean of
+0.11+0.06 %o (2 sd, n = 23). Thus, pyroxenes and glass have almost identical 5°°Fe values. Boninitic
olivines vary in 5°°Fe from -0.0420.02 %o ( 2sd, n = 4) to +0.03+x0.02 %o (2 sd, n = 3) with a mean of -
0.01+0.04 %o (2 sd, n = 10). Boninitic Cr-spinels vary from -0.39£0.05 %o (2 sd, n = 4) to -0.14+0.05 %o (2 sd,
n = 4) with a mean of -0.24+0.15 %o (2 sd, n = 12).

In summary, the lighter Fe-isotope compositions of boninites is reflecting their more depleted mantle
sources. The boninites fall in two groups based on their Fe-isotope compositions. The first group shows
negative correlation of 5°°Fe with Mg#. The second group has an more uniform and overall lower Mg# than
the first group and the data shows no correlation of Mg# with 5°°Fe. We employed the mineral Fe-isotope
compositions in a model to demonstrate that fractional crystallisation of olivine is responsible for the Fe-
isotope variation in the first group. The same model can be applied to identify a sequence of combined
olivine and pyroxene fractionation to explain the Fe-isotope variation in the second group of boninites.

Craddock, P.R. & Dauphas, N. (2010): Iron isotopic compositions of geological reference materials and chondrites.
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We have collected a rare ruby eclogite from the Bellsbank diamond mine which is situated about 150 km
NE of Kimberley on the Kaapvaal craton. The xenolith is about 4 cm in its largest dimension and consists of
about 2 mm sized primary red rubies and up to 3 mm sized colourless garnets set in a matrix of green
omphacite with conjugate exsolutions of colourless garnet and blue kyanite lamellae.

When projected onto a 38 mW/m? conductive geothermal gradient (Pollack & Chapman, 1977) the Fe-Mg
exchange thermometer of Krogh (1988) gives 1050°C and 5 GPa as conditions of last equilibration in the
mantle for all combinations of primary and exsolved garnet with omphacite, i.e. the Fe-Mg exchange was
continuous until the time of eruption 118 Ma ago. Conversely, the CaO content in the exsolved garnet
lamellae is slightly higher than in the coarse primary garnets and the REE contents differ greatly. The
primary garnets have LREE depleted patterns with flat middle to heavy REE with about 4x chondritic
abundances. The garnet lamellae have negatively inclined middle to heavy REE patterns with Lu
abundances around 1x chondritic. The host omphacites have negatively inclined REE patterns with about 5x
chondritic La up to Ho with the heavier REE being below detection limit. Host omphacite and garnet lamellae
appear in equilibrium. Calculated REE patterns of an unexsolved hypothetical clinopyroxene in equilibrium
with the coarse garnet gives about 10x chondritic La and 0.1x chondritic Lu. The bulk rock therefore has very
low REE abundances around 1x chondritic and has no Eu anomaly.

Because of the lack of a positive Eu anomaly we postulate that the precursor rock before metamorphism
was a cumulate of spinel and Al-rich clinopyroxene at elevated pressures (0.5-0.8 GPa) from a basaltic
composition to generate the very Al-rich nature of the bulk rock. This inference is supported by the liquidus
phase diagram of Presnall et al. (1978) for tholeiitic compositions. This Al-rich cumulate with small Cr-
contents was subducted sometime in the Archean to a depth corresponding to 5 GPa where it crystallized to
ruby, garnet and a clinopyroxene with high Ca-Tschermaks (ca. 32 mol%) and eskolaite (ca. 11 mol%)
contents. The latter composition was calculated from the modal proportions of phases within the exsolved
clinopyroxene. A temperature of about 1300°C is necessary to stabilize such a pyroxene. The subcratonic
mantle is cooling since the Mid-Archean with a rate of about 0.1°C/Ma (Shu et al., 2014) and the high
temperature clinopyroxene had to exsolve garnet and kyanite.

Krogh, E.J. (1988): The garnet—clinopyroxene-Fe—Mg-geothermometer — A reinterpretation of existing experimental data.
Contrib. Mineral. Petrol., 99, 44-48.

Pollack, H. & Chapman, D. (1977): On the regional variation of heat flow, geotherms, and lithospheric thicknesses.
Tectonophys., 38, 279-296.

Presnall, D.C., Dixon, S.A., Dixon, J.R., O'Donnell, T.H., Brenner, N.L., Schrock, R.L., Dycus, D.W. (1978): Liquidus
phase relations on the join diopside-forsterite-anorthite from 1 atm to 20 kbar. Their bearing on the generation and
crystallization of basaltic magma. Contrib. Mineral. Petrol., 66, 203-220.

Shu, Q., Brey, G.P., Gerdes, A., Hoefer, H.E. (2014): Mantle eclogites and garnet pyroxenites — the meaning of two-point
isochrons, Sm—Nd and Lu—Hf closure temperatures and the cooling of the subcratonic mantle. Earth Planet. Sci.
Letters, 389, 143-154.
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A number of methods for the in situ determination of the oxidation state of Fe in Earth materials with high
spatial resolution has been developed over the past years like XANES, EELS and the “flank method”. The
“flank-method” by electron microprobe (EPMA) is based on the concomitant change of the intensity and of
the wave length of the iron FeLa and LB emission lines with the iron oxidation state and is well calibrated for
garnets (Hofer & Brey, 2007). Our aim is to extend the method to clinopyroxenes.

For the extension from a cubic (garnet) to a monoclinic mineral (cpx), orientation effects may have to be
considered. Such effects are known to occur in synchrotron-based K-edge XANES spectroscopy (Berry et al.,
2010). XANES is well suited to determine the oxidation state of Fe in garnets (Yaxley et al., 2012). Its
applicability is, however, hampered substantially for anisotropic minerals because of the dependency of the
spectra on the crystallographic orientation (Berry et al., 2010). This is mainly due to the strongly polarized X-
ray beam at the synchrotron. To test for an orientation dependency of the EPMA-based flank method, we
analysed pieces from chemically homogenous cpx grains whose orientations were determined beforehand
by EBSD.

We focussed on a homogenous cpx megacryst from an alkali basalt in the Biu Plateau, Nigeria
(Rankenburg et al., 2004). The sample contains 5.7 wt.% total Fe with Fe**/SFe = 0.18 as determined by
Mossbauer spectroscopy. Randomly broken pieces from this megacryst were embedded in epoxy, polished,
and their orientations determined by EBSD. Those pieces were selected for the flank method measurements
whose orientation was such that prominent crystallographic directions follow the direction of the
FeLa and LB X-ray emission from its source in the sample to the analysing spectrometer crystal. The
directions chosen are [100], [001] and perpendicular to (010) to get the highest probability of interaction
parallel and perpendicular to the SiO, chains in the pyroxene crystal structure. The result of flank method
measurements in these directions is that there is no significant difference in the La/LB ratios within the
analytical errors.

These results make us confident to proceed the investigation of the oxidation state of cpx with the flank
method. At present our error for the determination of Fe**/SFe in cpx is significantly higher than in garnets
(0.05 vs. 0.02). We now aim to optimize the results by processing the cpx data by multiple linear regression
which appears to be the more suitable approach for the larger range of Fe**/ZFe in our natural cpx, varying
from 0.14 to 0.50.

Berry, A.J., Yaxley, G.M., Woodland, A.B., Foran, G.J. (2010): A XANES calibration for determining the oxidation state of
iron in mantle garnet. Chem. Geol., 278, 31-37.

Hofer, H.E. & Brey, G.P. (2007): The iron oxidation state of garnet by electron microprobe: Its determination with the
flank method combined with major-element analysis. Am. Mineral., 92, 873-885.

Rankenburg, K., Lassiter, J.C., Brey, G. (2004): Origin of megacrysts in volcanic rocks of the Cameroon volcanic chain —
constraints on magma genesis and crustal contamination. Contrib. Mineral. Petrol., 147, 129-144.

Yaxley, G.M., Berry, A.J., Kamenetsky, V.S., Woodland, A.B., Golgovin, A. (2012): An oxygen fugacity profile through the
Siberian Craton — Fe K-edge XANES determinations of Fe*'/$Fe in garnets in peridotite xenoliths from the
Udachnaya East kimberlite. Lithos, 140-141, 142-151.
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IODP (International Ocean Discovery Program) Expedition 345 drilled, for the first time in the history of
IODP, coherent cores of layered gabbros from a fast-spreading ridge at the Hess Deep Rift in the equatorial
Pacific at the East Pacific Rise (EPR). Most of the drilled cores show spectacular modal and/or grain size
layering, validating for the first time the use of the Penrose model based on ophiolites for interpreting fast-
spreading crust. Typical rocks of the drilled cores are primitive olivine gabbros and troctolites with Mg#
varying between 75 and 89. A significant observation from this expedition is that orthopyroxene was found as
an abundant cumulus phase in many of the layered primitive olivine gabbroic rocks. This was unexpected,
since experiments on the liquid line of descent of MORB show that orthopyroxene always crystallizes late in
the sequence of MORB-type systems, in a regime where the melt fraction is low, implying interstitial
crystallization. In an ongoing project based on the investigation of natural samples drilled at Hess Deep we
aim to find out what is the reason why orthopyroxene was stabilized within these primitive gabbros.
Especially we focus on a model of Coogan et al. (2002), that orthopyroxene was stabilized due to interaction
between MORB melts and mantle rocks.

With EPMA we analyzed more than 30 gabbros with coexisting clino- and orthopyroxene, plus about 20
olivine gabbros and troctolites without orthopyroxene. In addition we analyzed 15 orthopyroxene-bearing
more evolved olivine gabbros and gabbronorites from the uppermost part of the plutonic EPR crust regarded
as frozen melt. The Mg#'s of coexisting ortho- and clinopyroxenes from primitive gabbroic rocks from Hess
Deep vary within a narrow range between 82-90 (clinopyroxene) and 80-86 (orthopyroxene). A good
correlation between the Mg#'s of orthopyroxene and clinopyroxene implies a common evolution by co-
crystallization/fractionation. Many of the analyses of orthopyroxene show Cr,O;contents < 0.1 wt.%,
indicating that these orthopyroxenes do not correspond to relics which survived from a melt in equilibrium
with mantle. First results on trace element analysis of ortho-, clinopyroxene, and plagioclase in primitive
olivine gabbros and also in more evolved gabbronorites from the top of the plutonic section reveal chondrite-
normalized REE patterns which are very similar for the corresponding minerals. The patterns of the
gabbronorite phases are always slightly enriched, compared to those of the primitive gabbros from the base
of the crust, implying an origin by fractional crystallization from the same parental melt.

Coogan, L.A., Gillis, K.M., MacLeod, C.J., Thompson, G.M., Hekinian, R. (2002): Petrology and geochemistry of the

lower ocean crust formed at the East Pacific Rise and exposed at Hess Deep: A synthesis and new results.
Geochem. Geophys. Geosyst., 3, DOI: 10.1029/2001GC000230.
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The Heldburg Dike Swarm (Heldburger Gangschar) at the border between Bavaria and Thuringia in
Germany is one of the subsets of the Central European Volcanic Province. Some of the lavas contain the
xenoliths of peridotites of subcontinental lithospheric mantle. We studied xenoliths coming from Feldstein
(Thuringia) columnar outcrop, located ca. 38 km north-east of Coburg and Bramberg (Bavaria) volcanic cone,
situated 30 km south-west of Coburg. The distance between them is ca. 40 km. Our study is based on 11
xenoliths from Feldstein and 7 xenoliths from Bramberg.

Three groups (A, A- and B) of spinel peridotite (mostly lherzolite) characterized by different olivine
composition occur in study localities. Group A consists of olivine (89.6-91.4 Fo), orthopyroxene (Mg# 0.90-
0.93, Al 0.05-0.18 a pfu), clinopyroxene (Mg# 0.87-0.95, Al 0.06-0.26 a pfu) and spinel (Cr# 0.13-0.47, Mg#
0.54-0.78). Rare earth elements (REE) patterns of clinopyroxene are S-shaped and exhibit enrichment in
light REE. Clinopyroxene in some of the xenoliths has spoon-shape REE patterns. Trace element patterns
show negative Nb, Ta, Zr, Hf, Ti and positive Th, U anomalies. The most magnesian clinopyroxene (xenolith
3140, Feldstein) is strongly alumina and LREE depleted; it does not show anomalies in clinopyroxene TE
patterns. Group A- consists of olivine (88.9-89.5 Fo), orthopyroxene (Mg# 0.89-0.90, Al 0.10-0.13 a pfu) and
clinopyroxene (Mg# 0.90-0.92, Al 0.10-0.17 a pfu). Clinopyroxene is enriched in LREE. TE patterns are
similar to those of group A but anomalies are less pronounced. Group B consists of olivine (86.7-88.2 Fo),
orthopyroxene (Mg# 0.88-0.89, Al 0.07-0.14 a pfu), clinopyroxene (Mg# 0.88-0.90, Al 0.10-0.26 a pfu).
Clinopyroxene is enriched in LREE and TE patterns are similar to those in group A. Group B harzburgite
contains Ca-Mg carbonates (up to 0.5 mm grains, located in interstices or in intergranular aggregates).

The temperatures of opx-cpx equilibration (Brey & Kéhler, 1990) in single sample vary in a narrow range,
but in the whole suite they are variable: 850-940 °C for group A and 940-1010 °C for group A-.

Orthopyroxene composition suggest 12-30% of partial melting (Upton et al., 2011) followed by carbonatite
metasomatism. The gradual enrichment in LREE content with increase of mg# in clinopyroxene might
suggest chromatographic fractionation of metasomatic agent. The xenolith 3140 seems not to be affected by
metasomatic overprint.

Acknowledgements: This study was possible thanks to the project NCN UMO-2014/15/B/ST10/00095 of
Polish National Centre for Science to JP.
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The Négrad-Gémor Volcanic Field (NGVF) is located on the northern part of the Pannonian Basin. Upper
mantle xenoliths are hosted in Plio-Pleistocene alkali basalts aged 7.0-1.7 Ma (Hurai et al., 2013). The
xenolith bearing part of the volcanic field can be divided into three major domains based on the age and
location of the basalts (northern, central and southern parts). This study presents geochemical properties
and reconstructs processes of the discussed mantle domains.

Based on petrographic examinations, a lherzolitic and a wehrlitic series was distinguished, the latter being
present only in the central part of the NGVF. The Iherzolitic series contains modal amount of orthopyroxene,
whereas the wehrlitic one consists of olivine- and clinopyroxene-rich aggregates and has no modal
orthopyroxene. Xenoliths from the lherzolitic series were analysed for major and trace elements, and
evidence for different metasomatic events (which overprint a varying degree of melt extraction in the upper
mantle) have been found. These events include modal metasomatism indicated by amphibole in samples
from the northern and southern part, as well as amphibole and secondary clinopyroxene in the central part.
Furthermore, uncorrelated to modal composition, LREE-enrichment is shown in some of the xenoliths from
all three regions, and Fe-Mn-Ti- and LREE-enrichment is present in a group of xenoliths from the central part
only. This latter group is geochemically identical to xenoliths of the wehrlite series, and therefore interpreted
to be linked to the same process that produced the wehrlites by forming clinopyroxenes at the expense of
orthopyroxenes (Patké et al., 2013).

It is assumed that another cryptic metasomatic event affected the xenoliths before the formation of
wehrlites, resulting in varying degrees of LREE-enrichment throughout the whole NGVF. Amphibole
formation likely predates this process, since REE-patterns of amphiboles follow closely those of coexisting
clinopyroxenes. All of these metasomatic events are proposed to result from reaction between the peridotite
wallrock and silicate melts of slightly different compositions, but similar in character to the host basalt. These
melts are presumed to have generated during the Miocene extension and asthenospheric uplift in the
Pannonian Basin.

Hurai, V., Danisik, M., Huraiova, M., Paquette, J.-L., Adam, A. (2013): Combined U/Pb and (U-Th)/He geochronometry of
basalt maars in Western Carpathians: implications for age of intraplate volcanism and origin of zircon metasomatism.
Contrib. Mineral. Petrol., 166, 1235-1251.
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A petrological study of hydrous and anhydrous mantle xenoliths from Harrow Peaks, Northern Victoria
Land (Antarctica) has been carried out, aiming at mapping the evolution of this lithospheric mantle domain
with respect to the presence of amphibole.

Samples vary in composition from lherzolite to harzburgite with textural evidences of matrix/melt
interaction (secondary minerals and spongy textures). Olivine and orthopyroxene are mainly present as large
primary grains, whereas clinopyroxene can also occur as resorbed grains or newly formed small crystals,
often associated to glassy patches. Spinel is present as small anhedral crystals or larger, dendritic grains.
Amphiboles occur both as disseminated and in veins; the latter frequently associated with secondary
clinopyroxenes.

Considering fusible element content in orthopyroxene (i.e., Al,Ozin opx ~ 2.50 wt.%), Harrow Peaks
lithosphere domain reflects a relatively residual character. On the other hand, Light Rare Earth Element
content in clinopyroxenes (Lay from 9 to 30) evidences that they were strongly affected by enrichment
processes, i.e. metasomatism.

Amphiboles from Harrow Peaks can be classified as kaersutite, magnesio-hastingsite, and ferri-kaersutite
with pretty high TiO, contents, ranging from 2.74 wt.% to 5.30 wt.% (Gentili et al., 2015).

The comparison between Harrow Peaks and the nearby amphibole-bearing xenolith area of Baker Rocks
(Coltorti et al., 2004; Bonadiman et al., 2014), allowed to reconstruct the amphibole genesis in relation to the
metasomatic processes. Harrow Peaks amphibole present a lower enrichment with respect to Baker Rocks,
that may be related to an incipient stage of peridotite/melt interaction.

Considering the inter mineral equilibria among the main peridotitic phases, thermobarometric estimates
were constrained. Temperature values range from 800 to 1100°C at relatively reduced conditions
(Alog fO, (QFM) -2.78 to -0.24). The fugacity values calculated by the anhydrous parageneses strongly
deviated from those obtained on the basis of amphibole dehydration equilibrium applying the dissociation
reaction that record extremely oxidizing conditions (AQFM = +5; + 6.8; Gentili et al., 2015). This decoupling
is not observed for Baker Rocks amphibole —bearing peridotites, where both methods converge to the values
of AQFM ~ -1.78 (Bonadiman et al., 2014). This may suggest that amphibole in Harrow Peaks is in strong
disequilibrium with the anhydrous parageneses recording an early stage of peridotite-metasomatic melt
interaction.

Bonadiman, C., Nazzareni, S., Coltorti, M., Comodi, P., Giuli, G., Faccini, B. (2014): Crystal chemistry of amphiboles:
implications for oxygen fugacity and water activity in lithospheric mantle beneath Victoria Land, Antarctica. Contrib.
Mineral. Petrol., 167, 1-17.
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Ag and Cu are strongly chalcophile elements, and their behavior in magmatic systems is highly
dependent on the presence of solid or liquid sulfide phase in magmas and their sources (e.g., Li & Audetat,
2012). A recent study of Jenner & O'Neill (2010) revealed a nearly uniform 1000Ag/Cu = 0.28 + 0.04 (2s, N =
338) in MORB glasses, similar to that in the Earth mantle (0.25-0.35; McDonough & Sun, 1995; Wang &
Becker, 2015). Because Cu and Ag have very high and similar in magnitude partition coefficients between
sulfide and silicate liquids (~1000; e.g., Patten et al., 2013; Li & Audetat, 2012), the constancy of Ag/Cu in
MORB has been explained by a major control of sulfide liquid on the partitioning of these elements in MORB
magmas during mantle melting and low-pressure fractionation (Jenner & O’Neill, 2010; Li & Audetat, 2012).

Here we report results of a new survey of Cu and Ag abundances in MORB from several active and
abandoned ridge segments (e.g., Reykjanes Ridge, 15°20’N, Bouvet triple junction and TAG area in Atlantic,
Macquarie Island, EPR and paleo Kula-Pacific Rift in Pacific). All samples were relatively primitive basaltic
glasses with Mg# = 0.4-0.7 of N- and E-MORB types. The analyses were performed in the Institute of
Geosciences at the University of Kiel by LA-ICP-MS (Agilent 7500s, 193 nm GEOLAS Pro). A thoroughly
elaborated protocol for analysis allowed limit of detection below 1 ppb for Ag and long-term reproducibility
within 15%.

The measured contents are 52-139 ppm Cu and 0.016-0.037 ppm Ag in N-MORB, and 35-151 ppm Cu
and 0.015-0.046 ppm Ag in E-MORB. The concentrations decrease with decreasing Mg#. The highest Cu
and Ag at given Mg# were found in Reykjanes Ridge glasses. Despite of the relatively wide range of
concentrations, N-MORB have nearly constant 1000Ag/Cu = 0.32+0.02 (2s, N = 50), which are similar to
those reported by Jenner & O'Neill (2010). E-MORB glasses have 1000Ag/Cu ranging from 0.29 to 0.61, on
average 0.40+0.07 (2s, N = 43), which is significantly higher than in N-MORB. A strong positive correlation
was found between Ag/Cu and indices of source enrichment in highly incompatible elements (K/Ti, La/Sm
etc.).

Because Ag/Cu ratio in basalts is not easy to fractionate, we propose that the elevated Ag/Cu in E-MORB
reflect the composition of their mantle source metasomatised by a melt component enriched in highly
incompatible elements and Ag. The origin of such component is uncertain but may be related to small-
degree low-temperature hydrous mantle melting in the presence of solid sulfide (monosulfide solid solution,
mss). Because Ag is much less compatible in mss compared to Cu (e.g., Li & Audetat, 2012), such melts are
expected to be enriched in Ag and have high Ag/Cu as observed in E-MORB.

Jenner, F.E. & O'Neill, H.S.C. (2012): Analysis of 60 elements in 616 ocean floor basaltic glasses. Geochem. Geophys.
Geosyst., 13, Q02005.
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The subcontinental lithospheric mantle (SCLM) beneath Lower Silesia (SW Poland) and neighboring part
of Upper Lusatia (SE Germany) is dominated by harzburgites (Puziewicz et al., 2015, and references
therein). Clinopyroxene which occurs in these rocks, despite its primary textural appearance, is a late
addition to the protoliths which are residues after extensive (up to 30%) partial melting. This clinopyroxene
was added to the harzburgites in Cenozoic times by alkaline basaltic melts migrating upwards from their
asthenospheric sources during rifting in the Variscan foreland of the Alpine-Carpathian chain. The pre-rifting
history of the SCLM beneath the region is thus recorded in the olivine and orthopyroxene.

The forsterite content in olivine divides the Lower Silesian harzburgites into two groups: A (olivine Fo
90.5-92.0), and B (olivine Fo 84.0-90.0; Puziewicz et al., 2015). The Al content in orthopyroxene is low in A
harzburgites (typically 0.05-0.10 atoms of Al per formula unit, corresponding to 0.5-2.5 wt.% Al,O3). Part of
the B harzburgites (termed Bl in the following) contains orthopyroxene of similar Al content, whereas
another part (B2 harzburgites) exhibits negative correlation between the Al content in orthopyroxene and
forsterite content in olivine (up to 0.24 atoms of Al pfu, corresponding to ca. 5.7 wt.% Al,O3 in orthopyroxene
coexisting with olivine Fo 86.5). The Al content in the B1 orthopyroxene is not correlated with forsterite
content in coexisting olivine.

The low Al content in orthopyroxene, corresponding to that typical for the Lower Silesian European
mantle domain, is characteristic for (1) oceanic mantle formed in the mid ocean ridges (MOR), and (2)
mantle wedge affected by extreme melting in the supra-subduction zones (SSZ). The orthopyroxene from
SSZ harzburgites contains usually less Al (< 2.0 wt.% Al,O3) than that of the MOR ones (2.0-6. 0 wt.% Al,Og;
Bonatti & Michael, 1989). Thus, we infer that the Lower Silesian SCLM originated rather in the MOR setting.

The B harzburgites were formed by reactive basaltic melt percolation, which lowered the forsterite content
in olivine and Mg# in orthopyroxene (“Fe metasomatism”). The B1 harzburgites contain orthopyroxene which
is Al poor irrespectively of forsterite content of coexisting olivine. We suggest that they originated due to
percolation of tholeiitic basaltic melts which originate by multiple polybaric mantle melting in MOR
environment. Their percolation in oceanic mantle leads to production of low-Al orthopyroxene (e.g., in the
peridotites from East Pacific Rise, Dick & Natland, 1996). Textural relationships show that the Al-enriched B2
harzburgites were also affected by “Fe metasomatism”, but by alkaline basaltic melt percolating in SCLM
during Cenozoic rifting.
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Studies on ophiolitic and abyssal peridotites have provided evidence that the compositional variability of
the lithospheric mantle at extensional settings is largely caused by the reactive percolation of uprising melts
in the thermal boundary layer and in lithospheric environments. The Alpine-Apennine (A-A) ophiolites are
predominantly constituted by mantle peridotites, and are widely thought to represent analogs of the oceanic
lithosphere formed at ocean/continent transition and slow- to ultra-slow spreading settings (e.g., Rampone &
Piccardo, 2000; Manatschal & Muentener, 2009). Structural and geochemical studies on the A-A mantle
peridotites have revealed that they preserve significant small- versus large-scale textural, compositional and
isotopic heterogeneity reflecting a long-lived multi-stage evolution, testified by: (i) records of old pre-Jurassic
events (e.g., pyroxenite emplacement); (ii) metamorphic and deformation events related to tectonic
exhumation, localized in extensional shear zones; (iii) multiple melt-rock interaction and intrusion events
occurred at different lithospheric depths during progressive uplift. The A-A mantle peridotites thus constitute
a unique window on mantle dynamics and lithosphere-asthenosphere interactions in very slow spreading
environments. This work aims to review field, microstructural and chemical-isotopic evidence on the major
stages of melt percolation and melt-rock interaction recorded by the A-A peridotites, and discuss their
consequences in creating chemical-isotopic heterogeneities at variable scales, and enhancing weakening
and deformation of the extending mantle. Focus will be on three most important stages: i) old (pre-Jurassic)
pyroxenite emplacement, and the significant isotopic modification induced in the host mantle by pyroxenite-
derived melts, thus addressing the issue of small-scale isotopic mantle heterogenity caused by pyroxenite
components (Rampone & Hofmann, 2012; Borghini et al., 2013), ii) melt-peridotite interactions during
Jurassic mantle exhumation, i.e. the open-system reactive porous flow at spinel facies depths causing bulk
depletion (origin of reactive harzburgites and dunites), and the shallower melt impregnation which originated
plagioclase-rich peridotites and an overall mantle refertilization. This latter stage had a key role in the
deformation and weakening of the extending lithosphere (e.g., Kaczmarek & Muentener, 2010).
Impregnating melts originating the plagioclase-rich peridotites were Silica-rich (opx-saturated), highly
depleted melts, similar to what documented in abyssal peridotites (e.g., Laukert et al., 2014). The origin of
such depleted signature and the primitive Si-rich composition, either acquired by reaction with depleted
peridotite or reflecting a primary feature (e.g., non aggregated melt fractions, or melting of hydrous depleted
peridotites) are still open questions.
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The MOR-type gabbroic sequences from the Internal Ligurian ophiolites include up to tens of meters thick
olivine-rich troctolite lenses. For one of the olivine-rich troctolite lenses, a meter-scale thick portion
characterized by skeletal to dendritic olivines (harrisites) was observed near the contact with host gabbros.
Spinels from the olivine-rich troctolites locally include hydrous silicate minerals, nhamely amphibole (titanian
pargasite to kaersutite) frequently associated with dark mica (phlogopite to Na-phlogopite). Spinel-hosted
amphibole displays chondrite-normalized REE patterns characterized by negative Eu anomaly, thereby
recording a magmatic process associated with plagioclase fractionation. The amphiboles also show variable
depletion of LREE relative to MREE, and HREE that are weakly enriched to depleted with respect to MREE.
Crystallization of the inclusion-bearing spinels is attributed to cooling of hybrid melts originated by interaction
between primitive melts and gabbro-related melts relatively rich in SiO, and incompatible elements. The
olivine-rich troctolite lenses may thus have an entire crustal origin, in response to primitive melt injections
into the growing lower crust.

Clinopyroxene and amphibole from the harrisites show extensive variability for trace element
compositions, albeit characterized by subparallel incompatible element patterns. For instance, the
concentrations of REE vary by a factor of ~5 and ~6 for clinopyroxene and amphibole, respectively. The REE
patterns of both clinopyroxene and amphibole show LREE depletion with respect to MREE and nearly flat to
slightly depleted HREE. In addition, clinopyroxene and amphibole have negative Eu-Sr anomalies deepening
with increasing concentrations of trivalent REE and other incompatible trace elements. The chemical
variability of clinopyroxene and amphibole from the harrisites are consistent with their rapid crystal growth
related to melt undercooling, in association with olivine and plagioclase. Similarly to associated olivine-rich
troctolites, the harrisites are hybrid rocks that did not form by closed-system crystallization of a primitive melt
batch. We attribute the melt undercooling responsible for harrisite formation to physical and chemical
interaction of a primitive melt batch with a host material made up of gabbroic crystal mush.
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Replacive mantle dunites are considered the pathways for extraction of mantle melts from their source
region (Kelemen et al., 1995). These rocks offer a unique possibility to unravel the compositional variability
of the melts produced in the upper mantle, before mixing and crystal fractionation at shallow depths modify
their pristine signature. Here we focus on the chemistry of the olivine in large replacive mantle dunites from
the Lanzo South ophiolite (Western Alps) as probes into the variability of the melts produced in a cold
thermal regime. Previous studies indicated that these dunites acted as reactive melt migration channels for
melts with a MORB-like geochemical signature (e.g., Piccardo et al., 2007). The minor and trace element
compositions of these olivines agree with this idea, although the chemical variability between the different
bodies implies equilibration with MORB-type melts not-aggregated (i.e. not-averaged at shallow lithospheric
levels). To better constraint this idea, we expand our investigation to the H,O and lithium contents of these
olivines. We show that the dunite olivine has 19-40 ppm H,O and 0.30-0.56 ppm Li, thereby suggesting
involvement of melts enriched in H,O and depleted in lithium compared to normal MORB values. We
propose that the melts transported within the Lanzo replacive dunites formed under high pressures
conditions through preferential melting of a chemically enriched component in the lowermost part of the
melting region. Preferential extraction of enriched melts through focused melt channels may have major role
in preserving a chemical variability of melts delivered to the lower crust.

Kelemen, P.B., Shimizu, N., Salters, V.J.M. (1995): Extraction of mid-ocean-ridge basalt from the upwelling mantle by
focused flow of melt in dunite channels. Nature, 375, 747-753.
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R/V Meteor cruise M81/2 mapped and sampled two prominent submarine structures of the Caribbean
Plate: the Beata Ridge and the Hess Escarpment. While the Beata Ridge is commonly believed to be part of
the Caribbean Large Igneous Province (CLIP), no comprehensive survey of the Hess Escarpment exists and
thus its origin remains unclear. We present major element, trace element and Sr-Nd-Hf-Pb isotope data as
well as “Ar/*°Ar age data including the first representative geochemical dataset for the Hess Escarpment.
Unlike the proposition that the Hess Escarpment is part of the continental Chortis Block, our results show
that the structure is of volcanic origin and most likely also belongs to the CLIP. The volcanic nature is also
confirmed by its morphology. The Hess Escarpment represents a large fault zone but, including the area
north of the Escarpment, it also consists of seamounts, guyots and ridges often located on huge plateau-like
structures.

Our preliminary age determinations of Beata Ridge samples yield an age range from 94 to 86 Ma lying
well within the assumed main CLIP event at 8916 Ma that is commonly believed to be formed by large
degrees of melting of a starting plume head. However, three analyses with younger ages of 79, 63 and 51
Ma question the hypothesis that large igneous provinces are the result of catastrophic short-termed
magmatic events and instead support the model of prolonged volcanism over tens of millions of years with
several magmatic pulses. The geochemical data show that the Beata Ridge has compositions typical for the
CLIP with flat chondrite-normalized rare earth element (REE) patterns (average (La/Yb)y= 1.15) and
intermediate radiogenic isotope ratios, but enriched and depleted signatures are observed as well. The Hess
Escarpment, in contrast, displays mainly depleted compositions partly more depleted than normal mid ocean
ridge basalt (MORB) compositions and similar to the highly depleted komatiites of Gorgona Island. The
results imply that the mantle source is heterogeneous and contains two components: a highly depleted
component, in our data represented in samples from the Hess Escarpment, and an enriched component
trending towards HIMU compositions, which we found only on the Beata Ridge. The typical CLIP isotopic
compositions can be generated by mixing of melts from the two components. We further show that these
heterogeneities can occur on a small scale of only tens of kilometers within the CLIP.
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In primitive hydrous arc-magmas and under pressure conditions typical of the lower crust calcic
amphibole precedes the crystallisation of plagioclase and follows that of olivine, spinel and pyroxene (e.g.,
Muentener & Ulmer, 2006). Among the early minerals, amphibole is the sole capable to incorporate a large
number of petrologically important elements (including Nb, Ta) and volatile elements such as H, Cl and F. In
ultramafic igneous rocks amphibole is thus the phase preserving the most complete record of the
geochemical signature of the primary magma including its volatile contents.

Hornblendites and amphibole-bearing (typically pyroxenites) ultramafic intrusive rocks occur in most
Phanerozoic orogenic belts worldwide. Amphibole-bearing rocks also occur in several Archean komatiites.
Hence amphibole may be considered an ideal proxy for monitoring the secular variations in primitive magma
composition for a relatively large number of elements including volatiles.

For this purpose we started an ambitious project and selected amphibole-bearing ultramafic igneous
rocks from different sites worldwide, form Archean to Phanerozoic in age: komatiites, pyroxenites,
hornblendites. Archean samples come from Canadian, Australian and Russian greenstone belts (Abitibi,
Agnew-Wiluna, Pechenga), whereas post-Archean samples include mafic and ultramafic rocks from
Himalaya (Tibet and Pakistan), Zagros belt (Iran), Ross orogeny (Antarctica), Italian Alps (lvrea-Verbano
zone, Adamello, Bregaglia) and Japan arc. Magmatic sulphides and carbonates may also occur in some
amphibole-bearing assemblages suggesting CO,- and S-bearing primary magmas.

Genetic conditions in most of the samples resulted in amphibole crystallization following olivine, spinel
and pyroxene and predating plagioclase. Samples of Archean and Phanerozoic age may show striking
similar textural features (like olivine embedded in pyroxene or amphibole oikocrysts).

Preliminary major element analyses on amphibole-bearing assemblages indicate that amphiboles are of
igneous origin and in most cases in equilibrium with associated pyroxenes. Amphiboles show relatively
restricted major element composition suggesting similar petrogenetic origin, although significant differences
exist between Archean and post-Archean amphiboles (e.g., TiO, contents). The trace element and volatile
content characterization of representative amphiboles by SIMS and LA-ICP-MS is in progress. On selected
amphiboles we also determined the S and C contents for a first estimate about the potential for amphibole to
influence the deep volatile cycle for C and S.

We shall discuss the first results of this project with emphasis on secular variations marked by key
elements and element ratios (e.g., Nb/Ta) for the Earth’s evolution.

Muntener, O. & Ulmer, P. (2006): Experimentally derived high-pressure cumulates from hydrous arc magmas and
consequences for the seismic velocity structure of lower arc crust. Geophys. Res. Letters, 33, L21308.
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Early dynamical models showed that a giant impact of a Mars-sized body with the proto-Earth could form
the Moon, where most lunar material was derived from the impactor (e.g., Canup, 2004). However, the
observed chemical and isotopic kinship between the Earth and its Moon has given rise to the hypothesis that
the Moon is made of material primarily derived from the proto-Earth's mantle (O'Neill, 1991) or that efficient
homogenisation took place in an Earth-Moon disk (Pahlevan & Stevenson, 2007). An element that appears
to show significant differences between the two bodies is iron, whose concentration in mare basalts, 15-25
wt.%, greatly exceeds that found in their terrestrial counterparts (10-15 wt.%). The isotopes of iron are also
apparently distinct from one another, where estimates for the Earth’s mantle yield 3°'Fe = +0.05+0.03%o
(Sossi et al., 2016), compared with the systematically heavier low-Ti (+0.12+0.04%0) and high-Ti basalts
(+0.2740.04%0; Liu et al., 2010). This departure to heavy values relative to chondritic meteorites
(homogeneous to -0.02+0.05%0) has been explained by volatile loss of Fe during the giant impact (Poitrasson
et al., 2004). Iron isotopes in mare basalts correlate with TiO, content, implying a degree of iron isotope
fractionation during lunar magma ocean crystallisation, and complicating estimation of its bulk mantle
composition. To tackle this question, we have analysed 7 samples from the lunar Mg Suite (e.g., Hess,
1994) that are notable for their low TiO, contents (0.1-0.3 wt.%, close to estimates for the lunar mantle)
and particularly high Mg#s, up to 0.88. Such high Mg/Fe ratios make them indistinguishable from the
Earth’s mantle (0.89; Palme and O’Neill, 2013). Therefore, the Mg Suite may be the most faithful analogue
of the Moon’s mantle. A single analysis of Mg Suite dunite 72415 (Wang et al., 2015) yields a very light
value, -0.2%0, however we find that the Mg Suite rocks have iron isotope compositions only slightly, though
systematically lighter than low-Ti mare basalts, bringing the lunar and terrestrial mantles into isotopic
concordance. This result enables the Moon to be formed from the Earth’s mantle during a giant impact
without isotopic fractionation of iron, within analytical uncertainties. However, that isotopic fractionations
are observed for more volatile elements, such as Zn (Paniello et al., 2012) may place constraints on the
nature of volatile element depletion in the Earth-Moon disk.
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Only three localities worldwide have been identified as potential candidates for preserving relics of early
Archean mantle, all of which are exposed in the 3.6-3.9 Ga Itsaq gneiss complex (IGC) of southern West
Greenland (e.g., Friend et al., 2002). In order to gain new insights into the evolution and isotopic composition
of the Eoarchean mantle, a new, carefully collected sample set was investigated in terms of its petrology and
geochemistry. Samples include dunites and harzburgites from the region south of the Isua Supracrustal belt
(SOISB) and from the Narssaq ultramafic body, south of Nuuk. So far, it was heavily debated, whether the
proposed candidates for preserved early Archean mantle relics in the IGC are indeed of true mantle origin or
whether they are ultramafic cumulates (e.g., Bennett et al., 2002; Friend et al., 2002; Rollinson, 2007; Szilas
et al., 2014). Pristine mantle peridotites and ultramafic crustal cumulates can unambiguously be
discriminated by their distinct fractionation patterns of PGEs. Hence, our investigations also included
platinum group element (PGE) concentration and Re-Os isotope measurements. For the first time, there is
now unambiguous evidence based on low Pty/Iryratios, olivine compositions and major element
compositions that at two localities in the IGC > 3.8 Ga mantle peridotites are indeed preserved. Importantly,
these mantle peridotites display a clear vestige of a broadly chondritic late veneer signature, with PGE
abundances similar to present-day mantle rocks, thereby showing that a chondrite-like late veneer was
mixed efficiently into the sampled mantle domains by Eoarchean time. Hence, the platinum group element
abundances and Re-Os isotope compositions of Earth’s oldest mantle peridotites strongly support models
implying very early addition of late veneer material, and efficient mixing into the upper mantle by 3.8 Ga.
Recently reported 82\ excesses in rocks from the Isua region (Willbold et al., 2011, Rizo et al., 2016) may
therefore represent a vestige of early silicate-differentiation events. Collectively, the > 3.8 Ga mantle
peridotites from southern West Greenland can now offer a direct window into Eoarchean tectonic processes
and early mantle evolution.

Bennett, V.C., Nutman, A.P., Esat, T.M. (2002): Constraints on mantle evolution from **’Os/ **0s isotopic compositions
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Cosmochim. Acta, 66 2615-2630.
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Pressure (P) and temperature (T) of formation of gabbroic rocks are commonly estimated using
thermobarometric methods based on cation exchange between minerals. Despite the obvious need of
reliable and precise Pestimates, P uncertainties of commonly used thermobarometers are far too high (> 3
kbar) relative to the pressure range that needs to be investigated (i.e., as small as 5 kbar for oceanic
settings). Most likely, the difficulty to extract a clear P signal is related to the fact that most thermobarometers
use either empirical formulations based on the composition of a single phase or a single reaction involving
only two phases, the latter being often characterized by a relatively low volume change. A multiple-reaction
approach employing an internally consistent thermodynamic model would be preferable, as it allows for all
the phases in the equilibrium assemblage to be used for thermobarometry. An established method originally
developed for metamorphic rocks is the so-called average P (avP) in thermocalc (Powell & Holland, 1994),
which uses a least square minimization technique to calculate the optimal P, taking into account both
uncertainties and correlations of all the reactions in an independent set. Thanks to its diagnostic utilities, it
also allows the consistency of the input data used for the calculations (i.e., end-member activities and
thermodynamic properties) to be evaluated. Despite its potential, this method has been only rarely applied to
igneous rocks and has never been tested to evaluate its accuracy and precision.

In this work, we analysed a number of well-equilibrated natural rocks and collected a large dataset of
phase equilibria experiments in basaltic systems, which allowed us to test the reliability of avP for olivine-
bearing gabbroic rocks. Calculations have been performed using olivine-magnetite-clinopyroxene-
plagioclase and olivine-clinopyroxene-plagioclase equilibria. Using the existing thermodynamic data and
mixing models, avP is capable to predict the experimental pressures, but the uncertainties propagated from
the calculations (op) are unacceptably high (1.8-5.0 kbar). Thanks to the diagnostics in thermocalc and the
careful selection of experimental data, we then refined the thermodynamic properties of some end-members,
which allowed decreasing op (1.0-2.1 kbar for experimental assemblages). If olivine-magnetite-
clinopyroxene-plagioclase equilibria are used, the model is now capable to predict the experimental
pressures with a confidence of 92% and the standard error of estimate of avP is 1.0 kbar. If T can be
constrained by other methods, avP is capable to predict the pressures of natural olivine-bearing gabbros with
uncertainties as low as 1.1 kbar.

Powell, R. & Holland, T.J.B. (1994): Optimal geothermometry and gecbarometry. Am. Mineral., 79, 120-133.
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We examined the hydroxyl defect content of quartz phenocryst fragments from different vertical positions
above the base of pyroclastic density current (PDC) deposits. Via this sampling and measurement strategy
information on the vertical variation of hydroxyl defect concentration of quatz phenocrysts, thus an insight
into potential post-depositional hydrogen loss and cooling history of PDC deposits can be gained. Quartz
phenocryst fragments were collected from two different, thick ignimbrites at the Bikkalja Volcanic Field
(North Hungary). Unpolarized micro-FTIR measurements on at least 23 randomly oriented crystal fragments
from each site were performed on 4 different vertical levels of each ignimbrite. The hydroxyl defect content
shows a clear decrease from the initial ~ 12 wt.% ppm measured just above the base to ~3 ppm within few
meters towards the centre of the deposits. Ignimbrites with different physical volcanological properties
(degree of welding, maximum grain size) are characterized by different hydroxyl defect concentrations of
quartz phenocryst fragments at the same height above the base. The difference between the empirical and
theoretical distribution of unpolarized absorbances, indicates that there may be some outlier values at or
close to the base of these ignimbrites. These can be xenocrysts which were possibly ripped up and
incorporated during pyroclast transport.

Our results imply that the structural hydroxyl content of quartz phenocrysts could be considered as an
input for numerical modeling on the cooling speed, initial temperature, and the degree of erosion of quartz-
bearing ignimbrites.
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Hydrogen incorporation in olivine involves many OH-defects that will control the hydrogen solubility at
mantle conditions. Several of these OH-defects are identified essentially from the investigation of forsterite
(the olivine Mg end-member). We study here the effect of Fe**, Fe**, AI** and Cr** on OH-defects in order to
improve our understanding of the hydrogen speciation in natural olivine. Low-temperature infrared spectra
are collected on synthetic and natural olivines. These spectra are then interpreted in light of the theoretical
determination of the structural, vibrational and infrared spectroscopic properties of Fe-related OH-defects,
using first-principles calculations based on density functional theory. The presence of Fe* changes the
cationic environment around the fully protonated vacancies in forsterite, leading to a slight modification of
their infrared signatures. In particular, the presence of Fe®" in an octahedral site adjacent to a hydrogarnet-
type defect is likely responsible for the additional bands observed at 3599 cm™ and around 3520-3550
cm™ in Fe-doped olivines. Results show that the OH bands between 3310 and 3380 cm™ are associated
with the presence of trivalent cations. Specifically, two bands at 3323 and 3358 cm™, commonly
observed in natural olivine, are associated with the substitution of Mg®* by Cr®* while two similar bands
at 3328 and 3353 cm™ are associated with the substitution of Mg®* by Fe**. The presence of these defects
and the “titanoclinohumite” defect in natural olivine clearly underlines the prominent role of trace elements on
the hydrogen incorporation in the lithospheric olivine.
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The transition zone is potentially an important water reservoir within the Earth. Magneto-telluric data are
often interpreted as being due to 0.1 to 1 wt.% H,O at 410 km discontinuity (Yoshino & Katsura, 2013). On
the other hand, the interpretation of seismic data is still debated due to problems in measuring the water
content in transition zone minerals (Chang et al., 2015). Indeed, transition zone minerals, namely wadsleyite
and ringwoodite, can contain up to 3.2 wt.% H,O by weight (Inoue et al., 1995; Ohtani et al., 2000). The
recent discovery of hydrous ringwoodite (containing 2.5 wt.% H,O) included in a deep diamond (Pearson et
al., 2014) shows that experimental predictions are possible within the Earth: that is, in subduction zones,
high water activities are or have been possible, allowing for the formation of hydrous transition zone minerals.

In recent years, we have been working on extending the capabilities of measurements of water in
minerals using other techniques than Fourier Transform Infrared spectroscopy (FTIR) like Raman
spectroscopy (Bolfan-Casanova et al., 2014) that allows the use of very small probing beams under
reflection geometry, but also ERDA (Elastic Recoil detection Analysis; Bureau et al., 2009; Withers et al.,
2012) that allows quantification without the use of any standards. The main problem of using FTIR on
wadsleyite and ringwoodite is that these phases are often too absorbing to allow proper quantification of
water. Also, whenever working on realistic, i.e., complex, compositions, samples end up having small grain
sizes that are difficult to deal with FTIR when the samples are polyphasic.

We will present our new results using samples synthesized in the multi-anvil press under conditions of the
transition zone. Thanks to Raman spectroscopy we were able to measure the partitioning of water between
mantle phases such as olivine and wadsleyite coexisting in the same sample. Thanks to ERDA, we show
that ringwoodite exhibits the same incorporation mechanism of hydrogen as wadsleyite, that is
predominantly hydrogen substituting for magnesium, contrary to what was observed before.

Bolfan-Casanova, N., Montagnac, G., Reynard, B. (2014): Measurement of water contents in olivine using Raman
spectroscopy. Am. Mineral., 99, 149-156.
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Chang, Y.-Y., Jacobsen, S.D., Bina, C.R., Thomas, S.M., Smyth, J.R., Frost, D.J., Boffa Ballaran, T., McCammon, C.A.,
Hauri, E.H., Inoue, T., Yurimoto, H., Meng, Y., Dera, P. (2015): Comparative compressibility of hydrous wadsleyite
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The minerals constituting the Earth’s uppermost mantle contain “water” in the form of hydrogen bonded to
structural oxygen. Hydrogen is only present as a trace element (ppm level), decorating point defects in the
mineral crystalline structure. These minerals are the so-call nominally anhydrous minerals (NAMS).
Experimental petrology and mineralogy have quantified the maximum concentration under several
compositional and thermodynamic conditions, but systematic studies on the hydrogen concentration in
minerals from mantle-derived rocks have only recently been carried out. Here, a compilation of the
distribution of hydrogen in uppermost mantle peridotite xenoliths is presented. NAMs from peridotite
xenoliths (mostly in the spinel stability field) contain a few ppm wt. H,O in their structure. From the current
database, the maximum hydrogen concentrations in olivine regularly increase with increasing depth. To date,
the amount of hydrogen in NAMs from peridotite xenoliths from subduction contexts does not seems higher
than in other geological contexts for similar temperature and pressure conditions. The highest hydrogen
concentrations are found in peridotitic olivines from cratonic mantle (Siberia) transported by kimberlitic
magmas, and are likely due to the deeper depth of origin (> 5 GPa). The increasing hydrogen concentration
in olivine with increasing depth is likely controlled by the increase of H partitioning into olivine at the expense
of orthopyroxene as imposed by a decrease in Al content in opx with depth. However, the sparse data could
also indicate that the bulk hydrogen concentration slightly increases with depth higher than 150 km. In this
case, it would suggest, for at least one location (Udachnaya, Siberia), a possible increase in water fugacity
due to water-rich fluid saturation. Even if the most abundant mineral in mantle rocks is olivine, and in the
absence of a significant amount of amphibole (> 3%) the bulk hydrogen concentration in peridotites is
controlled by the amount of hydrogen stored in pyroxenes. However, one must keep in mind that hydrogen
concentration in olivine remains potentially crucial for consequences on physical properties such as rheology
and electrical conductivity. At last, the questions of the preservation of hydrogen concentration in NAMs due
to rapid ionic diffusion will be discussed in the light of recent results from peridotite xenoliths and diffusion
models.
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Sulfur (S) is a key volatile element, which has fundamental impact on the planetary differentiation,
elemental partitioning, volcanism and long to short term habitability of the planetary surficial environment.
Yet the constraints on the S budget of the Earth’s mantle are limited. Magmatism in mid-ocean ridges is the
main pathway of S from the Earth’s depleted mantle (DM), and magmatism in ocean islands is one of the
critical probes for understanding chemical, lithological, and thermal variations in the Earth’'s mantle.
Therefore, S content of primitive MORBs and OIBs could provide insights into the S budget of the Earth’s
mantle. However, the fate of sulfide during mantle melting is incompletely explored — limiting our ability to
fully understand the sulfur and chalcophile element geochemistry of primitive basalts.

This study is a geochemical modeling work to constrain the extraction of S through magmatism in mid-
ocean ridges and ocean islands. Compilation of MORB and OIB (e.g., Loihi, Samoa, Iceland and Galapagos)
major element, Cu, and S contents from literature shows that although differentiated basalts may be sulfide
saturated, basalts with MgO > 8 wt.% fall in the range of 800-1200 ppm of S, and do not show any
systematic trends with major element compositions. In order to test whether primitive MORBs and OIBs can
be sulfide-undersaturated, we coupled thermodynamic models (Ghiorso et al., 2002) and experimental
constraints (Hirose & Kushiro, 1993; Walter, 1998) on isentropic decompression melting at different mantle
potential temperatures with existing SCSS model (sulfur content at sulfide saturation; e.g., Fortin et al., 2015).
The goal was to track the S contents in the partial melt and the mode of residual sulfide as a function of initial
sulfur content of the mantle source, melting degree, depth, temperature, and change in partial melt
composition. The fractionation of Cu, a chalcophile element, is also modeled to derive an internally
consistent set of inferences about the geochemistry of both S and Cu in partial melt parental to MORB and
OIB. Our modeling suggests that, for mantle potential temperature, Tr of 1380°C, the S and Cu budgets of
primitive MORBs can be explained by exhaustion of 100-200 ppm S (as sulfide) from the residue by 10-20
wt.% melting, which is consistent with the estimated average to maximum Fappropriate for MORB generation.
We further discuss the effects of different SCSS models, bulk partitioning and initial abundance of Cu,
and Tp of 1280-1420°C on our results. This analysis also brackets the S content in peridotite source of high-
F (~10-25%) Icelandic basalts of 50-200 ppm for Tp of 1450-1550°C. However, the bulk S content of the
heterogeneous OIB sources is likely higher and mixing of eclogite and sediment partial melt, with lower
SCSS, with peridotite partial melt is critical to reconcile the measured S contents in low-F (<10%) OIBs from
GSC, Loihi and Samoa for Tp of 1450-1650°C.

Fortin, M.-A., Riddle, J., Desjardins-Langlais, Y., Baker, D.R. (2015): The effect of water on the sulfur concentration at
sulfide saturation (SCSS) in natural melts. Geochim. Cosmochim. Acta, 160, 100-116.

Ghiorso, M.S., Hirschmann, M.M., Reiners, P.W., Kress, V.C. (2002): The pMELTS: A revision of MELTS for improved
calculation of phase relations and major element partitioning related to partial melting of the mantle to 3 GPa.
Geochem. Geophys. Geosyst., 3, 1-35.

Hirose, K. & Kushiro, I. (1993): Partial melting of dry peridotites at high pressures: Determination of compositions of
melts segregated from peridotite using aggregates of diamond. Earth Planet. Sci. Letters, 114, 477-489.
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Accurately quantifying the rate at which hydrogen (“water”) diffuses through nominally anhydrous
minerals such as clinopyroxene (cpx) and olivine is critical for interpreting measurements of water
concentrations in mantle xenoliths to gain insight into ascent rates and the distribution of water in the deep
earth. Here | summarize the results of recent work (Ferriss et al., 2016) dehydrating two diopsides and an
augite to determine diffusivities for bulk water as well as individual hydrogen incorporation mechanisms
based on FTIR peaks. In both diopsides considered, the peak at 3645 cm™ diffuses the slowest, and the
peak at the 3450 cm™ diffuses the fastest. However, the diffusivities of bulk water and all FTIR peaks are ~ 3
orders of magnitude higher for the diopside containing more Fe, and hydrogen diffusivity in the augite is near
the highest diffusivities measured in cpx. These observations support previous proposals (Hercule, 1996;
Woods et al., 2000) that hydrogen diffusivity increases with Fe content up to ~ 1-2 wt.% FeO. Virtually all
natural cpx contain more Fe than this threshold value, and therefore hydrogen diffusivities in xenolith cpx are
expected to be fast, on the order of 10° to 10™ m?/s at 1000°C.

Such fast diffusivities have three important implications for interpreting water measurements in xenoliths.
First, to explain the consistent observation of significant water loss in xenolith olivine but not in cpx, the fast
“proton-polaron” mechanism must be operating in the olivine, and the diffusivities in cpx must be toward the
low end of the proposed 2-order of magnitude range. These relatively low diffusivities in mantle cpx are
proposed to be related to high VAl contents. Second, because equilibration with the surroundings will take
place on time-scales of hours, the water concentrations measured in cpx are more likely to be in equilibrium
with the host magma than to retain mantle water signatures. Third, when interpreting time scales retrieved
from water diffusion profiles, the initial depth of zonation formation is likely the depth at which water loss from
the magma begins, typically 2-3 km, rather than mantle depths.

Ferriss, E., Plank, T., Walker, D. (2016): Site-specific hydrogen diffusion rates during clinopyroxene dehydration. Contrib.
Mineral. Petrol., DOI: 10.1007/s00410-016-1262-8.

Hercule, S. (1996): Cinétique et solubilit¢ de I'hydrogéne dans le diopside monocristallin. Université Paris-Sud, thesis,
196 p.

Woods, S., Mackwell, S., Dyar, D. (2000): Hydrogen in diopside: diffusion profiles. Am Mineral., 85, 480-487.

195



PLINIUS n. 42, 2016

WATER CONCENTRATIONS AND HYDROGEN ISOTOPE COMPOSITIONS OF
ALKALINE BASALT HOSTED CLINOPYROXENE MEGACRYSTS: THE
IMPORTANCE OF STRUCTURAL HYDROXYL GROUPS AND MOLECULAR WATER

Kovacs I.*', Demény A.%, Czuppon G.% Lécuyer C.%, Fourel F.%, Xia Q.-K.*, Liu J.%, Pintér 2.>°, Kiraly E.},
Torok K.!, Szab6 A.*°, Deloule E.’, Falus G.}, Fancsik T.%, Zajacz Z.%, Sandorné Kovacs J.° & Udvardi B.!
! Geological and Geophysical Institute of Hungary, Budapest, Hungary
2 Institute for Geological and Geochemical Research, Research Centre for Astronomy and Earth Sciences, Hungarian
Academy of Sciences, Budapest, Hungary
% Laboratoire de Géologie, University of Lyon, France
* School of Earth and Space Sciences, University of Science and Technology of China, Hefei, China
° Lithosphere Fluid Research Lab, E6tvds Lorand University, Budapest, Hungary
6 Bayerisches Geoinstitut, Universitat Bayreuth, Germany
" Centre de Recherche Pétrographiques et Géochimiques, Université de Lorraine, Vandoeuvre-lés-Nancy, France
8 Department of Earth Sciences, University of Toronto, Canada
o Hungarian Institute for Forensic Sciences, Budapest, Hungary
Corresponding email: kovacs.istvan.janos@mfgi.hu

Keywords: mass spectrometry, FTIR spectrometry, nominally anhydrous minerals

We present new data on both “water” contents (as OH and H,O) and 8D values for several clinopyroxene
megacrysts from alkaline basalts. These parameters were first obtained from five clinopyroxene megacrysts
applying both the classical “off-line” vacuum extraction technique and the “on-line” high-temperature
pyrolysis technique. Blanks measured with the “on-line” gas extraction technique were low enough to
exclude any contamination by atmospheric moisture. The comparison of data has revealed that the “on-line”
procedure is more effective for the extraction of “water” from clinopyroxenes and, consequently, this “on-line”
technique was applied to eight additional clinopyroxene megacryts. 8D values cover a similar range from -
95%o to -45%0 (VSMOW) regardless the studied locations, whereas the total “water” content varies from ~115
to ~2570 ppm. The structural hydroxyl content of clinopyroxene megacrysts measured by micro-FTIR
spectrometry varies from ~0 to 476 ppm expressed in molecular water equivalent. The total “water”
concentrations determined by mass spectrometry differs considerably from structural hydroxyl contents
constrained by micro-FTIR, thus indicating that considerable fraction of the “water” may be present in (nano)-
inclusions. The structural hydroxyl concentration correlates positively with the 8D values of clinopyroxene
megacrysts for each locality, indicating that structurally bond hydrogen in clinopyroxenes may have &D
values higher than molecular water in inclusions. This implies that that there may be a significant hydrogen
isotope fractionation for structural hydroxyl during crystallization of clinopyroxene, while for molecular water
there may be no or only negligible isotope fractionation (Kovacs et al., 2016).

