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Molybdenum and U isotopic compositions of marine sedimentary rocks are increasingly used to reconstruct changing redox
conditions of the ocean and the atmosphere as far back as around 3.0 billion years. The interpretation of the sedimentary
record relies on established U and Mo isotope and element cycles of the modern oceans. An important aspect of these
oceanic cycles are the U and Mo input signatures. It is generally assumed that weathering of emerged landmasses is one
of the major sources of Mo and U to the oceans. To date, these continental contributions are estimated using U and Mo
compositions of modern igneous rocks. Consequently, the interpretation of the Archean sedimentary record relies on the
assumption that the U and Mo isotopic composition of the emerged continental crust stayed constant over time. This,
however, has never been tested. Here, U and Mo isotopic compositions and concentrations of 2.8 to 3.1 billion year old
TTGs from the northern Kaapvaal Craton and Southern Marginal Zone of the Limpopo Belt are presented. All TTGs have
significantly lower U and Mo concentrations than their modern counterparts, in agreement with previously published values.
The Mo isotopic compositions of the TTGs vary significantly, but in average they show a positive offset compared to the
bulk silicate Earth (BSE). This isotopic pattern agrees with that of modern granites and granodiorites, which are also around
0.3‰ heavier than the BSE (Yang et al., 2017). The U isotopic compositions of the TTGs range from -0.05‰ to -0.25‰ and
thus overlap with the signature of modern granites and granodiorites (Tissot and Dauphas 2015). However, they average at
a heavier value (-0.19 ± 0.04 ‰) than that of modern felsic rocks and the estimate of the continental crust (around -0.30
‰). Even though the low spatial resolution of the data set prevents from estimating a global average U and Mo isotopic
composition of the Archean continents, these preliminary results call for a more rigorous assessment of the isotopic
composition of Archean igneous rocks.
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Cu isotopes have rarely been studied via in situ method. This study constitutes one of the first SIMS Cu-isotope analyses.
They have been carried out in the CRPG laboratory (Nancy, France) on a Cameca IMS 1270 - 1280HR2. The elaboration
of a Cu standard was necessary to obtain accurate results and to quantify the matrix effect. A chalcopyrite standard (Plm
ccp standard) from the Stanos shear zone (Paliomylos transect, Greece) was first calibrated via conventional methods, on
the Thermo-Neptune MC-ICP-MS of the IFREMER institute (Brest, France). Its true value was determined at
δ65Cu=0.445‰. This standard was used to define two secondary reference materials, another chalcopyrite standard (Lmw
ccp standard) and a bornite standard (Lmw bn standard) from the Lumwana Cu deposit (Western Zambian Copperbelt).
Cu isotopes signatures from chalcopyrites of the Central African Copperbelt (CAC) were measured and normalized to the
different standards (Figure 1). The CAC presents two generations of Cu-sulfide stocks (Selley et al. 2005, Muchez et al.,
2015, Turlin et al., 2016). In the Congolese and Eastern Zambian Copperbelt, the first generation consists of diagenetic
mineralization which is followed by a second orogenic Cu-sulfide stock, during the compressive stage of the Pan African
orogeny (Muchez et al., 2015; Selley et al., 2005). This study has been led to provide constrain on the source of the
different generations of sulphides hosted by the kyanite-micaschists of the Lumwana deposit (Western Zambian part of the
CAC). It is still unclear whether the syn-orogenic Cu-sulfide stock is a reworking of a diagenetic mineralization (Figure 1) or
if they have different sources (Turlin et al., 2016).
Cu isotopes signatures of the Lumwana diagenetic mineralization have been compared to (i) the Cu isotope signatures of
the syn- and post-orogenic mineralization of the Lumwana deposit and to (ii) the Cu isotope signatures of several
generations of sulphides in the Congolese and Eastern Zambian Copperbelt. Chalcopyrite from the whole Copperbelt
(Congolese, Eastern Zambian and Western Zambian) display Cu isotope signatures ranging between -2.42±0.07‰ and
+1.56±0.04‰ (Figure 1).
In the Western Zambian Copperbelt, signatures of the Lumwana diagenetic sulfide stock are similar to those of the lateLufilian stock. No clear comparison can be established with mineralization of the Congolese and Eastern Zambian
Copperbelt. The average δ65Cu of several deposits tends to show an enrichment in 65Cu with increasing P-T conditions.
