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ABSTRACT

Sulfides in mantle rocks sometimes have unradiogenic Pb isotopic compositions
and assuming specific conditions, may represent a low U/Pb reservoir that might balance
the radiogenic Pb isotope reservoirs of the silicate Earth. A critical requirement to test
this hypothesis is knowledge of typical Pb contents in sulfides from different types of
mantle rocks and estimates of their contribution to the Pb budget of the mantle rocks.
However, data on the distribution of Pb between mantle minerals in mantle rocks from
different geologic settings are scarce. In this study, new Pb and Tl concentration data
from well-characterized unserpentinized spinel-facies peridotites and pyroxenites from
the Balmuccia mantle tectonite (Ivrea-Verbano Zone, Italian Alps) are presented as an
example to better understand the Pb distribution in minerals and rocks of the upper

mantle.
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Most peridotites display variable bulk rock Pb contents (13-97 ng/g), which tend to
be lower than Pb contents in the websterites (60-254 ng/g) and clinopyroxenites (174-657
ng/g). The pyroxenites show broadly positive correlations of Pb with Al,O3, Ce and also
S contents. In-situ laser ablation ICP-MS data indicate low Pb contents in olivine,
orthopyroxene and spinel (mostly below the detection limits of 50 ng/g); whereas Pb
contents are higher in clinopyroxene (from < 50 to 920 ng/g) and in sulfides (typically a
few pg/g and sometimes higher in chalcopyrites). Mass balance calculations indicate that
silicates predominantly control Pb contents in bulk rocks (> 70-80% of the Pb), with a
minor role for sulfides (mostly < 20%). This result from Phanerozoic subcontinental
lithosphere mantle rocks is consistent with data on abyssal peridotites. As in some
previous studies, bulk rock Pb contents calculated from constituent phases of peridotites
are often lower than the measured values. This imbalance mainly reflects trapped fluid
inclusions in silicate minerals and, perhaps also fine-grained crystallization products of
trapped melt along grain boundaries. Bulk rock Tl contents in peridotites (0.05-3.5 ng/g)
are lower than in pyroxenites (0.66-7.9 ng/g) and display no correlations with Al,O3 and
S contents. The bulk rock data probably reflect the highly heterogeneous distribution of
Tl in sulfides (< 0.01-110 pg/g), and, as for Pb, the effect of trapped fluid inclusion.
Because the Pb budget in mantle rocks is mainly controlled by silicates, mantle sulfides
with unradiogenic Pb isotopic compositions likely cannot balance radiogenic Pb isotopic

compositions of oceanic basalts.

Keywords: peridotite, pyroxenite, sulfide, lead, thallium
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INTRODUCTION

The geochemical behavior of lead in the Earth is notable for some longstanding
paradoxes, some of which are still debated until recent time. The Pb isotopic composition
of the bulk silicate Earth model is more radiogenic (e.g., **’Pb/***Pb = 15.50 and
200pp/2%pp = 18.29, according to Burton et al. 2012) than models of the Pb isotopic
evolution of the Earth over the last 4.56 Ga (e.g., Allegre, 1969; Burton et al., 2012; Hart
and Gaetani, 2006; Hofmann, 2008). The existence of a complementary unradiogenic Pb
reservoir with low U/Pb has been a common explanation for these discrepancies (e.g.,
Allegre, 1969). It has been suggested that during formation of the Earth, Pb may have
partitioned into the metallic core (e.g., Allegre, 1969; Hart and Gaetani, 2006; Oversby
and Ringwood, 1971; Wood and Halliday, 2010; Wood et al., 2008) or was vaporized
during accretion (e.g., Lagos et al., 2008). Alternatively, some authors proposed that
significant quantities of Pb reside in plagioclase-rich cumulates of the lower continental
crust, leading to a low U/Pb of this reservoir (e.g, Kramers and Tolstikhin, 1997;
Moorbath et al., 1969; Newsom et al., 1986; Reid et al., 1989; Rudnick and Goldstein,
1990). Recent studies have documented unradiogenic Pb isotopic compositions (e.g.,
2pp/2%pp = 16.5) in mantle rocks from the Horoman mantle tectonite in Japan
(Malaviarachchi et al., 2008) and in sulfide inclusions in olivine and pyroxene of abyssal
peridotites (Blusztajn et al., 2014; Burton et al., 2012; Warren and Shirey, 2012). Thus, it
is possible that the mantle itself may contain significant reservoirs of unradiogenic Pb.
The sizes of these reservoirs and their significance for basalt generation and the mantle-

crust mass balance are poorly constrained.
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Quantitative balancing of the radiogenic Pb isotopic composition of the BSE via the
unradiogenic Pb in mantle sulfides has been suggested (Burton et al., 2012). The
feasibility of this explanation strongly depends on the abundance of sulfides in mantle
rocks and on the Pb content in mantle sulfides. For instance, if 0.08 wt.% sulfides with 47
ug/g Pb occur in the mantle, 70% of the Pb budget of the mantle would be controlled by
sulfides (Burton et al., 2012). However, evaluation of the Pb mass balance of minerals in
abyssal peridotites from the Gakkel Ridge and the Southwest Indian Ridge has indicated
that mantle sulfides host less than 4 % of the Pb in mantle rocks at these locations
(Warren and Shirey, 2012). Bulk rock Pb contents reconstructed from silicate minerals of
mantle peridotites are commonly lower than measured values (e.g., Carignan et al., 1996;
Ionov et al., 2006; Meijer et al., 1990; Simon et al., 2007). The missing Pb fraction was
often thought to be hosted by sulfides. Mass balance calculations based on this
assumption suggested that sulfides in mantle peridotite xenoliths contain about 75 ug/g
Pb (e.g., Hart and Gaetani, 2006; Meijer et al., 1990). Such high Pb contents in sulfides
could be sufficient to balance the radiogenic Pb component of the mantle, if a large
fraction of bulk mantle Pb is unradiogenic (Burton et al., 2012). However, sulfide
separates and in-situ analyses of Pb contents in different sulfide phases in abyssal
peridotites show low Pb contents, typically < 10 ug/g (Blusztajn et al., 2014; Burton et al.,
2012; Warren and Shirey, 2012; Warren et al., 2017). While sulfide inclusions in olivine
and pyroxenes of refractory peridotites sometimes show elevated Pb contents of up to 52
ug/g (Burton et al., 2012), the proportion of such sulfides in peridotites seems to be too

low to account for a large fraction of the Pb budget. Consequently, according to studies

5/43

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2018-6423

of abyssal peridotites, silicate phases are likely the primary host of Pb in rocks of the
upper mantle (e.g., Warren and Shirey, 2012).

Because of the limited data and mantle heterogeneity, it is unclear if the
subcontinental lithospheric mantle may also display chemical and isotopic
heterogeneities of Pb, involving low- and high U/Pb components (e.g., Malaviarachchi et
al., 2008; Meijer et al., 1990; Mukasa and Shervais, 1999). A potential problem with
studies of the Pb systematics of mantle peridotites is that Pb and other highly
incompatible elements are easily affected by mantle metasomatism, serpentinization and
other forms of contamination by late-stage processes (e.g., Deschamps et al., 2012;
Hanghgj et al., 2010; Harvey et al., 2012; Nielsen et al., 2015; Simon et al., 2007; Wittig
et al., 2009). Therefore, careful examination of the distribution and budget of Pb in
mantle rocks is of importance to understand if low-U/Pb phases such as sulfides can
balance the radiogenic Pb isotopic reservoirs of the silicate Earth.

The Balmuccia mantle tectonites (Ivrea-Verbano Zone, IVZ, Italian Alps) comprise
spinel-facies lherzolites and less abundant harzburgites and dunites, with different
generations of pyroxenite dikes that during the Paleozoic and Mesozoic were part of the
subcontinental lithospheric mantle. The rock association reflects open system partial
melting with coeval and subsequent melt infiltration processes during extension of
continental lithosphere. According to Re-Os model age distributions and Sm-Nd
errorchrons, the latter processes occurred during the Paleozoic and Mesozoic (e.g., Handy
et al., 1999; Mazzucchelli et al., 2009; Mukasa and Shervais, 1999; Obermiller, 1994;
Rivalenti et al., 1995; Shervais and Mukasa, 1991; Sinigoi et al., 1983; Voshage et al.,

1988; Wang and Becker, 2015a; Wang et al., 2013). The Balmuccia mantle tectonites
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permit sampling of fresh rocks with negligible serpentinization and weathering (e.g.,
Mukasa and Shervais, 1999; Obermiller, 1994; Shervais and Mukasa, 1991; Wang et al.,
2013). Previous studies have constrained petrological features and the distribution of
other chalcophile elements in these rocks and offer a solid basis to understand the
distribution of Pb in these rocks. This study presents Pb and Tl contents in bulk rocks
(supplemented by data on other incompatible trace eclements) and minerals in
unserpentinized mantle peridotites and pyroxenites from Balmuccia. Thallium is highly
incompatible and also sensitive to the effect of fluids (e.g., McGoldrick et al., 1979;
Nielsen et al., 2014, 2015), thus TI data, as well as other incompatible trace elements may

aid understanding the Pb distribution in these rocks.

GEOLOGICAL SETTING AND SAMPLES

The Balmuccia peridotite massif is a fragment of subcontinental lithospheric mantle
located in the Ivrea-Verbano Zone (IVZ), western Italian Alps. The mantle tectonite was
emplaced into lower crustal granulite facies metabasites of the IVZ during the late
extensional stage of the Hercynian orogeny, and was further exhumed in the course of the
Mesozoic extension and subsequent Alpine compression (Handy et al., 1999; Handy et al.,
2010; Mukasa and Shervais, 1999; Peressini et al., 2007; Shervais and Mukasa, 1991;
Zingg et al., 1990). The massif comprises predominantly spinel-facies lherzolites, minor
dunite, harzburgite and is cross-cut by various generations of pyroxenite, late gabbro and
hornblendite dikes. These rocks and their geological history have been studied in great

detail for several decades (e.g., Handy et al., 1999; Mazzucchelli et al., 2009; Mukasa
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and Shervais, 1999; Obermiller, 1994; Rivalenti et al., 1995; Shervais and Mukasa, 1991;
Sinigoi et al., 1983; Voshage et al., 1988; Wang et al., 2013).

