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3.1
Deciphering microbial signatures in stromatolites through micrometric 
in situ iron and sulfur isotope analyses. 

Marie-Noëlle Decraene1,2, Johanna Marin Carbonne1, Christophe Thomazo3, Nicolas Olivier4, Pascal Philippot5 & Etienne 
Deloule2

1Institut des sciences de la Terre, University of Lausanne, CH- 1015 Lausanne  (marie-noelle.decraene@unil.ch)
2CRPG-CNRS, BP20, 54501 Vandoeuvre les Nancy, France
3UMR CRNS 5561 Biogéosciences, University of Burgundy, Dijon, France
4Laboratoire Magmas et volcans, University Clermont Auvergne, 63038 Clermont-Ferrand, France
5Géosciences Montpellier, University of Montpellier, France

Stromatolites are laminated organosedimentary structures formed under the influence of microbial consortium. The study of 
actual stromatolites helps to constrain chemical reactions at the biofilm scale and the role of microbial metabolisms on 
mineralization (Dupraz et al., 2005). The identification of the microbial communities in Archean stromatolites is yet still 
discussed due to the absence of microfossils. The preservation of primary microbial signatures is also challenged by the 
post depositional influence recorded in Archean sediments. Microbial metabolisms as Dissimilatory Iron Reduction (DIR) 
and Microbial Sulfate Reduction (MSR) are thought to be well established on the early Earth (Vargas et al., 1998; Ohmoto 
et al., 1993) and led to diagnostic fractionation of iron and sulfur isotopes, up to -3‰ and -70‰ respectively, during Fe3+-
oxide and sulfate reduction (e.g. Crosby et al., 2007; Sim et al., 2011). Micrometric syngenetic sedimentary pyrites (FeS2) 
closely associated with organic matter are widespread in stromatolites through geological times. These sulfides can be 
precipitated through abiotic reactions or microbial activity using DIR and MSR metabolic pathways. We propose to explore 
Fe and S isotope signatures of micro-pyrites as a proxy of the early traces of microbial activity using SIMS analyses. Iron 
isotope analyses were performed using the new Hyperion Radio-Frequency source in CRPG Nancy and SwissSIMS 
Lausanne. This microscale approach, applied on Archean (2.7 Ga stromatolites of the Tumbiana Formation, Western 
Australia) and Triassic (250 Ma sediments of the Sonoma Basin, USA) samples, allows to obtain a spatial resolution of 3µm 
(Fe) (Fig.1) and 10µm (S) and a reproducibility on Balmat pyrite standard better than 0.24‰ (2σ) on δ56Fe and 0.13‰ (2σ) 
on δ34S. The comparison of these data yields a large view of the evolution of the isotopic signatures through geological time 
and provides original constraints about pyrite formation at local scale. 

 

Figure 1. Primary beam spot used for iron isotope analyses in a micro-
pyrite from the 2.7Ga Tumbiana Formation.

REFERENCES 
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3.2
Multi-isotope study (Ge, Fe, O) of hydrothermal metamorphism in the 
Limousin ophiolite  

Afifé El Korh1, Béatrice Luais2, Marie-Christine Boiron3 & Damien Cividini2   

1Unit of Earth Sciences, Department of Geosciences, University of Fribourg, Chemin du Musée 6, CH-1700 Fribourg,   
 Switzerland (afife.elkorh@unifr.ch)
2Centre de Recherches Pétrographiques et Géochimiques (CRPG), UMR 7358 CNRS-Université de Lorraine, 15 rue  
  Notre Dame des Pauvres, BP 20, F-54501 Vandœuvre-lès-Nancy Cedex, France
3GeoRessources, Université de Lorraine, CNRS, UMR 7359, Boulevard des Aiguillettes, BP 70239, F-54506  
  Vandœuvre-lès-Nancy, France

Non-traditional stable isotope geochemistry in ophiolites is a powerful tool for the understanding of geochemical processes 
during hydrothermal alteration (or hydrothermal metamorphism) in ancient oceanic lithosphere. Ge and Fe isotope 
fractionation can be significant during low-temperature (T) hydrothermal processes (< 350°C), but also under high-T 
hydrothermal or magmatic conditions. Thus, Ge and Fe isotopes can be employed as tracers of hydrothermal vs. magmatic 
processes in the ancient oceanic lithosphere.

While O isotope fractionation is mainly controlled by T and fluid flows during hydrothermal alteration on (sub-)seafloor, Ge 
and Fe isotope fractionation during hydrothermal processes strongly depends on the redox conditions and the chemistry of 
fluids. In the altered oceanic crust (AOC), hydrothermal alteration may result in: 1) Ge depletion in the presence of 
hydrothermal sulfides during high-T alteration along hydrothermal vents or, 2) Ge enrichment due to Ge adsorption by iron 
hydroxides (Escoube et al., 2015). Moreover, the heavier Fe isotopes are preferencially incorporated into the Fe3+- phases. 
Thus, the AOC may display variable Ge and Fe isotopic compositions, depending on the nature of hydrothermal vent fluids 
and products: Fe2+-rich sulfides (low δ74Ge and δ56Fe) or Fe3+-rich deposits (clays, Fe-hydroxides: high δ74Ge and δ56Fe) 
(Rouxel et al. 2003; Escoube et al., 2015). 

