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Abstract

In order to estimate the Mo isotopic composition and Mo abundance in the Bulk Silicate Earth
(BSE), a total of thirty komatiite samples from five localities on three continents were analyzed using
an isotope dilution double spike technique. Calculated Mo concentrations of the emplaced komatiite
lavas range from 25 +3 to 66 +22 ng/g, and the inferred Mo concentrations in the deep mantle
sources of the komatiites range between 17 +4 and 30 + 12 ng/g, with an average value of 23 + 7
ng/g (2SE). This average value represents our best estimate for the Mo concentration in the BSE; it is
identical, within the uncertainty, to published previous estimates of 39 + 16 ng/g, but is at least a factor
of 2 more precise.

The Mo isotope compositions of the komatiite mantle sources overlap within uncertainty and
range from 3%Mo =-0.04 + 0.28 t0 0.11 + 0.10 %o, with an average of 0.04 + 0.06 %. (2SE). This value
is analytically indistinguishable from published Mo isotope compositions of ordinary and enstatite
chondrites and represents the best estimate for the Mo isotopic composition of the BSE. The inferred
8%Mo for the BSE is therefore lighter than the suggested average of the upper continental crust (0.3 to
0.4 %o). Thus, from the mass balance standpoint, a reservoir with lighter Mo isotope composition
should exist in the Earth’s mantle; this reservoir can potentially be found in subducted oceanic crust.

The similarity of Mo isotopic compositions between chondritic meteorites and estimates for the
BSE from this study indicates that during the last major equilibration between Earth’s core and mantle,
i.e., the one that occurred during the giant impact that produced the Moon, chemical and isotopic

equilibrium of Mo between Fe metal of the core and the silicate mantle was largely achieved.

Keywords: Mo isotopic composition, komatiites, Bulk Silicate Earth, chondritic meteorites,

core-mantle equilibrium
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1. Introduction

Molybdenum is a redox-sensitive element with a refractory and moderately siderophile
character, and, as such, is well suited for studies of chemical differentiation of the Earth ranging from
core-mantle differentiation to low temperatures surface processes. Mass-dependent fractionation of
stable Mo isotopes has been used for modeling core formation temperatures (Hin et al., 2013;
Burkhardt et al., 2014), reconstruction of the extent of past ocean euxinia (e.g., Arnoldt et al. 2004,
Pearce et al.,, 2008; Baldwin et al., 2013) and constraining the timing of the onset of Earth’s
atmosphere oxygenation (e.g., Wille et al., 2007).

The interpretation of Mo isotopes and their variations in different terrestrial reservoirs is limited
by the lack of knowledge of the Mo isotope composition of the Bulk Silicate Earth (BSE). This value is
difficult to determine because Mo isotopes can fractionate significantly during magmatic and post-
magmatic processes (Voegelin et al, 2014; Greber et al., 2014). Voegelin et al. (2014) showed that
amphibole and biotite crystallizing from a silicate melt are enriched in light Mo with
AgeMome“_minersz.S %o. Furthermore, combined LA-ICP-MS studies and leaching experiments of
basalts indicate that magmatic sulfides have on average a higher Mo concentration and a heavier
5®Mo than the bulk rock (Voegelin et al., 2012). Thus, even at high-temperatures, Mo isotope
fractionation can cause substantial Mo heterogeneity within a terrestrial reservoir. Based on the
analyses of molybdenites (Greber et al., 2014) and the Mo isotopic data available for igneous
continental crustal rocks, an average 5%Mo value of 0.3 to 0.4 %. is inferred for the Earth‘s igneous
continental crust (Voegelin et al., 2014). While recently published 5%Mo values for ordinary, enstatite
and most carbonaceous chondrites, as well as iron meteorites, show a homogenous &*Mo of
0.09 £0.02 %o (95% confidence interval; n=12), achondrites generally have heavier Mo isotope
compositions (Burkhardt et al.,, 2014). This is consistent with the experimental data suggesting
significant Mo isotope fractionation between liquid metal and liquid silicate up to ~2500°C, where the
lighter Mo isotopes preferentially enter the metal phase (Hin et al.,, 2013). On the basis of the Mo
isotopic data for chondritic meteorites, Burkhardt et al. (2014) estimated the 5®Mo for the BSE
between 0.09 and 0.25 %.. However, direct determinations of the Mo isotope composition of the
Earth’s mantle have so far not been available.

In this study, komatiites from five different localities from around the globe were investigated in

order to better constrain the Mo abundances and Mo isotopic composition of the Archean mantle.
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Komatiites are particularly appropriate for this type of study because they are high-MgO volcanic rocks
that formed by high degrees of partial melting (~30 to 50%; Arndt, 1977) of the mantle. This melting
regime commonly leads to the sampling of large mantle domains, the complete base metal sulfide
removal from the residual mantle and the production of sulfur-undersaturated melts (e.g., Keays,
1995). This results in an almost quantitative removal of Mo from the source into the melt and it is
therefore expected that the Mo isotope composition of komatiite melts represent the composition of
their melting source regions. Komatiite lavas erupted at temperatures of up to 1600°C (Nisbet et al.,

1993), which further limits potential Mo isotope fractionation.

2. Samples

A total of thirty komatiite samples from five localities were investigated. Three sample sets come
from the Barberton Greenstone Belt in South Africa, and were collected from the lower and upper
Komati and the Weltevreden Formations. The upper Komati samples show strong alteration features
and were selected to study the effects of alteration on the Mo isotopic systematics. The fourth set
comes from the Pyke Hill area in the Abitibi Greenstone Belt (Canada). The fifth set is from the

Vetreny Belt in Fennoscandia.

