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2.1
Leaching of natrocarbonatitic ash and consequences for drinking water:
The 2007/2008 explosive eruption of Oldoinyo Lengai, northern Tanzania
Sonja A. Bosshard-Stadlin1, Carol Stewart2, Hannes B. Mattsson1
1

Institute for Geochemistry and Petrology, ETH Zürich, Clausiusstrasse 25, 8092 Zürich (sonja.stadlin@erdw.ethz.ch)
Joint Centre for Disaster Research, Massey University, Wellington, New Zealand

2

Oldoinyo Lengai, a stratovolcano located in the East African Rift System, is best known for its unique natrocarbonatitic
activity, which alternates with highly explosive nephelinitic eruptions. Since 1883, five major ash eruptions have been
reported, with natrocarbonatitic lava f lows in the time between the ash eruptions (Dawson, 2008). The most recent explosive eruption of Oldoinyo Lengai started during the night from the 3rd to 4th September 2007 and lasted until April 2008.
Volcanic ash fall has significant impacts on the chemistry of surface waters (e.g. Stewart et. al., 2006). During volcanic
eruptions, a variety of gases (such as H2O, CO2, H2, HS, HF, CO and Cl2), are released into the atmosphere.
The surface coating of fresh volcanic ash is highly acidic; it originates from interaction of ash with aerosols such as H2SO4,
HCl and HF in the plume. Therefore, the contact of such ash with surface water lowers the pH of the water significantly
below acceptable limits for drinking water (e.g. 7-8.5 for New Zealand, Stewart et al., 2006). The pH is often in the range
of 6.5-9.5, but no health-based guideline value is proposed for pH by the World Health Organization, WHO (WHO, 1996).
Over 55 soluble components have been reported in volcanic ash leachates, and Witham et al. (2005) described f luoride (F-)
as the main toxic element adsorbed on ash, although F- is beneficial in small amounts in drinking water. However, longtime consumption of waters with elevated f luoride concentrations can result in seriously health effects such as dental and
skeletal f luorosis. Elevated f luoride concentrations in drinking waters are a major problem in most parts of the East
African Rift System, where high f luoride concentrations are a direct result of water-rock interaction and leaching of f luorine-bearing minerals.
The amount of adsorption and the composition of the salts and volatiles depend on different factors such as magma composition, explosivity of the eruption, gas-pyroclast dispersion immediately after fragmentation, concentration of aerosols
in the plume, particle size-fraction and ratio of particles to gas (Witham et al., 2005).
The ash is leached in distilled water following the protocol of the International Volcanic Health Hazard Network (IVHHN).
This protocol has been set up in order to have all ash leaching experiments conducted in the same way, enabling a direct
comparison between different data sets.
The experiments are carried out on four ash samples which never touched the ground, collected three days and three
weeks after the onset of the eruption. These samples never came in contact with rain water and were always kept in a
desiccator and are thus suitable for such experiments.
We show, which elements are leached out of the ash, and compare the values with the guidelines of the World Health
Organization (WHO) for health standard concentrations. To understand the amount of leaching into the drinking water is
of great importance to the ~300’000 Maasai people and their cattle living in close vicinity to Oldoinyo Lengai.
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2.2
The mineral and fluid chemistry of high-P serpentinite dehydration
Bretscher Annette1, Pettke Thomas1
Institute of Geological Sciences, University of Bern, Baltzerstrasse 1+3, CH-3012 Bern (annette.bretscher@geo.unibe.ch)

1

Serpentinites play a key role in the f luid mediated chemical cycling in subduction zones. Subduction of oceanic plates
(including serpentinized/hydrated peridotites) refertilizes the Earth’s mantle with crustal components and inf luences the
chemistry of magma sources beneath volcanic arcs. Recent research on ocean f loor serpentinites and their eclogite facies
equivalents has revealed their role as a carrier for f luid mobile elements (e.g. As, Sb, Cl, B, Li, Cs, Pb, U, Rb, Ba, halogens
and noble gases). It was found that these elements partially partition into the f luid upon dehydration reactions during
subduction metamorphism. These reactions include the transition from lizardite/chrysotile to antigorite, breakdown of
brucite, antigorite and chlorite (in the order of increasing P-T during subduction). Quantitative constraints on the chemical composition of f luids released during two major (in terms of water liberated) serpentinite dehydration reactions
(brucite-out and antigorite-out) as well as the chemical inventory of the residual rocks have remained scarce to date.
Which and how much of the soluble element inventory of arc magmas interpreted to originate from slab dehydration
actually originates from subducted serpentinites as opposed to subducted sediments or altered oceanic crust has thus
remained largely speculative.
The ultramafic massif at the Cerro del Almirez (Betic Cordillera, southern Spain) is a unique field occurrence to study
eclogite facies antigorite dehydration to form chlorite harzburgite (Trommsdorff et al., 1998; Scambelluri et al., 2001a,
Padrón-Navarta et al., 2011). Small amounts of the f luid released upon antigorite breakdown are stored as f luid inclusions
in olivine of the chlorite harzburgite. Our project aims at obtaining the chemical inventory (major to trace elements of
minerals and f luid inclusions) of the antigorite breakdown reaction recorded in the Cerro del Almirez ultramafic massif
in order to contribute to a better understanding of the f luid mediated mass transfer during subduction of oceanic lithosphere. The analytical techniques chosen for this approach are optical microscopy and in-situ analytical techniques, most
importantly EPMA, LA-ICP-MS and SIMS (in future).
In outcrop we have identified 5 different rock types across the antigorite serpentinite to chlorite harzburgite transition:
(1) Antigorite serpentinite (atg-serpentinite): an antigorite schist that contains variable amounts of olivine, clinopyroxene,
tremolite, minor chlorite, Ti-clinohumite and opaques, embedded in a fine-grained matrix of oriented antigorite; (2)
Transitional lithology 1 (TL1): A foliated rock similar to the atg-serpentinite but its antigorite content is dramatically
reduced and the olivine content increased. It contains talc and a second generation of large, unoriented antigorite f lakes.
This new antigorite generation contains chlorite cores and overgrows the atg-serpentinite assemblage (Figure 1); (3)
Transitional lithology 2 (TL2): This rock differs from TL1 only by a further decrease of modal antigorite and increase of
olivine, accompanied by first appearance of orthopyroxene. Chlorite harzburgite (chl-harzburgite, a massive ol-opx-chlrock) is characterized by two textural types, a (4) granofels and a (5) spinifex-like type, the latter being the dominant mass.
Both types consist of olivine, orthopyroxene, f laky chlorite, minor tremolite, opaques and ±talc. The spinifex-like textured
chl-harzburgite (Figure 2) contains 3 generations of olivine. A first clear granular olivine (ol1, interpreted to be relics of
the serpentinite stage) that is overgrown by arborescent olivine with a strong brownish color as well as numerous f luid
inclusions (ol2), rimmed by clear olivine (ol3).
The mineral major element chemistry confirms the texturally distinct occurrences of each mineral phase. As an example,
chlorite which is present in all 5 rock types shows the following evolution: from atg-serpentinite over TL1 and TL2 its
Al2O3-content decreases continuously (from 14 to 12 wt%). The Al2O3-content of chlorite of the granofelsic harzburgite
overlaps with both chlorite in atg-serpentinite and transitional lithologies. Chlorite in the spinifex-like harzburgite on the
other hand is clearly Al2O3-richer (13.5 to 16 wt%).
Bulk rock chemical analysis is planned as a basis for mass balance estimations to constrain whether element input or loss
via f luid migration is associated with the antigorite-out reaction. LA-ICP-MS trace element analysis will be carried out to
investigate the trace element transfers that accompany the reactions involved in the continuous antigorite dehydration.
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Figure 1: Transitional lithology 1 (TL1). Large unoriented antigorite f lakes with chlorite cores. This is the first metamorphic chlorite appearing in the antigorite bearing rock. Crossed polarizers.

Figure 2: Spinifex-like textured chlorite harzburgite. The antigorite assemblage is replaced by brown spinifex-textured olivine, orthopyroxene and chlorite. Single polarizer.
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2.3
Mobile Fragments in a Subduction Channel: Correlation of P-T-D-t stages
Marco Burn1, Francesco Giuntoli1, Daniele Regis1,2, Pierre Lanari1, Martin Engi1
1
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Some numerical models of subduction channels indicate that tectonic mixing may be an important process. Opinions diverge with regards to possible origins of fragments, amplitudes of internal mobility, and temporal scales of such mixing
processes. Recent work in the Sesia Zone of the Western Alps shows that the HP-evolution was substantially more longlived and complex than previously established (e.g. Rubatto et al., 2011). Significantly different HP-stages have been identified in different slices of the Eclogitic Micaschists Complex (EMC; Regis et al. 2013), providing evidence of differential
movements of HP-fragments, with subduction- and exhumation-related stages being recorded. The size, geometry, and
ultimate provenance of fragments are in the focus of our present research, the main emphasis being on the various klippen units thought to derive from the NW-Adriatic margin.
We report on methods refined to relate petrochronology to structural data. Detailed analysis of local phase equilibria
using X-ray images (XMapTools software, Lanari et al. 2011) yields local P-T equilibrium conditions; these are combined
with in situ U-Th-Pb dating for growth zones in allanite and zircon. Careful microstructural details (e.g. on deformation
fabrics, mineral inclusions) and REE-distribution data are used to document an integrated HP-record for single samples.
Where corresponding time intervals have been recorded in several tectonic units, it thus appears possible to correlate
stages of HP-metamorphism and deformation.
Results are shown for HP-fragments from several tectonic units in the internal Western Alps, with examples ranging from
the eastern parts of the Sesia Zone right across to the Austroalpine klippen units now resting atop Piemonte-Liguria oceanic units:
•

In eastern parts of the EMC (Mombarone area) HP-micaschist equilibrated at 1.9-2.0 GPa and 540-550 °C contains
allanite dated at 85.8±1.0 Ma; zircon shows rims at ~75 Ma and 70-60 Ma, these ref lect growth during decompression, but still at pressures >1.4 GPa.

•

Further west (Val de Lys), micaschists from the EMC show a HP foliation (ECL-BLS facies) and weak (GRS facies) retrogression. Successive generations of phengite, garnet, glaucophane (±early omphactie) and allanite are distinguished, plus quartz, epidote, chlorite, and titanite (rimming rutile). Growth zones in garnet and allanite correspond to
distinct HP stages. Preliminary Th-Pb age data for allanite from in situ LA-ICP-MS analysis show 80-74 Ma for cores
and 68-62 Ma for rims. These ages compare well with the two HP stages (HP1: ~75 Ma; HP2: ~65 Ma) Regis et al.
(2013) found in several samples of the Fondo slice of the Sesia Zone, from which pressure cycling was inferred.

•

Leucocratic gneiss from the Glacier-Rafray klippe shows assemblages including actinolite-phengite-epidote-albitetitanite-quartz. Complex growth zoning patterns in phengite allow us to establish a relative, but detailed P-t path.
Replacement of phengite by chlorite adds late-stage information. When combined with published P-T data, an absolute P-T path can be constructed. Dating of the HP-stage(s) is underway.

Analysis of the fossil continental margin between the Sesia Zone, the Piemonte Zone and the external klippen is likely to
have significant tectonic implications. Several stages and scenarios for the evolution of this margin are being considered,
from pre-collisional rifting and formation of an OCT zone, through polyphase subductive processes to the juxtaposition of
fragments during collision or exhumation.

REFERENCES
Lanari et al. (in press) XMapTools: a MATLAB©-based program for electron microprobe X-ray image processing and
geothermobarometry. Computers and Geosciences doi:10.1016/j.cageo.2013.08.010
Regis et al. 2013: Deciphering metamorphic dynamics in an eclogite-facies terrane (Sesia Zone, Western Alps) using U/
Th-Pb petrochronology (in progress at J. Petrology)
Rubatto et al. 2011: Yo-yo subduction recorded by accessory minerals in the Italian Western Alps. Nature Geoscience 4,
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2.4
Ablation behaviour and matrix effects during U–Th–Pb geochronology
of allanite by LA-ICP-MS
El Korh Afifé1
1
Institut für Geologie, Universität Bern, Baltzerstrasse 1+3, CH-3012 Bern (afife.elkorh@geo.unibe.ch)
Centre de Recherches Pétrographiques et Géochimiques (CRPG), 54500 Vandœuvre-lès-Nancy, France

Allanite is a common mineral in magmatic and metamorphic rocks. It has a large range of composition through the substitution reaction Ca2+ + Fe3+ <=> REE3+ + Fe2+, and may host a high amount of Th and U. In-situ U–Th–Pb geochronology of
allanite by LA-ICP-MS has become a promising method. Allanite often contains a significant amount of common Pb (Pbc),
which must be determined with highest accuracy to minimise age uncertainties. Age accuracy depends strongly on protocol adopted for the analyses, including ablation mode (spot or raster), ablation rate and on-sample f luence. As only few
suitable allanite reference materials are available, the possibility of using non matrix-matched standards (e.g. zircon) is
still in debate.
In this study, ablation experiments were carried out in spot mode using a 193 nm excimer laser coupled to a quadrupole
ICP-MS, in order to characterise the ablation behaviour of allanite. The ratio-of-the-mean intensities method (see Ulianov
et al. 2012) was used for data reduction, and Pbc was corrected using the 207Pb method. Three allanite reference materials
are compared: Tara (417 Ma; Gregory et al. 2007), AVC (276.3 ± 2.2 Ma; Barth et al. 1994), and Bona (30.1 ± 0.3 Ma; von
Blankenburg 1992). They have different chemical composition: Pbc-poor Tara (208Pbc < 2.4%; FeOtotal: 11.5–13.9%; REE + Th
of 0.76–0.84 apfu), Pbc-poor AVC (208Pbc < 5.0%; FeOtotal: 15.1–16.1%; REE + Th of 0.86–0.90 apfu) and Pbc-rich Bona (208Pbc <
33%; FeOtotal: 11.6–12.8%; REE + Th of 0.52–0.73 apfu). The U–Th–Pb data were also compared to the Plešovice reference
zircon in order to investigate the matrix effects that may occur between the different matrices.
The temporal change of the intensity ratios for allanites indicates that Ca, Ce, U and Th share a similar behaviour to each
other. Similarly, Pb, Si and, to a lesser extent, Fe do not show any time-dependant fractionation. This effect increases with
time and with increasing f luence and ablation rate conditions, but only weakly with decreasing the spot size from 44 μm
to 32 μm.
Elemental fractionation of the 206Pb/238U and 208Pb/232Th ratios is low and linear at 4 Hz and 4.5 J/cm2 for the Pbc-poor Tara
and AVC allanites. With increasing f luence and ablation rate, the intensity ratio pattern displays a parabolic shape at the
beginning of the signal, resulting from a decrease of the rate of change of the intensity ratio with time. The fractionation
for the Pbc-rich allanite displays a parabolic shape at the beginning of the signal already at 4 Hz and 4.5 J/cm2.
The Pbc corrected mass bias values (know ratio/measured ratio) calculated for the 206Pb/238U and 208Pb/232Th ratios for the
Pbc-poor Tara and AVC allanites are similar and slightly lower than those calculated for the Plešovice zircon. They decrease
with increasing the f luence and ablation rate and with decreasing the spot size. The mass bias values calculated for the
Pbc-rich Bona allanite are lower than those calculated for the Pbc-poor allanites at 4 Hz and 4.5 J/cm2, and remain relatively
constant with increasing the ablation rate and f luence conditions.
The mass bias values display a negative correlation with the Fe/Si ratio suggesting that Fe-correlated matrix effects may
occur during allanite analysis (El Korh, submitted). Fe/Si ratios increase with increasing the f luence and ablation rate
conditions, i.e. with increasing the mass load to the plasma. A poor correlation is also observed with the Ce/Si ratio. This
suggests that Ce-correlated, and by extension LREE-correlated matrix effects, are less liable to occur.
206
Pb/238U and 208Pb/232Th ages of AVC and Bona allanites were calculated using both Tara allanite and Plešovice zircon as
external standards, with varying ablation conditions. The weighted ages obtained using Tara allanite as standard are within uncertainty with the reference ages, using 4 Hz and 4.5 J/cm2 for both 32 μm and 44 μm. Using Plešovice zircon as
external standard, the weighted average 206Pb/238U and 208Pb/232Th ages for allanites are higher than the references ages,
even if they remain within uncertainty with the reference ages for Pbc-poor AVC allanite. In all cases, allanite weighted
average ages are shifted away from the reference value with increasing ablation rate up to 12 Hz and with increasing
f luence up to 12 J/cm2.