In the mantle, the lherzolites from Balmuccia underwent different extents of
chemical and isotopic re-equilibration with infiltrating melts in an open system
environment during the late Paleozoic (Mazzucchelli et al., 2009; Mukasa and Shervais,
1999; Obermiller, 1994; Rivalenti et al., 1995; Shervais and Mukasa, 1991; Voshage et
al., 1988; Wang et al., 2013). Later focused melt flow led to formation of replacive
dunites which show discordant relationships with the lherzolites and harzburgite-dunite
reaction zones (Mazzucchelli et al., 2009; Wang et al., 2013). Discordant layers of
websterites and spinel clinopyroxenites represent magmatic reaction products transitional
to cumulates, which formed during the Paleozoic and Mesozoic (Mazzucchelli et al.,
2010; Mukasa and Shervais, 1999; Rivalenti et al., 1995; Wang and Becker, 2015b). At
least some of the pyroxenites formed from melts that also infiltrated the peridotites. Both
bulk rocks and clinopyroxene separates of peridotites, pyroxenites and gabbros in
Balmuccia show depletion of light rare earth elements (LREE) relative to heavy REE
(Mazzucchelli et al., 2009; Mukasa and Shervais, 1999; Obermiller, 1994; Rivalenti et al.,
1995). The occasional presence of traces of phlogopite and amphibole in some
pyroxenites, variable enrichment of Cs, Rb and Ba relative to the REE, and enrichment of
LREE relative to HREE in some dunites suggest that some of the rocks were affected by
metasomatism to different extents (Mazzucchelli et al., 2010; Obermiller, 1994; Voshage
et al., 1988). Because of the MORB to OIB like initial Sr-Nd isotopic composition of the
rocks (e.g., ¥'Sr/*Sr; at 250 Ma ranges between 0.7027 and 0.7037, Mazzucchelli et al.,

2009; Mukasa and Shervais, 1999; Obermiller, 1994), we infer that the occasional traces
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of phlogopite or amphibole that occur in some peridotites and pyroxenites were likely
caused by melt stagnation in the lithospheric mantle.

The samples of this study include 13 fresh peridotites of variable fertility, 4
replacive dunites, an orthopyroxenite (crosscutting tabular dunite), 5 websterites and 11
spinel clinopyroxenites. The peridotites were collected > 0.3 m away from dikes. The
pyroxenite dikes show variable widths (a few cm to > half meter) and some show
reaction zones with surrounding peridotites. A detailed description of the samples has
been given before and major elements and many trace elements have been reported in
previous studies of these samples (Obermiller, 1994; Rivalenti et al., 1995; Wang and
Becker, 2015a, 2015b; Wang et al., 2013). Figure 1 shows typical microscopic features of

these samples.

ANALYTICAL METHODS

In this study, we used isotope dilution ICP-MS to determine bulk rock contents of
Pb and TI in the above-mentioned samples. Bulk rock contents of Ba, Cs, Rb and other
trace elements also have been determined by ICP-MS. In addition, contents of Pb and
some other elements in sulfides (T contents) and in different silicate phases (Ce and Ba
contents) were determined for seven thin sections of peridotites (n=4) and pyroxenites

(n=3).
Bulk rock analytical methods

Bulk rock Pb and TI contents were determined by isotope dilution ICP-MS at Freie
Universitdt Berlin on the same digestion aliquots. Sample digestion in Parr bombs using

HF-HNOs and subsequent chromatographic separation has been established previously
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for concentration determinations of Tl and other trace elements (Wang et al., 2015). A
brief outline of the Pb separation method is reported here. Suitable amount of spike
solutions containing “**T1 and ***Pb, and 0.2-0.4 gram of sample powder were weighted
into 15 ml Savillex PFA beakers, followed by 1 ml 14 mol 1! HNO;5 and 4 ml 24 mol 1!
HF. Digestions were performed in Parr bombs at 190 °C for 3 days. Sample solutions
were dried down, converted into chloride form and loaded on 2 ml pre-cleaned 100-200
mesh Eichrom 1-X8 anion resin. Solutions containing Pb (in 0.4 mol 1" HCI) and TI (in
0.7 mol 1" HNO; with 1% H,0;) were collected. The TI fraction was dried down and
dissolved in 0.28 mol I HNOj; for measurement. The Pb fraction was further purified by
adding ascorbic acid to remove Fe (Wang et al., 2015).

As the method formed part of a multi-element separation procedure, the total Pb
yields ranged from 10% to 30% only. However, because of the application of the isotope
dilution method, the low yields were not detrimental to the analytical results. Three mafic
reference materials (BHVO-1, BHVO-2 and MRG-1) were digested to evaluate Pb data
precision and accuracy in this study (Table 1). Eight replicates of peridotites (n=5) and
pyroxenites (n=3) are also included to evaluate data reproducibility (Table 2).

The solutions of separated elements were measured by sector field ICP-MS
(Thermo Scientific Element XR) with an Aridus-I desolvator at low oxide formation ratio
(CeO"/Ce" < 0.003). Because the different rock types from the Balmuccia massif have
very similar measured Pb isotopic compositions (Mukasa and Shervais, 1999), average
isotopic ratios from the literature (206Pb/204Pb, 207p,2%4ph and 2% Pb/2*Pb: 18.550, 15.598
and 38.326, respectively) were used for calculation of Pb contents by isotope dilution.

Concentration results obtained from 2**Pb/*®®*Pb and 2*’Pb/***Pb show limited variations
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(mostly < 2%, Table 2). Data reduction of Tl followed established methods (Wang et al.,
2015). During the measurement period, total procedural blanks (n=12, 1sd) were
0.36+0.28 ng for Pb and 0.019+0.016 ng for Tl. Blank corrections were always applied
and are mostly insignificant (< 1%) for both Pb and Tl. A few samples with low
concentrations of these elements required blank corrections of at most a few percent. The
combined uncertainties are shown in Table 2.

Precision and accuracy of the methods have been evaluated for Tl by the analysis of
different reference materials (Wang et al., 2015). The Pb contents of three mafic
reference materials were analyzed in this study (Table 1). Aliquots of these samples have
a relatively large uncertainty due to under-spiking (4%, 2sd). Concentrations obtained
from *Pb/®*Pb and *"’Pb/”*Pb show a difference of 1-3%. Replicate analysis of
BHVO-2 agrees within uncertainty (< 4%, 2sd). The Pb concentrations obtained for the
reference materials BHVO-1, BHVO-2 and MRG are similar to compiled values from the
GeoReM database and other values determined by isotope dilution (Jochum et al., 2005,
Table 1). Lead contents of replicates of peridotite (n = 5) and pyroxenite (n = 3) samples
show relative deviations ranging between 3 and 14 % (Table 2). Most replicates show a
similar level of variation for T1 contents. Two samples with very low Tl contents display
a larger variation (Table 2, 0.18 ng/g and 0.40 ng/g for BM90-5 and 1.07 and 0.66 ng/g
for BM11-14). These variations probably partially reflect the heterogeneous distribution
of accessory host phases of these elements (sulfides, melt and/or fluid inclusions, see
Discussion) and the rather low element concentrations. However, these issues will not

compromise the main conclusions drawn from the data.
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Bulk rock trace elements were measured by quadrupole ICP-MS on an Agilent
7700 system at State Key Laboratory of Geological Processes and Mineral Resources,
China University of Geosciences (Wuhan). Reference materials UB-N (n=1), BHVO-2
(n=2), BCR-2 (n=1), W-2a (n=1) and OKUM (n=1) were analyzed. The uncertainty on
Ba, Cs, Rb and LREE contents were typically within 10 % (2sd) and reference materials
were reproducible within that range. Samples with low contents of these elements have
uncertainties of about 20 % (2sd, Supplementary Table S1). The replicates of peridotites
(n=5) and pyroxenites (n=3) from Balmuccia show a similar level of uncertainty as

reference materials (Supplementary Table S1).
LA-ICP-MS analytical methods

Seven thin sections of lherzolites (BM11-02A, BM11-10, BM11-11 and BM11-18),
clinopyroxenites (BM11-16A and BMI11-28B) and orthopyroxenite (BM11-07B,
crosscutting dunite BM11-07A) were analysed in-situ for trace element concentrations in
silicates (Cu, Pb, Ba and Ce) and sulfides (Cu, Pb and Tl). Because of very low signal
intensities in silicates, Tl concentrations in silicates (< 2 ng/g) were not determined. The
analyses were performed at the Institut fiir Mineralogie, Leibniz Universitit Hannover
with a UV (194 nm) femtosecond laser system (Spectra Physics Solstice, USA) coupled
to a Thermo Finnigan Element XR ICP-MS (Lazarov and Horn, 2015; Oeser et al., 2014).
A Ni skimmer X cone and a Ni sampler cone were used. Thin sections of samples and the
reference material were ablated under a helium stream. The spot diameter was 30-40 um,
and laser repetition rate was between 14 and 20 Hz with a laser energy of around 1.3
J/em?. In each sequence consisting of 20 measurements, the reference materials NIST 610,

PGE-A (a Ni sulphide standard) or the Lombard iron meteorite (Gilbert et al., 2013;
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Jochum et al., 2011; Pearce et al., 1997) were measured repeatedly. Evaluation of the
measurements was performed off-line by the SILLS (Version 1.3.2) MATLAB program
(Guillong et al., 2008). The first 30-40 seconds of background measurement were
subtracted from 120 seconds of sample measurement and the evaluated signal intervals
were integrated. For the internal standardization, concentrations of specific major element
determined by microprobe were used (Si for olivine and orthopyroxene, Al for spinel, Ca
for clinopyroxene, Ni for pentlandite, Fe for pyrrhotite and Cu for chalcopyrite and
cubanite). Data accuracy and precision were evaluated with reference materials and were

consistently within a few percent (Supplementary Tables S2 and S3).

RESULTS

Concentrations in bulk rocks

The bulk rock trace element data show depletion of light REE relative to heavy
REE for peridotite and pyroxenites (Figure 2). In the most LREE-depleted samples, the
fluid-mobile elements Cs, Rb and Ba are enriched compared to the LREE (Figure 2). In
all rock types Cs, Rb and Ba typically show strong inter element fractionation. These
results are similar to previous data obtained by spark source mass spectrometry
(Obermiller, 1994).

Most lherzolites from Balmuccia display variable, but typically low Pb contents
ranging from 13 to 97 ng/g (Table 2). Most values are similar to the Pb content of 30-40
ng/g in the depleted mantle estimated by Salters and Stracke (2004) and Warren and
Shirey (2012). Three peridotites (BM11-11, BM11-04 and BM11-03B) with relatively

high Ba contents of several pg/g also show high Pb contents (400-700 ng/g), which were
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confirmed by replicate analyses (Table 2). Lead contents in websterites are 60-254 ng/g
Pb, whereas Pb contents in clinopyroxenites tend to be even higher (174-657 ng/g, Figure
3). The pyroxenites show broadly positive correlations of Pb with Al,O3;, Ce and S
contents, whereas the peridotites display scattered concentration values (Figure 3). Ce/Pb
ratios of bulk rocks (mainly 2-6) are significantly lower than data of MORB and OIB
(20-30, Figures 2 and 4). Even if dunites and peridotites with high Pb and Ba contents are
excluded, other peridotites also show low Ce/Pb, consistent with previous results
(Obermiller, 1994).