The samples from the different locations represent several chemical types of komatiites that
derived from mantle source regions characterized by variable degrees of depletion/enrichment. Those
from the lower Komati Formation have Barberton-type Al,O3/TiO, ratios of around 10; their primitive
mantle-normalized REE abundance patterns show slight enrichments in light REE and strong
depletions in heavy REE (Puchtel et al., 2013). The studied Weltevreden komatiites belong to the Al-
enriched type (Connolly et al., 2011) and have primitive mantle-normalized REE patterns exhibiting
depletions in light REE and enrichments in heavy REE (Puchtel et al., 2013). The Pyke Hill komatiites
belong to the Munro type lavas with Al,O3/TiO, ~20. Their primitive mantle normalized REE patterns
show depletions in light REE and essentially flat heavy REE abundances (Puchtel et al., 2004b). The
komatiites from Victoria’s Lava Lake have REE patterns showing enrichment in LREE, which is
interpreted to be the result of contamination of the initially LREE-depleted komatiite magma with upper
crustal rocks (Puchtel et al., 1996, Puchtel et al., 1997). In order to evaluate the effects of crustal

contamination, two tonalite samples (K04, K13) from the Vodla Block, consisting of early Archean
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tonalite-trondhjemite-granodiorite complexes thought to underlie the Vetreny Belt lavas (Puchtel et al.,

1997), were also analyzed for their Mo concentrations and isotopic compositions.

More information about the samples is given in the Supplementary Material and an overview of

sampling details is presented in Table 1.

3. Analytical techniques

3.1. Mo isotope and concentration measurements
For this study, lower Komati Formation and Weltevreden komatiite sample powders prepared by
Puchtel et al. (2014), Pyke Hill sample powders from the Puchtel et al. (2004a and 2004b) studies, and
the Victoria's Lava Lake and tonalite sample powders from Puchtel et al. (2015) were used. The
details of the sample powder preparation techniques are reported in the cited publications. For the
upper Komati Formation samples from Tjakastad, altered surfaces were cut off with a diamond saw.
The rest of the rock was then cut into small pieces and powdered in an agate disk mill.

Depending on the Mo concentration of the sample, between 0.6 and 2.6 g of material was
weighed out into Savillex® PFA beakers and spiked with a "®Mo-*"Mo double spike. Samples were

initially digested for one day in a 5:1 mixture of 22.6 M HF and 14.4 M HNO; at room temperature.
Then, the sample-acid mixtures were heated in closed beakers to 110°C for ca. 3 days with repeated
treatment in an ultrasonic bath. Subsequently they were dried down at 110°C and re-dissolved at
130°C in a 2:1 mixture of 6.4 M HCI and 14.4 M HNO; for several days and then dried down again.
After this treatment, only chromites were not digested; these chromites were separated from some
samples and used for further analyses by LA-ICP-MS. In preparation for the ion exchange
chromatography, the solutions were converted into the chloride form via re-dissolution in 6.4 M HCI
and drying down again. Molybdenum was then separated from the matrix with a sequential procedure
involving anion and cation exchange chromatography, as described by Wille et al. (2007). Depending
on the amount of sample material used, more than one anion exchange column step was necessary
and each sample was therefore dissolved in the corresponding amount of HCI-H,O,. These steps
sometimes produced a gel and therefore it was necessary to centrifuge the samples prior to Mo

separation. After the anion column chemistry, only one cation exchange chromatography step was
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needed to obtain a clean Mo cut. The total analytical blank for Mo was 2 to 3 ng, which corresponds to
2 to 10% of total Mo processed. For several samples (e.g. PH31, 564-5, BV15), however, the blank
contribution was as high as 15%. Therefore, 19 out of the 32 samples were replicated with more
sample material processed to decrease the blank/sample ratio (up to 80% less blank). All but one
analysis (sample BV13) reproduced within analytical uncertainties. In addition, no trend towards
heavier or lighter 5%®Mo values was observed as a function of blank/sample ratios (see Figure S1).
Therefore, a strongly fractionated Mo isotope composition of the blank contribution, which would be
needed to shift the measured 5°*Mo values, can be excluded.

The 5®Mo compositions were analyzed using a double focusing Nu Instruments™ MC-ICP-MS
system. The use of a double-spike allowed for the simultaneous determination of the Mo isotope
composition and the Mo concentration. Mass-spectrometry routine and double spike calibration are
described in detail in Greber et al. (2012). The Mo isotope composition is conventionally given as

5%®Mo notation:

98M0/95 Mo
%Mo /% Mo

8% Mo =

sample_ _ 1161000 (1)

reference

The data are normalized using the conventional techniques outlined in Nagler et al. (2014), e.g.,
the 3®Mo of NIST SRM 3134 is equal to +0.25 %> and mean ocean water has a Mo isotope
composition of 2.34 + 0.07 %.. This standardization will be used for the discussion throughout this
study.

Komatiites have high Ru concentrations, an element that has natural isotopes that have isobaric
interferences with '®Mo and **Mo. Ruthenium was not completely removed by the Mo chemistry and,
therefore, corrections for isobaric interferences were applied based on the monitored intensity of the
%Ru peak. More information on the Ru correction, *°Ru signal and **Ru/**Mo ratios can be found in the
supplementary material and Table S1 and Figure S2. External precision of standard reference material
measurements (NIST SRM 3134 and 610, and NIST SRM 612 glasses) was better than +0.10 %o
(2SD; see Greber et al., 2012) and represents the true uncertainty on the measured Mo isotopic ratios,
unless stated otherwise. The USGS rock standard SDO-1 processed and analyzed during the same
analytical campaign yielded an average Mo = 1.07 + 0.05 %o (2SD, n=5), which is in agreement with

the suggested value of 1.05 + 0.14 %. (Goldberg et al., 2013).
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3.2. LA-ICP-MS; bulk rock chemistry and chromites

Major and trace element concentrations of the two strongly altered Tjakastad samples were
determined by XRF and LA-ICP-MS on Li,B,0O; glasses. XRF measurements were performed on an
Axios, PANalytical wavelength-dispersive X-ray fluorescence spectrometer at the Institute of
Geochemistry and Petrology, Department of Earth Sciences, ETH Zirich, Switzerland. LA-ICP-MS
was done using an ELAN DRCe quadrupole mass spectrometer (QMS; Perkin Elmer, Canada)
coupled with a pulsed 193 nm ArF Excimer laser (Lambda Physik, Germany) and an energy-
homogenized (Microlas, Germany) beam profile. Details on the setup and optimization strategies can
be found in Pettke et al. (2012). The chromite residua from the sample digestion were collected,

placed on thin section slides and chromite grains larger than 40 um were analyzed using LA-ICP-MS.