Analyses in spot mode at low frequency and on-sample f luence provide accurate and precise allanite 206Pb/238U and
Pb/232Th ages, using matrix-matched calibration (El Korh, submitted). Matrix effects between allanites with different Pbc,
FeOtotal and REE + Th composition are sources of random errors and larger uncertainties, but do not significantly affect the
age accuracy. However, matrix effects between allanites and zircon may often be responsible for systematic errors on ages.

208
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2.5
Formation and geochemistry of rutile from the roots of island arcs:
an example from the Jijal Complex, Kohistan
Ewing Tanya1 & Müntener Othmar 1
1

Institut de Sciences de la Terre, Université de Lausanne, CH-1015 Lausanne (tanya.ewing@unil.ch)

The Kohistan complex crops out in northeastern Pakistan, and presents a ~50 km thick cross-section through a Jurassic–
Cretaceous island arc. It is renowned as one of the best exposed and most complete sections through an exhumed island
arc, and has therefore been the subject of intensive study over the past several decades. Nonetheless, some aspects of the
evolution of the arc complex remain enigmatic.
The Jijal Complex represents the root of the Kohistan arc, and preserves the uppermost sub-arc mantle, the paleo-Moho,
and the lowermost arc crust. It is subdivided into an ultramafic section and a mafic section. The mafic section is dominated by garnet gabbros, the origin of which is controversial. Formation of garnet in these rocks has been variously attributed to prograde metamorphic reactions (Yamamoto and Yoshino, 1998), dehydration melting of hornblende-bearing precursors (Garrido et al., 2006), or magmatic crystallisation at high pressures followed by isobaric cooling (Ringuette et al. 1999).
A range of rock types contain accessory rutile (TiO2), including garnet gabbros, epidote-bearing pegmatites, paragonitebearing gabbros, pyroxenites and garnetites. Geochemical and isotopic analysis of rutile may provide insight into processes
that have affected these lithologies, and thus help understand the evolution of the lowermost part of this classic exhumed
island arc section.
In most Jijal Complex lithologies, petrographic evidence indicates early commencement of rutile crystallisation, with ongoing rutile formation throughout a protracted period. This is consistent with approximately isobaric cooling, as rutile
remains stable during lowering temperatures at constant relatively high pressures. In a pyroxenite from the ultramafic
section, rutile is observed to have formed after ulvöspinel, which is also consistent with isobaric cooling. Zr-in-rutile temperatures record a spread of temperatures dominantly between ~650–700 °C. There is no relationship between Zr-in-rutile
temperature and depth in the crustal section, in spite of the samples spanning ~5 km former depth. Instead there is a
tendency towards lower, more scattered Zr-in-rutile temperatures in samples that show evidence for the most extensive
interaction with residual melt. In spite of the textural evidence for early formation of rutile, Zr-in-rutile temperatures are
significantly lower than Fe–Mg temperatures for garnet–clinopyroxene cores, which range between 800 °C (paragonitebearing gabbo) and >1000 °C (pyroxenite). The Zr-in-rutile temperatures are interpreted to record ongoing re-equilibration
of rutile with melt. Where cores and rims of the same rutile have been analysed they generally show no difference in Zr
content, arguing against diffusive re-equilibration. Recrystallisation (e.g. by dissolution–precipitation) is favoured instead.
The 650–700 °C Zr-in-rutile temperatures agree well with ~650 °C temperatures determined by Ti-in-quartz and epidote–
quartz oxygen isotope thermometry (Dessimoz, 2012). They are also close to the water-saturated solidus for the Jijal
Complex lithologies at relevant pressures. This is consistent with the Zr-in-rutile temperatures recording ongoing reequilibration with residual melt, which would cease with final crystallisation of melt at the solidus.
Rutile hosts 20–40% of bulk rock Zr and 20–30% of bulk rock Hf in Jijal Complex lithologies. This rutile has generally
subchondritic Zr/Hf ratios. Differences in the Zr/Hf of rutile from the Kohistan arc and from the Ivrea–Verbano Zone
lower continental crustal section suggest different controls on the Zr/Hf ratio in these diverse settings.
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2.6
Standardisation, calibration and correlation of the Kübler-Index and the
vitrinite/bituminite reflectance: an inter-laboratory and field related study
Rafael Ferreiro Mählmann1, 2
Technical and Low Temperature Petrology, Institut für Angewandte Geowissenschaften, Technische Universität Darmstadt,
Schnittspahnstraße 9, D 64287 Darmstadt
2
Mineralogisch-Petrographisches Institut, Universität Basel, Bernoullistrasse 30, CH-4056 Basel
1

A multiple inter-laboratory calibration with illite Kübler-Frey-Kisch „crystallinity“ index and related standards is presented and compared with CIS standards used in the last two decades in very low-grade metamorphic studies. Comparing CIS
values with KI standards the CIS values show a higher full width at half-high maximum peak intensity. In all cases due to
broadening effects on the Kübler-Index, zone-limits, specifically the diagenetic zone/anchizone boundary, a shift is produced in geographical dimensions in a metamorphic map-view. Combining standardised Kübler-Index and vitrinite-bituminite ref lectance measurements a coherent data set for compilation studies can be generated from the data of different
research groups.
This attempt to establish a unified database of independent measures to determine diagenetic/metamorphic zones with
different analytical instrumental methods are indispensable to present metamorphic maps at very low-grade conditions.
Given that the Kübler-Frey-Kisch standards are difficult to preserve for the future and presumably they will be replaced
with ongoing time by the CIS standards, a rescue of the laboratory settings from Frey, Kübler and others is done.
After having compiled the Kübler-Index–vitrinite ref lectance zones in the Alps for the „New Metamorphic Map of the
Alps“, the presented calibration and inter-laboratory correlation gives a chance to save the KI values obtained by very
different preparation procedures applied. This is an important step for further studies in an area like the Central Alps with
a very high data grid. This correlation study will also make it possible that nearly the 90% of Kübler-Index data from
Switzerland can be compared in future work.
Using the same calibration and preparation technique no fundamental problem in data comparison is achieved for the
vitrinite/bituminite ref lectance data operation. The main problem arises when rock maturity is compared with CIS calibrated Kübler-Index values. Kübler-Index values obtained by the so-called CIS calibration are not compatible with KüblerFrey-Kisch (Árkai, Aprahamian, Brime, Ferreiro Mählmann, H. Krumm, Leoni, Petschick) calibrated Kübler-Indices.
Applying both standardisation approaches for field studies, partially different results are obtained.
Unfortunately, after the retirement or death of the researchers, the rock collections, but also stored rock standards are
more and more neglected at Swiss and German Universities, due to financial and space reasons. The excellence status of
a university should be visible also in the potential to further re-investigate and use of published data. Refusing this responsibility will complicate research in many geo-science fields.
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2.7
Constraining magmatic fluxes through thermal models
for contact metamorphism
Floess David1,2 & Lukas Baumgartner1
1

ISTE, University of Lausanne
University of Geneva (david.floess@unige.ch)

2

The rate, at which magma ascents (f lux) and its manner of accumulation control whether the emplaced increments form
a pluton with a low melt fraction, or alternatively, a large mass of eruptible magma (eg. Bachmann & Bergantz, 2008). It
is difficult to estimate magma f luxes of ancient systems using geochronology and volumetric estimates. While recent
advances permit to date some intrusions with the necessary precision of a few tens of kyrs, it is impossible to estimate the
volume accurately. Significant amounts of the pluton might have been eroded or erupted. Here we present a different
approach to estimate magma f luxes based on metamorphic isogrades and thermal modeling in the Tertiary Adamello
batholith, Northern Italian Alps.
Field, geochronological, geochemical, and structural data suggest that the marginal parts of the Western Adamello
Tonalite represent a feeder conduit, through which magma was transported towards shallower levels. The magma f lux
caused significant heating of the adjacent host rock. Temperature estimates from the host rocks are based on phase petrology modeling of observed (or absent) isogrades. These are (1) the absence of orthopyroxene at a distance of 50m from
the intrusive contact (T<815°C), (2) partial melting occurring at 350m (T> 675), and (3) the appearance of andalusite at
1700m (T~525). A 1D model was used to study the heat conduction perpendicular to the contact. Magma f low in the conduit was modeled in increments assuming different conduit widths, f low times (active time), for each increment, as well
as quiescence (repose time) intervals. We simulated magma f low to occur at the contact, while cooled increments displaced towards the inside of the pluton. Integrated conduit size was taken to be the 500m based on field and structural
work. We show that only a small set of variables match the aureole temperature constraints. For example, the thermal
profile is well modeled by an active to repose time ratio of 110 years to 3000 years, repeated in 50 cycles of 10m thick
feeder zones.
Finally, the minimum amount of magma f lowing through this conduit can be calculated using a tabular dyke model
(Delaney and Pollard, 1981). The above-cited parameters require a minimum total magma volume of 30 km3 to be transported through the feeder towards shallower levels and potentially fed eruptions at the surface. The equivalent timeaveraged f lux is 0.17 m3/s. A comparison with time-averaged f luxes of recent volcanoes and the presence of re-worked
volcanic sediments in the surroundings of the Adamello batholith (Sciunnach and Borsato, 1994) indicate that the calculated rates and volumes are plausible.
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2.8
Oxygen isotopes in Ioko-Dovyren layered intrusion rocks
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3
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RU-119991 Moscow
1

2

Ioko-Dovyren layered intrusion is located in the Northern Transbaikalia (Southern Siberia). This intrusion forms 26×3 km
mountain ridge, with full layer sequence exposed on the earth surface. Lower part of intrusion contains dunites, lherzolites and troctolites, and the upper one includes gabbroid rocks. Almost all rocks are nearly unaltered. Magma source, inf luence of surrounding rocks, and Cu-Ni ores formation are still under discussion [Ariskin et al., 2009].
Two profiles in f lank parts (Ioko and Shkolnyi) and one profile in central part (Central) of intrusion were sampled. Ioko
profile (73÷2005 m from the bottom, f lank of the intrusion) is the most unaltered, so it was studied as a reference profile.
Central part of the intrusion (138÷1227 m from the bottom) contain zone with high amount of carbonate xenoliths up to
100 meters in size. Shkolnyi profile (162÷784 m from the bottom, another f lank of the intrusion) is quiet altered; rocks
contain more pyroxene, than other parts of intrusive body.
Olivine (33 samples) and plagioclase (21 samples) were separated from rocks. Analysis was performed in IGEM RAS (laser
f luorination technique using BrF5 with dual inlet measurements by DELTAplus mass-spectrometer). Accuracy is within
±0.1‰. Bulk rock oxygen isotope composition was calculated, for the case than the sum of normative plagioclase and
olivine was more than 95%.
Mean δ18O values for olivine from Ioko and Shkolnyi profiles is +5.9±0.1‰, and lower part’s olivines from Central part has
the δ18O values +5.8±0.2‰. Olivines near xenoliths in the central part have increased δ18O values (up to 7.0).
Almost all plagioclase samples were separated from the Ioko profile rocks. In Central and Shkolnyi profile samples plagioclase is a rare phase. Average δ18O value for plagioclase is 7.4±0.2‰.
A previous oxygen isotope data (overviewed in [Kislov, 1998]) have shown huge variations of δ18O for olivine (from +2.6‰
to +19‰). We suppose that these values are the result of technical disadvantages of the old f luorination methods. Recent
studies of [Orsoev, 2010] for narrow zone of Ioko-Dovyren intrusion have shown similar results to our data. Our study gave
the first systematic data on δ18O for minerals and rocks of Ioko-Dovyren layered intrusion.
Almost constant values of olivine δ18O in Ioko (f lank) profile for the first 2000 m of intrusion allow us to suppose nor frame
rocks, nor xenoliths could not affect on magma composition significantly. Dispersion of δ18O values in other parts of intrusion could be caused by intrachamber processes.
The δ18O values for olivine and bulk rock represents frame-rocks inf luence only near xenolith-rich zones. Interval of the
inf luence is about 200-250 meters (fig. 1), and it is located above xenolith zones. Probably, it is the result of anatectic melt
and f luid upwards migration [Mollo et al., 2010].
Values of δ18O in olivine and bulk rocks conform to slab melting products [Bindeman et al., 2005]. It is important result,
because magma origin and history are still under discussion.
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Figure 1. Zones with xenoliths caused increased level of CaO in olivine and values of δ18O.

2.9
Volcanostratigraphic Controls on the Occurrence of Massive Sulfide
(VMS) Deposits in the Semail ophiolite, Oman
Gilgen Samuel Andreas1, Diamond Larryn William1, Ivan Mercolli1
Institute of Geological Sciences, University of Bern, Baltzerstrasse 1+3, CH-3012 Bern (samuel.gilgen@geo.unibe.ch)
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The Semail ophiolite in northern Oman is capped by up to 2 km of basaltic–andesitic lavas that host copper-dominant,
Cyprus-type, volcanogenic massive sulfide (VMS) deposits. This study identifies the multiple volcanostratigraphic horizons
on which the deposits are situated, based on characterization of footwall and hanging-wall lavas from 16 deposits or deposit clusters. Comparison of their field and petrographic features, compositions of igneous clinopyroxenes and wholerock geochemical signatures permits their classification within a modified version of the established regional volcanostratigraphy.
Four extrusive units host VMS deposits: Geotimes (earliest), Lasail, Alley and Boninitic Alley (latest). The latter was known
only at a few localities but the present study reveals its regional extent and significance as a host for VMS deposits. The
new results show that VMS deposits sit on or near the Geotimes/Lasail and Geotimes/Alley contacts as well as entirely
within the Lasail, Alley and Boninitic Alley Units. The Geotimes and Lasail Units represent Late Cretaceous, ocean spreading ridge and related off-axis volcanic environments respectively. Highest Cu grades tend to occur in deposits lying on or
within the Geotimes. The Alley and Boninitic Alley Units represent younger, subduction-related volcanism prior to
Coniacian–Santonian obduction of the ophiolite. Highest Au grades occur in deposits within the Boninitic Alley.
In contrast to earlier studies, the new results show that essentially every horizon that marks a hiatus in lava deposition
in the Semail ophiolite, i.e. contacts between the four major eruptive units, and umbers and sedimentary chert layers
within the units, has exploration potential for Cu–Au VMS deposits.
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2.10
Quantification of successive reactive melt flow episodes in a
layered intrusion (Unit 9, Rum Eastern Series, Scotland)
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In plutonic rocks formed by the accumulation of crystals, reactive melt f low (or infiltration metasomatism) modifies the
composition and geochemistry of the percolating liquid and the crystal mush through which it migrates. Displacing the
liquid line of descent from that of a simple, closed-system differentiation trend changes the mineral saturation temperature, geochemistry and texture, resulting in the formation a texturally and chemically different rock. Here we present a
detailed multidisciplinary study of Unit 9 of the Rum Eastern Layered Intrusion, Scotland, to identify and quantify the
importance of such processes in the development of these cumulate rocks. Unit 9 is composed of Plg wehrlite with poikilitic Plg and Cpx, troctolite with interstitial Cpx, and equigranular gabbro (Figure 1). Gabbro enclaves occur within troctolite. Cpx rims are poorly developed in layered Plg wehrlite and troctolite and bulk rock analyses display distinct Eu positive anomalies, evidencing loss of interstitial liquid. Cpx rims are Cr-poor, REE-rich and display low La/Sm ratio relative to
associated cores. Troctolite is overlain by gabbro, separated by a wavy horizon. Gabbro Cpx show discrete reverse Cr and
REE zoning and a constant high La/Sm ratio. Interstitial Cpx in troctolite and equigranular Cpx in gabbro become progressively oikocrystic towards the northern edge of an intrusive Plg wehrlite sill, forming poikilitic gabbro with Cpx oikocrysts. Oikocrysts consist of Cr-rich (~1.1 wt% Cr2O3), moderate REE, and high La/Sm anhedral cores (core1) that enclose
randomly oriented small (up to 0.5 mm) Ol and Plg inclusions (Figure 2). Cores are overgrown by a moderate-Cr (~0.7 wt%
Cr2O3), REE-poor, high La/Sm anhedral zone (core2). Oikocryst rims are Cr-poor (~0.2 wt% Cr2O3), REE-rich and display lower
La/Sm ratio. They enclose large (1 mm) oriented Plg and Ol crystals. The rim thickness increases from the base of Unit 9
to the top. Cpx rim crystallization is synchronous with cumulate pile compaction.
Equilibrium liquids responsible for Cpx precipitation were calculated using partition coefficients. The liquids parental to
the Plg wehrlite, troctolite and poikilitic gabbro Cpx cores display a higher La/Sm ratio and higher REE content than the
corresponding rims and associated picritic dykes. The REE pattern of the liquids in equilibrium with the Cpx cores is interpreted as a signature of partial melting, compatible with the resorption texture. Cpx core1 of all lithologies crystallized
from the parental Rum picritic liquid. Cpx core2 are best explained by 59% partial fractional melting of a gabbroic assemblage (Rum interstitial crystals or bulk gabbro), mixed with 70% picritic liquid, with subsequent Rayleigh fractional crystallization (F = 1-0.6). Gabbro enclaves within troctolite are relics after partial melting. The multiple generations of Cpx
are witness to successive melting episodes resulting from repeated incursions of picritic melt. Cpx rims are best explained
by partial melting (34%) of a Cpx-poor gabbroic assemblage, mixed with picritic liquid (70%) and subsequent Rayleigh
fractional crystallization (F = 1-0.3).
Subsequent intrusions of Plg wehrlite sills induced partial melting of the Unit 9 gabbro. Once porosity was sufficient,
differentiating liquids from the Plg wehrlite percolated throughout the crystal mush pile, mixing with interstitial liquid
and crystallizing the interstitial crystals. Thus, through reactive melt f low, the composition of the percolating liquid and
the cumulate rocks differ from simple fractionation products along the Rum liquid line of descent.