Kovacs, I., Demény, A., Czuppon, G., Lécuyer, C., Fourel, F., Xia, Q.-K., Liu, J., Pintér, Z., Kiraly, E., Térok, K., Szabd,
A., Deloule, E., Falus, G., Fancsik, T., Zajacz, Z., Sandorné Kovacs, J., Udvardi, B. (2016): Water concentrations and
hydrogen isotope compositions of alkaline basalt hosted clinopyroxene megacrysts and amphibole clinopyroxenites:
the role of structural hydroxyl groups and molecular water. Contrib. Mineral. Petrol., 171, 38.
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Monazite (CePO,) and xenotime (YPQO,) are important accessory minerals in metamorphic and igneous
rocks, and are particularly suitable for assessing the role of fluids at high pressures and temperatures, where
metasomatic activity is important but poorly understood. The two phosphate minerals represent important
reservoirs for light-group rare earth elements (LREE) and heavy rare earth elements (Y+HREE). Their
mobilities and metasomatic activities in crustal and mantle fluids are especially important, and thus can be
used to monitor elemental mass transfer in high P-T settings (Newton & Manning, 2010). We have
investigated the influence KCI-H,O aqueous fluids on the solubility behaviour of synthetic Ce-monazite, and
Y-xenotime at 800°C and 1.0 GPa using 3 mm diameter / 1 cm long Pt capsules arc welded shut and the
piston-cylinder apparatus (NaCl setup, cylindrical graphite oven). The experimental results indicate a weak
increase in monazite and xenotime solubility for aqueous fluids with a moderate KCI mole fraction (Xkc)-
Their solubility increases from 8 and 46 ppm in pure H,O to 336 and 171 ppm, respectively, at Xxc = 0.5. In
contrast to the NaCl-H,O system (Tropper et al., 2011), monazite and xenotime solubilities in the system
KCI-H,0 are considerably lower. We also present, by means of a simple example, a comprehensive step-by
step procedure to consistently derive a quench pH model of the aquatic system, based on the amount of
limiting reactant to calculate the amount of product produced. The influence of the quench pH of the
monazite-xenotime-KCI-H,O aqueous solution (with different Xyc) is calculated including the effect of
equilibration of this system due to a set of acid-base reactions in local equilibrium. This possibility of
quantifying influences of modelled processes on the pH generates a powerful tool for understanding the
internal pH dynamics of the system.

Newton, R.C. & Manning, C.E. (2010): Role of saline fluids in deep-crustal and upper-mantle metasomatism: insights
from experimental studies. Geofluids, 10, 58-72.

Tropper, P., Manning, C.E., Harlow, D. (2011): Solubility of CePO4 monazite and YPO4 xenotime in H,O and H,O-NaCl
at 800°C and 1 GPa: implications for REE and Y transport during high-grade metamorphism. Chem. Geol., 282, 58-
66.
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For several decades, important experimental work has improved our understanding of igneous processes,
which laid the groundwork for MELTS, a series of powerful thermodynamic models computing crystal-liquid
equilibria. MELTS is essentially calibrated for silicate melt compositions and intends to cover processes
ranging from magma crystallization upon cooling to melting of the mantle in presence of H,O. Here, we
developed a model specifically calibrated for mantle melting in presence of CO,and H,O. Numerous
experimental, geochemical, petrological and geophysical studies have revealed the presence of H,O-bearing
carbonated silicate melts in the upper mantle. Such melting regimes producing low melt fractions, usually
referred to as “incipient melting”, operate in a large P-T domain of the upper mantle, where carbonate,
carbonated silicate and silicate melts can be equilibrated with mantle peridotites. The transition between
these liquids can be sharp and operates via immiscibility between a carbonatitic melt and a carbonated
silicate melt, provided that enough carbonate is present to saturate both liquids.

A first, simplified model based on the silica activity in the melt (Massuyeau et al., 2015) has shown the
ability of thermodynamic modeling to describe and predict incipient melting of carbonated peridotite. Here,
we report a multicomponent model defining the excess Gibbs free energy of melts ranging in composition
from carbonatite to basalt.

ThermoLIQS describes the activity-composition relationships of melt components using a Margules
formalism. This parameterization is calibrated on crystal-liquid, diamond/graphite-liquid, fluid-liquid and
liquid-liquid equilibria obtained by experimental studies in the P-T range ~ 1-10 GPa and ~ 1000-2000°C.
The strength of this model lies in the use of the experimental and thermodynamic uncertainties in the
calibration, by weighting and readjusting experimental points within quoted uncertainties.

ThermoLIQS is a powerful tool to better understand and constrain the evolution of the melts at depth. A
preliminary application of ThermoLIQS defining the dynamics of mantle melting within an ascending plume
emphasizes the important role of lithosphere thickness in the transition between kimberlites and OIBs from a
single plume source.

Massuyeau, M., Gardés, E., Morizet, Y., Gaillard, F. (2015): A model for the activity of silica along the carbonatite—
kimberlite—mellilitite—basanite melt compositional joint. Chem. Geol., 418, 206-216.
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The volcanic rocks of Pico Volcano (the Azores Islands, North Atlantic Ocean) commonly contain
numerous clinopyroxene crystals. We used clinopyroxene crystals to reconstruct shallow magmatic
processes of the central volcano, since this mineral phase may record variations of intensive parameters,
like P, T and fO,, as well as trace elements like water. This late forming phase can incorporate H* that may
be used to calculate the water content of magma at the shallow magma ponding stages and contribute to
understand the evolution processes before magma ascent.

The Pico volcanic island is formed by an almost perfect conical stratovolcano and an ESE-WNW trending
elongated ridge, constituted by cinder cones, associated to fissural eruptions.

Samples are millimetric euhedral phenocrysts from a cumulitic lava flows and centimetric euhedral
crystals from the Pic16 mugearite lava flow erupted during the early stages of the 1718 AD eruption. On the
same crystal we carried out single-crystal polarized FTIR and Mdssbauer spectroscopy, single-crystal X-ray
diffraction, electron probe micro-analysis and laser-ablation ICP-MS.

Pyroxenes, that are diopside (Wo04s5.46 ENs.ag FSos.00) IN cCOMposition, have very weak or absent OH
vibrational bands in the IR spectra (except in PIC16). From the integration of the OH" vibrational bands we
calculated a H,O content from 0 to 91 ppm H,O. These low contents are related to H" loss during ascent to
surface or post-eruptive re-equilibration, which may occur via the redox reaction Fe® + OH = Fe* + 0% +
Y%H,. To recover the possibly lost H" we performed thermal annealing experiments under H, gas flux at 700
and 800°C. All the samples increased their hydrogen content and reached saturation after 65-83 hours,
depending on crystal thickness. The new H,O values reached 93-170 ppm in crystals from the cumulitic lava
and 120-182 ppm in PIC16. The untreated clinopyroxenes have a Fe*'/Fey ratio between 18.8-25.8%, which
after the thermal annealing remains constant or slightly decrease. Using the H-saturation values and the
partition coefficients of O'Leary et al. (2010) we calculated 0.71-1.17 H,O wt.% in melt, which is slightly lower
than those measured by FTIR in melt inclusions in olivines from the Pico fissure zone (Métrich et al., 2014).

According to literature data, Pico primary magmas were produced at around 3 GPa and 1352-1362°C, by
a very low melting degree of a mantle source characterized by 350-630 ppm of H,O, then melts ascended up
to 15-18 km (around 0.5 GPa), where Fo-poor olivine and clinopyroxene crystallised and accumulated in a
storage areas (Métrich et al. 2014; Zanon & Frezzotti, 2013). The clinopyroxene geobarometry suggests that
they crystallized at around 0.5 GPa except PIC64 that crystallized deeper at around 1 GPa. The H' loss
occurred during the ascent or a late stage of eruption.

O'Leary, J.A., Gaetani, G.A., Hauri, E.H. (2010): The effect of tetrahedral AP on the partitioning of water between
clinopyroxene.and silicate melt. Earth Planet. Sci. Letters, 297, 111-120.

Métrich, N., Zanon, V., Creon, L., Hildenbrand, A., Moreira, M., Marquez, F.O. (2014): Is the “Azores Hotspot” a wetspot?
Insight from the geochemistry of fluid and melt inclusions in olivine of Pico Basalts. J. Petrol., 55, 377-393.

Zanon, V. & Frezzotti, M.L. (2013): Magma storage and ascent conditions beneath Pico and Faial islands (Azores
archipelago): A study on fluid inclusions. Geochem. Geophys. Geosyst., 14, 3494-3514.
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The loss rates of volatile elements from silicate melts are of considerable interest to a number of
branches of volcanology, petrology and geochemistry. In the volcanic context emanation coefficients are
used as empirical measures of the extent of loss of individual elements in the gas phase. In geochemistry
and cosmochemistry relative loss rates control the pattern of element depletions during melting and core
segregation on asteroids and protoplanets. Incorporation of such differentiated, pre-melted bodies probably
influenced the well-known pattern of volatile element depletion in silicate Earth.

We began our study by considering the condensation of a wide range of elements from a solar gas. The
calculated order of relative volatility in the case we have studied is V< Cu<Ag<Sb<Ga<Ge<Bi~Pb<
Sn < Cd < Tl ~ In (Lodders, 2003). This does not correlate well with emanation coefficients in volcanic
systems. The latter also do not correlate with the diffusion coefficients of the elements in silicate melts
(Johnson & Canil, 2011). Given the latter observation we started with the hypothesis that volatile loss is more
likely related to oxygen fugacity and speciation than to diffusion to the melt-gas interface. We therefore
constructed a furnace to investigate relative loss-rates from well-stirred silicate melts under controlled
oxygen fugacity conditions. Experiments were performed on trace-element doped basalt at 1300°C and
oxygen fugacities from just above FMQ to values about 6 log units below FMQ.

Almost all elements studied exhibited increasing volatility with decreasing oxygen fugacity. The order of
volatility did not change significantly in this fO, range, however, but is dramatically different from the
condensation sequence. At FMQ measured relative volatilities are V< Ga<Pb <In<Tl~Sbh ~Ag < Cu <
Sn < Ge < Cd < Bi. The order we observe here is broadly consistent with independent activity measurements
we have made on silicate melts. It is also in much better agreement with measured emanation coefficients
than the condensation sequence and goes someway to explaining the high relative abundance of In in
silicate Earth, i.e., In is less volatile than previously calculated.

Johnson, A. & Canil, D. (2011): The degassing behavior of Au, Tl, As, Pb, Re, Cd and Bi from silicate liquids:
Experiments and applications. Geochim. Cosmochim. Acta, 75, 1773-1784.

Lodders, K. (2003): Solar system abundances and condensation temperatures of the elements. Astrophys. J., 591, 1220-
1247.
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Chromium-rich spinel can be stable in peridotites down to ~ 200 km in subcratonic lithospheric roots,
where diamonds usually form. Despite not being typical Fe-rich phases, mantle spinels show up to 20 wt.%
FeO,, and variable Fe*/Fe,, ratios up to ~ 40%. This implies that this mineral can play a key role during
redox processes involving C-O-H fluids, such as carbon precipitation and redox melting. A number of oxygen
barometers have been calibrated to determine the fo, of peridotites based on the chemical equilibrium of
olivine-orthopyroxene-spinel-bearing assemblages:

3 Fezsizoe +2 Fe;0, =6 Fe25i04 + O, (1)

expressed as Fe end-members (Wood, 1990; Ballhaus et al., 1991). However, considering the highly
variable Cr content and its effect on spinel stability at high pressures (Klemme, 2004), the accuracy of this
oxy-thermobarometer would benefit of an in-depth experimental investigation.

This study aims to investigate 1) the effect of pressure and spinel composition on the fO, calculated using
(), and 2) the iron oxidation state of Mg-chromite equilibrated atfO, buffered by carbon/carbonate
equilibrium (Stagno & Frost, 2010).

To this end, we performed experiments in a simplified Mg-Fe**-Fe**-Cr-Al-Si-O-C model peridotite
obtained by a stoichiometric mixture of natural olivine + orthopyroxene + spinel + magnesite + graphite
equilibrated at 2.5-5 GPa and 1000-1400°C. Experiments were carried out using a Walker-type multi anvil
press (840 ton) available at the HP-HT Laboratory of Experimental Volcanology and Geophysics of the
National Institute of Geophysics and Volcanology (INGV) in Rome (ltaly). Oxygen fugacities buffered by the
carbon/carbonate  equilibrium, i.e., enstatite-magnesite-olivine—diamond (EMOD) buffer, were
experimentally measured using as redox sensor the Ir(Pt)-Fe alloy.

Results from these experiments will allow to: 1) compare the redox conditions for carbon and carbonate
stability using the Fe*'/Fe, ratio of spinel-bearing peridotite rocks; 2) determine the redox conditions in
spinel-bearing peridotites at pressures and temperatures where diamonds form, and 3) track the redox
evolution of the upper mantle in Archean by combining thermodynamic calculations with the obtained
experimental data.

Ballhaus, C., Berry, R.F., Green, D.H. (1991): High pressure experimental calibration of the olivine-orthopyroxene-spinel
oxygen geobarometer: implications for the oxidation state of the upper mantle. Contrib. Mineral. Petrol., 107, 27-40.
Klemme, S. (2004): The influence of Cr on the garnet—spinel transition in the Earth's mantle: experiments in the system

MgO-Cr,03-SiO and thermodynamic modelling. Lithos, 77, 639-646.

Stagno, V. & Frost, D.J. (2010): Carbon speciation in the asthenosphere: experimental measurements of the redox
conditions at which carbonate-bearing melts coexist with graphite or diamond in peridotite assemblages.Earth Planet.
Sci. Letters, 300, 72-84.

Wood, B.J. (1990): An experimental test of the spinel peridotite oxygen barometer. J. Geophys. Res., 97, 15845-15851.
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Quartz is a nominally anhydrous mineral that crystallizes under various rock-forming conditions in
hydrous systems. As a consequence, traces of water are incorporated as hydrous defects, whose
abundance and local structure depends on pressure, temperature and available metal impurities. Each type
of hydrous defect gives rise to a characteristic absorption band in the infrared (IR) range. Hence, the hydrous
defect inventory can be qualitatively and quantitatively characterised by IR-spectroscopy. In most
metamorphic rocks, concentrations of hydrous defects are rather low, suggesting that the water fugacity was
low. However, even if hydrous defects in quartz crystals from several different metamorphic rock types have
been reported, so far detailed and systematic data have not been published.

In this study high-pressure experiments were performed in a cold seal pressure vessels at 3 kbar and
650°C over different temperature intervals in the system quartz — muscovite without free water fluid. The
starting material contained fragments from a crushed and sieved natural hydrothermal quartz that was mixed
with natural muscovite in order to simulate a water fugacity of a mica-bearing quartzite. Seven crystals from
the starting material and each experimental charge were manually oriented parallel to the crystallographic c-
axis and ground to wafers of 50-190 um thicknesses, and polarised IR measurements parallel to the main
refractive indices were performed on each grain.

Initial results show that the absorption band at 3480 cm™ (Li-specific OH-defect) decrease continuously
with time at the cost of the absorption band 3378 cm™ (Al-specific OH-defect), while the total amount of
defect water stays more or less constant. Interestingly, the rate at which the first type of band decreases is in
accord with preliminary determined dehydration kinetics, suggesting that one defect is destroyed while the
other type is formed from the deliberated hydrogen. It is therefore suggested that the second type of defect is
stable at the run conditions of the experiments described here. The preliminary findings from this study may
explain the dominance of Al-specific over Li-specific hydrous defects in natural quartz from quartzite. Further
experiments will be performed in the same system at different temperatures, and in other systems containing
fluid phases with different compositions. Furthermore, the dehydration kinetics of the different OH-defects
has to be determined in more detail and with better precision.
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Nitrogen is an essential nutrient for all life on Earth and could have severely influenced the pace and
trajectory of early evolution. Furthermore, it is the major constituent of Earth’s atmosphere and significantly
enhances the warming capacity of greenhouse gases through pressure broadening. Changes in atmospheric
N, pressure could therefore have played a major role in global climate (Goldblatt et al., 2009, Som et al.,
2015). A critical factor in the atmospheric N, budget is the onset and degree of nitrogen drawdown into
sediments through time. | will present new constraints showing that (a) nitrogen burial is trivial in the absence
of life, (b) nitrogen concentrations in Paleoarchean metasedimentary biotite grains are indicative of biological
nitrogen utilization, and (c) nitrogen isotopes in Mesoarchean shales and carbonates reveal enzymatic
N, fixation into biomass (Stiieken et al., 2015). These results further support an early origin of life prior to 3.8
Ga and an early origin of the molybdenum-based nitrogenase enzyme prior to 3.2 Ga. Using a numerical box
model, | will show that biological nitrogen burial could thus potentially have lowered atmospheric pN, to a
minimum of 40% modern levels in the Neoarchean, consistent with paleobarometric results from Som et al.
(2015). The sequestered nitrogen would have been stored primarily in continental crust. With the onset of
widespread oxidative weathering around 2.4 Ga, pN, would likely have rebound. New Paleoproterozoic
nitrogen isotope data support the idea of a transition to a mostly aerobic nitrogen cycle at this time. The
Mesoproterozoic shows a return to anaerobic conditions and stratification, as supported by isotopic data
from three separate basins. A modern nitrogen cycle was probably not established until the Neoproterozoic
or early Phanerozoic. In conclusion, the nitrogen cycle has been shaped markedly by the evolution of Earth’'s
biosphere and vice versa. This has implications for evaluating measurements of nitrogen abundance and
speciation on other planets.

Goldblatt, C., Claire, M.\W., Lenton, T.M., Matthews, A.J., Watson, A.J., Zahnle, K.J. (2009): Nitrogen-enhanced
greenhouse warming on early Earth. Nature Geosci., 2, 891-896.

Som, S., Catling, D., Buick, R. (2015): A recipe for changing terrestrial air pressure 2.7 Gyr ago: redox states, biology
and plate tectonics. Astrobiology Science Conference, Chicago, abstr., #7657.

Stieken, E.E., Buick, R., Guy, B.M., Koehler, M.C. (2015): Isotopic evidence for biological nitrogen fixation by
molybdenum-nitrogenase from 3.2 Gyr. Nature, 520, 666-669.
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The Plio-Pleistocene alkali basalts in the Carpathian—Pannonian Region (CPR) brought a large amount of
lithospheric mantle xenoliths to the surface. The easternmost and youngest alkaline basaltic volcanic field is
developed in the Persani Mountains (Eastern Transylvanian Basin), where numerous peridotite and
pyroxenite xenoliths have been collected (Szabé et al.,, 2004, and references therein). By studying these
xenoliths, we may have an insight into the upper mantle regarding its chemical and physical processes, such
as partial melting, metasomatism and deformation.

We selected seven amphibole bearing spinel lherzolite/hornblendite composite, and four amphibole-
clinopyroxenite xenoliths for this paper in order to study mantle metasomatic processes, as well as to
evaluate their possible geodynamic implications. The amphibole appears as disseminated grains in lherzolite
or forms hornblendite and amphibole-pyroxenite veins/bodies. The peridotites contain small amounts of
interstitial amphibole, whereas the hornblendites and amphibole-clinopyroxenites contain occasionally other
OH-bearing minerals such as apatite and phlogopite as well. The amphiboles and clinopyroxenes in spinel
Iherzolites are depleted in incompatible trace elements, whereas the same minerals in hornblendites and
amphibole-pyroxenites show elevated incompatible trace element content. These geochemical variations of
the texturally defined amphiboles and their high La/Lu ratios suggest that the hornblendites and amphibole-
pyroxenites formed by an incompatible element enriched mafic silicate melt (Powell et al., 2004). Since the
incompatible element content of hornblendites are similar to those of amphibole-pyroxenites, it is probable
that they crystallized from the same melt, depending on H,O saturation of the liquid. Based on major and
trace elements data, this melt could originate from partial melting of a previously metasomatized mantle
section (Chalot-Prat & Bouiller, 1997). These features indicate a complex melt-mantle interaction beneath
the study area, which can be related to the subduction of the European plate beneath the Eastern
Carpathians (Wortel & Spakman, 2000) occurring in Neogene and causing extensive melt percolation and
mantle metasomatism.

Chalot-Prat, F. & Bouiller, A. (1997): Metasomatism in the subcontinental mantle beneath the Eastern Carpathians
(Romania): new evidence from trace element geochemistry. Contrib. Mineral. Petrol., 129, 284-307.

Powell, W., Zhang, M., O'Reilly, S.Y., Tiepolo, M. (2004): Mantle amphibole trace-element and isotopic signatures trace
multiple metasomatic episodes in lithospheric mantle, western Victoria, Australia. Lithos, 75, 141-171.

Szabd, C., Falus, G., Zajacz, Z., Kovacs, |., Bali, E. (2004): Composition and evolution of litosphere beneath the
Carpathian-Pannonian Region: a review. Tectonophys., 393, 119-137.

Wortel, M.J.R. & Spakman, W. (2000): Subduction and slab detachment in the Mediterranean-Carpathian region.
Science, 290, 1910-1917.
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During growth from a hydrous magma nominally anhydrous minerals (NAMs) such as clinopyroxene
include small amounts of hydrogen in structural defects (e.g., charge deficiencies) and interstitial spaces
where it is bonded to oxygen and, regarded as an oxide component, can be expressed as water
concentration. The amount of water present in the minerals can serve as a proxy to estimate magmatic water
contents or the water content in the mantle of planetary bodies (e.g., Peslier, 2010; Weis et al.; 2015).
Common methods for analysis of water in NAMs are FTIR or SIMS which, however, require orientation of the
crystals, limited spatial resolution or result in the loss of sample material. An alternative method may be
provided with Raman spectroscopy (e.g., Bolfan-Casanova et al., 2014) which has the advantage of very
small analysis spot sizes and its non-destructive nature. Yet one problem with backscattered Raman
spectroscopy may be the strong effect of fluorescence background due to heating of dark crystals which
might interfere with the bands of weakly Raman active molecules such as water. In addition, the obtained
Raman spectrum is only representative for a single spot within the sample. Thus we tested the analysis of
known water contents in orientated, very thin and nearly transparent crystals of clinopyroxene and garnet by
transmission Raman spectroscopy. By such, the quality of the Raman spectra improved as fluorescence
background was reduced drastically and the Raman signal of water was increased and more representative
of the whole rather than a single point within the crystal. The improved spectra can be used for an internal
calibration using water and silica bands to develop a method for quantification of water in NAMs using
Raman spectroscopy.

Bolfan-Casanova, N., Montagnac, G., Reynard, B. (2014): Measurement of water contents in olivine using Raman
spectroscopy. Am. Mineral., 99, 149-156.

Peslier, A.H. (2010): A review of water contents of nominally anhydrous natural minerals in the mantles of Earth, Mars
and the Moon. J. Volcanol. Geotherm. Res., 197, 239-258.

Weis, F.A., Skogby, H., Troll, V.R., Deegan, F.M., Darehn, B. (2015): Magmatic water contents determined through
clinopyroxene: Examples from the Western Canary Islands, Spain. Geochem. Geophys. Geosyst., 16, 2127-2146.
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The centre position of Raman bands of CO, and CH,4 has been used to estimate the density of the gases
with purely empirical equations at known temperature and occasionally pressure within fluid inclusions.
However, modifications of the centre position are relatively small compared to the resolution of most
commercial available Raman spectrometers, therefore, a band-shape best-fit procedure with established
cumulative distribution functions (DF) has been applied to apparently improve accuracy and precision of the
centre positions. An error of 0.03 cm™ has been claimed (Fukura et al., 2006) for Raman spectrometers with
spectral resolution of 1.35 cm™ (e.g., labRAM) and 0.45 cm™ (e.g., labRAM HR). This approach is highly
ambiguous, and not reproducible, as illustrated by Bakker (2011). There has been no attempt to standardize
calibration of measurements and calculation procedures.

Raman band positions can be calibrated with emission spectrum of noble gases (e.g. Neon) or with
standard Raman spectra (e.g., cyclohexane). Neon has very narrow well-defined bands, but detectors may
register the signal over at least 6 to 12 pixels of the CCD camera. Consequently, the Neon bands also have to
be fitted to DF's to obtain their centre position. However, most DF's do not fit well to these bands. The full width
at half maximum (FWHM) of these fits is about 1.7 cm™ (corresponding to a standard deviation of
approximately 0.7 cm'l), even for a high-resolution apparatus. Cyclohexane has relatively wide bands, and the
centre position of these bands have a standard deviation of 0.3 to 1.0 cm™ (e.g., McCreery Group, and NIST).
Abundant publications use a double calibration method, but that is doubling the uncertainty in centre positions
of Raman bands. For example, cyclohexane was calibrated with Neon emission lines, and, subsequently, the
measurement was calibrated with this cyclohexane. A variety of cumulative DF's are available (e.g. Gaussian,
Lorentzian, Voigt) and each function reveals a different centre position (0.2 cm™ variability) and FWHM (1 cm™
variability) of the same Neon band. The selected best-fit cumulative DF that were used in literature to
reproduce CO, and CH;Raman bands have very low R’ numbers, i.e. they do not fit very well the morphology
of the bands. For example, a CH, Raman band does not fit well to a Gaussian DF. The R? number is highly
dependent on the number of pixels that are taken into account for fitting procedures. If most of these pixels
represent a background signal than a R” close to 1 is obtained, even if those pixels that define the Raman band
do not match the fit very well.

In conclusion, the uncertainty in density calculation of CO, and CH, in fluid inclusions as obtained from
Raman band centre position can be as high as 40%. Microthermometry, a classical method to obtain gas
densities from homogenization temperatures), reveals uncertainties of only about 0.3%, and is therefore a
superior method.

Bakker, R.J. (2011): Accuracy, precision and uncertainty of peak position estimation of CO, and CH4 in Raman spectra.
Ber. Geol. Bundes., 87, 32-33.

Fukura, S., Mizukami, T., Odake, S., Kagi, H. (2006): Factors determining the stability, resolution, and precision of a
conventional Raman spectrometer. Appl. Spectrosc., 60, 946-950.
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Extensive fluid flow has been documented in contact aureoles using stable isotope geochemistry (e.g.,
Baumgartner & Valley, 2001). Here we present a detailed petrologic, cathodoluminescence (CL) and
secondary ion mass spectrometry (SIMS) study of reactions driven by infiltration of magmatic fluids in
carbonate host-rocks of the Bergell and Adamello intrusions (Alps, Italy). The large difference in stable
isotope composition of the original sedimentary carbonates protolith and the fluids interacting with igneous
rocks permits the tracing of small amounts of reactive fluid flow in the host rocks.

Abundant veins formed in large (10 m to 100 m) carbonate xenoliths at Alpe Sissone (Malenco, Bergell;
e.g., Bucher, 1998). The veins studied have a central zone interpreted to have been open cracks, now filled
by olivine (ol) and calcite (cc), or tremolite (tr) and cc. The crack is surrounded by a replacement zone, where
ol + cc replaced the original host dolomite (do). Gas-mass-spectrometry isotope analysis of calcite, olivine,
and dolomite revealed very steep, sub-mm-sized isotope fronts for carbon of over 4%, and oxygen of over
8%o at the replacement front between the cc+ol zone and the dolomitic host rocks (Taylor & Bucher, 1986;
Bégué 2008). Apparent oxygen isotope equilibrium between ol and cc gives a formation temperature of
540°C, in agreement with estimates from phase petrology.

However, detailed CL and SIMS studies allow us to demonstrate that the reaction front progressed
several grain sizes (mm to cm) further into the host rock, recrystallizing parts of dolomite grains along grain
boundaries and across grains, Sparse calcite was precipitated along some grain boundaries. Similar
observations were made around rare veins crosscutting the pure dolomite host rocks in contact with the
Bruffione Granodiorite in the southern Adamello (Passo di Bondolo), suggesting that our observations are
general and can be used to constrain fluid-rock around veins.

Several hundred SIMS analyses in the reaction zone demonstrate that calcite grains in the vein are not
zoned with respect to oxygen isotopes. No isotopic gradient towards the vein wall was observed in the cc+ol
zone. In contrast, dolomite grains display abundant zoning close to the vein, with cores (dark in CL) having
sedimentary isotope values. Lighter CL zones, surrounding and crosscutting the dolomite grains have
isotope compositions trending towards equilibrium with the infiltrating fluid with proximity to the vein. While
the zones with different CL are crystallographically continuous, there is a sharp (sub-um scale) CL and
isotopic boundary separating the zones.

We interpret the data to show that the silica front lagged behind a dolomite recrystallization front. Isotopic
exchange happened through mineral reactions where silica activity is high enough to form olivine, while
minerals mainly recrystallization further away from the vein. The often observed fingering of the isotopic front
is controlled by this latter recrystallization of dolomite grains. To accurately model isotopic fronts it is
necessary to couple them to mineral reactions due to element transport and mineral recrystallization.

Baumagartner, L.P. & Valley, J.W. (2001): Stable isotope transport and contact metamorphic fluid flow. Rev. Mineral.
Geochem., 43, 415-467.

Bégué, F. (2008): Etude des veines métasomatiques dans les xénolites carbonatés de la bordure Est de l'intrusion du
Bergell, Val Sissone (ltalie). Master Thesis, Univ. Lausanne.

Bucher, K. (1998): Growth mechanisms of metasomatic reaction veins in dolomite marbles from the Bergell Alps. Mineral.
Petrol., 63, 151-171.

Taylor, B.E. & Bucher-Nurminen, K. (1986): Oxygen and carbon isotope and cation geochemistry of metasomatic
carbonales and fluids - Bergell aureole, Northern ltaly. Geochim. Cosmochim. Acta, 50, 1267-1279.
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In situ dating of mm-sized hydrothermal monazite by ion probe is an excellent method for understanding
the low-T tectonic history of an area. Hydrothermal monazite from open alpine type fissures (clefts) has the
advantage of recording the age of crystallization without the risk of diffusional lead-loss at the prevalent
temperatures. Due to partial dissolution-reprecipitation, there is the added potential to record more than one
age for the temperature range of ca. 350-200°C. To capture as wide an age range recorded in the crystals as
possible, 15 to more than 30 ion-probe analyses were performed on more than 20 mm-sized monazite
samples according to internal zonation.

All analyzed samples come from a wide area in the Central Alps encompassing the Lepontine
metamorphic dome and the eastern half of the Rhone-Simplon fault, one of the major fault systems of the
Alps. The region has a complex tectonic history, with greenschist to amphibolite facies metamorphism
predated by and partly overlapping with nappe stacking. This was followed by exhumation, particularly in the
central part and further folding and thrusting. Later brittle deformation affecting the entire region, in
combination with hydrothermal fluid flow worked to produce the famous mineralized Alpine clefts of the
Lepontine area. The westernmost part of the region was dominated by dextral strike-slip deformation along
the Rhone-Simplon Line.

The dating of cleft monazites revealed Pb ages between 19 and 5 Ma over several age groups.
Ages generally decrease from east to west, with the westernmost areas recording significantly younger ages
than the rest of the area. Almost all samples have in common that they suggest an event affecting the entire
area at around 10 to 12 Ma. Combined with already published data from more local studies of the
surrounding area as well as other chronological methods, the monazite data provide an overview over part of
the brittle tectonic history of much of the Central Alps.

2320, 208
Th-
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Tourmaline (Tur) is a common accessory mineral in the metasedimentary Pfitsch Formation located in the
Pfitscher Joch area in the W Tauern Window of the Eastern Alps. These post-Variscan metasedimentary
units experienced peak metamorphic conditions of ~550°C, 1.0 GPa during the Alpine orogeny (Selverstone
et al. 1984). Tur is most abundant in a ~25 m thick unit of feldspathic gneiss (~20-200 ppm B), where it
occurs as idiomorphic crystals, typically 10 mm in length. The abundance and size of the Tur crystals
increases near coarse-grained quartzofeldspathic segregations (~1200 ppm B), reflecting the mobilization
and concentration of B by the metamorphic fluid. Near segregations, individual Tur crystals have up to three
growth zones, recording pro- (~350-500°C, 0.7-1.0 GPa) and retrograde (400°C, 0.2 GPa) growth as
determined by textural information and sector-zoning thermometry. Retrograde Tur occurs as individual
crystals, as well as overgrowths on prograde Tur crystals, especially on the surface of extensional fractures
formed by regional E-W extension during decompression.

Tur in the Pfitsch Formation is dravitic with variable Fe contents, reflecting that of the host unit. They are
zoned in major and trace elements, as well as boron isotope composition. Charge balance calculations
indicate that a significant proportion of their Fe is ferric, supporting the interpretation of a subaerial
continental sedimentary protolith. Tur near segregations has the highest minimum ferric iron content, which
decreases with crystal growth, potentially reflecting the gradual reduction of the fluid during metamorphism.
The Mg/(Mg+Fe) ratio increases with prograde Tur growth and subsequently decreasing with retrograde
growth, consistent with trends in metamorphic Tur zonation from the literature. In contrast, the Ca/(Ca+Na)
ratio increases gradually from 0.05 to 0.20 with prograde growth and continues to increase up to <0.25.
Based on the Ca-Na Tur-fluid partitioning experiments of Berryman et al. (2016), the Ca/(Ca+Na) ratios
recorded in the Tur represent the maximum Ca/(Ca+Na) ratio of the fluid throughout metamorphism.

The metasediments of the Pfitsch Formation display relatively light 3''B values (-15 to -34%0) with the
heaviest values found near B-rich segregations, and the lightest values in B-depleted samples. This
correlation reflects the preferential mobilization of ''B towards the segregations. Isotopic zonation of
individual tourmaline crystals with -11%. in their cores and -20%. in their rims suggests continuous
volatilization and fractionation of B by a'°B-rich precursor mineral (e.g. mica) during prograde mobilization
and redistribution of B within the Pfitsch Formation. Due to the rather heavy whole rock B-isotope ratios in
the neighbouring units (Variscan basement gneiss unit: -3 to -8%o; pre-Variscan basement: -10 to -17%o)
contribution of external fluids during tourmaline growth is unlikely.

Berryman, E.J., Wunder, B., Rhede, D., Schettler, G., Franz, G., Heinrich, W. (2016): P-T-X controls on Ca and Na
distribution between Mg-Al tourmaline and fluid. Contrib. Mineral. Petrol., 171, 1-14.

Selverstone, J., Spear, F.S., Franz, G., Morteani, G. (1984): High-pressure metamorphism in the SW Tauern Window,
Austria: P-T paths from hornblende-kyanite-staurolite schists. J. Petrol., 25, 501-531.

210



PLINIUS n. 42, 2016

NATURE AND ORIGIN OF Si-RICH FLUIDS AT 13°20°'N SILICIFIED OCEANIC
DETACHMENT FAULT (MID-ATLANTIC RIDGE)

Bonnemains D.*", Verlaguet A2, Escartin J.*, Mével C.%, Boiron M.-C.> & Andreani M.*
! Equipe de Géosciences Marines, Institut de Physique du Globe de Paris, France
2 |nstitut des Sciences de la Terre de Paris, Université Pierre et Marie Curie, Paris, France
3 Laboratoire GeoRessources, Centre de Recherches sur la Géologie des Matieres, Vandoeuvre-lés-Nancy, France
4 Laboratoire de Géologie, Université de Lyon 1, France
Corresponding email: bonnemains@ipgp.fr

Keywords: oceanic detachment fault, fault silicification, fluid inclusions

Slow-spreading ridges display a mode of accretion involving long-lived detachment faults (DFs) rooting
deep below the axis. These DFs localize deformation accommodating a high proportion of the plate
separation, while exhuming deep crustal and upper mantle rocks to the seafloor. They are also associated
with fluid circulation that can be channelized by the fault zone. To better constrain deformation mechanisms
and associated fluid circulation in such systems, we investigated the 13°20'N oceanic DF rooting at the ridge
axis along the Mid-Atlantic Ridge, during the ODEMAR cruise (2013, R/V Pourquoi Pas?) with deep-sea
vehicles. This DF is of particular interest as it is active, well-developed structurally, and hosts an active
hydrothermal site. Seven fault outcrops were identified and sampled along the corrugated DF surface and on
the flanks of microbathymetric corrugations. Deformation is highly localized along fault surfaces that
systematically show subhorizontal striations subparallel to extension. Fault rocks are breccias made of
basaltic clasts and rare ultramafic clasts variably silicified, that also show striated fault surfaces at the sample
scale. Microstructural and petrological observations indicate pervasive syntectonic silicification during fault
exhumation.

To characterize the nature and origin of silicifying fluids and constrain the conditions of fluid-rock
interaction, we studied fluid inclusions (FIs) trapped in quartz grains from two highly silicified metabasaltic
samples (fault mirrors), one poorly silicified metabasaltic breccia, and a silicified ultramafic sample. All Fls
are biphasic. The highly silicified samples present higher homogenization temperatures (250-350°C) than
those from poorly silicified ones (150-200°C). Most FlIs record salinities higher than that of seawater (4-6
wt.% eq. NaCl) with one exhibiting salinities up to 10 wt.% eq. NaCl. Mineral hydration reactions alone
cannot account for the formation of such high salinity fluids, which most likely formed by fluid phase
separation at high temperature. Raman spectroscopy also shows that high salinity fluids contain
H,+*CH4+CO,, suggesting an interaction of these fluids with ultramafic rocks present in the footwall of the
detachment. LA-ICP-MS analyses reveal that salinity is a mixture of NaCl and KCI. We propose that these
fault rocks record hydrothermal fluids that have witnessed both the hydration of ultramafic rocks, likely
involving serpentinization and associated H, release, and phase separation in the presence of a heat source
at depth. These fluids are then channelized along the fault zone, where they may interact with shallower
seawater-like fluids potentially from the basaltic hanging wall. Fluid mixing and pathways along the fault
plane may have been highly variable both spatially (salinity and gas content vary significantly among nearby
samples) and in time (strong variations in fluid composition from core to rim of quartz crystals), and is likely
tectonic.
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Arc and backarc seafloor hydrothermal systems are closely linked to subduction zones. The concomitant
range in rock compositions (i.e., basalts, basaltic andesites, dacites and rhyolites) and the variable, although
relatively shallow depths to vent sites (i.e., from near surface to < 2000 m water depth) mean that they have
the capacity to discharge hydrothermal emissions distinct from those at mid-ocean ridges. Arc and backarc
hydrothermal systems can be broadly categorized into magmatic-hydrothermal sites — which are the most
prevalent and include some that are erupting —and water/rock-dominated sites. The former are
characterized by gases exsolved from the underlying magma that ascend rapidly through the crust to mix
with seawater, forming acid, sulfate and elemental sulfur before being expelled on the seafloor. The latter are
older, have formed circulation cells, and show the effects of interaction between hydrothermal fluids and the
host rocks. Both these systems have the capacity to form ore deposits.
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In eastern Elba Island (Tuscany, Italy), the mid-upper crustal Porto Azzurro granitoid (5.9 Ma) gave rise to
a widespread boron-rich contact metamorphic aureole, intense hydrothermal circulation, and Fe-ore deposits
(magnetite, hematite, pyrite). These hydrothermal Fe-ore deposits are considered representative of paleo-
fluids that circulated in a geothermal system interpreted as the analogue of the Larderello geothermal fields.

In this presentation, fossil geothermal fluids entrapped within quartz, calcite and adularia crystals from Fe-
ore bodies of eastern Elba Island have been studied by means of microthermometry, Laser Ablation
Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS), and Scanning Electron Microscopy (SEM).
The analysed fluid inclusions are mainly of the L-type, i.e., biphase liquid-vapor (L+V) inclusions that
homogenize in the liquid phase. Multiphase (L+V+S) fluid inclusions with halite daughter-minerals (S) have
been sporadically observed in calcite and adularia crystals. A database of microthermometric results based
on the analyses performed up-to-now on a total number of 1100 fluid inclusions in 32 samples from seven
localities (Terra Nera, Bacino, Valle Giove, Topinetti, Cala Seregola, Capo Pero, and Fornacelle) at different
distances moving from the Porto Azzurro pluton to the North, has been produced. By comparing these
results, a general trend characterized by decreasing homogenization temperatures (Th) and salinities of the
fluids with increasing distance from Porto Azzurro has been observed.

Acknowledgements: The research leading to these results has received funding from the European
Community’s Seventh Framework Programme under grant agreement No. 608553 (Project IMAGE), and
from PONa3_ 00369 SISTEMA (University of Bari).
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Porosity, permeability and fluid content of deep continental crustal rocks play a fundamental role on
crucial properties such as rock rheology and rock ability to concentrate mineral resources. Granulitic rocks
correspond to high — temperature metamorphic rocks that constitute most of the lower crust. Granulites are
classically considered as dry rocks, mostly because their equilibrium P-T conditions are above the dry
solidus. However, numerous studies have evidenced the presence of low water activity CO,-rich fluids during
granulitic reactions. A fundamental issue is to understand the potential role of such fluids during
granulitization processes: are granulitization reactions fluid-assisted or can they occur in completely dry
conditions? How do fluids influence granulitic mineral growth and associated element transfer?

To address these key questions, we studied a massif of Precambrian granulitic rocks from the Western
Gneiss Region in Norway: the Flatraket massif. It corresponds to quartz-monzonites exhibiting the granulite
facies assemblage garnet + plagioclase + K-feldspar + biotite + clinopyroxene + quartz. These rocks are
considered as completely dry, due to both the absence of Caledonian eclogitic retrogression and the
coronitic texture of garnets, interpreted as solid-state diffusion. However, we observed garnet veins texturally
associated to these coronas, suggesting fluid-driven mass transfer. Moreover, the similar garnet composition
in both textures (EMPA analyses) suggests that veins and coronas formed coevally, at granulitic P-T
conditions. We performed a detailed microstructural and petrological study (EMPA, SEM, pseudosections) of
these rocks that allowed deciphering the complex sequence of granulitic reactions that finally gave rise to
both garnet coronas and veins. We also evidenced several kinds of fluid traces in these rocks: inclusions in
both vein and coronitic garnets look like CO,-rich fluid inclusions, whereas inclusions in feldspars and quartz
are rather aqueous (or brines); moreover, myrmekites and brines-derived textures were observed at feldspar
grain boundaries. We here present the results of the detailed microstructural study and of microthermometric
studies of these fluid inclusions, and propose a scenario that reconciles the a priori paradoxal coeval
formation of garnet veins and coronas.
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The Carajas mineral province in northern Brazil represents one of the largest iron ore districts in the world.
BIF-hosted iron ore deposits, with a resource of > 18 Gt at a grade of 66 wt.% Fe, form plateaux on the
northern and southern ranges of the Serra dos Carajas. We studied the Fe isotope composition of BIF from
the Neoarchean Carajas Formation, friable hematite-goethite ore (so-called soft ore) and superficial iron
duricrust using in-situ femtosecond laser ablative MC-ICP-MS.

The positive Fe isotope composition of magnetite-rich bands in oxide facies BIF samples indicates
formation by either abiologic partial oxidation or biogenic oxidation by anoxygenic phototrophic bacteria. The
homogeneity of 5°°Fe values of magnetite in a 37 cm BIF drillcore interval, which should be representative of
sedimentation over a period of = 2 ka, shows that the rate of iron oxidation did not change significantly over
timespans of several thousand years. However, variations in the Fe isotope composition of magnetite from
different BIF units point to long-term depositional changes.

The studied iron ore consists of martite — that is, hematite pseudomorphic after magnetite — microplaty
hematite and goethite. Martite has homogeneous Fe isotope values similar to magnetite in fresh BIF, which
suggests in-situ formation by quantitative replacement of magnetite. This shows that iron remained mostly
immobile during the geological history.

The 5°°Fe values of microplaty hematite resemble the homogeneous Fe isotope composition of martite
and magnetite. The formation of microplaty hematite requires temperatures in excess of 80°C. Such
temperatures would characterize retrograde metamorphism or hydrothermal overprint, during which the
stability of hematite relative to magnetite increases with decreasing temperature. The presence of trace
amounts of pyrite and chalcopyrite in all samples demonstrates that such a hydrothermal overprint affected
the Carajas Formation. However, this overprint occurred in a system largely closed with respect to iron, since
the Fe isotope signature remained essentially unfractionated.

By contrast, goethite formed in an open system during subrecent/recent weathering and has a more
variable Fe isotope composition, compared to the earlier magnetite-martite-microplaty hematite association.
Significant scatter in the Fe isotope composition of goethite indicates fractionation processes in a fluid-
dominated system — that is, weathering and supergene iron enrichment.
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Mass transport through the lithosphere is tightly linked to the deep water cycle as aqueous fluids and
hydrous melts are key agents to mobilize elements from the small scale to km-scale. This presentation will
highlight the different modes of water transport and how it influences chemical and physical processes in the
lithosphere through subduction recycling.

Water is incorporated into hydrous minerals when oceanic crust reacts with seawater-derived fluids close
to the ocean floor. As the hydrous phases are dragged down the subduction channel they break down due to
increasing pressure and temperature. Examples will be shown from the field, experiments and from
thermodynamic modelling on how water liberation occurs during the breakdown of antigorite in subducted
serpentinites. New experimental data on the stability of chlorite show the importance of this phase for
transporting water to depth of 100-150 km in subduction zones, depending on the thermal structure of the
slab.

The water liberated from the breakdown of hydrous phases interacts with altered oceanic crust and
sediments. It will be discussed at which conditions aqueous fluids, hydrous melts or supercritical fluids with
intermediate composition form and how this influences the mass transport of major and trace elements from
the slab into the mantle wedge.

Beyond the stability of hydrous phases, water can be transport in nominally anhydrous minerals in the
mantle. The comparison of experimental results on water incorporation into olivine with natural samples from
mantle xenoliths shows that H is substituting for Si in olivine, with consequences for the rheology of the
upper mantle. Experiments also provide evidence that the capacity of water incorporation into mantle rocks
increases with increasing pressure. Therefore the questions arise on how much water is stored in the mantle
and if the global water cycle is in secular equilibrium or not. As experiments will provide only information
about the storage capacity of the mantle, it is essential to gain more information from natural rocks on how
and how much water is present in the lithosphere. To correctly interpret the data from natural rocks, it is
necessary to know to what extent minerals are able to retain their water contents on the way back to the
surface. Thus, we need to understand H transport by diffusion at the micro-scale. | will present recent results
that show that H diffusion in olivine is more complex than previously thought with diffusivities depending also
on the site where H is incorporated.
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The Retortillo-Santidad uranium deposit is hosted by Ordovician black slates of the Iberian zone, located
near the Bafiobarez granite intrusion (Salamanca province, NW Spain). It consists of three main ore
assemblages: i) coffinite-pitchblende-pyrite-calcite filling veins/breccias, 2) coffinite-pitchblende fine-grained
aggregates disseminated in altered zones, and 3) autunite filling cross-cutting veins. Whereas the first
assemblage could be considered as primary, the distribution of the other two assemblages correlate with the
alteration zoning of the host black shales. Mineralogical and geochemical characterization suggests a multi-
stage genetic process starting with a primary concentration of uranium with organic matter in sediments,
followed by probably two events of hydrothermal remobilization of uranium in veins and ending with
supergene remobilization and concentration of uranium by downward percolating acid solutions (Huertas et
al., 2013).

Isotopic composition of deuterium, organic carbon and sulfur in sulfides were analyzed to understand the
deposit origin and evolution. We have found a wide spectrum of sulfur isotopic compositions in sulfides
varying from -40 to +25%o 5*s. Although some additional analyses will be necessary these data indicate
sulfides have been altered through several processes, probably including bacterial reduction of sulfates, that
have produced important isotopic fractionation in relatively open system (most negatives values) and
Rayleigh processes in more close system. The sulfur isotopic composition of these sulfides overlaps with
that of those reported by Both et al. (1994) (6348 = -51.3 to -10%o) in the uranium ores of Mina Fe. The
euxinic nature of the environment is also supported by the C isotopic composition of graphite which shows
relatively constant around -27 %o (V-PDB). Additionally, some disperse 5'°C values ranging from -22 to -33%o,
probably due to organic matter maturation processes. Values of 8D plot mainly between -90 and -110 %o (V-
SMOW), with some disperse values ranging between -41 and -143%., showed no dependence with depth or
drill core and correspond to equilibrium with meteoric fluids, probably those associated with late alteration by
downward percolating solutions.

Both, R.A., Arribas, A., de Saint-André, B. (1994): The origin of breccia-hosted uranium deposits in carbonaceous
metasediments of the Iberian Peninsula: U-Pb geochronology and stable isotope studies of the Fe deposit,
Salamanca Province, Spain. Econ. Geol., 89, 584-601.

Huertas, F.J., Gervilla, F., Gwatkin, C. (2013): Uranium mineralization in the Retortillo-Santidad area (Salamanca,
Spain): Role of late alteration. Proc. 12th SGA Biennial Meeting, 4, 1594-1597.
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The Wongwibinda Metamorphic Complex in northern New South Wales, Australia, has been used as a
case study to investigate the role of hot fluids in producing steep metamorphic field gradients associated with
HTLP regional aureoles. The Complex is located in the Carboniferous accretionary prism of the New
England Orogen, the youngest of a series of orogens that comprise the Tasmanides of eastern Australia.
Metasedimentary rocks ranging in grade from bioitite facies to migmatite are associated with a wide zone of
ductile shearing and S-type granitoids.

A recently mapped, structurally separated, block west of the main complex reveals a steep metamorphic

field gradient (> 70°C km™) along the Aberfoyle River. The well-exposed metasedimentary rocks
progressively increase in metamorphic grade from biotite- to garnet-cordierite-bearing rocks over a traverse
of approximately 2 km. The Aberfoyle transect lacks the intrusive rocks that are common elsewhere in the
complex.
Evidence for the role of hydrous fluids in the metamorphism is provided by whole rock XRF and isotopic
analyses of samples from the Aberfoyle transect. There is strong positive correlation between metamorphic
grade and potassium content, ¥’Sr/*°Sr and 5'%0. In contrast, there is a negative correlation between grade
and sodium content, calcium content and ***Nd/***Nd.

Higher-grade rocks of the main complex are exposed approximately 14 km further east in a second
apparently steep metamorphic field gradient that builds to metasedimentary migmatites. The migmatites are
spatially associated with a broad, probably anastomosing, shear zone. Garnet and/or cordierite surrounded
by leucosome in metasedimentary rocks and abundant dykes and small bodies of two-mica granite suggest
that anatectic melt formed in situ and was also injected into the migmatite. Muscovite-bearing granite is
consistent with high water contents and links to the influx of hot aqueous fluids inferred in the Aberfoyle
transect. Abundant collapse structures trace magma pathways through the migmatite.

The mechanisms of heat advection at Aberfoyle and in the migmatites of Wongwibinda are interpreted to
be part of a continuum. The source of fluid is proposed to derive from the first metamorphic cycle of the
accretionary complex of the New England Orogen during crustal thinning and mantle fluxing caused by
subduction roll-back. Early metamorphic fluid produced in the deeper accretionary complex is channelled up
fault, and other weak structural zones, advecting heat to shallower crustal levels. As metamorphism in the
deep crust progresses, partial melts produce S-type magma that migrates up the same channels, further
advecting heat. The decreasing availability of water in the deep crust as metamorphism progresses self
arrests the system, resulting in short-lived (<1 0 m.y.) metamorphism in the shallow crust that produces
steep metamorphic field gradients of narrow extent.
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The Jurassic pillow basalt of the NE Hungarian Szarvaskd Unit is a part of an incomplete ophiolitic
sequence, formed in a back-arc- or marginal basin (Aigner-Torres & Koller, 1999). Different, often
superimposing hydrothermal processes were studied with polarising microscopy, EPMA, fluid inclusion
microthermometry, chlorite thermometry (Zang & Fyfe, 1995), Raman spectroscopy and ICP OES, aiming to
characterise them and to discover their relationship with the geotectonic evolution of the region.

Closely packed pillow, pillow fragmented hyaloclastite breccia and peperitic facies were found in the
studied localities. The rocks underwent a primary and a cooling related, local submarine hydrothermal
process immediately after eruption. Albite, chlorite, prehnite, pyrite, quartz, calcite, pumpellyite and clay
minerals precipitated in the groundmass, in cooling cracks, in small amygdales, in the matrix of the
interpillow hyaloclastite and the hyaloclastite breccia facies. The chlorite formed at 183°C (st.dev. 7°C), while
the minimum formation temperature of quartz and calcite was 130-170°C. The obtained salinity (4-10 NaCl
eq. wt.%) revealed an evolved seawater origin, while methane content was found, where unconsolidated
sediment was present nearby.

A superimposing, bigger fluid circulation system resulted in the intense alteration of the basalt to clay
minerals, goethite, chlorite and quartz, as well as in the formation of mostly pyrite filled cavities, with rare
galena, sphalerite, chalcopyrite, pentlandite, quartz, barite, chlorite, albite and sericite. Pyrite contains up to
0.075 mass% As, up to 0.092 mass% Co and traces of Ag, Au, Cu, Zn, Te and Se. Whole rock geochemical
data shows similarities to other low temperature submarine hydrothermal sulphide deposits (Bogdanov et al.,
2006).

Basalt may be completely altered to grossular (with high Mn content), chlorite and quartz. The chlorite
precipitated at 190°C (st.dev. 18°C). This mineral assemblage formed by the superimposing effect of Ca-
metasomatism similar to the s. . rodingitization. However, here this is more likely related to processes in
ridge-setting (see, e.g., Austrheim & Prestvik, 2008), differently from s. s. rodingites.

Epigenetic veins containing albite, quartz, chlorite, calcite, prehnite, pumpellyite and at places, datolite
formed at increasing temperature 160-210°C and pressure 0.6-1.1 kbar, from a low salinity (0.2-2 NaCl eq.
wt.%), methane bearing fluid. These results suggest an Alpine regional metamorphism (see Arkai, 2001)
related origin.

The observed hydrothermal minerals represent several different steps of the geotectonic evolution of the
Szarvas® Unit; from the ridge setting in the back-arc/marginal basin till the subduction and obduction.
Though the found mineral paragenesis are often similar, careful study can help in distinguishing the
superimposing fluid-rock interaction processes.
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Magma intruded in to the crust interacts with the surrounding groundwater system resulting in formation
of hydrothermal fluids commonly of meteoric or seawater origin. This process may lead to contact
metamorphism and elemental transport with associated elemental and isotope gradients from mantle to
surface sources. Recent work suggests that the surface fluids may be a key part of metamorphism to high T
(450-600°C) suggesting that classic contact metamorphic reactions like crustal hornfels may result from
magma-hydrothermal fluid interaction rather than magma-magmatic fluid interaction (Ingebritsen et al.,
2010).

We use stable isotopes (3D, 8?0 and 5*°Si) to unravel such contact metamorphic processes and target
natural analogues from both ancient and active magmatic geothermal systems throughout Iceland. Quartz
grains from various hydrothermal systems, including cuttings from two drill holes fed by seawater
(Reykjanes) and meteoric water (Krafla), xenoliths from the Askja central volcano and the fossil pluton at
Hafnarfjall as well as quartz grains associated with low-T zeolites were analysed for 5?0 and &%°Si in-
situ using SIMS. Whole rock material of these samples was further analysed for 8D using a thermal
conversion elemental analyser coupled to an IRMS.