4. Results

Molybdenum concentrations and Mo isotopic compositions of the studied komatiite and tonalite
samples are presented in Table 1.

The Mo concentrations of the komatiites from the lower Komati Formation range from 13 to
51 ng/g and the 5®Mo values range from 0.11 +0.10 to 0.69 £0.10 %.. The 5®Mo and the Mo
concentrations correlate well with each other and with the indices of magmatic differentiation (Figures
1A, 2 and 3). The Mo concentrations correlate negatively with elements compatible in olivine, such as
MgO and Ni (Figures 1A and 2D), and positively with the incompatible elements, such as Al,O3; and
TiO, (Figure 2A and 2B). The 5%®Mo values show negative correlations with the Mo concentrations
and positive with the MgO concentrations (Figure 3). Molybdenum concentrations correlate with Pt
(Figure 2C) and Pd. The sample from the chilled margin (BV02) has the highest Mo concentration and
the lightest 5%®Mo, ~0.18 %o lighter than the olivine cumulate from the same lava flow (BVO01).

The Mo concentrations of the samples from the Weltevreden Formation range from 9 to 30 ng/g.
The Mo isotope compositions range from -0.04 + 0.10 to 0.13 + 0.10 %o (Figure 4). The Mo
concentration of the lava flows SA501 and KBA12 correlate negatively with MgO (Figure 1B) and Ni
(Figure 2D) and positively with the elements that are incompatible in olivine (e.g. Al,O3, TiO,, Pt, see
Figure 2). The only two samples from flow SA564 analyzed (i.e. 564-4 and 564-5) have lower Mo

concentrations that plot below these trends (see Figures 1B and 2), which may indicate Mo mobility
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during postmagmatic processes. This is at odds with the Re behavior in these samples, which shows
no evidence for disturbance (Connolly et al., 2011; Puchtel et al., 2014).

The Mo concentrations of the samples from the Pyke Hill komatiites range from 18 to 46 ng/g
and show the same correlations with geochemical parameters as observed in the other two komatiite
locations. The 3**Mo values span a very narrow range between -0.07 + 0.10 %o and 0.17 + 0.10 %o
(Figure 4) and do not correlate with other geochemical parameters.

The Mo concentrations of the Victoria's Lava Lake samples are the highest among the studied
komatiites and range from 114 to 256 ng/g. The %Mo values range between 0.06 +0.10 and
0.32 + 0.10 %.. There is no correlation between the Mo isotope composition and the lithology within the
lava lake or any available geochemical data. The Mo concentrations exhibit, as expected, negative
correlations with elements compatible in olivine (Figures 1E and 2D) and positive correlations with
incompatible elements (Figures 2A and 2B).

The two analyzed Tjakastad samples from the upper Komati Formation have high SiO,, Nay0,
Al,O3; and low MgO and Ni concentrations, indicating that these rocks were strongly altered. The Mo
isotope compositions and Mo concentrations are similar in both samples, at around 0.70 %. and 81

ng/g, respectively. Major and trace element concentrations of these samples are given in Table S2.

5. Discussion

5.1. General considerations
5.1.1. Chromites

Due to their high resistance to acid attack, chromites were not completely digested during the
chemical procedures applied, which potentially resulted in an analytical bias in determining the Mo
isotopic composition and concentration in the samples. In order to evaluate the effect of undigested
chromites on the bulk rock Mo concentration and isotope composition, chromites from several
komatiite samples were analyzed for their Mo concentration by LA-ICP-MS. The major element
compositions of these chromites were also analyzed and are reported in Table S3; these are similar to
those reported in Puchtel et al. (1996). The Mo concentrations in the chromites determined by LA-ICP-
MS are below the detection limit, except for some chromite grains in sample 91111 from Victoria's
Lava Lake. Calculating a Mo partition coefficient (Kd) based on the Mo concentration in sample 91111

gives a Kdghromite-mett = 11. Using this value and an assumption that all Cr in the sample is present in

8
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chromite, it is calculated that the Mo contribution of the chromites to the total Mo inventory in the bulk
rock is less than 5%. This value can be considered a maximum estimate, and was likely much less,
since there are also other minerals in the studied samples that contain Cr, such as olivine and
orthopyroxene. Although olivine is not a major host of Cr (Kdoi-mer for Cr is around 0.7: Adam and
Green 2006), orthopyroxene is (Kdopx-meit @round 8: Adam and Green 2006). Based on these
considerations, we conclude that the undigested chromites likely had a negligible effect on the

measured bulk rock Mo isotope compositions and concentrations.

5.1.2. Alteration and magmatic Mo isotope fractionation

Since Mo species are soluble in water under oxidizing conditions, Mo might have been
mobilized during secondary alteration. Thus, it is essential to consider the influence of alteration
processes on the Mo isotope composition and concentrations. A commonly used technique to
evaluate mobility of an element in komatiitic rocks is to plot this element against indices of magmatic
differentiation, such as MgO content, and evaluate if its abundances plot on olivine control lines (Arndt
et al., 1977). This approach uses the fact that the only major liquidus phase in komatiitic magmas over
a wide range of temperatures and pressures is olivine (Arndt, 1976). This approach is shown in Figure
1 for the samples investigated here. If Mo concentrations were unaffected by secondary alteration, the
olivine control line drawn through the Mo vs. MgO data should intersect the MgO-axis at the average
MgO concentration of the olivine in equilibrium with the emplaced komatiite lava.