Thallium contents in peridotites with high Ba and Pb contents are noticeably higher
(2-3 ng/g) than TI in peridotites with low Pb and Ba contents (mostly < 1 ng/g Tl, Table 2
and Figure 5). The dunites also show low TI concentrations (0.16 to 0.94 ng/g).
Websterites and clinopyroxenites have higher Tl contents of 0.66-7.9 ng/g (Figure 5).
Thallium contents in pyroxenites are uncorrelated with Al,O3 and S contents (Figure 5).
Overall, Tl contents in peridotites and pyroxenites increase with Pb and Ba contents.
However, the Pb/TI ratios are variable ranging from MORB-like values of 40-50 to much

higher values of 100-200 (Figure 6).
Petrographic constraints

Microscopic observations indicate the presence (2-4 vol.%) of fine-grained
pyroxene and olivine assemblages along grain boundaries in some peridotites (Fig. 1c).
Other peridotites show lower proportions (< 1 vol.%) of such interstitial phases and lower
Pb contents (Figures le and 3). Replacive dunites (n=4) with negligible fine-grained
aggregates (Figure 1d) also have enhanced Pb contents of 69-248 ng/g. Some pyroxenites

also contain fine-grained interstitial pyroxenes (mostly < 2 vol.%). In addition, planar
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features of small dark inclusions (a few pm), perhaps fluid or melt inclusions, widely
occur inside of pyroxenes and olivines in the pyroxenites, lherzolites and dunites with
variable volumes (e.g., Figure la, b, d, e). Aside from these microscopic features,
samples display no macroscopic evidence for serpentinization or other forms of low-

temperature alteration (Figure 1 and also see Wang et al., 2013).

Concentrations in minerals

Olivine, orthopyroxene and spinel in peridotites and pyroxenites all have very low
Pb, Ba and Ce contents (mostly below detection limits, e.g., < 50 ng/g for Pb, see details
in Supplementary Table S4). Clinopyroxene has higher Pb, Ba and Ce contents, e.g., Pb
ranging from < 50 ng/g to 920 ng/g. The in-situ Pb contents in clinopyroxenes display a
range similar to clinopyroxene separates from Balmuccia peridotites and pyroxenites (50-
400 ng/g, Mukasa and Shervais, 1999). In-situ data on clinopyroxenes in peridotites and
pyroxenites show similar or higher Ce/Pb than bulk rocks (Supplementary Table S4 and
Figure 4). A single clinopyroxene grain in the replacive dunite BM11-07A contains 9.3
pg/g Pb, as well as high contents of Ba (190 pg/g) and Ce (8.5 pg/g). Except for this
grain, the Ba contents in silicate phases are mostly < 0.2 pg/g (Supplementary Table S4).

Sulfides in Balmuccia peridotites and pyroxenites are dominated by pentlandite,
with a smaller fraction of pyrrhotite, chalcopyrite and cubanite. These sulfides often
occur as intergrown assemblages with typical grain sizes between 50 and 1000 pm
(Figure 1f, Supplementary Figure S1 and Wang et al., 2013). The sulfide assemblages
result from the exsolution of immiscible sulfide phases during cooling of the mantle
rocks (e.g., Lorand et al., 2010; Luguet et al., 2004). Most sulfides in peridotites and

particularly in pyroxenites occur interstitial between main minerals (Supplementary
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Figure S1 and Wang et al., 2013). The sulfides are very fresh (no significant oxidation to
Fe oxides), which is consistent with negligible low-temperature alteration of the bulk
rocks (Figure 1). Peridotites contain only a minor amount of sulfide inclusions in silicate
minerals, and given their small sizes (10-30 um, Wang et al., 2013), they have not been
analyzed in this study.

Lead contents in 102 analyzed interstitial sulfide grains are highly variable (Figures
7 and 8, Supplementary Table S3 and Figure S1). In a given sample, chalcopyrites (0.6-
113 npg/g Pb) commonly have higher Pb contents than pentlandites and pyrrhotites
(mostly < 10 pg/g, Figure 7, Supplementary Table S3). The average Pb contents in these
sulfides and standard deviations are given in Table 3. Similarly, T1 contents in sulfides
are also highly variable (< 0.01 pg/g to 110 pg/g) and chalcopyrites tend to have higher
Tl contents than pentlandites and pyrrhotites in the same thin sections (Figure 7,

Supplementary Table S3).

DISCUSSION

Lead distribution between mineral phases of mantle rocks

Clarification of the fraction of Pb that resides in sulfides of mantle rocks is critical
to evaluate the Pb budget of mantle rocks. Because bulk rock and in-situ data of S, Cu, Pb
and other elements are available for samples of this study, the new data yields improved

constraints on sulfide abundances and the budget of Pb in mantle rocks.

Lead and TI contents in mantle sulfides. In a classic study, Meijer et al (1990)

showed that Pb concentrations in silicate mineral separates of peridotite xenoliths from
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Dish Hill, California and San Carlos, Arizona were lower than bulk rock values. Acid
leaching experiments on bulk samples showed high Pb contents in leachates, and the
‘missing’ fraction was thus inferred to be hosted in acid-soluble sulfides, with an
estimated 75 pg/g Pb (Hart and Gaetani, 2006; Meijer et al., 1990). However, sulfide
separates and in-situ concentration data on sulfides in abyssal peridotites indicate much
lower Pb contents in these rocks, mostly < 10 ug/g (Blusztajn et al., 2014; Burton et al.,
2012; Nielsen et al., 2014; Warren and Shirey, 2012; Warren et al., 2017). Only a few
sulfide inclusions in silicates of refractory peridotites show higher Pb concentrations of
up to 52 pg/g (Burton et al., 2012). Lead contents of sulfides in peridotites and
pyroxenites from Balmuccia are highly variable, ranging from 0.1 ug/g to 113 pg/g.
These results overlap the range of values reported from other peridotites extending
previous data to a larger range (e.g., Blusztajn et al., 2014; Burton et al., 2012; Nielsen et
al.,, 2014; Warren and Shirey, 2012). Sulfide melt that is stable at high-temperature
mantle conditions commonly exsolves different sulfide phases during ascent and slow
cooling of mantle rocks (e.g., Lorand et al., 2010; Luguet et al., 2004). This process leads
to redistribution of Pb between different sulfide minerals and preferential enrichment of
Pb in late exsolved sulfides, e.g., chalcopyrites (e.g., Brenan, 2015; Dare et al., 2011; Liu
and Brenan, 2015). In a given sample from Balmuccia, chalcopyrites tend to have higher
Pb contents than pentlandites and pyrrhotites (Figure 7, Supplementary Table S3),
consistent with experimental studies.

On the basis of bulk rock S contents (Wang and Becker, 2015a; Wang et al., 2013)
and assuming 35 wt. % S in a nominally homogeneous sulfide phase, sulfide abundances

were calculated for the analyzed peridotites (0.03 wt.% to 0.11 wt.% sulfide) and
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pyroxenites (0.31 wt.%-0.46 wt.% sulfide, Table 3). Because chalcopyrite plays an
important role for the Pb budget, it is useful to determine its fraction based on Cu
contents in bulk rocks. Olivine, orthopyroxene, clinopyroxene and spinel contain < 0.5 -
3 pg/g Cu and thus provide only a small fraction of the Cu in pyroxenites and lherzolites.
Pentlandite and pyrrhotite typically contain several hundreds of pg/g Cu, however,
because of their low abundances, they only account for <5 % of bulk rock Cu contents in
peridotites and pyroxenites (Supplementary Tables S3-S5). For sample BM11-11 which
has a low Cu content of 8 pg/g in the bulk rock, the proportion of Cu provided by
chalcopyrite is still 88% (Supplementary Table S5).

Based on bulk rock Cu contents and assuming that all Cu resides in chalcopyrites,
the maximum calculated abundance of chalcopyrite is 0.003 wt.% to 0.017 wt.% for
peridotites and 0.05 wt.% to 0.07 wt.% for pyroxenites, which accounts for 9-25 wt.% of
the sulfide fraction (Table 3). Using the proportion of chalcopyrite in sulfides and the
mean Pb contents of chalcopyrites, pentlandites and pyrrhotites, the contribution of
sulfides to the bulk rock Pb budget is 0.2 ng/g to 9.8 ng/g for peridotites and 11-36 ng/g
for pyroxenites (Table 3). The calculated Pb contents of the sulfides are 0.6-22.2 pg/g in
the peridotites and 3.6-12.9 ng/g in the pyroxenites. These values are comparable to
typical Pb concentrations in sulfides from abyssal peridotites and peridotites elsewhere
(e.g., Blusztajn et al., 2014; Burton et al., 2012; Nielsen et al., 2014; Warren and Shirey,
2012; Warren et al., 2017). For comparison, slightly higher mean Pb concentrations of
18.5+£3.6 pg/g (1sd, n=7) were determined for sulfide droplets in MORBs (Patten et al.,

2013).
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Thallium contents in sulfides from Balmuccia peridotites and pyroxenites are also
highly variable from below detection limits of about 0.01 pg/g to 110 pg/g (Figure 7). In
a given sample, chalcopyrites show higher Tl contents than pentlandites and pyrrhotites.
Thus, Tl also should be concentrated in late exsolved sulfides (Figure 7). Sulfides in
different samples from Balmuccia display different T1 contents (Supplementary Table S3),
suggesting heterogeneous distribution of T1 in mantle rocks and their sulfides. The results
are consistent with literature data on lherzolites which show heterogeneous distribution of

Tl in sulfides with contents of 0.023-0.43 ng/g (Nielsen et al., 2014).

Lead contents in silicate phases of mantle rocks. Previous studies on Pb
concentrations in separated mantle minerals by isotope dilution have shown that olivine,
orthopyroxene and spinel typically host very little Pb, e.g., 10-15 ng/g, 20-25 ng/g and 60
ng/g, respectively (e.g., Burton et al., 2012; Carignan et al., 1996; Meijer et al., 1990).
Because in-situ Pb contents in olivine, orthopyroxene and spinel were below detection
limits (about 50 ng/g in this study), the specific Pb contents of these phases are not
available. Therefore, we refer to the above-mentioned literature data for olivine,
orthopyroxene and spinel (Table 3).