Our results indicate a relationship between 3*°Si values and formation temperature of quartz. Low-T
quartz (<150°C) are dominated by negative 5°°Si values (-4 to +0.6%.) whereas positive 5°°Si values (-0.5 to
+4%o) prevail in quartz precipitated at higher T (200-400°C). 5*°Si values of magmatic quartz clusters around
0.0%o. Combining the results from the analyses of 5?0 and 8D allows further division of samples into (i)
seawater and/or rock dominated (3'°0: 0 to +15%0; dD: -80 to -60%.) and (ii) meteoric water dominated
(5'%0: -10 to +5%0; dD: -120 to -100%0) hydrothermal systems.

Modelling of 8D, 5'®0 and 5°°Si was used to gain insight into effects of fluid-rock interaction, fluid source
and formation temperatures at the magma-groundwater contact. Comparison of analytical and model results
shows that the isotope signatures are influenced by multiple processes that also affect the source fluid,
water-rock ratios and temperature. In some cases, meteoric- or seawater-derived fluids penetrate the
hornfels zone and cause alteration at >400°C by direct groundwater-magma heat interaction. Other cases
appear to document “baked” contact zones without any groundwater involvement. This demonstrates that
groundwater flow and permeability are crucial at high T (400-600°C) around natural intrusions, as indicated
by recent heat and fluid transfer modelling (Scott et al., 2015).

Ingebritsen, S.E., Geiger, S., Hurwitz, S., Driesner, T. (2010): Numerical simulation of magmatic hydrothermal systems.
Rev. Geophys., 48, RG1002.

Scott, S., Driesner, T., Weis, P. (2015): Geologic controls on supercritical geothermal resources above magmatic
intrusions. Nature Commun., 6, DOI: 10.1038/ncomms8837.
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Reactive transport models (RTM'’s) have become important tools for analysis and prediction of fluid-rock
interaction under shallow (up to about 5 km, geothermal) and deep (up to maximum crustal depths of 100 km,
metamorphic) crustal conditions. Many different RTM’'s have been developed, some of them attempting to
describe the complete thermal-hydraulic-chemical coupling of a system, others focusing on specific
processes. However, most RTM’s are limited with regard to the implementation of mineral-reaction kinetics
often simplified relying on transition state theory or empirical rate laws. Rate laws are typically constrained by
single mineral dissolution experiments close to ambient conditions. In addition to scarcity of experimental
data for higher temperatures, this approach inherently bears the problem that information on reactive-surface
areas is needed to describe dissolution and precipitation kinetics. Constraining reactive-surface areas is
often difficult, in particular for mineral precipitation requiring assumptions on reactive-surface area even for
phases initially not present in the system.

In this study, we present a new RTM that focusses on accounting for mineral reaction kinetics and uses
classical nucleation theory with continuous monitoring of crystal size distributions (CSD’s) to constrain the
reactive-surface areas and their effect on reaction rates. Ideal mineral-solid solutions are included for the
most important mineral phases. These features give our RTM the unique ability to predict CSD’s for every
mineral phase (primary and secondary) along with its composition and reactive-surface area. The model was
developed by coupling a self-coded FORTRAN package with PHREEQC using the iPHREEQC interface
(Charlton & Parkhurst, 2011). Processes assumed to reach thermodynamic equilibrium instantaneously, i.e.,
speciation in the fluid and resulting mineral saturation indices are computed by PHREEQC while our code
explicitty computes reaction rates (dissolution and growth), mineral nucleation, 1-D advective-diffusive
transport, and changes in hydraulic transport properties. Spatial distribution and temporal evolution of fluid
temperature and pressure are input parameters. Accounting for the highly non-linear relation of reaction
rates to temperature, a sequential non-iterative operator splitting between transport and chemical
calculations was adopted together with a dynamic time step reduction scheme to minimize computation time.

Using hydrous alteration of granite as an example, we present temporally and spatially resolved data for
fluid and solid composition, modal abundance of primary and secondary minerals, CSD’S, reactive-surface
areas, and their interdependence in the parameter space. The preliminary modeling results highlight the
importance of incorporation of complex formulations of mineral-reactions kinetics and solid-solutions into
RTM'’s to adequately describe the effect of fluid-rock interaction at elevated temperatures.

Charlton, S.R. & Parkhurst, D.L. (2011): Modules based on the geochemical model PHREEQC for use in scripting and
programming languages. Comput. Geosci., 37, 1653-1663.
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Minerals reported from the historical silver mines at Kongsberg, Norway, include native elements (Ag, Au,
As, Cu, S, C), sulphides, sulphosalts, selenides, arsenides, carbonates, sulphates, arsenates and halides, in
addition to a range of silicate minerals (Neumann, 1944; Bancroft et al., 2001). The area is dominated by
Proterozoic (= 1.6 Ga) schists and gneisses (e.g., Starmer, 1985). Typical in the area are north-south striking
subvertical zones in the gneisses enriched in sulphides, predominantly pyrite and pyrrhotite. These zones
are cross-cut by nearly vertical E-W trending calcite veins, inferred to be of Permian age and related to the
Oslo Rift (Ihlen et al., 1984). It has been long known that the native silver mineralizations occur exclusively at
the intersections between the calcite veins and the sulphide-enriched zones (e.g., Bancroft et al., 2001).
Neumann (1944) described the silver-bearing veins as very narrow, varying in width from a few mm, rarely
up to 0.5 m.

The ore minerals of the silver-bearing veins show complex textural relationships, suggesting several
stages of mineral growth and dissolution. The presence of acanthite, polybasite and chalcopyrite as
inclusions in native silver suggest that these minerals formed prior to native silver. The earliest generation of
native silver often occurs as euhedral grains, commonly with a thin rim of a sulphoarsenide of composition
(Ni,Co,Fe)AsS. A second generation of native silver envelopes the earliest generation with its rims of
sulphoarsenide. Late minerals overgrowing native silver include polybasite, freibergite, allargentum and
stephanite. Reaction textures between the vein minerals indicate significant variations in S and As of the fluid
phase during formation of the veins. Fluid inclusion data (Johansen, 1985) suggests that native silver
precipitated during decreasing salinity from 25 to less than 20 wt.% NaCl-equivalents at about 300-250°C.

From the compositions of the vein forming minerals, it is inferred that the ore-forming fluids contained a
range of dissolved components, including Ag, Ni, Co, Fe, Cu, Pb, Zn, Ca, Ba, Sh, Se, As, S, F and C. Most
likely, the origin of the fluids responsible for the silver bearing vein formation was related to the intrusive
activity in the nearby Oslo Rift during Permian time. There are three potential sources for the components
that were dissolved and transported by the ore-forming fluid: 1) crystallizing magma, 2) the sedimentary
rocks of the Oslo Rift, and 3) the sulphide-enriched zones that were cross-cut by the silver-bearing veins. It
has been suggested that Ag and C were derived from the alum shale of the Oslo Rift (Segalstad, 2008),
whereas elements such as Fe, Cu, Pb, Zn, Se and S were possibly derived locally from the sulphide-
enriched zones.
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Tourmaline is the most important carrier of B in crustal rocks and its 1B/B ratio is a powerful tracer for
geological mass transfer (Marschall et al., 2006). The stable B isotope fractionation between tourmaline and
fluid (AllBtou,_ﬂuid) depends on temperature (Meyer et al., 2008). and B coordination, i.e. bond lengths
(Kowalski et al., 2013). Tourmalines contain 3 B pfu in trigonal planar coordination BIB, but additional B can
be incorporated as tig substituting for Si. Here, we present first experimental results unraveling the effect
of “B onthe B isotope fractionation between olenitic tourmaline and fluid.

Piston-cylinder synthesis experiments were performed in the system SiO,-Al,05-B,03-NaCl-H,0 at 700°C
/ 40 kbar and run durations of 0.5 h, 2.5 h and 216 h, starting from quartz-Al,O3-H3BO3; mixtures and NaCl-
solutions. The stable phase assemblage after 216 h is olenite + coesite + traces of AIBO3. Olenite occurs as
columnar (80 vol%) and acicular crystals (20 vol%). Columnar olenites are large (30 x 150 pm) and
chemically homogeneous with 1.5 g pfu. Acicular olenites are chemically zoned with the highest B-contents
of 2.5-3B pfu found in their cores, which form from jeremejevite as a precursor phase. Rims of acicular
crystals show lower B-contents similar to the columnar olenites. Columnar and rims of the acicular olenites
are considered in equilibrium with the last bulk fluid.

Analyses of the fluids show an increase in 5"'B from -5.9%. in the starting fluid to -5.2%o in the final fluid
after 216 h. The bulk solid run products after 216 h analyzed with MC-ICP MS show 5''B of -6.8%o. Rayleigh
fractionation modeling of the fluid isotope evolution results in a Blleenite_ﬂuid of -1.4%o., in agreement with the
value of -1.5%o calculated by Kowalski et al. (2013) for B isotope fractionation between olenites with 1.5 tig
pfu and fluid at 700°C / 5 kbar. B isotope ratios of the bulk solids are consistent with the Rayleigh
fractionation model.

Given the fractionation coefficient derived from the Rayleigh model of the fluid isotope evolution and
the ¥IB content of the columnar olenites, the estimated 6llB(o.enite_ﬂuid) at 700°C is -7%s for the “IB-site only and
+1.4%o for the PIB-site only (latter value taken from Kowalski et al., 2013). Assuming that pressure has no
significant influence on isotope fractionation we can give an estimate for the intracrystalline fractionation in
olenites, with 6”8([313 - [413) = +8.4%0 at 700°C, indicating that the lighter 1o strongly fractionates into the
tetrahedral site.

Kowalski, P.M., Wunder, B., Jahn, D. (2013): Ab initio prediction of equilibrium boron isotope fractionation between
minerals and aqueous fluids at high P and T. Geochim. Cosmochim. Acta, 101, 285-301.
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Immiscible fluids within the general system H,O-salt-non-polar gases are widespread and common
phenomena in magmatic, hydrothermal and geothermal systems. Due to high temperatures and great depths
direct observation of fluid phase separation and segregation in such systems is in most cases impossible
and information is restricted to indirect observations. These include studies of fluid inclusion, petrological and
geochemical studies on ancient, now exposed systems, experimental studies and numerical simulations.
Exceptions are either those systems that vent and discharge their fluids on the surface (submarine or on-
shore) and are thus accessible to direct fluid sampling or geothermal systems that are exploited and are
accessible via wellbores. The critical point of CO, is at 7.38 MPa / 30.98°C and fluid phase separation and
segregation may occur already at notably less uncomfortable P-T conditions in CO,than in aqueous
dominated fluids of natural magmatic, hydrothermal and geothermal systems. Natural CO, reservoirs or
artificial geological storage of CO, in the frame of carbon capture and storage (CCS) activities therefore
potentially provide the opportunity to study and directly observe fluid immiscibility processes that can serve
as analogues to natural, less accessible systems. Here we report on results from comprehensive wellbore
monitoring at the pilot-site for geological CO, storage at Ketzin/Havel, Germany. Regular in-well pressure-
temperature-depth profiling via routine wireline logging as well as video inspection reveal CO, liquid-vapour
two-phase conditions over most of the upper parts of the wells overlying CO, single-phase regions in the
lower well parts. While the upper two-phase parts show heat-pipe effects with stratification into upper, vapour
dominated and lower, liquid dominated regimes, the single-phase parts exhibit notable but stable inverted
density profiles. The observed in-well fluid dynamics and processes share some fundamental characteristics
with vapour-dominated geothermal systems. This contribution focusses on the general CO; in-well fluid
phase relations and their evolution over more than 2.5 years of monitoring, presentation of spectacular video
shoots of the in-well fluid dynamics, and potential applicability of the observed processes to natural
magmatic, hydrothermal and geothermal systems.
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Boron is generally enriched in subduction zone volcanic rocks, and where accompanied by positive
values of 5''B, the source is likely to be altered oceanic crust or upper mantle. Furthermore, both [B] and
5''B decrease systematically with distance from the trench in many subduction zones, and positive spikes in
[B] are associated with subduction of transform faults.

We have measured [B], 5"'B, ¥’sr/*°sr and 5'%0 in lower crustal gabbros and troctolites collected on
IODP Expedition 345 to Hess Deep, immediately east of the Galapagos triple junction in the east Pacific.
Olivine is pervasively altered to talc, serpentine and magnetite, and this background alteration is strongly
overprinted by prehnite, chlorite and secondary clinopyroxene in the vicinity of fault zones and veins.
Samples were collected on a 4km fault scarp exposing lower crustal rocks, and we consider them to be
typical of fault-related alteration in the lower oceanic gabbros.

The combination of 50 values of 5-6% and *'Sr/*°Sr ratios of 0.704 to 0.706 in prehnite-chlorite
assemblages indicates alteration by seawater at 200-300°C, although secondary clinopyroxene may indicate
transient higher temperatures. [B] correlates with 5"'B, and both correlate with primary olivine content, with
the highest values (29 ppm; 26%o) in serpentinised troctolite, but all the altered gabbroic rocks show high [B]
and 5''B compared to fresh MORB, and we estimate an average value for fault-altered lower gabbros of 17
ppm and +17.5%.. This is much higher in [B] than estimates from either the Oman or Troodos ophiolite, and
is the only available value from in situ fast-spread crust. Gillis et al. (2014) estimate that the lower gabbros
comprise ~ 50% of the total crustal section at Hess Deep.

A major potential reservoir for boron in subducting slabs is serpentinised upper mantle, thought to be
altered during bend faulting on outer rises. The usual model for bend fault serpentinistaion is single pass
downward movement of fluid due to a pressure gradient set up by fixing of water in serpentine and hence
lowering of partial pressure. We show by a simple mass balance calculation that in this model all boron will
be taken up in the lower crust and none will reach the mantle. We have modelled hydrothermal circulation in
a permeable fault slot using Comsol Multiphysics. Long-lived (> 0.5 Ma) circulation is required to introduce
significant boron into the upper mantle, which is unlikely on bend faults but possible along transform faults,
thus explaining the [B] anomaly seen above subducted transforms.

We conclude that while water may be introduced to the upper mantle by bend faulting, explaining
intermediate earthquakes and perhaps fluxing volcanics in hotter subduction zones, boron is not. On the
other hand the lower oceanic crust is a potentially significant but underestimated reservoir of heavy boron.

Gillis, K.M., Snow, J.E., Klaus, A., Abe, N., Adrido, A.B., Akizawa, N., Ceuleneer, G., Cheadle, M.J., Faa,k K., Falloon,
T.J., Friedman, S.A., Godard, M., Guerin, G., Harigane, Y., Horst, A.J., Hoshide, T., lldefonse, B., Jean, M.M., John,
B.E., Koepke, J., Machi, S., Maeda, J., Marks, N.E., McCaig, A.M., Meyer, R., Morris, A., Nozaka, T., Python, M.,
Saha, A., Wintsch, R.P. (2014): Primitive layered gabbros from fast-spreading lower oceanic crust. Nature, 505, 204-
207.
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The quality of solubility calculations relies on the robustness of thermodynamic models and on the
accuracy and internal consistency of the thermodynamic dataset. The standard state Gibbs energies of
aqueous ions and complexes were simultaneously refined against a large selection of critically evaluated
experimental data on mineral solubility, covering the entire Ca-Mg-Na-K-Al-Si-O-H-C-CI system over wide
ranges in temperature and pressure. The procedure was done using the revised Helgeson-Kirkham-Flowers
equation of state and the extended Debye-Hiickel activity coefficient model (Helgeson et al.,, 1981).
Thermodynamic properties of solubility-controlling minerals were adopted from the dataset of Holland and
Powell (2002; dataset ds55; Holland & Powell 1998) which was assumed to be fully internally consistent and
non-adjustable. Results from new high-precision conductance and potentiometric experiments on electrolyte
association were used to derive more reliable and accurate equilibrium constants for weak complexation and
to constrain the properties of complexes which are insensitive to the solubility data. The global optimization
of standard Gibbs energies of aqueous species G’ s at 1 bar 25 C was performed with the GEMSFITS
code (Miron et al., 2015). The optimization procedure was set up in such a way that the speciation equilibria
for ion pairs and complexes are always maintained. These complexes and ion pairs were constrained to the
freely optimized parameters through the independently derived reaction constants.

Application of our consistency-improving strategies and tools results in equal distribution of errors over
the pressure, temperature and compositional space; yields confidence intervals for the optimized
parameters; and permits straightforward repetition of fitting procedures when the new or improved
experimental data become available. Our method provides a clear guide to future experimentation, by
highlighting the most sensitive gaps in fluid-mineral phase equilibria experiments. The dataset reproduces all
available fluid-mineral phase equilibria and mineral solubility data with good accuracy over a wide range in
temperature, pressure and composition.

Due to the constraints used in the optimization procedure, the only way to resolve the existing
discrepancies present in the fluid-mineral equilibria experiments, needed for achieving internal consistency,
is to make unavoidable changes to the G°; , values of some freely adjusted ions. We provide an additional
database in agreement with CODATA base ions. The change in G, for the aqueous ions was added with
the opposite sign to the respective mineral form the Holland and Powell database, thus preserving all mineral
solubilities. The new dataset can be successfully used to model complex multi-component, multi-phase
chemical systems, including mineral solubility and aqueous speciation, at the levels of confidence and
accuracy that was not possible before (Miron et al., 2016).

Helgeson, H.C., Kirkham, D.H., Flowers, G.C. (1981): Theoretical prediction of the thermodynamic behavior of aqueous
electrolytes by high pressures and temperatures; 1V, Calculation of activity coefficients, osmotic coefficients, and
apparent molal and standard and relative partial molal properties to 600 degrees C and 5kb. Am. J. Sci., 281, 1249-
1516.

Holland, T.J.B. & Powell, R. (1998): An internally consistent thermodynamic data set for phases of petrological interest. J.
Metam. Geol., 16, 309-343.

Miron, G.D., Kulik, D.A., Dmytrieva, S.V., Wagner, T. (2015): GEMSFITS: Code package for optimization of geochemical
model parameters and inverse modeling. Appl. Geochem., 55, 28-45.

Miron, G.D., Wagner, T., Kulik, D.A., Heinrich, C.A. (2016): Internally consistent thermodynamic data for aqueous
species in the system Na-K-Al-Si-O-H-Cl. Geochim. Cosmochim. Acta, in press.
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Isotope signatures are typically used as proxies to indirectly constrain physico-chemical conditions, such
as temperature or fluid composition that accompany geological processes. However, the primary isotopic
composition of fluids and minerals can be altered, e.g., by diffusive transport of the isotope species in pore
fluids of the hosting sediments or rocks and/or fluid-rock interactions, such as sorption processes. Therefore
isotope signatures of fluids and minerals are of combined multiple fractionation processes. In order to
interpret measured isotope variations correctly and to successfully infer external conditions during a given
geological process, a quantitative description of each process, i.e., space- and time-dependent transport and
sorption, is necessary.

In a preceding study, we developed a simplified numerical model to demonstrate the combined effect of
mass-dependent diffusive transport and adsorption to successfully reproduce experimental data on Ba
isotope fractionation during migration through silica gel in a pore fluid (van Zuilen et al., 2016). In this 1-D
model diffusion of two Ba isotope species (134Ba and 137Ba) is assumed through a reservoir of silica gel
mimicking a porous sediment, driven by a concentration gradient between a high-Ba source and low-Ba sink.
The relative diffusivities of the isotope species were determined using an exponential beta-factor formulation
(Richter et al., 1999). For the initial model we assumed a simple linear rate law to describe adsorption
kinetics and neglected any possible desorption. It was found that Ba adsorption onto silica gel had only a
minor effect on the overall isotope fractionation that was mainly controlled by mass-dependent diffusion of
the two Ba isotopes.

Building upon this previous work, we now present a follow-up model with increased complexity to
simulate mass-dependent isotope fractionation more adequately. Advection was added to the former purely
diffusive transport calculation and the simple linear adsorption kinetics were replaced by different rate laws
describing the dynamics of adsorption/desorption processes. Further, changes of the reservoir material, i.e.,
temporal and spatial evolution of solid components, their surface area and hydraulic transport properties, can
be included into the simulations. The incorporation of the new features increases the number of experimental
and natural scenarios suitable to be simulated by MIDAS. The model MIDAS was developed to provide a
stand-alone tool that can be used for any isotope and rock system for which aqueous diffusivities of the
relevant species, porosity, sorption kinetics and flow rates are known. A set of model scenarios is shown to
demonstrate the capabilities of the model and to explore the parameter space given by temperature,
concentration, Peclet-number and adsorption/desorption kinetics on the resulting isotope fractionation. Our
model emphasizes that a quantitative assessment of these parameters and their interaction allows to
evaluate the robustness of isotope proxies in low temperature settings more accurately and to justify their
application under the particular conditions.

Richter, F.M., Liang, Y., Davis, A.M. (1999): Isotope fractionation by diffusion in molten oxides. Geochim. Cosmochim.
Acta, 63, 2853-2861.

van Zuilen, K., Muller, T., Nagler, T.F., Dietzel, M., Kusters, T. (2016): Experimental determination of barium isotope
fractionation during diffusion and adsorption processes at low temperatures. Geochim. Cosmochim. Acta, in press.
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Metasomatic rocks occur in all continents and are hosted in rocks of all types and ages, however they are
most commonly found in carbonate rocks spatially related to magmatic bodies. The magmatic-hydrothermal
system of Campiglia Marittima in southern Tuscany, is an ideal site to study fluid-mineral and fluid-rock
interactions leading to element mobility between granite, fluids and skarn. Detailed textural and geochemical
investigations have been carried out in the field, under the optical microscope and by QEMSCAN, EPMA and
(LA)-ICP-MS to the products of the hydrothermal activity.

The Campiglia Marittima late Miocene granite pluton is severely affected by hydrothermal processes,
locally leading to endoskarn formation. These processes are characterized by mobilization of major elements
(Fe, Ti, Si, Al, P) and HFSE (e.g., Th, Nb, Zr, REE). Breakdown of biotite is common occurrence, to form
variable assemblages of low-Ti phlogopite, Al-rich titanite, hydrothermal rutile, and diopside, with the latter
mostly concentrated in endoskarn veins, suggesting significant Ca abundance in circulating fluids.

Between granite pluton and carbonate host rock, a metasomatic reaction front progresses into the marble.
Decarbonation reactions, associated with infiltrative magmatic hydrothermal skarn reactions, are supplied by
addition of Si, Al, Fe, Ti, etc. Resulting minerals are dominated by unusually REE-enriched pyroxene, garnet
and epidote. At the direct granite-marble contact, significant hydrothermal apatite crystallization occurred,
probably linked to the high Ca activity likely due to host rock decarbonation.

The system is clearly characterized by significant HFSE mobility throughout the hydrothermal system,
likely controlled by factors such as P-T conditions, pH and chemistry of the fluid(s). The process of
mobilization and concentration of HFSE is pointed out by the prominent occurrence of REE-rich minerals
(e.g allanite, thorite, ekanite, uraninite) and by the high content of HFSE in several hydrothermal products
(e.g., pyroxene, titanite, garnet, epidote). On the other hand, the replacement of REE-bearing minerals like
ekanite (ThCa,SigO,0), by thorite-quartz and fluorite-uraninite assemblages, is evidence for the mobilisation
of commonly poorly mobile elements such as Th, REE, Zr, Hf, Nb. This process is likely supported by
circulation of B-F enriched fluids.

These textural-mineralogical-geochemical data lay the basis to reconstruct the relative chronological
framework of element mobility between granite, fluids and skarn. The emplacement of granite magma into
the carbonate host rock produced thermal metamorphism and deformation of the marble host, later
deformed in brittle regime as the thermal anomaly was decaying. The new fracture system allowed fluids to
circulate into the granite and the marbles leading to the formation of various hydrothermal minerals, mostly
calc-silicates, at the host rock front and along the fracture planes inside the granite pluton.
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A large-scale seawater-derived hydrothermal circulation is often invoked to explain cooling of accreting
oceanic crust at spreading ridges (e.g., German & Lin, 2004). However plutonic-level magma-hydrothermal
interaction in different spreading environments remains poorly characterized. In slow-spreading ridges
hydrothermal fluid flows can be interrelated to detachment faulting, i.e. development of large-offset
extensional faults (e.g., McCaig et al., 2007), whereas vent fluid composition shows high H, concentrations
due to seawater interaction with mantle-derived ultramafic rocks (Charlou et al., 2010).

A series of detachment faults occurs on the western slope of the Mid-Atlantic rift valley between 12°58'N
and 13°35'N, where the footwall outcrops consist of unevenly hydrated mantle-derived harzburgite with minor
gabbro bodies. Hydrothermal activity in these structures is manifested by active ultramafic-hosted vent fields
including Ashadze at 13°N (Ondréas et al., 2012). Complex mineralogical features of gabbro from the
Ashadze detachment footwall suggest a direct magmatic to hydrothermal transition.

Gabbro late magmatic assemblages include interstitial titanomagnetite, blebs of titanian hornblende
enclosed in augite, and local apatite grain chains with sporadic zircon. Advection of hydrochloride brine, as
documented in the apatite-hosted inclusions (30-32 wt.% NaClgg), resulted in mineralogical modifications at
750 to 400°C: abundant development of highly heterogeneous amphibole, decomposition of titanomagnetite
due to reducing reactions, and complete re-crystallization of apatite and zircon. For instance, replacement of
titanomagnetite by ilmenite in intergrowths with Cl- and Fe®*-rich hornblende occurred at 600-500°C and
log fO, from -20 to -24.

Reducing nature and high salinity of the fluid could be assumed from preceeding low-temperature (<
400°C) seawater-harzburgite interaction within detachment shear zones, since such interaction
(serpentinization) consumes 1-2 moles of H,O and produces 0.1-1 mole of H, per mole of typical peridotite
olivine (Andreani et al., 2007; McCollom & Bach, 2009). A similar fluid origin has been suggested for a
different slow spreading setting (Pertsev et al., 2015).

Cooling of hot melt-bearing gabbroic body by the serpentinization-related fluid results in the formation of
transitional (magmatic-hydrothermal) mineral composition. The transitional hornblende shows an enrichment
in such residual magmatic components as K,O (from 0.2-0.5 to 0.7-0.8 wt.%) and locally REEs (e.g., Sm
from 25-53 to 77 ppm). At the same time it demonstrates a hydrochloride fluid contribution: irregular
decrease in Mg# = Mg/(Mg+Fe) atomic ratio from 0.6 down to 0.2 and associated increase in Cl content from
0.03-0.05 up to 1.6 wt.%. Final hydrothermal cooling is reflected in the hornblende to actinolite compositional
trend in amphibole, with depletion in K,O to 0.3-0.1 wt. %, increase in Mg# to 0.4-0.5 and decrease in Cl
content to 0.4-0.2 wt.%.

Andreani, M., Mevel, C., Boullier, A.-M., Escartin, J. (2007): Dynamic control on serpentine crystallization in veins:
Constraints on hydration processes in oceanic peridotites. Geochem. Geophys. Geosyst., 8, Q02012.

Charlou, J., Donval, J., Conn, C., Ondréas, H., Fouquet, Y. (2010): High production and fluxes of H, and CH4 and
evidence of abiotic hydrocarbon synthesis by serpentinization in ultramafic-hosted hydrothermal systems on the Mid-
Atlantic Ridge. in "Diversity of hydrothermal systems on slow spreading ocean ridges”, P.A. Rona et al., eds.,
Geophys. Monogr. Ser., 188, AGU, Washington, DC, 265-296.

German, C. & Lin, J. (2004): The thermal structure of the oceanic crust, ridge-spreading and hydrothermal circulation:
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Retrograde mineral reactions are known to be limited by the availability and accessibility of fluids
(Jamtveit & Austrheim, 2010). The infiltration of fluids is often restricted to shear zones which provide
incomplete local conversion of high-grade to lower-grade metamorphic rocks. While metamorphic petrology
is mostly focusing on rocks that survived the retrograde path (e.g., for maximum P-T estimates), the perished
rocks and their textures received much less attention. An increase in volume is immanent to these fluid-
consuming reactions which either increase local stress or must be balanced by chemical transport (Jamtveit
et al., 2015). The present work addresses the mass balances at thin section scale of the frequently occurring
regression of eclogite to amphibolite.

An eclogite and its amphibolite facies regressed analogs were collected close to Drangovo village,
Eastern Rhodopes, Bulgaria, within the KardZali unit which is part of the upper allochthon (Kirchenbaur et al.,
2012). The eclogite consists of large euhedral garnet, subhedral omphacite (Jd4o) with very little alteration to
amphibole and plagioclase at grain boundaries, and rutile. The retrograde altered eclogite shows a strong
textural inheritance but a complete replacement of primary omphacite by fine symplectites of Am and PI (10
pm grain size with lamellar texture).

Mass balance calculations (Gresens, 1967; Godard & Mabit, 1998) were performed based on volume-for-
volume replacement reactions. The omphacite breakdown reaction is perfectly suited to determine the mass
transport during symplectite formation, because only three solid phases (Omp, Am, PI) are involved none of
which show signs of pronounced chemical zoning. Further, the symplectite phases are large enough to
measure the chemical composition accurately by electron microprobe but likewise small enough to provide a
good statistical control on the volume fractions by using greyscales of backscattered electron images. The
calculations indicate that only H,O from fluid is needed for the growth of Am (0.11 mol H,O per 1 mol Omp).
Mainly Si is released from the reaction (almost 0.5 mol per 1 mol Omp) and transported at least on thin
section scale. It appears partly as free quartz. Mg and Ca are liberated to lower extent while Al and Fe are
locally redistributed. Grt is found partly or fully replaced by Am, PI, Ep, Bt and Chl, but is always defined by
Am coronas which allow to locate the original grain boundaries. Furthermore, partly replaced eclogites with
fully regressed Omp but minor altered Grt pinpoint the order of retrograde mineral reactions and indicate that
the rock was still open to fluids, potentially even down to greenschist-facies conditions. The texture of the
replaced rock evidences pervasive fluid flow at grain scale without stress gradients due to volume changes.

Godard, G. & Mabit, J.-L. (1998): Peraluminous sapphirine formed during retrogression of a kyanite-bearing eclogite from
Pays de Léon, Armorican Massif, France. Lithos, 43, 15-29.
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Jamtveit, B. & Austrheim, H. (2010): Metamorphism: the role of fluids. Elements, 6, 153-158.

Jamtveit, B., Austrheim, H., Putnis, A. (2015): Disequilibrium metamorphism of stressed lithosphere. Earth Sci. Rev., 154,
1-13.
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Decarbonation reactions during regional metamorphism in “large-hot” collisional orogens are an important
source of atmospheric CO,, able to influence global climate through geologic time (Gaillardet & Galy, 2008).
The petrologic study of the CO,-source rocks (calc-silicates, impure marbles) is therefore fundamental to
understand the deep carbon cycle. So far, the incomplete knowledge of these systems hindered a reliable
guantitative modeling of metamorphic CO, fluxes.

Previous studies aimed at constraining the metamorphic CO, flux related to regional metamorphism
mainly used simple model reactions between end-members in simple model systems and considered Cal in
excess. However, calc-silicate rocks are more complex, because of the occurrence of Ca-Mg-Fe solid
solutions (garnet, clinopyroxene), K- (biotite, muscovite, K-feldspar), Ca-Na- (plagioclase, scapolite) and Ti-
bearing (titanite, biotite) silicates. Moreover, Cal may be completely consumed during prograde
metamorphism.

This study aims to define and quantify the CO,-producing metamorphic reactions that occurred during
Himalayan collision using a thermodynamic approach combined with the interpretation of microstructures.
Phase relations and devolatilization reactions that occurred in high-grade Cpx + Kfs + Scp + Pl + Zo + Bt +
Ttn + Cal calc-silicate rocks are investigated in the complex NKC(F)MAST-HC system. The equilibria
involving plagioclase and scapolite Na-Ca solid solutions, as well as biotite Mg-Ti-(Fe) solid solution are
investigated using: (i) P/T-X(CO,) pseudosections, (ii) P/T-X(CO,) phase diagram sections and (iii) mixed-
volatile P-T phase diagram projections.

We demonstrate that:

(i) the key microstructures correspond to isobaric univariant or invariant assemblages, thus suggesting
that the system remained internally buffered during its prograde evolution;

(ii) although challenging and time-consuming, considering complex solid solutions (Na-Ca and Mg-Ti-
(Fe)) in the modelling allows to identify CO,-producing reactions that are otherwise hidden. Particularly
relevant is the identification of Ttn-bearing equilibria involving biotite rather than rutile as the Ti-phase
counterpart. We demonstrate that, in the studied sample, different Ttn generations grew through Bt-
consuming and CO,-producing reactions. Since titanite is potentially useful as a geochronometer, a detailed
knowledge of the equilibria involved in its growth is fundamental for constraining the timing of different
episodes of co’ production during the Himalayan collision.

(iii) considering Cal in excess might be not correct; the modelling of Cal-poor domains in the studied
sample, in fact, highlights that the system is sensible to Cal-absent equilibria.

Gaillardet, J. & Galy, A. (2008): Himalaya-carbon sink or source? Science, 320, 1727-1728.
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We applied micro-Raman spectroscopy to investigate the kinetic of the coesite-quartz (Coe/Qz) transition
in selected samples from the monometamorphic complex of the Brossasco-lsasca Unit, a portion of
continental crust that experienced UHP Alpine metamorphism, and that is exposed in the southern sector of
the Dora-Maira Massif (Pennidic domain). Whiteschists were collected at Case Parigi (Po valley), which
represents the locality where natural Coe was discovered and studied for the first time (Chopin, 1984), and
near Vanasca and Gilba (Varaita Valley). Dominant mineralogical phases are Prp, Ky, Tlc, Phg and Qz/Coe,
in association with secondary Wag, Ell, Mg-Dum, Mg-Chl and accessory Rt, Zrn, Mnz and Ap. In studied
rocks, Coe constitutes relics included in Ppr, surrounded by radial fractures. SiO; inclusions in Prp consist of
Coe, preserved in the core, surrounded by polycrystalline Qz and, externally, by palissade Qz. Relic coesite
is often cut by Qz microveinlets (3-5 pm thickness). Inclusions of Qz as monocrystals, and polycrystalline
or palissade aggregates are also present in Prp, while polycrystalline and palissade Qz are observed in the
matrix within the S; foliation and in the pressure shadows. The kinetics of the Coe/Qz transition has been
investigated by Raman micro-spectroscopy in inclusions within Prp. Single spectra and spectral maps show
that optically-homogeneous Coe in the core of the inclusions often consists of Coe incipiently transformed to
quartz (mixed Coe/Qz spectra), in particular close to Qz microveins. At the inclusion rims, spectra of
polycrystalline Qz generally do not show Coe vibrations, while about 30% of palissade Qz spectra still
preserve the main coesite vibration at 521 cm™, suggesting that locally Si-O-Si bond angles did not attain
144 (i.e., 133° - Coe; Palmeri et al., 2009). Present results indicate that retrograde aqueous fluids catalysed
the Coe/Qz transition, incipiently transforming relic Coe into Qtz along microfractures. Completion of the
polymorphic transition is attained only at the inclusion rims, testified by palissade and polycrystalline Qz.

Chopin, C. (1984): Coesite and pure pyrope in high-grade blueschists of the westem Alps: a first record and some
consequences. Contrib. Mineral. Petrol., 86, 107-118.

Palmeri, R., Frezzotti, M.L., Godard, G., Davies, R.J. (2009): Pressure-Induced incipient amorphization of a-quartz and
transition to coesite in an eclogite from Antarctica: a first record and some consequences. J. Metam. Geol., 27, 685-
705.
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High pressure slab-derived fluids (aqueous fluid, hydrous melt or supercritical fluid?) are major vectors for
mass transfer and element recycling in subduction zones. The quantitative estimates of mass recycling the
Earth’s interior are, however, limited by the poor understanding of the atomic-scale mechanims that control
the mobilization and transport of elements during fluid-rock interactions in deep settings.

In the last decade, new experimental designs combining advanced micro-analytical techniques and high-
pressure vessels have opened the possibility for determining in situ the chemical composition, the molecular-
scale structure and thermodynamic quantities for high-pressure fluids. Here, we will discuss emerging views
on the mechanism of mobilization and recycling of trace elements and the nature of the slab flux in the light
of synchrotron-based techniques and the analysis of fluids trapped in synthetic fluid inclusions (SFI).
Specifically, we present results on the speciation, solubility and partitioning of HFSE (i.e., Zr), halogens (i.e.,
Br) and REE on high pressure fluids that illustrate the role of coordination chemistry involving alkali or
halogen ligands (e.g., Cl and F) and polymerized silicate species (Si-Al-Na) in the recycling of trace elements.
We show, for instance, that Zr (and other HFSE by extension) can be efficiently mobilized by alkali-silicate
bearing aqueous fluids expelled from the slab through the formation of alkali zircono-silicate Zr-O-Si/Na
complexes for which we have provided direct spectroscopic evidence. These results suggest that melting of
the slab is not required to mobilize HFSE in subduction zones, and that their characteristic depletion in arc
magmas is mostly related to complex fluid-rock interactions at the slab-mantle interface or in the mantle
wedge rather than to their immobility during slab dehydration. In addition, REE elements can be efficiently
mobilized and fractionated (LREE/HREE) by aqueous fluids upon slab dehydration and Cl-bearing slab-
derived aqueous fluids are likely responsible for the characteristic REE-signature (i.e., LREE/HREE
fractionation) in arc magmas, particularly at low slab surface temperatures. The picture that is emerging from
these studies is that ligand-bearing (CI, Si/Al-Na clusters) aqueous phases may have comparable efficiency
to hydrous silicate melts in the mobilization and fractionation of trace elements and that their role as mass
transfer agents in subduction-related processes may have been underestimated until now.
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Wilson & Eugster (1990) inferred from solubility data for cassiterite in H,O+HCI measured in rapid-quench
experiments to 700°C that SnCl;" or SnCI” and SnCl,° were the dominant aqueous tin species. In contrast,
the interpretation of in-situ EXAFS spectra of Sn(IV) or Sn(ll) in HCIxNaCl solutions at temperatures to
350°C resulted in different prevalent species, SnCls® or SnCl;” and SnCl,* (Sherman et al., 2000). Less
arguable information on tin(IV) and tin(ll) complexation at ambient conditions has been provided by studies
combining %Sy NMR and Raman spectroscopy, i.e. techniques that are more species-fic (Taylor, 1989;
Taylor & Coddington, 1992). In this study, Raman spectroscopy was used to determine aqueous tin
speciation to 600°C in fluids produced by reacting cassiterite with H,O+HCI in the sample chamber of a
hydrothermal diamond-anvil cell (Bassett et al., 1993). The most abundant species were, in the case of Sn(ll),
always [SnCl;], and, in the case of Sn(lV), [SnCls(H,O)] and [SnCI4(H20)2]°, with additional
[SNCl3(H,0)4]" or [SnCIG]Z_. Therefore, the predominant dissolution reactions were SnO, + 5HCI =
[SnCIs(H,0)]” + H' + H,0 and SnO, + 4HCI = [SnCI4(H20)2]0 for Sn(lV) or SnO, + 3HCI+ H, = [SnCl;] +
H" + 2H,0 for Sn(ll). If Ar + 1% CH, gas was used to flush the cell, the fluid contained mostly Sn(1V) and little
or no Sn(ll). If Ar + 1% H, gas was used for flushing, [SnCl;] formed at the expense of Sn(lV) species, which
indicates hydrogen permeation into the sample chamber. The cassiterite solubility increased with HCI
concentration and was generally high in H,O+HCI fluids, with no strong dependence on the oxidation state of
tin in the fluid. The total band intensity from Sn(IV)—Cl symmetric stretching indicated little change in the
cassiterite solubility between 400 to 600°C, and decreased by only 28% after cooling from 600 to 22°C (initial
HCI concentration 1.63 molal). The determined Sn(IV) solubility is in good agreement with the cassiterite
solubility reported by Wilson & Eugster (1990) at 500 and 600°C and oxygen fugacities along the hematite-
magnetite buffer. In summary, the results demonstrate that redox conditions and temperature have little
effect on hydothermal tin transport and cassiterite precipitation, whereas HCI molality is a crucial parameter
given that the solubility of cassiterite in H,O+HCI is about two orders of magnitude lower in equimolal NaCl or
HF solutions (Duc-Tin et al., 2007). Thus, important causes of cassiterite precipitation include decreasing
HCI molality due to dilution or fluid-rock reactions and decreasing pH by HCI dissociation upon cooling.

Bassett, W.A., Shen, A.H., Bucknum, M., Chou, I-M. (1993): A new diamond-anvil cell for hydrothermal studies to 2.5
GPa and from -190 to 1200°C. Rev. Sci. Instr., 64, 2340-2345.

Duc-Tin, Q., Audétat, A., Keppler, H. (2007): Solubility of tin in (Cl,F)-bearing aqueous fluids at 700°C, 140 MPa: A LA-
ICP-MS study on synthetic fluid inclusions. Geochim. Cosmochim. Acta, 71, 3323-3335.

Sherman, D.M., Ragnarsdottir, K.V, Oelkers, E.H., Collins, C.R. (2000): Speciation of tin (Sn2+ and Sn4+) in aqueous ClI
solutions from 25°C to 350°C: an in situ EXAFS study. Chem. Geol., 167, 169-176.

Taylor, M.J. (1989): Raman spectrum of the [Snlsg] ion and other halogenostannate(ll) complexes including mixed
halides. J. Raman Spectr., 20, 663-666.

Taylor, M.J. & Coddington, J.M. (1992): The constitution of aqueous tin(IV) chloride and bromide solutions and solvent
extracts studies by'*?Sn NMR and vibrational spectroscopy. Polyhedron, 11, 1531-1544.

Wilson, G.A. & Eugster, H.P. (1990): Cassiterite solubility and tin speciation in supercritical chloride solutions. Geochem.
Soc. Spec. Publ., 2, 179-195.
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Active volcanoes are commonly associated with high-enthalpy geothermal system and a magmatic heat
source. The fluid temperatures range from < 200 to > 450°C with reservoir fluids being liquid only, two phase
liquid and vapor. Here, a new combined hydrological and chemical model for such high-enthalpy geothermal
systems across P-T conditions is demonstrated and compare fluid composition and alteration mineralogy
observations for natural systems in Iceland. The model is based on combining heat and fluid mass transfer
modelling with fluid-fluid and fluid-rock interactions as a function of temperature, pressure, enthalpy and
composition (T-P-h-X). Within the reservoir at temperatures of 250-350°C liquid water predominates. Under
these conditions, the concentrations of most major elements are controlled by equilibrium with secondary
minerals formed at low pressure and < 350°C. Around the magma intrusions, supercritical fluid is formed with
temperatures of ~ 400-500°C. According to the model, such fluid is produced upon heat addition by the
intrusion to the surrounding geothermal fluid resulting in boiling to dryness, precipitation of non-volatiles (Si,
Fe, Mg, Al, SO,, Na, K, Ca) where volatiles (CO,, H2S, CI, F, B) are unaffected. By mass, quartz is observed
to be the predominant secondary mineral around the intrusions. Upon ascent and depressurization of the
subcritical and supercritical fluid, various processes may occur, including supercritical fluid condensation,
mixing and depressurization boiling. This leads to formation of two-phase liquid and vapor fluids, dilute acid
fluids produced upon supercritical fluid condensation and mixtures thereof. Such fluids are indeed observed
within active high-enthalpy geothermal systems in Iceland.
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The Balmuccia peridotite massif (NW Italy) consists of fresh mantle rocks exposed due to tectonic
extension after Hercynian orogeny. In this study, we performedin situ analyses of Cu isotopes and
siderophile and chalcophile trace elements of four lherzolites, two clinopyroxenites and one orthopyroxenite,
in order to constrain distribution of these elements between silicates and sulfides and to discuss their
mobility and enrichment in Earth’s mantle. Spinel bearing lherzolites are depleted, with Mg# ~90, while
pyroxenites, cumulated dikes within Iherzolites, have Mg# from 87 to 89 (Wang et al., 2013; Wang & Becker,
2015). All samples contain small amounts of sulfides which are, in the order of abundance, pentlandite,
pyrrhotite and chalcopyrite with grain sizes In situ trace element concentration analyses of all silicate and
sulfide minerals, and Cu isotope composition analyses of chalcopyrites were performed using UV (194 nm)
femtosecond-LA coupled to ICP-MS and MC-ICP-MS, respectively.

Similar to Ni, Zn and Co are enriched in silicates, mostly in spinel, followed by pyroxene and olivine.
Cobalt is highly abundant in sulfides, while Zn appears as a trace element. Cu is primarily abundant in
chalcopyrite and only low Cu concentrations of a few 100 ppm can be found in pentlandite and pyrrhotite.
Cadmium behaves similarly to Cu with concentrations of up to 300 ppm in chalcopyrite and ~0.5 ppm in
other sulfides. Clinopyroxene is the only silicate that contains minor amounts of Cu (~ 3 ppm) and Cd (< 0.2
ppm). Both elements are lower concentrated in pyroxenites than in Iherzolites. Mass balance calculations
show that sulfides and especially chalcopyrite are the main carriers of Cu and Cd in the investigated samples.
Compared to sulfide free lherzolites (e.g., garnet-lherzolites from the Kapvaal craton; Lazarov, 2008),
the here investigated clinopyroxenes display lower Cu and Co. The PGEs, Re, Au, Ag and Sn all show high
concentration in sulfides, and are below detection limits (< 20 ppb) in silicates. Ruthenium, Re, Au and Sn
are especially enriched in pentlandite, whereas Pd, Ir, Pt, Rh, Os and Sn are more enriched in chalcopyrite.
Except for Rh and Pd in chalcopyrites, PGE concentrations are generally lower in pyroxenites than in
Iherzolites.

In situ analyses of Cu isotopes in chalcopyrites show homogeneous 5%°Cu values of ~ 0.2%o +0.3 within
Iherzolites, however, a heterogeneous distribution in pyroxenites with a spread of more than 1%.. This may
either point to the existence of several types of chalcopyrites in pyroxenites, likely as the result of late
metasomatic overprint by a sulfide bearing melt or fluid, or, alternatively as stated by Acken et al. (2010), the
sulfides in the pyroxenite cumulates never reach equilibrium. The observations of this study show, that
sulfide bearing fluids/silicate melts are important for transport and mobility of most chalcophile and
siderophile trace elements (Cu, Cd, Re, Au, Ag, Sn and PGESs) in the mantle.

Acken, D., Becker, H., Walker, R.J., McDonough, F., Wombacher, F., Ash, R.D., Piccoli, P.M. (2010): Formation of
pyroxenite layers in the Totalp ultramafic massif (Swiss Alps) — Insights from highly siderophile elements and Os
isotopes. Geochim. Cosmochim. Acta, 74, 661-683.

Lazarov, M. (2008): Archean to present day evolution of the lithospheric mantle beneath the Kapvaal craton. Dissertation,
Univ. Frankfurt, 218 p.

Wang, Z. & Becker, H. (2015): Fractionation of highly siderophile and chalcogen elements during magma transport in the
mantle: Constraints from pyroxenites in the Balmuccia Peridotite Massif, Geochim. Cosmochim. Acta, 159, 244-263.

Wang, Z., Becker, H., Gawronski, T (2013): Partial re-equilibration of highly siderophile elements and the chalcogens in
the mantle: A case study on the Baldissero and Balmuccia peridotite massifs (lvrea Zone, Italian Alps).Geochim.
Cosmochim. Acta, 108, 21-44.
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Significant amounts of aqueous fluid are released by successive dehydration reactions occurring during
burial in convergent settings. This fluid phase is expected to strongly influence both rock deformation
processes and the scale of mass transfer and fluid-rock interactions. Metamorphic veins, ubiquitous in mid-
crustal rocks and HP/T environments, are precious witnesses of fluid-rock interactions and their structural
and chemical study can provide clues about the nature, pathways, timing and scale of fluid circulation. A
striking observation if that fluid-rock interactions generally result in quartz and calcite preferential transfer to
metamorphic veins in classical metamarls, while phyllosilicates tend to remain in the host-rock. However, the
mechanisms responsible for such a selective mass transfer are poorly discussed in the literature.

Here, we study Alpine metabauxites in which phyllosilicates (Li-Al-rich chlorite called cookeite, followed
by pyrophyllite) were preferentially transferred to veins at blueschist peak P-T conditions, by a dissolution-
diffusion-precipitation process, without any fluid infiltration or associated dehydration reaction. Cookeite
veins formed in two steps: fibrous en-echelon veins formed by extensional shear, and part of them evolved
towards thicker fluid-filled veins with euhedral cookeite crystallization.

To constrain the modalities and controlling parameters of Li-bearing mineral diffusive transfer to veins, we
performed chemical profiles across host-rocks between successive cookeite veins, using Laser Induced
Breakdown Spectroscopy (LIBS), associated to a microstructural study. Flat LIBS Li profiles show that about
half of the initial cookeite remains homogeneously distributed in host-rocks, which suggests a diffusion
distance of 2-4 cm for Li. The availability of an aqueous fluid during most of the metamorphic cycle is
demonstrated here. A simple 1D reaction-diffusion model, assuming Li diffusion through a connected fluid-
filled porosity network, is able to account for the observed lithium distribution assuming Li diffusion
coefficients and mineral-water interaction rates consistent with literature values in fluid-bearing systems.
Chemical potential gradients that drove phyllosilicate transfer to veins can be either interfacial energy driven
(i.e., Ostwald ripening), the anhedral phyllosilicate microsheets maintaining high supersaturation levels in the
small host-rock pores compared to veins, or stress-induced: phyllosilicates present the highest solubility
variations with pressure in the Vanoise bauxites (contrary to quartz-bearing rocks), which may account for
their unusual selective transfer to veins. Mineral solubility variation with pressure thus seems to be the chief
controlling parameter for pressure-solution creep. Moreover, Li, which is a strategic element, was observed
to preferentially migrate and segregate into veins during metamorphic processes, which may be of
importance for exploration purposes.
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Metasomatic processes are associated with fluid flow in a permeable host rock and commonly result in
mineralogical net transfer reactions. Skarns are one of the main group of metasomatic rocks, and the fluid
composition and infiltration pathways control the resulting skarn/ore morphology/mineralogy.

The Campiglia Marittima Fe-Cu-Zn-Pb(-Ag) skarn deposit has long been regarded as a reference
exoskarn example showing a symmetric outward mineralogical zoning of both skarn and ore minerals with
respect to an axial mafic porphyry dike. This classical model has been recently questioned, suggesting
Campiglia Marittima skarn as a prominent example of a reverse telescoping ore deposit. Indeed, the
emplacement of mafic magma into a distal Zn-Pb(-Ag) skarn triggered the overprinting of high-temperature
Fe-Cu sulfide ore onto the lower-temperature Zn-Pb sulfide assemblage.

This work expand the reverse telescoping model with new field, geochemical, and lead isotopic data,
offering an interpretive key to understand how magmas and fluids can move in a shallow skarn system. In
detail, Campiglia Marittima experienced an efficient fluid- and magma- focusing process that allowed late
mafic magmas to chase earlier hydrothermal fluids, bridging the spatial gap between the deep main intrusive
level and the overlying distal metasomatic bodies. Mafic magmas and Fe-Cu ore-forming fluids exploited
large, empty primary pockets in the inner portions of the skarn bodies. These pockets were mostly not
interconnected, so theoretically ineffective for fluid flow. However, hydraulic brecciation played a main role in
ore fluid propagation. During the development of this skarn system, a geochemical and isotopic switch is
recorded highlighting a distinctive metallogenic fingerprint of crustal- and mantle- derived fluid sources.

These processes are probably more common than acknowledged, as indicated by analogous late Cu
overprinting on typical granite-related ores (e.g., Kamioka, Japan and Madan, Bulgaria skarn deposits; San
Rafael, Peru and Cornwall, UK, Sn deposits). This work suggests that unusual metal associations can be
successfully investigated with far-field geochemical-isotopic methods for unravelling complex magmatic-
hydrothermal histories at depth and potentially predict the presence of blind, deep ore deposits.
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Halogens are an almost unexplored geochemical marker, one of the very few exceptions being the work
by Yardley (e.g., Yardley, 2013). A sensitive technique to measure halogens at ng/g levels is by irradiating
samples and measuring Ar, Kr and Xe (Jeffery & Reynolds, 1961; Kendrick, 2012). Absolute rare gas
amounts are converted to absolute halogen amounts via the SY scapolite monitor (Kendrick, 2012). Kr-Xe
systematics also yield Ba and U concentrations, via an ad-hoc laser microprobe calibration of Ba and U
concentrations in SY. We combined irradiation with stepheating on carbonate-sulfate-rich fluid inclusions
(FD)-bearing xenoliths from El Hierro, Canarias: a spinel harzburgite, XML-7, and a spinel dunite, XML-1
(Oglialoro et al., 2015).

Three components are recognized in the rare gas release.

(1) Atmospheric surface contamination affects all steps to 1000°C.

(2) FI decrepitation by laboratory heating is mostly observed above 1200°C (Roedder, 1965),
corresponding to the release of **®?Kr and ***Xe in the 1200 and 1400°C steps. The calculated Br whole-rock
concentrations are 3-8 ng/g; the molar Br/Cl and I/Cl ratios in the harzburgite FI, 9 E-4 resp. 2 E-4, are
identical to those in the dunite Fl. This sets the halogens in our FI apart from MORB (Kendrick, 2012).
Halogen-derived rare gases are closely associated to Ba-derived artificial **"Xe; this is explained by the high
affinity of Ba for CO,-rich fluids. Daughter minerals in multiphase FI were identified by Raman
microspectroscopy (Oglialoro et al., 2015). The calculated Ba concentrations are 2-6 pg/g.

(3) The third component is U-derived (retained radiogenic and artificial) ******Xe and ®°Kr released in a
spike at 1000°C, decoupled from FI. This requires a different carrier than FI, e.g. Ti oxides; given the U
concentrations of 10-20 pg/g, the modal abundance of the U-bearing phase needs to be below a ppm,
undetectable by petrographic observation. Retention of radiogenic Xe in a HFSE mineral at mantle
conditions is not unexpected, given its large atomic radius.

Jeffery, P.M. & Reynolds, J.H. (1961): Origin of excess xenon-129 in stone meteorites. J.Geophys. Res., 66, 3582-3583.

Kendrick, M.A. (2012): High precision Cl, Br and | determinations in mineral standards using the noble gas
method. Chem. Geol., 292-293, 116-126.

Oglialoro, E., Ferrando, S., Malaspina, N., Villa, I.M., Frezzotti, M.-L. (2015): CO,-SOs-rich (carbonate-sulfate) melt/fluids
in the lithosphere beneath El Hierro, Canary Islands. AGU Fall Meeting, abstr., V21C-3046.

Roedder, E. (1965): Liquid CO; inclusions in olivine bearing nodules and phenocrysts from basalts. Am. Mineral., 50,
1746-1782.

Yardley, B.W.D. (2013): The chemical composition of metasomatic fluids in the crust. in "Metasomatism and the chemical
transformation of rock - The role of fluids in terrestrial and extraterrestrial processes”, D.E. Harlov, H. Austrheim, eds.,
Springer, Berlin, 17-51.
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The fate of carbonate-rich sediments recycled at destructive plate margins is a key issue for constraining
the budget of deep CO, supplied to the atmosphere by volcanism. Experimental studies have demonstrated
that carbonatite-like metasomatic liquids (fluids and/or melts) can be generated during subduction by de-
carbonation and partial melting of carbonate-pelitic sediments (e.g., Poli, 2015). These liquids may modify
the mantle sources of subduction-related magmas that eventually recycle carbon and other elements back to
the surface through magmatism. Evidence of such a process in erupted magmas is, however elusive and
much debated. Magmas erupted at Vesuvius volcano show geochemical evidence of involvement with
carbonate-rich lithologies, either deeply subducted and recycled into the mantle (Avanzinelli et al., 2008) or
acquired through shallow level contamination with limestone (lacono Marziano et al., 2009). Here we present
new U-Th disequilibria data coupled with high precision 5°°®U on Vesuvius lavas, demonstrating that
the ?*®U-excess of Vesuvius lavas is anomalous with respect to other subduction-related magmas and it
requires a deep addition of U-rich carbonated melts generated by partial melting of calcareous sediments in
the presence of residual epidote (Skora et al., 2015). The combined used of U-series disequilibria and 5°%%u
also shown that the isotope composition of Vesuvius lavas cannot be explained by shallow level crustal
contamination.

Accordingly, we argue that the occurrence of ““U-excess in trace element-enriched, “sediment-
dominated” arc magmas, represents a unique evidence of deep recycling of carbonate sediments, hence
providing constraints on the deep carbon cycling on Earth.
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During subduction lifetime, metamorphic recrystallizations, mass-transfer and deformation occur
continuously or in pulses through space and time. Understanding mass transfer, in particular, requires linking
all these different processes. Since only few samples having experienced high-pressure conditions are
exhumed and may record mass-transfer processes, it is of prime importance to (1) find and characterize an
adequate suite of high-pressure rocks (with extensive data on lithology, structures and P-T-conditions), and
(2) assess whether they belong to a coherent unit (with a common P-T evolution) or to a tectonic mélange
where all blocks experienced distinct pressure-temperature-deformation paths.