Figure 1. Vertical sketch of the Rum Eastern Layered Intrusion (Unit 9), showing the Plg wehrlite - troctolite - gabbro succession.
Troctolite and gabbro are separated by a sharp wavy horizon. Troctolite grades into poikilitic gabbro towards the Plg wehrlite northern
extremity, with large Cpx oikocrystic. The poikilitic gabbro forms an oblique channel throughout the overlying gabbro. Gabbro enclaves occur within poikilitic gabbro.
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Figure 2: Rum poikilitic gabbro Cpx EMPA Cr map. Blue italic values are calculated equilibrium melt La/Lu ratios (using DREE of Wood &
Blundy, 1997). Note the two successive episodes of Cpx partial melting, overgrown by a Cr-poor, LREE-depleted rim. Red dots show LAICP-MS analyses. C1=Core1, C2=Core2, R=Rim.
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Barium isotope fractionation in coral skeleton:
Tracking anthropogenic contaminations?
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We plan to gain a first order view of the marine Barium (Ba) isotope cycle by measuring the Ba isotopic composition of
carbonates and seawater. Ba in ocean water originates from two major natural sources, i.e. terrestrial weathering and
hydrothermal precipitates. Further, an additional Ba source is coming from the use of diagenetic barite in drilling mud
for oil and gas exploration. Barium with an exploration/production origin is found in modern sediments and is a potential source of stress for scleractinian corals (e.g. Lepland and Mortensen, 2008). A special focus, therefore, is the question
whether the different Ba sources are ref lected in Ba isotope ratios of carbonate archives.
The present sample set is composed of modern scleractinian coral skeletons. Some corals were cultured in monitored
aquaria (CSM, Monaco) others originate from natural environments (warm water corals: the Bahamas/Florida, cold water
corals: the Norwegian shelf). The analytical procedure includes the application of a 130Ba/135Ba double spike, a cation exchange column followed by isotope measurements on a Nu Instruments Multicollector ICP-MS. The Ba fractionation of the
samples is compared to a Ba nitrate standard solution, IAEA BaCO3 and BaSO4 standards, and a natural limestone standard
(BSC-CRM 393).
Coral skeletons show a significant positive fractionation (mean = 0.4 ± 0.05 ‰, 2 SEM) compared to the Ba nitrate standard
solution (± 0.1 ‰, 2SD, N=270). This signature is significantly different from barites from a massive Cambrian deposit
(-0.5‰) and a further diagenetic barite (von Allmen et al. 2010) as well as from experimental orthorhombic Ba carbonate
(von Allmen et al., 2010, unpublished data).
Thus, corals from different environments bear the potential to serve as an archive of environmental inf luence on the Ba
cycle (e.g. upwelling regions or inf luenced by terrestrial or industrial input). Given that the most important economic
occurrences of barite are stratabound massive beds, it appears reasonable to test the hypothesis that potential Ba pollution
from drilling f luid are detectable in corals, based on Ba isotopes. Thus, our results clearly encourage a further investigation of the Ba cycle by means of Ba isotope analyses on different natural materials and settings. The more the Ba cycle is
constrained in detail, the better the anthropogenic inf luence can be deciphered from the natural signal, for instance in
the vicinity of drilling sites, where barium-enriched drilling muds are in use.
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2.12
Ore-forming fluids associated with the early mineralization
at Cerro de Pasco, Peru
Rottier Bertrand, Kouzmanov Kalin, Fontboté Lluís
Earth and Environmental Sciences, University of Geneva, rue des Maraîchers 13, CH-1205 Geneva, Switzerland
(Bertrand.Rottier@unige.ch)

Cerro de Pasco, central Peru, is a large Cordilleran base metal deposit formed along the eastern margin of a diatreme-dome
complex, as part of the Miocene metallogenic belt of central and northern Peru. It was formed during two stages of mineralization by f luids with contrasting fs2, fo2 and pH (figure 1). Recent work (Rottier et al., 2013) has shown that stage-1
consists of a number of pyrrhotite pipes that grade outwards into massive Fe-rich sphalerite and galena rims; they are
structurally controlled by major N-S faults. Their inner parts contain minor arsenopyrite and Fe-rich sphalerite, as well as
traces of chalcopyrite, galena and stannite (Baumgartner et al, 2007). During stage-2, a massive body consisting mainly of
pyrite and quartz was emplaced. It is associated with a pervasive sericite-pyrite alteration affecting the diatreme-dome
complex. Subsequent to the emplacement of the pyrite-quartz body, high-sulfidation mineralization was formed. It is
expressed in the western part of the deposit, as a set of E-W–trending Cu-Ag-(Au-Zn-Pb) enargite-pyrite veins hosted by the
diatreme-dome complex, and, in the eastern part, as large well-zoned Zn-Pb-(Bi-Ag-Cu) carbonate replacement ore bodies
(figure 1).
A systematic microthermometry study on primary and pseudo-secondary f luid inclusions assemblages (FIAs) in quartz
and Fe-rich sphalerite from the pyrrhotite pipes and their rims, and in quartz from the pyrite-quartz body, has been performed for the first time. All the f luid inclusions are aqueous, liquid-rich, with 20-30 vol% vapor phase.
Quartz- and sphalerite-hosted f luid inclusions from the pyrrhotite pipes show a systematic center-to-rim decrease of homogenization temperature (Th), from 355° to 205°C, and salinity, from 15.2 to 3.23 wt% NaCl equiv. (figure 2A). This
pattern results from mixing between a hot and saline magmatic f luid with dilute meteoric waters.
FIAs hosted in quartz from the pyrite-quartz body show a complex pattern. The large majority homogenize at 270-220°C
(figure 2B). A few FIAs have lower Th, between 220° and 175°C. These FIAs are always hosted by the last growth band of
crystals or are from samples from the upper part of the pyrite-quartz body, thus recording the cooling of the system. Fluid
salinity varies from 16.13 to 2.4 wt% NaCl equiv; in most of the studied quartz crystals salinity decreases towards the
crystal border without correlation with Th. This implies a progressive f luid dilution at roughly constant temperature,
related to mixing with a less saline magmatic f luid or with a heated meteoric f luid. One FIA presents higher salinity (~23
wt% NaCl equiv.) and low eutectic temperatures (<-50°C), indicating presence of CaCl2-dominated f luids (figure 2B), possibly due to local input of basinal brine-type f luids or formation waters.
CO2 has been detected by Raman microspectroscopy in all FIAs from the pyrrhotite pipes and their outer sphalerite-bearing rims. In FIAs from the pyrite-quartz body, CO2 has been detected only in samples taken from depths <200 m from the
present day surface. Such a vertical zoning is indicative of phase immiscibility between CO2 and H2O.
These preliminary results are consistent with the new field and textural findings (Rottier et al, 2013) indicating that pyrrhotite pipes constitute the earliest mineralizing events at Cerro de Pasco. Further, the results suggest complex mixing of
magmatic f luids with others coming from different sources. LA-ICP-MS analyses of f luid inclusions will contribute to a
better understanding of the f luid evolution within the studied sequence.
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Figure 1. Block diagram showing the two stages of mineralization (modified from Baumgartner, 2007).

Figure 2. Microthermometry results: A. Pyrrhotite pipes and their rims, B. Pyrite-quartz body (quartz-hosted FIAs). CO2 presence detected by Raman microspectroscopy. Salinity values not yet corrected for CO2 content.
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2.13
Distinguishing metacarbonatites from marbles – Challenge from the
carbonate-amphibolite-epidotite rock association in the
Pelagonian zone (Greece)
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Carbonate rocks were found in association with amphibolites and epidotites in the greenschist- to amphibolite-facies
metamorphic basement of the Pelagonian zone (Greece). The mafic rocks both include and are truncated by the carbonates, hinting to a cogenesis of siliceous and carbonatic magmas/f luids. The carbonates have an isotopic signature of δ13C
ranging from -5.18 to -5.56 (‰ vs. PDB) and of δ18O from 10.68 to 11.59 (‰ vs. SMOW) giving them the geochemical characteristic of carbonatites (magmatic carbonates). Mafic rocks have high Nb and Ta concentrations, typical for alkaline
basalts. Therefore, textural relationships and geochemical signals in both the silicate and carbonate rocks hint at a cogenetic, mantle origin. SHRIMP U-Pb zircon ages from a carbonate bearing amphibolite date the intrusion at 278 Ma (magmatic zircon cores), well before the metamorphic event at 118 Ma (metamorphic zircon rims).
However, the concentration of rare earth elements (REE) in the carbonates, amphibolites and apatites is lower than in
typical carbonatites, probably because of the interaction with metamorphic f luids during the Cretaceous metamorphism.
Since these low REE concentrations raise doubts regarding the carbonatitic origin, other processes altering the δ13C have
to be considered. Skarn metasomatism can fractionate the δ13C in the carbonates to carbonatitic values, but the absence
of a Cretaceous contact metamorphism speaks against that possibility leaving the suggestion that the carbonatite rock
association sign the Permian opening of the Tethys Ocean in the eastern Mediterranean.

2.14
Evaluation of the mineral potential in the Bjørnesund greenstone belt,
southern West Greenland, combining multivariate studies, field work
and geochemistry
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The Bjørnesund area is dominated by amphibolites containing bodies and slivers of ultramafic to mafic rocks and gneiss
whereas grantic rocks and anorthosite are minor (Fig. 1). Based on regional qualitative and quantitative mineral potential
mapping for gold the Bjørnesund West and East areas were selected for field work with the aim to provide new detailed
information, sampling and mapping from the area in order to characterise the geological environment, follow up on results from the mineral potential mapping and processed remote sensing data and evaluate the possibilities for gold mineralisations in the areas. A newly compiled, detailed and geo-referenced digital geological map, a new gold discovery and
recognition of areas potential to host Ni and platinum group element (PGE) resulted from this work. The most interesting
gold occurrences were found in a hydrothermally altered shear zone. This several tens-of-metre wide shear zone is located
in the Bjørnesund West area (Fig. 1). The shear zone trends northeast-southwest and dips 80 degrees towards the southeast.
It can be followed over several hundreds of metres along strike. This shear zone contains a 50 cm yellow-brownish, rusty
stained amphibolite, which hosts parallel quartz-carbonate-feldspar veinlets. Chip samples over 50 cm, within the amphibolite hosted quartz-carbonate-feldspar veined shear zone yield 569 ppb Au, and alteration related to this Au-mineralization
is of the Grt, Bt, Iron oxide-hydroxide type (Kolb et al. 2013).
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Artifical neural network analysis has been used for mineral potential mapping and this analysis has predicted the area
where the gold was found as being favourable. Elevated Ni/Mg ratios from analyzed stream sediment samples have also
indicated the same area as being favourable. Lithogeochemistry was applied and based on immobile-element-ratio classification seven types of amphibolites were discriminated and the gold horizon was found to be located at the contact of
basalt A and basalt E (Schlatter & Stensgaard 2012). Interpretation of ASTER remote sensing data have identified anomalous levels of Fe3+ and the follow up field work has shown that several of these anomalous areas correspond to extensive
rust zones which in term were caused by surface weathering of ultramafic dunitic and pyroxenitic rocks. Chemical analysis of samples from these rust zones have revealed elevated Ni, Cr, Co and PGE contents, and pentlandite, which was
identified using an electron microprobe.
These findings indicate that the Bjørnesund anorthosite-greenstone belt has the potential to host economic mineral deposits: gold and possibly Ni-PGE deposits. Field work has confirmed that the area is highly prospective, as outlined prior to field
work. The spatial association of gold and Ni-PGE occurrences in the Bjørnesund area is intriguing and possibly is related to
a deep seated crustal structure which has brought ultramafic dunitic and pyroxenitic rocks from deeper parts of the crust
to higher levels as well as f luids associated with gold. The results presented here show that the multidisciplinary approach
using qualitative conceptual and quantitative mineral potential multivariable studies, geological maps and lithogeochemistry can be applied to generate targets previous to field work. Field work on the ground should then subsequently be
carried out in order to successfully confirm that such predicted areas are indeed host to mineral resources.

Figure 1. A newly compiled, detailed and geo-referenced digital geological map (modified from Escher & Pulvertaft 1976) showing the
Bjørnesund West and East areas, as well as the location where gold was discovered in 2009 by using mineral potential mapping.
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2.15
Modeling water-rock interactions in Icelandic hydrothermal systems
Thien Bruno1, Kosakowski Georg, Kulik Dmitrii
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1
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We present first results of a modeling study on the mineralogical and porosity evolution of Icelandic hydrothermal systems. The study is part of the COTHERM project (COmbined hydrological, geochemical and geophysical modeling of geotTHERMal systems) that is an integrative research project to advance our understanding of the sub-surface processes of
magmatically-driven natural geothermal systems.
The geothermal systems of interest are typically high enthalphy systems where a pluton located at few km depth increases
the geothermal gradient and triggers a hydrothermal circulation. The bedrock is expected to interact and equilibrate with
circulating f luids. The spatial and temporal variable mineralogical evolution typically depends on the composition, temperature (and pressure) of the circulating f luid, the composition of the rock and the character of the f luid pathways
(fractured or porous medium).
We investigate two hydrothermal systems: Kraf la, for which the water recharge consists of meteoritic water; and
Reykjanes, for which the water recharge mainly consists of seawater.
In a first attempt, we model only one f luid path with a 1D porous media approach with the OpenGeoSys-GEM code. The
open source code OpenGeoSys for modeling multi-physics problems is based on Finite Elements (Kolditz et al. 2012) and is
used to calculate f luid f low and heat and mass transport. The code is coupled with the numerical kernel of the GEMSelektor geochemical modeling package (Kulik et al. 2013). The GEM approach minimizes the total Gibbs energy of the
system computed from species amounts and primal chemical potentials. The kinetic control of mineral dissolution/precipitation reaction constraints on the mass balance can be enforced for any chemical species based on various kinetic equations (e.g. Palandri & Kharaka, 2004; Pham et al., 2011).
We consider a f luid pathway from the surface to 3 km depth, and back to the ground surface. Initially at each grid node
we attribute specific P and T conditions. The composition of the injected f luid is, depending on the case, meteoric water,
sea water, or a mixture of both. In a first attempt we set a constant temperature along the f luid path based on an enhanced geothermal gradient. More realistic models will be based on results from another COTHERM subprojects which concentrates on the realistic simulation of f luid and heat transport including phase changes and multi-phase f low.
The initial rock composition is a fresh basalt. We considered basalt minerals dissolution kinetics according to Palandri &
Kharaka (2004). Reactive surface areas are supposed to be geometric surface areas, and are corrected using a sphericalparticle dissolution model. For secondary minerals, we consider that they reach partial equilibrium, assuming that primary mineral dissolution is slow, whereas secondary mineral precipitation is rather fast. Our first modeling results evidenced
that such a concept is not able to satisfactorily describe mineralogical assemblages as observed in the field by Gudmundsson
& Arnorsson (2005) and by Icelandic partners of the COTHERM project. Currently we work on implementing kinetic controls also for secondary minerals.
Proper account for mineral precipitation kinetics in reactive transport modeling is a challenge, because:
1. Available experimental kinetic parameters are relatively sparse in the literature; when exist, they are often inconsistent;
2.