Clinopyroxene separates from the literature show highly variable Pb contents,
ranging from low values of a few tens of ng/g (e.g., Galer and O'Nions, 1989; Meijer et
al., 1990) to several hundreds and in rare cases even thousands of ng/g (e.g., Burton et al.,
2012; Carignan et al., 1996; Mukasa and Shervais, 1999; Wittig et al., 2010). Lead
concentration data obtained in Situ on clinopyroxenes in peridotites from different

localities often show several hundreds of ng/g Pb (e.g., Lazarov et al., 2012a; Simon et al.,
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2007). Clinopyroxene separates from Balmuccia peridotites contain 130-300 ng/g Pb
(Mukasa and Shervais, 1999) and the in-situ data on clinopyroxene in this study lie
mostly within this range with some analyses below detection limits (50 ng/g).

The peridotites analyzed in this study contain about 58-62 % olivine, 21-27 %
orthopyroxene, 10-15 % clinopyroxene and 2-5 % spinel (Table 3), which is similar to
previous estimates of modal abundances (Mukasa and Shervais, 1999; Shervais and
Mukasa, 1991). According to these mineral proportions and corresponding Pb contents,
the calculated Pb contents in the main mineral fraction (silicates + spinel) of the
peridotites are 18-32 ng/g (Table 3).

While sulfides have higher Pb contents, the low proportion of sulfides in peridotites
leads to a range of 0.2 ng/g to 5.9 ng/g Pb hosted by sulfides, which are only about 1-
16 % of the calculated bulk rock Pb contents from the constituent phases (Table 3). We
note that one peridotite (BM11-18) shows a somewhat higher contribution of sulfide-
hosted Pb (35%), which, in this particular case, is mainly due to high Pb contents in
chalcopyrites (Figure 8 and Table 3). Calculated bulk rock Pb concentrations determined
from abundances in sulfides, silicates and spinel yield a range of 19 and 38 ng/g, a level
similar to the estimated Pb content of the depleted mantle based on oceanic basalt and
abyssal peridotite data (e.g., Salters and Stracke, 2004; Warren and Shirey, 2012).

The pyroxenites formed from magmatic accumulation of clino- and orthopyroxenes,
spinel and sulfides (Wang and Becker, 2015a). In-situ Pb contents on clinopyroxene of
clinopyroxenites are 170+£50 and 670+£80 (1sd) ng/g (Table 3 and Supplementary Table
S4), similar to Pb concentrations in clinopyroxene separates from Balmuccia pyroxenites

(100-400 ng/g Pb, Mukasa and Shervais, 1999). The Pb concentration data for the two
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clinopyroxenites studied with in situ methods indicates that the Pb hosted in sulfides
represents only 5-20 wt.% of the calculated bulk rock contents, although these samples
contain a relatively high proportion of sulfides of 0.29-0.44 wt.% (Table 3). Mass balance
based on the new data indicates that Pb abundances in clinopyroxenites are
predominantly controlled by clinopyroxene rather than sulfides (Table 3, Figure 9). This
result is consistent with the positive correlations of Pb with Al,O; and Ce contents in
pyroxenites, because the latter elements are mainly controlled by clinopyroxene (Figure
3). Lead and S contents in pyroxenites also show a positive correlation. This behavior
apparently reflects the precipitation of similar proportions of clinopyroxene and sulfide
melt (e.g., Nielsen et al., 2014) during the crystallization of sulfide-bearing mantle
pyroxenites.

In conclusion, the Pb budget of sulfides in peridotites and pyroxenites from
Balmuccia accounts for only 1-20 wt.% fraction of the Pb contents in bulk rocks if the
latter are calculated from Pb abundances in constituent mineral phases (Table 3 and
Figure 9). This conclusion is consistent with the observation that silicates host the main
fraction of Pb in some abyssal peridotites (Warren and Shirey, 2012). In addition, we
note that in 5 of 7 analyzed peridotites and pyroxenites, calculated Pb concentrations are
lower than the measured bulk rock values of this study (Table 3 and Figure 9). The

significance of these results will be discussed further below.

Partitioning of Pb between coexisting sulfides and clinopyroxenes. Based on
average Pb contents in sulfide and clinopyroxene from the clinopyroxenites BM11-16A

and BM11-28B (Table 3), the apparent partition coefficients Dpy,™ f4eclinopyroxene potwoen
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sulfide and clinopyroxene (the ratio of Pb contents in sulfide to clinopyroxene) are 5-137.
The data from peridotites in Table 3 display a similar level of Dy, !ide-clinopyroxene 1y oq 4
contents in chalcopyrites, which have higher Pb contents than pentlandites and
pyrrhotites, suggest a maximum empirical Dp, ™ 4eeinoPyoxene o about 540 (Figure 7).
Data from a garnet peridotite (Lashaine, Tanzania, Burton et al., 2012) show a much

sulfide-clinopyroxene
Dpp

lower of <10 (5.75 pg/g Pb in sulfide and 1.12 ug/g in clinopyroxene,
Figure 7). These Dpp!fdeclinopyroxene hased on natural samples are far lower than an
experimentally determined Dy, fideclinopyroxene v a1y of about 3300 (Hart and Gaetani,
2016).

Incomplete equilibration of sulfides and co-existing clinopyroxenes in mantle rocks
might be a possible explanation for low apparent Dyp;,™!19¢<moPYOxne i1y pnatyral samples
compared to experimental data. This discrepancy may also reflect variable partitioning of
Pb in clinopyroxene in mantle rocks. Until now only a single value of experimentally
determined Dpy ™ 1i9eeinoPyoxene pas peen reported (Hart and Gaetani, 2016). The
experiment yielded Dpyifide meltsiticaie melt ¢ 67 and Dpyclinopyroxenessilicate melt (¢ 3 02 The
former is close to the required Dp, ™! meltsilicatemelt £ 3060 to explain constant Ce/Pb (or
Nd/Pb) in ocean ridge and ocean island tholeiites (e.g., Hofmann et al., 1986; Kiseeva
and Wood, 2013). Similar Dp,!fde melisilicate melt *ore calculated based on Pb
concentrations in coexisting sulfide globules and MORB glass (Patten et al., 2013).

Thus, it is likely that the inconsistency of DpySuifide-clinopyroxene o 0en natural
samples and experimental values does not result from DpySuifide melt-silicate melt 44 0y

- . I silicate melt . I silicate melt
variations in Dpy,” "oPYrOxenesicaie Mt - Reported experimental Dpy,” " OPYOXnESIHCAE ML gre

highly variable, for instance 0.01 (Hauri et al., 1994), 0.02 (Hart and Gaetani, 2016),
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0.028 (Schmidt et al., 1999), 0.014 - 0.058 (Adam and Green, 2006) and up to 0.13
(Klemme et al., 2002). The combination of Dpycinopyroxene-silicate melt £ () 15 \yith Dpyuifide
meltsilicate melt o 44 would be consistent with constant Ce/Pb in ocean ridge basalts
(Kiseeva and Wood, 2013). A Dpy,Clinopyroxenessilicate melt 1,6 £ 0.02 would be too low to
explain the Ce/Pb of oceanic basalts. As discussed earlier, the Pb contents in
clinopyroxene in natural mantle rocks vary by two orders of magnitude, from a few tens
of ng/g to thousands of ng/g. The high Pb contents in clinopyroxenes from the
pyroxenites at Balmuccia cannot reflect high Pb contents of parental melts. If low
Dpyclinopyroxenessilicate melt () 0 (Hart and Gaetani, 2016) were applied, the parental melts
would contain a few tens of ug/g Pb, which is higher than Pb concentrations in MORBs
and ocean island basalts, which range between (0.2 to 10 ug/g, Figure 4). Therefore, it is
likely that other processes affecting mantle rocks result in highly variable and lower

sulfide-clinopyroxene
Dpy

apparent than experimentally determined values.

Location and origin of the ‘missing’ Pb in calculated bulk rock compositions

Correlated enrichment of Pb, Ba and TI. Reconstructed whole rock
concentrations of Pb based on mineral proportions and corresponding Pb concentrations
are sometimes similar to measured abundances in whole rocks of, e.g., 16-40 ng/g (this
study; Carignan et al., 1996; Warren and Shirey, 2012). However, measured Pb contents
in both sulfides and silicate minerals of peridotites cannot explain bulk rock Pb contents
that are higher than 30-40 ng/g. Ten of thirteen peridotites from Balmuccia display Pb

contents > 40 ng/g, with concentrations as high as 400 and 700 ng/g in three peridotites
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(Figure 3 and Tables 2 and 3). We note that the replacive dunites contain low proportions
of pyroxenes and sulfides (low Al,Os;, Sm and S contents), but at the same time show
relatively high Pb contents in their measured bulk rocks (69-248 ng/g, Table 2). Similarly,
the measured bulk rock Pb contents in pyroxenites show discrepancies compared with
those calculated from in situ data on mineral phases (e.g., BM11-28B and BM11-07B,
Table 3 and Figure 9). These features indicate a deficit of Pb contents in calculated values
based on mineral modes compared to measured values in most bulk rocks. The
uncertainty of mineral modes and the variation of in-situ Pb data, particularly on sulfides,
may contribute to the imbalance of measured and calculated compositions (e.g., BM11-
16A in Figure 9). However, it should be not the main cause because 5 of 7 samples in this
study show very large differences between calculated and measured abundances of Pb
(e.g., 37-94%, Table 3).

Similarly, the low Ba contents in silicates (mostly < 0.2 pg/g) cannot balance the
high measured contents of Ba in bulk rocks of most peridotites (e.g., 0.3-7.5 ng/g Ba,
Supplementary Table S4, Tables 2 and 3), indicating that like for Pb, bulk rock Ba
contents calculated from in-situ analyses of silicate phases are also mostly lower than the
measured values.

Thallium is a highly incompatible element, and its content in the depleted mantle
was estimated to be about 0.4-0.5 ng/g (Nielsen et al., 2014; Salters and Stracke, 2004).
The TI contents in many peridotites from Balmuccia (Table 2) are similar to or slightly
higher than the values of the depleted mantle model composition and abundances in

harzburgites from other tectonic settings (Nielsen et al., 2015). Three peridotites (BM11-
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11, BM11-04 and BM11-03B) show high TI contents of 2-3 ng/g (Figure 5), as well as
noticeable enrichments of Pb and Ba.