Pressure and temperature estimates are unfortunately often based on single outcrop samples and on a
variety of methods and assumptions (e.g., assessment of equilibrium for pseudosection modeling, average
P-T, etc.), which can in part account for the spread of P-T estimates over a given metamorphic belt. By
contrast, we herein propose a systematic and coherent approach to estimate P-T-conditions using Raman
spectroscopy (hence not relying on thermodynamic bulk equilibrium but solely on mineral structures) with
wide spatial coverage.

The Chinese Tianshan metamorphic belt (TMB) is a promising area for such a study, with well-preserved
high-pressure rocks and deep deformation structures. The studied area, 11x13 km wide, is composed of a
large high-pressure to ultra-high-pressure unit (HUU) bounded in the North and in the South by greenschist-
facies units. The HUU is mainly composed of intercalated metasediments and volcano-clastic rocks with
minor carbonate lenses, which likely represent turbidites and fore-arc basin sediments interlayered with arc
volcanoclastic rocks deposited on top of the incoming plate prior to subduction (and/or eroded away from the
margin). The southern part of the unit, composed of pillow basalts and pelagic sediments, preserves the
uppermost part of the former oceanic crust. During subduction, these rocks underwent blueschist- to
eclogite- facies metamorphism as indicated by assemblages containing garnet, omphacite, and glaucophane.

To constrain pressures and temperatures, independent in-situ Raman spectroscopic methods and
microprobe analysis were used on both metapelites and metabasites. Pressures were estimated in both rock
types by analysing the shift of the 464 cm™ A; Raman mode of quartz inclusions in garnet, while peak
temperatures were constrained in metapelites using carbon maturity, and Zr-in rutile thermobarometry for
metabasites. Estimates yield consistent and homogeneous peak P-T-conditions of 530+30°C and 2.3+3 GPa
throughout the HUU, indicating depths of around 70 km, corroborated by the presence of coesite inclusions
in garnet in some samples.
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Lithosphere is a key site of the geological carbon cycle at the interface between the exosphere and the
solid Earth, and where carbon is exchanged between the biomass and the mineral world. There are two
carbon subcycles in the Lithosphere, organic versus inorganic cycles, which broadly corresponds to the
distinction between reduced versus oxidized carbon. Interactions between the two subcycles are largely
unknown, although they may have profound implications for buffering redox conditions, or controlling the
speciation of deep fluids. Main lithospheric fluxes are identified: on one side, carbon is incorporated into the
Lithosphere through burial of organic carbon and incorporation of carbonates in sediments or during
weathering of the oceanic lithosphere. On the other side, carbon is released from the Lithosphere through
degassing, erosion of continental surfaces or subduction to the deep Earth. The broad picture seems
relatively simple, but field and experimental studies reveal that the reality is actually much more complex.
This presentation will focus on the particular case of organic carbon which represents nearly a quarter of the
total carbon entering subduction zones and which occurs mostly under the form of graphitic carbon in the
lithosphere (Beyssac & Rumble 2014). A first example of this natural complexity will be discussed regarding
the fate of carbon-bearing phases during subduction based on field studies in high-pressure metamorphism
settings. If graphitic carbon present in bulk sediments appears as relatively inert during subduction, the
situation is different as soon as fluid-rock interactions at lithological interfaces occur. Then, graphitic carbon
maybe generated from calcite reduction then stabilizing carbon in graphite, or it can be devolatilized thus
transferring carbon into the fluid. Another example regards the carbon budget during erosion of continental
surfaces. A major point is then the fate of modern carbon deriving from the biomass: burial and trapping in
sediments, or oxidation and release as CO, to the atmosphere? But the fate of carbonates and rock-derived
organic carbon during continental erosion as well as the CO2 consumption for silicates weathering has also
to be considered for a complete budget on long timescales. This is a complex factory that depends highly on
the scale and dynamics of the erosion system, and that will be discussed in light of recent studies in active
small-scale (Taiwan) and large-scale (Himalayas, Andes) systems.

Beyssac, O. & Rumble, D. (2014): Graphitic carbon: a ubiquitous, diverse, and useful geomaterial. Elements, 10, 415-
420.

244



PLINIUS n. 42, 2016

STABLE ISOTOPE CHEMISTRY OF SCAPOLITE IN ULTRA-HIGH-PRESSURE
ROCKS: A MONITOR OF SUBDUCTION ZONE FLUIDS?

Bryden C.D.*!, Jamieson R.A." & Robinson P.2
1 Department of Earth Sciences, Dalhousie University, Halifax, Canada
2 Geological Survey of Norway, Trondheim, Norway
Corresponding email: colin.bryden@dal.ca

Keywords: scapolite, fluids, subduction

The volatile-bearing framework silicate scapolite is an important constituent of migmatites and
orthogneisses in parts of the Nordgyane ultra-high pressure (UHP) domain of the Western Gneiss Region
(WGR) of Norway. These rocks record the subduction and exhumation of Baltican continental crust during
the Silurian to Devonian Scandian orogeny. We present compositional data bearing on the source(s) of fluids
related to the formation of scapolite in late-stage pegmatitic leucosomes. Based on a combination of field
relationships, textures, and mineral chemistry, three types of scapolite pegmatite have been identified. In
Type 1 pegmatites, found on Haramsgya and Flemsgya, scapolite forms macrographic intergrowths with
quartz, as part of a hornblende-plagioclase-scapolite-quartz assemblage. These scapolites are sulphate-rich
meionite (silvialite), with high C (0.53-0.71 apfu) and S (0.21-0.44 apfu) and low CI (0.01-0.09 apfu). Type 2
scapolites, encountered only on the small island of Ulla Fyr, have a bladed morphology and contain
inclusions of chalcopyrite. Although still containing some S (0.08-0.26 apfu) and significant C (0.34-0.47
apfu), these are the most Cl-rich (0.33-0.47 apfu) of all the scapolites in the study area. Type 3 pegmatite
scapolite, found on Finngya, displays both macrographic and prismatic textures and has lower C (0.45-0.54
apfu) and higher CI (0.07-0.12 apfu) and S (0.39-0.44 apfu) contents than Type 1 examples. In addition,
scapolite of varying silvialitic to meionitic composition, and commonly showing signs of alteration, is found
locally in basement orthogneisses on Haramsgya, Flemsgya, and Hargya. The Finngya pegmatite has been
dated at ca. 396 Ma (Gordon et al., 2013), suggesting that it formed during late-stage amphibolite facies
metamorphism. Ages of other scapolite-bearing pegmatites are not yet known. Several hypotheses have
been advanced to explain the source of fluids related to scapolite crystallization in these pegmatites,
including: a) scapolite or scapolite-forming fluids were already present in metasomatised crust prior to
subduction, and were remobilized during Scandian metamorphism and anataxis; b) fluids expelled from
sedimentary cover rocks infiltrated the basement during subduction; and ¢) mantle fluids were introduced to
the crust during subduction. Preliminary stable isotope data are compatible with a mantle fluid source for at
least some scapolites.

Gordon, S.M., Whitney, D.L., Teyssier, C., Fossen, H. (2013): U-Pb dates and trace-element geochemistry of zircon from

migmatite, Western Gneiss Region, Norway: Significance for history of partial melting in continental subduction.
Lithos, 170-171, 35-53.
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Understanding how oceanic lithosphere is affected by chemical and physical processes in the subduction
factory is key to elucidating the cycling of elements on Earth. In particular, the deep carbon (C) cycle and C
mobility in the subduction environment are topics of recent debate in the scientific community.

Here, we present textural and geochemical data for ophicarbonate rocks (i.e., carbonate-bearing
serpentinites) re-equilibrated at differing P-T conditions as representing a prograde subduction history. In
order of increasing peak P-T conditions, we focus on the N. Apennines (ltaly) ophicarbonates (not
subducted), sub-blueschist and blueschist-facies ophicarbonates from the Voltri Massif (bVM) and the
Queyras (Q), respectively (W. Alps), and eclogite-facies ophicabonates from the Voltri Massif (eVM).

The oceanic ophicarbonates display breccia-like textures linked to hydrothermal and sedimentary origin.
Their carbonate geochemical signatures for 5'%0 and 5°C are +15.6 to +18.2% and +1.1 to +2.5%,
respectively, and their 8sr/%sr (0.7058 to 07068) appears to reflect equilibration with seawater during
Jurassic time. Intense shear deformation characterizes the ophicarbonate rocks from bvM and Q, where
strong calcite recrystallization occurred, potentially by dissolution and reprecipitation. The isotopic
compositions of the bVM overlap those of the oceanic ophicarbonates, whereas the most deformed samples
from the Q show enrichment in radiogenic Sr (0.7075), depletion in [N (to as low as -2.0%o), with 5'%0
approaching +20%. (Collins et al., 2015). These textural and geochemical features suggest that the bVM and
deformed Q rocks experienced interaction with fluids in closed and open system, respectively. High-
pressure-metamorphosed eVM ophicarbonates show strong shear textures, with coexisting antigorite and
dolomite and, in some cases, relict nodules of magnesite enclosed in the foliation are still recognizable.
Dolomite-bearing rocks have 5"°C of +0.4 to 1.0%. and 3'°0 of +11.6 to +12.1%0 and the magnesite-bearing
samples have comparable isotopic signatures. The Sr isotopic ratios for these rocks are 0.7080 and 0.7097,
respectively. These data seemingly reflect interaction with externally-derived, hot metamorphic fluids with
radiogenic Sr component and high O:C ratios.

We suggest that the infiltration of fluids during early stages of subduction can trigger the dissolution of the
carbonate minerals, thus allowing mobilization of C. The ability of these new carbonates to record the
composition of the fluids, allow us to determinate their origin (i.e., closedvs. open system). The
dissolution/precipitation process can be monitored and tracked by C-O and radiogenic Sr isotopes and may
have important implications in our understanding of the subduction factory processes and to better evaluate
the global and deep C cycle.

Collins, N.C., Bebout, G.E., Angiboust, S., Agard, P., Scambelluri, M., Crispini, L., John, T. (2015): Subduction-zone

metamorphic pathway for deep carbon cycling: Il. Evidence from HP/UHP metabasaltic rocks and ophicarbonates.
Chem Geol., 412, 132-150.
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The mobility and infiltration rates of carbonatitic liquids, together with their influence on the annealing of
mantle peridotites, are processes poorly constrained. Although natural carbonatitic magmas are complex
chemical systems, bearing H,O as a major chemical component, previous work has been performed in
anhydrous model systems. The aim of this work is to quantitatively assess the variables controlling the
percolation of hydrous carbonatitic liquids in peridotites, and their bearing on the mobility of melts.

The percolation of melts and the interconnectivity of melt pockets are investigated by placing a cylindrical
dunite rod against a liquid reservoir. Thick graphite cylindrical inner capsules control the redox conditions
and prevent Fe-loss to the outer Pt capsules. We used a synthetic dunite, pre-sintered in a Mo capsule
starting from natural San Carlos olivine, previously sieved to 38-64 um. Sintering has been performed in a
single stage piston-cylinder apparatus at P = 0.8 GPa and T = 1200°C. As natural carbonatitic magmas in
equilibrium with a mantle assemblage are mainly dolomitic, the composition (Cagss1, MQo.zse: F€0.069)
CO; was prepared from a powder mixture of carbonates, using free water as hydrous source (5 wt.% of mix).
Time resolved experiments were performed employing an end loaded piston-cylinder apparatus, at T=
1200°C, P = 2.5 GPa and run times from 3 to 300 hours, according to the experimental phase diagram
retrieved by Tumiati et al. (2013). In order to account for the different roles of gravity, chemical diffusion, and
Ludwig-Soret diffusion we used two different geometries, first placing the dunite rod at the top of the capsule
above the carbonate mix, then reversing the stack to have the carbonate mixture at the top, hot end of the
capsule.

Hydrous carbonatitic melt pockets ( > 3 um) were found along olivine grain boundaries. BSE images and
X-ray maps of elements allow quantifying the dihedral angle between the liquid and olivine. The apparent
dihedral was measured through a Mathematica™ routine based on X-ray maps of elements. A true dihedral
angle was estimated by the median of frequency distribution of the apparent angles. The results of
approximately 400 measurements (for run durations of 300 hours), 130 meas. (for 30 hours) and 300 meas.
(for 3 hours) provide a dihedral angle of ~ 40°, ~ 34° and ~ 31°, respectively. These values are larger
compared to the dihedral angle found for anhydrous carbonatitic liquids (25°-28°; Hunter & McKenzie, 1989).
The volume fraction of melts in the peridotitic matrix was ~ 16% and ~ 2.3% for 300 hours experiment, the
larger volume proportion retrieved close to the carbonatitic reservoir; ~ 10.5% for 30 hours experiment, and ~
8.5% for 3 hours experiment. These values are significantly lower than those observed in anhydrous
experiments (e.g. 18 % in Hammouda & Laporte, 2000), therefore grossly in agreement with the relatively
high dihedral angle measured (Park & Yoon, 1985).

Hammouda, T. & Laporte, D. (2000): Ultrafast mantle impregnation by carbonatite melts. Geology, 28, 283-285.

Hunter, R.H. & McKenzie, D. (1989): The equilibrium geometry of carbonate melts in rocks of mantle composition. Earth
Planet. Sci. Letters, 92, 347-356.

Park, H.H. & Yoon, D.N. (1985): Effect of dihedral angle on the morphology of grains in a matrix phase. Metall. Trans.
A, 16, 923-928.

Tumiati, S., Fumagalli, P., Tiraboschi, C., Poli, S. (2013): An experimental study on COH-bearing peridotite up to 3.2
GPa and implications for crust-mantle recycling. J. Petrol., 54, 453-479.
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Carbon transported to the Earth’s surface through endogenic magmatic processes in subduction zones
can be augmented during ascent by thermal breakdown and assimilation of crustal carbonate. The extent of
this decarbonation relies on the intrinsic properties of the interaction — pressure, temperature, composition.
Comparing melt composition and mineralogy in natural volcanic systems — Etna, Vesuvius, Merapi,
Popocatepetl — with experiments (see Carter & Dasgupta, 2015) allows estimates of proportion of ingested
material (< 20% calcite, < 40% contaminated melt), as well as extrapolation to extinct volcanic arcs through
time, plutonic intrusions with skarns, or systems of varying composition.

We have performed several series of experiments using a piston cylinder apparatus at Rice University,
USA, to investigate the effects of differing melt compositions interacted with carbonate of variable calcite-
dolomite content at mid- to lower-crustal pressures and liquidus to subliquidus temperatures. Phase
assembly and composition of melt-carbonate reactions, layered in a 1:1 weight ratio, are compared to melt
liquid lines of descent and carbonate stability at identical P-T conditions.

Pressure and temperature affects melt fraction and the more melt available, the more calcite is consumed.
Evolved to andesite, the intruding melt assimilates more (< 65%) than basalt (< 48%) at similar melt fractions,
and dissolves more of the C-O-H volatiles (~ 14 vs. ~ 9 wt.% by EMPA total deficit) in the contaminated
silica-undersaturated, ultracalcic melt. Dacite assimilates < 17% and has minimal volatile solubility (< 2.5
wt.%), which may facilitate hydrothermal skarnification. Increasing the MgO/CaO ratio in the carbonate layer
increases decarbonation (< 70% assimilation) due to the additional thermal instability of dolomite that breaks
down into calcite, periclase and CO, at moderate temperatures (< 750°C at 0.5 GPa) without chemical
reaction with melt.

In addition to the Ca-rich, Si-poor melts and C-O-H vesicles, melt-carbonate reactions produce a Ca-rich
mineral assemblage consisting of clinopyroxene (diopside to Ca-Tschermak, stable to higher T, raising
liquidi), plagioclase (anorthitic), ttrace spinel, tscapolite, tolivine, twollastonite. A typical skarn mineral,
scapolite forms here at previously unprecedented temperatures (> 500°C, Aitken, 1983), but is small in
proportion (< 10% modal abundance), leaving most of the released CO, to partition into the vapor + melt,
depending on solubility, which may easily degas at low pressure into the atmosphere from volcanic vent.
Sub-arc melt-carbonate reaction can release as much as ~Mt/y of CO, with a steady magma recharge rate
(1012 g/y; White et al., 2006) and may affect long-term climate. Matching CO, outgassing measurements at
presently active carbonate-assimilating volcanoes (see Carter & Dasgupta, 2015), we estimate < ~ half of the
ascending magma becomes carbonate-contaminated.

Aitken, B.G. (1983): T-XCO; stability relations and phase equilibria of a calcic carbonate scapolite. Geochim. Cosmochim.
Acta, 47, 351-362.

Carter, L.B. & Dasgupta, R. (2015): Hydrous basalt-limestone interaction at crustal conditions: Implications for
generation of ultracalcic melts and outflux of CO, at volcanic arcs. Earth Planet. Sci. Letters, 427, 202-214.

White, S.M., Crisp, J.A., Spera, F.J. (2006): Long-term volumetric eruption rates and magma budgets. Geochem.
Geophys. Geosyst., 7, Q03010.
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Understanding the fate of recycled material into the convecting mantle is important to provide new
constraints on the chemical budget of subduction zones. Molybdenum isotopes have been shown to
fractionate during the incorporation into oceanic sediments (Freymuth et al., 2015), being perceptive to
ocean redox condition. Indeed, the Mo isotope variability offers the opportunity to use these isotopes as
tracers of recycled material into the mantle.

The occurrence in the Middle Latin Valley volcanic region of extremely variable products in terms of
geochemical and isotopic compositions, makes this area a perfect case study to tackle the role of different
subduction-related metasomatic agents. In this magmatic region, the compositional variability of the recycled
sedimentary component into the mantle wedge during subduction, has been proposed to explain the distinct
geochemical signature of volcanic products (Avanzinelli et al., 2009).

Here we present the first results of high precision Mo isotopic compositions for Italian magmatic rocks,
demonstrating that the isotopically heavy 5°®Mo is anomalous with respect to other subduction-related
magmas. In order to reproduce such heavy isotopic composition, organic carbon-rich material, in addition to
the sedimentary component, is required, revealing the potential of Mo isotopes as tracers of the fate of
organic carbon in subduction zones.

Avanzinelli, R., Lustrino, M., Mattei, M., Melluso, L., Conticelli, S. (2009): Potassic and ultrapotassic magmatism in the
circum-Tyrrhenian region: Significance of carbonated pelitic vs. pelitic sediment recycling at destructive plate margins.
Lithos, 113, 213-227.

Freymuth, H., Vils, F., Willbold, M., Taylor, R.N., Elliott, T. (2015): Molybdenum mobility and isotopic fractionation during
subduction at the Mariana arc. Earth Planet. Sci. Letters, 432, 176-186.
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Many studies have reported direct evidence of carbonate presence at great depths, such as carbonate
inclusions in diamonds (Wang et al., 1996; Brenker et al., 2007), carbonate melt-pockets in xenoliths (Liu et
al., 2015) or exhumed carbonate metamorphic rocks (Becker & Altherr, 1992). Therefore, most of the
attention was focused on studies of calcite (CaCO3), magnesite (MgCO3) and siderite (FeCO3) at extreme
conditions (e.g., Isshiki et al., 2004; Lavina et al., 2009; Merlini et al., 2012). However, these carbonates
behave differently to each other at mantle conditions. Studying the rarer transition metal carbonates, such as
rhodochrosite (MnCOs), can therefore be useful to identify systematics in carbonate behavior at high
pressures and high temperatures.

While MnCOs is already the focus of intense scientific research (Farfan et al., 2013; Boulard et al., 2015;
Merlini et al., 2015), the published data are controversial. Contradictory results may arise from variations in
samples in different studies, i.e., natural (not endmember) and powdered samples (subject to non-
hydrostatic stress at high pressure). Therefore, we synthesized chemically pure MnCOssingle crystals and
studied them by means of Raman spectroscopy and synchrotron X-ray single crystal diffraction (XRD). Our
XRD experiments were conducted at the IDO9A beamline at ESRF, Grenoble, France.

Diamond anvil cells were employed for the generation of pressures up to ~ 67 GPa. In addition, we
utilized a double-sided laser-heating system (Kupenko et al., 2012) in order to reach temperatures of about
2000 K.

The results of both methods reveal clear evidence of a phase transition at about 44 GPa from the calcite-
type (R-3c) to the triclinic structure (P-1) of MNnCOs-1l, which is isostructural to CaCOs-VI (Merlini et al., 2012;
Boulard et al., 2015; Merlini et al., 2015). Our findings by XRD are in good agreement with a previous report
on natural MnCOs single crystals (Merlini et al., 2015). Moreover, we have found that at uppermost lower
mantle conditions, the triclinic MnCOs-1l phase will decompose into the novel oxide MnsO;and a new
monoclinic (C12/m1) carbonate MnCQO; phase.

We will present our latest results and discuss how studies on transition metal carbonates, such as
rhodochrosite, can provide insight into the high-pressure crystal chemistry of carbonates and the effect of
alkaline-earth cation (i.e., Ca**, M%) substitution by a 3d transition metal on the stability field of carbonates.

Becker, H. & Altherr, R. (1992): Evidence from ultra-high-pressure marbles for recycling of sediments into the mantle.
Nature, 358, 745-748.

Boulard, E., Goncharov, A.F., Blanchard, M., Mao, W.L. (2015): Pressure-induced phase transition in MNnCO3 and its
implications on the deep carbon cycle. J. Geophys. Res., Solid Earth, 120, B011901.
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Kaminsky, F. (2007): Carbonates from the lower part of the transition zone or even the lower mantle. Earth Planet.
Sci. Letters, 260, 1-9.
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The release of fluid during dehydration reactions has important consequences for the subduction
dynamics, since fluids might affect the rheology of the mantle wedge and the subduction interface.
Additionally fluids control large scale chemical recycling through arc magmatism. How dehydration reactions
and fluid transport proceed at the microscopic scale is however poorly constrained. Under poorly drained
conditions, fluid pressure gradients are produced during dehydration creating small-scale variations in the
stress magnitude and orientation. These local stress variations might be recorded in minerals such as
orthopyroxene where shear stresses on (100) planes parallel to the [100] direction result in the inversion to
low clinoenstatite (i.e., martensitic transformation). Experiments show that maximum critical resolved shear
stress is reached by applying axial compression at 45° to the a and c axes (Coe & Kirby, 1975). Occurrence
of clinoenstatite has been reported in natural peridotites (Frost, 1978; Padron-Navarta et al., 2015) and
Padron-Navarta et al. (2015) showed that clinoenstatite might be produced by flexural deformation of
elongated enstatite crystals.

We have studied calcium-free low temperature clinoenstatite (LCen, P2,/c) lamellae in orthoenstatite
(Oen, Pbca) in peridotites produced by dehydration of serpentinites from Cerro del Almirez (Spain) (Padron-
Navarta et al., 2015) to determine stress orientations. Optical microscopy and EBSD analyses were used to
determine the orientations of both the host orthoenstatite and the clinoenstatite lamellae. LCen lamellae are
observed in almost all OEn crystals oriented with the axis roughly normal to the thin section. For each Oen-
LCen pair, we infer the orientation of the main principal compressional stress. The orientation of the
compressional stress at the sample scale is highly variable. Based on these observations we conclude that
dehydration reactions and the associated compaction generate local stresses with variable orientation and
magnitudes sufficient to produce the inversion of orthoenstatite to clinoenstatite by a martensitic
transformation.

Coe, R.S. & Kirby, S.H. (1975): The orthoenstatite to clinoenstatite transformation by shearing and reversion by
annealing: Mechanism and potential applications. Contrib. Mineral. Petrol., 52, 29-55.

Frost, B.R., Coe, R.S. Okamura, F.P. (1978): Principal stress directions from a natural occurrence of stress-induced
clinoenstatite. Contrib. Mineral. Petrol., 67, 119-126.

Padrén-Navarta, J.A., Tommasi, A., Garrido, C.J., Mainprice, D. (2015): On topotaxy and compaction during antigorite
and chlorite dehydration: an experimental and natural study. Contrib. Mineral. Petrol., 169, 35.
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The long-term flux of carbon dioxide into and out of the solid Earth is critical for the habitability of surface
environment as well as the redox, thermal, and dynamical evolution of the Earth’s interior. Constraining such
long-term influx and outflux of CO,, however, requires critical consideration of a number of factors including
stability of carbon-bearing phases in different deep environments as well as the partitioning and solubility of
solid carbon-rich phases in mobile agents such as silicate melts and aqueous fluids. Because subduction
zones provide the most important pathway for carbon influx into the Earth, in order to understand the long-
term balance of CO, it is critical to constrain the fate of all carbon-bearing phases hosted in different
subducting lithologies.

In this presentation we will review the phase relations of various subducting lithologies constrained in the
presence of carbonates over the past twenty years through laboratory experiments and thermodynamic
modeling. By comparison with recent models of subduction zone thermal structures, we will show that
carbonates hosted in metapelitic sediments are most prone to breakdown and release by fluid-present or
fluid-absent melting for intermediate to hot subduction zones in the modern Earth. However, carbonated
melting of crustal lithologies, if at all, occurs at depths well past the depth beneath volcanic arcs (e.g., Grassi
& Schmidt, 2011; Tsuno et al., 2012). This behavior of carbonates might have been quite different in ancient
hotter subduction zones, where shallow decarbonation was likely a norm (Dasgupta, 2013). Although
significant decarbonation or melting is restricted for most slab-top lithologies where carbonates are
concentrated in the downgoing slab, hydrous silicic partial melt generated in the presence or absence of
aqueous fluid could potentially be the necessary carrier of CO,to arc source regions. To evaluate the
potential of rhyolitic partial melt generated by fluid-fluxed melting of downgoing slab, we will also discuss our
recent experimental data and developed thermodynamic model on the solubility of CO, in hydrous rhyolitic
melts at depths and temperature conditions relevant for subduction zones (e.g., Duncan & Dasgupta, 2015).
We will show that although carbonates in the top few hundred meters of subducting basalts and sediments
are largely recycled deeper, silicic partial melts possess sufficient carrying capacity of CO, to explain the arc
flux of CO,. Only few weight percent of sediment partial melt is necessary to elevate the mantle wedge
carbon budget over a depleted mantle carbon content such that modern arc flux of CO, can be reconciled.

Dasgupta, R. (2013): Ingassing, storage, and outgassing of terrestrial carbon through geologic time. Rev. Mineral.
Geochem., 75, 183-229.

Duncan, M.S. & Dasgupta, R. (2014): Pressure and temperature dependence of CO; solubility in hydrous rhyolitic melt —
Implications for carbon transfer to mantle source of volcanic arcs via partial melt of subducting crustal lithologies.
Contrib. Mineral. Petrol., 169, 1-19.
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Tsuno, K., Dasgupta, R., Danielson, L., Righter, K. (2012): Flux of carbonate melt from deeply subducted pelitic
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The cycling of carbon (C) among Earth’s reservoirs, and especially the fate of C in subduction-related
environments, are still under debate. Of particular importance are the origin and fluxes of C at convergent
margins, in which CHO-bearing fluids released by the downgoing slabs introduce C into mantle-wedges
where dolomite is stable and might act as a C-host.

Orogenic ultramafic rocks of the Ulten Zone (UZ, Eastern Alps, Italy) consist of peridotites from a supra-
subduction zone mantle wedge that were captured by the crustal portion of a subducting slab and
subsequently exhumed during the Late Paleozoic Variscan orogeny (Scambelluri et al., 2006). These rocks
were metasomatized by aqueous-carbonic fluids sourced by the crustal slab (Rampone & Morten, 2001;
Scambelluri et al., 2006). Such metasomatism potentially enables large-scale C-mobility and transfer into the
high-pressure eclogite-facies assemblage and, indeed, Sapienza et al. (2009) documented occurrence of
dolomite in fine-grained garnet + amphibole peridotites.

Using UZ peridotites, we follow up on these initial reports and present an integrated textural/chemical
study aimed at obtaining new insights into the origin and fate of C in the mantle wedge. A survey of a large
number of new samples (~100) reveals the occurrence of diverse carbonate phases in various microtextural
settings (discrete grains to intergrowths to veins). Fine-grained garnet + amphibole peridotites that are feebly
serpentinized contain, according to Sapienza et al. (2009), discrete dolomite grains, while in the
serpentinized ones abundant calcite-brucite-intergrowths are closely related to serpentine veins. These
intergrowths have been suggested to be dedolomitization products in mantle-derived rocks (Berg et al.,
1986). Such decarbonation of mantle-wedge peridotite during serpentinization-related fluid-rock interactions
results in the release of C and potentially enables large-scale C-mobility and transfer.

Whole-rock analyses performed at the University of Ferrara reveal relatively uniform total-C
concentrations (0.06 wt-% to 0.08 wt-%) and low 5"Cyppg Of -17.2%0 t0 -11.1%o. Preliminary C and O isotope
data for microsampled carbonates, obtained at Lehigh University, show more variable 3'°C, with values
ranging from -14 to -2%o, and 5"®Oysyow Of +6 to +20%.. This isotopic variability and the overall low 3"°C of
the UZ carbonates will be discussed in light of textural evidence for carbonation and decarbonation reactions
in the mantle wedge, and in the context of the multiple processes that are known to have modified the UZ
mantle-wedge, based on trace element constraints (Scambelluri et al., 2006; Sapienza et al., 2009). This
systematic study of textures and stable isotopic signatures of carbonates will enhance our understanding of
possible C sources and crust-mantle interactions affecting the cycling of C in collisional subduction-zone
settings.

Berg, G.W. (1986): Evidence for carbonate in the mantle. Nature, 324, 59-60.

Rampone, E. & Morten, L. (2001): Records of Crustal Metasomatism in the Garnet Peridotites of the Ulten Zone (Upper
Austroalpine, Eastern Alps). J. Petrol., 42, 207-219.

Sapienza, G.T., Scambelluri, M., Braga, R. (2009): Dolomite-bearing orogenic garnet peridotites witness fluid-mediated
carbon recycling in a mantle wedge (Ulten Zone, Eastern Alps, Italy). Contrib. Mineral. Petrol., 158, 401-420.

Scambelluri, M., Hermann, J., Morten, L., Rampone, E. (2006): Melt- versus fluid-induced metasomatism in spinel to
garnet wedge peridotites (Ulten Zone, Eastern Italian Alps): clues from trace element and Li abundances. Contrib.
Mineral. Petrol., 151, 372-394.
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The Lago di Cignana Unit (LCU) is a coesite- (Reinecke, 1998) and diamond-bearing (Frezzotti et al.,
2011) slice of oceanic-derived eclogites and metasediments recording Alpine UHP metamorphism at 600°C -
3.2 GPa (~110 km depth; Groppo et al., 2009). The LCU is tectonically sandwiched between the eclogitic
Zermatt-Saas Zone (ZSZ; 540°C - 3.2 GPa; Angiboust et al., 2009) and the blueschist Combin Zone (400°C
- 0.9 GPa; Reddy et al., 1999) along a tectonic structure joining HP units recording a ~ 1.2 GPa (40 km)
pressure difference. So far, the ZSZ has been attributed to normal HP conditions and the mechanism driving
exhumation and accretion of the LCU in its present structural position is not fully understood.

We performed petrography, bulk-rock trace element and Sr, Pb and Nd isotopic analyses of rocks from
LCU and ZSZ serpentinites. While serpentinites in the core of the ZSZ show normal subduction zone trace
elements and REE's patterns, the OI+Ti-chu+Chl veins and host serpentinites enveloping the LCU are
strongly enriched in oceanic crust-derived fluid-mobile elements (U, Th, Nb, Ta, Ce, Y, As, Sb) and REFE’s:
their patterns well match those of the closely associated LCU-UHP rocks. Furthermore, serpentinites from
the ZSZ display Sr and Pb isotopic values typical for oceanic serpentinization, with limited fluid infiltration
during subduction and exhumation. Instead, serpentinites around the LCU record significant reset of Sr and
Pb isotopes from oceanic crust-derived metamorphic fluids which occurred during subduction and UHP
metamorphism.

Serpentinites in direct contact with the UHP Lago di Cignana Unit are highly enriched in crust-derived
fluid mobile elements. This evidence, together with Pb, Sr and Nd isotopic data, suggests that tectonic
coupling and fluid exchange between serpentinite and LCU crustal rocks occurred during subduction up to
peak UHP metamorphic conditions. As such, the buoyancy force originating from the relatively light
serpentinites might have fuelled the exhumation of the Lago di Cignana Unit, on top of the lower pressure
Zermatt-Saas zone along a tectonic plate interface surface.

Angiboust, S., Agard, P., Jolivet, L., Beyssac, O. (2009): The Zermatt - Saas ophiolite: the largest (60 - km wide) and
deepest (c. 70-80 km) continuous slice of oceanic lithosphere detached from a subduction zone? Terra Nova, 21,
171-180.

Frezzotti, M.L., Selverstone, J., Sharp, Z.D., Compagnoni, R. (2011): Carbonate dissolution during subduction revealed
by diamond-bearing rocks from the Alps. Nature Geosci., 4, 703-706.

Groppo, C., Beltrando, M., Compagnoni, R. (2009): The P-T path of the ultra-high pressure Lago di Cighana and
adjoining high-pressure meta-ophiolitic units: insights into the evolution of the subducting Tethyan slab. J. Metam.
Geol., 27, 207-231.
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Reinecke, T. (1998): Prograde high-to ultrahigh-pressure metamorphism and exhumation of oceanic sediments at Lago
di Cignana, Zermatt-Saas Zone, western Alps. Lithos, 42, 147-189.
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The high-grade basement rocks of the Ulten Zone (Upper Austroalpine, N Italy) contain peridotite bodies
that sample a subduction-modified Variscan mantle wedge. Textural differences record a multi-stage
metasomatic evolution: (1) Infiltration of melts in the shallow mantle wedge causing enrichment of coarse-
grained spinel-peridotites, (2) reaction with crust-derived siliceous liquids after cooling and pressure increase
generating coarse-grained garnet-amphibole-peridotites, (3) recrystallization and formation of amphibole (+
dolomite) as a consequence of interaction with crustal aqueous fluids during and/or after peak
metamorphism (850°C / 2.5 GPa) at 330 Ma (Tumiati et al., 2003) creating abundant fine-grained garnet-
amphibole-peridotites, (4) further hydration during retrogression resulting in spinel-chlorite-amphibole-
peridotites (Nimis & Morten, 2000; Scambelluri et al., 2006). Whole rock Lu-Hf, Sm-Nd, Sr, Li and garnet O
isotope compositions constrain the nature of metasomatism at various stages as these isotope systems
display different susceptibilities to metasomatism by melts and aqueous fluids (Kessel et al., 2005). The
transition from coarse- to fine-grained peridotites is marked by a significant decrease in Ysm/MNd
accompanied by addition of unradiogenic Nd causing overall homogeneous Sm-Nd isotope compositions.
Only some coarse-grained samples have retained radiogenic €éNd (up to +15.9) and mantle-like “Sm/MNd
(~0.362). In contrast, Y8Lu/M""Hf records a gradual response dependent on the degree of Lu loss due to
garnet-consuming reactions. Contrary to Nd, this finally generated a large spread of present-day eHf values
(-2.3 to +41) and a distinct mixing line in the Lu-Hf isochron diagram. In both Lu-Hf and Sm-Nd systems, the
parent-daughter ratios and isotope ratios calculated for 330 Ma decrease with increasing contents of fluid-
mobile elements and modal amphibole. This indicates that the crustal isotopic signature mostly resulted from
pervasive metasomatism during and/or after the high-pressure stage. In contrast, enrichment in
radiogenic ¥sr/%sr is independent from textural types and is only weakly correlated with contents of fluid-
mobile, light elements (Li, B and Be). Enrichment in Li is accompanied with a decrease in &'Li from DM-like
values (+3 to +5 %o, Tang et al., 2007) to -4.2 %.. This may reflect kinetic Li isotope fractionation due to faster
diffusive transport of ®Lj into the peridotites during reaction with Li-rich retrograde fluids (Halama et al., 2011).
Irrespective of textural types, 5'%0 values of garnet separates (+5.3 to +5.8 %o) lie mostly within the DM
average (+5.5 +0.2 %o), indicating that enrichment by crustal fluids was largely buffered by mantle-derived
oxygen (Eiler 2001). Furthermore, metasomatism was variable within the Ulten Zone: The samples from
Samerberg are more serpentinized and LREE-/LILE-enriched but display more mantle-like 5'Li
and "°Lu/*""Hf values compared to those from Seefeld area.

Eiler, J.M. (2001): Oxygen isotope variations of basaltic lavas and upper mantle rocks. in "Stable isotope geochemistry”,
J.W. Valley, D.R. Cole, eds., Rev. Mineral. Geochem., 48, 319-364.
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An important feature observed in subduction zones worldwide is that eclogites can become hydrated and
transform into blueschists (e.g., van der Straaten et al., 2008). This process occurs at the slab-wedge
interface during exhumation of the rock and allows probing of the fluid that is likely not making its way into
arc magma but leaving the sudduction system via the subduction channel. Beside its impact on balancing
chemical subduction zone fluxes, this transformation expresses the general problem of how fluids infiltrate
into a system that is expected to swell by the fluid uptake of the newly formed hydrous minerals. We found
eclogitic pillow lavas that are partly transformed to blueschists along their rims due to blueschist-facies
overprinting during retrograde metamorphism. Field observations and petrological data indicate two different
fluid flow regimes during retrogression, one major fluid pathway system between the pillows characterized by
high fluid fluxes and a second one related to fluid migration into the pillow interiors. We found that the
inward-propagating reaction front is always associated with a reaction zone about 2 cm wide. Mass-balance
calculations for this reaction front and zone display an overall mass loss and a calculated volume loss during
eclogite-blueschist transformation. Thus, fluid infiltration resulted in shrinkage rather than expansion.

We hypothesize that the propagation of the blueschist-front is controlled by fluid migration driven by the
volume loss at the reaction front. This volume loss is caused by element transport driven by chemical
gradients in the connected fluid system. This indicates that for such a dynamic system the flux of elements
out of the system must be high enough to keep up with the rate of mineral formation at the reaction front.

To test this we developed a reactive flow model including transport of aqueous species at high pressure
(P) and temperature (T) to quantify reaction rates and element fluxes during blueschist formation from the
pre-existing eclogite. The modelling approach is based on mass conservation and porous flow and treats
porosity evolution due to deformation and reaction. Minerals and fluid are compressible, and variable
pressure is used in calculating local equilibrium. Solid reactions are computed using Gibbs free energy
minimization allowing for any possible reaction at each local equilibrium domain. Local equilibrium is
calculated using minerals and melts from the Holland & Powell (1998) database and aqueous species from
the SUPCRT92 database (Johnson et al., 1992) extended to high P-T following Sverjensky et al. (2014). Up
to date solid solutions are included in a general formulation. The local equilibrium computations are
combined in a fully coupled approach with diffusion and advection of chemical species leading to changes in
composition at any location in the modelled domain and results in the conversion from eclogite to blueschist.

Holland, T.J.B. & Powell, R. (1998): An internally consisten thermodynamic data set for phases of petrological interest. J.
Metam. Geol., 16, 309-343.
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There are seven occurrences in the Bakony-Balaton Highland Volcanic Field (BBHVF, Central Pannonian
Basin, Hungary) where Plio-Pleistocene alkali basalts host great number of upper mantle xenoliths. Most of
these occurrences are dominated by Iherzolites (Szab6 et al., 2004, and references therein), however,
harzburgites are prevalent in the Mindszentkdlla locality. In addition to the homogeneous coarse-grained
harzburgite xenoliths, composite mantle rocks, which represent small scale heterogeneities, were also
collected. Harzburgite, interpreted as the wallrock, is crosscut by dunitic and occasionally apatite-bearing
websteritic and amphibole-phlogopite-bearing glassy veins. X-ray microtomographic investigations revealed
dunite veins inside four out of six examined xenoliths, which confirmed the petrographic observations.

In order to understand the evolution of the conspicuously complex mantle beneath Mindszentkalla, in situ
major and trace element analyses were also carried out on all rock forming minerals. The major element
chemistry of silicate minerals in harzburgite wallrock and in dunite veins shows a relatively lower content of
TiO,, FeO and Na,O compared to the predominant lherzolitic xenoliths of the BBHVF. The rare earth
elements display flat or U-shaped distributions in harzburgitic clinopyroxenes, whereas the websteritic
clinopyroxene and the amphibole of the amphibole-phlogopite vein rather depict enrichment of light rare
earth elements.

According to the textural and geochemical features, the Mindszentkalla xenoliths could have gone
through significant mineralogical and compositional modifications at least in two stages. During the first event,
the Iherzolitic mantle was metasomatized probably by a boninite-like (MgO- and SiO,-rich) melt. It could have
resulted in orthopyroxene-rich lithology (Kelemen et al., 1992), the formation of dunite veins (Kelemen & Dick,
1995), depletion in incompatible elements of rock forming silicates of the harzburgites, and the U-shaped
rare earth element distributions of the harzburgitic clinopyroxenes (Sharma & Wasserburg, 1996). Boninitic
melts are exclusively known from subduction zones (Taylor et al., 1994), hence we deduce these results as
proofs for a formerly present subducted slab at proximity of the study area.

The second metasomatic event lead to the formation of the apatite-bearing websterite and amphibole-
phlogopite bearing glassy veins, which are known in the BBHVF area, and are interpreted as the products of
asthenospheric melts similar to the host alkali basalts of the xenoliths (Dobosi et al., 2003). Thus, the
websterite and amphibole-phlogopite veins in the Mindszentkalla xenoliths probably represent alkali mafic
melts with highly variable volatile content, which were intruded in the dunitic veined harzburgite mantle prior
to the xenolith entrapment during the Late-Pleistocene volcanism.

Dobosi, G., Downes, H., Embey-Isztin, A., Jenner, G.A. (2003): Origin of megacrysts and pyroxenite xenoliths from the
Pliocene alkali basalts of the Pannonian Basin (Hungary). N. Jb. Mineral. Abh., 178, 217-238.
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The Monviso meta-ophiolite complex (Northern Italy, Western Alps) derive from a portion of Tethys
oceanic lithosphere metamorphosed up to eclogite-facies peak metamorphic conditions during the Alpine
orogeny (2.6 GPa - 550°C, Lago Superiore Uni). It exhibits from bottom to top a thick serpentinite sole
capped by Mg-Al-rich metagabbros, Fe-Ti-metagabbros and metabasalts with dispersed metasediments
lenses. Three main shear zones cut this section: in our study we focus on the Lower Shear Zone (LSZ),
extending from the serpentinite sole (to the East) to the Mg-metagabbro bodies (to the West). Here blocks of
variably brecciated Fe-Ti and Mg-Al metagabbros are embedded, together with metasedimentary blocks, in a
talc and tremolite-rich serpentinite matrix. Their origin is debated, being interpreted either as eclogitic
breccias resulting from (potentially seismic) intermediate-depth rupture or as inheritance from Tethyan
Oceanic Core Complex. Here we present new field and petrographic data that demonstrate their univocal
genesis at eclogite-facies conditions. In the 16 km-long LSZ the occurrence of eclogite blocks is uniform
along the strike of the shear-zone, which thickness varies from 500 to 200 meters with a marked decrease in
block size from top to base. Here three types of eclogitic blocks can be distinguished: I, intact (not
brecciated) blocks of Fe-Ti-metagabbros restricted to the lower part of the shear zone (Typel blocks); I,
numerous brecciated Fe-Ti-metagabbros scattered in the intermediate to upper levels of the LSZ (Type2
blocks); lll, meter-size blocks and decametric-scale slivers of metagabbros showing complex compositional
variations and occurrence of breccia layers (Type3 blocks). The latter, wherever preserved, evidence the full
transition from intact to highly brecciated rock. In type 2 and 3 blocks the amount of matrix vs clast increases
towards the core of breccia layers, associated with reduction in clasts sizes and increasing clasts rotation,
likewise representing fault-derived tectonic breccias. The foliation of intact Mg-Al-rich metagabbros
(composed of omphacite + rutile + apatite + quartz and locally garnet) cut by breccia planes (cement
composed of omphacite + garnet + lawsonite) univocally indicates brecciation at eclogite facies conditions. In
the breccias the occurrence of a first omphacite-rich matrix cut by secondary garnet + lawsonite
pseudomorphs rich matrix witnesses multiple brittle rupture events, likely driven by different fluid pulses.
Field and petrographic data thus demonstrate that brecciation at eclogite-facies conditions have to be
considered a constant feature along the LSZ. Presence of different eclogite-facies matrix types in the
breccias suggest multiple brittle events driven by successive fluids inputs, potentially associated to
intermediate-depth seismicity. Further work is needed to determine the P-T conditions of brecciation and
recognize the origin of infiltrating fluids.
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The Pleistocene (246 ka) Polino monticellite alvikite (volcanic Ca-carbonatite) crops out in a very small
area (~ 200 m®) in central Apennines ~ 100 km NE of Rome. This has been considered as one of the most
representative Italian carbonatites by several research groups over the last two decades, and its mineralogy
and isotopic composition are considered well established.

The Polino carbonatite is characterized by abundant presence of forsteritic olivine, monticellite and
phlogopite, with much rarer Ca-Ti and Ca-Si perovskite and Fe-Ti oxides associated with different
generations of calcite.

Several aspects make the classification of this volcanic rock as carbonatite at least questionable. The
modal abundance of carbonate minerals is < 50%, rendering the term “carbonatite” inappropriate. In
literature the relatively high amount of silicates has been related to the presence of mantle debris in the form
of xenocrystic forsterite and phlogopite. However, a mantle origin for these two phases is clearly excluded
from a simple petrographic description. Forsterite is often euhedral to subhedral, and without any
deformation texture; on the other hand phlogopite is present as tiny elongated euhedral laths, often
characterized by inverse zoning with Fe-rich cores and Mg-rich rims. We claim these being characteristics of
liquidus phase characteristics rather than mantle fragments occasionally eroded by an upwelling carbonatitic
magma. In addition, all the forsterite crystals are characterized by a variable thickness monticellite rim. We
interpreted this as a two stage effect: first euhedral forsterite grows in equilibrium from a Mg-rich ultrabasic
melt, then monticellite starts forming at the expenses of forsterite around former crystals. Interestingly,
monticellite is very commonly found as euhedral groundmass phase.

The late appearance of monticellite can be explained after the interaction of an ultrabasic magma at sub-
liquidus conditions with Ca-rich country rock lithologies. These Ca-rich rocks are represented in this view by
the very thick Liassic limestone sequence cropping out in Polino area.

In conclusion, our view overturns the classically accepted interpretation, according which monticellite is
the reaction product between a carbonatitic magma and mantle xenocrysts. We believe instead that the
interaction has occurred between an ultrabasic melt and the sedimentary carbonate wall rocks in a shallow
depth magma chamber.

The classification of the Polino volcanic rocks remains of not easy solution. It cannot be defined as
alvikite (too low primary carbonate content), basalt (no plagioclase), kamafugite (no kalsilite), melilitite (no
melilite), foidite (no foids) or peridotite (not a plutonic/metamorphic rock). It represents a carbonated silicate
melt with an ultrabasic (SiO, 16-25 wt.%) Ca-rich (CaO 34-40 wt.%) alkali-poor (Na,O+K,O < 1 wt.%) Al-
poor (Al,O3 3.8-6.3 wt.%) composition, resulting from the digestion of limestones at shallow crustal depths by
a very low volume mafic magma.
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The redox processes taking place in the portion of the mantle on top of the subducting slab is poorly
investigated and the oxidising (or reducing) power of crust-derived fluids phases is still unknown.

A case study of supra-subducted mantle affected by metasomatism from crustal fluid phases is
represented by garnet orthopyroxenites from the Maowu Ultramafic Complex (China). These rocks are
derived from harzburgite precursors metasomatised at ~ 4 GPa and 750°C by a silica- and incompatible
trace element-rich fluid phase. The metasomatism produced poikilitic orthopyroxene and inclusion-rich
garnet porphyroblasts. Primary multiphase micro-inclusions in garnet display negative crystal shapes and
infilling minerals (spinel, amphibole, chlorite, talc, mica) occur with constant volume ratios indicating that they
derive from trapped solute-rich aqueous fluids (Malaspina et al., 2006). The epitaxial relationship between
spinel and host garnet, and between some hydrous minerals has been demonstrated by single-crystal X-ray
diffraction experiments (Malaspina et al., 2015). Epitaxy drives a first-stage nucleation of spinel under near-
to-equilibrium conditions, likely promoted by a dissolution and precipitation mechanism between the UHP
fluid and the host garnet. A second-stage nucleation involved hydrous phases, which nucleate in a non-
registered manner and under far-from-equilibrium conditions. FT-IR and Raman microscopy, together with X-
Ray microtomography performed on single inclusions indicate that free water is still preserved in spinel-free
inclusions.

To investigate the redox budget of these fluid phases, we measured the Fe®* concentration of the
microprecipitates of multiphase inclusions using EELS on a TEM. Results indicate that spinel contains up to
12% of Fe*with respect to total iron, amphibole about 30%, while inclusion phases such as chlorite and
phlogopite may contain up to 0.70 of Fe**/TFe. The Fe*'/=Fe of the host garnet has been measured both by
Flank Method electron probe microanalyses and EELS and corresponds to 0.10. An oxygen mass balance
between crust-derived fluids and the host rock indicates that fluid precipitates appear more oxidised than the
host rock. This suggests that even after their interaction with the metasomatic orthopyroxenites, the residual
fluid phases could be potentially carriers of oxidised components when escaping the slab-mantle interface.

Malaspina, N., Hermann, J., Scambelluri, M., Compagnoni, R. (2006): Polyphase inclusions in garnet—orthopyroxenite
(Dabie Shan, China) as monitors for metasomatism and fluid-related trace ele- ment transfer in subduction zone
peridotite. Earth Planet. Sci. Letters, 249, 173-187.

Malaspina, N., Alvaro, M., Campione, M., Wilhelm, H., Nestola, F. (2015): Dynamics of mineral crystallization from
precipitated slab-derived fluid phase: first in situ synchrotron X-ray measurements. Contrib. Mineral. Petrol.,169, 3.
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The HP metamorphic serpentinised peridotites of Erro-Tobbio (ltaly) offer a unique possibility to study
fluid-rock interactions in subducted ultrabasic rocks that reached 550-650°C at 2-2.5 GPa. They contain
metamorphic olivine + Ti-clinohumite in both the rock matrix and veins cutting the rock foliation, interpreted to
represent partial serpentinite dehydration fluid pathways (Scambelluri et al., 1995; John et al., 2011) being
variably retrogressed as, e.g., indicated by chrysotile/lizardite mesh textures in vein olivine in strongly altered
samples. This study in progress aims to constraining the origin of fluid(s) and the scale(s) of fluid-rock
interaction based on major to trace element systematics including halogens employing detailed bulk rock
(nanoparticulate pressed powder pellet LA-ICP-MS (Peters & Pettke, 2016) and ion chromatography / liquid
ICP-MS analysis), and in situ mineral analysis, with an emphasis on major to trace element data including
fluid tracers such as B, As and Sb.

Petrographic observations indicate a multiphase evolution of the HP veins with possibly two generations
of diopside growth and different stages of retrograde serpentinisation, whereas serpentinite hosts have
remained largely unaffected by retrogression. Bulk serpentinite and vein data reveal prominent increases in
Cl, Br, I, and F concentrations relative to primitive mantle, indicating their seawater derivation. Bulk veins are
enriched in heavy halogens relative to light ones in comparison to host serpentinites. These patterns indicate
either halogen element fractionation upon partial serpentinite dehydration or imperfect equilibration of vein
fluids with host rocks upon fluid infiltration, or a combination thereof. In situ mineral data shall elucidate
which of these processes predominates and how prominently the chemical effect of retrogression affects
bulk rock data, when trying to attain original fluid compositions and identify fluid migration pathways.

John, T., Scambelluri, M., Frische, M., Barnes, J.D., Bach, W. (2011): Dehydration of subducting serpentinite:
implications for halogen mobility in subduction zones and the deep halogen cycle. Earth Planet. Sci. Letters, 308, 65-
76.

Peters, D. & Pettke, T. (2016): Evaluation of major to ultra trace element bulk rock chemical analysis of nanoparticulate
pressed powder pellets by LA-ICP-MS. Geostand. Geoanalyt. Res. in press.

Scambelluri, M., Mintener, O., Hermann, J., Piccardo, G.B., Trommsdorff, V. (1995): Subduction of water into the
mantle: history of an Alpine peridotite. Geology, 23, 459-462.
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Carbonate-bearing lithologies are the main carbon carrier into subduction zones. Their evolution during
metamorphism largely controls the fate of carbon, regulating its fluxes between shallow and deep reservoirs.
Here we report the occurrence of eclogite-facies carbonate-rich rocks (aragonite + omphacite +
garnet) within a zone of intense high-pressure fluid-rock interaction and metasomatism in the lawsonite-
eclogite San Petrone unit, Alpine Corsica (France). The study outcrops are located along the serpentinite-
metasediments contact that experienced a first stage of intense metasomatism during prograde
metamorphism, leading to the formation of diopside-lawsonite metasomatic rock. The study carbonate-rich
rocks are intimately associated with these metasomatic rocks, and textural, geochemical and isotopic data
indicating fluid-mineral reactions are compelling evidence for the precipitation of these carbonate-rich
assemblages from COH fluids during high-pressure metamorphism. Cross-cutting relationships indicates that
carbonate metasomatism occurred after the diopside-lawsonite metasomatic event. Nevertheless, the
paragenes aragonite + omphacite + garnet indicates formation at near peak P-T conditions. We infer that the
reactive percolation of COH fluids at ca. 2 GPa and 500°C can spawn high-pressure rock carbonation, by
either vein-injection or chemical replacement mechanisms. The discovery of high-pressure rock carbonation
brings new insights into the fate of COH fluids produced during subduction. Our results indicate that COH
fluids produced in the subducting oceanic crust by decarbonation reactions and carbonate dissolution may
not be directly transferred to the mantle wedge, but can interact with mafic/ultramafic slab-forming rocks.
Analogue processes can take place in the upper plate, at the slab-mantle wedge interface. High-pressure
rock-carbonation by fluid-rock interactions may have an important impact on the global carbon cycle acting
as a major carbon sink process in subduction zones and lithospheric mantle reservoirs. Furthermore, high-
pressure rock carbonation may modulate the emission of CO, at volcanic arcs over geological time scales.
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Within our solar system Earth is the only planet that has both plate tectonics and water. These may not
be intuitively linked as the amount of water is extremely small compared to the Earth’s entire mass. However,
water has an enormous impact on Earth’'s geodynamics and geochemical cycles at all scales. The most
prominent examples of this link between water and plate tectonics are found in subduction zones. In these
zones seawater-altered oceanic lithosphere is returned to the mantle, thereby heating up during descent and
releasing fluids through hydrous mineral dehydration facilitating global mass transfer. These dehydration
reactions, e.g., liberate fluids that trigger mantle melting fueling explosive volcanism and are a source of
intermediate-depth seismicity. As the global water input into subduction zones per million years is on the
order of the oceans’ total water volume efficient, large-scale transport systems need to form to drain the
descendent oceanic plates and return subduction zone fluids to the exogenous reservoirs. The fluid escape
through these transport systems needs to keep pace with the slab descent velocity of cm/year. Otherwise,
even in the presence of other natural outgassing mechanisms the oceans would drain within only a few
million years. If fluid escape would be controlled by the low background permeability at the conditions at
which dehydration reactions occur (30-300 km, 2-10 GPa), resultant slow, static pervasive fluid flow would be
insufficient to drain the descending plates. Thus, a fluid escape mechanism is required that allows fluid flow
to organize itself into high flux transport systems. Although globally documented vein systems in high-
pressure metamorphic terrains confirm that high fluid fluxes are achieved through fluid flow channelization
the rate-limiting microscale mechanism that controls the bottleneck coupling of initial fluid production from a
zero-porosity, water-rich rock into a rock characterized by high permeability channels is largely unknown.
Here, we show that water release from high-pressure (~ 2.5 GPa) hydrated mantle rocks is controlled by
intrinsic chemical heterogeneities that localize dehydration reactions at specific microsites. This results in
fluid pressure variations throughout the rock, which force the fluid release to organize itself into a
channelized fluid flow network across length scales spanning six-orders of magnitude. We formulate a model
that defines the coupling between microscopic fluid release and fluid flow channelization. This is crucial in
order to formulating future quantitative models that address spatiotemporal processes, such as the link
between fluid release at depth and volcanic eruptions, and the amount of mineral-bound water transferred
into the deep Earth. Moreover, our findings shows that mineral dehydration may not cause rock
embrittlement, often presumed as the trigger of intermediate-depth subduction zone seismicity. Instead, local
decrease in effective viscosity within the ultra-fine grained solid reaction products could trigger thermal
runaway shear instabilities and indirectly lead to seismic failure.
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Carbonate-rich silicate and carbonate melts play a crucial role in deep Earth magmatic processes, and
are controlled by the melt's internal structure. Using extended X-ray absorption fine structure (EXAFS)
spectroscopy, we investigate the influence of carbonate concentration on the structural in corporation of
yttrium (Y) and lanthanum (La), as representatives for heavy rare earth elements (HREE) and light rare earth
elements (LREE) and strontium (Sr), as representative for alkali earths, in silicate-carbonate melts. The
melts are synthesised in the system Na,O-CaO-Al,05-SiO,-CO,, resembling compositions as found at
Oldoinyo Lengai volcano, TZ. Data of silicate glasses with up to 10 wt.% CO, and ~ 5000 ppm Y and Sr,
guenched from melts at high pressure/temperature (HP/HT), indicate no effect of CO, content on the local
structure of Y, whereas we observe an increase in bond length from ~ 2.55 A to ~ 2.60 A between Sr and O
with increasing CO, contents. Water bearing glasses (~ 2 wt.%) also show a slightly increased bond length
between Sr and O compared to their water free counterparts. In situ measurements on melts (~ 2 GPa, ~
1000 to 1300°C) as well as on quenched glasses (~ 2 GPa, room temperature) containing either 2 wt.% Y or
Sr along the join from silicate-carbonate composition were collected in-situ at HP/HT using a Paris
Edinburgh-Press. In situ experiments reveal longer bond lengths of Y-O and Sr-O (e.g. ~ 2.35vs. ~ 2.28 A,
respectively ~ 2.66 A vs. 2.55 A for the CO,-free silicate composition) as well as a more asymmetric pair
distribution compared to quenched glasses. Furthermore, there is a minor difference in the Y-O bond lengths
between the pure silicate and the carbonate melts of ~ 2.35 vs. ~ 2.38 A, which is even less pronounced for
Sr-O bond lengths (~ 2.66 A vs. ~ 2.68 A). Especially the Y XANES region of the spectra shows distinct dif-
ferences between in-situ and quenched glass data as well as along the join silicate-carbonate, which implies
changes in average site symmetry. We will compare these findings to changes in the local structure of La in
the same system. We will finalise this study, by comparing our experimental findings with results from
molecular dynamic simulations, to derive a structural model for carbonate-silicate melts in order to better
understand chemical fractionation processes in carbonate-bearing magmatic systems.
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Despite the utmost importance of calcite in sedimentary materials deposited on the ocean floor and in
veined oceanic rocks, hydrothermally altered, the knowledge of high pressure phase relationships on the join
CaCOs; - H,0, and more generally in the system CaO - H,O - CO,, is still extremely fragmentary. Calcite and
aragonite are expected to undergo dissolution and melting in the presence of H,O and a continuous
transition between a high-density “vapor” and a carbonated hydrous “melt” was suggested to occur close to a
second critical endpoint at temperatures as low as 530°C, and pressure higher than 4 GPa (Wyllie &
Boettcher, 1969).