Here, we used the published MgO concentrations in olivines from the studied komatiite suites.
The MgO vs. Mo regression line for Victoria's Lava Lake intersects the MgO-axis close to the average
MgO content of the liquidus olivine in this system (i.e., ~48 wt.%, Puchtel et al., 1996), demonstrating
immobile behavior of Mo during secondary alteration of this komatiite suite (Figure 1E).

For the Weltevreden komatiite suite, when omitting samples from lava flow SA564 (i.e., 564-4
and 564-5), the regression line through the other samples intersects the horizontal axis at the MgO
concentration of olivine from that locality (i.e., ~54 wt.%, Puchtel et al., 2013; Figure 1B). This
suggests pristine Mo signatures for rock samples of lava flows SA501 and KBA12, but potentially
lower Mo content in the samples from lava flow SA564 due to alteration. As there is no obvious
difference in the Mo isotope composition between flow SA564 and the other two flows, the §*Mo

seems to be unaffected by the alteration process at this locality.
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The Mo concentrations of the Pyke Hill komatiite samples show a good correlation with the MgO
content; however, samples plot on a regression line with a slope that is steeper than that of the olivine
control line, indicating some Mo mobility in the cumulate samples, in-line with the observation of some
limited mobility of Re in the same cumulate samples (Puchtel et al., 2004b). Nonetheless, all Pyke Hill
komatiites have very similar and consistent 5%®Mo values indicating that alteration processes affected
Mo in the Pyke Hill samples only to a small degree, if at all. Regressions using the samples with the
highest (PH14) and lowest (PH13) Mo concentration through the pre-defined olivine MgO
concentration of ~52 wt% (Puchtel et al., 2004a) are used to calculate the concentrations of Mo in the
emplaced komatiite lava and the mantle source of the Pyke Hill komatiites (Figures 1C-D).

The lower Komati Formation komatiites are the samples showing the biggest range in their Mo
isotope compositions within the same locality (see Figure 3 and 4). Even though these rocks are well
preserved by Archean standards, they were still modified by seafloor alteration and metamorphism
(Puchtel et al., 2013). Although Mo concentrations show a good correlation with the MgO content, the
data plot on a trend with a slope steeper than that of olivine control line (Figure 1A). This implies either
(a) mobile behavior of Mo during seafloor alteration and/or metamorphism or (b) Mo concentrations
and 8°®Mo were influenced by magmatic fractionation or mantle source heterogeneity.

If alteration or metamorphism were significant, these processes have to account for the
observation that the lower Komati Formation is the only studied location that exhibits significant Mo
isotope variations and in addition, a correlation between the 8*Mo and MgO concentration. The
heaviest 8®Mo of the lower Komati Formation (BV15 = 0.69 + 0.10 %) is similar to the Mo isotope
composition of the strongly altered and geographically closely related Tjakastad samples from the
upper Komati Formation (average of 0.70 + 0.10 %.; Figure 4 and Table 1). This similarity might
indicate that the Mo isotope compositions of the lower Komati samples are modified by alteration,
whereby the samples with the lowest Mo concentrations are affected the most. A Mo isotope shift
towards a heavier composition is in line with the observations about the behavior of Cr isotopes during
weathering of ultramafic rocks (Farka$ et al., 2013). Even though Cr is not necessarily concentrated in
the same minerals as Mo, both are redox sensitive elements, soluble under oxidizing conditions, and
they form similar complexes under Eh and pH conditions of surface waters (i.e. MoO4*, HMoOy,
H.MoOy, vs. CrO,>, HCrOy'; Oze et al., 2007). Thus, Cr can serve as the first order analogue for Mo in

these environments and during surface alteration of ultramafic rocks. Puchtel et al. (2014) provided
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evidence that Re was mobile during alteration in these ultramafic rocks. This led to significant scatter
in a Re vs. MgO diagram. As Re behaves geochemically similar to Mo, the striking correlation between
Mo concentrations and §°*Mo with, e.g., MgO contents (Figure 3) is inconsistent with the suggestion
that the Mo signature was modified by alteration. It rather indicates that the Mo concentrations
obtained for these samples are most likely primary. If alteration or metamorphism cannot account for
the variability of the Mo isotopes in the komatiites of the Komati Formation, then magmatic processes
need to be considered.

High temperature Mo isotope fractionation in magmatic and hydrothermal systems has been
observed and described in the literature, as has been outlined in the introduction. Silicate minerals,
such as amphibole and biotite, have been shown to preferentially incorporate lighter Mo isotopes
during crystallization in subduction-related magma chambers (Voegelin et al., 2014), leaving behind a
melt enriched in isotopically heavy Mo. In addition, combined LA-ICP-MS measurements and leaching
experiments of basalts revealed compatible behavior of Mo in early magmatic sulfide melt inclusions
that are also hosts for heavier Mo isotopes (Voegelin et al., 2012). If igneous processes dominated the
Mo signatures of the lower Komati Formation, the observed Mo concentrations and isotope
compositions, as well as major and trace element compositions of these rocks, should show
predictable trends.