In this study, we have measured non-traditional Ge and Fe isotopes and traditional O isotopes in series of metagabbros 
and serpentinites from the Limousin ophiolite (French Massif Central) to decipher the different signatures of hydrothermal 
metamorphism. The Limousin ophiolite belongs to the upper part of the Middle Allochthon domain of the Variscan belt. 
Serpentinisation of peridotites and troctolites, and amphibolite facies metamorphism of gabbros and mafic dykes occurred 
during intensive seafloor hydrothermal alteration under low-pressure conditions (~ 0.2 GPa) and temperatures from high-T 
late-magmatic conditions to low-T greenschist–zeolite metamorphic facies (serpentinisation: ≤ 500°C; amphibolite facies: 
570–750°C; Berger et al., 2005). 

Ge and Fe isotope ratios (δ74GeNIST3120 ± 0.02–0.10‰; δ56FeIRMM-014 ± 0.01–0.04 ‰; 2σ SE) were measured in bulk samples 
using a NeptunePlus MC-ICPMS (ThermoFisher Scientific) after sample dissolution and element separation through ion 
exchange chromatography columns at the CRPG-Nancy (Luais, 2012; Liu et al., 2014). O isotopes were measured by on-
line CO2 fluorination using a Thermo-Finnigan MAT 253 gas source mass spectrometer at the ISTE of the University of 
Lausanne.

Amphibolites display low Fe3+/ΣFe ratios (0.11–0.14) and MORB-like δ56Fe values (+0.03 to +0.17‰). δ18O values are 
typical of high-T hydrothermally altered MORB (+6.2 to +6.6‰). δ74Ge values show a small range (+0.72 to +0.77‰) and 
are heavier than most basalts and gabbros (+0.37 to +0.74‰; see Rouxel and Luais, 2017). The δ18O slightly decreases 
with the increase of the δ56Fe, indicating a slight fractionation of the δ56Fe towards lighter values during hydrothermal 
alteration. However, no δ74Ge vs. δ56Fe correlation is observed, indicating that Ge isotope fractionation has prevailed over 
Fe isotope fractionation during hydrothermal alteration of basic rocks. Reducing conditions have enhanced Ge isotope 
fractionation towards compositions heavier than MORB. 

Contrary to amphibolites, serpentinites are strongly oxidised rocks (Fe3+/ΣFe: 0.6–0.7) and display δ18O values (+5.0 to 
+6.1‰) typical of hydrothermally altered ultrabasic rocks. They display similar to heavier δ74Ge values (+0.48 to +0.93‰) 
than ultrabasic rocks (+0.46 to +0.76‰; for a review see Rouxel and Luais, 2017), as well as heavier Fe isotopic 
composition (+0.15 to +0.18‰) than partially to totally serpentinised abyssal peridotites (-0.10‰ to +0.11‰; e.g. Craddock 
et al., 2013). The δ74Ge shows a slight positive correlation with the δ56Fe, indicating concomittant Ge and Fe isotope 
fractionation towards heavier values during hydrothermal alteration. The δ18O increases with the decrease of the δ74Ge and, 
to a lesser extent, of the δ56Fe, suggesting both Ge and Fe fractionation during hydrothermal alteration. However, δ56Fe 
values display a larger deviation from ultrabasic rocks than δ74Ge and δ18O values, suggest that oxidising conditions have 
favoured the fractionation of Fe isotopes to a larger extent than Ge isotopes. 
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The present study corroborates former results obtained on subducted high-pressure metabasites (El Korh et al., 2017a, b): 
Fe isotope composition of the oxidised rocks mainly expresses the signature of the protolith composition and subsequent 
fractionation during low-T hydrothermal alteration, while only (re)hydration reactions in a reducing environment can trigger 
Ge isotope fractionation towards heavier compositions than those of basalts.

REFERENCES
Berger, J., Féménias, O., Mercier, J.C.C. & Demaiffe, D. 2005: Journal of Metamorphic Geology, 23, 795-812.
Craddock, P.R., Warren, J.M. & Dauphas, N. 2013: Earth and Planetary Science Letters, 365, 63-76.
El Korh, A., Luais, B., Boiron, M.C., Deloule, E. & Cividini, D. 2017a: Chemical Geology 449, 165-181.
El Korh, A., Luais, B., Deloule, E. & Cividini, D. 2017b: Contributions to Mineralogy and Petrology, 172:41.
Liu, P.P., Zhou, M.F., Luais, B., Cividini, D. & Rollion-Bard, C. 2014: Earth and Planetary Science Letters,399, 21-29.
Luais, B. 2012: Chemical Geology 334, 295-311.
Escoube, R., Rouxel, O., Edwards, K., Glazer, B. & Donard, O.F.X. 2015: Geochimica et Cosmochimica Acta 167, 93-112.
Rouxel, O. & Luais, B. 2017: Reviews in Mineralogy & Geochemistry 82, 601-656. 