Multianvil experiments were performed at 4.2 GPa on bulk compositions in the system CaO-Al,03-SiO,-
H,0-CO,, used as a model for impure marbles. Zoisite and/or Al,SiOs saturation is intended to prevent the
formation of portlandite and dellaite, experimentally recorded on eutectic melting, but barely found in nature.

Aragonite + kyanite + fluid, and minor lawsonite form at 700°C, replaced by zoisite at 800°C. Between
850 and 900°C, a complex sequence of textural features is observed upon quenching; “chains” and
dendrites of CaCOzgrow nucleating from liquid-solid interface; they are followed by growth of Si-Al-bearing
fibres; spherules of silica precipitate from the residual fluid exsolved from the liquid carbonate phase. At
900°C, both at silica undersaturation and silica saturation, a sharp meniscus bounds the segregated liquid,
where the amount of precipitated solids suggests that the liquid approached a hydrous-carbonated “melt”.
Estimates of liquid — solid proportions, retrieved by image analysis, at known bulk H,O content, provide
constraints for the composition of the carbonatitic liquids. Chemographic analysis suggets a continuous
transition from dissolution to melting at 4.2 GPa, although consistency with the large experimental dataset in
the system CaO-Al,O5-SiO,-H,O remains controversial.

Hydrous liquids enriched in Ca-carbonate potentially generated from a subducting slab at 850-900°C are
efficient media for scavenging volatiles from subducted crustal material and for metasomatizing the mantle
wedge.

Wyllie, P.J. & Boettcher, A.L. (1969): Liquidus phase relationships in the system CaO-CO;-H,0 to 40 kilobars pressure
with petrological applications. Am. J. Sci., 267A, 489-508.
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In situ high P/T X-ray absorption spectroscopy (XAS) is of particular importance in geochemistry. This
technique provides crucial information on the transport, partitioning and speciation of elements in minerals,
melts or fluids under deep Earth’s conditions. Here, we present the development of a high P/T setup
optimized for studying trace elements (i.e., down to concentrations of 1000 ppm) and/or low Z-number
elements (i.e., Ni, Fe, Cr) at the EXAFS beamline BM23 of the European Synchrotron radiation facility. The
approach is based on a combination of micro X-ray fluorescence emission spectroscopy techniques and a
resistively-heated diamond anvil cell (RH-DAC). Experiments are conducted in backscattering geometry
using a 4x4 pm? focused beam and a single-element fluorescence detector coupled to a polycapillary for
background reduction. The high beam stability and energy resolution of BM23, guarantees high-quality XAS
data. In addition, a MAR165 detector can be utilized for the collection of X-ray diffraction data in transmission
geometry. This complementary system enables thein situ characterisation of phase changes under high P/T
conditions. The RH-DAC design is based on an optimized heater and gasket composition. The system
allows operating in situ at stable high P/T conditions up to 1300 K and pressures in excess of 20 GPa. For
low Z-elements (K-edge energies down to 5 keV) and trace elements, optimized diamond anvils are
employed consisting of fully perforated single-crystal diamonds and nano-polycrystalline diamond windows.
The potential of the experimental approach is illustrated on preliminary results related to the release and
transport of the fluid mobile elements, such as As and Sr, as well as Ni during the in-situ formation and
breakdown of serpentine at high P/T conditions. These new data will allow better constraining the
geochemical processes occurring during serpentinization, the physico-chemical properties of subduction
zone fluids as well as the global recycling of fluid mobile elements in deep subduction zones.
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Much of the long-term carbon cycle in solid earth occurs in subduction zones, where devolatilization,
partial melting of carbonated rocks, and dissolution of carbonate minerals lead to the return of CO, to the
atmosphere via volcanic degassing. Release of COH fluids from hydrous and carbonate minerals influences
C recycling and magmatism at subduction zones. Contradictory interpretations exist on the retention/storage
of C in subducting plates and in the forearc to subarc mantle. Several lines of evidence indicate mobility of C,
of uncertain magnitude, in forearcs. A poorly constrained fraction of the 40-115 Mt/yr of C initially subducted
is released into fluids (by decarbonation and/or carbonate dissolution) and 18-43 Mt/yr is returned at arc
volcanoes. Current estimates suggest the amount of C released into subduction fluids is greater than that
degassed at arc volcanoes: the imbalance could reflect C subduction into the deeper mantle, beyond subarc
regions, or storage of C in forearc/subarc reservoirs.

We examine the fate of C in subduction-zone ultramafic rocks via study of fluid—rock evolution of marble
and variably carbonated serpentinite in the Ligurian Alps. Based on petrography, major and trace element
concentrations, and carbonate C and O isotope compositions, we demonstrate that serpentinite dehydration
at 2-2.5 GPa, 550°C released aqueous fluids triggering breakdown of dolomite in nearby marbles, thus
releasing C into fluids. Carbonate + olivine veins document flow of COH fluids and that the interaction of
these COH fluids with serpentinite led to the formation of high-P carbonated ultramafic-rock domains (high-
P ophicarbonates). We estimate that this could result in the retention of ~ 0.5-2.0Mt C/yr in such rocks along
subduction interfaces. As another means of C storage, 1 to 3 km-thick layers of serpentinized forearc mantle
wedge containing 50 modal % dolomite could sequester 1.62 to 4.85 Mt Clyr.

We stress that lithologically complex interfaces could contain sites of both C release and C addition,
further confounding estimates of net C loss at forearc and subarc depths. Sites of C retention, also including
carbonate veins and graphite as reduced carbonate, could influence the transfer of slab C to at least the
depths beneath volcanic fronts.
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The obducted sections of intraoceanic arc lithosphere represent a favourable setting to investigate the
crust generation in nascent arcs. The New Caledonia ophiolite hosts a mafic-ultramafic igneous sequence
overlying harzburgitic rocks that underwent very high degrees of partial melting in a forearc setting (Marchesi
et al., 2009; Secchiari, 2016). This sequence has been interpreted as a crust-mantle section in a nascent arc
(Pirard et al., 2013). The igneous rocks include dunites, wehrlites and mafic rocks (mainly gabbronorites).
Dunites and wehrlites derive from melt/peridotite interactions involving primitive arc tholeiites and boninitic
liquids, whereas the mafic rocks are the result of cumulus processes (Marchesi et al., 2009; Pirard et al.,
2013). The samples of this study are olivine gabbronorites occurring in the upper part of the sequence as
metre-sized sills. Subhedral Ca-rich plagioclase (An = 90-96 mol%) is the dominant phase (50-80 vol%). Mg-
rich olivine (5-15 vol%, Fo = 87-89 mol%) occurs as irregularly shaped crystals. Cpx (15-20 vol%) is
generally rimmed by interstitial to poikilitic Opx (5-15 vol%). Cpx shows high Mg# (88-92), low Al,O3 (1.5-2.4
wt.%) and negligible TiO, and Na,O contents. Bulk rock compositions are characterized by high Mg# (86-93)
and very low incompatible trace element contents (e.g., LREE concentrations mostly below 0.1 times
chondrite). They show marked LREE depletion, nearly flat and low HREE (Yby = 0.2-0.9) and positive Eu
anomalies. The highly depleted nature of these rocks is mirrored by Cpx trace element composition. In
contrast, fluid-mobile trace elements are relatively enriched and distinct Pb and Sr positive anomalies are
observed in both whole rocks and Cpx. The calculated compositions of putative liquids in equilibrium with the
most primitive gabbronorites are consistent with melting of a refractory peridotite source in the spinel stability
field. The inferred melts have high Mg# of 75-76 and very low REE, Nb, Zr, Hf contents. On the other hand,
Ba, Pb and Sr spikes in the calculated liquids argue for the involvment of a subduction-related component.
Overall, the liquids show geochemical signatures akin to olivine boninite melts with lower absolute
concentrations of LREE and other incompatible trace elements (Ba, Pb, Sr, Zr, Hf). We propose that the New
Caledonia gabbronorites reflect injection of primitive, ultradepleted (“boninite-like”) magma batches in the
lower forearc crust, possibly before aggregation, during the first phases of arc formation. The investigated
gabbronorites provide homogeneous initial Nd isotope compositions (eygranging between +8.2 and +9.4),
coupled with high *®Pb/*°’Pb and *°” Pb /*®°Pb ratios, falling in a domain intermediate between DMM and
Pacific sediments. The heterogeneous Pb isotopic signature of the gabbronorites most likely reflect a subarc
asthenospheric mantle source variably modified by subduction-related fluids.

Marchesi, C., Garrido, C.J., Godard, M., Belley, F., Ferré, E. (2009): Migration and accumulation of ultra-depleted
subduction-related melts in the Massif du Sud ophiolite (New Caledonia). Chem. Geol., 266, 171-186.

Pirard, C., Hermann, J., O'Neill, H.S.C. (2013): Petrology and geochemistry of the crust-mantle boundary in a nascent
arc, Massif du Sud ophiolite, New Caledonia, SW Pacific. J. Petrol., 54, 1759-1792.

Secchiari, A. (2016): Geochemical and Sr, Nd, Pb isotope investigation of the New Caledonia ophiolite. PhD Thesis, Univ.
of Parma and Univ. of Montpellier, 191 p.

Secchiari, A., Montanini, A., Bosch, D., Macera, P., Cluzel, D. (2016): Melt extraction and enrichment processes in the
New Caledonia lherzolites: evidence from geochemical and Sr-Nd isotope data. Lithos, in press, DOI:
10.1016/j.lithos.2016.04.030.
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Hydrous, carbon bearing fluids released in the fore arc by the breakdown of hydrous minerals during
subduction will interact with the overlying (hydrated) peridotites in the mantle wedge. This process is
fundamental in assessing the carbon fluxes and budgets in the Earth’s mantle as it influences how much
carbon is returned in subduction zone related volcanism to the Earth’s hydrosphere and atmosphere and
how much carbon is stored in the mantle wedge.

We present a high pressure experimental study on the interaction of C-O-H bearing fluids with natural
serpentinite. Carbonation of serpentinite is a fast and efficient reaction lowering the CO, concentration in the
fluid. With progressing carbonation and decreasing CO, in the fluid the formation of magnesite+quartz,
magnesite+talc, (magnesite+enstatite) and magnesite+antigorite at, e.g., 2 GPa and 600°C was observed.
For given pressure and temperature the particular mineral assemblage strongly depends on the modal
amount of CO,in the fluid. CO, concentrations in the experimental fluids have been calculated
thermodynamically and analysed by gas chromatography.

In addition, the preferred partitioning of Ca, Sr, Ba and Pb, included in the starting material of the piston
cylinder experiments, into the newly formed minerals strongly suggests that the residual fluid is depleted in
those elements. The partitioning behaviours indicate that the reaction of a serpentinized mantle wedge with
crustal fluids will not only sequester CO, in the form of carbonates, but also key incompatible elements such
as Sr, Pb and Ba. These elements are highly enriched in arc lavas and thus their transport through the
mantle wedge is crucial for understanding element recycling in the subduction-arc system.
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Volatile elements are transported from Earth’s surface reservoirs back into the mantle during subduction
of oceanic lithosphere (e.g., Schmidt & Poli, 1998). Here, we investigate the degree to which the fate of slab-
bound noble gases and water are linked through the subduction process. Both water and noble gases are
soluble in ring-structured minerals, such as amphibole, that are common constituents of subducted oceanic
lithosphere. Heating and burial during subduction liberates noble gases and water from minerals through a
combination of diffusion and dissolution. Combining a kinetic model, parameterized for noble gas
fractionation in amphibole (Jackson et al., 2013), with thermodynamic phase equilibria calculations, we
quantify the effect of subduction dehydration on the elemental composition of slab-bound noble gases.
Results show that post-arc slab water and noble gas fluxes are highly correlated. Hot subduction zones,
which likely dominate over geologic history, efficiently remove noble gases and water from the down-going
slab; furthermore, kinetic fractionation of noble gases is predicted to occur beneath the forearc. Conversely,
hydrated portions of slab mantle in cold subduction zones transport noble gases and water to depths
exceeding 200 km. Preservation of seawater-like abundances of Ar, Kr and Xe in the convecting mantle
(Holland & Ballentine, 2006) implies that recycling of noble gases and water occurred during cold subduction
and that the subduction efficiency of these volatile elements has increased over geological time, driven by
secular cooling of the mantle.

Holland, G. & Ballentine, C. (2006): Seawater subduction controls the heavy noble gas composition of the mantle. Nature,
441, 186-191.

Jackson, C.R.M., Parman, S.W., Kelley, S.P., Cooper, R.F. (2013): Noble gas transport into the mantle facilitated by high
solubility in amphibole. Nature Geosci., 6, 562-565.

Schmidt, M. & Poli, S. (1998): Experimentally based water budgets for dehydrating slabs and consequences for arc
magma generation. Earth Planet. Sci. Letters, 163, 361-379.
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Mantle-derived potassic to ultrapotassic magmatism is a typical feature of collisional orogens. In the
Variscides, K-rich magmatic rocks form minor intrusions (lamprophyres) throughout the internal zones of the
orogen. The post-collisional dykes are geochemically extremely heterogeneous with crust-like trace element
pattern and elevated 8Sr/%°sr and °’Pb/***Pb and low **Nd/***Nd ratios and with high mantle-compatible
element concentrations, which reflects equilibration between the melts and mantle peridotite. This hybrid
nature of the lamprophyres requires at least two source components: subducted continental material and
mantle peridotite.

Variscan continental collision resulted in subduction of felsic lithologies to mantle depth. These lithologies
are potentially responsible for the enrichment of the mantle source. Systematic sampling of dyke rocks
across tectonic zones of the Variscan orogen reveal different crustal signatures with distinct isotopic
compositions, resembling the local average composition of the upper crust. During thrusting into the mantle,
these lithologies were affected by high-degree partial melting due to the breakdown of phengite (and
possibly biotite). Whether the crustal trace element signature is transferred unchanged into these melts or
not, largely depends on the behaviour of accessory phases that sequester significant amounts of
incompatible trace elements, as for instance zircon, rutile or monazite. The crustal melts migrate into the
overlying lithospheric mantle, react with peridotite, and freeze to phlogopite-amphibole-pyroxene-rich
lithologies. Later remelting during post-collisional extension preferentially mobilizes these metasomes. Most
of the observed geochemical variations within individual dyke swarms result from variable contributions of
melts from these metasomes and “basaltic” melts from moderately depleted ambient peridotite.

Rare peralkaline minette dykes with affinities to orogenic lamproites are present but are restricted to the
suture zone of the former Rheic ocean. These highly trace element-enriched dykes are characterized by low
whole-rock Ca and Al, but high Mg/Fe and Ni contents. This suggests the presence of refractory olivine-rich
mantle domains, allowing effective mobilization of the metasomes with little dilution by melts from peridotite.
The strongly depleted mantle probably resulted from extensive melt-extraction in a supra-subduction zone
setting during consumption of oceanic crust along the Rheic suture prior to continental subduction.
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Fluids effectively transport elements from the subducting lithosphere to the overlying mantle wedge. So
far, the amount of solutes mobilized by high-pressure fluids has been mainly investigated in H,O-only system.
However, CO, is also thought to be a significant volatile species, as carbon is a relevant component in
subduction-related fluids. Nonetheless, the solubility of mantle minerals in mixed H,O-CO, fluids remains
experimentally unexplored.

We considered a simplified model mantle-fluid system, the MS + COH, in order to investigate the
dissolution of the assemblages forsterite + enstatite and magnesite + enstatite in graphite-saturated COH
fluids. Redox conditions were buffered by Ni-NiO-H,O, employing a double-capsule setting, with an
expected Xco, [FCO,/(H,O0+CO,)] ranging from 0.5 to 0.8 depending on pressure and temperature.
Experiments were performed at pressures from 1 to 1.5 GPa and temperatures from 700 to 1000°C
employing a rocking piston cylinder apparatus. Synthetic forsterite and enstatite, nearly pure natural
magnesite and glassy carbon spheres were used as starting material in the inner capsule. COH fluids were
generated by thermal decomposition of oxalic acid anhydrous (H,C,0,). Water (doped with 580 ppm of Cs)
has been added in order to constrain the initial Xco, of the fluid to 0.5. A diamond powder layer was
employed to trap fluid and solutes, which were analyzed through the “cryogenic” laser ablation ICP-MS
technique. With this method the capsule is frozen prior the opening and maintained frozen during the
analysis to avoid any precipitation of solutes. The temperature reached by the freezing stage (T = -35°C) is
not sufficient to freeze CO,, which leaves the capsule once is opened. Consequently, the analyzed solute
content refers to the remaining aqueous part of the COH fluid and has to be scaled to the bulk Xco, of the
COH fluid, retrieved through thermodynamic modeling (Connolly, 1990).

Experimental data show that forsterite + enstatite solubility in COH fluids presents slightly higher
SiO, solubility (mgjo, = 0.38 mol/lkg atP = 1 GPa, T = 700°C) compared to the solubility in the H,O-only
system (Newton & Manning, 2002). Moreover, the presence of CO, promotes the formation of Mg-solutes
(Mmgo = 0.29 mol/kg at P = 1 GPa, T = 700°C), not detected in the MS + H,O system. The solubility of the
assemblage magnesite + enstatite in COH fluids presents lower amounts of solutes, for both SiO, (mgio, =
0.22 mol/kg atP= 1.5 GPa, T= 800°C) and MgO (mugo = 0.20 molkg atP = 1.5 GPa, T = 800°C),
compared to the forsterite + enstatite assemblage, suggesting that forsterite represents the major contributor
to the COH fluid in terms of solutes. Our results indicate that, differently to what is observed for quartz
dissolution in COH fluids (Newton & Manning, 2000), in the MS + COH system CO, does not act as an inert
diluent, but it promotes the dissolution of Mg-bearing silicates.

Connolly, J.A.D. (1990): Multivariable phase diagrams; an algorithm based on generalized thermodynamics. Am. J. Sci.,
290, 666-718.

Newton, R.C. & Manning, C.E. (2000): Quartz solubility in H,O-NaCl and H,O-CO; solutions at deep crust-upper mantle
pressures and temperatures: 2-15 kbar and 500-900°C. Geochim. Cosmochim. Acta, 64, 2993-3005.

Newton, R.C. & Manning, C.E. (2002): Solubility of enstatite + forsterite in H,O at deep crust/upper mantle conditions: 4
to 15 kbar and 700 to 900 °C. Geochim. Cosmochim. Acta, 66, 4165-4176.
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CO, removal through dissolution of carbonates occurring in altered oceanic lithosphere and its
sedimentary cover provides an efficient way to recycle carbon back to the mantle wedge. However, other
forms of carbon, such as graphite, are closely associated with silicates in particular in subduction mélanges.
Graphite has been considered a refractory sink of carbon in the subduction slab, owing to its lower solubility
in aqueous fluids compared to carbonates. However, graphite dissolution mechanisms and solute transport
in complex COH fluids at high P are experimentally unconstrained. Estimates of CO, in subduction fluids are
mainly based on traditional thermodynamic models, relying on a very limited experimental ground. Here we
present for the first time experimental constraints on graphite-saturated H,O-CO, fluids, synthesized at 1
GPa and 800°C conditions and redox buffered at fH,FMQ and fH,NNO, in equilibrium with i) graphite, ii)
graphite + forsterite + enstatite (representative of the mantle component of the mélange), and iii) graphite +
quartz (representative of sediments). Experimental fluids were analyzed for volatiles using a capsule-piercing
device connected to a quadrupole mass spectrometer. In experiments bearing silicates, dissolved SiO, and
MgO were measured using a modified version of the “cryogenic technique” by Kessel at al. (2005). At the
investigated conditions, the CO,content in fluids exceeds the amounts retrieved by traditional
thermodynamic models of ternary graphite-saturated COH fluids. Our results suggest that the interaction of
deep aqueous fluids with minerals commonly found in subduction mélanges exerts a major role in controlling
the volatile composition of the resulting COH fluid, enhancing the CO, content towards values unpredicted by
thermodynamic models. As a consequence, the deep CO, transfer from the slab-mantle interface to the
overlying mantle wedge, most favorable in cold subduction zones, where fluids are thought to be stable over
melts, needs to be reconsidered.

Kessel, R., Schmidt, M.W., Ulmer, P., Pettke, T. (2005): Trace element signature of subduction-zone fluids, melts and
supercritical liquids at 120-180 km depth. Nature, 437, 724-727.
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The Sleza, Braszowice-Brzeznica, Szklary and Nowa Ruda are Variscan ophiolitic mafic-ultramafic
massifs occurring in the Fore-Sudetic Block NE margin of the Bohemian Massif in Central Europe).
Serpentinites occur in the Sleza, Braszowice-Brzeznica and Szklary and have MgO/SiO, (0.82-1.20) and
AlL,O3/SiO, (~ 0.01) ratios indicating mantle peridotite protolith. As, Pb and Sb are enriched and Rb, Ba, Nb,
La, Ce, Sr, Zr, Er and Y depleted relative to primitive mantle. Serpentinites with magnesite veins display Cs
enrichment.

Antigorite is a main serpentine phase, chrysotile/lizardite rocks are rare (Dubifiska & Gunia, 1997). The
non-pseudomorphic texture developed at expense of pseudomorphic one in Sleza and Braszowic-Brzeznica.
The Szklary serpentinites do not display clear relationships between serpentine textures.

Serpentinites from Sleza and Braszowice-Brzeznica Massifs contain olivine, clinopyroxene and chromite
grains interpreted as basaltic melt percolation phases (Wojtulek et al., 2016a, 2016b). Some olivine grains
contain magnetite inclusions and display pseudocleavage. The serpentinites contain also microcrystalline
olivine-clinopyroxene-magnetite aggregates (“brownish aggregates”) with bastite and mesh textures.

Olivine grains with magnetite inclusions have various Fo (86.8-92.7) and NiO contents (0.02-0.55 wt.%).
Olivine from “brownish aggregates” has similar Fo, NiO content is 0.20-0.41 wt.%. Both kinds of olivine have
elevated MnO contents (up to 0.85 wt.%) relative to olivine interpreted to be a melt-percolation phase by
Wojtulek et al. (2016a). Clinopyroxene has low Al,O; and Cr,0O3; contents (0.00-1.00 wt.% and 0.20-0.60
wt.%, respectively) and high Mg# (96.0-98.1). Spinel grains are zoned: chromite core has Cr# = 49.0-50.3
and is rimmed by Al-poor chromite with Cr# = 69.7-72.7 and magnetite.

Whole rock composition of the Sleza and Braszowice-Brzeznica serpentinites is similar to subduction
zone serpentinites not affected by later fluid refertilization (cf. Deschamps et al., 2013). The following
metamorphic events could be distinguished: (1) low-T serpentinization | forming pseudomorphic lizardite-
chrysotile serpentinites, (2) antigorite recrystallization, (3) deserpentinization forming secondary olivine with
magnetite inclusions and “brownish structures”, (4) high-T serpentinization Il forming antigorite intergrowths.
Occurrence of deserpentinization antigorite-olivine-diopside suggests temperatures ~ 380-460°C (CMASH
phase diagram of Berman et al., 1986).

Similar mineral succession occurs in serpentinites from the Lanzo Massif in Alps (Debret et al., 2013) and
in Guatemala (Kodolanyi et al., 2012), affected by increasing metamorphic conditions in the subduction zone
setting. Secondary antigorite is evidence for decreasing PT conditions, probably due to ophiolite eduction.
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The study of the composition of primary melts during anatexis of high-pressure granulitic migmatites is
relevant to understand the generation and differentiation of continental crust. Peritectic minerals in
migmatites can trap droplets of melt that forms via incongruent melting reactions during crustal anatexis.
These melt inclusions commonly crystallize and form nanogranitoids upon slow cooling of the anatectic
terrane. To obtain the primary compositions of crustal melts recorded in these nanogranitoids, including
volatile concentrations and information on fluid regimes, they must be remelted and rehomogenize before
analysis. A new occurrence of nanogranitoids was recently reported in garnets of mylonitic metapelitic
gneisses (former high pressure granulitic migmatites) at the bottom of the prograde metamorphic sequence
of Jubrique, located on top of the Ronda peridotite slab (Betic Cordillera, S Spain). Nanogranitoids within
separated chips of cores and rims of large garnets from these former migmatites were remelted at 15 kbar
and 850, 825 or 800°C and dry (without added H,O), during 24 hours, using a piston cylinder apparatus.
Although all experiments show glass (former melt) within melt inclusions, the extent of rehomogenization
depends on the experimental temperature. Experiments at 850-825°C show abundant disequilibrium
microstructures, whereas those at 800°C show a relatively high proportion of rehomogenized nanogranitoids,
indicating that anatexis and entrapment of melt inclusions in these rocks likely occurred at pressures <1.5
GPa and temperatures close to 800°C. Electron microprobe and NanoSIMS analyses show that
experimental glasses are leucogranitoid and peraluminous, though define two distinct compositional groups.
Type | melt inclusions corresponds to K-rich, Ca- and H,O-poor leucogranitic melts, whereas type Il melt
inclusions represents K-poor, Ca- and H,O-rich granodioritic to tonalitic melts. Type | and Il melt inclusions
are found in most cases at the cores and rims of large garnets porphyroclasts, respectively. We tentatively
suggest that these former migmatites underwent two melting events under contrasting fluid regimes, possibly
during two different orogenic periods. This study demonstrates the strong potential of melt inclusions studies
in migmatites and granulites in order to unravel their anatectic history, particularly in strongly deformed rocks
where most of the classical anatectic microstructures and macrostructures have been erased during
deformation.
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The Altai-Sayan Fold Belt (ASFB) forms the northwestern part of the Central Asian Orogenic Belt (CAOB)
with juvenile crust of Vendian-early Paleozoic age. From the Vendian-Cambrian boundary to middle Early
Cambrian the accretion of island-arc, back-arc, oceanic and metamorphic complexes took place at this
segment of CAOB. Aksug, located in ASFB within Early Paleozoic Khamsara batholith, is a large porphyry
Cu deposit, its formation is confined to accretion-collision events related to the interaction of Siberian
continent with Paleo-Asian ocean. Porphyry stocks and dikes of predominantly tonalite-plagiogranite
composition, emplaced into preceding pluton are associated with major Cu-Mo mineralization. The pluton is
composed of diorites, tonalities and plagiogranites with minor gabbroic rocks. Zircon U-Pb geochronology
has yielded Middle Cambrian ages for the Aksug intrusions.

In general, rocks of the Aksug deposit possess chemical affinities of subalkaline/tholeiite series. Gabbroic
samples show low Rb, Sr, Ba and REE contents, high positive eyq (T) value (+6.7 - +7.4), low (¢ Sr/*°Sr); ratio
(0.7022-0.7029), enrichment in LILEs and LREEs and depletion in HREEs and HFSEs. All these
geochemical features suggest that a depleted mantle metasomatized by slab-derived fluids and/or melts was
possibly involved in the generation of their precursor magma. High Ba and U contents relative to Th in the
Aksug samples support mantle wedge enrichment by slab-derived fluids. Relatively low contents of MgO, Ni
and Co in gabbroic samples suggest their petrogenesis via crystal fractionation of mantle-derived melt.
Gabbroic rocks have Tpy model ages of ~ 0.8 Ga, attributed to the Paleo-Asian Ocean opening and
subduction of oceanic plate, followed by metasomatizm of subduction related fluids.

Sr-Nd isotopic characteristics suggest significant contribution of mantle material in the formation of
granitoid magmas at Aksug. Mafic and felsic samples show relatively similar geochemical characteristics and
overlapping initial Sr and Nd compositions. Lack of correlation between gyy and MgO could be interpreted as
being due to partial melting/fractional crystallization without high level of contamination/assimilation during
generation and evolution of magmas. Felsic samples are depleted in incompatible elements relative to mafic
rocks, which is inconsistent with an origin via differentiation of basaltic magma. The Aksug tonalite-
plagiogranite rocks have adakite-like geochemical signatures. Relatively high ey4(T), ranging from +6.6 to 7.7,
low Sr; (0.7011-0.7029), young Tpy (0.6-0.7 Ga) model ages and adakite-like geochemical characterictics in
felsic samples suggest that tonalite-plagiogranite magmas may have been generated by partial melting of
basaltic lower crustal source formed by underplating of earlier depleted mantle-derived mafic magmas.
Similar geochemical signatures and Sr-Nd isotopic compositions for the gabbroic and felsic rocks suggest
their derivation from similar sources.
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The Sardinia portion of the Sardinia-Corsica batholith emplaced mostly during the post collisional
evolution of the Variscan chain. The majority of plutons emplaced in about 40 Ma during two phases, the
older of which clustered at about 310 Ma, whereas the younger, clustered in the range of 290 Ma.The former
is dominated by monzogranitic and granodioritic calc-alkaline plutons, while the latter mostly consists of
leucogranites; minor mafic intrusions are more spread in northern Sardinia and preferentially associated to
the latter phase. In southern Sardinia, in the frontal part of the orogenic wedge (nappe zone), the younger
phase consists of two main rock-suites. The prevalent suite dissects porphyritic granodiorites, is dominated
by syderophyllite monzogranites and leucogranites (SGS, syderophyllite granite suite) and, in turn, is
crosscut with sharp vertical contacts by Fe-hastingsite granites (HGS, Fe-hastingsite granite suite). Both
series are classified as ferroan, F-bearing granites, showing an alkali-calcic character; near liquidus
temperatures indicate values in excess of 850°C. Siderophyllitic mica contains ilmenite inclusions and shows
in the whole SGS a continuous trend in the Mg-Al plot. Conversely, in the HGS Fe-hastingsite amphibole
occurs as early phase hosting magnetite and allanite inclusions.

Magnetic susceptivity data indicate that SGS shows values typical of an ilmenite series in the range 20 to
6010° SI unit, whereas HGS plots on the ilmenite/magnetite series boundary with values in the range 1.7-
2.8'10° S| unit. Different trends displayed by variation diagrams confirm the contrasting behavior between the
HGS leucogranites and the SGS monzogranites-leucogranites, the chemical variations of which can be
accounted for with crystal/liquid fractionation processes dominated by plagioclase + biotite + minor amounts
of accessory phases.

Field occurrences and petrochemistry indicate a dominant crustal origin for both suites, according to
€Ndag0 (=7.47) from Conte et al. (2015) and 8"®0g v o.w. values (10.5+0.2 — 12.1+0.3) from Boni et al. (1992).
A Proterozoic age of the involved crustal source may be inferred from the distribution of studied suites in the
frontal part of the chain. Constraints on source materials are offered by chemical compositions of our rocks,
which meet the liquids experimentally obtained by low degrees of partial melting of a meta-igneous source
(Conrad et al., 1988). Mass balance calculations indicate for SGS a low degree of partial melting of about
25%. Conversely, the whole data set indicate a different path for the HGS, possibly due to inhomogeneities
in the crustal source.

The younger phase of magmatism marks the transition from late- to post-collisional Variscan events in
southern Sardinia. Further questions arise from the thermal regimes, which triggered the partial melting, as
far modelled by adiabatic decompression during the exhumation of the chain and shear heating (Casini et al.,
2015).

Boni, M., lannace, A., Képpel, V., Frih-Green, G., Hansmann, W. (1992): Late to post-hercynian hydrothermal activity
and mineralization in south-west Sardinia (Italy). Econ. Geol., 87, 2113-2137.

Casini, L., Cuccuru, S., Puccini, A., Oggiano, G., Rossi, P. (2015): Evolution of the Corsica—Sardinia Batholith and late-
orogenic shearing of the Variscides. Tectonophys., 646, 65-78.

Conrad, W.K., Nichols, LLA., Wall, V.J. (1988): Water saturated and undersaturated melting of metaluminous and
peraluminous crustal compositions at 10 kbar: evidence for the origin of silicic magmas in the Taupo Volcanic Zone,
New Zealand and other occurrences. J. Petrol., 29, 765-803.

Conte, A.M., Cuccuru, S., Oggiano, G., Naitza, S., Secchi, F., Tecce, F. (2015): Cassiterite veins deposits related to late-
variscan ilmenite series in south western Sardinia (Italy): insights for a new tin province. Proc.13" SGA Meeting, 1,
69-72.
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The Kracovice pegmatite represents the most evolved pegmatite body of NYF pegmatites related to the
Trfebi¢ Pluton (Novak et al., 2012). The pegmatite is built from the contact inwards of: a granitic unit
(Kfs+PI+Qz+Bt+Ms), a graphic unit (Kfs+Qz+Tu+Bt) evolving to minor blocky K-feldspar, and an albite unit
situated close to a small quartz core. Minor minerals include tourmaline, garnet, topaz and Li-micas, some in
several generations. Chemical variations of major (EMP) and trace (REE, Li; LA-ICP-MS) elements in
minerals were used for genetic implications and to decipher mineral evolution and replacement processes.

Early magmatic black columnar tourmaline (Turl; Al-rich schorl) is commonly overgrown by later fluor-
elbaite (Tur2) or replaced by fluor-elbaite (TurS). Moreover, fluor-elbaite (TurS) along with with Li-mica partly
replaces garnet (Grtl). Al-rich schorl (Turl) is partly replaced by allanite-(Ce) + chamosite. Early garnet Grtl
(Spsea-s6AlM4s.39) is REE- enriched, whereas later garnet Grt2 is Mn-enriched (SpsSgs.ssAlMmyi.13), REE-poor
and F-enriched.

Black Al-rich schorl (Turl), Grtl and Btl crystallized early from the silicate melt. The presence of
magmatic tourmaline and F-rich hambergite indicates a high activity of B in the melt. Lithium contents in early
magmatic Fe-Mn silicates are low (100-700 ppm) and in the following order: Bt > Grt > Tur. Magmatic schorl
(Turl) shows the lowest Li contents, even lower than simultaneously crystallizing garnet (Grtl).

The distinct compositional gap between Al-rich schorl (Turl) and fluor-elbaite (Tur2 and TurS) as well as
between Grtl and Grt2, and Btl and Li-rich Bt2 respectively, indicate a crystallisation gap between their
formation and significantly distinct conditions of their crystallization. Textural evidences indicate that fluor-
elbaite (Tur2) and Grt2 (along with other Li- and F-rich phases e.g. topaz, Li-micas, hambergite) probably
started crystallisation before complete solidification of the rock. They probably precipitated from the late
magmatic, highly fractionated melt with sodic, alkaline composition, enriched in fluxing components (B, P, F),
water, Li, Rb, Cs (resembling boundary layer liquid; see London, 2014) to early hydrothermal conditions.
Secondary mineral assemblages fluor-elbaite (TurS) + allanite-(Ce) + chamosite and fluor-elbaite (TurS) +
Li-mica, respectively, are likely coeval products of subsolidus reactions of the magmatic Al-rich schorl (Turl)
and garnet (Grtl), respectively, with evolved, REE-poor, Li,F-rich, alkaline pegmatite derived fluids.

The REE patterns in minerals evolve from those without tetrad effect (Turl, Btl, PI in granitic and graphic
units) to phases with M-type tetrads (Tur2, TurS, Grt2 > Grtl, PI in blocky and albite unit, Li-mica, zircon and
monazite in blocky unit) and clearly indicate the tetrad effect is not an inherited feature of the pegmatitic
magma; however, it gradually evolves during the melt crystallization and subsequent processes.

Acknowledgements: This work was supported by research project GACR P210/14/1347S.
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Geochemical signatures throughout the layered Earth require significant mass transfer through the lower
crust. Though we recognize some geological pathways of magma migration such as dykes and high strain
zones, those documented are insufficient to facilitate the volume required for crustal differentiation
throughout Earth's history. Ultrabasic rocks such as hornblendite commonly form elongate bodies in
exposures of the lower crust and their formation is rarely examined, being most commonly attributed to
cumulate processes. Hornblendite bodies (up to 30-40 m thick) hosted within granulite facies gabbroic
gneiss of the Pembroke Valley, Fiordland, New Zealand, share many similarities with reported igneous
cumulate hornblendite, including a high mode of one or two minerals, unimodal grain size distribution,
interlocking euhedral grain shapes, and interstitial minor phases with low dihedral angles. The igneous
nature of the hornblendite bodies contrasts with their host gabbroic gneiss which contains a gneissic foliation,
evidence of crystal plastic deformation at the grain scale and well-studied metamorphic reaction textures.
These two rock types are linked by the progressive modification of structures that can be traced from the
host gabbroic gneiss into the hornblendite bodies. The gradual alteration of these structures precludes any
interpretation involving cumulate processes in forming the hornblendite; these bodies are imposter
cumulates. Instead, we propose that the metasomatic replacement of the host gabbroic gneiss to form
hornblendite resulted from channeled high melt-flux through the lower crust. High melt-rock ratios and the
chemical interaction between the migrating melt and host rock induced dissolution of plagioclase and
pyroxene in the host and growth of mainly hornblende. This reaction-replacement mechanism forms
hornblendite bodies delineating significant melt conduits. Accordingly, hornblendite or other basic to
ultrabasic bodies in the lower crust may map the “missing” mass transfer zones.
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Dehydration melting of muscovite in metasedimentary sequences is the initial dominant mechanism of
granitic melt generation in orogenic hinterlands. In dry (vapour-absent) crust, muscovite dehydrates to
produce K-feldspar, sillimanite, and granitic melt. When water vapour is present, sillimanite and melt are the
sole products of muscovite dehydration melting, and any K-feldspar produced is as a result of melt
crystallisation. Here we identify the reaction mechanisms that control nucleation and growth of K-feldspar,
sillimanite, and silicate melt in the metamorphic core of the Himalaya, and outline the textural criteria used to
distinguish peritectic K-feldspar from K-feldspar formed during melt crystallisation.

These textural criteria enable a mass-balance of peritectic K-feldspar and sillimanite to constrain the
amount of free H,O present during muscovite dehydration. The resulting modal proportion of K-feldspar in
the Himalayan metamorphic core necessitates vapour-absent conditions during anatexis, indicating that the
generation of large volumes of (leuco)granitic melt in orogenic belts does not require an external source of
fluids.

We have characterised four stages of textural evolution in selected psammitic and pelitic samples that
vary primarily in the abundance of protolith muscovite:

1) K-feldspar nucleates epitaxially on plagioclase while intergrowths of fibrolitic sillimanite and the
remaining hydrous melt components replace muscovite. These nucleation preferences set up a self-
organising system with coupled behaviour between aluminous and quartzofeldspathic domains.

2) K" — Na' cation exchange between aluminous and quartzofeldspathic domains drives the topotactic
replacement of plagioclase by K-feldspar, while melt and intergrowths of sillimanite + quartz form in the
aluminous domains.

3) A melt percolation threshold is reached at 7-8 % melt, at which point the system transitions from a
closed to open system. Above the melt percolation threshold, the mobility of grain boundaries increases and
all solid phases coarsen, resulting in large K-feldspar porphyroblasts.

4) Preferential crystallisation of residual melt on K-feldspar porphyroblasts and coarsened quartz forms
an augen gneiss texture with a monzogranitic-tonalitic matrix and an anastomosing network of fibrolitic
sillimanite folia.

Melt initially migrates along grain boundaries and micro-fractures. Above the melt percolation threshold,
melt migrates along an evolving grain boundary network, eventually accumulating in dilatational domains.
The spatial distribution of melt pseudomorph microstructures (cf. Holness & Sawyer, 2008) indicates that
melt drainage was most efficient along the network of sillimanite folia. This study demonstrates that
coarsened leucocratic domains (i.e., leucosomes) formed from a compositionally layered protolith, preserve
a record of textural modification in the presence of melt, but do not strictly represent a volume of crystallised
melt.

Holness, M.B. & Sawyer, E. (2008): On the pseudomorphing of melt-filled pores during the crystallisation of migmatites. J.
Petrol., 49, 1343-1363.
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High pressure granulites with granitic protolith are a common rock type in the Variscan terrains
throughout Europe. One of the most investigated examples is represented by the Orlica-Snieznik granulites
in the Sudetes, Bohemian Massif. These felsic granulites are characterized by the presence of Ca-rich Grt,
Ky and ternary feldspar in a leucocratic matrix with Qz+Kfs+Pl. The garnet has a peritectic origin and
contains droplets of crystallized anatectic melt (nanogranites). The petrological investigation of the
nanogranites, coupled with re-homogenization experiments, shows that partial melting took place at T =
875°C and 2.7 GPa as result of continental subduction at mantle depth, as also confirmed by
geothermobarometric studies. The partial melt has a granitic and metaluminous character. Its water content,
estimated via NanoSIMS, is in average 6.34 wt.% (n = 25); previous estimates based on electron microprobe
and Raman spectroscopy provided similar values, 6 and 6.5 wt.% respectively. NanoSIMS analyses also
show important amounts of chlorine, ~ 1200 ppm. Calcite is also visible as a minor crystallization product of
the melt, suggesting that the original melt contained significant CO,, possibly = 0.60 wt.%.

Composition and volatiles content of the re-homogenized nanogranites are consistent with experimental
data, thus suggesting that nanogranites preserve both original chemistry and water content of the deep melt.
This is also supported by the finding of relatively rare polymorphs of albite, K-feldspar and quartz - namely
kumdykolite, kokchetavite and cristobalite-along with glass in crack-free nanogranites via Raman
spectroscopy. The metastable nature of these phases confirms that after formation these natural “pressure
vessels” remained completely isolated from the surrounding rock, sheltered by the host garnet. These
polymorphs can thus be considered as direct mineralogical criteria to identify preserved melt inclusions in
partially melted rocks.

In terms of trace elements, nanogranites show high enrichment in LILE and LREE, with average Lay =
139, much higher than what observed in natural partial melts from metapelites. High enrichment in
incompatible elements could be the result of the remelting of a granitic protolith already enriched in LILE and
LREE, e.g. because already (partly) anatectic in origin. The enrichment in Ba, Sc, V and Zn of the melt
suggests that biotite was involved in the melting reaction, despite the absence of residual biotite as mineral
inclusion in garnet.

Our results show how nanogranites preserved in deeply subducted rocks provide crucial information on
water budget at depth and fluid speciation, as well as on the melting mechanisms operating in subducted
crust.
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The late Variscan Serre Batholith forms the middle part of a crustal section continuously exposed from
lower-crustal granulites to upper-crustal phyllites. Exposure of both the batholith internal architecture and its
potential magma sources offers a rare opportunity to investigate the timescale and mechanisms of batholith
construction, as well as the processes of granite petrogenesis. Granitoid bodies were emplaced at depths
from ca. 23 to ca. 6 km, with a precise pattern: quartz diorites-tonalites into deep migmatitic metapelites, two-
mica granodiorites-granites at intermediate levels and weakly peraluminous granodiorites into shallow
paragneisses and phyllites. Geochemical data point to generation of the batholith by assembly of several
granitoid bodies derived from different crustal sources. Quartz diorites and tonalites originated from mafic
granulites, whereas metagraywackes with different pelitic and mafic contents were the most likely sources of
equigranular two-mica granodiorites-granites and biotite granodiorites; the latter could also have been
sourced from mafic-intermediate metaigneous rocks. Two-mica porphyritic leucogranites were probably the
only rocks crystallised from pure melts, produced by partial melting of mafic pelites. The granitoids have an
arc signature inherited from source rocks of magmatic arc derivation, such as magnesian volcanic rocks and
sediments produced by rapid erosion of such rocks. All data indicate no direct mantle contribution to the
geochemical diversity of the granitoids; magma production was associated solely with recycling of crustal
material, suggesting that post-collisional granitoid magmatism is mostly an agent of intracrustal differentiation
rather than crustal accretion. SHRIMP U-Pb dating of zircon from the main magma bodies from different
crustal levels shows that the batholith was built up in 5.1+4.0 Ma. The oldest granitoid is a 297.3+3.1 Ma
quartz diorite from the batholith floor; the youngest a 292.2+2.6 Ma granodiorite from the roof. Three two-
mica granites from progressively higher intermediate levels gave ages of 294.9+2.7, 296.1+1.9 and
294.2+2.6 Ma, respectively. These results are consistent with batholith growth by incremental overaccretion,
the emplacement level of the new magmas being strongly influenced by the presence of the preexisting
granitoid bodies. Lack of mixed zircon populations with contributions from the older granitoids in the younger
ones, together with petrographic and geochemical features, suggest trivial magma mixing, consistent with
the granitoid bodies being mostly solid at the time of subsequent magma intrusion. The presence in the ca.
296-294 Ma granites of ca. 305-302 Ma anatectic zircon, with distinctive 5'%0, places a limit of 8-9 Ma on the
time required for effective crustal differentiation, involving recycling of lower crustal components into granites
to make up plutonic complexes in the middle-upper crust.
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New mapping and petrological analysis (Dharmapriya et al.,, 2015a, 2015b) reveal that the areal
distribution of ultra-high-temperature (UHT) granulites in Sri Lanka is characterized by a NW-SE trending
structural high in which the deepest, highest T granulites are exposed. Combining structural data and the
occurrences of upper mantle slivers, it is postulated that the UHT granulites represent a relatively thin
(several km) lowermost crustal layer above an ultra-hot palaeo-Moho. This layer has been imbricated and
intensely refolded with the overlying high-temperature (HT) “ordinary” granulites after peak metamorphism,
leading to an apparently thicker package. The UHT granulite layer shows evidence for partial melting of most
lithologies and related melt transfer to shallower crustal levels, leading to pervasive volume loss. The
resulting lower crust in Sri Lanka is dominated by restitic, felsic assemblages that fit the relamination model
of Hacker et al. (2011). The isolated nature of UHT assemblages, partly due to a scarcity of suitable
lithologies, is enhanced by retrogression near locally crystallising melts.

The concept of a UHT layer above an ultra-hot palaeo-Moho has some important implications for
granulite terrains in general: (i) UHT granulites elsewhere may also represent a thin zone above an ultra-hot
palaeo-Moho and overlain by HT granulites, and their spatial relationships may have been complicated by
ductile deformation; and (ii) many other granulite terrains may be underlain by a similar zone of UHT
granulites, and, if so, new discoveries of UHT domains may be expected. In addition, the patchiness of the
geological record due to intense ductile deformation and localised retrogression seems to be a common
aspect in the preservation of both UHT and UHP assemblages.

Dharmapriya, P.L, Malaviarachchi, S.P.K., Galli, A., Su, B.-X., Subasinghe, N.D., Dissanayake, C.B. (2015a): Rare
evidence for formation of garnet + corundum during isobaric cooling of UHT metapelites: New insights for retrograde
P-T trajectory of the Highland Complex, Sri Lanka. Lithos, 220, 300-317.

Dharmapriya, P.L., Malaviarachchi, S.P.K., Santosh, M., Tang, L., Sajeev, K. (2015b): Late-Neoproterozoic ultrahigh
temperature metamorphism in the Highland Complex, Sri Lanka. Precambrian Res., 271, 311-333.

Hacker, B.R., Kelemen, P.B., Behn, M.D. (2011): Differentiation of the continental crust by relamination. Earth Planet. Sci.
Letters, 307, 501-516.
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The Khondalite Belt of the North China Craton is a famous Paleoproterozoic high to ultra-high
temperature orogenic domain. This domain is mainly constituted of garnet + spinel + sapphirine-bearing
migmatites, marbles and calc-silicates, S-type granite and a lot of mafic bodies. Petrological study and
thermodynamic quantification of P-T conditions by petrogenetic grids and pseudosections were carried out
on an olivine-bearing migmatite and on a migmatite bearing sapphirine-granulite relics.

These two migmatites recorded UHT conditions and partial melting events at different crustal levels. The
olivine-bearing migmatite shows a complex metamorphic history. Two types of mineralogical assemblages
were described within this rock: i) the matrix with micrographic quartz and feldspar with biotite, sillimanite and
spinel, and ii) complex symplectites with opx-crd, opx-crd-sp and ol-crd associations. Pseudosection
calculation and petrogenetic grid attested for low pressure-UHT metamorphic conditions reaching 0.3-0.35
GPa for 950°C and associated to a clockwise P-T evolution. The partially molten sapphirine-bearing granulite,
shows a Sapphirine-Quartz assemblage with a high Ti-content Spinel. Petrogenetic grid and pseudosection
calculation constrain P-T metamorphic conditions at around 0.7+0.1 GPa for temperature up to 1050°C.
Mineral assemblages and textures observed within the sample also testify to a clockwise P-T path.

In this domain, the beginning of the partial melting was estimated at around 1.93 Ga and probably ending
around 1.88-1.89 Ga. New geochronological data on monazite and zircon grains give an age of 1.92-1.91 Ga
for the mafic intrusions and the coeval UHT metamorphism for these samples, implying a strong relationship
between partial melting at UHT and mafic magmatism.
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Xenoliths pulled up by basaltic volcanism are a very valuable way to study the lower crust as, either a
source of magmas or residues left after melt extraction. They represent fresh or very weakly altered
geochemical and mineralogical samples from unmodified regions of the lower crust. In this study we present
whole rock composition (mayor and trace elements) and isotopic sighatures (Rb/Sr and Sm/Nd) from six
granulite xenoliths from Paso de Indios, Argentina. The granulites have compositions closed to bulk lower
continental crust and are depleted in incompatible elements. We used some of the Paso de Indios granulites
as starting materials in several piston-cylinder experiments with three main goals: (1) to test the residual
character of the lower crust, (2) to test the granite-granulite connection, and (3) to emulate the latest liquid in
equilibrium with the granulites in runs with very low melt fractions. Experiments have been performed at 1000,
1050 and 1100°C for 10 kbar and 1100°C for 15 kbar. The resultant liquids are peraluminous andesites,
tonalites and granodiorites, with high contents in CaO (4 to 6 wt.%) and Mg# [molar MgO/(MgO+FeOQ)] from
0.36 to 0.64. The liquids are andesitic at T > 1000°C and granitic at 1000°C with very low melt fractions. The
liquids form a linear trend in the MgO-CaO (wt.%) diagram, being slightly more magnesian than typical
Patagonian (Cordilleran) granites. The andesitic liqguid compositions are more magnesian and have higher
alkali contents than the regionally related andesites. On the other hand, the andesitic liquids have
compositions similar to vaugnerites in silica (SiO, = 53-60 wt.%), magnesium (MgO = 3-4 wt.%) and alkalis
(K20 = 2-4 wt.%). In this way, we argue in favor of a modest contribution by lower crust melting to the
generation of Cordilleran granitic batholiths.
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Four generic stages comprise granite formation on Earth: melt generation, melt segregation, magma
ascent and magma emplacement. Moving progressively from deeper to shallower levels, each stage is
governed physically by a complex interplay between the equations of momentum and heat transfer. The
intrinsic and extrinsic thermodynamics of the problem are understood variably depending upon which stage
of the process one chooses to investigate. What is certain is that vertical lengthscales, constrained broadly
by the average thickness of the continental lithosphere can be much smaller than horizontal lengthscales
characterising granitic domains, for example in Cordilleran arcs a factor of 10 or more. Timescales on the
other hand, when defined by total average construction times, may extend over millions of years although
the greatest time reflects the summation of intervals between successive intrusive events that are
themselves short lived. However, despite the obvious fact that batholithic terrains of different ages exist,
implying a repeatable process at work, a system-wide understanding (a grand unified theory if you like) of
granite formation remains elusive. One aspect of the ascent and emplacement process that has not been
explored in great detail relates to momentum, more precisely granite formation as a problem of both “mass in
motion” and “mass at rest”. This talk will explore whether insight can be gained from considering magma
emplacement as a collisional event from the perspective of the conservation of momentum and what that
may tell us about granite formation more generally.
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The Eger crystalline complex (ECC) is located at the border of the Saxothuringian and Tepla-Barrandian
zones of the Bohemian Massif. It consists of high-grade felsic anatectic rocks — orthogneisses, migmatites,
and felsic granulites with record of UHP conditions in from of diamond and coesite. Locally is preserved
subhorizontal S1 fabric in orthogneisses, as monomineralic banding of alternating Qtz, Ksp, Plg and
Bt+Ms+Grt-rich bands. In major part of the complex, S1 foliation is transposed into sub-vertical E-W trending
S2 fabric. Within the S2 fabric occur texturally variable rock types, ranging from orthogneiss mylonite to
migmatitic orthogneiss together with felsic Ky-bearing granulites. Migmatitic orthogneisses show variable
degree of anatexis and continuous transitions from metatexite to diatexite and granite, contemporaneous
with the D2 deformation. The mineral assemblage of the banded orthogneiss with S1 fabric is Ksp, Plg, Qtz,
Grt, Bt and Ms. The migmatites within the S2 fabric contain higher amount of Ms (up to 15%) and lack Bt in
the peak mineral assemblage. Granulites are composed of a “dry” mineral assemblage of Ksp-Plg-Qtz-Grt-
Ky. Mineral chemistry shows that the S1 to S2 transformation is accompanied with progressive changes in
Ms and Grt compositions. Ms is enriched in Si (from 3.15 to 3.4 Si a.p.f.u.). Grt shows first increase in
Xre from 0.84 in S1 banded orthogneiss to 0.95 in S2 mylonitic orthogneiss, while it generally decreases in
the migmatitic rocks (Xge = 0.85) and the lowest values (X = 0.74) are in the granulite. Results of
thermodynamic modeling show that the S2 development is connected with increase of pressure from 10 kbar
(S1) to 20 kbar (S2) at temperature of ca. 680°C. Partial melting occurred at HP and probably at higher
temperature (> 20 kbar and 750°C). However, the peak pressure is impossible to determine from major
element mineral chemistry and was likely significantly higher. This is indicated by garnets present in the S2-
related mineral assemblage, which show elevated contents of Na and P (up to 0.05 a.p.f.u.). Substitutions
involving Na and P in garnet were described from UHP terrains and are generally interpreted as reflecting
very HP conditions. Based on these observations, we suggest that all the texturally variable lithologies in the
S2 fabric developed during the same process and in similar P-T conditions and they reflect various degree of
hydration and anatexis during the HP metamorphism rather than different P-T conditions. We conclude that
the ECC represents a granitic complex subducted into very HP conditions, where it was variably reworked
and metamorphosed. The metamorphism was connected with localized hydration and subsequent melting,
resulting in heterogeneous modification of the protolith and break-down of the banded texture. Absence of a
significant overprint of the observed assemblages in HT — mid-crustal conditions supports the assumed high
exhumation rate (1.1-2.5 mm/year) of the complex.
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The rarity of temporally related continental arc sections exposing deep and shallow parts of the crust
make it difficult to test models about the chemical and physical differentiation mechanisms, which operate in
the crustal column. The ~ 90 Ma magmatic flare-up event of the Cascades arc exposes a magma plumbing
system from ~ 5 to 30 km depth. We focus on temporally related, intrusive complexes, emplaced at shallow
to deep mid-crust depths during regional shortening in an exceptionally thick crust (~ 70 km at 90 Ma): the
Black Peak intrusion (1-3 kbar; 6400 km’exposed area), the Mt. Stuart intrusion (3.5-4 kbar; 5513
km? exposed area) and the Tenpeak intrusion (7-10 kbar; 1880 km’ exposed area). All intrusions are
characterized by metaluminous, calc-alkaline compositions. Rare peraluminous compositions at the contact
with pelitic rocks are explained by local assimilation. The Tenpeak intrusion is characterized by an
incomplete mafic rim facies contemporaneous to its dominant dioritic to tonalitic rocks. Early and late mafic
rocks occur in the Mt. Stuart intrusion but tonalitic to granodioritic rocks are dominant. The Black Peak
intrusion has an early mafic phase but the main body is dominated by granodiorites. Isotope data show a
changing signature from fairly primitive, but more evolved to less evolved with time (0 to +5 eNd, and 0.705 to
0.7034 Sr;from ~96 to 87 Ma) independent of emplacement depths. U-Pb geochronology (Matzel et al.,
2006; Shea, 2014) shows an incremental construction of each pluton over ~ 3 to 6 million years:
nevertheless, high magma addition events, with durations of ~ 200-300 kyr, formed mappable units in each
intrusive complex that represent the growth of active magma chambers (1000-6000 km®) in which in-situ
fractionation is supported by isotopic similarity over a wide compositional spectrum (3.2-4.2 €éNd over ~46 to
68 wt.% SiO,). These units record differences in in-situ differentiation with depth: amphibole is an early
phase in each intrusion and is likely responsile for an increase in the steepness of REE patterns with
increasing SiO,. Abundant titanite and later magmatic epidote in the Tenpeak and pyroxene in the more
mafic rocks of the Mt. Stuart accompany it. K-feldspar is only present in the Black Peak intrusion, while
biotite is a common late phase independent of depth. An increase in a negative Eu anomaly and decrease in
Sr with increase in SiO,in the Mt. Stuart and Black Peak intrusions imply plagioclase fractionation. In the
Tenpeak these signatures are absent or reversed suggesting plagioclase accumulation.