Because of low TI intensities at detection limits, T1 contents in silicates were not
obtained in this study. Other work showed < 1 ng/g Tl in silicate phases of lherzolites
(Nielsen et al., 2014). Thallium contents in sulfides are highly variable and chalcopyrites
have the highest Tl contents among different constituent phases of mantle rocks
(Supplementary Table S3 and Figure 7). As for Pb, the low proportion of sulfides results
in a small contribution of sulfides to the bulk rock budget of TI. For example,
chalcopyrites (0.003 wt.%) in the peridotite BM11-11 have the highest TI contents of 28-
85 ug/g in this study (Table 3 and Supplementary Table S3). These minerals contribute
only 64 % (1.4 ng/g) of the 2.5 ng/g TI in the measured bulk rock. Thallium contents in
sulfides of other samples are mostly < 0.5 nug/g (Figure 7) and in these samples sulfides
contribute a maximum of 0.5 ng/g or < 30 % to the bulk rock budgets. In summary,
contributions of Tl from sulfides and silicate phases are obviously lower than the
measured bulk rock Tl contents of some peridotites and most pyroxenites (typically 2-8
ng/g) from Balmuccia. Thallium contents in bulk rocks show positive correlations with
Ba and Pb contents (Figures 5 and 6), implying that a common process may be
responsible for their overabundances at the bulk rock scale.

In order to explain the correlated excesses of Pb, Ba and TI in most measured bulk
rocks compared to calculated bulk rocks, the unaccounted fraction of these elements must
reside in trace phases included in main minerals, or on grain boundaries (e.g., Bedini and

Bodinier 1999).
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Trace phases as hosts of Pb, Ba and TI excess concentrations in bulk rocks. As
noted before, the peridotites and pyroxenites analyzed in this study lack macroscopic
mineralogical effects of serpentinization and weathering (Figure 1). The entrapment of
‘exotic’ phases along grain boundaries and as micron-size inclusions in main minerals
could provide a viable explanation for the common enrichment of Pb, Ba and TI in
measured bulk samples of mantle rocks (e.g., Hanghgj et al., 2010; Harvey et al., 2012;
Niu, 2004; Wittig et al., 2009). The highly labile characteristics and enrichment of Pb in
acid leachates of mantle rocks supports this view (Carignan et al., 1996; Meijer et al.,
1990; Wittig et al., 2009).

Both harzburgite BM11-03B and dunite BM11-03A are from the same outcrop and
reflect gradual dissolution of pyroxenes by percolating melts during the formation of
replacive dunites (Mazzucchelli et al., 2009; Wang et al., 2013). The harzburgite has 396
ng/g Pb, 3100 ng/g Ba and 2.5 ng/g TI; the dunite also shows high contents (205 ng/g Pb,
1440 ng/g Ba, 0.59 ng/g Tl). The harzburgite and another two peridotites with high Ba
and Pb contents (BM11-11 and BM11-04) show an assemblage of fine-grained silicate
phases (pyroxenes and olivine) along grain boundaries of larger silicate grains (Fig. 1c).
The fine-grained assemblage may represent crystallization products of late infiltrating
basic melts (Figure 1c). In contrast, Balmuccia peridotites with relatively low Pb, Ba and
Tl contents, such as most of the lherzolites, display less abundant or no interstitial micro-
phases (e.g., BM11-10, Figure le). Some pyroxenites also show evidence for fine-grained
interstitial pyroxene assemblages. Consequently, the coupled enrichment of Ba, Pb and TI
in some Balmuccia peridotites (Table 2, Figure 5) can be interpreted to result from melt

infiltration and entrapment of interstitial melts (Figure 1). However, the fine-grained
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silicate assemblages can only be the source of the unaccounted fraction of Pb if they have
much higher concentrations of incompatible elements than other silicates in the rock.
Alternatively, the aggregates may contain not yet identified trace phases that contain a
large fraction of the budget of Pb, Tl and Ba. As no concentration data on these fine-
grained minerals are available, this issue still remains open.

We also note that many planar features of tiny dark inclusions exist in the replacive
dunites (e.g., BM11-24A, Figure 1d), in some lherzolites and in pyroxenites (Figure la, b,
e). These planar inclusion features may represent late fluid or melt inclusions trapped in
healed fractures of silicate minerals. The excess of abundances of Pb, Tl and Ba in
measured bulk rocks and the positive correlation of these elements may also be caused by
the trapped fluid or melt inclusions (Figures 1 and 4). In a few cases, the rims of olivine
and pyroxene have higher Ba contents than the interiors of these mineral grains
(Supplementary Table S4). These different concentrations may reflect sampling of such
fluid or melt inclusions near the rims of these silicate grains.

Similar to Pb, concentrations of the highly incompatible and fluid-mobile elements
Tl, Ba, Cs and Rb can be modified easily by fluids (e.g., Deschamps et al., 2012; Jochum
and Verma, 1996; McGoldrick et al., 1979; Nielsen et al., 2015). Abundances and ratios
of Ba, Cs and Rb can be used to evaluate and to distinguish the effects of metasomatism
by basaltic melts or solute rich fluids on Pb and Tl contents. In the most LREE-depleted
samples (the peridotites), the fluid-mobile elements Cs, Rb, Ba and Pb are enriched
compared to the LREE, indicative of metasomatism by a fluid phase (Figures 2-3). In-situ
data on clinopyroxenes in peridotites and pyroxenites tend to show higher Ce/Pb than the

bulk rocks (Supplementary Table S4 and Figure 4), consistent with two components with
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different Ce/Pb, at least in some of the rocks. Given nearly constant ratios of Cs, Rb and
Ba of MORBs and OIBs (Hofmann and White, 1983), the enrichment of Cs relative to Rb
and Ba in Balmuccia peridotites and pyroxenites necessitates to consider continental
fluids, which may have been present during the exhumation of the mantle rocks to
granulite-amphibolite facies lower crustal conditions (Metasomatism of mantle by
continental fluids and the effects on alkali metals was discussed in Becker, et al., 1999).
Moreover, given similar bulk incompatibilities of Pb and TI as indicated by nearly
constant ratios of Pb/T1 in oceanic basalts (Figure 6), the higher Pb/Tl in many peridotites
and clinopyroxenites than in oceanic basalts (Figure 6) should reflect the additional effect
of fluid infiltration. The enrichment of Pb compared to Tl suggests that under these
conditions, the former is probably more fluid mobile than the latter. Consequently,
correlated enrichment of Pb, T, Cs, Rb and Ba in the bulk rocks thus suggests that these
elements show similar behavior and were controlled by fluid-mineral equilibria.
Clinopyroxenes from peridotites and pyroxenites of the Balmuccia massif show
radiogenic **’Pb/***Pb relative to their 2*°Pb/***Pb and MORB compositions (Mukasa and
Shervais, 1999), suggestive of a fluid component with the signature of upper continental
crust. Such fluids might have been released from ambient gneisses of the kinzigite
formation during the intrusion of the mafic complex. It is worth noting that Sr and Nd
isotopic compositions of clinopyroxenes are consistent with a depleted mantle-like
composition of the peridotites and pyroxenites (Mukasa and Shervais, 1999), suggesting
that Pb is decoupled from the other tracers. This observation represents further indirect
evidence for the hypothesis that Pb in these rocks was strongly affected by ‘continental’

fluids.
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As previous studies of peridotite xenoliths have shown, significant differences
between measured and calculated bulk-rock contents of Pb, Ba and other highly
incompatible lithophile elements are common (e.g., Burton et al., 2012; Harvey et al.,
2012; Ionov et al., 2005; Lazarov et al., 2012a, 2012b; Simon et al., 2007; Wittig et al.,
2009). Detailed work has indicated the presence of entrapped melts, amorphous material,
or ‘spongy’ reaction rims around minerals (e.g., Harvey et al., 2012; Ionov, 2007; Ionov
et al., 2005). Neglecting the substantial fraction of Pb in these materials may be the main
reason for the previous inference that sulfides should have high Pb contents (Hart and
Gaetani, 2006; Meijer et al., 1990). We note however that these previous studies often
concerned mantle xenoliths in which the contamination with melt and fluid inclusions
may record transient processes related to xenolith transport. Lead enrichment is also
commonly present in serpentinized abyssal peridotites (Godard et al., 2008; Niu, 2004)
and in serpentinized peridotites from ophiolites (Hanghgj et al., 2010). However, because
these rocks often show strong serpentinization, the specific reasons of Pb enrichments
were difficult to specify. In the case of the Balmuccia mantle rocks, it appears that a
variable and often significant fraction of the budget of Pb, Ba and TI (e.g., variable from

10% to 94% for Pb, Table 3) is controlled by unaccounted trace phases.

IMPLICATIONS AND CONCLUSIONS

Most mantle sulfides in peridotites and pyroxenites from Balmuccia contain < 20
pg/g Pb. These abundances are much higher than abundances in silicate phases (typically

< 50 ng/g). However, because of the low abundances of sulfides in peridotites (0.03-0.1

29/43

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2018-6423

wt.%) and in pyroxenites (0.29-0.44 wt.%), sulfides in most cases contribute only <20%
to bulk rock Pb budgets calculated based on the composition of silicates, spinel and
sulfides. Silicate phases and fluid inclusions therein host the predominant fraction of Pb
in the peridotites and pyroxenites (> 70-80 wt.%, Table 3). Therefore, the results from
Balmuccia, representing Phanerozoic subcontinental mantle and data from abyssal
peridotites (Harvey et al., 2016; Warren and Shirey, 2012) both indicate that silicates
rather than sulfides are the major reservoir for Pb in the upper mantle. Mantle
metasomatism and in particular late-stage crustal fluids introduce a variable, often
significant fraction of Pb, Ba, Tl and other highly incompatible fluid-mobile elements
such as Cs and Rb along grain boundaries and as fracture-controlled inclusions in main
minerals (e.g., Figures 1 and 2), thus affecting bulk rock element budgets of mantle
tectonites and xenoliths (e.g., Bedini and Bodinier 1999; Carignan et al., 1996; Harvey et
al., 2012; Ionov et al., 2006; Meijer et al., 1990; Simon et al., 2007 and this study). The
data on natural sulfides from both subcontinental (this study) and oceanic lithospheric
mantle (Warren and Shirey, 2012) do not support the assumed high Pb contents in mantle
sulfides proposed in earlier work (Hart and Gaetani, 2006).