The experimentally determined mineral surface area is not necessarily the same as the reactive mineral surface area;

3.

Since secondary phases do not exist initially, their nucleation rates must be included in the kinetic model. It is then
not completely clear how the reactive surface area evolves in time because it is related to nucleation mechanisms,
which are poorly known.
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The world-class Miocene Morococha mining district in central Peru represents one of the best examples of multiphase
porphyry-centered systems, overprinted by a late-stage Cordilleran polymetallic vein and replacement type mineralization
(Bendezú et al., 2008; Kouzmanov et al., 2008). Detailed geological, geochronological and structural studies on both porphyry and polymetallic ore-bodies in Morococha have been recently reported (Bendezú et al., 2008; Catchpole et al., 2011).
In this contribution we present new data on the magmatic-hydrothermal f luid evolution at Morococha, combining f luid
inclusion microthermometry, LA-ICP-MS, SEM-CL, and Raman microspectrometry analyses on the high-T-P porphyry style
mineralization.
The recently identified centers that represent this porphyry style mineralization include the following three that are
studied in this work (Fig. 1): i) Codiciada Cu-Mo center (9.3 – 8.8 Ma); ii) Ticlio Cu-Au center (8.3 – 8.05 Ma), and iii)
Toromocho porphyry Cu-Mo center (7.7 – 7.2 Ma). Codiciada and Toromocho consist of composite stocks, while Ticlio
represents essentially a single intrusion. In order to constrain temperature and pressures of ore formation, we have applied microthermometry on vapor-liquid “boiling” assemblages in early quartz (+/- sulfides) stockwork veins. Results give
temperatures and pressures ranging from 533º to 450 °C / 380 - 400 bar in Codiciada, 460º to 350 ºC / 230 to 255 bar in
Ticlio and 350º to 300 ºC / 120 to 150 bar in Toromocho. These estimations are supported by the titanium-in-quartz geothermometer (Wark and Watson, 2006), using trace-element LA-ICP-MS data for the host quartz crystals. Pressure estimates are indicative of magmatic and hydrothermal activity in the area and are in good correlation with available data on
the erosion / uplift history of the system as a whole. The Codiciada center was formed at higher pressure and depth,
compared to the 0.5 my younger Ticlio center and the still 0.3 Ma younger and shallower Toromocho center (Fig. 2). Such
a scenario is typical for telescoped systems worldwide (Sillitoe, 1994, 2010) and may have important implications for exploration strategies in multiple porphyry-centered districts.
On respect to the f luid composition studied by LA-ICP-MS, presence of high concentrations of Cu, Mo as well as S has been
observed in each center, among other elements. Ongoing study will elucidate if the three mineralized centers share the
same magmatic source or are fed by independent pulses of magma. Especially interesting is the presence of significant
concentrations of elements commonly considered as “immobile”, such as Ti, Y, La, Ce, and V in the intermediate-density
high-temperature f luid inclusions, regarded as analogues of the pristine magmatic f luid, as well as in the hypersaline
liquid inclusions resulting from phase separation.
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Figure 1. Geologic map of the Morococha mining district, modified after Bendezú et al. (2008).

Figure 2. Age vs. pressure diagram showing the ranges for the three studied porphyry centers.

REFERENCES
Bendezú, A., Catchpole, H., Kouzmanov, K., Fontboté, L. & Astorga, C. 2008: Miocene magmatism and related porphyry
and polymetallic mineralization in the Morococha district, central Peru. XIII Geological Congress of Peru, Lima.
Catchpole, H., Kouzmanov, H., Fontboté, L., Guillong, M. & Heinrich, C.A. 2011: Fluid evolution in zoned Cordilleran
polymetallic veins-insights from microthermometry and LA-ICP-MS of f luid inclusions. Chemical Geology, 281, 293304.
Sillitoe, R.H. 1994: Erosion and collapse of volcanoes: Causes of telescoping in intrusion-centered ore deposits. Geology,
22, 945-948.
Sillitoe, R.H. 2010: Porphyry Copper Systems. Economic Geology, 105, 3-41.
Wark, D.A. & Watson, E.B. 2006: TitaniQ: a titanium-in-quartz geothermometer. Contributions to Mineralogy and
Petrology, 52, 743-754.

Swiss Geoscience Meeting 2013

Platform Geosciences, Swiss Academy of Science, SCNAT

2.17
Effects of crystallization and bubble nucleation on the seismic properties
of magmas
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Seismic tomography of potentially hazardous volcanoes is a prime tool to assess the physical state of magma reservoirs.
Processes occurring in the conduit or in the chamber, such as crystallization and bubble exsolution, control the magma
rheology, hence the style of volcanic eruption. Elastic parameters of vapor-saturated, partially molten systems are thus
providing fundamental information for the identification of such reservoirs under active and seemingly dormant volcanoes.
We investigated a chemically simplified melt analogous to andesite and trachyte, in the system CaO-Na2O-Al2O3-SiO2-H2OCO2 (Picard et al, 2011), which undergoes plagioclase crystallization and bubble exsolution. Using a Paterson-type internally-heated gas pressure apparatus, we measured the ultrasonic velocities at a constant pressure of 250 MPa and at a frequency of 0.1 MHz. Samples have been first heated at 850 °C for 30 minutes. Subsequently, the temperature has been
decreased to 650°C at a rate of 0.5 or 0.1°C/min and velocities were recorded each 45 minutes. The Paterson apparatus
doesn’t permit a fast quench. Consequently, a serie of cold-seal experiments at identical pressure conditions but with rapid-quenching at various temperature have been undertaken.
Seismic velocities are strongly affected by bubble nucleation and crystallization (Carrichi et al, 2009). We will thus present
new experimntal results that clarify the dependence of the seismic velocities on the evolution of microstructures (bubbleand crystal-size distribution) as well as the evolution of composition (melt and crystals).
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Molybdenum isotopes: the new tracer to identify subducted material?
Hints from the altered oceanic crust and oceanic eclogites.
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During movements of the oceanic crust away from mid-ocean ridges, hydrothermal alteration of the oceanic crust imparts
distinct elemental and isotopic signals. The change in isotopic composition of the altered oceanic crust compared to unaltered MORB provides important tracers to identify the involvement of f luids/melts released from the subducted slab in the
formation of volcanic arc basalts and ultimately of deep recycling of subducted material. Over the last decade, many studies demonstrated the great potential of Mo isotopes in the understanding of ocean processes and continental weathering.
These studies showed that Mo is a redox-sensitive tracer. Although recent studies suggest that diffusion can play an important role in isotope fractionation, the heavy element Mo, forming large oxyanion complexes, is unlikely to be substantially isotopically fractionated by diffusion.
In the first part of the project, samples from the deepest drill hole into the Pacific Oceanic crust (IODP Site1256) were
analysed for Mo isotopes and Mo concentrations. A profile through the complete upper altered oceanic crust (passing
pillow basalts, sheeted dyke complex, and gabbros) at ODP Site 1256D has been sampled and Mo isotopes and Mo concentrations have been measured. The studied samples show high variability down-hole (over 1.5‰ d98/95Mo), with a tendency
to increase with depth. The heterogeneous dehydration of the oceanic crust might lead to extraction of the heavier isotopic ratio in the source of arc volcanoes, while the lighter isotopic ratio might be the source for the light isotope ratio found
in some ocean islands basalts. In general, it seems that the altered oceanic crust has an isotopic ratio slightly heavier than
average continental crust and mantle, highlighting the potential of Mo to fingerprint recycling of subducted material,
depending on the consequences of processing beneath the arc.
Eclogites are the high temperature/ high pressure dehydrated equivalent of the altered oceanic crust, thus are the indication of the isotopic composition of material transported into the deep mantle after a full range of subduction zone processes have acted upon it. In additions, some subduction related metasediments were analyzed. The samples studied come
from Syros and the Alps, both identified as exhumed fragments of subducted oceanic crust. The samples show that there
is a significant change in d98/95Mo as lithologies change from hydrated blueschists to anhydrous eclogites. The changes in
isotopic compositions indicate that heavy Mo leaves the subducted slab, resulting in an isotopically light residue.
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Cl isotopes in melt inclusions
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Chlorine is an important volatile element. Its two stable isotopes are used to track the global halogen cycle and to determine f luid sources. Chlorine isotopes are fractionated by f luid/rock interaction, degassing, diffusion and mineralogical
transformations. However, the range of Cl isotopes in terrestrial rocks has been shown to be relatively limited (~-2.0 to
+2.0‰, e.g., Barnes et al., 2008), requiring precise measurements of δ37Cl. Usually Cl isotopes are measured by TIMS or
IRMS, and only a few measurements have been performed so far by ion probe. Previous SIMS studies reported a reproducibility of 0.8 to 1.5‰ (2 Standard Deviation (SD)) for glasses with > 200 ppm Cl (e.g., John et al., 2010; Straub and Layne,
2007). Using the SwissSIMS, a CAMECA IMS 1280-HR, we have been able to obtain a precision as good as 0.4‰ (2SD), with
a beam size of 10 microns, in glasses containing only 100 ppm Cl. With such a precision, it is now possible to study the Cl
isotopic composition of melt inclusions trapped in olivines.
In this study, we will analyze melt inclusions representing both primary (in high Fo olivines) and more evolved (at least
partly degassed) melts. This dataset will allow us to better understand the behavior of Cl in the mantle and to bring new
clues on the behavior of Cl isotopes during shallow magma degassing.
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Development of δ18O and δ37Cl SIMS analysis on biotites
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Fluids are a major driving force in many geologic processes. They lower the melting temperature, are behind many ore
forming processes and facilitate mineral reactions, for example. C-O-H f luids are the most common f luids and chlorine is
thought to be the main anion in those f luids. Stable isotopes of C-O-H-Cl carry information on source, pathways, and mechanisms of f luid-rock interaction. Advances in stable isotopes analysis by Secondary Ion Mass Spectroscopy (SIMS) permit
isotopic analysis in minerals with high spatial resolution. SIMS analyses are typically rapid (4-10 minutes/analysis), so that
today we can obtain large amount of in-situ data with a spatial resolution of 5-20mm, at relatively low cost and high speed.
SIMS analyses are hampered by large matrix effects; in some cases more than 10‰ absolute (Eiler et al. 1997; Riciputi et
al. 1998). To correct for instrumental mass bias and matrix effects it is crucial to have reliable standard materials of the
same structure and composition. We present δ18O and δ37Cl analysis obtained with the new SwissSIMS facility in Lausanne
on biotites spanning the annite-phlogopite solid solution. So far we have identified 2 potential standards, in which the
reproducibility (2σ) of δ37Cl analysis are ca 0.3‰, that of δ18O better than 0.3‰. Considering that magmatic f luids have a
δ37Cl signature of -0.5 to 2‰, whereas marine pore waters are comprised between -8 and 0‰ (Banks et al. 2000; Barnes et
al. 2008), this reproducibility is good enough to discriminate between f luid sources
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High chloride concentration in biotites of host rocks documents
infiltration of fluids exsolved from the Torres del Paine granites
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The Torres del Paine intrusive complex (TPIC) is located in southern Patagonia east of the Patagonian batholith. It intruded
between 12.6-12.45 Ma (Leuthold et al 2012, Michel et al. 2008), and was constructed by three major granites laccolith
intrusions and by underplating of a mafic sill complex, which formed again in 3 major batches (Leuthold et al. 2012). The
TPIC intruded the Cretaceous Punta Barossa and Cerro Toro Formations at a depth of ca. 3 km, creating a small, well-exposed contact aureole. The previous study by (Bodner 2013) determined that the temperature in the contact aureole never
exceed 550°C. The chlorine content of biotites increases in the vicinity (1-20m from contact) of the intrusion from 50500ppm to over 1500 ppm. Most samples in the far-field have less than 300 ppm.
Samples with high chloride concentrations in biotite contain biotite, k-feldspar, and cordierite, with no or very minor
retrogression. We interpret this to be the result of Cl-rich, igneous f luids infiltrating these samples at peak metamorphic
temperatures. Stable isotope compositions of hydrogen in biotites also ref lect an igneous source for these f luids. The fact
that only 3 out of 16 samples located within 30 meters of the contact show high chlorine concentrations ref lects channelized, limited infiltration of f luids.
Preliminary calculation based on Zhu and Sverjensky (1991) give a predicted total dissolve chlorine content 5 mol in the
f luids, while non-infiltrated rocks have f luids with total chlorine concentrations as low as <0.1 m. The high chlorine concentrations are typical for Cl-enriched f luids exsolving from a crystallizing magma attaining f luid saturation. Fluid saturation of magmas is also documented by the presence of abundant miarolitic cavities in the granites. Further work is
planned using δD, δ18O and especially δ37Cl of biotites, since chlorine isotopes and the other isotopes isotopes aqueous
f luids exsolved from magmas carry characteristic signatures, allowing them to be identified.
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The SwissSIMS facility is build around a dynamic secondary ion mass spectrometer (SIMS), the CAMECA 1280HR. The facility became operational in January, 2013. It was acquired by the universities of Bern, Geneva and Lausanne, the ETHZ,
and the Swiss National Science foundation. It is housed by the University of Lausanne in its new Geosciences building. The
1280HR is optimized for high mass resolution analysis (>20K), has a dual primary ion beam (oxygen and Cesium), and can
reach a spatial resolution (Ce-source) of ca. 2-5µm). Its use is for stable isotope geochemical analysis in solids, and in-situ
dating of accessory minerals, for example.
Since January, we have been involved in developing our proper standards for analysis of different isotopic systems. SIMS
instruments are plagued by large instrumental mass fractionation (IMF), which depends on instrument settings, the matrix analyzed and sample preparation. As a consequence, a standard grain of at least a few 100µm size, with known composition, matching structure and major element composition of the mineral or glasses to be analyzed needs to be mounted
on each SIMS sample block.
A quartz standard has been developed for oxygen isotope analysis using the central part of a 15cm long quartz crystal from
a pegmatite in the Torres del Paine, Chile. Laser f luorination analysis produced a d18O value of 9.8 ± 0.24‰ (2s, n=5), using
quartz NBS-28 as reference. SIMS analysis resulted in uncorrected values between 3-24‰ d18O. Instrumental drift was
corrected by using one grain as a reference (e.g. assigning it the value of 9.8‰). It was analyzed 4 times every 10-15 analysis of any other grain of the Paine 1 quartz. Drift corrected data of ca. 100 analysis on 10 grains had a reproducibility of
0.37‰ (2s). Within single grain variability of 0.18-0.47‰ was obtained. We are currently testing if this standard for oxygen isotopes can be used for trace elements like Ti, Na, Al.
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Inductively coupled plasma mass spectrometry (ICPMS) is a major branch of modern mass spectrometry with important
applications in Earth Sciences. In combination with the laser ablation (LA) sample probing, it is widely used for the in-situ
determination of trace element abundances and isotope ratios in solids. Some of such determinations require the calculation of concentration or concentration ratio uncertainties as a compulsory part of the analytical result. Curiously, neither
the fundamental sources of noise in the ICPMS nor methods used for the practical uncertainty calculation are thoroughly
discussed in the literature. Regarding the fundamental sources of noise, it is declared without explanation that the Poisson
process is involved in the generation of ICPMS signals. Regarding the uncertainty calculation methods used in practice,
they are often buried in computers programs used for LA-ICPMS data reduction without a detailed analysis of their properties and limitations.
To explain the appearance of the Poisson process in the distribution of ICPMS count numbers, we consider this distribution
as a limiting case of the binomial distribution constrained by inefficient ion transmission from the ICP to the detector.
The ICP is an atmospheric pressure ion source. The extraction of ions from the ICP into the spectrometer ion channel, kept
under vacuum, is a technical challenge: most ions generated in the ICP are lost during the extraction. Thus, if a large
number (M) of ions face the sampler cone per time interval, but the probability (p) for each individual ion to reach the
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detector and be registered is low, the numbers (N) of actually registered ions per time interval (per analysis) are Poisson
distributed with a mean and variance equal to pM. This formalism is valid if the number M of ions subject to extraction
per time interval is constant. However, due to turbulences in the torch and instabilities of the sample introduction system,
M f luctuates with time. This is the case of the so-called doubly stochastic, or mixed, Poisson process. It could be imagined
that a subset of N values is acquired at one M, an other subset – at an other M, etc., after which all subsets are mixed in
proportions corresponding to the probability of occurrence of a given M value. The mixing results in the appearance of an
excess variance in the distribution of count numbers compared to the variance of an ordinary Poisson process (constant
M). The excess variance shows a quadratic dependence on the signal intensity. In weak signals, it is insignificant. Such
signals can be approximated by an ordinary Poisson process with a variance equal to the mean count number. In strong
signals, it increases. The excess variance in the uncertainty of ICPMS signals is otherwise known as f licker noise, although
it is an integral part of the doubly stochastic Poisson process, not an individual noise component. We review mathematical
formalisms existing to describe it using correlation properties of the signal, and show how to use the conditional intensity (autocovariance) function of the signal to derive the entire uncertainty.
Although the Poisson description of uncertainty in ICPMS is a causal model describing the sources of f luctuations and not
only their extent, it requires estimating the autocovariance function above and invokes a complex mathematical formalism, especially in the case of transient signals typical of LA-ICPMS analyses. Therefore, descriptive approaches based on
the individual sweep intensities or their ratios are widely used and still remain the only practical solution for the uncertainty estimation of strong ICPMS signals with a significant excess variance due to double stochasticity. These approaches
can be divided in three large groups: (1) ratio of the mean intensities; (2) mean of the intensity ratios, (3) intercept, or regression-based, approach. We showed in a recent work that using approaches (2) and (3) can yield indefinite results in
terms of the both intensity ratio value and its uncertainty; these results are inf luenced by the extent of the signal f luctuation and averaging for the standard and the sample (Ulianov et al., 2012). Approach (1) is devoid of these deficiencies
and can be recommended, but requires developing methods to calculate the mean intensity uncertainty for a transient
signal. We suggest two such methods: differencing and signal segmentation. The differencing method invokes transforming the original series of sweep intensities into a series of intensity differences obtained from each two consecutive sweeps.
This series is not transient, even if the original signal is transient. The standard deviation of the mean for this series is
easy to compute, which allows to immediately calculate the uncertainty for the original transient signal. For a single collector ICPMS, this method shows excellent performance on tests, including comparisons with uncertainties calculated
from a number of replicate analyses of the same material. We recommend this method. The segmentation method is based
on the uncertainty computation for the individual signal segments, each of them being considered as non-transient. The
total uncertainty is then obtained by error propagation. This very straightforward method is, however, limited to signal
showing little transience, where it can also be recommended.
Estimating the uncertainty of the individual isotope intensity (intensity ratio) is a pre-requisite for the calculation of the
concentration and concentration ratio uncertainties. It is, however, not the only component necessary to obtain them.
Another important component is the uncertainty of the mass bias. In the current LA-ICPMS practice, especially in the
practice of high-precision isotope ratio analysis, the mass bias is obtained by (repetitively) analysing one single standard.
This results in a small mass bias uncertainty further decreasing with increasing the number of replicates. At the same
time, repetitively analysing a second standard does not ensure that the mean mass bias value from the first standard is
reproduced because, for example, the two standards can show different laser induced fractionation patterns. The solution
is to use a multi-standard regression based calibration of the mass bias, which potentially increases the concentration
ratio uncertainty, but reduces its inaccuracy.
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The shift in Raman-peak position of the 823/855 cm-1 olivine doublet, caused by stress and strain, was studied for several
olivine compositions with a LabRAM HR High Resolution Raman spectrometer from Horiba Scientific with a focal length
of 800mm. A spectral resolution of approximately 0.33 cm-1 and a peak position uncertainty after peak fitting of approximately 0.1 cm-1 were achieved using a 2400 grating. The individual olivine crystals were mapped by Raman- and electron
microprobe before and after annealing at 1350°C and slow cooling down to 500°C during 30 hours. The use of a 2400 grating necessitates recording both a reference peak (Rayleigh line zero position) and the doublet olivine peak at circa 823 cm-1
and 855 cm-1 respectively. The peak positions of the doublet depend on the chemical composition of the olivine grains,
Mg-rich olivines showing higher wavenumbers than the Fe-rich ones (Kuebler et al. 2006). Raman maps were acquired to
show both the peak positions and the FWHM (full width half maximum) of the doublet before and after annealing the
sample. FWHM maps (Figure 1) are especially useful to visualize progressive changes in crystallographic orientations
within a grain (Ishibashi et al. 2008). The peak positions of stress- and strain-free olivine crystals can be plotted against the
associated olivine compositions (Fo-values). The resulting diagram can further be used to quantify the amount of stressed
olivine crystals in selected kimberlite samples, for which conventional methods (e.g. polarized microscopy and EBSD) are
inoperable.