Preliminary conclusions are: decrease of intrusion size, change in crystallizing phases and accompanied
trends in whole rock data with depth. Isotopic data do not change systematically with depth but do with time.
Work in progress includes linking mineral chemistry to whole rock data and isotopes, investigating the cause
of magma stalling depths and evaluating the interplay between arc tectonism and magmatism.

Matzel, J.E., Bowring, S.A., Miller, R.B. (2006): Time scales of pluton construction at differing crustal levels: Examples
from the Mount Stuart and Tenpeak intrusions, North Cascades, Washington. Geol. Soc. Am. Bull., 118, 1412-1430.

Shea, E.K. (2014): Arc magmatism at different crustal levels, North Cascades, WA. PhD thesis, Massachusetts Institute
of Technology, 555 p.
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The HT-LP Osor Variscan high-grade complex is located in Guilleries massif, N. Catalan Coastal Ranges
(CCR, NE of Barcelona). Prograde, HT-LP processes and synchronous D2 compression followed by syn-D-3
extension took place ca. 320-300 Ma (Martinez et. al., 2008). Pelites and psammopelites show evidence of
coupling between various thermal, mechanic and chemical phenomena as: ductile deformation, high-T fluid
flow, hydrous melting, melt loss/gain and bulk compositional evolution in melts and mesosome domains. All
these phenomena toke place during a near isobaric heating-cooling episode followed by a cooling-
decompressional stage. High grade rocks and a preliminary model of the large-scale processes involved are
described in Reche & Martinez (2002). Focusing on small, m.m. to m. scales, allows a detailed depiction of
an evolving sequence of coupling with at least three stages: a) an isobaric (ca. 6 kbar), syn-D2, heating
(650-750°C) with: high-T fluid flow, local hydrous melting of g-bi-sil quartz rich psammopelites (QSP),
production of trondhjemitic (T) to granodioritic (Gd) melts and growth of peritectic g and cd. In relation to the
melt loss and segregation processes, local Ca/K depleted bulk domains developed in nearby mesosomes
giving rise to Fe-Mg amphibole assemblages with: g-bi-sil-cum-oam (ged)-cd and also g-cum-oam-cd
(namely cordierite-orthoamphibole or COR rocks). b) In QSP, some ¢-pl-silltbitgtcdtksp T to Gd
leucosomes (Reche et. al., 2015), with extreme sil-rich, mica-absent foliations may represent a compositional
evolution trend on the early melts during isobaric cooling (750-650°C) with still persistent D2 shearing and K-
leaching due to fluid flow with an increasingly acidic/magmatic signature. ¢) The injection and crystallization
of abundant late-D2 to inter-kinematic D2-3 leucogranites induced a widespread alkali-metasomatism with
extensive blastesis of syn to late D3 mu-pl, probably related with the extensional gravitational instability due
to a major change in rheology favoring uplift, exhumation and decompression in the Osor high-grade core of
CCR.

Martinez, F.J., Reche, J., Iriondo, A. (2008): U-Pb Shrimp-RG zircon ages of Variscan igneous rocks from the Guilleries
massif (NE Iberia pre-Mesozoic basement). Geological implications. C.R. Geosci., 340, 223-232.

Reche, J. & Martinez, F.J. (2002): Evolution of bulk composition, mineralogy, strain style and fluid flow during HT-LP
metamorphic event: sillimanite zone of the Catalan Coastal Ranges Variscan basement, NE Iberia.Tectonophys., 348,
111-134.

Reche, J., Martinez, F.J., Leoz, G. (2015): Prograde PT path, prograde fluid flow, metasomatism and hydrous melting in
the Osor high-grade HT-LP complex (CCR, NE lIberia). Geophys. Res. Abstr., 17, EGU2015-9836.
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Extensional tectonics generates regional-scale structures that often hinders local variations in the overall
extensional regime that, if appropriately described and interpreted, could shed light on second-order
processes leading to generation of anomalous structures, mass displacement, rock fracturing, and
hydrothermal mineralizations.

In the Campiglia Marittima area (Tuscany), a detailed mapping and in abandoned mining tunnels led to
the reconstruction of a local deformation history that overlaps with regional extension. This local deformation
was triggered at about Miocene-Pliocene boundary by the intrusion of a monzogranitic pluton at the bottom
of a thick a carbonatic sedimentary sequence. The emplacement of the pluton gave rise to a perturbation in
the local rheological behavior of the carbonate host-rocks leading to the transition from a brittle to ductile
regime. The carbonate rocks were thermally weakened and did flow laterally, accumulating downslope of the
pluton contact towards the east. As the thermal anomaly was decaying, the brittle-ductile boundary was
approaching the pluton, and the ongoing brittle deformation led to the generation of large tension gash-
shaped volumes of fractured marble. These fractured volumes were exploited by rising fluids generating the
sigmoidal skarn bodies and related Zn-Pb ore shoots. Further decaying of the local, magma-induced
deformation is marked by emplacement of small volumes of mafic magma, Fe-Cu ore and felsic dykes.
These processes occurred in a corridor bounded by SW-NE fault arrays, that can be defined as transfer
zone accommodating different extension rates, generated by concurrence of regional extension and local
displacement of the pluton cover.

The Campiglia Marittima case study is a prime example of structural interference among high-angle
lithospheric-scale transfer zones, regional shallow crustal extensional structures and local, and low-angle
displacement triggered in a transient ductile rheological regime at the top of an intrusive body.

292



PLINIUS n. 42, 2016

MODELLING THE THERMO-RHEOLOGICAL EVOLUTION OF A GRANITE INTRUSION
AND WALL ROCKS: IMPLICATIONS FOR THE LARDERELLO GEOTHERMAL AREA

Rochira F.*, Caggianelli Al &de Lorenzo S.*
! Dipartimento di Scienze della Terra e Geoambientali, Universita di Bari, Italy
Corresponding email: f.rochira@studenti.uniba.it

Keywords: thermo-rheological model, magma cooling, brittle-ductile transition

The thermo-rheological evolution of a cooling granitic body and surrounding rocks is presented here.
Results of the model can be relevant for the Larderello geothermal area (southern Tuscany, Italy) that since
the Early-Middle Miocene has been affected by widespread magmatism and elevated heat flow in a regime
of extensional tectonics. The background “long wavelength” heat flow anomaly, mainly due to conductive
heat transfer, is in the order of 150-200 mWm?, far higher than the average value for a continental area (50-
60 me'z). Another interesting feature of this area regards the so-called “K-horizon”, a prominent seismic
reflector, regionally located at depths of 8-10 km, and showing an evident culmination in the geothermal
areas. The interpretation of this reflector is still controversial. For some authors, it may represent the brittle-
ductile transition (Liotta & Ranalli, 1999), for others the roof of a pluton (Bertini et al., 2006). This work aims
to provide a contribution to the interpretation of the K-horizon through a thermo-rheological model.

In order to reproduce the observed thermal anomaly, we have set up a model implementing a 2D finite
difference code. We have developed a mathematical formulation to model a lenticular symmetrical shape of
the pluton, in agreement with the geological cross sections of Bertini et al. (2006) and with mechanisms of
pluton accretion (Cruden, 1998). This allows the imposition of the heat flux continuity at the interface
between the magma body and the host rock, inside the finite difference scheme. In order to calibrate the size
and depth of emplacement of the pluton, we have used a trial and error approach to fit the observed long
wavelength heat flow anomaly. Our model estimates of the surface heat flow approach observed values after
200-300 kyr from the emplacement of the magmatic body, having a thickness of ca. 5 km, width in the order
of 20 km, and depth of the pluton roof ranging from 3 km (top) to 6 km (lateral vertices).

We set up the rheological model following principles and method described by Ranalli (1995). The
temperature field obtained from the thermal model allowed the calculation of the ductile strength of the
granite and wall rocks. Brittle strength has been estimated assuming an extensional tectonic regime and a
pore fluid factor increasing from the surface to the roof of the pluton. Values of brittle and ductile strength
have been used to produce 2D strength profiles of the upper crust with the boundary between the brittle and
ductile domains. The cross-sections at different times show the migration of the brittle-ductile transition
during magma cooling and an acceptable correspondence with the K-horizon profile after 300 kyr from
magma emplacement. It transpires that the interpretation of the K-horizon as the brittle-ductile transition may
be compatible with model results.

Bertini, G., Casini, M., Gianelli, G., Pandeli, E. (2006): Geological structure of a long-living geothermal system, Larderello,
Italy. Terra Nova, 18, 163-169.

Cruden, A.R. (1998): On the emplacement of tabular granites. J. Geol. Soc., 155, 853-862.

Liotta, D. & Ranalli, G. (1999): Correlation between seismic reflectivity and rheology in extended lithosphere: southern
Tuscany, inner Northern Apennines, Italy. Tectonophys., 315, 109-122.

Ranalli, G. (1995): Rheology of the Earth. Chapman & Hall, London, 413 p.
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In order to understand the evolution of crystal content of silicic magmas during cooling accurate
experimental data are needed. A problem in constraining experimentally the crystallization path of magmas
lies in the analytics as it is difficult to analyze phases, especially melt, in samples with high crystal content (>
40-50 vol%). In particular melt pools large enough for Laser Ablation or defocused beam microprobe
analysis are scarce and crystals are small. Thus, our knowledge on the crystallization history of magmas with
high crystal contents is very poor. An important parameter which needs to be determined is the evolution of
crystal/melt ratio as a function of temperature at conditions close to the solidus in felsic systems. Mass
balance calculations have usually large errors due to the small size of phases which cannot be analyzed
accurately. Image analysis of experimental run products is difficult due to the small density differences
between phases (e.g., feldspars and melt). In this study we tested a new technique based on mass balance
calculation of the concentration of incompatible trace elements after analysis of melt pools that were
segregated from the crystal mush. In order to create melt pools that can be easily analyzed by LA-ICP-MS, a
trap composed of quartz grains was used to filter the melt from the crystal mush.

The starting material for the experiments was a synthetic dacitic glass powder which was doped with 100
ppm of each of the following elements: U, Ce, Cs, Y, Yb, Nb, P and Zr. A two-step experimental approach
was used. The first step was a crystallization experiment in order to produce a highly crystalline sample in
which the residual melt was at equilibrium with the solid phases (run duration 20 days). This product placed
together with the quartz trap in a capsule for a second step experiment (run duration 3-48 hours). Both steps
were conducted at the same P-T conditions in cold-seal pressure vessels (CSPVs). Results from
experiments obtained at water-saturated conditions at 200 MPa and in the temperature range 750-675°C are
presented.

The phase assemblage of experimental run products is melt, plagioclase, Fe-oxides, amphiboles and/or
biotite. Crystal-free melt pools were observed in quartz cavities in run products having initially more than ~
20 vol% crystals. LA-ICP-MS analysis show in 750°C run product an increase in U from initial 81 (5) ppm to
114 (£9) ppm, in Nb from initial 107 (£2) ppm to 131 (+16) ppm and in Cs from initial 89 (£3) ppm to 122
(x21) ppm. Amounts of Y, Zr, Ce and Yb at 750°C decrease in the melt due incooperation into amphiboles.
Mass balance calculations with initial and enriched values for U, Nb and Cs in combination indicate that the
crystal fraction at 750°C is 18-28 vol%. Evaluation of results for experiments at lower temperatures is in
progress.
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Hybridization, such as magma mingling or mixing, is one of the key processes controlling the evolution of
granitoid magmas and can happen on a variety of scales and locations. Even though their impact on
compositional variety of granites is debated (Clemens & Stevens, 2012), the literature has focused on the
interaction between mafic and felsic magmas, with only little research on the interaction between different
felsic magmas (e.g. Reichardt et al., 2010).

Here, we report features produced in the ~500 Ma Delamerian Orogeny from the south coast of Kangaroo
Island (Foden et al., 2002; Weinberg et al., 2013). This coast exposes turbidites of the Kanmantoo group that
have undergone extensive anatexis. We show evidence for hybridization between intrusive granite sheets
and in source magmas in turbidite migmatites. Muscovite-breakdown assisted by water-fluxed melting of the
turbidites resulted in a fine-grained, grey granitic magma, which forms a schollen-rich diatexite. The intrusive
granites are more leucocratic, have coarser grain sizes, few or no schollen and schlieren, and are rich in
megacrystic K-feldspar. The protolith for both magma is likely to be the Kanmantoo Group (Foden et al.,
2002), where the intrusive megacrystic magma is derived from deeper sources. Structures suggest that the
megacrystic granite intruded into the diatexite during anatexis, and both were sheared together as magmas.
The combination between multiple intrusion events and shearing created opportunities for hybridization,
explaining the extreme variability of magmatic rocks types exposed.

We propose that the intrusive magmas were critical for the evolution of the Kangaroo Island migmatites
resulting in positive feedback mechanism. Early melting of the migmatites formed a low viscosity trap,
impeding the passage of external, intrusive magmas. Thermal and chemical equilibration of water-rich
intrusive magmas with their surrounding raised heat and water content and triggered in-situ water-fluxed
melting, while mixing with locally produced anatectic melts. Further melting made the trap more efficient,
reinforcing the process. This process can be extrapolated to other anatectic regions, with magma batches
derived from melting of different crustal sources, and resulting from different melting reactions or even to
cases where evolved juvenile magmas are involved.

Instead of the classical magma mixing between felsic and mafic magmas, effective magma mixing might
be a result of multiple hybridization stages which becomes increasingly more efficient as the magmas
involved become increasingly similar as the system evolves. In summary, the outcrops on Kangaroo Island
record an analogue to a MASH zone such as envisaged by Hildreth & Moorbath (1988) with the difference
that melting, assimilation, storage, and homogenization involves only continental crustal magmas in the
middle crust.

Clemens, J.D. & Stevens, G. (2012): What controls chemical variation in granitic magmas? Lithos, 134-135, 317-329.

Foden, J., Elburg, M.A., Turner, S.P., Sandiford, M., O'Callaghan, J., Mitchell, S. (2002): Granite production in the
Delamerian Orogen, South Australia. J. Geol. Soc., 159, 557-575.

Hildreth, W. & Moorbath, S (1988): Crustal contributions to arc magmatism in the Andes of Central Chile: Contrib.
Mineral. Petrol., 98, 455-489.

Reichardt, H., Weinberg, R.F., Andersson, U.B., Fanning, C.M. (2010): Hybridization of granitic magmas in the source:
The origin of the Karakoram Batholith, Ladakh, NW India. Lithos, 116, 249-272.

Weinberg, R.F., Hasalova, P., Ward, L.K., Fanning, C.M. (2013): Interaction between deformation and magma extraction
in migmatites: Examples from Kangaroo Island, South Australia. Geol. Soc. Am. Bull., 125, 1282-1300.
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Most rhyolitic and granitic rocks of the large Permo-Carboniferous province of Europe show a restricted
range in isotopic compositions, intermediate between mantle and crustal values. We propose an explanation
to the relative homogeneity of these hybrid granitic magmas based on geochemistry and field observations
of the Sesia Magmatic System, which includes a deep crustal gabbroic complex, upper crustal granite
plutons and a volcanic field dominated by rhyolitic caldera fill tuff (Quick et al., 2009). Isotopic compositions
of the deep crustal gabbro overlap those of coeval andesitic basalts, whereas coeval granites define a
distinct, more radiogenic cluster (Sr; = 0.708 and 0.710, respectively). AFC computations starting from the
best mafic candidate for a starting melt show that isotopic compositions and trace elements of andesitic
basalts may be modelled by assimilation of about 30% of partially depleted crust and about 15-29%
fractionation. Trace elements of the deep crustal gabbro cumulates require a further = 60% fractionation of
the andesitic basalt and loss of about 40% of silica-rich residual melt (Sinigoi et al., 2016). The composition
of the granite pluton is consistent with a mixture of almost equal parts of residual melt delivered from the
gabbro and the anatectic melt. Chemical and field evidence lead to infer a conceptual model which links the
production of the two granitic components to the evolution of the gabbroic complex. During the growth of the
gabbroic complex, progressive incorporation of packages of crustal rocks resulted in a roughly steady-state
rate of assimilation. Upwards segregation of anatectic melts delivered from the hot zone above the
advancing mafic intrusion facilitates reactive bulk assimilation of the restite by density-driven stoping. At
each cycle of mafic intrusion and incorporation of roof layers, residual and anatectic melts are produced in
more or less constant proportions, because the amount of anatectic melt produced at the provisional roof is a
function of volume and latent heat of crystallization of the intruded mafic melt which in turn produces
proportional amounts of hybrid gabbro cumulates and residual melt. Such a process can explain the
restricted range in isotopic compositions of most rhyolitic and granitic rocks of the Permo-Carboniferous
province of Europe and elsewhere.

Quick, J.E., Sinigoi, S., Peressini, G., Demarchi, G., Wooden, J.L., Shisa, A. (2009): Magmatic plumbing of a large
Permian caldera exposed to a depth of 25 km. Geology, 37, 603-606.

Sinigoi, S., Quick, J.E., Demarchi, G., Klotzli, U. (2016): Production of hybrid granitic magma at the advancing front of
basaltic underplating: inferences from the Sesia Magmatic System (south-western Alps, Italy). Lithos, 252-253, 109-
122.
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The Lower Permian Valle Mosso pluton (VMP) is a granitic body intruded at upper crustal levels in the
rocks of the pre-Alpine basement of the Ivrea-Verbano and Serie dei Laghi units, respectively. The VMP has
been recognized as an integral part of a magmatic system termed Sesia magmatic System (Quick et al.,
2009), which during the Lower Permian developed through the continental crust up to the surface and
caused explosive rhyolitic volcanism that eventually led to the formation of a > 15 km diameter rhyolitic
caldera. Fieldwork helped in constraining the VMP internal geometry, with the distinction of several laccolith-
shaped intrusive units noticeable for their modal abundances and textural features. Equigranular coarse-
grained granite constitutes the bulk of the intrusion, together with subordinate volumes of porphyric granite
and numerous small fine-grained two-micas intrusive bodies. A small body (roughly 0.5 by 1 km) of porphyry
occurs within the porphyric granite and presents irregular to gradational contacts to its host rock. Major and
trace-element and isotopic composition of this porphyry is equal to that of the surrounding granite. However,
porphyry matrix and phenocrysts present microtextural features that indicate resorption and undercooling.
These features (sieve textures of plagioclase, quartz and biotite resorption) paired with indications from Ti-in-
Qz geothermometer on porphyry samples (Wark & Watson, 2006) are descriptive of temperature fluctuations
within a crystal mush. Field evidence indicate that the Valle Mosso pluton experienced numerous episodes
of mafic melt injections during different stages of its incremental growth. These mafic melts produced
significant effects on the thermal budget of the granitic intrusion, rejuvenating and possibly mobilizing
batches of the VMP. Based on similar whole-rock composition and reabsorption texture observed in coeval
granite porphyry and volcanic products of the Sesia Caldera, a possible link between rejuvenated granitic
melts and eruptive products has been postulated. The VMP may provide an insight into the storage and
remobilization process that drive the eruption of large amount of melts in caldera-forming volcanic systems.

Quick, J.E., Sinigoi, S., Peressini, G., Demarchi, G., Wooden, J.L., Sbisa, A. (2009): Magmatic plumbing of a large

Permian caldera exposed to a depth of 25 km. Geology, 37, 603-606.
Wark, D.A. & Watson, E.B. (2006): TitaniQ: a titanium-in-quartz geothermometer. Contrib. Mineral. Petrol., 152, 743.754.
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This study reports a detail petro-structural analysis of the Ultra-High Temperature Khondalite Belt (UHTK)
and the adjacent High Pressure Granulite (HPG) Belt, in the North China Craton. The UHT Khondalite Belt is
constituted of garnet-spinel + sapphirine-bearing migmatites, garnet-bearing granites and marbles, widely
intruded by various scale gabbronoritic bodies. Our petrological study and P-T quantifications performed on
migmatites and granulite relics, together with P-T data from literature, indicate that crustal anatexis and UHT
metamorphism affected a large part of the orogenic crust, from 15 to 40 km deep. The HPG Belt is mostly
composed of high-pressure (~ 15 kbar) mafic granulites hosted in migmatitic gneisses. The geochronological
dataset argues for intense partial melting and S-type magmatism over a 100 Ma lasting period, from 1.95 Ga
to 1.85 Ga with UHT metamorphism occurring at around 1.92 and 1.88 Ga. The UHTK and HPG Belts
represent great parts of hot and partially molten orogenic crust that recorded strong crust-mantle interactions,
changes in crustal and mantle-derived melt production and large mass and heat transfers though time and
space. In order to understand the structural pattern and highlight how deformation partitioned within this hot
crust, we document a set of structural analyses acquired over the UHTK Belt, from the western Wulashan
massif to the eastern Jining complex, and the adjacent HPG Belt, in the Huai'an complex. The partially
molten rocks recorded two main deformation events, named D1 and D2. The early D1 deformation is
underlined by a S1 foliation that is flat-lying or dips weakly toward the South-East. S1 holds a N70E L1
stretching mineral lineation that is sub-horizontal or plunges toward the East. The D1 foliation is reworked by
a dextral transpressional D2 deformation responsible for the development of a km-scale system of S2-C2-
C’'2 shearing structures. The N30E trending S2 foliation is sub-vertical to highly dipping toward the East.
Kilometer-scale C2 and C'2 shear zones are sub-vertical and trend N70E and N90-100E, respectively.
During ongoing compression of the thickened orogenic root, partial-melting is responsible for a strength drop
that enhanced an eastward lateral flow of the deep crust. Structural and petrological observations suggest
that the D2 S-C-C’ bulk shearing system forms an interconnected network of kilometer scale shear zones
that act as pathways for the upward mass-transfer of mafic magmas from the mantle to the upper crust.
Interpretation of our results is not in accordance with current models in which the UHTK Belt represents a
mobile belt formed in response to collision and exhumation between the Yinshan and Ordos blocks. We
rather propose that the UHTK Belt is a continental magmatic arc related to westward subduction between
1.95 and 1.89 Ga and then, involved in the Trans-North China Orogeny due to collision between of the
Western and Eastern blocks between 1.89 and 1.83 Ga.
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Himalayan leucogranites and migmatites generally share a number of features along the length of the
mountain range, such as similar timing and duration of magmatism, common source rocks and clockwise P-T
paths. Despite commonalities, most publications emphasize deviations from this general pattern, indicating a
fine-tuned local response to the dominant evolution. For example, there are significant differences in P-T-
Xuzoconditions during anatexis, with melting reactions varying from water-fluxed to biotite-dehydration,
instead of being dominated by Ms-dehydration melting, as is commonly suggested.

Zircon and monazite U-Th/Pb ages of anatectic rocks (both migmatites and leucogranites) range between
~ 25 and 15 Ma. Typically, a single sample may have age ranges covering most of this 10 m.yr. period,
suggesting recycling of accessory phases from metamorphic rocks and antecrysts. Recent studies linking
monazite and zircon ages with their composition have determined the timing of prograde melting and
retrograde path, thus constraining the anatectic cycle. In some areas, this cycle youngs systematically down
section, towards the leading front of the Himalayas, whereas the opposite is true in other areas.

The relative timing of crustal melting and decompression also changes across the belt, leading to a
debate about the impact of melting on the evolution of the Himalayas. Melting has been used to explain
subsequent decompression, or conversely, decompression has been used to explain subsequent melting.
Weakening of the crust due to melting has been used to support channel flow models for extrusion of the
Greater Himalayan Sequence, or alternatively, to suggest it triggered a change in its critical taper. Variable
relative timing and variable P-T-t paths suggest anatexis resulted from the thermal maturation of the orogeny,
and that decompression was controlled by regional, orogen-wide factors, not local geology.

The relationship between granites and movement in the South Tibetan Detachment (STD) is useful in this
regard, and reveals that fault motion took place at different times and over different durations, requiring
complex internal strain distribution along the Himalayas. Despite differences in rheology at any point in time
and sc, and differences in strain, the Himalayan front forms a well-defined arc. Local geology and anatexis
probably had only a second-order, local effect in modulating strain distribution, with little effect on the general
arc shape of the orogen. This suggests that strain distribution overwhelmed local differences in rheology
(e.g., presence or absence of melt) so as to maintain an orogen-wide arc shape. The orogen was most likely
evolved as a result of self-organized forward motion of the arc, controlled by the imposed convergence
history and energy conservation, balancing accumulation of potential energy and dissipation, and
independent of the presence or absence of melt.
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Many Archaean terrains are dominantly composed of a range of metabasic to metatonalitic gneisses that
have been metamorphosed to amphibolite- to granulite-facies conditions. These terrains include the “grey
gneisses” which represent a range of intermediate to felsic rocks dominated by plagioclase and quartz with
varying amounts of hornblende, biotite, orthopyroxene and clinopyroxene. Most of these rocks plot in the
tonalite, trondhjemite or granodiorite field on a normative an-ab-or triangular plot, but such plots commonly
obscure the primary compositional variation present which relates to the silica content and overall maficity
which strongly influence the metamorphic assemblages and melt production during high-grade
metamorphism.

Phase equilibria calculations on compositions ranging from basaltic to tonalitic show a wide range of
metamorphic assemblages, melt ferility and melt composition. For hydrate breakdown melting, rocks of mafic,
dioritic and granodioritic composition are moderately fertile with potentially 10's of percent melt produced
across the amphibolite-granulite transition. By contrast, leucocratic tonalitic compositions are less fertile
because they contain only a small proportion of hydrous ferromagnesian phases such as hornblende and/or
biotite. Extensive melting of such rocks would require an external source for H,O.

Whereas partial melting of metabasic rocks produces primarily tonalitic melt, the intermediate to felsic
rocks produce granitic melt and represent a potential source for Archaean granite. Many high-grade
Archaean gneiss terrains (e.g. the Lewisian Complex) show extensive evidence for melt formation,
segregation and loss, consistent with these being residual. Geochemical studies of such rocks should take
into account the loss of a granitic component from such rocks.
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The distribution of ore elements between melt and restite critically influences the potential of a granitic
melt to develop granite-bound mineralization. Distribution of Sn between restite and melt during partial
melting is largely controlled by the presence of tin sequestering phases such as biotite, muscovite, titanite
and magnetite. The stability of these phases controls whether or not Sn is available for dissolution into the
melt. Tin released during breakdown of one Sn-bearing phase does not necessarily accumulate in the melt.
Released Sn may be retained in restite rather than partition into the melt if there is a tin sequestering phase
like biotite.

Modeling using the Theriak/Domino program (De Capitani & Petrakakis 2010) demonstrates that major
controlling factors apart from protolith composition are whole rock (WR) water content, water activity (a(H,O))
and oxygen fugacity (fO,). WR water content controls the modal abundances of OH-bearing minerals and
thus influences the position of the solidus and the volume of melt produced during dehydration melting. In
terms of biotite stability, WR water content only plays a subordinate role, becoming only important at very low
water contents. Oxygen fugacity - ranging between Fe’ and the hematite-magnetite buffer - influences
biotite stability, extending it towards higher temperatures at elevated fO, values. A decrease in a(H,O), on
the contrary, not only lowers biotite stability towards lower temperatures, but also shifts the solidus towards
higher temperatures.

Even though biotite has higher contents of Sn than muscovite, in muscovite-rich rocks a substantial
proportion of bulk Sn is hosted by muscovite. Anhydrous melting of such rocks does not necessarily lead to a
Sn-rich melt, as large quantities of the released Sn may be redistributed from the melt into restitic biotite.
Biotite has a higher thermal stability than muscovite and acts as a tin sequestering phase. Therefore,
temperatures of metamorphism need to reach biotite stability limits in order to generate a tin enriched melt.
Those conditions are not met by internal heating alone and additional advective heat input is needed in order
to reach biotite stability limits. The melt volume produced during biotite dehydration melting is relatively small,
but these melts may be markedly enriched in tin, even before further enrichment during magmatic
fractionation starts.

De Capitani, C. & Petrakakis, K. (2010): The computation of equilibrium assemblage diagrams with Theriak/Domino
software. Am. Mineral., 95, 1006-1016.

301



PLINIUS n. 42, 2016

ROLE OF MELT SEGREGATION STYLE ON GRANITE CHEMISTRY AND MULTIPLE
MELTING EVENTS IN THE SIERRA DE QUILMES, NW ARGENTINA

Wolfram L.C.*, Weinberg R.F.' & Becchio R.?
1 School of Earth, Atmosphere and Environment, Monash University, Clayton, Australia
2 Consejo Nacional de Investigaciones Cientificas y Técnicas, Universidad Nacional de Salta, Argentina
Corresponding email: Roberto.Weinberg@monash.edu

Keywords: melt segregation, migmatites, re-melting

The compositional variability of crustal-derived granites has been attributed to a multitude of processes.
We describe the relationship between granulite facies migmatites and granites in the Sierra de Quilmes,
focussing on the impact of different styles of melt-residuum segregation on granite compositions.

The N-S trending mountains defining the region contain variably metamorphosed turbidites of the
Puncoviscana Formation. Early Ordovician subduction on the western Gondwana margin produced
widespread high-T, low-P metamorphism of pelites and greywackes during the ~470 Ma Famatinian
Orogeny, resulting in extensive anatexis and granite plutonism. The Tolombdn complex of the northern
Sierra de Quilmes is a tilted metamorphic sequence, providing near-complete exposure from granulite-facies
magma source rocks in the southwest, to granite emplacement levels in amphibolite and greenschist facies
rocks in the northeast. Anatexis is associated with the fluid-absent incongruent breakdown of biotite,
evidenced by peritectic Grt+Crd+Opx in residual assemblages. In the northeast, the Laguna complex is
dominated by metatexites where leucosomes feed metre-sized leucogranite bodies and go on to form larger
intrusions. The Ovejeria complex in the southwest is dominated by heterogeneous diatexite migmatites with
variable contents of schollen, Bt-schlieren and peritectic minerals. These magmas typically remain close to
the source, and vary from highly residual diatexites to cleaner, magmas, indicating partial separation
between residual solids and melt during diatexite flow.

Geochemistry of these anatectic rocks shows two contrasting trends, which reflect the Laguna and the
Ovejeria segregation styles. The Laguna style, where melts were extracted from a coherent partially molten
source, is characterized by fractionated melts complementary to residual rocks. The Ovejeria style, reflecting
inefficient melt segregation forming dirty diatexites, typically generates granites with compositions close to
that of the source rock, indicating whole rock mobilization during melting, followed by melt separation from
solids during diatexite flow. Thus, melt segregation styles give rise to two different magmatic suites.

We are particularly interested in evidence for multiple melting events during this orogeny. Here, anatectic
granites are commonly overprinted by patch metatexites, where new peritectic garnets in newly formed
leucosomes are interpreted to indicate re-melting. As no subsequent major thermal episode followed the
Famatinian orogeny, it is likely that this re-melting occurred during the Famatinian event reflecting thermal
fluctuations within a relatively short time (~20 Myr).
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The generation and segregation of granitic melt in the deep crust, followed by extraction, ascent and
emplacement into the shallow crust is an important process by which the continents have become
differentiated into a depleted lower portion and a complementary enriched upper portion. In the absence of
H,O-rich fluid infiltration, although partial melting commences at the wet solidus, with increasing temperature
it is dominated by hydrate-breakdown reactions that vary according to protolith composition. With increasing
melt fraction, melt migrates from the initial sites of melt generation to lower pressure sites where it may
accumulate (e.g., deformation bands) prior to extraction via ascent conduits that feed plutons at shallower
structural levels. Additional evidence of melt drainage from migmatites and granulites includes chemical
depletion of these rocks relative to protolith compositions, where the difference is a granitic component, and
the preservation of peritectic minerals and absence of extensive retrogression.

The domal Fosdick migmatite-granite complex and surrounding carapace rocks are composed of garnet-
bearing migmatitic paragneisses and orthogneisses in the core with a envelope of lower-grade protliths;
contemporaneous anatectic granites occur in both units. Inverse phase equilibria modeling of melt-depleted
migmatites indicates that the Fosdick complex recorded peak thermal conditions of 850-880°C at 6.5-8.0
kbar. In the migmatites, Lu-Hf garnet ages record peak metamorphism at 116-111 Ma, whereas U-Pb
monazite ages range from 106 Ma to 96 Ma (with a peak at ca. 100 Ma), and are interpreted to reflect
cooling and melt crystallization from the thermal peak to an elevated solidus over ca. 15 My.

Forward phase equilibria modeling demonstrates that igneous protoliths could have produced 3-17 vol.%
melt whereas metasedimentary protoliths would have generated 8-48 vol.% melt at peak thermal conditions.
This is generally less than the 43-67 vol.% leucosome observed in outcrop. Therefore, the Fosdick migmatite
complex is interpreted to represent both a zone of melt generation and extraction, and a zone of
accumulation from melt passing through. Melt extraction from and migration through the Fosdick complex
was accomplished via a self-organized transport network controlled by the regional stress field and pre-
existing heterogeneities inherited from the protoliths (e.g., relict compositional differences and tectonic
foliation). Granites within this network have microstructures and compositions consistent with a cumulate
origin, and are interpreted to record fractional crystallization during magma ascent. Melt drained from the
Fosdick complex was more evolved than primary melt compositions. Thus, melt extracted from migmatite
complexes may not be representative of the in situanatectic melt composition but is more likely to represent
a variably fractionated derivative relatively enriched in incompatible elements and heat producing elements.
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The Saray Volcano is located in NW Iran. With about 360 km?it is a comparable small volcano with
excellent outcrop conditions. Two different lavas and five different magmatic ejecta were investigated. They
were classified as trachytic, ultrapotassic rocks and exhibit the same main mineral assemblage: sanidine,
pyroxene and phlogopite. These rocks can be assigned as a “one-feldspar-system” because no plagioclase
occurs. A genetic link between trachytic lavas and ejecta of the last eruptive phase is evident due to the
stratigraphic position of the lava and ejecta. Glassy groundmass in ejecta indicates a rapid cooling of these
samples. Therefore it can be expected that the conditions in the magma chamber at the time of eruption are
guenched within these samples.

Sanidine phenocrysts may reach a size up to 4 cm. They display a complex zoning pattern caused mainly
by varying Ba concentrations up to 6.57 wt.% BaO. Sanidine is the first mineral phase crystallized from the
melt. Consequently any change within the magma chamber is expected to affect directly its chemical
composition. Two types of phlogopite were identified: Type | phlogopite is cogenetic with sanidine and
pyroxene, and is characterized by low contents of Ti and Ba. Type Il phlogopite contain higher Ti and Ba
concentrations. They are expected to be formed in greater depths and raised up with the magma from upper
mantle.

There are clear indications that the eruption was triggered by magma recharge. The detailed petrological
observations and the combination of minerals systematics in the different samples enabled the
reconstruction of the chronology of the eruption into three phases. Phase |is indicated by the eruption of
sanidine rich ejecta followed by the extrusion of a lava dome. Common feature of these rocks is the same
crystallization sequence in sanidine. In contrast the sanidine microlites in the groundmass of lava rock are
clearly enriched in Ba, Fe and Ti. The decomposition of pyroxene observed in an ejected rock and its
replacement by carbonates is a clear sign for extreme CO,-rich conditions in the melt. The euhedral and
almost intact type Il phlogopite crystals indicate a fast rise of the magma. Phase Il is marked by a second
explosive event. In these ejected bombs the effect of interaction with the recharged magma is evident:
increase of Ba, Ti and Fe in the chemistry of sanidine, diopside and type | phlogopite, strong attack of type Il
phlogopite. Sandine nucleations and abundant bubbles in the glass matrix of the ejecta indicate a degassing
of the melt. Phase lll is represented by late extrusion of a second trachytic lava. Sanidine phenocrysts of this
lava are very small compared to the others. They show features of intense dissolution. Sanidine crystals in
the groundmass show an alignment in flow direction. They indicate a much slower cooling of the melt
compared to lava dome.
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Dacitic volcanism is a ubiquitous phenomenon typically associated with magmas generated in or related
to subduction zone magmatism worldwide. The occurrence of dacitic lavas is explained either by polybaric
crystal fractionation of mafic magmas during their ascent in the crust or by efficient mixing between mafic-
and silicic magma end members in magmatic plumbing systems. Dacitic rocks often exhibit various
signatures of magma differentiation such as phenocrysts+microlites assemblages, strong zonation in mineral
phases, occurrence of atypical minerals and mafic enclaves and other signs of disequilibrium and complex
processes responsible for the formation of dacitic magmas.

Although phase equilibria experiments provide quantitative constraints on the link between abundance,
composition of magmatic phases and P-T-fO,-fH,O conditions of magma storage and evolution, attention
must be paid when the obtained results are applied to natural magmatic systems. Experimentally determined
phase equilibria require adaptation to the conditions of local equilibrium in relatively low-temperature highly-
viscous magmas following for instance the concept of “reactive subsystem” after Pichavant et al. (2007).
However, the definition, localization and extraction of such a “reactive subsystem” from the available natural
observations is challenging and alternative or complementary experimental and interpretation approaches
are needed.

Here we present experimental data for magmas from several volcanic centers in Central Andes, Japan
and Kamchatka focusing not only on the reconstruction of magma storage conditions for dacites but also on
the relationship between magma evolution of different end-members involved in the differentiation processes
for a given system. Phase equilibria experiments provide results for liquid lines of descent and liquid-solid
compositional evolution for each representative member of magmatic sequence from basaltic to rhyolitic end-
members as well as for intermediate magmas. Applied as a basis for the interpretation of natural petrological
and geochemical trends of magma compositions, these data clearly indicate that magma mixing and
hybridization is a predominant process in dacitic volcanic systems. Magma mixing experiments and
investigation of mafic enclaves trapped in dacites demonstrate variable time scales of magma interaction
before dacitic eruption. Reconstruction of natural pathways of magmatic evolution implies that dacites can be
produced either as a hybridization product with a minor abundance in dynamic open systems or as a
monotonous and voluminous mixed magma in long-living magmatic systems. The compositions and volumes
of erupted dacites are controlled by the efficiency and frequency of periodic replenishment of large silicic
magma chambers by injections of mafic magmas and by the buffering capacity of silicic crystal mushes.

Pichavant, M., Costa, F., Burgisser, A., Scalllet, B., Martel, C., Poussineau, S. (2007): Equilibration scales in silicic to
intermediate magmas - Implications for experimental studies. J. Petrol., 48, 1955-1972.
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The first stage of an explosive volcanic eruption commonly shows characteristics of a starting gas-particle
jet. The dynamics of this gas-thrust region exert a role in determining the subsequent evolution of the
eruptive column and, therefore, important hazard assessment implications for both the near- and far-field.
Direct observation of eruptive events is possible but often insufficient for complete characterization due to
hazard and/or accessibility issues. Important complementary data can be achieved using repeatable
laboratory experiments where the parameters of influence can be controlled and their dynamic evolution
measured.

Loose natural (basaltic) particles were ejected from a shock-tube via rapid decompression while
controlling a) temperature (25 and 500°C), b) overpressure (15 MPa), c) starting grain size distribution (1-2
mm, 0.5-1 mm and 0.125-0.250 mm), d) gas-particle ratio, and e) shock-tube length and vent geometry
(nozzle, cylinder, funnel). The velocity of individual particles and the jet spreading angle as well as their
dynamic evolution were quantified through image analysis of high speed videos.

The measured initial velocity is ranging from 130 to 300 m-s”, the max gas spreading angle was found to
range between 20 and 40° while the max particle spreading angle ranged between 0 and 30°. Moreover, the
temporal evolution of velocity and spreading angle displays a clear non-linear behavior.

These experiments mechanistically mimic the process of pyroclast acceleration and ejection during
explosive volcanic eruptions. Such controlled and repeatable experiments are capable of constraining the
effect of boundary conditions. Therefore, the results should greatly enhance the ability of humerically model
explosive ejecta in nature.
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Chemical diffusion is a parameter of key importance to understand a wide variety of processes in
magmatic systems, from mineral growth/dissolution to compositional modulation in magma mixing processes.
Moreover, magma mixing is recognized as potential trigger of highly explosive volcanic eruptions, and as a
time-dependent process, diffusion has the potential to shed light on the timescales involved in such mixing
processes before and during an eruption. One of the main parameters controlling the diffusivity of elements
in a melt is its dissolved water content, which is known to accelerate diffusion.

Here we use the diffusion couple experimental setup to quantify the influence of water content in the
diffusive exchange of major elements between two natural end-members: a shoshonite and a rhyolite from
the Vulcano system (Aeolian Islands, Italy). Experiments using two glass cylinders derived from each end-
member with the same added water content (nominally dry, 1 wt.% and 2 wt.%, respectively) are run for 4 h
in an Internally heated pressure vessel (IHPV) at 1200°C and pressures of 0.5, 1 and 3 kbar, finishing with a
rapid-quench. Thin sections of run products are analyzed by FTIR and EPMA by measuring concentration-
distance profiles extending 2 mm across the interface.

Experiment products are always crystal-free glasses, and only the lower P experiments show bubble
formation. The analysis of water content along the profiles shows a uniform water distribution close to the
nominal value. Major element concentration-distance profiles have asymmetric shapes extending deeper into
the shoshonite than the rhyolite side of the couple, corresponding to a different diffusivity in each end-
member, and analysis of the profiles result in systematically higher diffusivity (0.4 to 0.8 log units) in the
mafic end-member for all elements. Al (in shoshonite) and Ti are the slowest diffusing components in both
melts, while Mg, Ca and K are the fastest. The dispersion in diffusion coefficient values is also higher in the
mafic compositions. H,O content in the melt has the biggest influence in the diffusivity of major elements: a
difference of up to one order of magnitude is observed between nominally dry and 2 wt.% H,O bearing
glasses. In the investigated range, a linear correlation can be established between log(D) and water content.
In conclusion, our results indicate that even a small variation in water content in melts can produce a
significant increase in diffusivity for all components.
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The Kermadec Arc is the most hydrothermally-active segment of an intra-oceanic arc in the world.
Hosting at least three volcanogenic massive sulfide (VMS) deposits, it is seen as a critical region for
understanding the formation of modern VMS systems (de Ronde et al., 2001, 2007, 2011). The arc
comprises a chain of 30 major submarine volcanoes that marks the southernmost section of the Pacific Ring
of Fire in the Western Pacific region (de Ronde et al., 2012).

Brothers Submarine Caldera Volcano, situated 1.5 km below sea level, is the most hydrothermally-active
volcano along the arc extent and hence hosts the largest accumulation of VMS mineralisation, rich in Cu-Au-
Ag (up to 90 ppm Au; de Ronde et al., 2001). Although it is arguably the best-studied submarine arc volcano
in the world, there is a great paucity of geochemical and petrological data in the published literature.

In this study, the largest sample set to date has been used for geochemical and petrographic analysis,
including an array of samples collected over the past two decades and new samples from sites around the
caldera, cones and two intersecting dyke ridges. This has established a solid understanding of magmatic
evolution and genesis, and the relationship between the newly-discovered dykes and potential for metal and
volatile supply for VMS mineralisation at Brothers volcano.

Brothers lavas are dacitic and typically crystal-poor (< 15%). Matrix glass melts however range from
dacitic compositions along the caldera to more evolved rhyolitic compositions at the resurgent cone sites.
Two basaltic dykes potentially provide the elevated trace metals (copper, cobalt, and zinc) found in the lavas,
as well as the source of volatiles and heat necessary to form the VMS mineralisation at Brothers Volcano.
These dykes are also host to the most primitive olivine (up to Mg# 93.3) that have been found along the
entire arc extent (1200 km), indicating the presence of a deep seated magma source beneath Brothers
Volcano.

In 2018 Brothers Volcano will be drilled (up to 800 m below the surface) in a $30 million International
Ocean Discovery Program, which will essentially provide the missing link in the understanding of mineral
deposit formation along arcs. This geochemical and petrologic study largely constitutes the foundation for the
drilling stage of research.

de Ronde, C.E., Baker, E.T., Massoth, G.J., Lupton, J.E., Wright, I.C., Feely, R.A., Greene, R.R. (2001): Intra-oceanic
subduction-related hydrothermal venting, Kermadec volcanic arc, New Zealand. Earth Planet. Sci. Letters, 193, 359-
369.

de Ronde, C.E., Baker, E.T., Massoth, G.J., Lupton, J.E., Wright, I.C., Sparks, R.J., Bannister, S.C., Reyners, M.E.,
Walker, S.L., Greene, R.R., Ishibashi, J., Faure, K., Resing, J.A., Lebon, G.T. (2007): Submarine hydrothermal
activity along the mid-Kermadec Arc, New Zealand: Large-scale effects on venting. Geochem. Geophys. Geosyst., 8,
QO07007.

de Ronde, C.E., Massoth, G.J., Butterfield, D.A., Christenson, B.W., Ishibashi, J., Ditchburn, R.G., Graham, 1.J. (2011):
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Mineral. Dep., 46, 541-584.

de Ronde, C.E.J., Butterfield, D.A., Leybourne, M.Il. (2012): Metallogenesis and mineralization of intraoceanic arcs I:
Kermadec arc - introduction. Econ. Geol., 107, 1521-1525.
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Selenium (Se) and tellurium (Te) belong, like sulfur (S), to the Group VIA elements. They are considered
to be volatile, siderophile elements in geochemical nomenclature. Se and Te have not been the target of
many studies yet, as they are about three orders of magnitude less abundant than S and, therefore, difficult
to analyze. Selenium does not degas from all magmas under redox conditions where sulfur is lost, allowing
to make use of it as a proxy for the original S content, as well as redox conditions before degassing by
assumed S/Se ratios. Nevertheless, only a few Se and Te concentrations are available for mantle peridotites
and only little quantitative information is available for the behavior of those elements in crustal magmatic
systems.

This study focuses on the influence of oxygen fugacity on the solubility and partitioning of Se and Te in
basaltic magmas as a potential redox proxy. Partition coefficients of Se and Te between sulfide minerals and
the silicate melt and/or a sulfide melt (if present) as a function of redox conditions are investigated in
experiments using natural Etna basalt. The basaltic system is doped with Se and/or Te oxides + FeS as
pyrrhotite seeds. Experiments have been conducted at a pressure of 4 kbar and T = 1030°C at water-
saturated conditions in an internally-heated gas pressure vessel (IHPV) at oxygen conditions corresponding
to log fo, = QFM-1 to QFM+3.3 (at x40 = 1). Temperature cycling was implied to ensure large crystals in the
run products. Experimental run products were analyzed with microprobe and LA-ICP-MS for Se, Te and S
concentrations.

At oxidizing conditions (~ QFM+3,3), the phase assemblage is composed of glass, magnetite and
clinopyroxene. An addition of up to 1 wt.% Se or 1 wt.% Te does not lead to the formation of any selenides
or tellurides, and no immiscible melt is observed. In samples where sulfur was added, no clinopyroxene was
found. At such oxidizing conditions, pyrrhotite is not a stable phase, favoring the crystallization of magnetite
around sites where pyrrhotite seeds were dissolved. Preliminary results will be presented focusing on the
saturation of magmas with Se- or Te-rich phases as well as on the partitioning of Se and Te between
magmatic phases.
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Magmatism in complex orogenic contexts set in relatively narrow space-time intervals are often
characterized by elevated geochemical variability. A noteworthy example of this is represented by the
Tuscan and Roman magmatic provinces. Both are characterized by a broad range of intermediate-basic
igneous products of the high potassium calc-alkaline, shoshonitic, potassic and ultrapotassic series (e.g.,
Lustrino et al., 2011; Ridolfi et al., 2016).

Recently, various experimental petrology studies have shown that magmatic assimilation of
CaCOgs results in the formation of a gaseous CO,-rich phase and a residual melt enriched in alkalies and
undersaturated in silica (nepheline-normative) due to abundant crystallization of calcium-rich clinopyroxene
(e.g., Dallai et al., 2004; Freda et al., 2008; lacono-Marziano et al., 2008; Mollo et al., 2010). Although
Triassic evaporites are often found in association with, and interbedded with, carbonates throughout the
circum-Mediterranean area (e.g. Anidriti di Burano Formation), no experimental studies on the magmatic
assimilation of sulphate-carbonate rocks can be found in literature.

The experiments performed in this work simulate what may hypothetically occur when a trachybasaltic
magma interacts with evaporitic rocks of the “Anidriti di Burano” Formation (CaSO,= 79 wt.%; CaCO3; = 21
wt.%) at 1 atm of CO-CO,-SO, and temperatures of 1100-1200°C during its ascent through the upper crust.

The results indicate that magmatic assimilation controls the degree of crystallization, which increases with
the percentage of the assimilated anhydrite. Among the mineralogical phases, calcium-rich clinopyroxene
(mainly diopside) is ubiquitous in the experimental products, and its abundance reflects the degree of
crystallization. Leucite crystallizes mainly at lower temperatures and its abundance increases approximately
with the degree of assimilation. Akermanite (melilite group) is only stable at high degrees of assimilation and
at the lowest temperatures. Magmatic assimilation produces residual liquids showing an overall decrease in
SiO, (desilication of the silicate melt) and total alkali contents that decrease with temperature. At 1100°C and
15-20 wt.% of anhydrite assimilation, the residual liquid is characterized by foiditic compositions (nepheline
and leucite normative over 40 wt.%).

Therefore, foiditic rocks containing clinopyroxene, leucite and melilite, typical of some volcanoes of the
Roman Magmatic Province, can be generated through the assimilation of high contents of the “Anidriti di
Burano” type evaporites by a trachybasaltic magma.

Dallai, L., Freda, C., Gaeta, M. (2004): Oxygen isotope geochemistry of pyroclastic clinopyroxene monitors carbonate
contributions to Roman-type ultrapotassic magmas. Contrib. Mineral. Petrol., 148, 247-263.

Freda, C., Gaeta, M., Misiti, V., Mollo, S., Dolfi, D., Scarlato, P. (2008): Magma—carbonate interaction: an experimental
study on ultrapotassic rocks from Alban Hills (Central Italy). Lithos, 101, 397-415.

lacono Marziano, G., Gaillard, F., Pichavant, M. (2008): Limestone assimilation by basaltic magmas: an experimental re-
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Recent studies have shown that investigation of Fe-Mg isotopic variations in olivine provides an effective
means to reliably trace Fe-Mg inter-diffusion occurring on the mineral scale during magma evolution (Sio et
al., 2013; Oeser et al.,, 2015), because diffusion results in strong kinetic isotope fractionation even at
magmatic temperatures (Richter et al., 2003). Modeling of distinctly diffusion-generated zoning in olivine
yields constraints on the time scales of magma differentiation processes, leading to a better understanding of
volcanic eruptions. Here we investigate the magmatic events prior to the 1963-65 eruption of Irazu volcano,
the highest and one of the most active volcanoes in Costa Rica, with recurring explosive andesitic eruptions
potentially endangering ~1.6 million people living within 30 km of this volcano. A study by Ruprecht & Plank
(2013) showed that mantle-derived magmas can transit the crust and recharge crustal magma chambers
beneath Irazl volcano within < 2 years based on preserved Ni zoning in primitive magnesian olivines. Our
current study focuses on complexly zoned (in terms of Mg#) olivines, which share the normal zoning history
of the rims of the magnesian olivines (~ Fog7.gs t0 FOgp.84), but have high Ni and reversely zoned ferrous
cores (Fog) indicating two episodes of crystal growth. Thus, these olivines appear to have mixed with the
magma carrying the primitive magnesian olivines probably at middle to lower crustal depth and erupted
together with the mantle-derived olivines in the 1963-1965 eruption. We performed high-precision in situ Fe-
Mg isotope analyses by femtosecond-LA-MC-ICP-MS (Oeser et al., 2014) on the complexly zoned olivines in
order to investigate the origin of this zoning (growth, diffusion, or a combination of both processes) and thus
establish the basis for appropriate diffusion modeling. This should then provide reliable mixing-to-eruption
time scales for these crustal olivines and constrain further the complex assembly of the erupted magmas.
The results of our in situ Fe-Mg isotope analyses reveal that chemical and isotopic zoning in the crystals'
interior are strongly coupled indicating that the zoning was generated by intra-mineral Fe-Mg inter-diffusion
due to the formation of a Mg-rich rim domain. Detailed diffusion modeling of both chemical and isotopic
zoning will unravel whether diffusive re-equilibration occurred mainly after the second episode of crystal
growth or contemporaneously with the growth of the Mg-rich rim. Furthermore, some olivines appear to be
affected by diffusive exchange of Fe-Mg between crystal and melt shortly before eruption, as implied by the
narrow normal chemical zoning and enrichments of light Fe and heavy Mg isotopes near the crystal-melt
boundary. Thus, the obtained Fe-Mg isotopic profiles can provide a more detailed picture of the complex
growth and diffusion history of these crystals, leading to a better understanding of the magmatic processes
beneath Irazl volcano.

Oeser, M., Weyer, S., Horn, I., Schuth, S. (2014): High-precision Fe and Mg isotope ratios of silicate reference glasses
determined in situ by femtosecond LA-MC-ICP-MS and by solution nebulisation MC-ICP-MS. Geostand. Geoanalyt.
Res., 38, 311-328.
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Basaltic volcanoes are often considered to supply primary melts directly from their mantle source. Yet,
recent progress in experimental simulations demonstrates that deep feeding systems are the site of a
complex evolution. Understanding deep-seated processes at basaltic volcanoes is important to (1) better
interpret the chemistry of basaltic magmas, (2) identify fractionation mechanisms responsible for the
generation of differentiated rocks, and (3) develop comprehensive models of volcanic activity for eruption
forecasting. During the last 15 years, active basaltic volcanoes from various geodynamic settings (arc: St
Vincent, Stromboli, Vesuvius, Vulcano; oceanic island: Piton de la Fournaise) have been investigated
experimentally combining methodological and analytical advances on synthetic charges with studies of
eruption products (glass inclusions, phenocrysts). Near-liquidus fluid saturation (L-V experiments) have
investigated the solubility of volatiles (H,O, CO,, S species, halogens) in mafic melts and contributed to the
calibration of fluid-melt saturation thermodynamic models. Phase equilibrium results (L-Ctx experiments)
have led to the precise determination of key parameters such as T and H,O melt, and of the fO, when
adequately controlled and measured experimentally. Residual liquid compositions have been measured in
sub-liquidus experiments and models of primitive magma fractionation have developed. Methodologies for
the simulation of open-system processes such as magma wall-rock interactions have been introduced.
Forcing melt saturation with respect to near-liquidus phases such as Ol or Cpx has allowed to go “uphill” the
differentiation sequence and to explore the significance of magma and glass inclusion compositions. These
various experimental approaches have yielded results of fundamental significance. It is clear that, for
primitive/primary mantle melts entering the crust, the deep feeding system of basaltic volcanoes is a reactive
“lower crustal filter” rather than a closed-system high pressure crystallization level. Open-system processes
involving interaction between incoming primitive magma and deep-seated wall-rocks, either igneous
(Stromboli, Vulcano) or sedimentary (Vesuvius), have been documented. Ultra-calcic melts from arc settings,
which were long considered as originated in the mantle, can form at crustal conditions. Reactive assimilation
of carbonate rocks can have a profound effect on magma differentiation. More practically, the experimental
approach has enabled the internal structure of basaltic volcanoes to be much better constrained and depths
of magma accumulation zones to be precisely determined. The complexity and diversity of deep basaltic
feeding systems offers perspectives for volcano monitoring but this requires that experimental simulations
are better integrated with the other monitoring tools.