However, this observation is not systematic and the origin of the fractionation needs to be better understood. Future δ65Cu
signatures on bornite will provide complementary data to constrain the comparison of the different sulfide stock signatures.
The present study gives a first database of the Cu isotopes signatures for Cu-sulfides of the deposits from all metamorphic
facies of the Copperbelt and represents a unique database to discuss Cu-isotopes fractionation during the mineralization
process(es).
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Figure 1. Synthesis diagram of the geological data related to chalcopyrite Cu-isotopes signatures in the CAC Copperbelt. Ages of the
different mineralization stages are from Haest et al. (2010), Muchez et al. (2015), Selley et al. (2005) and Turlin et al. (2016). Other
references: 1 = Selley et al. (2005); 2 = Turlin et al. (2016). Abbreviations: Bn = bornite; Cc = chalcocite; Ccp = chalcopyrite;.
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carbonate clumped isotopes and in-situ (LA-ICP-MS) U-Pb dating – A
case study in the Swiss Jura Mountains
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Carbonate clumped isotopes allow to reconstruct the temperature of carbonate mineral formation as well as the δ18O of the
precipitating fluids in the temperature range between ambient temperatures and 200–300 °C (Eiler 2011). When different
diagenetic carbonate phases are identified, the ambient burial temperatures and the δ18Ofluid compositions at the
corresponding stages of the diagenetic and thermal history can be determined without the need for any assumptions about
the fluids involved as it is the case when using conventional oxygen isotopes. Thanks to the recently developed in-situ laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) U-Pb dating of carbonates (Li et al. 2014) it is now
possible to date carbonate cements and veins on sub-mm scales, allowing to set absolute time frames for diagenetic and
tectonic events.
In this study, we apply this new tool of combined carbonate clumped isotopes and in-situ U-Pb dating (∆47/U-Pb
thermochronology) to constrain the diagenetic and thermal history of Late Triassic and Early Jurassic formations in the
Swiss Tabular Jura Mountains. Thereby, we also compare our findings with an existing basin evolution model (Mazurek et
al. 2006). Analyzed calcite and dolomite phases include various diagenetic cements, different generations of veins,
mineralogically preserved and recrystallized fossils, nodules, and matrix. The temperatures acquired in the analyzed
diagenetic carbonates range between ambient and approx. 140 °C and the calculated δ18Ofluid compositions show variations
of more than 20 ‰ over the last 200 Ma.
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The mass balance of molybdenum (Mo) was studied in the Strengbach catchment (eastern France, 440 km of the nearest
coast). Monitoring of rainfall, vegetation, and soil characteristics in this 0.8 km2 catchment was started decades ago. We
present Mo concentrations and isotope compositions of about 60 samples including bedrock types, perennial springs, soil
profiles, and the roots and leaves of two tree species, and finally the outflowing brook. Both stream waters and bedrocks
show Mo concentrations at least one order of magnitude lower than global averages. The Mo isotope composition of
topsoils and organic matter (foliage, litter, and roots) is rather homogeneous. Net biological fractionation is thus subordinate
to the differences in the Mo sources. The efficient Mo recycling from organic litter to plants keeps Mo bioavailable. The Mo
data, supplemented with new and literature Sr isotope data, are used to identify the source(s) of Mo and Sr and their
(transient) storage within the catchment. The resulting best model identifies rock weathering and seawater derived aerosol
as the principal Mo sources, indicating a 23 % to 44 % Mo fraction of seawater origin in the dissolved load. Moreover, soil
in the Strengbach catchment has reached steady state for Mo (the time constant to achieve soil steady state is calculated
to be in in the order of 50 years) i.e. the Mo isotope composition of fluxes to and from the catchments soil are identical.
To date, all global Mo isotope cycling models have assumed a continental runoff value based on inferred average
continental crust signatures and/or river water averages, where the latter are taken as representing a weathering product of
the former. Our finding of a prominent fraction of the Mo in surface waters of the Strengbach catchment being derived from
marine aerosols -even hundreds of km away from the seashore- implies that future Mo isotope global cycling models need
to take into account the recoupling of airborne Mo. The exact mass balance of contributing Mo sources to the bulk airborne
load, are unknown at present. Additional possible contributions to the aerosol input (volcanic exhalations, fixation of
aerosols onto atmospheric dust particles, and anthropogenic sources) are possible but not evident in case of the
Strengbach catchment.