Rouxel, O., Dobbek, N., Ludden, J. & Fouquet, Y. 2003: Chemical Geology, 202, 155-182. 
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3.3
How does anatectic melt receive its isotopic fingerprint? A case study 
from the Halls Creek Orogen, WA, Australia   

Johannes Hammerli1 & Tony Kemp2  

1Institut für Geologie, University of Bern, Baltzerstrasse 1-3, CH-3012 Bern (johannes.hammerli@my.jcu.edu.au)
2School of Earth Science, The University of Western Australia, Perth 6009, WA, Australia

Anatexis plays an important role for the production of crustal melts, for feeding large igneous bodies, and for the differentiation 
of the crust. However, geochemists often have to rely on radiogenic isotope analyses of granitic rocks to deduce the melt 
source and timing of melt production. In igneous rocks, apparent isotope inconsistencies and isotope decoupling are often 
perplexing to interpret without fully understanding melting processes, melt origins, and melt extraction at the source – a critical 
knowledge gap that can lead to mis- interpretation of isotopic data. Well exposed anatectic terranes provide the opportunity 
to study melt evolution within the source rocks and how extracted melt receives its geochemical fingerprint. In this study we 
investigate the isotopic evolution of radiogenic (U-Pb, Sm-Nd, Lu-Hf) and stable (O) isotope systems on a whole rock and 
(sub-) mineral scale in migmatites and their protoliths. The study site exposes a spectacular window into anatexis in the 
middle/lower crust where source rocks, external melt, and residual cumulates can be studied (Oliver and Barr, 1997). The 
studied migmatitic terrane belongs to the ~1850 Ma Halls Creek Orogen and with the radiogenic clocks starting in the 
Paleoproterozoic, the protracted evolutionary path of the isotope systems allows identifying potential isotope disequilibria 
induced during anatexis. Given the well constrained and exposed anatectic terrane, this setting allows to address the following 
key questions: 

1. Are (isotope) disequilibrium melting processes possible as claimed in previous studies?

2. What is the role of garnet cumulates in terms of the Hf isotope signature of melt and residual material over time 
(garnet has as a strong Lu-Hf affinity and over time could evolve to highly radiogenic Hf signatures due to it high Lu/
Hf ratio)?

3. How representative are the Hf isotope signatures of anatectic zircon rims in terms of the whole rock values and what 
role do the garnet cumulates play (see above)?

4. What is the magnitude and length-scale of isotope variations induced by infiltration of externally derived melts?

Figure 1. Residual garnet cumulates after melt extraction in a migmatite of the Halls Creek Orogen.

REFERENCES 
Oliver, N.H.S., &  Barr, T. 1997: The geometry and evolution of magma pathways through migmatites in the Halls Creek 

Orogen, Western Australia, Mineralogical Magazine 14, 3-14.  



95

Sy
m

p
o

si
u

m
 3

: 
St

ab
le

 i
so

to
p

e 
g

eo
ch

em
is

tr
y

Platform Geosciences, Swiss Academy of Science, SCNATSwiss Geoscience Meeting 2019

3.4
Molybdenum isotope fractionation between melt, exsolved fluid and 
hydrothermal minerals during the magmatic-hydrothermal transition

Anne Kaufmann1, Thomas Pettke1, Edel O‘Sullivan1, Martin Wille1 

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

Molybdenum isotopes of igneous rocks show a much larger variability (up to 0.6‰ δ98/95Mo) than has previously been 
assumed for the continental crust (0-0.2‰). Two processes have been put forward to account for this, (i) magmatic 
fractionation (Voegelin et al., 2014) and (ii) source variability delivered from the subducting slab to arc magmas. Moreover, 
studies focusing on magmatic-hydrothermal mineralisation have discovered a large spread in Mo isotope compositions of 
molybdenites, which cannot be explained by mass-dependent fractionation alone (Greber et al., 2011, 2014). Data acquired 
so far document increasingly heavier δ98Mo with progressive hydrothermal evolution (Greber et al., 2014), hinting at 
significant fractionation between an increasingly heavy aqueous fluid while lighter isotopes are bound in precipitating MoS2. 
On the other hand, Shafiei et al. (2015) observed the opposite trend with heavier δ97/95Mo values (0.0 - +0.92‰) of early 
stage molybdenites followed by a late stage with δ97/95Mo values restricted to -0.31 - +0.27‰. They postulated this to reflect 
the involvement of multiple fluid types (brine, vapour, aqueous liquid) with different physico-chemical properties that 
dominated during the two mineralisation stages. All these observations indicate that significant Mo isotope fractionation can 
occur during high-temperature processes. 

We investigate the magmatic-hydrothermal transition using miarolitic cavities of the Torres del Paine igneous complex 
(Patagonia, Chile). They formed during successive stages of magma emplacement at shallow crustal levels (0.75 – 1 kbar) 
and document the magmatic-hydrothermal history from approx. 750°C down to <300°C. Bulk rock δ98Mo ratios vary 
between +0.05 and +0.46 ‰ δ98MoNIST, a range reported for other calc-alkaline magmas elsewhere (e.g., Wille et al., 2018; 
Willbold and Elliott, 2017). Cavity mineral (amphibole, biotite, titanite, and molybdenite) and aqueous fluid isotopic 
measurements are currently underway; preliminary data indicate that biotite has a very light isotopic signature (<-1 ‰ 
δ98MoNIST) compared to the bulk rocks, whereas molybdenite exhibits moderately light δ98MoNIST values of -0.24 to -0.20‰. 
Together, this data set allows the quantification of isotopic distribution coefficients between minerals and aqueous fluid, a 
necessary step in better understanding the relevant processes producing isotopic variability in the continental crust.