Figure 1. Raman map visualizing the FWHM (full width half maximum) of the first peak of the olivine doublet at circa 823 cm-1, revealing a gradual change in relative peak intensities of the doublet and thereby a progressive change in crystallographic orientation within the grain.
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The dynamics of assembly of HP-terranes is of major geotectonic significance. We report on a field-based study in the Sesia
Zone, a HP-terrane that formed during Alpine convergence. Traditionally, three main parts of the Sesia Zone have been
recognized, all of them deriving from the rifted NW-margin of the Adriatic continent. Our work is examining internal
tectonometamorphic limits, both spatial and temporal, within the Sesia terrane. Here, the focus is on the main body,
traditionally called the Eclogitic Micaschist Complex (EMC).
By combining structurally controlled sampling, based on existing tectonic studies, with petrological analysis and mineral
chronometry (allanite, zircon), we show that the EMC is non-uniform and comprises discrete tectonic slices. These show
substantially different PTdt-paths and thus represent mobile fragments during the convergent history. An internal fragment (called Druer slice) experienced eclogite facies as early as 85 Ma (allanite Th/Pb SHRIMP age at 2 GPa, 560°C), followed
by decompression at ~74 Ma (zircon age at ~1.6 GPa, ~570°C). By contrast, a more external fragment (Fondo slice) shows
evidence of pressure cycling (Rubatto et al. 2011), with an eclogite facies peak at 75 Ma (allanite Th/Pb age at 1.7 GPa,
~550°C), a decompression stage at ~68 Ma (allanite Th/Pb age, lower Si-contents of phengites) and a second HP stage between 65-60 Ma (allanite Th/Pb age, P between 2.0 and 1.4 GPa , ~550°C). Recently, we started investigating the Lillianes
area, some 16 km far away along strike from the Fondo slice. This area comprises micaschists with a HP foliation (composite D1/D2, eclogite to blueschist facies) and weak (greenschist facies) retrogression. Assemblages include multiple generations of phengite, garnet, glaucophane (±early omphacite) and allanite, plus quartz, epidote, chlorite, and titanite rimming
rutile. Microstructural and mineral-chemical data indicate that growth zones in garnet and allanite correspond to distinct
HP stages. In some cases, these can be related to discrete phases of deformation (D1/D2, D3).
Garnet cores are strongly porphyroclastic (mm-size), with two or more rims. Allanite composite grains have a LREE-rich
metamorphic core believed to be stable with early grt plus first generation phe (Si-rich), gln, and rutile. Allanite rims (one
or more) show lower LREE and seem to be stable with second generation phe, gln and probably grt. Preliminary Th-Pb age
data, obtained by in situ LA-ICP-MS, span from 80 to74 Ma for allanite cores, and 68-62 Ma for allanite rims.
Thermobarometry for each stage is in progress, but so far these ages compare well with the two HP stages of the Fondo
slice (Regis et al. 2013).
Field-based research is being continued to define the size and geometry of tectonic slices that constitute the Sesia HP
terrane. Kinematic constraints quantifying the relative mobility of such fragments are sorely needed, as the scale of mixing within subduction channels is poorly known. Understanding the overall processes in subduction channels will benefit from field data in order to test results from numerical models.
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Whiteschists appear in numerous high- and ultrahigh-pressure rock suites and are characterized by the mineral assemblage kyanite + talc (+- quartz or coesite; cf. Schreyer 1973). Thermodynamic modelling using the THERIAK-DOMINO program of De Capitani & Brown (1987) demonstrates that whiteschist mineral assemblages are well stable up to pressures of
more than 4 GPa but may already form at pressures of 0.5 GPa (Franz et al. 2013). The formation of whiteschists is rather
depending on the composition of the protolith, which requires elevated contents of Al and Mg as well as low Fe, Ca, and
Na contents, as otherwise chloritoid, amphibole, feldspar, or omphacite are formed instead of kyanite or talc. Furthermore,
the stability field of the whiteschist mineral assemblage strongly depends on X(CO2) and f(O2): already at low values of
X(CO2), CO2 binds Mg to carbonates strongly reducing the whiteschist stability field whereas high f(O2) enlarges the stability field and stabilizes yoderite. Similarly, elevated amounts of sulfur may extract iron from the system fixing it to phases
like pyrite or pyrrhotite and thus extend the whiteschist stability field. We conclude that the scarcity of whiteschist is not
necessarily due to unusual P–T conditions, but to the restricted range of suitable protolith compositions and the spatial
distribution of these protoliths:
1.) Continental sedimentary rocks, which typically have been deposited under arid climatic conditions in closed evaporitic
basins. These rocks are usually restricted to relatively low latitudes and often contain large amounts of the clay minerals
palygorskite and sepiolite (Figs. 1A &B). Marine sediments generally do not yield whiteschist mineral assemblages as marine shales commonly have too high iron contents. Sabkha deposits may have too high CO2 contents.
2.) Hydrothermally and metasomatically altered felsic to mafic rocks, e.g. metasomatic gneisses, hydrothermally altered
volcanic rocks or mafic rocks with hydrothermal palygorskite veins. Furthermore, eclogite facies quartz veins also yield
whiteschist mineral assemblages. Ultramafic rocks, which often yield elevated contents of Mg and Al, contain far too
little SiO2 and therefore generate the mineral assemblage olivine + spinel instead of talc + kyanite at the appropriate metamorphic P–T conditions.
Although thorough pre- or syn-metamorphic metasomatism with removal of alkali elements, Ca and Fe may well lead to
suitable protoliths for whiteschists (see Chopin 1991, John et al. 2004, Ferrando et al. 2009 and citations within), our calculations demonstrate that whiteschists can also form by closed-system metamorphism, which implies that the chemical
and isotopic composition of these rocks provide constraints on the development of the protoliths.
Sedimentary protoliths of appropriate geochemical composition occur in and on continental crust. Therefore, whiteschist
assemblages typically are only found in settings of continental collision or where continental fragments were involved in
subduction.

Figure 1. (A) Equilibrium phase diagram of palygorskite (ideal formula) and (B) of a continental, palygorskite-rich pelite from Springbok
Flats (RSA; cf. Heystek & Schmidt 1953). Whiteschist stability fields are marked grey.
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The minerals in Alpine-type veins bear witness to f luid circulation in the crust. The veins are part of the porosity and
permeability of the rocks and allow for the transfer of elements in an open or closed system. By studying the geochemistry and structures of such veins formed during the tectonism of the Alps an insight into the origin, composition, and
evolution of f luids during retrograde Alpine metamorphism can be gained (e.g., Mullis, 1996) These extensive veins have
been well studied for the central Swiss Alps (e.g., Sharp et al. 2005, and references therein) but for the western Swiss Alps,
apart from the Mont-Blanc massif (e.g., Rossi, 2005), less is known about their age, conditions of formation, and origin.

The purpose of the present study is to use various bulk (CO2-laser assisted f luorination extraction technique) and in-situ
techniques (EMPA, LA-ICPMS, SIMS) to analyze the isotopic and major and trace element composition of the vein minerals
in the Western Alps. In addition, f luid inclusion microthermometry and Raman spectroscopy provide information on the
composition and variability of f luids from which the minerals precipitated for the different and contrasted growth environments. Oxygen isotopic composition of quartz together with co-existing phases (chlorite, calcite, epidote, hematite,
titanite, monazite) are studied to help constrain the conditions of formation of the veins sampled from the western part
of the Swiss Alps.
A number of sites have been sampled (Fig. 1), including contrasting host-rock types and representing rocks formed at
different metamorphic conditions. Early macroscopic and SEM-CL investigations (Fig. 2) on quartz showed that growth
conditions and P-T-X evolution inf luence the habitus considerably. As previously noted (Ramseyer and Mullis, 1990),
growth mode (rapid vs. slow and discontinuous vs. continuous) inf luences the luminescence and trace element incorporation in quartz.
The bulk oxygen isotope compositions measured so far vary by up to 1‰ in different growth zones of the crystals. d18O
values measured on quartz from the Central Alps previously showed variable zonation depending on the conditions of
growth (Jourdan et al. 2009a). Ongoing in-situ analyses with the new Swiss SIMS on a larger array of natural hydrothermal
quartz will provide high-resolution data to link growth processes with trace element and oxygen isotope zoning.
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Figure 1: Tectonic map of the area
studied and giving the sampling
sites.