The identification of unradiogenic Pb in some mantle sulfides (Burton et al., 2012)
was used to argue that mantle sulfides may represent an unaccounted reservoir of
unradiogenic Pb in the mantle if they are shielded during the formation of mantle derived
magmas such as MORB. The validity of this proposition strongly depends on the
abundance of mantle sulfides and the content and isotopic composition of Pb in mantle
sulfides. The main control of the Pb budget in mantle rocks by silicates (predominantly

clinopyroxene) rather than sulfides suggests that sulfides in the mantle likely do not
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represent a major reservoir of unradiogenic Pb. Burton et al (2012) suggested that
assuming 0.08 wt.% sulfides (equivalent to 250 ug/g S) in the mantle containing on
average 47 pg/g Pb with an unradiogenic isotopic composition (*’°Pb/***Pb of 16.23),
sulfides may account for 70% of the Pb in the upper mantle and may balance the
radiogenic Pb isotopic composition of the silicate Earth model composition (***Pb/***Pb
of 18.29). However, according to the data from abyssal peridotites (Warren and Shirey,
2012) and from subcontinental mantle rocks at Balmuccia, mantle sulfides very likely
have typical Pb contents of < 20 pg/g and contribute < 20% of Pb in mantle rocks. These
data indicate that typical Pb abundances in mantle sulfides are too low to balance the
radiogenic Pb of current BSE models (Burton et al., 2012). Because S is an incompatible
element during mantle melting, the abundances of sulfides in refractory peridotites where
the unradiogenic Pb commonly resides should be lower than 0.08 wt.%. Moreover, not all
mantle sulfides in mantle peridotites contain unradiogenic Pb (Blusztajn et al., 2014;
Burton et al., 2012; Warren and Shirey, 2012). These results suggest that mantle sulfides
with unradiogenic Pb isotopic compositions (low time integrated U/Pb) likely cannot
effectively balance reservoirs with higher time-integrated U/Pb in the upper mantle and
require additional unradiogenic reservoirs such as the core (e.g., Wood and Halliday,

2010).

ACKNOWLEDGEMENTS

We thank M. Feth, P. Gleissner, N. Haacke, O. Jaeger, K.Q. Zong and T. Luo for support

in the lab and E. Hoffmann and C. Li for discussion. This study was supported by

31/43

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



683

684

685

686

687

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2018-6423

German DFG grant BE 1820/12-1, National Science Foundation of China (No. 41673027
and 41722302) and Chinese Fundamental Research Funds for the Central Universities
(No. CUG170602). We thank two anonymous reviewers for constructive comments and

K. Kiseeva for editorial handling.

32/43

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



688

689
690
691
692
694
695
696
697
698
699
700
701
703
704
705
706

707
708

709
711
712
714
715

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2018-6423

REFERENCES

Adam, J., and Green, T. (2006) Trace element partitioning between mica- and amphibole-bearing garnet
lherzolite and hydrous basanitic melt: 1. Experimental results and the investigation of controls on
partitioning behaviour. Contributions to Mineralogy and Petrology, 152(1), 1-17.

Allegre, C.J. (1969) Comportement Des Systemes U-Th-Pb Dans Le Manteau Superieur Et Modele
d'Evolution De Ce Dernier Au Cours Des Temps Geologiques. Earth and Planetary Science
Letters, 5, 261-269.

Becker, H., Wenzel, T., and Volker, F. (1999) Geochemistry of Glimmerite Veins in Peridotites from
Lower Austria—Implications for the Origin of K-rich Magmas in Collision Zones. Journal of
Petrology, 40(2), 315-338.

Bedini, R.M., and Bodinier, J.L. (1999) Distribution of incompatible trace elements between the
constituents of spinel peridotite xenoliths: ICP-MS data from the East African rift. Geochimica et
Cosmochimica Acta, 63(22), 3883-3900.

Blusztajn, J., Shimizu, N., Warren, J.M., and Dick, H.J.B. (2014) In-situ Pb isotopic analysis of sulfides in
abyssal peridotites: New insights into heterogeneity and evolution of the oceanic upper mantle.
Geology, 42(2), 159-162.

Brenan, J.M. (2015) Se-Te fractionation by sulfide-silicate melt partitioning: Implications for the
composition of mantle-derived magmas and their melting residues. Earth and Planetary Science
Letters, 422(0), 45-57.

Burton, K.W., Cenki-Tok, B., Mokadem, F., Harvey, J., Gannoun, A., Alard, O., and Parkinson, L.J. (2012)
Unradiogenic lead in Earth's upper mantle. Nature Geoscience, 5(8), 570-573.

Carignan, J., Ludden, J., and Francis, D. (1996) On the recent enrichment of subcontinental lithosphere: A
detailed U-Pb study of spinel lherzolite xenoliths, Yukon, Canada. Geochimica et Cosmochimica
Acta, 60(21), 4241-4252.

Dare, S., Barnes, S.-J., Prichard, H., and Fisher, P. (2011) Chalcophile and platinum-group element (PGE)
concentrations in the sulfide minerals from the McCreedy East deposit, Sudbury, Canada, and the
origin of PGE in pyrite. Mineralium Deposita, 46(4), 381-407.

Deschamps, F., Godard, M., Guillot, S., Chauvel, C., Andreani, M., Hattori, K., Wunder, B., and France, L.
(2012) Behavior of fluid-mobile elements in serpentines from abyssal to subduction environments:
Examples from Cuba and Dominican Republic. Chemical Geology, 312-313, 93-117.

Galer, S.J.G., and O'Nions, R.K. (1989) Chemical and Isotopic Studies of Ultramafic Inclusions from the
San Carlos Volcanic Field, Arizona: A Bearing on their Petrogenesis. Journal of Petrology, 30(4),
1033-1064.

Gilbert, S., Danyushevsky, L., Robinson, P., Wohlgemuth-Ueberwasser, C., Pearson, N., Savard, D.,
Norman, M., and Hanley, J. (2013) A Comparative Study of Five Reference Materials and the
Lombard Meteorite for the Determination of the Platinum-Group Elements and Gold by LA-ICP-
MS. Geostandards and Geoanalytical Research, 37(1), 51-64.

Godard, M., Lagabrielle, Y., Alard, O., and Harvey, J. (2008) Geochemistry of the highly depleted
peridotites drilled at ODP Sites 1272 and 1274 (Fifteen-Twenty Fracture Zone, Mid-Atlantic

Ridge): Implications for mantle dynamics beneath a slow spreading ridge. Earth and Planetary
Science Letters, 267(3—4), 410-425.

33/43

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



729
730
731

732
733
734

735
737

738
739
740

741
742

743
744

745
746

747
748
749

750
751
752

753

754
755

756
757

758
759
760

761
762
763

764
765
766

767
768

769
770

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2018-6423

Guillong, M., Meier, D.L., Allan, M.M., Heinrich, C.A., and Yardley, B.W. (2008) Appendix A6: SILLS:
A MATLAB-based program for the reduction of laser ablation ICP-MS data of homogeneous
materials and inclusions. . Mineralogical Association of Canada Short Course, 40, 328-333.

Handy, M.R., Franz, L., Heller, F., Janott, B., and Zurbriggen, R. (1999) Multistage accretion and
exhumation of the continental crust (Ivrea crustal section, Italy and Switzerland). Tectonics, 18(6),
1154-1177.

Handy, M.R., Schmid, S.M., Bousquet, R., Kissling, E., and Bernoulli, D. (2010) Reconciling plate-
tectonic reconstructions of Alpine Tethys with the geological-geophysical record of spreading and
subduction in the Alps. Earth-science Reviews, 102(3-4), 121-158.

Hanghgj, K., Kelemen, P.B., Hassler, D., and Godard, M. (2010) Composition and Genesis of Depleted
Mantle Peridotites from the Wadi Tayin Massif, Oman Ophiolite; Major and Trace Element
Geochemistry, and Os Isotope and PGE Systematics. Journal of Petrology, 51(1-2), 201-227.

Hart, S.R., and Gaetani, G.A. (2006) Mantle Pb paradoxes: the sulfide solution. Contributions to
Mineralogy and Petrology, 152(3), 295-308.

Hart, S.R., and Gaetani, G.A. (2016) Experimental determination of Pb partitioning between sulfide melt
and basalt melt as a function of P, T and X. Geochimica et Cosmochimica Acta, 185, 9-20.

Harvey, J., Warren, J.M., and Shirey, S.B. (2016) Mantle Sulfides and their Role in Re—Os and Pb Isotope
Geochronology. Reviews in Mineralogy and Geochemistry, 81(1), 579-649.

Harvey, J., Yoshikawa, M., Hammond, S.J., and Burton, K.W. (2012) Deciphering the Trace Element
Characteristics in Kilbourne Hole Peridotite Xenoliths: Melt—Rock Interaction and Metasomatism
beneath the Rio Grande Rift, SW USA. Journal of Petrology, 53(8), 1709-1742.

Hauri, E.H., Wagner, T.P., and Grove, T.L. (1994) Experimental and natural partitioning of Th, U, Pb and
other trace elements between garnet, clinopyroxene and basaltic melts. Chemical Geology, 117(1),
149-166.

Hofmann, A.W. (2008) The enduring lead paradox. Nature Geoscience, 1(12), 812-813.

Hofmann, A.W., and White, W.M. (1983) Ba, Rb and Cs in the Earth's Mantle. Zeitschrift fiir
Naturforschung A, 38, p. 256.

Hofmann, A.W., Jochum, K.P., Seufert, M., and White, W.M. (1986) Nb and Pb in oceanic basalts: new
constraints on mantle evolution. Earth and Planetary Science Letters, 79(1-2), 33-45.

Ionov, D.A. (2007) Compositional variations and heterogeneity in fertile lithospheric mantle: peridotite
xenoliths in basalts from Tariat, Mongolia. Contributions to Mineralogy and Petrology, 154(4),
455-477.

Ionov, D.A., Ashchepkov, 1., and Jagoutz, E. (2005) The provenance of fertile off-craton lithospheric
mantle: Sr—Nd isotope and chemical composition of garnet and spinel peridotite xenoliths from
Vitim, Siberia. Chemical Geology, 217(1-2), 41-75.

Tonov, D.A., Chazot, G., Chauvel, C., Merlet, C., and Bodinier, J.-L. (2006) Trace element distribution in
peridotite xenoliths from Tok, SE Siberian craton: A record of pervasive, multi-stage
metasomatism in shallow refractory mantle. Geochimica et Cosmochimica Acta, 70(5), 1231-1260.

Jenner, F.E., and O'Neill, H.S.C. (2012) Analysis of 60 elements in 616 ocean floor basaltic glasses.
Geochemistry, Geophysics, Geosystems, 13(2), Q02005, doi:10.1029/2011GC004009.

Jochum, K.P., and Verma, S.P. (1996) Extreme enrichment of Sb, Tl and other trace elements in altered
MORB. Chemical Geology, 130(3—4), 289-299.

34/43

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



771
773

774
775
776
777

778
780

781
782
783

784
785
786

787
788

789
791

792
793
794

795
796
797

798
799
800

801
802
803

804
805
806

807
808
809

810
811
812

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2018-6423

Jochum, K.P., Nohl, U., Herwig, K., Lammel, E., Stoll, B., and Hofmann, A.W. (2005) GeoReM: A new
geochemical database for reference materials and isotopic standards. Geostandards and
Geoanalytical Research, 29(3), 333-338.