313



PLINIUS n. 42, 2016

REFINEMENT AND APPLICATION OF CALCIC AMPHIBOLE THERMOBAROMETRY
FOR IGNEOUS ROCKS: AMP-TBX.XLSX

Ridolfi F.*', Renzulli A.? & Perugini D.2
! Via Galileo Galilei 11, 61122 Pesaro, ltaly
2 Dipartimento di Scienze Pure e Applicate, Universita “Carlo Bo”, Urbino, Italy
3 Dipartimento di Fisica e Geologia, Universita di Perugia, Italy
Corresponding email: filippo.ridolfi@uniurb.it

Keywords: amphibole crystallization, magma systems, P-T-fO,-X conditions

Amphibole crystal chemistry is controlled by a network of mutual relationships between the composition of
the system and physico-chemical parameters such as P, T, fH,0, fO, (Hawthorne et al., 2007; Ridolfi &
Renzulli, 2012). Because of a large variety of possible substitution mechanisms, amphibole has many
applications in the Earth Sciences. One of its most common applications is in geothermobarometry,
especially for volcanic systems. Recently, there has been a growing demand from the geoscience
community for the thermobarometric models for Mg-rich calcic amphiboles in equilibrium with calcalkaline or
alkaline melts developed by Ridolfi et al. (Ridolfi et al., 2010; Ridolfi & Renzulli, 2012) because of their
capability of defining the physico-chemical conditions of magma crystallization in a wide P-T range (up to ~
2.2 GPa and ~ 1130°C) with low errors (e.g., P £12%; T £23°C). Amphibole thermobarometry of Ridolfi &
Renzulli (2012) is a single-phase application relying on an empirical procedure to estimate the best pressure
result among those of a series of barometric equations obtained through multivariate linear regression of
literature experimental data. Amphibole composition (xP) is then used to obtain estimates of T, fO, and melt
composition by other equations.

In this work we present a refinement of this procedure obtained using a selection of recent published
experimental data with low uncertainties (Almeev et al., 2013; Krawczynski et al., 2012; Blatter et al., 2013),
and a new thermobarometric spreadsheet (Amp-TBX.xIsx), which can be safely used whenever amphibole
crystallization occurs at steady-state magmatic (“perfect” equilibrium) conditions. By contrast, the application
of this program to experimental amphiboles crystallized at 150 MPa at cooling rates (AT/At) of 2.3-4.7 °C/h
(Shea & Hammer, 2013) results in pressure overestimations of ~ 100-200%. This effect is due to the fact that
these experimental amphiboles show disequilibrium textures such as acicular and hopper morphologies and
highlights the issue of poorly investigated effect of crystallization kinetics on texture and crystal chemistry of
amphibole at dynamic P-T conditions. However, at AT/At of 0 °C/h, amphibole Al,O; contents are similar to
those of the “perfect” equilibrium experiments obtained at about the same pressure (i.e., Ridolfi & Renzulli,
2012) confirming the reliability of Amp-TBX.xls.

Hence, we present suggestions and methods for avoiding, as much as possible, amphiboles crystallized
at disequilibrium conditions and maximizing the results obtained by Amp-TBX.xIsx on multiple and profile
EMP analyses. Finally, we demonstrate that whenever these suggestions are followed, Amp-TBX.xlIsx gives
amphibole crystallization pressures (and magma storage depths) which have been verified using other
thermobarometric applications (e.g., Ridolfi et al., 2016) and independent methodologies for locating magma
chambers, such as seismic tomography and pre-eruptive seismicity.
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In this work we present a set of chaotic mixing experiments using natural melts from Vulcano island
(Aeolian Islands, Italy). Vulcano is the southernmost island of the Aeolian Archipelago; its magmatic activity
dates back to about 120 ky and last eruption occurred in 1888-1890. We use the chaotic magma mixing
apparatus (COMMA; see Morgavi et al., 2016, for detailed description) to trigger chaotic mixing.

The experimental device allows following in space and time the evolution of the mixing process and the
associated modulation of chemical composition between end-members. The variation of major and trace
elements is studied in detail by electron microprobe (EMPA) and Laser Ablation ICP-MS (LA-ICP-MS)
respectively. The experiments were performed at 1200°C, with shoshonitic and rhyolitic melts, resulting in a
viscosity ratio, at experimental conditions, of more than three orders of magnitude. The experimental
protocol (the duration of each experiment) was chosen to ensure the occurrence of chaotic dynamics in the
system and the run duration was progressively increased (e.g. 10.5 h, 21 h, 42 h).

The efficiency of the mixing process is estimated by calculating the decrease of concentration variance in
time. The variance of both major and trace elements decays exponentially. Our results confirm and quantify
how different chemical elements homogenize in the melt at differing rates. We also show that the mixing
structures generated during the experiments are topologically identical to those observed in natural volcanic
rocks.

Morgavi, D., Petrelli, M., Vetere, F.P., Gonzalez-Garcia, D., Perugini, D. (2015). High-temperature apparatus for chaotic
mixing of natural silicate melts. Rev. Sci. Instrum., 86, 105108.
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Reconstructing the loci and rates of melt differentiation and volatile outgassing through the crust is a first
order problem in volcano-petrology. Melt inclusions are an important tool in studies that seek to understand
the geochemical history of melts, the assimilation of crustal rocks, fractionation and vapor-saturation of
mantle-derived magmas as they transit the crust during their ascent and eruption at the surface of the Earth.
Melt inclusion volatile records of volatiles, however, are often ambiguous and scattered. It is not clear
whether using melt inclusion H,O-CO, as a barometer is satisfactory or robust, given recent studies
highlighting the sequestration of CO, into bubbles (enhanced by post-entrapment crystallization) and the
diffusive loss of H+ through the crystal. Here we present olivine-hosted melt inclusion data from the
voluminous 1669 eruption of Mount Etna, Italy, measured by SIMS and electron microprobe. Mount Etna is
one of the most prolific convergent margin volcanic outgassers in the world (Allard et al., 1991), supplying
almost 10% of the global volcanic output of CO, (Burton et al., 2013). Primitive melt inclusions supplying
Etna are heterogeneous with respect to their trace element compositions (Kamenetsky et al., 2007), implying
not only different degrees of melting, but also a highly enriched mantle source influenced by subduction fluid
circulation.

The melts preserved inside olivines show a diverse range of compositions, from LREE-enriched, CO,-
poor to LREE-depleted, Sr-, S- and CO,-rich. The Sr anomaly in the melt inclusions correlates strongly with
CO, and with S concentrations; and CO, and S correlate negatively with LREE and with Nb. We propose
that this mixing array was generated by mixing melts that have assimilated plagioclase cumulates in the crust
(thereby enhancing Sr and depleting LREE) and melts that have not (with enriched LREE and no Sr
enrichment). The solubility of CO, is dependent on melt composition as well as on pressure. The effect of
assimilating plagioclase cumulates is to enhance the CaO contents of the melts, thereby enhancing the
solubility of CO, in them by up to four times at a pressure of 200 MPa. Sulfur fluid-melt partitioning is also
suppressed as the mole fraction of Ca and Al in the melt increases (Zajacz, 2015), explaining the strong
correlation between CO, and S, which is not consistent with degassing. We use the compositions of 1669
melts in combination with an array of primitive melts published by Kamenetsky et al. (2007) to show that the
range in CO, concentrations are largely controlled by the heterogeneity in melt composition inherited from
the interaction between primitive melts and plagioclase cumulates in the crust beneath Mount Etna. Around
70% fractionation of olivine (and some clinopyroxene and plagioclase) must have taken place before the
melts mixed to produce the mixed array of compositions. We propose that much of the scatter in melt
inclusion CO, concentrations in Mount Etna melt inclusion data, which we have shown is also accompanied
by systematic trace element variability, may be caused by heterogeneity in melt composition and this
reduces the need to invoke other processes such as gas fluxing.

Kamenetsky, V.S., Pompilio, M., Métrich, N., Sobolev, A.V., Kuzmin, D.V., Thomas, R. (2007): Arrival of extremely
volatile-rich high-Mg magmas changes explosivity of Mount Etna. Geology, 35, 255-258.
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H,O solubility has been experimentally investigated in pantelleritic glasses in the range 50- 250 MPa and
800-900°C. Using a synthetic glass anlog of pantelleritic magma of Kenya Rift Valley (Ebu-1 in Scaillet &
Macdonald, 2006) as starting composition, the molar Na/(Na+K) ratio was varied from 0 (Ebu-C) to 0.74
(Ebu-B) and 1 (Ebu-N) at constant total alkali content.

The compositional dependence of water solubility as a function of Na/(Na+K) was mainly investigated at
840°C in the pressure interval 50-150 MPa. H,O solubility in rhyolitic systems is strongly dependent on the
Na/(Na+K) ratio (Holtz et al., 1995; Vetere et al., 2014) and such dependence for pantellerites is still poorly
constrained. Results here reported suggest that Na favors H,O solubility (determined by FTIR spectroscopy)
on equimolar basis. It is worth to remark that this alkali effect has important implications for the chemical and
physical properties of rhyolitic melts such as viscosity (Stabile, 2015).

Moreover, considering also the iron redox influence on water solubility as a melt compositional effect,
Ebu-B glasses have been further investigated at 850°C and 150 MPa and oxygen fugacity (fO,) ranging from
NNO-4.8 to NNO+4.8 buffer conditions (oxygen fugacity in logq units realtive to the Ni-NiO buffer). However,
the results suggest that fO,, and in turn Fe®*/Fe* ratio, do not affect sensibly the H,O solubility in these
glasses.

A nearly linear positive correlation has been found between water solubility and pressure between 50 and
150 MPa at 840°C and between 50 and 250 MPa at 800°C. The temperature influence on water solubility
has been often documented as a negative dependence below 400 MPa (Tuttle & Bowen, 1958; Hotlz et al.,
1995) but it is not straightforward. The temperature effect reported in this study has been investigated in a
small range (800-900°C), chosen to follow water-saturated liquidus of the starting composition Ebu-B. Water
solubility increases from 4.80+£0.10 wt.% to 7+0.13 wt.% with decreasing temperature at 150 MPa through
temperature independence at approximately 50 MPa.

These data will be useful in order to implement existing predictive models of solubility over a wider range
of silicate melt compositions and to better understand magma degassing processes.

Holtz, F., Behrens, H., Dingwell, B.D., Johannes, W. (1995): H,O solubility in haplogranitic melts: Compositional,
pressure and temperature dependence. Am. Mineral., 80, 94-108.
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Iron stable isotopes are a promising tracer for magmatic processes in the mantle, particularly because
their fractionation is controlled by oxidation state and bonding environment. Iron isotope data from
carbonatite rocks show the largest variability found to date in igneous rocks, both on the whole rock and
mineral scale (Johnson et al., 2010). Moreover, our own in-situ iron isotope measurements on olivine and
magnetite crystals in a melilitite bomb from the Salt Lake Crater at Honolulu complement previous data sets
and reveal significant iron isotope inter-mineral variations. These findings indicate the fidelity of iron isotopes
as a tracer of carbonatite interactions in the Earth’s mantle. However, the application of this tracer is still
hampered by the lack of knowledge on the detailed mechanisms causing iron isotope fractionation in
carbonatite systems. Hence, to interpret the data from natural rocks, experimentally determined iron isotope
fractionation factors are needed.

Here, we present results from kinetic and equilibration experiments in natrocarbonatite systems between
immiscible silicate and carbonate melts, performed at 900 to 1200°C and 0.7 GPa in an internally heated gas
pressure vessel at intrinsic redox conditions. The iron isotope compositions of coexisting silicate melt (sil.m.)
and carbonate melt (carb.m.) were analysed by solution MC-ICP-MS.

The kinetic experiments, in which we used a Fe-58 spiked starting material, show that isotopic equilibrium
is obtained after 48 hours. Our data indicate a fractionation of 656Fesi|,m,_ca,b,m, =0.10£0.07 %o in equilibrium at
1200°C. Additionally, 656Fesi|,m,_ca,b,m, changes with bulk chemical composition, likely reflecting the differences
between the studied systems in terms of Fe**/Fe®*-ratios in the two immiscible liquids. Our findings provide
experimental support for a carbonatite genesis model, in which negative 5°°Fe values in carbonatites result
from differentiation processes, such as liquid immiscibility (Johnson et al., 2010). Their sensitivity to chemical
and redox composition makes iron isotopes a potential tool for constraining the original compositions of
carbonatite magmas.

Johnson, C.M., Bell, K., Beard, B.L., Shultis, A.l. (2010): Iron isotope compositions of carbonatites record melt generation,
crystallization, and late-stage volatile-transport processes. Mineral. Petrol., 98, 91-110.
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Recent studies have documented Early Paleozoic and Mesozoic magmatisms within the PanAfrican
Cameroon Central Shear Zone in Cameroon, which is poorly known so far. To provide additional constrain
on the issue, brittle deformation, petrographical and geochemical studies were carry out on the Kekem dyke
swarm. SRTM and Landsat 08 Satellite imageries analysis complemented with field study were used for
brittle deformation study. It reveals that N70°E and N90°E trends as major fractures and N110-120°E as
minor trends. These main fractures trends, which is similar to those reported in the central northern
Cretaceous sedimentary basin in Cameroon, suggest that the brittle deformation was of regional extension
and post PanAfrican. The petrographical analysis of related basalts show that are made up of olivine,
pyroxene, plagioclase and oxide. Geochemical studies reveal that they display a tholeiitic affinity with low
SiO, contents (44-59 wt.%) and high MgO contents (7.3-12.4 wt.%). Their trace elements patterns shows a
moderately enrichment in LREE with respect to HREE (Layn/Yby = 5.3-8.2) with a nearly flat HREE profile
(Dyn/Yby = 1.3-1.5). They are within intraplate basalt originated from EMI end member mantle source. The
above features is similar to those which yielded an emplacement age ranging from 420-164 Ma in the
Cameroon central shear zone, which suggest that they likely belong to the same magmatic event. On the
contrary, their comparison with Cenozoic alkaline basalt of the Cameroon line and post Neoproterozoic
gabbro rocks does not show any similarities and therefore, precludes any relationship in term of magma
source region. This, rather, reinforces the existence of Early Paleozoic and Mesozoic magmatism, which
could likely represent a forerunner of a crustal extension of the West Gondwana supercontinent. This crustal
extension culminated in rifting during cretaceous, which is associated with sedimentation and alkaline
magmatism. A correlation of the Mesozoic dyke swarms with those from the South America show similarities,
which implies that both areas experienced a similar post PanAfrican evolution marked by Gondwana break
up. However, the Paleozoic magmatism in Cameroon likely could suggest that the rifting might have started
earlier in Paleozoic time than Jurassic time as previously suggested, and then culminated in Cretaceous time
during the opening of the South Atlantic Ocean.
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The Alhama de Murcia Fault is a strike-slip fault located in the eastern Betic Cordillera (SE Spain), cutting
rocks from their internal zone. The fault is trending NE-SW and runs along 100 km. The studied samples
were collected within the Lorca-Totana segment, directly from the fault plane, including a trench uncovered
after the 2011 earthquake. The 5.1-magnitude Lorca Earthquake caused significant localized damage in the
Murcia region leaving a total of nine deaths and an estimated four hundred injured. The aim of this study is to
carry out a petrographic characterization of rocks from the core and slip zone of this fault in order to
recognize particular microstructures and mineral reactions formed during its seismic cycle. X-ray diffraction
shows that, as a common feature, all samples contain high amounts of K- and Na-dioctahedral micas and
small amounts of quartz, carbonates, chlorite and hematite. There were no significant changes after ethylene
glycol solvation, indicating the absence of expandable clays like smectite. However, kaolinite is present in all
the XRD profiles. Polished thin sections were studied by a Merlin Carl Zeiss Scanning Electron Microscopy,
showing that some rocks from the core-fault are made of:

a) Foliated bands more than 100 pm thick rich in well crystallized muscovite, paragonite and quartz
including Fe-rich dolomite and hematite crystals frequently > 20 um size. In some cases, dolomite grains
exhibit intact cores but rims with localized disaggregation, holes and Fe-oxide crystallization.

b) Thin ultrafine-grained bands (around 20 pm thick) made of an apparently poorly crystalline material
characterized by the presence of numerous holes and vesicles. Compositionally, this material is made of
patches with mica bulk composition and areas of Fe-rich dolomite composition. These patches are hosting a
network of dolomite skeletal crystals and dispersed crystals of Fe-oxide and ferropericlase.

c) Patches of kaolinite made of randomly oriented crystals ranging in size from 40 pm to < 2 ym and
usually filling gaps in the rock structure. Kaolinite can also be observed in foliated bands associated with K-
and Na-micas, following their same orientation.

Poorly crystalline materials from the ultrafine-grained bands show petrographic evidence of mineral
reactions and microstructures probably formed during the seismic cycle of the fault. The presence of
numerous vesicles and the skeletal habit of dolomite crystals could reveal frictional heating processes that
induced dolomite decarbonation and later neo-crystallization of dolomite under rapid cooling. This thermally
activated processes during earthquake slip could also promote mica amorphization during the temperature
rise induced by earthquake slip.

The production of ultra-fine-grained decomposition products such as those described in the Alhama de
Murcia fault can have weakening effects in the slip zone that have been correlated with a dramatic reduction
in frictional strength.
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Clay minerals such as illite/mica and chlorite have been commonly used to quantify diagenetic and low-
grade metamorphic conditions. Moreover, they can play a major role in the fault mechanical behavior and
chemical transfers. Their chemical and isotopic compositions can record the PT-t conditions during
deformation and fluid/rock interaction in fault zones. The focus of the present study is the Pic-de-Port-Vieux
thrust, a second-order thrust related to the major Gavarnie thrust in the Axial Zone of the Pyrenees. The
thrust footwall comprises a ten-meters thick layer of Upper Cretaceous dolomitic limestone progressively
transformed into mylonitic limestones near the fault contact, while the hanging-wall consists of Lower Triassic
red pelites and sandstone. In the hanging wall, the core zone of the fault is composed of a 0.6 m-thick layer
of intensely foliated green pelites and the damage zone features numerous fractures affecting several
meters thick of red pelites. A fault-normal transect in the hanging-wall was investigated to characterize the
clay mineralogy and geochemical changes induced by deformation and attributed to the fault activity. In the
present study we focus on synkinematic newly formed clay minerals to date and understand the fault activity.

The XRD results on the bulk powder indicate similar mineralogical compositions in the green and red
pelites, with mainly muscovite, quartz, chlorite, calcite, minor rutile and apatite. The only difference is
hematite which was detected only in the red pelites. XRD patterns of air dried and after EG saturation for
oriented preparations of < 2 ym fraction confirm the presence of chlorite and muscovite with no expandable
layer. Diagnostic reflections for mica polytypes indicate that muscovite 2M; is the major polytype with
relatively small amount of 1M. The Kibler index suggests high anchizone metamorphic conditions.

Petrographic observations by optical microscopy and SEM demonstrate that green pelites have been
highly deformed compared to the red pelites. Indeed, the green pelites have a well-defined cleavage marked
by the preferential orientation of muscovite which display smaller grain size toward the fault contact. Newly
formed chlorites preferentially formed in veins at around 300°C according to their chemical composition. The
elongated shape of the quartz grains and their smaller size in green pelites matrix compared to the red ones
are the result of pressure solution mechanism. Scanning electron microscope images show that the, newly
formed synkinematic micas occur with higher proportion close to the fault contact.

Five fractions from each of the two samples were dated using “OAr°Ar step-heating method. Each
fraction has been encapsulated in a quartz tube prior to irradiation. The *Ar lost by recoil was measured
before step heating experiments. All the fractions for sample 12-05 (located at the fault contact) have
younger ages compared to the sample 12-07 (located 2 meters away from the fault contact). The age of the
finest fraction derived using total gas data is 37.3910.24 Ma with a plateau-like segment, whereas the
coarser fractions produced a staircase shaped spectrum that reaches a maximum age of 305.80+1.47 Ma.
These ages will be discussed with respect to the different muscovite phases identified in the two studied
samples.
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The Pic de Port Vieux thrust, a second-order thrust related to major Gavarnie thrust in the Axial Zone of
the Pyrenees, juxtaposes Triassic pelites in the hanging-wall and Cretaceous limestone in the footwall. In
order to investigate the mineralogical and geochemical changes induced by deformation and subsequent
fluid flow, sampling of host rock was conducted along a complete transect in the pelites and also on
synkinematic quartz-chlorite veins.

In the hanging wall, deformation and fluid-rock interactions are mainly characterized by a color change
from red to green pelites observed up to one meter perpendicularly to the main thrust. Quantitative bulk
mineralogy combining XRD, chemical analyses and Mossbauer spectroscopy suggests that both red and
green pelites are composed mainly of quartz, calcite and phyllosilicates (chlorite and mica). The color
changes are mainly related to hematite dissolution in the green pelites.

The microtextural observations by optical microscopy and scanning electron microscope indicate increase
of deformation associated to thrusting toward the fault contact with shear structures markers such as S-C
type, shear and extension quartz/calcite-chlorites veins. A decrease in the grain size of phyllosilicates and
elongation of quartz grains along the well-defined cleavage is observed in the green pelites. Synckimatic
phyllosilicates are more abundant close to the fault contact compared to the red pelites and they formed
mainly by fluid-rock interactions and recrystallization of inherited phyllosilicates. Newly formed chlorite
preferentially formed in veins.

Chlorite composition from the red and green pelites are located between Sudoite, Amesite and
Clinochlore-Daphnite end—-members. There is iron-magnesium substitution with a small di-trioctahedral
substitution in both red and green pelites chlorite. The only observed difference is that chlorite from green
pelite close to the fault contact is Fe-rich compared to newly formed chlorite formed far from the major thrust
contact. The mica compositions are closed to muscovite end-members with Tschermak substitution toward
celadonite end-member. The red pelites micas display larger dispersions in composition with more Na in the
interlayer compared to the green pelites micas which have homogeneous compositions. Temperature
estimation using the chlorite thermometer of Vidal et al. (2005, 2006) and Lanari (2014) for 2 samples one at
fault contact and the other 1.2 meters away from the fault contact are 311+50°C and 269+50°C respectively.

The thermodynamical modelling of fluid-sediment interactions using the geochemical reaction modelling
code PhreeqC have been carried on. Hypothesis concerning the dissolution of hematite have been tested.
For this modelisation, we used the mineralogical composition of the sediment and pore water composition in
equilibrium with this lithology, and using the estimated temperature for chlorite precipitation, we determine
the redox condition favoring hematite dissolution and Fe-rich chlorite precipitation.

Lanari, P., Wagner, T., Vidal, O. (2014): A thermodynamic model for di-trioctahedral chlorite from experimental and
natural data in the system MgO-FeO-Al,03—SiO>—H,0: applications to P-T sections and geothermometry. Contrib.
Mineral. Petrol., 167, 1-19.

Vidal, O., Parra, T., Vieillard, P. (2005): Thermodynamic properties of the Tschermak solid solution in Fe-chlorite:
Application to natural examples and possible role of oxidation. Am. Mineral., 90, 347-358.

Vidal, O., De Andrade, V., Lewin, E., Mufioz, M., Parra, T., Pascarelli, S. (2006) P-T-deformation-Fe**/Fe?* mapping at
the thin section scale and comparison with XANES mapping: application to a garnet-bearing metapelite from the
Sambagawa metamorphic belt (Japan). J. Metam. Geol., 24, 669-683.
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The plasticity of the upper mantle is fundamental to understand how mantle convection couples with plate
tectonics. As olivine comprises 60% of the upper mantle with a strong elastic and plastic anisotropy, one
needs to characterize the rheology in olivine aggregates at mantle conditions. Many experiments at high
pressure and high temperature have been performed. However, olivine rheology at lithospheric conditions is
still poorly understood. As the pressure-temperature conditions increase from the shallower to the deeper
parts of the mantle, plasticity of olivine appears to evolve, leading to fabric transitions which can potentially
weaken anisotropy. Hence, knowledge of the type and strength of fabric produced by plastic deformation of
olivine polycrystals is required in order to link seismic anisotropy with mantle convection.

Plastic deformation of olivine polycrystals results from the motion of defects. Point (vacancies,
interstitials), line (dislocations) and plane (grain boundaries — GB — and stacking faults), “defects” drive
diffusion creep, dislocation creep and grain boundary migration, respectively. The development of different
textures in olivine assemblages has been to date largely interpreted in term of changes in the dominant slip
system activity inside grains in response to changes in P-T conditions and loading, but our present
understanding of dislocation creep mechanisms is not sufficient to explain some fabric changes. Recently, it
has been proposed that GB sliding may also produce fabric in olivine in response of differential rotation of
the grains. This contribution is not taken into account in any micromechanical model currently available
(Finite element models, Visco Plastic Self Consistent Models...). GB activity may consequently influence the
viscosity of the mantle and control the Earth’s plate tectonic processes.

GB displacement is at the heart of the plastic properties of polycrystals. However, it represents one of the
least known parameters in GB physics. We address the question of the GB mobility in polycrystalline olivine
under stress and to quantify its contribution to the plasticity of olivine. The aim of this project is to constrain
how a GB will respond to a deviatoric stress.

Olivine polycrystals are deformed in multianvils press in different conditions, the displacement of the GBs
is measured by scanning electron microscopy done before and after the experiments. A method for
measuring the grain boundary mobility is to probe strain distribution in a diametral plane of the sample where
the strain markers will consist in a FIB-engraved grid. After deformation, grain boundary migration inducing
shear is shown by the deflection of the lines. Those measured data are required in micromechanical models
to incorporate the contribution of GB to the plasticity of olivine and ultimately for the viscosity of the mantle.
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Antigorite, the high-temperature, high pressure polymorph of serpentine, is the most abundant hydrous
phase within the upper mantle. It is responsible for the seismic shear-wave anisotropy measured in many
subduction systems which is attributed to strain-induced lattice preferred orientation. This orientation
phenomenon occurs in accordance to two mechanisms, depending on many factors among which we
mention strain rate and fluid concentration. Both mechanisms drive the orientation of the antigorite (001)
plane parallel to the shear plane (fault plane). However, one mechanism brings about a concentration of the
a-axis subparallel to the shear direction, whereas the other mechanism brings about a concentration of the
a-axis orthogonal to the shear direction (Katayama et al., 2009).

By an experimental analysis based on scanning force microscopy performed on (001) oriented antigorite
single crystals (Campione & Capitani, 2013), we show that the basal surface of this mineral is characterized
by a strong frictional anisotropy, reaching levels as high as 100%. Friction is observed to be higher along the
a-axis and lower orthogonal to it, displaying an overall orthotropic symmetry in the sliding plane. By virtue of
the aforementioned crystal preferred orientation, the shear interface of thrust faults, depending on the
orientation mechanism, might be subjected to a hardening process or to a weakening process. The final
result is that the fault might evolve as seismic or aseismic, respectively.

This seismic bivalence is not the only peculiarity stemming from the frictional anisotropy of antigorite. We
show also that, in the framework of the said hardening process, slip trajectories might be substantially
declined from the plate convergence direction.

Campione, M. & Capitani, G.C. (2013): Subduction-zone earthquake complexity related to frictional anisotropy in
antigorite. Nature Geosci., 6, 847-851.

Katayama, I., Hirauchi, K., Michibayashi, K., Ando, J. (2009): Trench-parallel anisotropy produced by serpentine
deformation in the hydrated mantle wedge. Nature, 461, 1114-1117.
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Major and trace element distribution in garnet crystals from felsic (quartzo-feldspathic) granulites from
Moldanubian Zone in the Bohemian Massif provides evidence of two metamorphic events. The first event is
related to continental subduction to ultrahigh pressure (UHP) conditions. The second granulite facies
overprint occurred in the mid- to lower crustal levels. Based on the presence of ternary feldspar, the rocks
reached ultrahigh-temperature conditions during the second event. The felsic granulites contain lenses and
boudins of mantle-derived garnet peridotite, garnet pyroxenite and eclogite. UHP conditions for the host
granulite were confirmed by the presence of micro-diamond and coesite inclusions in garnet and zircon. The
striking feature of these granulite is the preservation of prograde compositional zoning, that is indicated by
rimward decrease of Mn and Ca, but increase of Mg or Xy Garnets with strong major component zoning
profiles were treated for deciphering trace element variations. The results showed high yttrium and heavy
rare earth elements (Y+HREE) concentrations in the garnet core with annuli near rim parts of garnet grains.
Formation of the core garnet is related to the low- to medium temperature stage of HP-UHP metamorphism.
The new garnet with high Y+HREE in the annuli was formed during the granulite facies event. The
multicomponent diffusion modelling was applied to analyse the time-scale at which the rocks with prograde
zoning garnet were subject of granulite facies overprint. Preservation of the prograde major component
zoning in garnet is explained by syn-convergent exhumation of HP-UHP rocks at relatively low-temperatures
in the subduction channel. This process led to partial resorption of garnet and trace element release into the
matrix. After the HP-UHP rocks were exhumed to crustal levels within the accretionary complex, they were
shortly heated in granulite facies conditions. The new garnet with Y+HREE annuli was formed due to its
stabilization at high temperature conditions and availability of elements compatible in garnet. The process of
granulite facies heating was caused by slab break-off that results in mantle upwelling and gabbro-norite
intrusions into the accretionary complex together with bodies of HP-UHP rocks.
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Many fault zones consist of a fault core that contains a high proportion of clay. The fault core
accommodates the large majority of a fault’s displacement and therefore is of interest for understanding fault
strength, stability and permeability. Clay is known to have low frictional strength and the link between the
clay mineralogy and strength is an area of active interest. High-pressure shearing experiments conducted
with synthetic clay-rich gouges composed of pure, single phase clays using both water and argon as the
pore fluid have helped to understand this link. The frictional strength appears to be related to two factors: (1)
the strength of the interlayer bonds of the clay, and (2) the surface charge that influences the capacity to
adsorb cations with their hydration shells. Absorption of water onto the mineral surfaces lowers the
intergranular friction.

Clay-rich fault gouges also display velocity-strengthening frictional characteristics that imply that
earthquake nucleation is not possible and stable fault creep is the most likely mode of failure over
earthquake slip. Unstable slip requires the fault to weaken with slip at a rate greater than the rate of elastic
unloading. In contrast to the evidence pointing away from earthquake nucleation, recent earthquakes, such
as the 1999 M,, 7.6 Chi-Chi earthquake in Taiwan and the 2011 M,, 9.0 Tohoku-Oki earthquake in Japan
suggest that rupture propagation through clay-rich faults is possible. Moreover, it may be enhanced for
particularly energetic earthquakes, leading to large slip displacements. Results from experiments and
modelling indicate that during rapid slip, physical processes such as thermal pressurization can overcome
the constitutive frictional properties and weaken the fault such that instabilities can propagate. The low
permeability of clay-rich gouges is a key factor as it can enhance the effect of thermal pressurization during
rapid slip, leading to slip weakening. It appears that, although earthquake nucleation is not possible on clay-
rich patches of faults, ruptures that propagate into these regions after nucleation elsewhere may be able to
continue.
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Deformation microstructures in m to cm-scale displacement faults offsetting soft-rocks sequences of
interbedded carbonate, marls, sands, silts, gypsum and clays from an excavated trench in the Baza fault
(Spain) have been examined. The Baza Fault lies in the Guadix-Baza Basin (Betic Cordillera). This 37-km
long structure is a E-dipping active normal fault with a variable strike with N-S and NNW-SSE segments. The
fault has associated instrumental and historical seismicity, the most important of which is the 1531 Baza
earthquake, with more than 400 fatalities. The aim of this study is to carry out a petrographic characterization
of the soft-rocks of the fault zone exposed in a trench in order to recognize particular microstructures and
deformation mechanisms ocurring during seismic deformation. X-ray diffraction show that samples contain
quartz, calcite, dolomite, feldspars, muscovite, paragonite, illite, smectite and gypsum. Polished blocks were
studied by a Merlin Carl Zeiss Scanning Electron Microscopy. Three types of deformation bands were
identified:

a) Disaggregation bands. At the coarser grain sized (50-200 pm) sediments made of quartz, calcite,
dolomite and feldspars, bands up to 300 pm thick are characterised by granular flow processes such as
grain rolling and grain boundary sliding. Grain scale mixing with silt sediments also occurs along discrete
bands. Local grain cracking, increasing grain angularity and decreasing grain size, were also observed.

b) Phyllosilicate bands. Shear-induced rotation in sediments rich in coarse muscovite, paragonite and
chlorite grains (up to 100 pum long) produce phyllosilicate alignment to form local fabric that can be
considered as a particular type of disaggregation band where platy minerals promote frictional grain
boundary sliding within the bands.

c¢) Clay smearing. Deformation of clay-rich sediments (illite, smectite) produces bands with reorientation,
flow, and extrusion of clay minerals. Striations and slip surfaces are also sometimes observed. Many of
these deformation bands show subsequent precipitation of gypsum.

Textural analysis suggests predominance of ductile deformation mechanisms in the studied fault soft-
rocks. Petrograhic data revealed that shearing of sands and silt sediments could involve granular flow or
local proto-cataclasis of grains. Phyllosilicate rich-sediments always present ductile deformation. The
dominant deformation mechanism may be controlled by the mineral composition of the shear band and the
water content. Incorporation of clays and water-rich sediments along shear bands may reduce shear
strength.
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Dislocation motion in crystalline materials represents one of the most efficient mechanisms to produce
plastic shear, the key mechanism for CPO development. In case of MgSiO; post-perovskite (ppv) phase,
stable at the core-mantle boundary (CMB) with P-T conditions in excess of 120 GPa and 2000 K,
experimental observations of CPO produced in the diamond anvil cell are extremely challenging to perform.
Alternatively, theoretical modeling of the ppv plasticity opens new perspectives to understand rheology of the
deep mantle.

Atomistic simulations show MgSiO; ppv to be characterized by remarkably low lattice friction of 1 GPa
opposed to the glide of straight [100] screw dislocations in (010), while glide in (001) requires almost 18
times larger stress values. In order to have an idea about real processes at the CMB, the effect of
temperature should be taken into account. At finite temperature, dislocation glide occurs through nucleation
and propagation of kink-pairs, i.e. dislocation does not move as a straight line, but partly bows out over the
Peierls potential. This process is characterized by the kink-pair formation enthalpy AH, which consists of
three main contributions: positive increase in elastic energy AE, (caused by increase in length of the
dislocation line); positive contribution of the Peierls energy AW5; (resulting from the fact that a part of the
dislocation line lies above the Peierls valley) and, finally, the negative contribution due to the work of the
applied stress W,. Together, the last two terms contribute to the substrate enthalpy AHp:

AHk = AEe| + AWP - Wc = AEe| + AHp

We propose a theoretical study of a kink-pair formation mechanism for [100] screw dislocations in
MgSiO; post-perovskite employing the line tension (LT) model (Seeger, 1984) in conjunction with atomistic
modeling, i.e. both AE, and AHp terms are computed at atomic scale while combining ab-initio and pairwise
potential simulation techniques. Within the LT model, a dislocation is considered as an elastic string on a
periodic substrate and change in its elastic energy AE, during the kink-pair formation is computed as the
energy cost associated with the dislocation bowing out. The substrate enthalpy AHp is calculated using
Nudged Elastic Band (NEB) method (Henkelman et al., 2000) based on searching the minimum enthalpy
path (MEP) between initial and final stable configurations.

The estimated AH, gives an access to evolution of CRSS with temperature. Our results clearly
demonstrate that at the lower mantle conditions ppv deforms in the athermal regime in contrast to the high-
lattice friction bridgmanite deformed by climb only.

Henkelman, G, Uberuaga, B.P., Jonsson, H. (2000): A climbing image nudged elastic band method for finding saddle
points and minimum energy paths. J. Chem. Phys., 113, 9901-9904.

Seeger, A. (1984): Structure and diffusion of kinks in monoatomic crystals. in "Dislocations”, P. Veyssiere, L. Kubin & J.
Castaing, eds., CNRS, Paris, 141-178.
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Grain size in the Earth’s mantle is a fundamental parameter that has crucial implications on large-scale
processes, such as seismic wave propagation, the permeability and the rheology of rocks. However, grain
size is constantly evolving with time, where static grain growth implies an increase of the average grain size
whereas dynamic recrystallization contributes to its decrease. Static grain growth is most dominant in grain
size-sensitive deformation regimes (i.e., diffusion creep and grain boundary sliding) and is classically defined
by an Arrhenius equation of the form:

i -1 =t ko - exp ({EJHRT))

with r;and r;, the final and initial grain radii, n the grain size exponent, t the experimental duration, k, a
material-dependent factor and E, the empirical activation energy for grain growth. These growth parameters
are highly dependent on the value of the grain size exponent, which has considerable implications when
extrapolating from laboratory to geological length and time scales. Here, we will show that there is no clear
grain size exponent value that can be extracted from grain growth experiments and that this value must be
fixed based on the appropriate theoretical background. We have therefore investigated static grain growth of
olivine-rich mantle aggregates in an intergranular medium being dry, melt-bearing and water- oversaturated.
Grain growth experiments were performed and modeled by considering different growth mechanisms (i.e.,
diffusion-limited and interface reaction-limited). We have established the dry olivine grain growth law from
previously published experimental grain growth data at 1-atmosphere and high- temperature conditions.
Grain growth rates for these samples are limited by silicon diffusion at grain boundaries through an effective
width of 30 nm, which is a factor 30 larger than the structural grain boundary width. Grain growth
experiments performed on melt- and water-bearing aggregates show, however, that they are significantly
faster than for dry samples. They also indicate that they are comparable regardless of the liquid fraction (i.e.
> 0%). This result implies that liquid-bearing olivine grain growth is limited by precipitation reactions at the
crystal/liquid interface rather by diffusion through the liquid phase. We propose a general grain growth law,
which takes into account dry grain boundaries as well as wetted grain- grain interfaces, through the
contiguity and wetness parameters. We show that our unified grain growth law considerably deviates from
classical empirically-derived Arrhenius laws, with critical differences at geological time scales. We expect
that our law will help unravel physical properties that are dependent on processes happening at the grain
boundary scale, such as rheology, diffusion or permeability.
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There is a growing consensus to recognize that rheological law established for olivine at high-temperature
(ca. > 1000°C) fail when extrapolated to low temperatures relevant for the lithospheric mantle. Hence it
appears necessary to fit rheological laws against data at low temperatures where olivine tends to become
more and more brittle. The usual approach consists in applying confining pressure to inhibit brittleness. Here
we propose an innovative approach based on the use of very small samples and numerical modeling.

New commercial in situ TEM nanotensile testing equipment recently developed by Hysitron.Inc is
combined with weak-beam dark-field TEM diffraction contrast imaging in order to obtain information on the
elementary mechanisms controlling the plasticity of olivine: namely glide of [001] screw dislocations. The
olivine tensile beams dedicated for in situ TEM nanomechanical testing were produced using
microfabrication techniques based on MEMS-type procedures. The testing geometry was designed as to
induce maximum resolved shear stresses on the [001](110) slip system. Under tensile loads between 2 and
3 GPa, ductile behaviour was reached with the development and propagation of dislocation loops across the
sample allowing to measure the velocity of screw and non-screw dislocations as a function of stress. This
information is introduced into a numerical model involving Dislocation Dynamics in order to obtain the stress-
strain curves describing the mechanical response of olivine single crystals deformed in tension at room
temperature.
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The rate and mechanisms of Cr diffusion in olivine were studied at 1400°C as a function of fO, (over ~16
log units, buffered by CO-CO, gas mixes or air), chemical activity (using three-phase powder Cr sources of
forsterite-protoenstatite-magnesiochromite  or  forsterite-periclase-magnesiochromite),  crystallographic
orientation (three principal axes) and olivine composition (both synthetic forsterite and natural San Carlos
olivine). Elemental diffusion profiles were measured using laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) and electron probe microanalysis (EPMA), with the valence state changes of Cr
determined along some diffusion profiles using X-ray absorption near edge structure (XANES) spectroscopy.

Cr diffusion is highly anisotropic (fastest along the c-axis), and considerably faster in the presence of
protoenstatite (high aSiO,) than when periclase is present (low aSiO,). Cr diffusion is faster as lower fO,
whereas diffusive anisotropy is more extreme at higher fO,. Diffusion of Cr is 1-2 orders of magnitude faster
than Fe-Mg inter-diffusion in olivine under similar conditions. The concentration of Cr at the interface is
higher at high aSiO, and low fO,.

The valence state ratio of chromium (Cr2+/ZCr, where 2Cr= Cr2++Cr3+) is not constant along diffusion
profiles in pure forsterite; Cr is either oxidised or reduced during the diffusive process when buffered at low
or high oxygen fugacity (fO,), respectively. Therefore, the external fO, is not fully imposed on the crystal
interior, the crystal effectively maintains an intrinsic fO,. Natural olivine shows no such valence state change
along experimental profiles, electron transfer is facilitated by Fe®*/Fe® and therefore the Cr valence state
ratio is always in equilibrium with the external fO,.

cr® always substitutes onto an octahedral site. At high silica activity (aSiO5) cr* uses M site vacancies
for charge balance, whereas at low aSiO,the mechanism is “spinel-type”, potentially charge balanced by
Mgz+ on the tetrahedral site. Cr** substitutes directly for Mgz+, forming defects. Several independent methods
have been used to verify that the crystal-powder interfaces are at equilibrium: both the Cr**/ZCr values at the
crystal rims and absolute concentrations of Cr** and Cr*" as a function of fO, support this assumption.

The geometry of cr¥ profiles changes as a function of fO, from near ‘error function’ at high fO, to near
linear at low fO,, interpreted as a change in cation-vacancy binding energy.
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The understanding of the influence of pore-fluid pressure and friction on stability of fault zones is of first
order importance to unravel earthquake triggering. Here, the effects of dehydration reactions on hydraulic
and mechanical properties of rock are analysed to better understand the conditions required to trigger
earthquakes. Triaxial experiments are conducted using gypsum and a direct shear sample assembly
allowing to maintain the normal stress constant and to measure permeability during sliding. The evolutions of
shear stress, pore-fluid pressure and permeability are continuously measured throughout the experiment
until dehydration reaction reached completion. Tests are conducted with temperature ramp from 70 to 150°C
and with different effective confining pressures (50, 100 and 150 MPa) and velocities (0.1 and 0.4 pm-s'l).
Results show that gypsum dehydration induces transient stable slip weakening that is controlled by pore-fluid
pressure and permeability evolutions followed by unstable slip on fully dehydrated product. Microstructural
analysis shows clear evidence of dehydrated product preferentially localized along Riedel shear structures. A
conceptual model is then proposed to explain transient slip weakening during dehydration reactions
incorporating the key role played by permeability, and to provide a framework to define the conditions
required to trigger unstable events during dehydration reactions.
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The plastic deformation mechanisms of olivine under uppermost mantle conditions are still poorly known.
This study will focus on the deformation mechanisms of olivine single crystals deformed around 1000°C and
under a hydrostatic pressure of 300MPa. Two olivine single crystals have been deformed with the same
orientation and strain rate conditions (Demouchy et al., 2013), but with different temperatures (POEM9 at
806°C and PoEMS8 at 1090°C). Below 1000°C (PoEM9), there are only [001] rectilinear dislocations with a
screw nature (Mussi et al., 2014, 2015). Above 1000°C (PoEMS), [100] and [001] dislocations are present in
the microstructure. Dislocations are curved and most of them exhibit complex 3D shape. In order to perform
precise dislocation and interaction analyses, we need to get the 3D microstructure of dislocations. For that
reason, we have conducted transmission electron tomography of dislocations (Barnard et al., 2006). The
difficulty of this technique is to keep the dislocation contrast during all the acquisition. To do so, the
diffraction vector which images the dislocations, must be perfectly aligned with the sample holder principal
axis. The second difficulty is to get a homogeneous dislocation contrast during the tilted series acquisitions.
The use of a small precession of the electron beam considerably reduces the contrast heterogeneity (Rebled
et al., 2011). Electron tomography enables us to identify, in POEM9, the [001]{110} and [001](100) slip
systems and few collinear interactions between [001] dislocations. We have characterized, in POEMS, the
same slip systems than in POEM9 for [001] and the [100](001) slip system. Collinear interactions between
[001], collinear interactions between [100], and [10+1] junctions are noticed. Numerous dislocation segments
are sessile.

Barnard, J.S., Sharp, J., Tong, J.R., Midgley, P.A. (2006): High-resolution three-dimensional imaging of dislocations.
Science, 313, 319.

Demouchy, S., Tommasi, A., Boffa Ballaran, T., Cordier, P. (2013): Low strength of Earth’s uppermost mantle inferred
from tri-axial deformation experiments on dry olivine crystals. Phys. Earth Planet. Int., 220, 37-49.

Mussi, A., Cordier, P., Demouchy, S., Vanmansart, C. (2014): Characterization of the glide planes of the [001] screw
dislocations in olivine using electron tomography. Phys. Chem. Minerals, 41, 537-545.

Mussi, A., Nafi, M., Demouchy, S., Cordier, P. (2015): On the deformation mechanism of olivine single crystals at
lithospheric temperatures: an electron tomography study. Eur. J. Mineral., 27, 707-715.

Rebled, J.M., Yedra, L., Estrade, S., Portillo, J., Peiro, F. (2011): A new approach for 3D reconstruction from bright field
TEM imaging: Beam precession assisted electron tomography. Ultramicroscopy, 111, 1504-1511.
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One of the fundamental assumptions when using mineral chemistry signatures to decipher geological
processes is that trace elements diffuse negligible distances through the pristine crystal lattice in minerals.
For example, the reliable use of the mineral zircon (ZrSiO,4) as a U-Th-Pb geochronometer and trace element
monitor requires minimal radiogenic isotope and trace element mobility. Here, using atom probe tomography,
we document the effects of crystal-plastic deformation on atomic-scale elemental distributions in a number of
zircons deformed at a range of geological conditions. In all cases, zircons reveal trace element distributions
that are significantly influenced by element mobility at the sub-micron to micron scale. Dislocations that move
through the lattice accumulate U and other trace elements where the effectiveness of accumulation is
element dependent. Pipe diffusion along dislocation arrays connected to a chemical or structural sink results
in continuous removal of selected elements (e.g., Pb), even after deformation has ceased. However, in
disconnected dislocations trace elements remain locked. As a result, not only absolute elemental content but
also element ratios can be markedly changed by crystal-plastic deformation. Our findings have important
implications for the use of zircon as a geochronometer, and highlight the importance of deformation and
deformation structures on trace element redistribution in minerals and engineering materials.

Relevant publication: Piazolo, S., La Fontaine, A., Trimby, P., Harley, S., Yang, L., Armstrong, R., Cairney,
J.M. (2016): Deformation-induced trace element redistribution in zircon revealed using atom probe
tomography. Nature Commun., 7, 10490, DOI: 10.1038/ncomms10490.
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The reaction of fluids with rocks is fundamental for Earth’s dynamics as they facilitate heat/mass transfer
and induce volume changes, weaknesses and instabilities in rock masses that localize deformation enabling
tectonic responses to plate motion. During these fluid-rock interactions it is the ability of a rock to transmit
fluid, its permeability, that controls the rates of metamorphic reactions. However, although some geological
environments (e.g., sediments) are open to fluids, the majority of solid rocks (e.g., granites, eclogites,
peridotites, etc.) are nearly impermeable. Surprisingly though, even in rocks that are nominally impermeable
widespread fluid-rock interactions are observed leading to the question: How can fluids migrate through vast
amounts of nominally impermeable rocks? Here we investigate one of the most wide-spread fluid-mediated
metamorphic processes in the Earth’s crust, the albitization of feldspatic rocks. We show that fluid flow and
element mobilization during albitization is controlled by an interaction between grain boundary diffusion and
reaction front migration through an interface-coupled dissolution-precipitation process. Using a combination
of focused ion beam scanning electron microscopy (FIB-SEM)-assisted nanotomography combined with
transmission electron microscopy (TEM) reveals that the porosity is dictated by pore channels with a pore
diameter ranging between 10 to 100 nm. Three-dimensional visualization of the feldspar pore network
reveals that the pore channels must have been connected during the replacement reaction. Analysis of the
pore aspect ratios suggests that a Rayleigh-Taylor-type instability associated to surface energy minimization
caused the disconnection of the pore channels. Fluid transport in nanometer-sized objects with at least one
characteristic dimension below 100 nm enables the occurrence of physical phenomena that are impossible
at bigger length scales. Thus, on the basis of our microstructural investigations we used non-equilibrium
thermodynamics and molecular dynamics simulations to investigate the influence of nanoscale pore
transport phenomena on metamorphic mineral replacement reactions. Our findings suggest that fluid
transport through nanoscale transient pore networks may control regional-scale metamorphism and
metasomatism.
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A new thermodynamic model for sepiolite was developed and used to calculate its P-T stability conditions
and water content for different bulk rock compositions. The standard state thermodynamic properties,
entropy (S°) and enthalpy (AH°®), were calculated according to the oxide summation method described in
Holland (1989) for the S°, and Chermak & Rimstidt (1989) for AH°. The starting model was based on
synchrotron XRD-data of sepiolite dehydration presented by Post et al. (2007). Their Rietveld refinement
results show a dehydration following a step function that allowed us to define four end members in a
theoretical sepiolite solid solution with decreasing water contents in their structure. Moreover, the model
accounts for the different entropic and enthalpic contributions of three types of water present in the sepiolite
structure: zeolitic water (water in the channels); bound water (water molecules completing the coordination of
the Mg2+ atoms in the edges of the discontinuous octahedral layers) and the structural OH groups.

At high temperature, the stability field of sepiolite is limited by the reaction sepiolite — talc + quartz + H,O,
which occurs at about 325°C at 1 to 500 MPa. The large stability field of this mineral suggests that it could
control the mechanical behaviour of crustal faults at depths depending on the geothermal gradient. The
dehydration of sepiolite at temperatures lower than 300°C is modest compared to that occurring during its
breakdown at 325°C, where 2 out of the 3.4 moles of water leave the structure to form the association talc +
quartz; notably, the reaction of sepiolite breakdown involves a reduction of ~ 30% of the original volume. The
interaction of the water released and the new porosity opened as a consequence of the volume decrease
could have important implications on the stability of clay-bearing fault planes.

Chermak, J.A. & Rimstidt, J.D. (1989): Estimating the thermodynamic properties (AGOf o and AHOf) of silicate minerals at
298 K from the polyhedral contributions. Am. Mineral., 74, 1023-1031.

Holland, T.J.B. (1989): Dependance of entropy on volume forsilicates and oxyde minerals: a review and a predictive
model. Am. Mineral., 74, 5-13.

Post, J.E., Bish, D.L., Heaney, P.J. (2007): Synchrotron powder X-ray diffraction study of the structure and dehydration
behavior of sepiolite. Am. Mineral., 92, 91-97.
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Chemical zoning in minerals reflects variations in pressure (P), temperature (T) and chemical composition
(X) along the path which the rock experienced. Therefore, it is important to correctly interpret and quantify
such zoning. The extent of intra-granular diffusion is generally controlled by temperature, time and grain-size.
However, since many crustal processes occur on a million-year timescale it is very unlikely to preserve
chemical zoning at high temperatures given currently available data on diffusion rates.

In the classical view of metamorphic zoning, fast viscous relaxation (and therefore constant pressure) is
assumed, with diffusion being the limiting factor in equilibration. Recently, we have focused on the other
possible scenario — fast diffusion and slow viscous relaxation — and brings an alternative interpretation of
chemical zoning found in high-grade rocks. The aim has been to provide insight into the role of mechanically
maintained pressure variations on multi-component chemical zoning in minerals.

We found an inspiration in several specialized analyses of species segregation in biotechnology,
chemical engineering and for deep-oil reservoirs that use an equilibrium formulation for calculating
compositional gradients either under external forces such as gravity which may be responsible for the
maintenance of a pressure gradient or due to an osmotic pressure difference through a semipermeable
membrane. In these analyses, the principles of energy, momentum and mass conservation are followed. A
geologically relevant application of the aforementioned approach is the calculation of mineral equilibria under
mechanically-imposed grain-scale pressure variations.

Furthermore, a coupled model for chemical diffusion and mechanical deformation has been developed
and applied to the chemically zoned binary plagioclase. The theory of coupling these two processes is
developed in analogy to the studies of poroelasticity and thermoelasticity by applying the conservation of
mass, momentum and energy and the constitutive relations derived from fundamental thermodynamic
relations. The numerical results suggest two dominant mechanisms that account for the maintained chemical
zoning, namely the diffusion-controlled, and mechanically-controlled mechanisms. The dominant
mechanisms are controlled by a dimensionless number, the Deborah number, which is characterized by the
ratio of the Maxwell characteristic time to the characteristic time of chemical diffusion.
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Serpentines are important constituents of tectonic mélanges associated to major faults, including
subduction and strike-slip settings, ophiolites and oceanic core-complex detachments. Despite their
abundance it is still unclear the role of serpentines in controlling fault zone structure and evolution, friction
and seismogenesis.

Here we present field and microstructural investigation from the Monte Fico Ophiolitic shear zone (MFSZ)

coupled with friction experiments on mineralogically controlled serpentines sampled from the same location,
which has been identified with extensive optical and TEM investigation.
The compressive structures of MFSZ due to the obduction are characterized by a pervasive S/C fabric, in
which the foliation is coated by well-developed slickenfibres of serpentine, suggesting a dominant
deformation by dissolution-recrystallization creep and slow strain rates. The compressive shear zone is then
cross-cut by normal faults accompanied by extensive brittle fracturing and localization, potentially associated
with fast deformation.

Friction experiments were performed on almost monomineralic powdered samples of lizardite, antigorite,
chrysotile + polygonal serpentine (from slickenfibres veins), and on powders of massive pseudomorphic
serpentinites (mostly liz + chr) and massive interpenetrating serpentinite (atg) for comparison. Our data show
that lizardite and chrysotile from the slickenfibres have very low friction (1 < 0.2), lower than antigorite (1 ~
0.5). Consistently, mixtures of liz + chr from massive serpentinites are also weak (1 ~ 0.3) with respect to
atg-bearing serpentinites. Microstructural evidence suggests that the weakness of liz, chr and polygonal
serpentine slickenfibre veins could be further enhanced due to preferred orientation of fibres and (001)
lamellae, with possible frictional sliding along basal planes.

Our data suggest that the specific serpentine mineralogy and preferred crystal orientation control the
strength of natural serpentinites and inherent weakness of serpentinite-bearing faults that can explain the
apparent weakness of some major tectonic features such as the San Andreas fault and OCC detachments.
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As the major constituent of Earth’s upper mantle, olivine significantly influences its physical and chemical
properties. Therefore, to understand the coupling between Earth’s brittle crust and the uppermost solid
mantle (e.g. during movement of tectonic plates), one has to understand the plasticity of olivine. Since it is
often unclear under which conditions natural samples of olivine-rich rock were deformed and since
developed microstructure undergoes changes during rock uplift, it is vital to first examine the deformation of
olivine in well-constrained laboratory experiments. In the past, deformation experiments were usually run
until maximum finite strain and sample failure, leading to a sound understanding of olivine plasticity during
steady-state deformation at high temperatures (> 1200°C). For the first time, we deform polycrystalline
olivine for predefined values of finite strain (maximum 10%) to look at the microstructure evolution prior to
reaching steady state.

Experiments were performed in axial compression in an internally heated gas-medium deformation
apparatus (Paterson's press). Deformation was carried out at a temperature of 1000°C, a confining pressure
of 300 MPa (10 MPa) and a constant strain rate of 10°s™, using sample sizes of more than 1.2 cm®.
Samples were subsequently characterized by high-resolution (submicron) electron backscatter diffraction
(EBSD). Deformation of olivine at 1000°C is supposed to mostly activate [001] (hkO) slip systems. For each
value of finite strain, we are planning to determine the density of dislocations, in which plane dislocations are
gliding in and how they interact with each other (e.g. [100], [001] and entanglement). We will also investigate
the role of disclinations in early microstructure evolution.