REFERENCES
Greber, N. D., Hofmann, B. A., Voegelin, A. R., Villa, I. M. & Nägler, T. F. 2011: Mo isotope composition in Mo-rich high- and 

low-T hydrothermal systems from the Swiss Alps, Geochimica et Cosmochimica Acta 75, 6600-6609.
Greber, N. D., Pettke, T. & Nägler, T. F. 2014: Magmatic–hydrothermal molybdenum isotope fractionation and its relevance to 

the igneous crustal signature, Lithos 190-191, 104-110.
Shafiei, B., Shamanian, G., Mathur, R. & Mirnejad, H. 2015: Mo isotope fractionation during hydrothermal evolution of 

porphyry Cu systems, Mineralium Deposita 50, 281-291.
Voegelin, A. R., Pettke, T., Greber, N. D., von Niederhausern, B. & Nägler, T. F. 2014: Magma differentiation fractionates Mo 

isotope ratios: Evidence from the Kos Plateau Tuff (Aegean Arc), Lithos 190, 440-448.
Willbold, M. & Elliott, T. 2017: Molybdenum isotope variations in magmatic rocks, Chemical Geology 449, 253-268.
Wille, M., Kramers, J. D., Nagler, T. F., Beukes, N. J., Schroder, S., Meisel, T., Lacassie, J. P. & Voegelin, A. R. 2007: 

Evidence for a gradual rise of oxygen between 2.6 and 2.5 Ga from Mo isotopes and Re-PGE signatures in shales, 
Geochimica et Cosmochimica Acta 71, 2417-2435.

Wille, M., Nebel, O., Pettke, T., Vroon, P. Z., Konig, S. & Schoenberg, R. 2018: Molybdenum isotope variations in calc-
alkaline lavas from the Banda arc, Indonesia: Assessing the effect of crystal fractionation in creating isotopically heavy 
continental crust. Chemical Geology 485, 1-13.
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3.5
Microscale Fe and S isotope compositions of Archean pyrites can 
constrain past microbial metabolism and post deposit processes  

Johanna Marin Carbonne1, Christophe Thomazo 2, Marie-Noelle Decraene1, Masafumi Saitoh1, Julien Alleon1  
and Nicolas Olivier3

1Institut des Sciences de la Terre, Université de Lausanne (johanna.marincarbonne@unil.ch)
2Biogeosciences Université de Bourgogne Franche Comté, Dijon, France 
3Laboratoire Magma et Volcans, Université Clermont Auvergne, Clermont Ferrand, France  

The identification of microbial signatures preserved in the geological record is crucial for understanding life evolution in the 
Early Earth. Iron and sulfur isotopes offer the most direct means to track the biogeochemical cycling of these elements 
through time, but their joint use as biomarker of specific metabolic activity has been relatively limited to date. Archean 
sediments contain small sulfides, that can be formed either by abiotic processes (reaction between H2S and Fe(II)) or by 
metabolic activity like microbial sulfate reduction (MSR) or dissimilatory iron reduction (DIR). We have developed a 
microscale approach using correlative microscopy and SIMS analyses. In situ Fe and S isotope analyses as well as high-
resolution mineralogy of pyrites in Archean sediments from the Buck Reef Chert (3.41 Ga, basal member of the Kromberg 
Formation, South Africa) and the Mendon (3.33 Ga, South Africa) Formations reveal not only post-depositional metasomatic 
influence but also a well-preserved primary microbial signature inherited from early diagenetic reactions in the sediment. 
This microscale approach allows us to distinguish microbial signatures from late overprints. Our results demonstrate the 
existence of microbial iron respiration as early as 3.26 Gyr ago, providing new time calibration of the tree of life for this type 
of metabolism.
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3.6
Tracing anthropogenic δ98Mo in riverine water:  
Implications for palaeo-redox reconstruction

Edel O’Sullivan1, Thomas Nägler1 and Michael Babechuk2

1University of Bern (edel.osullivan@geo.unibe.ch) 
2Memorial University of Newfoundland

The reconstruction of the Earth’s changing surface oxygenation has benefited greatly from the use of Mo isotopes in 
marine sediments as a palaeo-redox proxy. Here the extent of Mo removal by oxic sediments is calculated by mass 
balance models assuming steady state conditions between the inputs and outputs of Mo to and from the ancient ocean. 
Unlike the outputs of Mo which are preserved in sedimentary rocks, the continental inputs of Mo to the ocean in the past 
must be estimated based on the modern global riverine average. First publications have shown that global rivers are 
isotopically highly variable and consistently heavy up to δ98Mo ~1.9‰ compared to the average upper continental crust of 
~0.0‰. It has been argued that this isotopic offset might originate from weathering of isotopically heavy black shales, 
evaporites and sulfides, and mechanisms of fractionation by adsorption onto Fe-Mn oxyhydroxides in suspended particles 
and soils.