Since Mo isotope compositions are heavier in samples with higher MgO concentrations (early
precipitates), this implies that an early cumulate phase should have incorporated Mo with a §*Mo
heavier than that of the melt. Silicate minerals, however, are inferred to incorporate lighter Mo
isotopes, at least in systems with higher oxygen fugacity, a parameter that can influence the
speciation of Mo and other elements and thus has an effect on the isotope fractionation of redox
sensitive elements in general (see Dauphas et al., 2014). The V partitioning behavior between olivine
and komatiite melt in the lavas from the lower Komati Formation and Weltevreden Formation indicates
that these two komatiite systems differentiated under similar fO, (Puchtel et al., 2013); however, their
range of Mo isotope fractionations is different. This observation is inconsistent with fO, being the
dominant factor of Mo isotope fractionation in these rocks. Fractionation of sulfide minerals or
immiscible sulfide liquid cannot explain the observed pattern either. The main argument against this
possibility is that highly siderophile elements, such as Pt and Pd, that have a stronger affinity for

sulfide phases than Mo, plot on olivine control lines (Puchtel et al., 2014) and, therefore, do not show

11



303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

any evidence for fractionation of significant amounts of sulfides. In addition, experimentally determined
Mo partition coefficients between sulfide phases and silicate liquid indicate that small amounts of
sulfides do not strongly influence the Mo concentration of the silicate melt (Li and Audétat, 2012). Not
much is known about the partitioning behavior of Mo in oxides. Chromite is the most common oxide
phase fractionating in komatiite lavas when the MgO content of the liquid drops below 24% (Barnes,
1998). However, Cr,03 concentrations in the samples from the lower Komati formation differ only by +
0.03 wt. %. Since chromites contain between 50 and 60 wit% Cr.O3 (Table S3), only ca. 0.06%
chromite is needed to account for the differences in the Cr concentrations among the samples. This
small amount of chromite cannot account for the observed variations in the Mo isotopic compositions,
unless the Mo partition coefficient between chromite and silicate melt is significantly higher compared
to those obtained for the Weltevreden and Victoria’s Lava Lake suites.

Another hypothesis would be that the Mo isotope fractionation occurred just after komatiite lava
emplacement, but prior to its solidification. Samples BV0O1 and BV02 are from the same lava flow.
Even though their 8®Mo are within error identical, the olivine cumulate sample BVO1 follows closely
the trend for the other cumulates towards a heavier §**Mo. Sample BVO02 is likely to be the one that
best represents the primary lava compositions, because it is a chilled margin sample and, as such,
had not experienced any substantial fractional crystallization. On this basis, an olivine control line can
be drawn through the composition of this sample and that of the earliest olivine precipitates. Using this
olivine control line, the deviation between the Mo concentrations of the samples and those predicted
can be calculated for each analyzed sample. Using a Rayleigh distillation model, a very homogeneous
8®Mo fractionation of -0.41 + 0.03 % (2SD) can be estimated and a perfect fit through all data points
is achieved (see Figure 5 and Table S4). This result indicates that the initial lavas from all flows could
have been almost identical in their Mo concentrations and isotope compositions. A process during lava
emplacement removing light Mo isotopes prior to crystallization of the komatiite rocks thus might
account for the observed isotope variations and the steeper Mo vs MgO trend. The fractionating phase
could be a Mo bearing mineral or metal alloy that was sequestered right after lava emplacement and
was not sampled by the rocks investigated.

Alternative causes for the correlation of Mo isotopes with higher MgO could be mantle source
heterogeneity and/or dynamic melting during the ascent of a plume, similar to what has been

suggested for the Gorgona komatiites (Arndt et al., 1997). Indeed, Puchtel et al. (2013) argued for a
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decrease in trace element concentrations in the studied komatiite lava flows from the bottom of the
lava sequence upwards, which caused steepening of the MgO vs trace element trends when samples
from across the lava sequence were plotted together. Both, mantle source heterogeneity or
observation that succeeding komatiite lava flows were generated from progressively more depleted
mantle domains within the same rising mantle plume, could account for the fractionated Mo signature
of the lower Komati Formation komatiites. In this latter model, depletion of the lower Komati Formation
mantle source results in lower Mo content but enrichment of heavy isotopes. The strength of this
hypothesis is that it explains the steep Mo vs. MgO trend, the good correlation between Mo and
MgO, as well as the decrease in other trace element concentrations from the bottom of the lava
sequence upwards observed by Puchtel et al. (2013).

At this stage, no conclusive answer can be given as to which of the processes was most likely
responsible for the observed Mo signature in the lower Komati Formation samples. Regardless of the
specific mechanism that was responsible for the variations in the Mo isotopic compositions of the
Komati lavas, chilled margin sample BV02 represents best the Mo isotopic composition of the
emplaced komatiite lavas. Therefore, further calculations and interpretations regarding this komatiite

suite will use the data for this sample only.

5.2. Molybdenum concentrations and isotope compositions of the komatiite lavas

The Mo concentration of the emplaced komatiite lavas can be estimated from the MgO vs. Mo
regressions for samples from a given locality and using the published calculated MgO content of the
emplaced komatiite lava from Puchtel et al., (1996), Puchtel et al., (2004a), Connolly et al. (2011) and
Puchtel et al., (2013). The MgO concentrations of the emplaced lavas at the lower Komati and
Weltevreden Formation komatiites are 29.4 + 0.3 wt. % and 31.4 + 0.9 wt. %, respectively (Connolly et
al. 2011, Puchtel et al., 2013). The MgO concentration of the primary komatiite lava at Pyke Hill has
been shown to be 27.4 wt. % (Puchtel et al. 2004a). The emplaced komatiite lava at Victoria’s Lava
Lake had a MgO concentration of 14.8 wt. % (Puchtel et al., 1996). The calculated primary Mo
concentrations of the emplaced komatiite lavas, using either olivine control lines or fitted regressions,
are 33 + 8 ng/g for Pyke Hill, 25 + 4 ng/g for Weltevreden, and 51 + 6 ng/g for the lower Komati

locality.
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For the Weltevreden and lower Komati Formations, an estimated uncertainty on the regression
was used to calculate the maximum and minimum Mo concentrations at the limits of the MgO
concentrations of the emplaced komatiite lava (see Figure 1). The estimated error on the primary Mo
concentration of the lower Komati Formation is + 5 ng/g, resulting from a 10% uncertainty on the Mo
concentration of sample BV02. The error on the primary Mo concentration of the emplaced komatiite
lava at the Weltevreden locality has been defined using the error estimate on the Mo concentration
from the MgO vs. Mo regression, i.e., 2.5 ng/g. For the Pyke Hill komatiites, a maximum (sample
PH14) and minimum (sample PH31) regression through the pre-defined MgO concentration of olivine
were used to estimate the uncertainties (Figure 1).