Figure 2 a. Syntectic extensional vein with co- the area studied
and giving genetic quartz and epidote (scale bar 1 mm). b. Quartz
vein with complex f luid history (scale bar 250 microns). c.
Amethyst crystal (2 cm) with brazilian twinning and cyclic
growth. d. (enlargement of c.) typical layering of amethyst generation with clear variable luminescence (scale 250 microns). e.
Complex and disturbed growth of a skeletal quartz from Val
d’Illiez.
Note the arrangement of growth sectors (scale 250 microns). (a:
thick section in polarized light; b, d and e: SEM-CL images; c:
SEM-BSE image).
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The Chaltén Plutonic Complex (CHPC) is located near the village of Chaltén at the frontier between Chile and Argentina
in southern Patagonia. It consists of a suite of calc-alkaline mafic and granitic rocks emplaced in several successive batches. High-precision U/Pb zircon dating yield ages between 16.90 ± 0.05 Ma and 16.37 ± 0.02 Ma (Ramirez et al. 2012). The
host-rocks include a Paleozoic clastic sequence (Bahia de la Lancia Formation), Jurassic rhyolites and volcanoclastic rocks
(El Quemado Complex), and a Cretaceous pelitic sequence (Rio Mayer Formation). The intrusion of the CHPC post-dates the
major regional deformation cycle.
The rhyolite and volcanoclasstic rocks are the most common host-rocks in the contact-aureole of the CHPC. The simple
mineralogy of those rocks provides the opportunity to use the contact-aureole as a well-constrained natural laboratory to
investigate trace-element thermometry (e.g. Ti in quartz) and stable-isotope exchange kinetics for some key minerals
(mainly quartz and zircon). We use conventional and ion-probe data (SwissSIMS) in order to decipher the effect of deformation and partial melting on trace-element and isotope exchange. Understanding these mechanisms will in turn help to
further constrain intrusion mechanism.
Partial melting in the Chaltén contact aureole is limited to small zones at gabbro and tonalite contacts with rhyolites, but
no partial melts have been found along granite-host-rock contacts. An anastomosing network of veins of quartz, feldspar
and almandine-rich garnet characterizes the rhyolitic migmatites. This network is most prominent at 10m to 15m from
the contact. Some cm-scale shear zones concentrated partial melt. On a microstructural scale partial melt is segregated
along quartz-feldspar grain boundaries. They show typically cuspate grain boundaries with melt penetrating along the
edges.
Petrologic investigations show that melting is the result of biotite breakdown to cordierite and garnet. Thermodynamic
calculation for these peraluminous rhyolites indicate that first melt occurs at 650-700°C and pressures around 3kbar.
Simple thermal calculations yield maximum temperatures of about 550°C at the mafic-rhyolite contact, which is 100150°C lower than the required temperature for partial melting. More complex thermal models (multiple pulses of intrusion, f luid f low) will be needed to obtain temperatures this high.
Melting in the rhyolitic migmatites was intense enough to partially reset U/Pb ages as indicated by a younging of zircon
ages (obtained by laser ablation). Non-metamorphosed rhyolite samples show undisturbed Jurassic ages consistent with
the previous stratigraphic characterization.
The Jurassic rhyolites show quartz phenocrysts of several millimeter-size. Pre- and syn-intrusive deformation has produced
textures in these phenocrysts varying from undeformed to undulose quartz up to heavily recrystallized. Cathodoluminescence
(CL) images suggest that quartz phenocrysts from weakly deformed samples (from the low-grade aureole) preserved the
magmatic zonation with a bright CL core. CL images of recrystallized quartz (from the high grade aureole) show a complex
pattern of dark CL bands, which partly mimics the shape of subgrains.
Oxygen isotope values obtained by laser f luorination show relatively high δ18O values between 11-13 ‰ for both whole
rocks and quartz phenocrysts. Quartz-phenocrysts and their whole rocks seem to be in (near) magmatic equilibrium outside the contact aureole i.e., show small high-temperature fractionations. Approaching the contact the fractionation between quartz phenocrysts and their whole rocks increases.
Ion-probe data by SwissSIMS from phenocrysts of the low-grade aureole confirms the high δ18O-value obtained by laser
f luorination. The δ18O composition of individual phenocrysts is relatively homogenous, and shows no indication of isotope
exchange along cracks. This is in contrast to the observations of King et al. (1997), and suggests that these quartz phenocrysts preserved their magmatic values.
Oxygen isotope profiles across two deformed and partially recrystallized quartz crystals from the high-grade aureole show
a more complex pattern. Both profiles show sharp, local changes in the oxygen isotope value of more than 1‰. Based on
the textural observations we assume that these spikes are correlated to the small, low luminescence zones separating
different subgrains However, this has to be further verified by more SEM and CL work and further ion-probe analyses
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We assume that oxygen isotope fractionation is the result of partial equilibration during heating, followed by sluggish,
diffusion driven re-equilibration during cooling, as predicted by the FGB model of Eiler et al. (1993). Diffusion is enhanced
due to deformation-induced formation of domain- and subgrain boundaries, as seen in CL images as a network of narrow
dark CL bands. Those fast diffusion pathways reduce diffusion distances for stable isotopes and trace elements.
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Biotite Rb-Sr and Rutile U-Pb age data confirming an extensive
Neoproterozoic overprint in the Eastern Ghats Belt (India)
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The Eastern Ghats Belt (EGB) is a granulite facies metamorphic belt along the East coast of India, and is a patchwork of
discrete crustal segments with distinct geological histories. It records the formation and destruction of at least two earlier
supercontinents, namely Columbia (ca. 2.1 – 1.8 Ga) and Rodinia (ca. 1.0 – 0.9 Ga); as a part of the amalgamation of India
and East Antarctica, and Australia into the SWEAT (SW United States and East Antarctica) terrane.
Four crustal domains with unique isotopic signatures and ages can be distinguished within the EGB (Rickers et al., 2001).
The highest-grade metamorphism was attained during the regional metamorphism at ca. 950 Ma.
To reconstruct the post-peak evolution after the 950 Ma metamorphic imprints, biotite Rb-Sr and rutile U-Pb ages were
determined for biotite-rich metapelitic gneisses. These ages range from 437 – 615Ma for the biotites with a general trend
of a younging towards the Northwest. Rutile U-Pb ages range from 480 – 531Ma and record ages slightly younger than the
biotite Rb-Sr ages, in samples where mineral pairs could be dated. The biotites have high Mg content, and the general
mineral assemblage for all samples is that typical of high temperature granulites: plag + phl + sil + grt and, depending on
the protolith, kfs, crn or crd. Common accessory mineral phases are: rt, zrc, spl, ap, spr.
Very young biotite and rutile ages like these are unlikely to be the result of slow cooling from the granulite facies conditions at ca 950 Ma. Instead they record a low-grade static thermal overprint of the orogenic belt. This overprint coincides
with high-grade meteamorphism in southern India and Sri Lanka (ca. 580-550 Ma), during the Pan-African orogeny. The
young ages on a regional scale extend the known area of the pan-African overprint in India significantly.
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Nb/Ta, Zr/Hf and HREE to Understand Accessory Mineral Thermometers
at High and Ultra-High Temperatures.
Federico Galster, Othmar Müntener & Tanya Ewing
Institut of Earth Sciences, University of Lausanne. Géopolis, 1015 Lausanne.

Zr-in-Rutile is a newly established thermometer calibrated both empirically and experimentally (e.g. Zack et al., 2004a;
Ferry & Watson, 2007). Its validity and precision as thermometer at intermediate temperatures (400-650°C) has been shown
in various geologic settings. However, the application of this thermometer to high and ultra-high temperatures (7001100°C) is more problematic since investigations on small terranes or even single samples result in a large set of temperatures. Moreover, the application of Zr-in-Rutile and Ti-in-Zircon to single samples results in contrasting temperatures.
With the aim to explain these contrasting temperatures, we study the systematics of these thermometers at high and
ultrahigh temperature using the lower crustal section of the Ivrea-Verbano Zone (IVZ) as an example.
The IVZ consists of a metamorphic heterogeneous formation (the so-called kinzigite formation, mostly composed by paragneiss whose metamorphic grade ranges from amphibolite in the southeast to granulite conditions in the northwest)
intruded by a Mafic Complex. The Mafic Complex consists essentially of gabbros and diorites with minor pyroxenites and
ultramafic intercalations. The lower (northwestern) and the central part of the mafic complex are rich in metric to hectometric paragneiss septa (host-rock) originated from the kinzigite formation. We collect rutile and zircon from these highly metamorphic paragneiss septa.
Zircons and rutiles are investigated by LA-ICP-MS. For Zr-in-Rutile we apply the thermometer of Tomkins et al. (2007) assuming 8 kbar, for Ti-in-Zircon we apply the thermometer of Ferry and Watson (2007).
Temperatures (T) obtained by both thermometers in single samples are contrasting: samples showing ultrahigh Zr-inRutile T (950-1000°C) show a second population of “rutile” T close to 750-800°C and, if present, one population of Ti-inZircon T close to 850°C. Samples showing ultrahigh Ti-in-Zircon T (~970°C) show a second population of “zircon” T close
to 850°C and one population of Zr-in-Rutile T close to 750-800°C. No sample shows ultrahigh temperatures (UHT) recorded
by both Ti-in-Zircon and Zr-in-Rutile thermometers. Ti-in-Quartz thermometer records UHT in all rutile-bearing samples.
The geochemistry of zircon and rutile coupled with their textural context can help in the interpretation of these contrasting results. Particularly useful are the Nb/Ta ratio and the HREE profiles in zircon, and the Zr/Hf ratio in rutile. The apparently contrasting results can be explained as a consequence of 1) two generations of rutile, one of UHT and one of lower
T, 2) subsequent recrystallization at lower T of part of the UHT generation, 3) protracted zircon growth and 4) heterogeneous and evolving zircon solubility and aTiO2 in the rocks.
In the IVZ rutile grew mainly as a consequence of biotite breakdown. Rutile growth can dramatically fractionate Ta from
Nb, thus the topology of the Nb/Ta vs Ta line for a zircon population helps us to understand which zircon rim preceeds
rutile growth, and which rim grows during or after rutile.
The HREE profiles in zircon yield important information concerning the competition of zircon with other phases with
high HREE partition coefficient (e.g. garnet). Zircon with steep HREE profiles are interpreted as grown in garnet free domains or in open system, zircon with f lat HREE profile are interpreted as grown in garnet bearing domains and in a closed
system.
Our zircons rim with high Ta and low Nb/Ta (i.e grown before rutile growth) have steep HREE profiles and yield lower T
compared to rims with low Ta and medium to high Nb/Ta (i.e grown during or after rutile growth). The UHT zircons with
low Ta and medium to high Nb/Ta ratio are split in two populations: one with higher Ta, lower Nb/Ta and steeper HREE
profiles and one with lower Ta, higher Nb/Ta and f lat HREE profiles.
Hf in rutile shows a strong correlation with T obtained by Zr-in-Rutile, but the preference of rutile for Hf compared to Zr
increases with decreasing T. Thus, theoretically, rutile recording UHT should have higher Zr/Hf compared to low T rutile.
Some samples show exclusively this trend, but some samples additionally show some low T rutile with high Zr/Hf. We
interpret this signature as evidence for two generations of rutile: (1) one growing at UHT (High Zr/Hf and high Zr-in-rutile
T°C, high W), some of these rutile grains recrystallize at lower T (low Zr/Hf ratios, but still high W), and (2) one group,
which grew at lower T in a domain controlled by zircon dissolution (high Zr/Hf, low Zr-in-Rutile T, low W). The presence
of both generations in a single sample is found in a highly depleted mostly zircon-free paragneiss septa. The UHT generation is confined to the restitic part of the septa (gr+sill+cor+ru+sp), the low T generation is confined to the melt (pl+ru±q).
A model making the link between the obtained temperatures, the geochemistry of zircons and rutile and the geological
evolution of the rocks will be presented.

Swiss Geoscience Meeting 2013

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 2: Mineralogy, Petrology, Geochemistry

39

Symposium 2: Mineralogy, Petrology, Geochemistry

40
REFERENCES
Ferry, J., Watson, E., 2007: New thermodynamic models and revised calibration for Ti-in Zircon and Zr-in-Rutile
thermometers. Contrib Min Petrol 154, 429-437
Tomkins, H.S., Powell, R., Ellis, D.J., 2007: The pressure dependence of Zr-in-rutile thermometer. J. Metamorph Geol 25,
703-713
Zack, T., Moraes, R., Kronz, A., 2004. Temperature dependence of Zr in rutile: empirical calibration of a rutile
thermometer. Contrib Min Petrol 148, 471-488

Swiss Geoscience Meeting 2013

Platform Geosciences, Swiss Academy of Science, SCNAT

P 2.13
CO2-rich fluid inclusion in upper mantle xenoliths from Nyos
and Barombi-Mbo lakes: Cameroon Volcanic Line
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The western part of Cameroon displays an alignment of Tertiary to Recent alkaline volcanoes, plutons and grabens over a
distance of more than 1600 km, which is known as the Cameroon Volcanic Line (CVL). The CVL stretches from the island
of Palagu through the Gulf of Guinea to Lake Chad within the African continent. Recently, the CVL has been considered
as a major lithospheric structure tapping a hot deep asthenospheric zone. Nyos and Barombi-Mbo alkali basalts are between 1.5 and 0.2 my old (Déruelle et al., 2007), and their pyroclastic deposits include a large number of ultramafic xenoliths (Temdjim et al., 2004; Teichou et al., 2007).
The studied xenoliths are spinel lherzolites, mostly composed of olivine, orthopyroxene (commonly enstatite), and clinopyroxen e (diopside) with granular and porphyroclastic textures. CO2–bearing f luid inclusions have been studied by petrography, microthermometry and Raman spectroscopy. Based on f luid inclusions petrography, the Barombi and Nyos
xenoliths contain abundant CO2-rich inclusions, trapped in orthopyroxene, clinopyroxene and olivine.
In Barombi xenoliths, f luid inclusions are mostly hosted by orthopyroxene and clinopyroxene and have negative-crystal,
elongated, round, sub-round and irregular shapes with sizes varying between 2 and 48µm. They contain either only one
phase (liquid) or two phases (liquid and vapor) at room temperature. All inclusions are generally grouped along healed
fractures.
By contrast, in Nyos xenoliths, f luid inclusions are mostly hosted by orthopyroxene and olivine, they are randomly distributed and isolated and are generally located along healed fractures. We can distinguish two well-defined f luid inclusion
types. Type 1 is negative crystal shaped, irregular, sub-angular and round inclusions hosted by orthopyroxene, with sizes
between 7 and 27µm, containing two to three phases at room temperature. Type 2 are hosted by olivine, have negative
crystal and sub-round shapes, contain one to two phases at room temperature, and have sizes ranging between 4 and 14
µm.
In Barombi xenoliths, CO2 melting temperature range between -58.0 and -56.6 °C, whereas, in the Nyos samples, there is a
wider range between -68.0 and -56.8 °C. These data suggest that in most cases, the f luid phase is pure CO2. Homogenization
temperatures into the liquid and vapor phases are between
-48.1 and +31.1 °C in the Barombi-Mbo xenoliths, and between -38.1 and +31.1 in the Nyos xenoliths.
The calculated density of CO2 based on our microthermometric data yields a range of 0.20 to 1.15 g/cm3 for the BarombiMbo inclusions, whereas those of Nyos have densities between 0.77 and 1.06 g/cm3. Microthermometry suggests the presence of other dissolved gas phase(s) in the f luid inclusions trapped in the xenoliths, which show values of melting temperatures below the one of pure CO2 (<-56,6 oC). Raman microspectroscopy confirms that such f luid inclusions contain H2S
besides CO2 in Barombi xenoliths.
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Control of magma recharge and buoyancy on the frequency
and magnitude of volcanic eruptions
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The frequency at which volcanic eruptions occur is inversely proportional to the volume of magma released in a single
event. The basic requirements for a volcanic eruption to occur are that enough heat is supplied to the crust to assemble a
body of eruptible magma and that overpressure is sufficient for the magma to reach the surface without solidifying.
Starting from these basic principles we used thermo-mechanical calculations and Monte Carlo simulations to quantify the
relative contribution of magma f luxes and the physical properties of the crust on likelihood and volume of volcanic eruptions. The calculations were performed considering the periodic input of magma in pulses of different size and shape injected at various frequencies The average rate of magma supplied to the upper crust over hundreds of thousands of years
appears to control the volume of magma that can potentially be released during a single eruption, whereas the time interval between short-lived pulses of magmatism, affects the total duration of magma injection preceding an eruption. Our
calculations reconcile the relationship between erupted volume and upper crustal magma residence times, and replicate
the correlation between erupted volumes and caldera dimensions. Our modelling shows that relatively small and frequent
eruptions are triggered by magma injection while buoyancy is important to trigger large eruptions. These calculations
permit to identify the physical processes controlling the relationship between frequency and magnitude of volcanic eruptions and increase our capability of determining the temporal evolution of volcanic activity in different volcanic systems.
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A new occurrence of kosmochlor in Cr-jadeite rocks from
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Petrographic, petrologic and geochemical investigations on Cr-jadeite rocks from Kenterlau-Itmurundy near Lake Balkhash

(Kazakhstan) reveal five different rock groups. Jadeitites show irregular, medium-grained white sections made up of decussate jadeite crystals and fine-grained sections made up of aligned Cr-jadeite. Omphacite jadeitites show a homogeneous, pale
green color with randomly oriented jadeite crystals, which are overgrown by omphacite on their rims and along fractures.
Phlogopite-analcime jadeitites show decussate, white sections made up of jadeite and foliated, partially microfolded green
layers and spots consisting of Cr-jadeite. Analcime and phlogopite formed late in fractures in the jadeite-rich sections.
Phlogopite- omphacite jadeitites reveal an inhomogeneous mineral distribution with a dark-green matrix made up of sheaflike aggregates of Cr-omphacite and white spots of decussate prismatic jadeite crystals. Post-crystallization deformation is
evident by bent and twisted pyroxenes while phlogopite formed post-tectonically on fractures and grain boundaries.