Here we demonstrate the influence of an isotopically heavy anthropogenic Mo source on the natural composition of the 
Ottawa River, with implications for mass balance modelling of the ancient ocean. The Ottawa River, Canada, has previously 
been identified as having an anomalously heavy δ98Mo close to seawater, which cannot be accounted for by previous 
explanations, and indicates the existence of an additional Mo source or sink. We collected 32 water samples from the 
Ottawa River, its tributaries and surrounding lakes. Filtered samples were analysed for major and trace elements as well as 
δ98Mo.

Our results reveal a progressive upstream trend towards heavy δ98Mo up to 3.0‰, different to samples from tributaries and 
lakes with a constant δ98Mo of 1.1‰. Positive correlation between δ98Mo and [Mo] indicate a binary mixing between δ98Mo 
released by natural weathering of the catchment, and a single, isotopically heavy point source located upstream. A potential 
source might be Cu-Au porphyry mining activities in the Abitibi Greenstone Belt, in the headwaters of the river. Direct 
contamination from dissolution of isotopically light MoS2 molybdenite is unlikely to explain the heavy Mo signature of the 
source waters. Alternatively, adsorption of Mo onto Fe-oxides within the waste-rock storage facilities has previously been 
shown to fractionate Mo in mine drainage water, releasing a highly reduced, heavy δ98Mo source into the surrounding 
waters. We hypothesise that a similar mechanism of Mo removal occurring in these mining regions has altered the δ98Mo of 
the Ottawa River.

Anthropogenic alteration of the isotopic composition of natural river water challenges the use of modern large river systems 
as analogues for ancient input parameters in mass balance models. If the impact of anthropogenic input is found to affect 
rivers on a global scale, palaeo-redox reconstructions may need to be refined.
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3.7
Fe and O isotope study of eclogites and gneisses in the Münchberg 
Massif, Germany

Johannes E. Pohlner1, Afifé El Korh1, Massimo Chiaradia2, Reiner Klemd3 & Bernard Grobéty1

1Unit of Earth Sciences, Department of Geosciences, University of Fribourg, Chemin du Musée 6, 1700 Fribourg  
 (johannes.pohlner@unifr.ch)
2Department of Earth Sciences, University of Geneva, Rue des Maraîchers 13, 1205 Genève
3GeoZentrum Nordbayern, Universität Erlangen-Nürnberg, Schlossgarten 5a, 91054 Erlangen

Fe isotopes provide a promising tool to trace fluid-rock interactions and mass transfer in subducting lithosphere due to 
redox-sensitive isotope fractionation (phases rich in Fe3+ preferentially incorporate the heavier isotopes). Our study aims at 
understanding to which extent the Fe isotopes in the subducted crust reflect (1) igneous protolith formation, (2) subsequent 
low-temperature (LT) alteration, or (3) fluid-rock interactions during the subduction-exhumation cycle.

The Münchberg Massif represents a nappe pile within the Variscan orogen. MORB-type eclogites and gneisses of the 
uppermost nappe (Hangendserie) show variable degrees of amphibolite facies retrogression. A dark, kyanite-free eclogite 
(Mg# <65, Al2O3 <15.5 wt.%, MORB signature) is distinguished from a light, Ky-bearing eclogite (Mg# >65, Al2O3 >15.5 
wt.%, more arc-like signature, usually higher Cr and lower HFSE contents, positive Eu/Eu*). δ56Fe values of dark (–0.068 ± 
0.018 to –0.007 ± 0.003‰) and light eclogites (–0.053 ± 0.002 to +0.014 ± 0.024‰) overlap. Both types comprise the 
lowest δ56Fe of subduction-related eclogites ever measured, being lighter than MORB and comparable with some arc 
basalts. δ56Fe tends to increase with Mg# and Eu/Eu* and to decrease with FeOtot, Sc, Ni, V and Zn. Fluid-mobile elements 
are decoupled from δ56Fe. Fe3+/ΣFe (0.13–0.30) do not strongly vary with δ56Fe and are highest in the dark eclogites of 
Fattigau, which also have high δ18O (+10‰). Dark Weissenstein eclogites have more mantle-like δ18O values (+5.0 to 
5.6‰), whereas δ18O of light eclogites from Oberkotzau and Weissenstein are slightly higher (+6.3 to 6.9‰). Within every 
locality, δ18O and Fe3+/ΣFe appear to be independent from each other. Gneisses from Weissenstein do not show large 
variations in δ18O (+10.0 to 11.0‰) or Fe3+/ΣFe (0.07 to 0.10).