The original komatiite melt from Victoria’s Lava Lake assimilated around 8% of crustal material
en route to the surface (Puchtel et al., 1996). Since the material of the continental crust is estimated to
contain ca. 800 ng/g Mo (Rudnick and Gao, 2003), crustal contamination must have resulted in the
increase in Mo concentrations in the emplaced Vetreny komatiite lava. In order to calculate the Mo
content in the original Vetreny komatiite magma, the contribution from the crustal contaminant first
needs to be accounted for. Two tonalites from the Vodla block, which were expected to represent the
contaminant, were analyzed for their Mo concentrations and isotope compositions. The Mo
concentrations of the tonalites range from 15 to 46 ng/g (Table 1), which is even lower than those
obtained for the Victoria’s Lava Lake komatiites. This implies that either this particular samples lost a
substantial amount of their Mo inventory after emplacement of the komatiites, or that these samples
are not representative for the composition of the contaminant in terms of their Mo content. Therefore,
the estimated Mo content of the bulk continental crust of 800 ng/g (Rudnick and Gao 2003) is used to
account for the effects of crustal contamination. Based on the well-defined MgO vs. Mo correlations in
the Vetreny lava lake, the contaminated komatiite lava upon emplacement is calculated to contain
175 £ 18 ng/g Mo. To account for the effects of olivine fractionation prior to lava emplacement, the Mo
concentration in the inferred original komatiite lava with 25 + 2.5 wt% MgO (Puchtel et al., 1996) was
calculated using the composition of the actual emplaced komatiite lava with 14.8% MgO and 175 + 18
ng/g Mo and the estimated liquidus olivine composition with 50 wt.% MgO in equilibrium with the
original komatiite (Puchtel et al., 1996). This results in a Mo concentration of 125 + 18 ng/g for a

komatiite lava with ~25 wt% MgO. From this value, the effects of 8 + 1% crustal contamination were
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subtracted, which yields a Mo content of 66 + 22 ng/g for the original, uncontaminated melt of the
Victoria’s Lava Lake komatiites.

The estimated 8% contamination with the continental crustal material results in 62 + 13% of the
Mo inventory in the Victoria’s Lava lake komatiite being derived from that of the contaminant. The
8%Mo value of 0.17 + 0.07 %. obtained for the Victoria’s lava lake komatiites is, therefore, dominated
by the Mo isotopic composition of the contaminant. Although the Mo isotopic composition of the bulk
continental crust has not yet been defined. Voegelin et al. (2014) suggested that the upper continental
crust had a Mo of around 0.3 + 0.1 %.. As such, this value is used to account for the effect of crustal
contamination on the Mo isotopic composition of the original komatiite magma. Our calculations yield
8®Mo of -0.04 + 0.28 %o for the uncontaminated Victoria’s Lava Lake komatiite melt. For these
calculations Monte Carlo simulation (20’000 cycles) was used for error propagation assuming a 10%

uncertainty on the initial values where no error estimates have been available.

The very homogeneous 5®Mo values within the Victoria's Lava Lake, Pyke Hill and
Weltevreden komatiite systems indicate that Mo isotope fractionation during differentiation of these
komatiite lavas was very limited. The bulk Mo isotope composition of the komatiite lavas for each of
the three localities can therefore be calculated as the average of the samples analyzed. Averaging
(= 2SE) yields 5%Mo = 0.05 + 0.06 %o for Pyke Hill, 0.04 + 0.04 %. for Weltevreden and -0.04 + 0.28 %o
for Victoria's Lava Lake. For the Komati locality, the 5%Mo of the chilled margin sample BV02 with
0.11 £0.10 %0 (2SD of a single measurement) is used here as our best estimate for the Mo isotopic
composition of the emplaced Komati lava.

Although determined with various degree of precision, the obtained Mo isotopic compositions for
the four komatiite systems are identical within their respective uncertainties. Averaging Mo isotopic
compositions for the four komatiite systems yields a §%Mo of 0.04 + 0.06%o (2SE, Table 2). This value
represents our best estimate for the average Mo isotopic composition of the studied Archean

komatiites.

5.3. Molybdenum concentrations and isotope compositions of the komatiite

mantle sources
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The Mo concentrations in the mantle sources of the studied komatiite systems were estimated
using the same projection technique utilized in this study for calculating the Mo concentration of the
emplaced komatiite lava. This technique has been applied to calculate the absolute abundances of the
incompatible highly siderophile elements (e.g., Pt, Pd, and Re) in the mantle sources of the Pyke Hill
(Puchtel et al., 2004a), the lower Komati, and the Weltevreden Formation komatiites (Puchtel et al.,
2014). The MgO content of the mantle is only influenced to a minor degree by previous melt
extractions and thus, a MgO concentration from 38 to 40 wt%, similar to that in the Bulk Silicate Earth
estimates of McDonough and Sun (1995), is assumed for the komatiite mantle sources. The errors
were estimated in the same way as for the calculation of the Mo concentration in the emplaced
komatiite lavas. Calculations give 30 + 12 ng/g for Victoria’s Lava Lake, 17 + 5 ng/g for Pyke Hill, 17 +
3 ng/g for Weltevreden, and 29 + 7 ng/g for the lower Komati Formation komatiite mantle sources.
Averaging all four calculated values (Table 2) yields 23 + 7 ng/g (2SE), which is our best estimate for
the BSE. This value is identical, within the uncertainties, to estimates for Mo concentration in the
primitive mantle of 39 + 16 ng/g (Figure 6) calculated on the basis on an assumed constant Mo/Ce
ratio of ~0.3 (Palme and O’Neill, 2004).