We have already performed two deformation experiments with finite strains of 1.5 and 2.6%, showing
almost linear increase in applied stress and well reproducible stress-strain curves. Stress rises to 300 MPa at
1.6% of strain and 450 MPa at 2.6% of strain. Compared to previous data (2014; 900°C, 300 MPa, 10'55'1),
initial stresses are similar, but stress increases more slowly due to a higher temperature of deformation.

We are planning to run more deformation experiments at 1000C and 1200°C, reaching finite strains of 1,
2.5, 5, 7.5 and 10%. Furthermore, we could use obtained data on dislocation densities to calibrate the KAM
(kernel average misorientation) data filter available in the MTEX toolbox, allowing to infer dislocation
densities directly from EBSD measurements of experimentally deformed polycrystalline olivine.
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The shape and crystallographic orientation relations (CORs) of Fe-Ti-oxide micro-inclusions in
plagioclase (PI), clinopyroxene (Cpx) and amphibole (Am) host crystals in gabbro from the Vema lithospheric
section of the Mid Atlanic Ridge were studied using electron backscatter diffraction (EBSD). Four types of
inclusions are distinguished. The first three represent needle-shaped inclusions in Pl and Cpx. Type 1 is
represented by an intergrowth of magnetite (Mt) and ulvospinel (Usp) with identical crystallographic
orientation and with Usp-Mt phase boundaries parallel to the traces of {100}Usp and {100}Mt. Type 2
inclusions involve ilmenite (Ilm) besides Mt and Usp showing a rather complex microstructure with very fine
lamellae of Ilm and Mt with up to vol. 10% porosity. Small-scale Ilm-Mt lamellae occur within transition zones
between coarser grained Mt and Usp type 1 inclusions. Mt and Ilm of type 2 inclusions have phase
boundaries parallel to {111}Mt, whereas in areas close to Usp the boundaries are oriented parallel to {100}Mt,
and {100} of the adjoining Usp. The thin Mt lamellae have the same crystallographic orientation as the
coarser grained Mt and Usp crystals. Type 3 inclusions consist of [Im-Mt intergrowths with similar CORs as
type 2 inclusions. The type 3 inclusions are, however, more coarse grained, and have lower porosity. Type 4
inclusions are single crystal llm plates, which are present as inclusions in Pl and Cpx and are the only Fe-Ti-
oxide phase in Cpx-hosted amphibole lamellae.

Mt inclusions in Cpx show {110}Mt//(010)Cpx, and {111}Mt//(100)Cpx as well as subparallel to (-101)Cpx.
The Mt needles are elongated in the direction perpendicular to (-101). Single crystal IIm plates form
inclusions with (100)Iim//(010)Cpx and the pole of a (110)lim//[001]Cpx. Illm inside of the Cpx-hosted
amphibole lamellae in Cpx shows (100)Iim//(010)Am, and (001)IIm//(100)Am, where the latter coincides with
the elongation of the Ilm plates.

The CORs between the inclusions and Pl are less strong. Most (80 %) of the Mt inclusions are oriented
with (111)Mt//(1-50)P1 and corresponding (110)Mt//[001]PI, which is also the direction of the Mt needle
elongation. No systematic CORs between IIm plates and Pl host have been observed.

The internal microstructure of type 1 inclusions is ascribed to exsolution of titanomagnetite. The other
types may have resulted from the evolution of type 1 inclusions during subsequent events, supposedly due
to high-temperature hydrothermal alteration (Pertsev at al., 2015). IIm plates in amphibole lamellae within
Cpx may have formed during redistribution of Ti during Cpx formation or alteration.

The observed microstructural and textural features indicate a complex, polyphase evolution of the Fe-Ti-
oxide inclusions. An early stage of unmixing of Mt and Usp was probably related to cooling. Subsequent
stages appear to be related to water-rock interaction leading to chemical alteration of the Fe-Ti-oxides and
the surrounding host minerals.

Pertsev, A.N., Aranovich, L.Y., Prokofiev, V.Y., Bortnikov, N.S., Cipriani, A., Simakin, S.S., Borisovskiy, S.E. (2015):

Signatures of residual melts, magmatic and seawater-derived fluids in oceanic lower-crust gabbro from the Vema
lithospheric section, Central Atlantic. J. Petrol., DOI: 10.1093/petrology/egv028
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Although melt inclusions (MI) are well known to igneous petrologists and have been extensively studied in
intrusive and extrusive rocks, Ml in crustal rocks that have undergone anatexis (migmatites and granulites)
are a novel subject of research. They are generally trapped along the heating path by peritectic phases
produced by incongruent melting reactions. Primary MI in high-grade metamorphic rocks are small,
commonly 5-10 um in diameter, and their most common mineral host is peritectic garnet. In most cases
inclusions have crystallized into a cryptocrystalline aggregate and contain a granitoid phase assemblage
(nanogranitoid inclusions) with quartz, K-feldspar, plagioclase and one mica or two depending on the
particular circumstances. After their experimental remelting under high confining pressure, nanogranitoid Ml
can be analyzed combining several techniques (EMP, LA-ICP-MS, NanoSIMS, Raman). Up to now, the
compositions of the trapped melt are granitic and metaluminous to peraluminous, and sometimes
granodioritic, tonalitic and trondhjemitic, in agreement with the different P-T-ay,0 conditions of melting and
protolith composition, and overlap those of experimental glasses produced at similar conditions. Being
trapped along the up-temperature trajectory — as opposed to classic Ml in igneous rocks formed during
down-temperature magma crystallization — the fundamental information provided by nanogranitoid Ml is the
pristine composition of the natural primary anatectic melt for the specific rock under investigation. So far =
600 nanogranitoid MI, coming from several occurrences from different geologic and geodynamic settings and
ages, have been characterized. Although the compiled MI database should be expanded to other potential
sources of crustal magmas, Ml data collected so far can be already used as natural “starting-point”
compositions to track the processes involved in formation and evolution of granitoid magmas.
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The Rio Grande Rift (RGR) has been the subject of numerous studies in the last decades. Many papers
focused on better understanding the metasomatic processes in the lithospheric mantle mainly based on the
geochemical data on the rock-forming minerals. This work, however, aims to describe the melt and fluid
generation that might have migrated at mantle depth and interacted with the peridotitic material causing
metasomatism beneath Adam’s Diggins area (AD). Five xenoliths, the richest in inclusions hosted by the
orthopyroxene porphyroclasts, have been selected in this study. Core of the orthopyroxenes can be
characterized with clinopyroxene and spinel lamellae as original exsolution phases together with high density
CO,-N, (0.98-1.12 g/cm®) fluid inclusions that might have been present during the formation of lamellae.
Exsolution lamellae are interpreted as having formed prior to xenolith ascent to the surface indicating a
cooling event in the mantle beneath AD region. An evidence of the infiltration of an alkali and H,O-bearing
silicate-rich melt during this cooling event is documented by silicate melt inclusions (SMI) occurring along
some part of the lamellae. We suggest that cooling could have been a rapid process as the presence of
kumdykolite (metastable orthorhombic polymorph of albite) has been detected by Raman spectroscopy in
the SMI. Volume percentages of the clinopyroxene and spinel lamellae in orthopyroxene were determined
and, thus, paleo-temperatures (prior to the formation of the lamellae) and neo-temperatures (after the
lamellae formation) were calculated. The difference between the two temperatures became to be ~ 130°C,
which is in a good accordance with cooling history of the RGR by apatite fission track data (Ricketts et al.,
2015).

Amphibole is also present as reaction product between the clinopyroxene and a silicate melt which melt is
represented by the SMI. Furthermore, phases such as talc, amphibole, anhydrite, glass and phlogopite were
also identified in the SMI by Raman spectroscopy and FIB-SEM. Major element composition of the latter
phase in the SMI and in the rock is very close to one another indicating that the modal metasomatism in the
mantle, resulted in the phlogopite formation, was caused by an alkai and H,O-bearing high silica melt during
decompression. A more evolved stage of the alkali-bearing high silica melt might have been entrapped in
inclusions that crosscuts both the SMI and the lamellae and is rather fluid-rich. With this study we give a
better insight into the characteristic of the possible metasomatic agents in the lithospheric mantle beneath
AD region.

Ricketts, J.W., Kelley, S.A., Karlstrom, K.E., Schmandt, B., Donahue, M.S., van Wijk, J. (2015): Synchronous opening of

the Rio Grande rift along its entire length at 25-10 Ma supported by apatite (U-Th)/He and fission-track
thermochronology, and evaluation of possible driving mechanisms. Geol. Soc. A. Bull., DOI: 10.1130/B31223.1
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The late Miocene granitoids of La Galite archipelago contain peritectic garnets with primary inclusions of
granitic melt. Despite having originally trapped the same melt, such melt inclusions (MI) range from
crystallized (nanogranites) to glassy. They coexist with COH fluid inclusions, thus suggesting fluid-melt
immiscibility during partial melting at 800°C and 0.4-0.5 GPa (Ferrero et al., 2014). This melt is leucogranitic,
almost peralkaline and metaluminous, with a protolith most likely magmatic, similarly to what proposed for
other case studies of metaluminous nanogranites (see, e.g., Ferrero et al., 2016). Thus the investigation of
these melt inclusions provides useful insights into the formation and evolution of the crustal end-member of
the Maghrebian granitoids.

La Galite Ml show trace element patterns similar to the upper continental crust and to peraluminous
magmas found as Ml in peritectic garnets from similar enclaves at El Hoyazo, Spain (Acosta-Vigil et al.,
2010). These MI are however generally more enriched in some LILE (Cs, Rb), Li, Ta, U, as well as and some
of the middle-REE such as Sm and Gd. The investigated melt shows higher Cs, Rb, Ti, V, Sc, Zn, Co than
those resulting from muscovite melting (Acosta-Vigil et al., 2010). Such evidence suggests that biotite was
the predominant OH-bearing phase consumed during melting, possibly along with a phase rich in Li and B
(cordierite?). The involvement of some U-rich accessory phase cannot be ruled out.

Furthermore, NanoSIMS analyses provide an average content of 2 wt.% H,O (n = 16). Such amount is
consistent with the water content of a melt produced at 800°C / 0.4-0.5 GPa in presence of a CO,-rich fluids,
likely to lower the water activity in the melt, and thus this value can be considered as representative of the
original water content. This is also supported by the presence in crystallized Ml of relatively rare phases such
as kumdykolite, kokchetavite and cristobalite - metastable polymorphs of albite, K-feldspar and quartz.
Because of their highly metastable nature, any change of the system in which they occur, e.g., inclusion
decrepitation, would have promoted their transformation into their thermodynamically stable polymorphs
(Ferrero et al., 2016). Their occurrence can be thus considered as a mineralogical indicator of the preserved
nature of La Galite nanogranites.

Acosta-Vigil, A., Buick, I., Hermann, J., Cesare, B., Rubatto, D., London, D., Morgan VI, G.B. (2010): Mechanisms of
crustal anatexis: a geochemical study of partially melted metapelitic enclaves and host dacite, SE Spain. J. Petrol.,
51, 785-821.

Ferrero, S., Ziemann, M.A., Angel, R.J., O'Brien, P.J., Wunder, P.J. (2016): Kumdykolite, kokchetavite, and cristobalite
crystallized in nanogranites from felsic granulites, Orlica-Snieznik Dome (Bohemian Massif): not evidence for
ultrahigh-pressure conditions. Contrib. Mineral. Petrol., 171, 3.
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Natural mafic melts emplaced in the Earth’s crust exsolve dominantly CO,-H,0 + S fluids. Melt inclusions
(MI) are aliquots of melts trapped in phenocrysts growing in the magma reservoir. Thus, Ml provide the only
direct method to analyze volatile contents of undegassed or partially degassed melts trapped at crustal
depths. Melt inclusions often contain a bubble vapor when observed at ambient conditions. Bubble-bearing
MI represent a natural lab to investigate the type of magmatic fluid that can directly exsolve from a silicate
melt. Several studies (e.g., Esposito et al., 2011) reported CO, vapor in bubbles of mafic Ml at room
temperature (T) using Raman spectroscopy. Other recent studies (e.g., Moore et al., 2015) determined that
most of the CO, in bubble-bearing MI hosted in mafic minerals is stored in the vapor bubble. Despite the
detection of CO, in bubbles, the expected accompanying H,O has not been found.

Recently, Esposito et al. (2016) reheated olivine-hosted MI from various eruptions at Mt. Somma-
Vesuvius (Italy) spanning a range of time and eruptive style. We quenched bubble-bearing Ml from high T
(1143-1238°C) to produce a bubble-bearing glass at room T. Using Raman spectroscopy, we detected liquid
H,O at room T and vapor H,O at 150°C in the vapor bubbles of reheated MI, in addition to CO,. We
speculate that the missing H,O in bubbles in naturally quenched mafic Ml was lost to the adjacent glass
during local, sub-micron-scale devitrification prior to sample collection. Thus, we hypothesized that one is
less likely to detect H,O in the bubble of “older” MI. During Ml heating experiments, the H,O is redissolved
into the melt and then exsolves from the melt into the vapor bubble, where it remains after quenching, at
least on the relatively short time scales of our observations.

Our results suggest that a significant amount of H,O may be stored in vapor bubbles of bubble-bearing MI.
In most MI, the H,O will be hosted in sub-micron scale hydrous phases at the interface between the bubble
and the glass and will not be detected during routine analysis. In addition, we calculated that the composition
of magmatic fluids directly exsolving from mafic melts associated the Mt. Somma-Vesuvius may contain up
to 29 wt.% H,0.

Esposito, R., Bodnar, R.J., Danyushevsky, L., De Vivo, B., Fedele, L., Hunter, J., Lima, A., Shimizu, N. (2011): Volatile
evolution of magma associated with the Solchiaro eruption in the Phlegrean Volcanic District (Italy). J. Petrol., 52,
2431-2460.

Esposito, R., La Madrid, H., Redi, D., Steele-Maclnnis, M.J., Bodnar, R.J., Manning, C.E., De Vivo, B., Cannatelli, C.,
Lima, A. (2016): Detection of liquid H>O in vapor bubbles of reheated melt inclusions: implications for magamatic fluid
composition and volatile budgets of magmas? Am. Mineral., in press.

Moore, L., Gazel, E., Tuohy, R., Lloyd, A., Esposito, R., Steele-Maclnnis, M.J., Hauri, E.H., Wallace, P., Plank, T.,
Bodnar, R.J. (2015): Bubbles matter: An assessment of the contribution of vapor bubbles to melt inclusion volatile
budgets. Am. Mineral., 100, 806-823.
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The debate is ongoing regarding the formation of immiscible silicate liquids in the Upper Zone of the
Bushveld Complex (South Africa), with different parties arguing that immiscibility either never occurred or
occurred on a large-scale, with separation of iron- and silica-rich melts at the hundreds of meters scale.

We studied samples from the Bierkraal drill-cores 1 and 3, which cover the entire Upper Zone of the
western limb in the Bushveld Complex. Apatite appears rhythmically over the 2 km-thick cumulate sequence
in gabbros, troctolites and nelsonites. This mineral commonly contains various types of inclusions, with
polycrystalline assemblages containing daughter phases (plagioclase, pyroxenes, amphiboles). Such
inclusions are commonly interpreted to represent crystallized equilibrium melts trapped during the growth of
apatite. Thus, they have the potential to record the composition of stable melts and therefore the immiscibility
process.

In this study we investigated the petrography of polycrystalline inclusions and performed re-
homogenization experiments of the inclusions for two selected Fe-Ti-oxide-bearing gabbros. Apatite grains
were separated and re-equilibrated at 100 MPa in the temperature range 1060-1100°C using an internally
heated pressure vessel. Analyses of major elements were performed with an electron microprobe. Elemental
maps of unheated inclusions were obtained with an FE-SEM and used for petrographic description.

Re-homogenized quenched melts cover a wide range of compositions with two presumable end-members
that are iron-rich (~35 wt.% FeO; ~28 wt.% SiO,) and silica-rich (-5 wt.% FeO; ~65 wt.% SiO,). The
compositional range of melt inclusions is typical for immiscible products expected in ferrobasalts and support
unmixing of iron- and silica-rich liquids during the crystallization of the Upper Zone of the Bushveld Complex.
Immiscible melts from a single stratigraphic location display a range of compositions suggesting that
immiscible melts were trapped in apatite at different temperatures along the binodal surface during cooling.
Our results indicate that the immiscible process occurred most likely at the scale of layers (50-200 m).
Sorting of immiscible melt droplets in the crystal mush possibly resulted in the formation of Fe-Ti-P-rich
layers within the Upper Zone (Fischer et al., 2016) but there is no evidence for a perfect separation between
mafic and felsic end members at a larger scale.

Fischer, L.A.,, Wang, M., Charlier, B., Namur, O., Roberts, R.J., Veksler, 1.V., Cawthorn, R.G., Holtz, F. (2016):

Immiscible iron-and silica-rich liquids in the Upper Zone of the Bushveld Complex. Earth Planet. Sci. Letters, 443,
108-117.
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Fluid inclusions in nodules and boudinaged layers of Mn-rich garnetites from Lago di Cignana tectonic
Unit, in Western Alps, preserve a C-saturated (i.e., diamond) oxidized C-O-H fluid phase released during
deep oceanic subduction at P = 3.2 GPa, and T of about 600°C (Frezzotti et al., 2011). Since fluid inclusions
were formed in metasediments rich in carbonates, their investigation is relevant to studies of carbon in slab
fluids in equilibrium with diamonds. Primary fluid inclusions in garnet are dominantly aqueous, and contain
Mg-calcite/calcite, quartz, rutile, paragonite, + diamond, + dawsonite, + rhodocrosite, + hydrous Mg-
carbonate and sulfate daughter phases, which all together represent remnants of an oxidizing fluid after
diamond crystallization. Dissolved carbon species in H,O include bicarbonate carbonate, sulfate, ions, and
H;Si0, monomers. Concentrations are calculated greater than 0.016 for HCO®, 0.002 for 8042', and 0.006
for CO5”in mol/kg H,O, respectively, at laboratory conditions. In contrast, CO, gas molecules are not a major
species in aqueous fluids. Since fluid inclusions contain significant amounts of dissolved silica, it is possible
that subduction fluids might have been at conditions above the second critical endpoint. Carbon precipitation
by excess concentration from rock-buffered C-O-H oxidized fluids appears as the relevant mechanism for
diamond formation, since an origin by graphite conversion would be impeded by the high kinetic barrier
necessary to break sp2 bonds and to fix sp3 C symmetry at the considered P-T conditions. Metamorphic
fluids trapped as inclusions indicate that carbon can be efficiently transferred to the mantle by oxidized
subduction fluids throw dissolution reactions at high pressure along a cold subduction geotherm.

Frezzotti, M.L., Selverstone, J., Sharp, Z.D., Compagnoni, R. (2011): Carbonate dissolution during subduction revealed
by diamond-bearing rocks from the Alps. Nature Geosci., 4, 703-706.

Frezzotti, M.L., Huizenga, J.M., Compagnoni, R., Selverstone, J. (2014): Diamond formation by carbon saturation in C-O-
H fluids during cold subduction of oceanic lithosphere. Geochim. Cosmochim. Acta, 143, 68-86.
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Crystallographic orientation relationships (CORs) between crystalline inclusions and their hosts are
commonly used to help decipher inclusion origins. To reliably interpret host-inclusion CORs it is essential to
first obtain a representative picture of inclusion crystallographic orientations relative to the host. Electron
backscatter diffraction (EBSD) allows acquisition of much larger COR data sets from larger sample domains
than transmission electron microscopy while retaining the ability to tie orientation information to individual
inclusions.

We present data from inclusion-rich metapegmatite garnets from the Koralpe region of the eastern Alps,
Austria (Griffiths et al., 2016). Using this dataset of rutile (N = 250), corundum (N = 180) and ilmenite (N =
100) inclusions as an example, we show that small datasets likely obscure the true nature and variety of
CORs present in a system. Furthermore, this and other EBSD studies of host and inclusion orientations (e.g.,
Proyer et al., 2013; Xu et al., 2015) reveal that the concept of CORs as always being “specific” (i.e., requiring
host and inclusion orientations to be completely fixed relative to each other) is inadequate to describe the full
variety of CORs that can exist. We introduce the concept of “statistical” CORs to describe situations where
inclusion orientations have one or two orientational degrees of freedom relative to the host, but nonetheless
reflect host crystal symmetry. Statistical CORs have two end member characteristics: “rotation” and
“dispersion”.

The recognition of multiple specific and statistical CORs developed between the same pair of phases in
one sample provides several new COR characteristics that can be compared. These include the relative
frequency of particular CORs and the amount of rotation and/or dispersion of statistical CORs. A survey of
literature data (including our new results) for rutile inclusions in garnet shows that differences in these
parameters exist for samples with different P-T histories and inferred formation mechanisms. If the
mechanisms responsible for these differences can be understood, EBSD measurements of host-inclusion
CORs could potentially deliver detailed information about inclusion origins and the P-T history of host-
inclusion systems.

Griffiths, T.A., Habler, G., Abart, R. (2016): Crystallographic orientation relationships in host-inclusion systems: New
insights from large EBSD data sets. Am. Mineral., 101, 690-705.

Proyer, A., Habler, G., Abart, R., Wirth, R., Krenn, K., Hoinkes, G. (2013): TiO, exsolution from garnet by open-system
precipitation: evidence from crystallographic and shape preferred orientation of rutile inclusions. Contrib. Mineral.
Petrol., 166, 211-234.

Xu, H., Zhang, J., Zong, K., Liu, L. (2015): Quartz exsolution topotaxy in clinopyroxene from the UHP eclogite of Weihai,
China. Lithos, 226, 17-30.
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Multiphase solid inclusions were found in garnet from a migmatitic, gneiss of the Kokchetav massif
(Kazakhstan) that displays the peak metamorphic assemblage of garnet, coesite, phengite, zircon and rutile
and was metamorphosed at ultrahigh pressure (UHP) conditions of 5 GPa and 1000°C. A first generation of
inclusions occurs at the centre of large garnet in the melanosome of the gneiss. A second generation of
inclusions was found in garnet within the leucosome of the sample. Inclusions display negative crystal
shapes and are filled by a large variety of major and accessory minerals that don't display any equilibrium
textures. Major and trace element concentrations obtained by analysing the entire inclusions by LA-ICP-MS
displayed enormous scatter due to the irregular distribution of trace element-rich accessory phases.

In order to homogenise the multiphase solid inclusions, piston cylinder experiments were conducted,
where separated garnets were placed in a hydrous kyanite-quartz matrix and heated to 1000°C at 2 GPa for
half an hour. The smallest inclusions melted to clean glass. The composition of these glasses was different
from matrix glass that developed outside the garnets, providing evidence that the inclusions remained
isolated during the homogenisation process. The glass of the homogenised inclusions was analysed by
electron microprobe and LA-ICP-MS. Care is required in the interpretation of these analyses because of
garnet-glass interactions. Only elements with low concentrations in the host mineral, such as LREE, Th, U, K,
Rb, Cs, Ba, Sr and Nb in the case of garnet, can be preserved in the high temperature melt inclusions.

Inclusions trapped in melanosome garnet are characterised by high concentrations of LREE, Th and U,
indicating complete dissolution of monazite at peak conditions of T = 1000°C, P = 5 GPa. Extraction of these
melts resulted in a pronounced depletion of the Kokchetav gneisses in those elements. Large ion lithophile
elements (LILE) are only moderately enriched in the melt and a significant portion is retained in residual
phengite. Nb concentration in melts (27 ppm) is about double than in the restite (15 ppm), indicating slightly
incompatible behaviour during UHP anatexis despite the presence of residual accessory rutile and phengite.
Inclusions in garnet from the leucocratic part of the rock are characterised by low LREE, Nb and high U and
represent late melts formed during exhumation at 650-750°C and crustal pressures.

The composition of UHP melts with moderate enrichment in LILE, no depletion in Nb and extreme
enrichment in LREE and Th is remarkably different from the trace element signature of arc basalts arguing
against involvement of melting subducted continental crust in the generation of arc magmas. The trace
element patterns of melts from UHP anatexis as observed in the Kokchetav massif resemble most
shoshonitic alkaline igneous rocks, which are common in collisional settings.
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North Bohemian microdiamonds first documented by Kotkova et al. (2011) and reaching 10-30 microns in
size appear to be well preserved, without any graphite associated. The diamonds have been examined using
FIB-TEM in order to characterize on micro to nano-scale their morphology, internal structure,
growth/dissolution features, and last, but not least diamond-host interface, and also composition of diamond-
forming media potentially preserved in inclusions and interstitial spaces.

Octahedral diamond enclosed in kyanite in the acid rock, and diamond of cuboid shape within garnet and
zircon in the intermediate rock have been studied. Diamonds in kyanite are single grains with closed and
straight boundaries and only several steps interpreted as growth feature. Both cavities and resorption
features are very rare. On the other hand, the outstanding feature of Dia in Grt and Zrn is their polycrystalline
character and close association with other phases such as quartz and rutile, which altogether create a grain
which was supposed to be one and only diamond grain. Irregular but straight boundaries towards host phase,
cavities or gaps are characteristic of the diamond-zircon and diamond-garnet interface. Zig-zag boundary of
polycrystalline diamonds both in garnet and zircon as well as interstitial spaces contain an amorphous
guenched fluid/melt with composition similar in both of the rock types. We interpret this interface, delimited
by {111} crystal faces, as a result of diamond resorption by residual fluids. Moreover, a very thin layer of both
ordered and disordered graphite has been detected at diamond-host interfaces of each Dia type.

“Overpressure” in Dia in Grt and Ky and “underpressure” in Dia in Zrn have been revealed by micro-
Raman. The excess pressure in Dia enclosed in softer garnet and kyanite can be attributed to elastic
resetting at high T and lower P (Angel et al., 2015). This is a plausible explanation for preservation of
residual pressure in diamond in our rocks as they were exhumed along a “hot”, adiabatic P-T path (Haifler &
Kotkova, 2016).

Inclusion piezobarometry for cubic, i.e., elastically isotropic Dia in Grt is a reliable method to determine
possible entrapment pressure and temperature from the combination of the equations of state of the two
phases with measurement of the residual stress in the inclusion (Angel et al., 2015). However, this method
works for single grains of one phase, which does not have to be the case. Our study shows, that attention to
the character of the enclosed phases has to be paid.

Angel, R.J., Nimis, P, Mazzucchelli, M.L., Alvaro, M., Nestola, F. (2015): How large are departures from lithostatic
pressure? Constraints from host-inclusion elasticity. J. Metam. Geol., 33, 801-813.

Haifler, J. & Kotkov4, J. (2016): UHP-UHT peak conditions and near-adiabatic exhumation path of diamond-bearing
garnet-clinopyroxene rocks from the Eger Crystalline Complex, North Bohemian Massif. Lithos, 248-251, 366-381.
Kotkova, J., O'Brien, P.J., Ziemann, M.A. (2011): Diamond and coesite discovered in Saxony-type granulite: solution to

the Variscan garnet peridotite enigma. Geology, 39, 667-670.
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The evaporites in the Transylvanian Basin had formed during the event known as the Badenian Salinity
Crisis (BSC), which started 13.82 Ma (Peryt et al., 2006). In the shallower parts of the basin gypsum was
deposited, whereas in deeper parts salt deposits formed. Primarily the salt thickness was around 300 meters,
the present dimensions in diapirs (e.g., 1.2 x 1.4 x > 2 km in the Praid Basin) is due to the salt tectonics
(Krézsek & Bally, 2006). In this study we selected the Praid (part of the Eastern Diapiric Belt) and Dej (part of
the Western Diapiric Belt) diapirs to provide a comprehensive petrographic description of the salt rock and a
detailed fluid inclusion studies in order to insight into the evolution history of the salt formations in the
Transylvanian Basin.

According to petrographic study of salt rock by considering the grain size and morphology of the grain
boundaries of halite crystals, four types of textures can be distinguished: primary euhedral, oriented euhedral,
inequigranular sutured mosaic and inequigranular polygonal mosaic. In halite grains randomly distributed
solid (crystal) inclusions (e.g., dolomite, anhydrite, pyrite, quartz, albite and mica) were identified by Raman
spectroscopy. Beside crystal inclusions, large number of fluid inclusions trapped in halite were identified.
Based on petrographic observations, two fluid inclusion associations can be distinguished: 1) negative
crystal shaped, one phase (i.e. liquid, at room temperature) fluid inclusions appearing in growth zones
(forming chevron structures) or randomly distributed in halite that are considered as primary fluid inclusions
entrapped during crystallization of the halite, and 2) negative crystal, spherical or irregular shaped fluid
inclusions, usually containing two-phases (i.e. liquid+vapor, at room temperature) and situated along healed
cracks are considered as secondary ones. High-resolution (HR) Raman spectroscopic measurements were
performed to study the fluid compositions. Primary, one phase (liquid) inclusions are aqueous fluid inclusions
with high salinity (32-40 wt. % NaCl eq.). Secondary two-phase (liquid+vapor) fluid inclusions are also
aqueous fluid inclusions however, their vapor phase contain CH4, N, and CO,. Based on microthermometric
measurements, the liquid phase of the secondary fluid inclusions contain Mg2+ and Ca” ions besides Na'.

The salt textures together with the fluid inclusion petrography show a complex deformation history of the
salt deposits. The presence of the CH,;, CO, and N, only in the secondary fluid inclusions indicates that
these components were added to the system during deformation event(s) after the salt formation. Further
study of these salt samples extended to other sampling sites can be an important tool in the study of salt
formation and the diapir forming processes in the Transylvanian Basin.

Krézsek, C. & Bally, A.W. (2006): The Transylvanian Basin (Romania) and its relation to the Carpathian fold and thrust
belt: Insights in gravitational salt tectonics. Marine Petrol. Geol., 23, 405-442.

Peryt, M.T. (2006): The beginning, development and termination of the Middle Miocene Badenian salinity crisis in Central
Paratethys. Sediment. Geol., 188-189, 379-396.
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Inclusions in diamond from the mantle transition zone (410-660 km) provide a window into processes in
the deeper parts of the upper mantle. Majoritic garnet is a rare inclusion (to date only ~ 150-200 crystals
have been reported) but its Si content is indicative of its depth of re-equilibration and it therefore has the
potential to provide a depth profile of composition and properties such as oxidation state in the transition
zone. Majorites are complex in composition containing a range of minor elements (Na, Ti, Mn, Cr, K) that
could be used to characterise the composition and, more importantly, the origin of the source material from
which garnet has crystallised. For example, Kiseeva et al. (2013, 2016) showed that the compositions of a
large fraction of majoritic inclusions are consistent with derivation from pyroxenite lithologies rather than from
volumetrially dominant peridotitic or eclogitic source rocks. They suggested that these unusual compositions
are related to the diamond-forming process. Tappert et al. (2005) showed that diamonds enclosing majorites
in the Jagersfontein kimberlite (South Africa) had likely inherited their negative d*>C isotopic compositions
from organic matter present in a subducting slab.

In this study, we have determined the ferric-ferrous ratios of five small (30 to 100 micrometers in
diameter) majoritic inclusions in diamonds from Jagersfontein by using a new technique — the Synchrotron
Mossbauer Source (SMS) (beamline ID18 at ESRF). These inclusions were initially analysed using X-ray
diffraction at the Extreme Conditions Beamline (ECB), P02.2, at PETRA Ill and confirmed as single crystals.
This observation rules out any contamination by Fe®* from another phase(s). The Fe** content of the
majoritic garnets is substantially higher than values observed in upper mantle garnets and ranges between
15 and over 40% of ferric iron relative to total iron.

The Fe*/Fe* ratio of mantle minerals has been commonly used to determine the oxidation state of the
mantle. According to experimental data and thermodynamic calculations, with increasing depth, fO, should
decrease at constant Fe**/Fe* ratio (Wood et al., 1990), driving carbonate into the diamond stability field.
Carbonate would therefore be unstable and should oxidise Fe®*into Fe*, with the latter dissolving into
garnet according to reactions such as:

4 Fe,SiO, + 2 FeSiO; + CO, = 2 Fes™" + Fe,**Si;0,, + C

This reaction implies that garnet in equilibrium with carbon (in the form of diamond) should have elevated
Fe*'/Fe* ratios, consistent with our new observations. To our knowledge, these are the first data bearing on
the oxidation state of majoritic garnets derived from the mantle transition zone.

Our results show that the mantle transition zone is highly heterogeneous and that the diamond-forming
process is intimately linked with the oxidation state of garnet according to the reaction proposed above.

Kiseeva, E.S., Yaxley, G.M., Stepanov, A.S., Tkal¢i¢, H., Litasov, K.D., Kamenetsky, V.S. (2013): Metapyroxenite in the
mantle transition zone revealed from majorite inclusions in diamonds. Geology, 41, 883-886.

Kiseeva, E.S., Wood, B.J., Ghosh, S., Stachel, T. (2016): The pyroxenite-diamond connection. Geochem. Persp. Letters,
2,1-9.

Tappert, R., Stachel, T., Harris, J.W., Muehlenbachs, K., Ludwig, T., Brey, G.P. (2005): Diamonds from Jagersfontein
(South Africa): messengers from the sublithospheric mantle. Contrib. Mineral. Petrol., 150, 505-522.

Wood, B.J., Bryndzia, L.T., Johnson, K.E. (1990): Mantle oxidation state and its relationship to tectonic environment and
fluid speciation. Science, 248, 337-345.

354



PLINIUS n. 42, 2016

MICRO-NANOMINERAL ENSEMBLES — INDICATORS OF FORMATION AND DIRECT
EVIDENCES OF VARIOUS TYPES OF GOLD ORES (UZBEKISTAN)

Koneyev R.*
! Department of Geochemistry, Mineralogy and Petrography, National University of Uzbekistan, Tashkent, Uzbekistan
Corresponding email: ri.koneev@gmail.com

Keywords: nanoensembles, gold, indicators

All minerals endure a nanostate at the crystallization stage and many of them remain “dwarfs”. This
applies particularly to the elements, the average content of which constitutes to ppm-ppb (Au, Ag, Pt, Pd, Te,
Se, Bi, Sb and others) in the earth's crust and industrial ores. Small size (n-0.0n pm) results the appearance
of size effects associated with the increase of the specific surface energy. The temperature of phase
transitions and interphase distribution of elements fluctuate. Due to this, micro-nanominerals are constantly
non-stoichiometric, and solid solutions become unstable. They usually allocate in the matrix-minerals — pyrite,
arsenopyrite, galena etc. (Koneyev, 2006).

Long-term studies of ores of epithermal and orogenic gold deposits in Uzbekistan has shown that each
type of mineral is characterized by certain nhanomineral ensembles and gold compounds (Koneyev et al.,
2011):

Au-As, pyrite-arsenopyrite: (FEAUAsS), cobaltite, nickeline, loellingite, gersdorffite.

Au-Bi-Te, bismuth-telluride: maldonite, pilsenite, hedleyite, tellurobismuthite, joseite, ingodite, tetradymite.

Au-Ag-Te, gold-silver-telluride: calaverite, petzite, sylvanite, altaite, tellurantimony, coloradoite.

Au-Ag-Se, silver-selenide-sulfosalt: electrum, kustelite, petrovskaite, fishesserite, dyscrasite, polybasite,
pyrargyrite, stephanite, freibergite, naumannite, aguilarite.

Au-Ag-Sb, antimonite-sulfoantimonite: aurostibite, boulangerite, bournonite, zinkenite, gudmundite,
owyheeite, semseyite, chalcostibite.

Au-Hg, orpiment-cinnabar: amalgam Au, kongsbergite, schwatzite.

All types are usually combined in ores, but there are 2-4 types, including pyrite-arsenopyrite, determine
the industrial resource. Some of the types correspond to the standard range of vertical geochemical and
mineral zonation of mineral deposits, associations and micro-nanoensembles, therefore they apply to a
natural disposition (Shneyderhen, 1952). Such information can be used in research and evaluation of hidden
gold mineralization.

Acknowledgements: The research was supported by F8-17 grant and “Center of High Technologies”,
Uzbekistan.
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Garnet peridotites are commonly associated with high-pressure (HP) granulites of the European Variscan
belt. Discovery of microdiamond enclosed in garnet, kyanite and zircon in crustal rocks with HP granulite-
facies mineral assemblage (garnet-kyanite or garnet-clinopyroxene + feldspar + quartz) suggests that the
mantle rocks were incorporated in the crustal ones during the deep continental subduction (Kotkova et al.,
2011). The peak P-T conditions of both the ultrahigh-pressure metamorphic rocks (UHPM) and garnet
peridotites are comparable (Haifler & Kotkova, 2016; Medaris et al., 2015). Isotope composition of carbon in
diamond and Hf and O in zircon from the UHPM rocks reflects internal, crustal source of the media from
which they formed (Kotkova et al., 2016). In contrast, presence of primary kinoshitalite-bearing multiphase
inclusions (MSI) in garnet in Iherzolite and harzburgite from T7 borehole in the Saxothuringian basement,
north Bohemian Massif, may reflect interaction with crustal-derived fluids/melts.

The MSI are polygonal, equant to elongated, 10-40 ym in diameter, and contain dolomite, magnesite,
kinoshitalite (Ba-rich mica), amphibole, graphite, minor tiny spinel to magnesiochromite, thorianite, Cl-apatite
and pentlandite. Compositions of the phases and bulk composition of the MSI were determined by combined
EMPA, SEM, image analysis and micro-Raman spectroscopy.

Kinoshitalite is enriched in Cl (0.04-0.34 apfu) relative to F (<0.03 apfu). Its Ba contents (0.24 - 0.62
apfu) and Xyq (0.85-0.95) well correlate with whole-rock parameters. Amphibole is pargasite with Si = 6.08-
6.27 apfu, VIAl = 0.80-1.30 apfu, Ca =1.36-1.82 apfu, Na = 1.03-1.43 apfu and Xyg ~ 0.93. It is enriched in ClI
(~ 0.1 apfu) compared to F (0.03-0.07 apfu). Apatite is chlorapatite containing up to ~ 0.6 apfu Cl with a high
CI/F ratio (~10). Moreover, minerals in MSI (Ba-rich mica, dolomite, chlorapatite) commonly contain minor Sr.
Analysed MSI in a lherzolite sample show similar bulk composition as for Xyg, MgO/FeO, MgO/SiO, and
SiO,/Al,O;3 ratios, but variable CaO content: this is also reflected in different proportion of carbonates.
Although Xyq of all the bulk MSI is comparable to the host lherzolite, and also kinoshitalite and pargasite,
they are strongly enriched in Ca, Al, and also in P,Os, BaO, Na,0, K,0 and Cr,03, and depleted in SiO,.

The MSI occur at the margin of a chemically homogeneous, Mg-rich garnet core, which suggests their
entrapment close to peak conditions, i.e. > 1100°C and 4.5 GPa: these conditions are above the dry solidus
for crustal lithologies and above/close to hydrous and/or carbonated lherzolite solidus. Similarly high Xyg of
the bulk MSI, kinoshitalite and pargasite, along with enrichment of MSI in CaO, volatiles (H,O, CO,, Cl > F)
and LILE (Ba, K, Sr, Th) likely reflects melting of a mantle source metasomatized by slab-derived fluids/melts,
with high CI contents possibly indicating an earlier serpentinization of the mantle.

Haifler, J. & Kotkov4, J. (2016): UHP-UHT peak conditions and near-adiabatic exhumation path of diamond-bearing
garnet-clinopyroxene rocks from the Eger Crystalline Complex, North Bohemian Massif. Lithos, 248-251, 366-381.
Kotkova, J., O'Brien, P.J., Ziemann, M.A. (2011): Diamond and coesite discovered in Saxony-type granulite: solution to
the Variscan garnet peridotite enigma. Geology, 39, 667-670.
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Conventional thermobarometry is severely challenged in ultra-high-pressure metamorphic (UHPM) rocks,
but these are the only rocks that can provide insights into the detailed processes of subduction, especially
deep and ultra-deep subduction. Minerals trapped as inclusions within other host minerals develop residual
pressure (Pi,c) on exhumation as a result of the differences between the thermo-elastic properties of the host
and the inclusion. Their elastic behavior therefore provides an alternative and complementary method to
conventional geobarometry that is independent of chemistry and chemical equilibria. To provide an accurate
interpretation of inclusion pressures, non-linear elasticity has been recently incorporated into the classic
host-inclusion elasticity solutions (Angel et al., 2014a; Angel et al., 2015) and is now available in the
EoSFit7c software (Angel et al., 2014b).

However, this state-of-the-art analytical solution for elastic barometry makes use of two fundamental
classes of assumptions concerning (i) the host-inclusion elastic behavior (i.e. both phases are elastically
isotropic), and (ii) the geometry of the system (i.e. the inclusion is spherical and located at the center of an
infinite host). At this stage, we maintained the assumption of isotropic elasticity, but we extended the
analysis beyond the geometrical assumptions. We used Finite Element Modeling (FEM) to test different
geometrical cases within the same boundary conditions. We carried out all of the calculations using the
elastic properties of a quartz inclusion entrapped in a diamond host with a hydrostatic and homogeneous
stress applied on the exterior of the host. Since in most real cases the host cannot be considered infinite with
respect to the inclusion, in our first test we quantified the changes in the mean normal stress (P;,.) with
respect to the analytical solution arising from the size and the proximity of the inclusion to the host surface.
With respect to the analytical solution, the calculated P;,. increases by only 2% if the inclusion radius is about
1/3 of that of the host; whereas the increase in pressure is even smaller (0.4%) if the distance between the
host-inclusion interface and the exterior is greater than 3 inclusion radii. In the second test the effect of the
inclusion shape has been investigated by comparing the results from ellipsoidal inclusions to spherical ones.
For all of our ellipsoid models the stress in the inclusion is homogeneous but not hydrostatic. The
Pi.c increases for all ellipsoids relative to the spherical inclusion, up to 45% for a 1:5:5 oblate ellipsoid. The
contribution to modifying the final P;,. given by the edges and corners, evaluated through cylindrical, cubic
and prismatic models, is smaller (less than 10%). This analysis has allowed us to evaluate the uncertainties
of the entrapment pressures calculated with the classical isotropic model that arise from the deviation of the
shapes of real inclusions from sphere shapes.
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Diamond is the paramount phase to understand the evolution and the physico-chemical condition of the
deep portions of the Earth’s mantle, mainly because: (i) it is the stable phase through which carbon is stored
in the deep mantle for long geologic time; (ii) it does contain and preserve different types of inclusions (fluid,
mineral, etc.); (iii) it is the only material sampling the mantle to depths of 800 km (e.g., Harte, 2010), although
the majority of the mined diamonds worldwide derive from shallower depth (150 to 250 km). The study of
mineral inclusions trapped in diamonds allows the retrieval of different pieces of information about the
Earth’s interior and its active geodynamics, providing important clues on the initiation of subduction
processes (Shirey & Richardson, 2011; Smart et al., 2016), tracking the transfer of material through the
mantle transition zone (Stachel et al., 2005; Walter et al., 2011), recording the timing of ingress of fluids to
the continental lithosphere (e.g., Shirey et al., 2004), preserving carbonatitic fluid that trigger deep mantle
melting (e.g., Schrauder & Navon, 1994; Kopylova et al., 2010), providing samples of primordial noble gases
(e.g., Ozima & lgarashi, 2000), and capturing the redox state of the mantle (e.g., Rohrbach & Schmidt, 2011).

Unfortunately the majority of the techniques used so far to study the mineral inclusions are destructive. It
is only in the last decade that the studies on inclusions in diamond have started to use non-destructive
techniques, providing new information which would otherwise be lost using earlier destructive techniques.
Such an example is the rim fluids around inclusions in diamonds. In this study we present details of the
experimental setup on the determination of FesJ'/Fetot ratios of mineral inclusions whilst still within the
diamonds by a non-destructive approach using the Synchrotron Méssbauer Source (SMS; Potapkin et al.,
2012) at the Nuclear Resonance beamline ID18 (Ruffer & Chumakov, 1996), European Synchrotron
Radiation Facility (ESRF), Grenoble. The extremely small X-ray spot size (10x15 umz) is perfectly suited for
our purposes as some inclusions are smaller than 30-50 um and the Fe**/Fe, variation over the same
inclusion cannot be performed by using standard laboratory radioactive sources because of the larger beam
size. The average collection time for thicker inclusions (~ 200 um) was 2 hours per spectrum, whilst the
smallest inclusion (~ 30x30x30 um3) required a collection time of approximately 10-12 hours in order to get a
spectrum with nicely distinguishable features and a high signal-to-noise ratio. In general, application to a
suite of silicate and oxide inclusions in diamonds produced comparable results with respect to those
obtained using conventional Mdssbauer sources (e.g., McCammon et al., 2004).
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During lithospheric deformation rocks experience a large range of pressure and temperature (P-T)
conditions. Within this P-T range, metamorphic rocks recrystallize and this leads to significant changes in
their physical properties. Incorporating phase transitions in numerical geodynamic models is then required in
order to investigate the effect that phase transitions have in lithospheric processes. Many numerical models
utilize the Boussinesq approximation, i.e., the assumption that the divergence of velocity is zero and the
materials are incompressible. Although these models predict accurately large-scale geodynamic phenomena,
their application to crustal processes may be misleading. This could be particularly the case if volumetric
changes (such as for coesite-quartz transition) are taken into account. Density changes in crustal systems
can vary significantly over a limited range of conditions. In this work, we develop a non-Boussinesq approach
to investigate geodynamic scenarios where phase transitions are important. We afterwards compare our
findings with results calculated using a standard incompressible approach and demonstrate that solid bodies
that experience heating in the order of 100 K may experience pressure buildup of the order of several
hundred MPa. This effect is a result from constraints imposed by the mechanical configuration of the system
and it is consistent with local thermodynamic equilibrium. In addition, we show that, if the rocks experience a
reaction with large volumetric change (e.g., a phase transition) then, the related pressure build up is in the
order of GPa. Our findings suggest that the assumption that mineral reactions occur at near-isobaric
conditions may be an oversimplification.
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The discovery of K-bearing tourmaline from Kokchetav UHPM rocks has given rise to disputes about its
origin (Shimizu & Ogasawara, 2005, 2013; Ota et al., 2008; Korsakov et al., 2009; Marschall et al., 2009).
There are two major models of P-T conditions of high-K-Tour formation: the UHP origin (Tour crystallized in
the diamond stability field from a silicate melt interacting with B fluid; 1000°C, 6 GPa) and a low-P-formation
(Tour formed from B-fluids at mid-crustal levels < 2.5 GPa).

We have investigated Tour-bearing samples from Kokchetav Massif (Northern Kazakhstan), which
include Tour-Qtz rocks with graphite, garnet, and K-feldspar. Tourmalines occur as subhedral or euhedral
crystals with color and composition zonation. K-content of Tour in our samples varies from 1.58 to 0 wt.% of
K,0O. Common patterns in distribution of K in the Tour zones were identified by SEM and microprobe studies.
There are grains with clear core-to-rim zonation: K-content decreases from core to rim. The crystals with low-
K core, K-rich mantle and low-K rim were observed in the same samples. Microdiamond inclusions were
found in all rock-forming minerals excluding Tour. Inclusions in K-bearing Tour are represented by Qtz, Kfs,
graphite, and fluid inclusions. Qtz and Kfs inclusions occur in the high-K mantles and cores (K,O content up
to 1.5 wt.%). Particularly Qtz grains, trapped into the tour, were analyzed by Raman spectroscopy. There is
no measurable upshift for main quartz Raman bands, implying lack of any residual stress inside these
inclusions. Furthermore all quartz inclusions, occurring in the K-bearing tourmaline, are monocrystalline.
Lack of palisade texture, typical for quartz pseudomorphs after coesite, and lack of the residual
“overpressure” for the monocrystalline quartz inclusions testify for their origin within the quartz stability field.
Estimated Py-T, conditions of entrapment of the quartz inclusions, obtained from Zhang's elastic model
(Zhang, 1998), are as high as P < 1.5 GPa and T < 900°C.

Experimental study of Hermann & Spandler (2008) reveals, that in the presence of H,O-bearing fluid
(which is prerequisite for Tour origin) the Kfs is stable under 2.5 GPa. Thus presence of Kfs and Qtz
probably could be an evidence of low-P-formation. It is also worth noting, that some samples, which do not
contain garnet within the bulk composition, contain it as inclusions in zircon, also there are findings of coesite
inclusions in Zrn. But no Tour inclusion was found in Zrn or other UHP minerals so far. Therefore it is likely
that crystallization of the K-bearing tourmaline (with K,O up to 1.6 wt.%) occurs during retrograde stage at P
< 2.5 GPa. Furthermore chemical composition of phengitic mica in diamond-bearing tourmaline, displayed on
a Ti-Si plot (Shimizu & Ogasawara, 2013), indicates the formation conditions under 3 GPa (Hermann, 2003),
while the suggested P-T conditions were 1000°C and 6 GPa (Shimizu & Ogasawara, 2013).
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Serpentinites release at sub-arc depths volatiles and fluid-mobile trace elements found in arc magmas.
Constraining element uptake in these rocks and defining the trace element composition of fluids released
upon serpentinite dehydration improves our understanding of mass transfer across subduction zones and to
volcanic arcs. The eclogite-facies garnet metaperidotite and chlorite harzburgite bodies embedded in
paragneiss of the subduction melange from Cima di Gagnone derive from serpentinized peridotite protoliths
and are unique examples of ultramafic rocks that experienced subduction metasomatism and devolatilization.
In these rocks, metamorphic olivine and garnet trap polyphase inclusions representing the fluid released
during high-pressure breakdown of antigorite and chlorite. Combining major element mapping and laser-
ablation ICP-MS bulk inclusion analysis, we characterize the mineral content of polyphase inclusions and
quantify the fluid composition. Silicates, Cl-bearing phases, sulphides, carbonates, and oxides document
post-entrapment mineral growth in the inclusions starting immediately after fluid entrapment.

Compositional data reveal the presence of two different fluid types. The first (type A) records a fluid
prominently enriched in fluid-mobile elements, with Cl, Cs, Pb, As, Sb concentrations up to 10°PM (primitive
mantle), ~ 10°PM TI, Ba, while Rb, B, Sr, Li, U concentrations are of the order of 10'PM, and alkalis are
about 2PM. The second fluid (type B) has considerably lower fluid-mobile element enrichments, but its
enrichment patterns are comparable to type A fluid.

Our data reveal multistage fluid uptake in these peridotite bodies, including selective element enrichment
during seafloor alteration, followed by fluid-rock interaction along with subduction metamorphism in the plate
interface melange. Here, infiltration of sediment-equilibrated fluid produced significant enrichment of the
serpentinites in As, Sb, B, Pb, an enriched trace element pattern that was then transferred to the fluid
released at greater depth upon serpentine dehydration (type A fluid). The type B fluid hosted by garnet may
record the composition of the chlorite breakdown fluid released at even greater depth.

The Gagnone study-case demonstrates that serpentinized peridotites acquire water and fluid-mobile
elements during ocean floor hydration and through exchange with sediment-equilibrated fluids in the early
subduction stages. Subsequent antigorite devolatilization at subarc depths delivers aqueous fluids to the
mantle wedge that can be prominently enriched in sediment-derived components, potentially triggering arc
magmatism without need of concomitant dehydration/melting of metasediments or altered oceanic crust.
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Solid and fluid inclusions (S| and Fl) are very useful for PT-history reconstruction. Here we present the
results of Raman spectroscopy study for Sl and FI that were found in kyanite porphyroblasts from
diamondiferous gneisses (Kokchetav massif). These gneisses consist of large kyanite (Ky) and garnet (Grt)
porphyroblasts, quartz (Qtz), biotite, phengite, K-feldspar, graphite (Gr), accessory rutile, monazite, apatite,
zircon and UHP relics — diamond (Dia) and coesite (Coe). Ky porphyroblasts have a zonal distribution of
SiO, and C polymorphs: there is (i) a Gr-rich core with Qtz inclusions, and (ii) clean overgrowth zone with
cuboctahedral diamond crystals. There are two types of SiO, inclusions in Gr-rich core: (i) monocrystalline
Qtz, and (ii) Qtz with Coe relics. The residual pressures, estimated by shift of Raman bands, vary from 0 to 1
GPa for monocrystalline Qtz, from 0.08 to 0.8 GPa and 0.034 to 1.5 GPa for Qtz and Coe relicts, respectively.
The variations of residual pressures can be explained by different factors, such as (i) local heterogeneities in
rheological properties within the host mineral, (i) different amount of fluid, that was entrapped near the peak
of metamorphic conditions and (iii) various distances between the inclusions (if the distance between the
inclusions is less than 3 of their radius, they could not be considered as isolated inclusions; Zhang, 1998). To
estimate the evolution of fluid composition in Ky gneisses, different FI were studied. Fl in these rocks were
subdivided into 3 groups: (i) FI in Ky and Grt porphyroblasts, (ii) FI in matrix Qtz, (iii) FI in Qtz inclusions in
Grt. FlI are generally quite small (up to 8 mm). Raman spectroscopy study reveals that most of the FI contain
CO,, N,, CH, and liquid H,O and that the composition of Fl is independent from host mineral. But in different
minerals FI have various CO, densities. In Ky the CO, density is 0.99-1.19 g/cms, in Grt ~ 0.79 g/cms, in
matrix Qtz ~ 0.59-0.99 g/cms, in Qtz inclusions in Grt ~ 0.99-1.19 g/cms. Pressure values estimated from
CO, PT-diagram (Yamamoto, 1998) for room temperature vary from 0.02 to 0.2 GPa, which are significantly
lower than pressure values estimated for Sl. The variations of pressure for Fl take place due to different
rheological properties of the host mineral and the FlI bulk composition. Our study reveals that solid inclusions
in Ky porphyroblast have higher residual pressures than fluid inclusions. It can be explained by the different
behavior of these inclusions during exhumation stage: the decrepitation significantly reduces the residual
“pressures” of fluid inclusions, rather than of solid inclusions.
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A promising method for the quantification of the redox conditions (oxygen fugacity, fO,) in basaltic
systems, which might be applied to quenched melt inclusions in olivine, exploits the partitioning of vanadium
between olivine and coexisting silicate melt (Dy°"™™). Strong correlation of D,°"™™ with fO, was investigated in
a number of experimental works on dry mafic and ultramafic melts in a wide range of fO, conditions at
pressures of 1 atm and 0.5-2 GPa, temperature range of 1150-1530°C (e.g., Canil & Fedortchouk, 2001,
Mallmann & O'Neill, 2009, 2013). Only a few melt compositions equilibrated with olivine at T < 1250°C were
studied so far. Although it was shown that melt composition, pressure and temperature have small effect on
D", more data are required to extend the calibration of the V oxybarometry to hydrous low-temperature
basalts representing island arc magmas.

This study presents new data on D™ gained from crystallization experiments performed with an high-Al
basalt from Mutnovsky volcano (Kamchatka) at various aH,O, 0.1 and 0.3 GPa, 1025-1150°C and AQFM = -
0.5 to +3.2 at the Institute of Mineralogy in Leibniz University of Hannover. Concentrations of vanadium in
experimental and natural glasses and olivines were analyzed at the Institute of Geosciences at the University
of Kiel by LA-ICP-MS (Agilent 7500s, 193nm GEOLAS Pro). The determined DV*"™in run products varies
between 0.007 and 0.079 and IogDVO"M shows a strong linear correlation with 1gfO, in the experiments.

For calibration of the V oxybarometer for low temperature hydrous basaltic magmas we used 7
experiments from this study together with 26 experiments performed at T < 1250°C in fO, range of -2.0 <
AQFM < 3.2 with melts containing less than 12 wt.% MgO and less than 4 wt.% Na,O from previously
published data. The resulting linear correlation between D\°"and AQFM can be described with an
equation: AQFM = - 3.51.IgD,°"™ - 4.20 (R®*= 0.96). This equation reproduces experimental AQFM
conditions within £0.35log units for 70% of the experiments.

This equation was applied to estimate redox conditions for Mutnovsky volcano magmas using
compositions of melt inclusions in olivine from basaltic tephras. Vanadium concentrations vary in the range
of 266-382 ppm in glassy inclusions and of 4.2-6.1 ppm in their host olivines. This corresponds to DM =
0.0152-0.0185. The calculated AQFM values vary between +1.8 to +2.2 which is similar to the calculations
using the equation from Canil and Fedortchouk (2001) and is about 1 log unit of fO, below the value
calculated with the oxybarometer proposed by Mallmann & O'Neill (2013). The determined redox conditions
for Mutnovsky are in a good agreement with redox estimates using independent methods and confirm
relatively oxidizing nature of island-arc basaltic magmatism.
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Chemically zoned minerals such as garnet, plagioclase, and olivine contain important information that
helps us to decipher the pressure, temperature, time, and deformation (P-T-t-D) history of a metamorphic
rock. Numerical simulations of chemical diffusion in zoned minerals have been mostly used for quantification
of duration of metamorphic processes. Apart fr