It appears that δ56Fe is still largely controlled by protolith signatures. Presumably the light eclogites originated from 
plagioclase-rich cumulates, and the dark eclogites represent the complementary differentiates. Enrichment of heavy Fe in 
high-Fe3+/ΣFe cumulate phases (e.g., plagioclase or magnetite) can explain the unusual decrease of δ56Fe during magmatic 
differentiation. LT alteration, which appears to be modest for most samples, most likely caused secondary oxidation in some 
cases, but not necessarily a change of δ56Fe. Fe isotope fractionation during HP metamorphism cannot be excluded. Loss 
of heavy Fe during slab dehydration or a specifically composed protolith mantle source are possible explanations for the 
unusually light δ56Fe. Retrogression does not seem to have influenced the eclogite Fe isotope signatures.
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3.8
Fluid production and transfer in subduction zones: Insights from an 
integrated thermodynamic and δ18O fractionation model

Alice Vho1, Pierre Lanari1, Daniela Rubatto1,2 & Jörg Hermann1

1Institute of Geological Sciences, University of Bern, CH-3012 Bern, Switzerland (alice.vho@geo.unibe.ch)
2Institut de Sciences de la Terre, University of Lausanne, CH-1015 Lausanne, Switzerland

Oxygen isotope geochemistry is a powerful tool for investigating rocks that interacted with fluids, to assess fluid sources 
and quantify the physical conditions of fluid-rock interaction. 

We present an integrated modelling approach applied to multi-rock open systems. It combines thermodynamic- and oxygen 
isotope fractionation-modelling based on internally consistent databases. This technique was applied to subduction zone 
metamorphism to predict the possible range of δ18O values for mineral phases and aqueous fluids at various pressure-
temperature (P-T) conditions in the subducting slab. The evolution of mineral assemblage and δ18O values of each phase is 
calculated along a defined P-T path for a system composed by a sequence of oceanic crust (mafic) with sedimentary cover 
(pelitic or carbonatic) of known initial chemical composition and bulk δ18O. In this system, fluid-rock interactions may occur 
as consequence of infiltration of an external fluid into the mafic rocks or transfer into the metasediments of the fluid 
liberated by dehydration reactions occurring in the mafic rocks. The model quantifies (1) the effect of the dehydration 
reactions on the bulk δ18O of a rock during prograde metamorphism, (2) the effect of the influx into a subducting rock of an 
external fluid of distinct isotopic signature and (3) the final amount and isotopic signature of the fluid leaving the multi-rock 
system, e.g. infiltrating an upper unit or the mantle wedge. The effects of interaction with externally-derived fluids on the 
mineral and bulk δ18O of each rock were quantified for two typical compositions of metabasalts and metasediments with 
external fluid influx from serpentinite dehydration.

We confirm that variations in δ18O due to mineral fractionation and/or excess fluid loss are typically negligible (i.e. < 1 ‰). 
The effect of temperature variation over a range of ~150 °C on the mineral δ18O is phase dependent and may be significant 
(> 1 ‰). On the other hand, the interaction with an external fluid of different oxygen isotope composition leads to shifts in 
bulk and mineral δ18O values that depend on the degree of fluid/rock interaction and on the δ18O difference between the 
rock and the fluid. This change can be dramatic (i.e. > 10 ‰). In the considered system, quartz and garnet are the most 
suited minerals to track such changes in oxygen isotope ratio. A comparison between natural samples and modelling 
results is possible as the oxygen isotope composition of quartz and garnet can be measured in situ by SIMS with good 
precision (down to ± 0.2–0.3‰ in δ18O, 2σ). The fluid released by the subducting slab has typically a δ18O higher than the 
mantle value (5.5 ‰) and has the potential to extensively serpentinize the mantle wedge at the slab-mantle interface and to 
modify its bulk oxygen isotope composition. Significant modification of the slab-mantle interface are expected to occur 
already after 0.35 My of ongoing subduction.

The presented modelling strategy provides a new way to investigate different degrees of interaction between external fluids 
and the associated sink lithology and to evaluate the consequences of closed system vs open system behaviour with 
respect to oxygen isotopes during the evolution of a rock. Measured oxygen isotope compositions in minerals, intra-grain or 
bulk δ18O variations at different scales, can be compared with the results of the model for the specific scenarios. If the 
measured isotopic compositions are not consistent with the behaviour of a closed system, the presented model can be 
used to determine potential fluid sources, to estimate the degree of fluid-rock interaction and the metamorphic conditions at 
which this happened.
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Figure 1. Schematic geometry of the model. (a) The target column is composed by two rock types that can be infiltrated by an external fluid 
deriving from a third layer located beneath them. (b) Schematic representation of the three interaction cases (no interaction case, partial 
interaction case, high interaction case) between metabasalts and metasediments. (c) Possible scenario at the base of the column. As a 
consequence of serpentine breakdown, ultramafic fluid may infiltrate the MORB, exchange with it and affect the fluid infiltrating the 
sedimentary cover.
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P 3.1
Molybdenum isotope systematics at convergent plate margins – the 
effect of deep sea pelagic sediments

Qasid Ahmad1, Martin Wille1, Carolina Rosca2, Stephan König2

1Insitute of Geological Sciences, University of Bern, Baltzerstrasse 1+3, CH-3012 Bern
 (qasid.ahmad@geo.unibe.ch)
2Department of Geosciences, University of Tübingen, Hölderlinstrasse 12, DE-72074 Tübingen

Subduction zone magmatism at convergent plate margins is closely associated with the formation of continental crust 
through geological history. These settings are also characterized by the highest mass fluxes between crust and mantle, 
where the slab-derived fluids (and possibly slab melts) facilitate the element transfer into the mantle wedge. Recently, Mo 
and its isotopes have been applied to investigate the slab-mantle wedge transport and ultimately the incorporation of this 
element into arc lavas. Significant stable Mo isotope fractionation is induced during Earth’s surface processes leading to 
distinct Mo concentrations and Mo isotopic ratios in different marine sediments. One sedimentary endmember are Mn-rich 
deep sea pelagic clays with a high authigenic Mo concentration, which dominate the sedimentary subduction input at the 
Tonga Trench due to its remote location from continental shelf areas.