Jochum, K.P., Weis, U., Stoll, B., Kuzmin, D., Yang, Q., Raczek, L., Jacob, D.E., Stracke, A., Birbaum, K.,
Frick, D.A., Giinther, D., and Enzweiler, J. (2011) Determination of reference values for NIST
SRM 610-617 glasses following ISO guidelines. Geostandards and Geoanalytical Research, 35(4),
397-429.

Kiseeva, E.S., and Wood, B.J. (2013) A simple model for chalcophile element partitioning between
sulphide and silicate liquids with geochemical applications. Earth and Planetary Science Letters,
383, 68-81.

Klemme, S., Blundy, J.D., and Wood, B.J. (2002) Experimental constraints on major and trace element
partitioning during partial melting of eclogite. Geochimica et Cosmochimica Acta, 66(17), 3109-
3123.

Kramers, J.D., and Tolstikhin, I.N. (1997) Two terrestrial lead isotope paradoxes, forward transport
modelling, core formation and the history of the continental crust. Chemical Geology, 139(1), 75-
110.

Lagos, M., Ballhaus, C., Munker, C., Wohlgemuth-Ueberwasser, C., Berndt, J., and Kuzmin, D.V. (2008)
The Earth's missing lead may not be in the core. Nature, 456(7218), 89-92.

Lazarov, M., and Horn, 1. (2015) Matrix and energy effects during in-situ determination of Cu isotope
ratios by ultraviolet-femtosecond laser ablation multicollector inductively coupled plasma mass
spectrometry. Spectrochimica Acta Part B: Atomic Spectroscopy, 111, 64-73.

Lazarov, M., Brey, G.P., and Weyer, S. (2012a) Evolution of the South African mantle — A case study of
garnet peridotites from the Finsch diamond mine (Kaapvaal craton); part 1: Inter-mineral trace
element and isotopic equilibrium. Lithos, 154, 193-209.

Lazarov, M., Brey, G.P., and Weyer, S. (2012b) Evolution of the South African mantle—a case study of
garnet peridotites from the Finsch diamond mine (Kaapvaal craton); Part 2: Multiple depletion and
re-enrichment processes. Lithos, 154, 210-223.

Liu, Y., and Brenan, J. (2015) Partitioning of platinum-group elements (PGE) and chalcogens (Se, Te, As,
Sb, Bi) between monosulfide-solid solution (MSS), intermediate solid solution (ISS) and sulfide
liquid at controlled fO2—£S2 conditions. Geochimica et Cosmochimica Acta, 159(0), 139-161.

Lorand, J.P., Alard, O., and Luguet, A. (2010) Platinum-group element micronuggets and refertilization
process in Lherz orogenic peridotite (northeastern Pyrenees, France). Earth and Planetary Science
Letters, 289(1-2), 298-310.

Luguet, A., Lorand, J.P., Alard, O., and Cottin, J.Y. (2004) A multi-technique study of platinum group
element systematic in some Ligurian ophiolitic peridotites, Italy. Chemical Geology, 208(1-4),
175-194.

Malaviarachchi, S.P.K., Makishima, A., Tanimoto, M., Kuritani, T., and Nakamura, E. (2008) Highly
unradiogenic lead isotope ratios from the Horoman peridotite in Japan. Nature Geoscience, 1(12),
859-863.

Mazzucchelli, M., Rivalenti, G., Brunelli, D., Zanetti, A., and Boari, E. (2009) Formation of Highly

Refractory Dunite by Focused Percolation of Pyroxenite-Derived Melt in the Balmuccia Peridotite
Massif (Italy). Journal of Petrology, 50(7), 1205-1233.

35/43

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



813
814
815

816
817
818
819
821

822
823

824
825
826

827
828

829
831
832
834

835
836

837
838
839

840
841
842

843
844
845

846
847
848

849
850

851
852

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2018-6423

Mazzucchelli, M., Zanetti, A., Rivalenti, G., Vannucci, R., Correia, C.T., and Tassinari, C.C.G. (2010) Age
and geochemistry of mantle peridotites and diorite dykes from the Baldissero body: Insights into
the Paleozoic-Mesozoic evolution of the Southern Alps. Lithos, 119(3-4), 485-500.

McGoldrick, P.J., Keays, R.R., and Scott, B.B. (1979) Thallium: a sensitive indicator of rock/seawater
interaction and of sulfur saturation of silicate melts. Geochimica et Cosmochimica Acta, 43(8),
1303-1311.

Meijer, A., Kwon, T.T., and Tilton, G.R. (1990) U-Th-Pb Partitioning Behavior during Partial Melting in
the Upper Mantle - Implications for the Origin of High Mu-Components and the Pb Paradox.
Journal of Geophysical Research-Solid Earth and Planets, 95(B1), 433-448.

Miller, D.M., Goldstein, S.L., and Langmuir, C.H. (1994) Cerium/lead and lead isotope ratios in arc
magmas and the enrichment of lead in the continents. Nature, 368(6471), 514-520.

Moorbath, S., Welke, H., and Gale, N.H. (1969) The significance of lead isotope studies in ancient, high-
grade metamorphic basement complexes, as exemplified by the Lewisian rocks of Northwest
Scotland. Earth and Planetary Science Letters, 6(4), 245-256.

Mukasa, S.B., and Shervais, J.W. (1999) Growth of subcontinental lithosphere: evidence from repeated
dike injections in the Balmuccia lherzolite massif, Italian Alps. Lithos, 48(1-4), 287-316.

Newsom, H.E., White, W.M., Jochum, K.P., and Hofmann, A.W. (1986) Siderophile and chalcophile
element abundances in oceanic basalts, Pb-isotope evolution and growth of the Earths core. Earth
and Planetary Science Letters, 80(3-4), 299-313.

Nielsen, S.G., Shimizu, N., Lee, C.-T.A., and Behn, M.D. (2014) Chalcophile behavior of thallium during
MORB melting and implications for the sulfur content of the mantle. Geochemistry, Geophysics,
Geosystems, 15(12), 4905-4919.

Nielsen, S.G., Klein, F., Kading, T., Blusztajn, J., and Wickham, K. (2015) Thallium as a tracer of fluid—
rock interaction in the shallow Mariana forearc. Earth and Planetary Science Letters, 430, 416-426.

Niu, Y.L. (2004) Bulk-rock major and trace element compositions of abyssal peridotites: Implications for
mantle melting, melt extraction and post-melting processes beneath mid-ocean ridges. Journal of
Petrology, 45(12), 2423-2458.

Norman, M.D., and Garcia, M.O. (1999) Primitive magmas and source characteristics of the Hawaiian
plume: petrology and geochemistry of shield picrites. Earth and Planetary Science Letters, 168(1—
2),27-44.

Obermiller, W.A. (1994) Chemical and isotopic variations in the Balmuccia, Baldissero and Finero

peridotite massifs (Ivrea-Zone, Italy), PhD dissertation, p. 191. Johannes Gutenberg-Universitét
Mainz.

Oeser, M., Weyer, S., Horn, 1., and Schuth, S. (2014) High - Precision Fe and Mg Isotope Ratios of Silicate
Reference Glasses Determined In Situ by Femtosecond LA - MC - ICP - MS and by Solution
Nebulisation MC - ICP - MS. Geostandards and Geoanalytical Research, 38(3), 311-328.

Oversby, V.M., and Ringwood, A.E. (1971) Time of Formation of the Earth's Core. Nature, 234, 463.

Palme, H., and O'Neill, H.S.C. (2014) 3.1 - Cosmochemical Estimates of Mantle Composition. In H.D.
Holland, and K.K. Turekian, Eds. Treatise on Geochemistry (Second Edition), p. 1-39. Elsevier,
Oxford.

36/43

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



853
854
855

856
857
858
859

860
862

863
864
865

866
867

869

870
871

872
873

874
875
876

877
878

879
880

881
882
883

884
885
886

887
888
889

890
891
892

893
894
895

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2018-6423

Patten, C., Barnes, S.-J., Mathez, E.A., and Jenner, F.E. (2013) Partition coefficients of chalcophile
elements between sulfide and silicate melts and the early crystallization history of sulfide liquid:
LA-ICP-MS analysis of MORB sulfide droplets. Chemical Geology, 358(0), 170-188.

Pearce, N.J.G., Perkins, W.T., Westgate, J.A., Gorton, M.P., Jackson, S.E., Neal, C.R., and Chenery, S.P.
(1997) A compilation of new and published major and trace element data for NIST SRM 610 and
NIST SRM 612 glass reference materials. Geostandards Newsletter: the Journal of Geostandards
and Geoanalysis, 21(1), 115-144.

Peressini, G., Quick, J.E., Sinigoi, S., Hofmann, A.W., and Fanning, M. (2007) Duration of a large Mafic
intrusion and heat transfer in the lower crust: A SHRIMP U-Pb zircon study in the Ivrea-Verbano
Zone (Western Alps, Italy). Journal of Petrology, 48(6), 1185-1218.

Reid, M.R., Hart, S.R., Padovani, E.R., and Wandless, G.A. (1989) Contribution of metapelitic sediments
to the composition, heat production, and seismic velocity of the lower crust of southern New
Mexico, U.S.A. Earth and Planetary Science Letters, 95(3), 367-381.

Rivalenti, G., Mazzucchelli, M., Vannucci, R., Hofmann, A.W., Ottolini, L., Bottazzi, P., and Obermiller,
W. (1995) The relationship between websterite and peridotite in the Balmuccia peridotite massif
(NW Italy) as revealed by trace element variations in clinopyroxene. Contributions to Mineralogy
and Petrology, 121(3), 275-288.

Rudnick, R.L., and Goldstein, S.L. (1990) The Pb isotopic compositions of lower crustal xenoliths and the
evolution of lower crustal Pb. Earth and Planetary Science Letters, 98(2), 192-207.

Salters, V.J.M., and Stracke, A. (2004) Composition of the depleted mantle. Geochemistry, Geophysics,
Geosystems, 5(5), Q05B07, doi:10.1029/2003GC000597.

Schmidt, K.H., Bottazzi, P., Vannucci, R., and Mengel, K. (1999) Trace element partitioning between
phlogopite, clinopyroxene and leucite lamproite melt. Earth and Planetary Science Letters, 168(3—
4), 287-299.

Shervais, J.W., and Mukasa, S.B. (1991) The Balmuccia Orogenic Lherzolite Massif, Italy. Journal of
Petrology, Special Volume(2), 155-174.

Simon, N.S.C., Carlson, R.W., Pearson, D.G., and Davies, G.R. (2007) The Origin and Evolution of the
Kaapvaal Cratonic Lithospheric Mantle. Journal of Petrology, 48(3), 589-625.