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The stepwise oxygenation of the Earth’s atmosphere has long been a topic of debate. The use of Mo abundance and
isotopic signatures in marine shales and carbonates as a paleoredox indicator has facilitated the reconstruction and
refinement of the Great Oxidation Event (ca. 2.45-2.32 Ga) and the subsequent period of quiescence known as the Boring
Billion (ca. 1.8 – 0.8 Ga). However, as the number of Mo isotopic case studies grow, it has emerged that the GOE may not
have occurred as a single event, but rather as a gradual and variable increase beginning as far back as 2.9 Ga (e.g.
Ohmoto et al. 2006). This brings to question whether the current accepted oxygen curve through the Archaean-Proterozoic
boundary is an artefact of sample preservation and therefore an incomplete dataset, particularly during the Boring Billion.
Here we complement the existing Mo abundance and isotope record with a 1.85 Ga black shale deposited in the wake of
the GOE, directly at the beginning of the Boring Billion.
The authigenic enrichment of Mo in marine sediments is in itself an indicator of sufficiently oxidising conditions, which
enable mobility of Mo in its highest oxidation state, necessary to build up a dissolved marine Mo reservoir. Its isotopic
composition is dependent on the oxic to anoxic/euxinic Mo sedimentation ratio and can provide an indication of the extent
of oxic environments in the ocean through time. This ocean signature can be recorded in euxinic sediments, where
quantitative removal of Mo by efficient adsorption onto organic particles in the presence of H2S occurs without fractionation.
The Mo isotopic composition of true euxinic black shales is therefore interpreted as reflecting that of the contemporary
ocean water.
We have chosen to analyse the Mo isotopic composition of a black shale from the unique post-impact “basin fill” sediments
of the 1.85 Ga Sudbury impact crater, Ontario, Canada. The impact is interpreted as having struck a shallow ocean in the
active foreland basin of the Penokean Orogenic belt, creating a large crater filled with water within which post-impact
volcanism prevailed for up to 200,000 years (Ames et al. 2006). As impact-related processes ceased, the carbonaceous
shales of the Onwatin Formation, the focus of this study, were deposited in the resulting depression on the ocean floor.
Molybdenum and Uranium enrichment factors of the Onwatin Formation suggest that the samples were deposited in an
anoxic deepwater basin in an open ocean setting (O’Sullivan et al. 2016). This, along with high total organic carbon,
ranging from ca. 2 to 13wt%Corg, and the presence of authigenic pyrite, indicates that total scavenging of Mo was likely and
thus little or no fractionation of Mo isotopes occurred. It is therefore assumed that the heaviest Mo isotopic value provides a
minimum value for the 1.85 Ga global ocean.
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Tin is a moderately volatile, chalcophile, and siderophile element, and with the highest number of 10 stable isotopes
amongst all chemical elements, it provides a great scope to understand metal stable isotope fractionation in different
natural processes. It is only now, that due to continuous development of MC-ICP-MS technology, efficient ionisation and
thus high precision measurement of Sn isotopes are possible (Laeter & Jeffery, 1965; Laeter & Jeffery, 1967; Loss et al.,
1990; McNaughton & Rosman, 1990). We present a robust technique, developed to measure mass-dependent and massindependent isotope variability of Sn in a range of natural materials containing ~20-1000s of ng Sn, with high precision.
One of the most challenging steps in measuring Sn isotope ratios, is sample preparation, and careful attention is required
to avoid loss of Sn during sample processing, which can lead to significant isotope fractionation that can obscure the
natural signal. Considering the volatile nature of some Sn compounds, a systematic low temperature (≤ 70 ⁰C) sample
processing, together with an organic matter removal method is applied, to address these hindrances in precise and
accurate Sn isotope ratio measurements. A multi-staged ion chromatographic technique was developed to isolate Sn from
other matrix and interfering elements, capable of achieving ~100% recovery of Sn, even from samples containing as little
as ~20 ng of Sn. A double-spike technique is also implemented to correct for fractionation of Sn isotopes during sample
processing and analysis. We used a NIST SRM 3161a Sn standard, and several other commercially available Sn standard
solutions, to test the viability of this method, amongst which the NIST Sn standard provides the best long-term external
reproducibility. With this method, is now possible to measure natural fractionation of Sn isotope ratios with a precision of
2SD = 0.035 ‰ for δ122/116Sn and 2SD = 0.046 ‰ for δ122/118Sn (internally correcting instrumental bias, without using double
spike), and apply the method to study different chemical fractionation processes during Earth’s differentiation and evolution.