To better constrain if and how subducted sediment imprint the recycling of Mo at subduction zones, new Mo isotopic 
analyses on arc volcanic rocks (basalts and basaltic andesites) from the Tongan subduction zone are presented. 
Additionally, pelagic sediment and altered oceanic crust samples from IODP site 595 were analyzed. Together with major 
and trace element concentration data, this approach allows us to calculate the isotopic mass balance between Mo input by 
subducted continental material (SCM) and Mo output at arc magmatism. This is necessary to evaluate the role of sub arc 
processes on the Mo budget and the isotopic input on Mo to the deeper mantle. In comparison with published Mo isotopic 
data from other convergent margin settings with different SCM input, our new data will constrain the role of sediments on 
Mo recycling at arc settings.
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P 3.2
First order validation of the titanium isotope thermometer 
Greber Nicolas D.1, Aarons Sarah M.2, Dauphas Nicolas3, Pettke Thomas1

1Institut für Geologie, Universität Bern, 3012, Bern (nicolas.greber@geo.unibe.ch)
2Scripps Institution of Oceanography, California 92093, USA
3Origins Laboratory, Department of the Geophysical Sciences and Enrico Fermi Institute,  
 The University of Chicago, Chicago, IL 60615, USA

Pioneering studies by Millet and Dauphas (2014) and Millet et al (2016) showed that stable Ti isotopes exhibt significant 
mass-dependent variations in magmatic rocks, whereby basalts are isotopically lighter than more evolved lithologies. Stable 
isotope theory predicts that isotope fractination is driven by the contrast in element bonding and that weaker bonds (high 
coordination) prefer light isotopes. Consequently, the observed fractination of Ti isotopes is likely due to the presence of 4-, 
5-, and 6-fold coordinated Ti in silicate melts and minerals. Another virtue of stable isotopes is that the degree of isotopic 
fractination is negatively correlated with temperature. Therefore, minerals that incorporate 6-fold Ti (e.g. ilmenite, magnetite) 
should be isotopically lighter than minerals that contain Ti in 4-fold coordination (e.g. olivin, quartz), and the difference in 
the isotopic composition between these mineral phases is expected to be dependent on the temperature of crystallization 
(or last isotopic equilibration). Recently, Aarons et al. (subm.) presented ab initio calculations of Ti-O bond strenght of 
various minerals, which allow to predict the temperature dependent difference of minerals in their Ti isotopic compositions.

Here we test the applicability of these calculations on mineral separates (olivine, biotite, feldspar, quartz, magnetite) of 5 
rocks from the Kos magmatic suite (Greece) that range in composition from basaltic to rhyolitic. Thermodynamic modelling 
and conventional mineral thermometers indicate that advanced fractional crystallisation occurred in a shallow magma 
chamber under H2O saturated conditions and low temperature (~750-650 °C) prior to eruption of the system (Bachmann et 
al. 2012). Within a given rock, magnetite is lightest, biotite is intermediate and felspar, olivine an quartz are heaviest in their 
Ti isotopic compositions. Applying the predicted Ti isotope fractionation between Fe-Ti-oxides (6-fold, mgt) and neso- and 
tectosilicates (4-fold, ol, fspt, qz) suggests crystallization temperatures of 1180 °C for the basalt, 770, 760, 650 °C for three 
andesites/dacites and 600 °C for a rhyolithic pumice. These temperatures agree largely with the previously suggested 
crystallization conditions (but the rhyolite temperature is low) and indicate that Ti isotopes have the potential to become a 
valuable magmatic thermometer. 

REFERENCES
Aarons, Sarah et al., subm., Controls on titanium isotope fractionation in tholeiitic and calc-alkaline magmas, Geophys Res L.
Bachmann, Olivier et al., 2012, Evolution of silicic magmas in the Kos-Nisyros volcanic center, Greece. Contrib Mineral 

Petrol 163.
Millet, Marc-Alban, et al., 2016, Titanium stable isotope investigation of magmatic processes on the Earth and Moon. EPSL 

449. 
Millet, Marc-Alban, and Nicolas Dauphas, 2014, Ultra-precise titanium stable isotope measurements by double-spike high 

resolution MC-ICP-MS. JAAS 29.8.
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P 3.3
Stable isotope anomalies in chondrules – Insights into the pantry of the 
early Solar System

Jan Hoffmann1, Klaus Mezger1,2  

1Institut für Geologie, Universität Bern, Baltzerstrasse 1–3, 3012 Bern, Switzerland
2Center for Space and Habitability, Universität Bern, Gesellschaftsstrasse 6, 3012 Bern, Switzerland

Chondrules are millimetre-sized, igneous rocks and major components of chondrites, the chemically most primitive 
meteorites in our solar system. The high abundance of chondrules in the most common meteorite classes and early 
formation ages of ca. 1.8–3.0 Ma after CAI formation (Pape et al., 2019) suggest that chondrules were a common 
ingredient in the early Solar System, thus, may have played a major role between the time of condensation of solids from 
the solar nebula and the time of accretion of planetary bodies. However, their formation process(es) and later incorporation 
into their host bodies remain enigmatic.