Due to the high degrees of partial melting, the complete base metal sulfide removal from the
mantle melting region, and the high liquidus temperatures of the komatiite lavas, it is assumed in this
study that the 5®Mo values of the emplaced komatiite lavas closely resemble the Mo isotope
compositions of their respective mantle sources. The average of Mo isotope compositions of the
mantle sources of the studied komatiites is 0.04 + 0.06 %. (2SE); we consider this §®Mo value as
representing the Mo isotope composition of the Bulk Silicate Earth, as defined by the Mo isotopic
composition of mantle sources of Archean komatiite systems. This value is indistinguishable from the
chondritic §**Mo value of 0.09 + 0.02 %o (Burkhardt et al., 2014) (Figures 2 and 6).

The calculated Mo isotopic composition of the BSE is lighter than the estimated average Mo
isotopic composition (6*Mo = 0.3 to 0.4%0) of the upper igneous continental crust (Voegelin et al.,
2014). From the mass-balance standpoint, an isotopically lighter reservoir compared to the BSE must
exist in the Earth’s mantle. This reservoir could be represented by subducting slabs that are expected
to accumulate at either the transition zone, or even the core-mantle boundary (Kerr, 1997, Van der
Hilst and Karason, 1999). Incorporation of the material of recycled oceanic crust in mantle plumes may
result in lighter Mo isotope composition of some plume lavas.
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5.4. Implications for the core-mantle equilibration

It is assumed that late stages of Earth accretion involved collisions of several Moon- to Mars-
sized planetary embryos, which were already differentiated into a metallic core and a silicate mantle
(e.g., Wood et al., 2006, Stevenson 2008, Rudge et al., 2010). An open discussion exists as to the
extent to which the metallic cores of the planetary embryos were equilibrated with the silicate liquid
during and after the collisions. If the cores of the planetary embryos were dispersed as metal droplets
after the impact, then they should have equilibrated with the silicate mantle at temperatures above
2500°C (e.g., Wood et al., 2006; Siebert et al., 2013), which is the temperature at which Mo isotope
fractionation between silicate and metal liquid becomes smaller than the current analytical precision of
the Mo isotopic analysis (Hin et al., 2013). If Earth’s core formed by merging of several metallic cores
without complete equilibration with the silicate portion of the planet, then the Bulk Silicate Earth 5%Mo
should carry a memory of the core-forming events that happened in the planetary embryos, a process
suggested to have occurred at lower temperatures (e.g., Kleine et al., 2009, Rudge et al., 2010 and
Stevenson, 2008). That should result in Mo isotopic composition of the terrestrial mantle being distinct
from that of the accreted chondritic material. Thus, the most straightforward interpretation of the
similarity of Mo isotopic composition between chondritic meteorites, and estimates for the Bulk Silicate
Earth from this study is that during the final stages of terrestrial accretion, metal droplets equilibrated
with the silicate liquid and the chemical equilibrium between Fe metal of the core and the silicate
mantle was essentially achieved.

The results of Mo partitioning experiments under various conditions allow elucidating the
temperature and pressure at the time of Earth’s core formation. Wade et al. (2012) proposed that the
W and Mo composition of the BSE is best explained with sulfur addition during the last 10 to 20% of
Earth’s core formation. In contrast, based on Mo concentrations only, Burkemper et al. (2012)
suggested that the pressures and temperatures during a single stage core forming event must have
been between 40-54 GPa and 2775-3125°C (at fO, = -2.2 AIW and using KLB-1 peridotite composition
as a proxy for the silicate melt). This temperature is inline with a chondritic Mo isotope composition of
the BSE.

The average chondritic Mo concentration of 1332 + 430 ng/g (2SD) (Burkhardt et al., 2014) is
used to estimate the effect of the addition of late accreted materials constituting 0.5% of the terrestrial
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mass (e.g. Mann et al., 2012) on the BSE’s Mo inventory. Such an event would have resulted in the
addition of 6.7 + 2.0 ng/g Mo to Earth’s early mantle, which corresponds to around 17% or 29%,
assuming a post accretion BSE Mo concentration of 39 ng/g (Palme and O’Neill 2004) or 23 ng/g (this
study), respectively. Therefore, Mo addition via late accretion did not influence significantly the Mo
isotope composition of a mantle with a near chondritic 8**Mo.

Further studies on Mo isotope fractionation during silicate liquid — metal liquid separation and
the influence of sulfur, in combination with a more precisely defined 8Mo of the Bulk Silicate Earth
and chondritic meteorites might help better understand the conditions of core formation on Earth and

other terrestrial planets.
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Figure 1: Variation diagrams of Mo vs. MgO for the investigated komatiite systems (A,B,C and E). Best estimates
of liquid lines of descents (A, D) and correction for crustal contamination (F) are indicated. For explanation of used
regressions (A, D) and different steps to correct for crustal contamination (F), see text. Samples 564-4 and 564-5
of the Weltevreden suite (B) have been omitted for liquid line of descent. Hexagons show the MgO concentration
of olivine from the literature. MgO concentrations of samples and olivine are from Puchtel et al. (1996, 2004a,

2013).
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619 Figure 2: Variation diagrams for TiO,, Al,O3, Pt, and Ni vs Mo concentrations. Mo concentrations show positive
620 correlations with elements incompatible (TiO,, Al,O3, Pt) and negative with elements compatible (Ni) in olivine.
621 Major and trace element data are published in Puchtel et al. (1996, 2001, 2004a, 2013, 2014). Black Weltevreden