Due to the extreme textural inhomogeneity, transitions between these four groups are blurred. Kosmochlor-analcime-albite-

omphacite jadeitites reveal an inhomogeneous fabric with decussate, white sections, pale-green shear bands, and dark green
layers. Again, white jadeite-rich sections formed pre-tectonically while shear bands display aligned Cr-omphacite and Crjadeite. In rare cases, these bands contain small aggregates of kosmochlor.
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The main occurrence of kosmochlor is in the dark green layers, where it mantles strongly corroded chromite grains.
Microprobe investigations of two kosmochlor-bearing rocks and one phlogopite omphacite jadeitite reveal extreme mineral
compositional variability. Pyroxene zoning with jadeite cores and rim sections of omphacite or Cr-omphacite are wide
spread. Similarly, kosmochlor aggregates are very inhomogeneous covering a wide range in the pyroxene plots (Figs. 1 A&B).
Similar textures have been observed by other investigations (e.g. Shi et al. 2005) and are due to pre-, syn- and post-tectonic
crystallization processes. Distinct inhomogeneities are also revealed by ED-XRF spot analyses, which show a strong compositional variability from section to section.

As evident from these investigations, nearly pure jadeite formed pre-tectonically. During subsequent deformation, Ca- and
Cr-rich fluids led to the formation of omphacite, Cr-omphacite, Cr-jadeite and eventually to kosmochlor. The largest modal
amount of kosmochlor formed pre- and syn-tectonically in chromite-bearing layers of the rocks. Analcime, albite and phlogopite formed post-tectonically and during late brittle deformation.
Until now, terrestrial kosmochlor has been described from Burma (Ou Yang 1984), New Zealand (Ikehata & Arai 2004), Japan
(Anthony et al. 1995), Kola peninsula and Lake Baikal, Russia (Zozulya et al. 2003; Reznitskii et al. 1999). Similar to these
occurrences, the presence of kosmochlor in Cr-rich jadeitites from Kenterlau-Itmurundy, is explained by appropriate rock
composition, pervasive HP/LT conditions (i.e. 600°C at 1.2 GPa; Dobretsov & Ponomareva 2009). According to their rock

fabrics and to the geology of the area we interpret the Kazakhstan jadeitites as P-types as defined by Tsujimori & Harlow
(2012).

Figure 1. Microprobe analyses from the kosmochlor-bearing samples 104276 (A) and 104277 (B) reveal the great compositional variability of pyroxene in these rocks.
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Kosmochlor from Myanmar – Investigations on a possible miscibility gap
in the solid solution jadeite-kosmochlor
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Petrographic, petrologic and geochemical investigations on kosmochlor-bearing rocks from the so-called Jade Mine Tract,
near Hpakan, Kachin State (Myanmar) reveal five different lithologies. Kosmochlor(-bearing)-clinoamphibole-jadeite rocks and
schists show aggregates of radiating dark green kosmochlor formed around strongly corroded chromite grains. Kosmochlor
is partly replaced by a light green rim of Cr-jadeite or Cr-omphacite, which in turn shows diffuse grain boundaries towards
jadeite. Post-crystallisation folding is evident by partly aligned matrix minerals. Albite-glaucophane-kosmochlor-Cr-jadeitites
reveal an inhomogeneous fabric consisting of lenses made up of kosmochlor and Cr-jadeite. Again, kosmochlor aggregates
are intergrown with tiny fragments of chromite. Foliated sections mainly consisting of albite and glaucophane cut through
these structures. Kosmochlor-bearing jadeite clinoamphibolites also show an inhomogeneous mineral distribution with richterite-rich sections and sections made up of Cr-jadeite and Cr-omphacite. The occurrence of kosmochlor, which is mainly
enclosed in Cr-jadeite and richterite, is restricted to small spots. The last rock types are kosmochlor-bearing clinoamphibole
phlogopite jadeite schists and kosmochlor-analcime-microcline jadeitites, which bear kosmochlor and Cr-jadeite in microfractures
formed by post-crystallisation deformation. Eventually, dynamic recrystallisation may be observed. Along these fractures,
Cr-rich f luids percolated leading to the formation of Cr-pyroxenes.
All investigated rocks are boulders, which formed as dikes in serpentinised, ultramafic bodies. The growth of kosmochlor,
Cr-jadeite, Cr-omphacite as well as sodic and sodic-calcic amphiboles was due to metasomatic reactions between jadeitite
and depleted peridotite at HP/LT-conditions (T~450°, P=10-15 kbar; cf. Shi et al., 2005; Harlow et al. 2007).
Microprobe investigations on one probe of each lithology reveal massive mineral chemical inhomogeneities especially in
the case of kosmochlor. Strongly zoned minerals with increasing Cr content towards the rims are common. Furthermore,
jadeite, Cr-jadeite and Cr-omphacite also show extremely complex internal structures (i.e. irregular zoning, exsolution
textures and microcrystalline intergrowth). Q-Ko-(Jd+Ae) plots show clusters of data points at distinct compositions on the
join Ko-(Jd+Ae) (Fig. 1 A). An apparent lack of data points between 25-40 mol-% Ko and 62-71 mol-% Ko might be a hint at
a possible miscibility gap in this system. This tendency becomes more indistinct with plotting all results in one diagram
(Fig. 1 B), which may be due to microcrystalline intergrowth beyond the resolution of the microprobe or local geochemical
inhomogeneities of the rock. Additionally, the well-known miscibility gap in the system (Jd+Ae)-Omp (Davidson & Burton
1987) can be observed in every sample.
The existence of a miscibility gap has been discussed by several authors (e.g. Abs-Wurmbach & Neuhaus 1976, Yang 1984,
Mével & Kiénast 1986). As evident from these investigations, even two or three gaps seem possible. However, to prove these
hypothetical gaps, transmission electron microscope (TEM) investigations as well as further experimental and thermodynamic data are needed.

Figure 1. Microprobe analyses from the sample KBBH1 (A) and all samples (B) reveal possible miscibility gaps along the join Ko-(Jd+Ae).

Swiss Geoscience Meeting 2013

Platform Geosciences, Swiss Academy of Science, SCNAT

REFERENCES
Abs-Wurmbach, I. & Neuhaus, A. 1976: Das System NaAlSi2O6 (Jadeit) – NaCrSi2O6 (Kosmochlor) im Druckbereich von 1
bar bis 25 kb bei 800°C. Neues Jahrbuch für Mineralogie, 127, 213-241.
Davidson, P.M. & Burton, B.P. 1987: Order-disorder in omphacitic pyroxenes: A model for coupled substitution in the
point approximation. American Mineralogist, 72, 337-344.
Mével, C., & Kinéast, J.R. 1986: Jadeite-kosmochlor solid solution and chromian sodic amphiboles in jadeitites and
associated rocks from Tawmaw (Burma). Bulletin de Minéralogie, 109, 617-633.
Harlow, G.E., Sorensen, S.S. & Sisson, V.B. 2007: Jade. In: Geology of Gem Deposits. Mineralogical Association of Canada,
207-253.
Shi, G.H., Stöckhert, B. & Cui, W.Y. 2005: Kosmochlor and chromian jadeite aggregates from the Myanmar jadeite area.
Mineralogical Magazine, 69, 1059-1075.
Yang, C.M.O. 1984: A terrestrial source of ureyite. American Mineralogist, 69, 1180-1183.

P 2.17
Multiple quartz generations associated with polymetallic mineralization
at Colquijirca, central Peru: a fluid inclusion and SEM-CL study
Casanova Vincent1, Kouzmanov Kalin1, Fontboté Lluís & Bendezú Ronner2
Earth and Environmental Sciences, University of Geneva, Rue de Maraîchers 13, CH-1205 Geneva, Switzerland
(vincent.casanova@unige.ch)
2
Terra Pristina S.A.C., Calle Bilbao 295, San Isidro, Peru

1

The Colquijirca district in central Peru is an 8 km-long mineralized N-S corridor centered onto the dacitic diatreme-dome
complex of Marcapunta, and comprises two distinct mineralization styles Bendezú and Fontboté (2009). A first high-sulfidation disseminated Au-Ag mineralization event/stage was emplaced within the diatreme-dome complex. A later sulfiderich polymetallic epithermal event/stage, exhibiting zonal metal distribution, mostly replaces favorable carbonate rocks
of Late Triassic-Lower Jurassic and Early Cenozoic age. Zonation consists of enargite-luzonite in the core of the system
grading into intermediate-sulfidation assemblage of chalcopyrite-sphalerite-galena and eventually Zn-bearing carbonates
towards the periphery. Preliminary f luid inclusion data were reported by Bendezú (2007). This work focuses on mineral
textures and relationships and presents results of the subsequent f luid inclusion study.
Applying the scanning electron microscopy-cathodoluminescence (SEM-CL) technique on representative samples from
Colquijirca, five different generations – Q1 to Q5 – have been distinguished (Figure 1). Q1 is associated with pyrite and
replaces the carbonate host rocks. Pyrite-free banded colloform quartz precipitation followed (Q2). These two early quartz
generations precede mineralization and are devoid of f luid inclusions. They are later brecciated and fine-grained quartz
(Q3) with numerous liquid-vapor (L-V) f luid inclusions is deposited. Q3 is associated with fine-grained pyrite and contains
barite-celestite and anhydrite inclusions. Coarser-grained quartz (Q4), with sphalerite, hematite, pyrite, and rare enargite
inclusions, overgrows Q3. Inclusions are often associated to one of Q4 outermost growth bands. In places, Q4 is overgrown
by Q5 containing inclusions of aluminum phosphate-sulfate (APS) minerals, most likely woodhouseite. Q3 and Q4 are
present throughout the deposit and contain f luid inclusion assemblages that can be classified as primary L-V using the CL
textures of quartz; secondary L-V and boiling assemblages are also observed in certain Q4 grains.
Preliminary study of quartz- and sphalerite-hosted f luid inclusions and available isotope data suggest mixing between a
hot (300ºC), moderately saline (6-7 wt% NaCl eq.), magmatic-derived f luid and cooler meteoric waters. This study also
shows that homogenization temperatures (Th) are strongly controlled by the distance of a given sample to the assumed
center of the magmatic-hydrothermal system – Th decreases outward from 300°C, next to the diatreme-dome complex to
190°C 3.5 km northward (Bendezú 2007).
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The present study was performed on quartz-hosted primary f luid inclusion assemblages (FIA); all of which contain aqueous, liquid-rich f luid inclusions having a vapor phase of 15-25% vol.%. Relative timing was established based on SEM-CL
study (Figure 1) and mineral inclusions associated with individual growth bands.
FIAs hosted in the inner part of Q4, devoid of any mineral inclusions have salinities and Th decreasing outward from 11
to 3.3 wt% NaCl eq. and 264º to 220°C, respectively. Subsequent growth zones are associated with 5 to 20 µm-large pyrite
inclusions. They contain FIAs with salinities ranging from 3.15 to 9.2 wt% NaCl eq. while Th ranges between 204º and
240°C. Salinities in these FIAs may however be overestimated as CO2 has been detected in some inclusions using Raman
spectroscopy. This pyrite zone is often overgrown by a zone containing 5 to 10 µm-large hematite and scarce 20 µm-large
sphalerite crystals. FIAs associated with the hematite zone have lower salinities 2.8-3.2 wt% NaCl eq. and homogenize
between 270º and 290°C. Such a f luid evolution requires several pulses of a moderately saline (around 11 wt% NaCl eq.)
magmatic f luid mixing to various degrees with heated meteoric waters.
The ongoing work unravels a complex f luid history. It shows that the polymetallic mineralization at Colquijirca is the
result of several distinct pulses of magmatic f luids. Further well constrained FIAs study performed in both gangue and
ore minerals coupled with LA-ICP-MS analyses of individual f luid inclusions, and in situ d18O analysis of hydrothermal
quartz are planned in order to support this hypothesis.

Figure 1: Multiple quartz generations replacing the carbonate host rock (Q1 & Q2) and associated with polymetallic mineralization (Q3
& Q4); a composite SEM-CL image.
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Cu-rich solutions seep out presently at several parts of Mina Sur (Lambiel 2012, 2013), the exotic mineralization south of
the giant porphyry Cu-deposit of Chuquicamata (Atacama Desert, northern Chile; Pinget 2011, 2012). At the places where
these solutions outf low, they give rise to the formation of blue and green Cu-bearing gel-like precipitates (Fig. 1a). Within
these gels, typical exotic Cu-minerals such as atacamite, brochantite and other less common Cu-sulfates such as devilline,
spangolite, schulenbergite have been determined using XRD, SEM, ESEM, and FTIR (Fig.1b), some present only in trace
amount. Malachite crusts underneath gels were recognized. Chrysocolla, the main copper mineral of the exotic mineralization, was never identified in the copper gels.
The Cl/SO4 ratio of water-gel solutions dominated by Cu-sulfates is < 0.25 and about 2.38 in water-gel solutions dominated
by Cu-chloride. The Cu-hydroxide-chloride atacamite is associated with solutions with a pH slightly below 6. Most Cusulfates (e.g. brochantite, spangolite) are associated with slightly acidic water (pH 6.0 to 6.5) whereas the Cu-sulfate devilline is stable in gel associated with near neutral to slightly alkaline water (pH 7.2 to 7.8). Gels kept in sealed bottles developed within months textures similar to those seen in exotic veins. Similarities in terms of mineralogy, chemistry and/or
texture suggest that these gel-like materials are a normal and major step in the formation of exotic Cu-mineralization.
Several authors have proposed elsewhere that chrysocolla is formed by the solidification of a hydrogel of Cu-silica. The
findings of the present work suggest that other copper minerals such as atacamite also develop within gel-like materials.
Gel and neoformed Cu-minerals within gels in Mina Sur may mirror past ore formation processes of porphyry Cu-deposits
in northern Chile.
A total of 27 water samples were analyzed for their chemical composition (major and trace elements), stable isotope compositions of water (δ18O and δ2H, Fig. 1c) and sulfate (δ34S and δ18O, Fig. 1d). The results suggest that in the northeast side
of the Mina Sur pit, gels are derived from industrial waters that have leached copper oxide zones located north of Mina
Sur. On the southern part of the pit, the outf low of high Cl and NO3– rich waters suggest that the lower, saline aquifer of
the Loa basin is involved and crops out. The δ34S and δ18O values of the dissolved sulfate in these waters suggest its derivation from Oligocene to Pleistocene evaporites of the Loa basin. These saline outf lows give rise in places to Cu-rich gels
partly containing atacamite. The most plausible source of Cu contained in these outf lows of saline waters is an unknown
supergene enriched zone buried below the southern part of the pit. The continuous gel formation (since 2005) and the
abundance suggest that the Cu-source may be important.
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Figure 1 A) Occurrence of copper rich gel in the southernmost part of Mina Sur. B) Cu-sulfate (devilline?) in a gel precipitate north of
Mina Sur (ESEM micrograph, sample 2N) C) Oxygen and hydrogen isotope analyses of water samples from Chuquicamata and the
Calama region. D) Sulfur and oxygen isotope composition of dissolved sulfates and gypsum/anhydrite from Chuquicamata and the
Calama region (δ34S of Chuquicamata primary sulfides from Zentilli et al., 1994 and Smuda, 2008; isotope composition of sulfate from
local salares (hatched area) from Rech et al., 2003)
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The Central Rhodopean Dome (CRD), in southern Bulgaria and northern Greece, is composed of high-T, low-P gneisses and
marbles which were exhumed along detachment faults during post-collisional extension, resulting in widespread migmatisation and local anatexis. Peak metamorphic temperatures are recorded at 35.9 ± 0.2 Ma (Ovtcharova et al., 2003), whereas cooling below ~ 300ºC occurred between 36 and 34 Ma (Kaiser-Rohrmeier et al., 2013). Regional acid magmatism (~ 33
– 30 Ma; Ovtcharova et al. 2001), occurring throughout the CRD as dykes and sub-volcanic bodies, cross-cuts detachment
faults and sedimentary basins, and is commonly spatially associated with polymetallic Pb-Zn veins and metasomatic replacement bodies.
The CRD hosts six Oligocene Pb-Zn mining districts: Laki, Davidkovo, Ardino, Enyovche, Madan and Thermes (from north
to south), all of which display similar mineralisation styles (polymetallic veins and metasomatic replacement bodies) and
are all located proximal to the Middle Rhodopean detachment fault. Fluid inclusion studies from the Madan (Kostova et
al., 2004; Kotzeva et al., 2011) and Laki (Buret, 2012) districts reveal similar temperatures and salinities of the mineralising
f luids (~ 300 – 350°C; ~ 1 – 10 wt % NaCl eq) for both districts. However, previous studies, based on 40Ar-39Ar dating of
sericite indicate a significant age difference between the Laki (~ 29.5 Ma) and the Madan (~ 30 – 30.5 Ma) districts, which
suggests an overall younging of mineralisation towards the north (Kaiser-Rohrmeier et al., 2004).
This study applies high-precision 40Ar/39Ar thermochronology to hydrothermal and metamorphic K-feldspar from the Laki
mining district. In order to better constrain the timing of mineralisation, K-feldspar separates were dated from vein selvages and a mineralised polymictic volcanic breccia containing intergrown hydrothermal K-feldspar and sulfides.
Hydrothermal K-feldspar from non-mineralised sub-volcanic bodies were also dated to establish the extent of the hydrothermal activity in the Laki district, while metamorphic K-feldspar from gneiss spatially unrelated to mineralisation was
dated to constrain the upper age limit of metamorphic K-feldspar in the vein selvages.
Our data obtained from hydrothermal and metamorphic K-feldspar reveal three stages: (1) ~ 33 – 33.5 Ma, pre-mineralisation metamorphic K-feldspar; (2) ~ 32 – 30 Ma, K-feldspar from vein selvages and mineralised polymictic breccia; and (3) ~
27 – 29.5 Ma, post-mineralisation hydrothermal K-feldspar from non-mineralised sub-volcanic bodies.
40
Ar/39Ar dates from stage (1) closely match U-Pb zircon dates from sub-volcanic bodies in the Laki district, which form part
of the Borovitsa volcanic zone (~33 Ma; Ovtcharova et al., 2001), and therefore can be interpreted as being thermally reset
by magmatism.
The range of 40Ar/39Ar dates displayed during stage (2) is indicative of partial to complete resetting of metamorphic
K-feldspar by the hydrothermal, mineralising f luid. Consistent minimum dates of ~ 30 Ma from the vein selvages and
corresponding hydrothermal K-feldspar dates obtained from a mineralised polymictic breccia from the Chetroka mine, as
well as f luid temperatures of 300-350°C recorded during the main stage of mineralisation in the Djurkovo mine, suggest
that mineralisation in the Laki district ceased at ~ 30 Ma, and was coeval with hydrothermal activity in the Madan district
to the south.
Post-mineralisation hydrothermal f luid circulation (at temperatures <200°C) during stage (3) resulted in the precipitation
of hydrothermal K-feldspar within the previously altered sub-volcanic bodies from 27 – 29.5 Ma, possibly corresponding
to previously published 40Ar/39Ar sericite dates from the Laki district.
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A magmatic origin of ore-forming fluids in Carlin-type deposits?
Fluid inclusion studies on Carlin-type deposits and a Au-Cu porphyry
deposit on the Carlin and Battle Mountain-Eureka trends, Nevada
Simon J. E. Large, Edine Y. N. Bakker, Philipp Weis, Markus Wälle, Christoph A. Heinrich, Michael W. Ressel