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Southern Ocean dissolved chromium isotope compositions
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Variations in the Cr isotope composition of seawater - expressed as δ53Cr - may serve as a useful tool for understanding
biological and physical processes in the modern and past oceans. Specifically, the relatively short seawater residence time
of Cr of a few thousand years and its redox sensitivity may imply that records of past seawater Cr isotope compositions can
yield information on shorter time scale changes in seawater redox conditions and biological carbon export. At present, there
is, however, only little data available that allows constraining the processes, which govern the spatial δ53Cr distribution in
the modern ocean.
We present dissolved δ53Cr for several water column profiles from the Subtropical to the Polar Front of the Southern Ocean,
collected during the Antarctic Circumnavigation Expedition (ACE). On a site-by-site basis, the profiles are relatively
homogenous in terms of Cr concentrations and isotope compositions, with only modest surface ocean Cr depletion and
subtle changes towards heavier δ53Cr values. On a regional scale, there is, however, a relatively strong correlation between
δ53Cr and nitrate concentrations, where nitrate steadily increases southwards while δ53Cr values decrease. This suggests
that the δ53Cr distribution is linked to nutrient cycling in the Southern Ocean. The Cr data confirms and isotopic fraction of ε
≅ -0.8 during Cr uptake, consistent with earlier findings (Scheiderich et al., 2015).
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Radiogenic isotope signatures of magmatic rocks are widely used to constrain the sources and/or contributions of different
magma reservoirs based on mass balance calculations. These applications assume isotopic equilibration between the melt
and its source. Observations from migmatic rocks show that this assumption may be incorrect and that isotopic fractionation
may occur at magmatic temperatures. In these cases, the isotopic signatures do not reflect the sources and mass balance
gives incorrect relative contributions.
The Sr, Nd, and Pb isotopic signatures of a partial melt depend on three factors: (i) parent (P) to daughter (D) ratio of the
minerals in the protolith, (ii) time between protolith formation and partial melting, and (iii) character of the partial melting
reaction. Contrasting P/D ratios (e.g. Rb/Sr, Sm/Nd, and Th,U/Pb) for different mineral phases will with time lead to distinct
isotopic signatures that may persist up to conditions of partial melting. The chemical and isotopic contributions to the melt
are defined by the nature of the melting reaction and by the phases that participate in partial melting. As the various
isotopic systems are controlled by different minerals, melt and restite may show contrasting isotopic signatures. Extraction
of early melts modifies the isotopic composition of the restite and changes the nature of the melting reaction, which may
lead to contrasting isotopic fingerprints in later melt batches.
As the whole rock Rb and Sr budget is controlled by rock forming minerals, the Sr isotopic signature is controlled by the
character of the melting reaction. In contrast, Sm and Nd budgets are largely controlled by accessory phases (e.g. apatite,
monazite, allanite, and xenotime). In contrast to common rock forming minerals, their stability is mainly controlled by their
solubility in the melt and, therefore, by the composition of the melt and temperature. The behavior of Pb depends on both,
rock forming minerals (e.g. feldspar, contributes to common Pb) and accessory phases (e.g. zircon, contributing to
radiogenic Pb). As long as the same melting reaction takes place, the Sr and Nd isotopic signature of the melt is buffered
by rock forming minerals and the solubility of accessory phases, respectively. In contrast, the restites domains may have
highly variable isotopic signatures as the modal abundance of major and minor minerals in these domains varies.
Remelting of such isotopically modified restites leads to distinct isotopic signatures in later melt batches that may therefore
be misinterpreted to reflect contributions from different reservoirs.
Isotopic fractionation of Li and B results from the contrasting coordination of these elements in different phases and
depends on temperature. Fractionation may be particularly strong during low temperature processes. In high-grade
metamorphic and magmatic rocks, Li and B isotopic fractionation is commonly assumed to be insignificant. This assumption
is in conflict with observed Li and B isotope variations in high-temperature migmatites. Data from a cm-scale melt-restite
profile show a step-like change in δ7Li (7 δ7Li-units) over the contact, whereas δ11B shows less variation. These findings
suggest that (i) Li and B isotopic compositions of melt and restite are mineralogically controlled and (ii) fractionation by
other processes (i.e. diffusive isotope fractionation) is irrelevant at magmatic conditions.
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