622 symbols are samples 564-4 and 564-5 that have been omitted for liquid line of descent (see Figure 1 and text).
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625 Figure 3: Variation diagrams for 5%Mo vs. MgO (A) and Mo (B), for the lower Komati Formation komatiites only.
626 The Mo isotope compositions in these system correlate well with the MgO and the Mo concentrations and show
627 variation up to 0.60%o.
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Figure 4: Summary of 5%Mo data. Colored lines with grey bars represent bulk Mo isotope composition of the
emplaced komatiite lavas. The Mo isotope composition of komatiites from Weltevreden, Pyke Hill and Victoria’s
Lava Lake (not corrected for crustal contamination, see text) are very homogeneous and similar to the proposed
composition of enstatite and ordinary chondrites. The 5% Mo of the lower Komati Formation komatiites display a
large range with the most strongly altered samples from Tjakastad (upper Komati Formation) having the heaviest
Mo isotope composition. Errors on single measurements are 2SD of the standard reproducibility (i.e. 0.1%., see
text). Errors on the displayed average data are 2SE except for Komati Formation (2SD on single measurement).

3%Mo of chondrite is from Burkhardt et al. (2014).
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Figure 5: Modeled Rayleigh distillation for the Mo isotope variation among the lower Komati Formation, assuming

Mo loss after lava eruption for the samples that plot bellow the liquid line of descent indicated in Figure 1A. For

errors on Mo see Figure 3 or Table 1.
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Figure 6: Mo concentration of the komatiite mantle sources vs Mo isotope composition. Data is compared to

literature data (dotted lines = averages) and shows similarity between suggested Mo concentrations of the

primitive mantle (a: Palme and O’Neill 2004) and chondritic 3%Mo (b: Burkhardt et al., 2014). The arrow on the

error bar for sample from the lower Komati Formation indicates that its Mo concentration is a maximum estimate.

Mo signature for Victoria’s Lava Lake is corrected for crustal contamination. Error calculations are described in the

text.
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Table 1: Molybdenum concentration and isotope composition data

Sample Location Facies 8%°*Mo %o [Mo] ng/g
a b Average 2SD° a b  Average 2SD

o1110M1 FB 009 0.7 013 0.10 193 190 191

01111 cM 029 035 032  0.10 158 153 156 7
91101 Sp 017  0.23 020 010 201 178 190 31
01001_A Victoria's Lava Lake oc na 025 025 010 118 120 118 3
01105 oc 013 0.5 014  0.10 114 115 114 2
12124 Basalt  0.16  0.05 0.11 010 257 256 256 1
12106 oc 001  0.11 0.06  0.10 120 116 116 6
K04 Vodla Block Tonalite 021  0.25 023  0.10 16 13 16 4
K13 Tonalite -0.10 -0.05  -0.08  0.10 47 45 47 3
PH13 Sp 001  0.03 0.02  0.10 39 38 39 1
PH14 Sp 0.10 - 010 0.10 46 - 46 1
PH26 Sp 0.04 - 0.04  0.10 37 - 37 1
PH27 Pyke Hill Sp 0.06 - 0.06  0.10 36 - 36 1
PH29 oc 003 -0.10  -0.07  0.10 24 22 23 3
PH31 oc 019 0.5 017  0.10 17 18 18 1
PH33 oc 001 -003  -001  0.10 22 21 22 1
501-1 oc na  0.02 0.02  0.10 16 12 14 6
501-3 Sp na  0.06 0.06  0.10 24 24 24 1
501-8 oc na 0.3 013 0.10 15 13 14 3
427-5 Woeltevreden Formation oc na 004  -004  0.10 14 13 14 1
564-4 Sp 007 na. 007  0.10 9 9 9 1
564-5 Sp 009 -0.08 0.1 0.10 15 14 15 1
12-2 Sp 0.10 - 010  0.10 30 - 30 1
12-7 oc na 003  -003  0.10 16 14 15 3
BVO1 oc 037 022 029  0.10 29 29 29 1
BVO2 cM 008 0.13 0.11 0.10 51 52 51 2
BVO03 lower Komati Formation oc na  0.54 054  0.10 17 18 17 1
BV10 oc 0.38  0.41 0.4 0.10 22 21 21 2
BV13* oc 0.66 0.37 052 020 13 16 15 4
BV15 oc 071  0.68 069  0.10 13 12 13 1
Tjakastad-1  noer Komati Formation Sp 073  0.69 0.71 0.10 81 83 82 3
Tjakastad-2 Sp 0.69 - 069  0.10 81 - 81 2
SDO-1 USGS Rock standard 1.07 £ 0.05 (2SD; n=5)

Facies: FB= flow top breccia; CM= chilled margin; Sp= spinifex; OC= olivine cumulate
A: Not reproduced sample, 2SD of 5**Mo longterm reproducibility is doubled
B: 5”Mo reproducibility of reference standard = +0.10%. (2SD) see text and Greber et al., (2012)

Mo concentrations are recalculated on an anhydrous basis using LOI from literature (Puchtel et al., 1996; Puchtel et al., 2004a;

Puchtel et al., 2013)

Accuracy of single Mo ID concentration measurements is + 2% (Greber et al., 2012) and is applied for samples that were

measured only once

n.a: not available due to wrong sample-spike ratio or too low Mo signal
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Table 2: Summary of estimated Mo concentrations and isotope compositions of emplaced komatiites,

mantel sources and the Bulk Silicate Earth

Mo (ng/g)

Emplaced lava

Mantle source

3%Mo (%o)

Victoria's Lava Lake * 66 + 22
Pyke Hill 338
Weltevreden 25+4
lower Komati Formation 51+6

Estimated BSE °

237

-0.04 +0.28

0.05 +0.06

0.04 £0.04

0.11 £0.10

0.04 £ 0.06

A: Corrected for crustal contamination (see text)
B: Errors are 2SE
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