Eocene ore deposits of the Great Basin in north-central Nevada are collectively the US’ largest producer of gold. They
resulted from an ideal combination of early tectonics making the determining structures for later events, and several
phases of metamorphism and magmatism, causing fertile f luids and melts to rise in the crust into a stratigraphy of
reactive, carbonate rocks covered by non-reactive, siliceous cap rock (e.g. Dickinson, 2006). The majority of deposits are
aligned in three main trends: the Carlin, Getchell and Battle Mountain-Eureka trends. While many studies have identified similarities between the individual structurally-controlled, sediment-hosted deposits, the source and evolution of
the mineralizing f luid remain debated. Recent studies favour a conceptual model including a deep magmatic f luid source (e.g. Muntean et al., 2011) rather than a sedimentary or metamorphic f luid source. This magmatic-hydrothermal
hypothesis implies that Carlin-type Au-deposits are distal products of gold transported in f luids derived from a large,
deep-seated intrusive body. On the Carlin trend itself, there is only indirect evidence for the existence of Eocene plutons
at depth. However, in the Battle Mountain-Eureka trend, gold mineralization that formed at relatively higher P-T is
found in proximity to Eocene granodioritic intrusions. Under the conditions prevailing in the Carlin area, transport of
gold via similar magmatically-derived f luids over large distances would be feasible (Heinrich, 2005). Two joint f luid
inclusion studies on both of these sub-parallel trends were performed aiming to determine the major- and trace-element
composition of the ore forming f luids.
Here, we present results from petrographic observations, f luid inclusion microthermometry and laser ablation ICP-MS
analyses on f luid inclusions from the Copper Canyon Cu-Au porphyry, located at the northwest end of the Battle MountainEureka trend and from the Gold Quarry and Chukar Underground Carlin type deposits located on the central Carlin-trend.
An Eocene granodioritic porphyry is central to the deposits at Copper Canyon and is thought to be the cupola of a larger
intrusion that acted as the source of f luids and metals (Cu, Au, Ag, Mo, Pb, Zn) for the deposits. It is hypothesized that the
granodiorite cupola and its associated ore f luids could represent the highest P-T part of gold-producing hydrothermal
systems, which formed the proximal skarn-hosted Au-Cu mineralization at Copper Canyon, whereas Carlin-type Au mineralisation may have been formed as more distal products of similar systems, at lower temperature and preserved in areas
that were eroded less deeply.
Copper Canyon contains abundant f luid inclusion assemblages of vapour, intermediate-density, aqueous and hypersaline
f luids in quartz veins and garnets. We present evidence for phase separation of a moderately saline intermediate density
supercritical f luid splitting into a vapour and a brine under relatively high pressures. Subsequent small variations in pressure upon cooling of the vapour, caused parts of the vapour to contract to a liquid. Fluid inclusions in quartz and barite
from the Carlin trend deposits have a very similar appearance to the contracted vapour liquid. Similarities in the chemical
composition of f luid inclusions of the different sources indicate chemically similar source.
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Sedimentary samples can provide comprehensive pieces of information such as sedimentation rates, changes of weather
conditions during the different periods and the concentration of heavy metals in their deposition environments. Aimed at
assessing heavy metal contamination, this study focused on 11 sediment samples from two regions (l:e., Larym and
FarahAbad in Sari area); which 9 samples were selected through trenching at depths between 0 to 70 cm and two others
from surface sediment. The samples were transferred to laboratories of geological survey of Iran for ICP analysis. The sediment of the Caspian coastal plains is the combination of the batch and sediments deposited especially in the southern
Caspian Sea by the effect of waves and different currents; which from sedimentology perspective and environment are
characterized by changes of genus and granulometry in the southern part from the western regions to the east coast. Fine
grain particles, because of their high adsorption capacity, is a factor in the absorption and potential accumulation of toxic
elements in sediments. Figure 1 shows position of study area and sampling stations.

Fig.1 Shows Position Map of Sampling Stations Marked with Green color

Comparison of mean of the concentration of heavy metals with the mean of the global sediments and the crustal mean
indicates that the cobalt element concentration (15.08 ppm) is between the mean scores of the global sediments and crustal. Mean scores of concentrations of chromium, copper, and manganese (respectively 88.700, 22 and 688.92 ppm) are lower than those of the Global sediments and crustal mean. While the means of lead and zinc concentration (20.75 ppm and
102.70 ppm) are higher than those of the global sediments and crustal and the mean of nickel concentration (52.50 ppm)
is approximately equal to that of the global sediments; the concentration less than that of the crustal average. Obviously,
differences between the concentration means of the elements in the study area and the global sediment and earth’s crust
are due to Geological and different climatic conditions in various parts of the Earth (Table 1).
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Table 1. Concentrations of heavy metals in the studied sediment samples
ـــــــــــ%

ppm

ــــــــــــ

Sample No.
Co

Cr

Cu

Zn

Pb

Mn

Ni

Fe(Fe2O3)

Ca (CaO)

L1-1

20.2

58.0

33.3

125.5

40.6

766.2

76.6

8.3

6.5

L1-2

13.9

125.7

20.1

96.1

24.5

540.5

56.1

5.9

13.3

L1-3

17.8

132.0

11.2

95.2

12.2

738.7

49.4

7.1

19.2

L2-1

21.6

44.6

38.7

121.3

33.6

725.5

75.8

6.9

12.1

L2-2

9.7

69.5

6.9

51.9

13.2

616.9

32.3

3.9

16.4

L3-1

11.0

150.2

7.1

57.6

9.7

741.1

36.5

4.9

18.6

L4

10.1

71.7

38.8

222.0

18.2

692.2

33.3

3.7

16.6

F2-1

12.5

112.7

12.2

79.6

12.1

763.1

38.8

5.1

15.5
11.5

F2-2

18.5

71.1

33.6

118.6

26.8

594.3

74.6

6.1

F2-3

20.8

108.6

34.0

111.0

31.9

807.2

73.8

6.7

14.8

F-1(reference sample)

9.8

31.6

6.1

51.0

5.5

592.5

30.3

3.5

15.7

Earth crust1

20.0

100.0

50.0

75.0

14.0

850.0

80.0

4.1

4.1

14.0

90.0

33.0

95.0

19.0

770.0

52.0

4.6

6.6

Global sediments1

(Ref. Bowen 1979)

1

For the evaluation of the pollution of heavy metals, geochemical parameter of Enrichment Factor (EF) was used. EF is used
to compare inter-region geochemical trends, and also to identify anthropogenic pollution. Heavy metal enrichment factors
(EF) were estimated. Their EF means are also as follows: Pb> Cu> Cr> Zn> Ni> Co> Mn. On the basis of the EF mean of each
element, the sediments were classified from moderate enrichment with lead and copper, deficient enrichment with nickel
and cobalt, and to mineral enrichment with chromium and zinc. Also EF indicating that 1) cobalt and nickel have a geogenic origin; 2) zinc, copper and lead have both geogenic origin and an anthropogenic origin; 3) chromium element has
source of biogenic and partly anthropogenic origins.
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In the framework of a comprehensive petrologic and sedimentological study of gravels delivered by the tributaries of the
Rhine River performed at the geosciene institutes of the University of Basel, pebbles carried by the ‘Hauensteiner Murg’
were investigated. This small river, which has a length of 22.4 km, is located in the Hotzenwald area of the Black Forest
(southern Baden-Wuerttemberg, Germany).
Pebbles were sampled at six different locations along the whole river course, from the spring southwest of ‘Lochhäuser’
and to the mouth in the village Murg, where the river merges with the Rhine. Based on hand specimens and thin sections
of the pebbles the mineral phases and their modal amount were identified and the rock fabric evaluated to draw conclusions on the formation of the rock. In case of metamorphic rocks, a rough estimate of the metamorphic PT conditions and
evolution was possible. In addition, the frequency of boulder-types occurring at specific sampling points has been recorded
and their sphericity and roundness have been measured for a sedimentologic analysis. By comparing the pebble petrography with geological maps (Metz & Rein, 1958) and literature data (Pfannenstiel & Rahm, 1963; Günther, 2010; Geyer &
Gwinner, 2011) the boulders found in the ‘Hauensteiner Murg’ could be assigned to their parent rocks. To confirm the
preliminary results the petrographic findings were linked to the sedimentologic data to get an insight into the transportation processes and their energy levels over the transport distance. The combination of both, petrographic and sedimentologic results were useful to decipher where the boulders originate from.
Very important is that the sampling points (1) and (6) were within the reach of a former glacier. Sampling point (1) was
inf luenced by the Black Forest glaciation and sampling point (6) by the Alpine glaciation, both during the Riss glacial period. Point (6) is close to the Rhine River, which very likely transported some gravel during high-f lood stages into the
mouth of the ‘Hauensteiner Murg’. Rocks originating from the center of the Black Forest glaciation around the ‘Feldberg’
have also been found.
The southern Black Forest is mainly build up by the Variscan basement rocks. It is divided from north to south into several domains: Baden-Baden-Zone, North and Middle Black-Forest crystalline complex, Badenweiler-Lenzkirch-Zone and
Southern Black Forest crystalline complex. The latter is passed by the the ‘Hauensteiner Murg’. Although sampling point
(1) is located in the Albtal granite, lots of gneiss pebbles have be found. These rocks are assigned to the gneiss-anatexite
complex of Todtmoos and have been transport by the Feldberg glacier. Towards the sampling point (2) the ‘Hauensteiner
Murg’ crosses some porphyry granites and quartz veins, which then enrich the pebble inventory. A similar origin is assumed for lamprophyre pebbles at sampling point (5). Sampling point (3) is also located in the Albtal granite, but also boulders originating from north of the spring, like a gabbro from Ehrsberg and a ‘Bärhalde’-granite have been encountered.
Due to the proximity to the gneiss complex of the Wiese-Wehra valley the number of gneiss pebbles increased. Sampling
point (4) is located within the gneiss complex of the Wiese-Wehra valley, which results in a further distinct increase of the
abundance of gneiss pebbles. Furthermore, two amphibolite pebbles may orginate from the Gisiboden area close to
Todtnau. Orthogneiss pebbles were taken from sampling point (5). Their provenance area is also situated north of the river
head. At sampling point (6) the pebble spectrum markedly differs from others because of the numerous sedimentary–rock
pebbles. Red sandstone from the Buntsandstein formation outcropping northwest and northeast of sampling point (5) are
quite frequent. The presence of pebbles consisting of Melser sandstone and limestone pebbles could clearly ascribe to the
Helvetic realm of the Alps.
The marked difference of sphericity between sampling points (1) and (2) (Fig. 1) is due to the input by the Feldberg-glacier
at (2). The sandstones at the mouth of the ‘Hauensteiner Murg’ also have a high sphericity, which resulted from the longdistance transport out of the Alpine region.
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Figure 1: The general trend of increasing sphericity with transport distance is interrupted at sampling location (2) by the input of glacier-carried pebbles.
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Samples of soil and surface water were collected along a transect of 30 km with 1600 m of difference in altitude in the
valleys of Saas Fee and Visp in the Swiss Alps. Mineralogical, chemical, and isotopic (O and H) compositions as well as
physical parameters were determined in order to study water-rock interactions, first stages of clay mineral formation, and
a possible inf luence of altitude on the isotopic composition of soils during weathering of the parent rock. Further data
from GIS based modeling of the total watershed as well as sub-catchments allows to study elevation profiles, distribution
of precipitation and the occurring host rock lithologies.
The background of this work is to explore the usability of hydrous minerals in foreland sediments derived from Alpine
weathering for paleoelevation studies, based on the altitude effect in stable O and H isotopes.
Waters have a range of d18O and dD values typical for precipitation and snow and glacier melt water in high-Alpine regions.
The major ions are characterized by the dissolution of host rock minerals, leading to an enrichment of Ca, sulphate, K,
and Mg ions along the stream. Mixing with side streams and the artificial input of waters derived from high elevations
due to hydropower utilization can be observed in both the isotope and ion composition.
The mineralogical composition of the soils corresponds to the occurrence of ophiolitic material in higher elevations and
granitic gneisses and mica schists in lower regions. Phyllosilicates from early-stage weathering and transformation of illite and chlorite to interstratified minerals (vermiculite, illite-vermiculite, chlorite-vermiculite and illite-smectite) are
present already in high altitudes but their abundance is higher in lower altitudes as well as in the fine grained separates.
This is also supported by higher water contents, lower dD values and a shift to a more illitic character of mica minerals in
the <2 μm material.
The overall isotopic composition of the soil samples however is still similar to values of the host rock material and in d18O
no significant change is noticeable between the different size fractions.
This suggests that the present climate and this environment do not allow for the neoformation of larger quantities of clay
minerals in contact with ambient water.
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