Physical models were developed that show that chondrules might be a by-product of planetesimal collision, whereas 
cosmochemical constraints favour the melting of dust aggregates in flash-heating events (e.g. Connolly & Jones, 2016). A 
valid model for chondrule formation needs to satisfy all aspects that can be drawn from textural, mineralogical and chemical 
observations. Several authors proposed a complementary relationship between chondrules and chondrite matrices on both 
the elemental and isotopic scale (e.g. Hezel et al., 2018), while the whole rock is always chondritic. If this holds true, it 
would imply a closely intertwined genetic connection between both components and put constraints on the chondrite-
forming region and the dynamics of accretion of material that ends up in chondrules and later in chondrites. In this context 
a key question relates to the distribution of elements and isotopes throughout the solar nebula in particular. 

The study of stable isotope anomalies offers an opportunity to pin-point contributions of nucleosynthetic processes (e.g. 
super novae explosions) and injection of anomalous material into the solar nebula. Such anomalies have been reported for 
several elements in chondrites, refractory inclusions and, to a lesser extent, in chondrules (e.g. Burkhardt et al., 2017), 
suggesting compositionally distinct regions in the solar nebula. 

Here, we will present results from the investigation of the petrographic properties of chondrules using micro-computed 
tomography (µCT). This relatively new and quickly emerging method allows a non-destructive textural and mineralogical 
analysis of precious material like extraterrestrial samples. These studies are complemented by analyses of the isotopic 
composition of Ca in individual chondrules and adjacent matrices using thermal ionization mass spectrometry.  The results 
provide constraints on the degree of isotopic heterogeneity in the feeding zone of different chondrite classes and the 
process of chondrule formation, particularly the physical models that invoke pre-existing planetesimals.

REFERENCES  
Burkhardt, C., Dauphas, N., Tang, H., Fischer-Gödde, M., Qin, L., Chen, J.H., Rout, S.S., Pack, A., Heck, P.R., 

Papanastassiou, D.A. 2017: In search of the Earth-forming reservoir: Mineralogical, chemical, and isotopic 
characterizations of the ungrouped achondrite NWA 5363/NWA 5400 and selected chondrites. Meteoritic and Planetary 
Science 52, 807-826.

Connolly, H.C. & Jones, R.H. 2016: Chondrules: The canonical and noncanonical views. Journal of Geophysical Research: 
Planets 121, 1885-1899. 

Hezel, D.C., Bland, P.A., Palme, H., Jacquet, E., Bigolski, J. 2018: Composition of Chondrules and Matrix and Their 
Complementary Relationship in Chondrites. In: Chondrules (Ed. by Russell, S.S., Connolly, H.C., Krot, A.N.). Cambridge 
University Press, 91-121. 

Pape, J., Mezger, K., Bouvier, A.-S., Baumgartner, L.P. 2019: Time and duration of chondrule formation: Constraints from 
26Al-26Mg ages of individual chondrules. Geochimica et Cosmochimica Acta 244, 416-436. 
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P 3.4
Constraining past environmental changes of cold-water coral mounds 
with geochemical proxies in corals and foraminifera

Andres Rüggeberg1 & Jacek Raddatz2

1Faculty of Science and Medicine, Science Section, Dept. of Geosciences – Geology, Switzerland, University of Fribourg, 
Chemin du Musée 6, CH-1700 Fribourg, Switzerland.
2Institute of Geosciences, Goethe University Frankfurt, Altenhöferallee 1, D-60438, Frankfurt am Main, Germany.

Cold-water coral reefs and mounds are and have been biodiversity hotspots of the deep sea. As their occurrence depends 
on specific environmental parameters, gaining hindsight on changing ocean conditions under on-going climate change is 
the key to a better understanding of cold-water coral mound development through time. A convenient technique for 
reconstructing the palaeoenvironment during periods of cold-water coral mound growth is by extracting geochemical proxies 
from biologically mediated carbonates. 

In this review, we focus on probably the two most abundant calcareous archives, i.e. cold-water Scleractinia and 
Foraminifera, with an overview of a selection of geochemical proxies (δ18O, δ13C, ∆47, δ

11B, Me/Ca ratios) used in these 
aragonitic and calcitic skeletons from cold-water coral mounds. A particular emphasis is set on constraining proxies for for 
temperature, salinity, seawater density, seawater carbonate systems parameters (pH, CO3

2-), nutrients, oxygen and water 
mass tracers.
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