Sinigoi, S., Cominchiaramonti, P., Demarchi, G., and Siena, F. (1983) Differentiation of partial melts in the
mantle: Evidence from the Balmuccia peridotite, Italy. Contributions to Mineralogy and Petrology,
82(4), 351-359.

Voshage, H., Sinigoi, S., Mazzucchelli, M., Demarchi, G., Rivalenti, G., and Hofmann, A.W. (1988)
Isotopic constraints on the origin of ultramafic and mafic dikes in the Balmuccia peridotite (Ivrea
Zone). Contributions To Mineralogy And Petrology, 100(3), 261-267.

Wang, Z., and Becker, H. (2015a) Fractionation of highly siderophile and chalcogen elements during
magma transport in the mantle: Constraints from pyroxenites of the Balmuccia peridotite massif.
Geochimica et Cosmochimica Acta, 159(0), 244-263.

Wang, Z., and Becker, H. (2015b) Abundances of Ag and Cu in mantle peridotites and the implications for
the behavior of chalcophile elements in the mantle. Geochimica et Cosmochimica Acta, 160(0),
209-226.

Wang, Z., Becker, H., and Gawronski, T. (2013) Partial re-equilibration of highly siderophile elements and

the chalcogens in the mantle: A case study on the Baldissero and Balmuccia peridotite massifs
(Ivrea Zone, Italian Alps). Geochimica et Cosmochimica Acta, 108, 21-44.

37/43

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



896
897
898
899

900
901

902
903

904
906
907
908
909
910

911
912

913
915
916

917
918

919

920

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2018-6423

Wang, Z., Becker, H., and Wombacher, F. (2015) Mass Fractions of S, Cu, Se, Mo, Ag, Cd, In, Te, Ba, Sm,
W, Tl and Bi in Geological Reference Materials and Selected Carbonaceous Chondrites
Determined by Isotope Dilution ICP-MS. Geostandards and Geoanalytical Research, 39(2), 185-
208.

Warren, J.M., and Shirey, S.B. (2012) Lead and osmium isotopic constraints on the oceanic mantle from
single abyssal peridotite sulfides. Earth and Planetary Science Letters, 359-360(0), 279-293.

Warren, J., D'Errico, M., and Coble, M. (2017) Constraints on mantle Pb, Se, and Te behavior from in situ
analyses of peridotite sulfides. Goldschmidt 2017 abstract.

Wittig, N., Pearson, D.G., Downes, H., and Baker, J.A. (2009) The U, Th and Pb elemental and isotope
compositions of mantle clinopyroxenes and their grain boundary contamination derived from
leaching and digestion experiments. Geochimica et Cosmochimica Acta, 73(2), 469-488.

Wittig, N., Pearson, D.G., Duggen, S., Baker, J.A., and Hoernle, K. (2010) Tracing the metasomatic and
magmatic evolution of continental mantle roots with Sr, Nd, Hf and and Pb isotopes: A case study
of Middle Atlas (Morocco) peridotite xenoliths. Geochimica et Cosmochimica Acta, 74(4), 1417-
1435.

Wood, B.J., and Halliday, A.N. (2010) The lead isotopic age of the Earth can be explained by core
formation alone. Nature, 465(7299), 767-U4.

Wood, B.J., Nielsen, S.G., Rehkamper, M., and Halliday, A.N. (2008) The effects of core formation on the
Pb- and TI- isotopic composition of the silicate Earth. Earth and Planetary Science Letters, 269(3-
4), 325-335.

Zingg, A., Handy, M.R., Hunziker, J.C., and Schmid, S.M. (1990) Tectonometamorphic History of the

Ivrea Zone and Its Relationship to the Crustal Evolution of the Southern Alps. Tectonophysics,
182(1-2), 169-192.

38/43

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2018-6423

FIGURE CAPTIONS

Figure 1. Examples of microphotographs of Balmuccia peridotites and pyroxenites which
have not been affected by serpentinization. a-b) Clinopyroxenites (BM11-16A) often
display planar traces of dark inclusions in clinopyroxene (white arrows). These features
may represent fluid inclusions (see text in the Discussion). b) Magnified view of the red
box in a). ¢) A peridotite with high Ba and Pb content (BM11-04) shows interstitial fine-
grained silicates (yellow arrows) that may have been caused by late infiltration of
metasomatic melt. d) Replacive dunites (BM11-24A) are also very fresh, but contain
traces of tiny dark inclusions in olivine, presumably fluid inclusions (white arrows). e)
Peridotites with low Pb and Ba contents (BM11-10) are commonly very fresh and show
limited amounts of interstitial phases and planes of fluid inclusions (white arrows). f)
Typical sulfide assemblage of pentlandite (Pent) and chalcopyrite (Cpy) in peridotites
(BM11-10). White scale bars are 250 pm. a-e: cross-polarized light; f: reflected light. See

Wang et al (2013) and Supplementary Figure S1 for more microscopic observations.

Figure 2. Bulk silicate Earth (BSE) normalized abundances of bulk rock concentration
data of trace elements in pyroxenites (a) and peridotites (b) from Balmuccia. The data
show depletion of light REE relative to heavy REE for peridotite and pyroxenites.
However, all peridotites and a few pyroxenites display strong Pb enrichment relative to
neighbor elements. Note that in the most LREE-depleted samples, the fluid-mobile
elements Cs, Rb, Ba and Pb are enriched compared to the LREE. BSE abundances from

(Palme and O'Neill, 2014).
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Figure 3. Diagrams of Pb contents with Al,O3 (a), Ce (b), S (¢) and Ba (d) in Balmuccia
peridotites and pyroxenites. Most pyroxenites show positive correlations of Pb with
Al,Os, Ce and S, whereas the data for the peridotites appears scattered. A few peridotites
with fine-grained interstitial phases (e.g., Figure 1c) and replacive dunites show
noticeable Pb enrichment. Literature Pb and Ce data from the Balmuccia massif

(Obermiller, 1994) are included for comparison.

Figure 4. Lead and Ce contents of bulk rocks and in-situ data on clinopyroxenes in
Balmuccia peridotites (Per) and pyroxenites (Pyr). Note that the Pb contents of
clinopyroxenes determined in Situ are variable and some are not shown because they were
below detection limits (50 ng/g). Ce/Pb of clinopyroxenes from Balmuccia peridotites
and pyroxenites are similar to or higher than those of bulk rocks, but in any case, the
values are lower than in oceanic basalts, confirming that Balmuccia peridotites and
pyroxenites have distinctly low Ce/Pb ratios (Obermiller, 1994). Oceanic basalts and arc
basalts are shown for comparison (Jenner and O'Neill, 2012; Nielsen et al., 2014; Norman
and Garcia, 1999; Miller et al., 1994). Fertile peridotites from the Horoman massif with

unradiogenic Pb isotopic compositions are also included (Malaviarachchi et al., 2008).

Figure 5. Thallium contents in Balmuccia peridotites and pyroxenites. Overall, Tl
contents do not show correlations with Al,O; and S contents (a and b) but broadly
correlate with Ba contents (¢).
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Figure 6. Contents of Pb and Tl in peridotites and pyroxenites from Balmuccia. The Pb/Tl
ratios in some peridotites and many clinopyroxenites with high Pb contents are higher
than those in oceanic basalts. Contents of Tl in the BSE (Palme and O'Neill, 2014)
(yellow circle) and MORBs (Jenner and O'Neill, 2012; Nielsen et al., 2014) are shown for
comparison. Note that many MORBs have higher Pb and Tl contents, which are not

shown because they are out of the range of the diagram (arrow).

Figure 7. In-situ Pb and TI contents in sulfides and clinopyroxenes (Cpx) of Balmuccia
peridotites and pyroxenites. a) Pb and T1 contents are highly variable in sulfides from the
same thin sections and also from different samples of peridotites and pyroxenites (see
details in Supplementary Table S3). Chalcopyrites (Cpy) in these samples tend to have
higher Pb and Tl contents relative to pentlandites and pyrrhotites (Pent + Pyrr). Note that
many sulfides have Tl contents below detection limits (about 0.01 ug/g, not shown, see
details in Supplementary Table S3). Thallium data of sulfides in lherzolites elsewhere
(Nielsen et al., 2014) are shown for comparison. b) Because of variable Pb contents in

sulfides, the ratios of Pb contents in sulfides to clinopyroxenes (i.e., empirical Dpy,uifide-

clinopyroxeney i cluding from the same thin sections show large variations. These ratios are

considerably lower than partitioning data from an experimental study (Dpy " 9¢-ctinpyroxene
= 3300, Hart and Gaetani, 2016). Similarly, the ratio of Pb contents in sulfides (5.75 ng/g
Pb) and co-existing clinopyroxene (1.12 pg/g Pb) in garnet peridotite from Lashaine,

Tanzania (Burton et al., 2012) is also lower than the experimental value.
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Figure 8. Lead contents in pentlandites, pyrrhotites and chalcopyrites of Balmuccia
peridotites (n=4) and pyroxenites (n=3). a) shows the measured values (n=102) and b)
represents the distributions of concentrations within the gray area of a). The data are

listed in Supplementary Table S3.

Figure 9. The Pb contents of sulfides, clinopyroxene, olivine+orthopyroxene+spinel and
the ‘missing’ fraction (the deficit of Pb contents calculated from constituent phases
relative to measured bulk rock values) in Balmuccia peridotites and pyroxenites (a) and
their percentage relative to measured Pb contents (b). The data are from Table 3. Note the
calculated bulk rock Pb content of BM11-16A exceeds the measured value by 13%

(above dashed line in b).
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Table 1. Bulk rock Pb contents in reference materials determined by isotope dilution ICP-MS

Samples Comments Pb (ug/g?) 2sd Pb (ug/g ") 2sd A% Mean value (ug/g)  2sd

BHVO-2 Basalt 1.52 0.06 1.57 0.05 2.8% 1.54 0.06
BHVO-2 Replicate 1.48 0.06 1.50 005 12% 1.49 0.05
BHVO-1 Basalt 2.07 0.10 2.15 0.08 3.5% 2.11 0.09
MRG-1 Gabbro 5.38 0.19 5.43 022  0.9% 5.41 0.21

Note: a and b are based on *”’Pb/***Pb and ***Pb/*"*Pb, respectively, and A% reflects the differences between the calculation methoc

ID in GeoReM ranges indicates values obtained by isotope dilution.

GeoReM: http://georem.mpch-mainz.gwdg.de/



GeoReM ranges (1g/g)

1.55+0.28; ID: 1.52+0.24 or 1.82+0.16

2.06-2.6; ID: 2.10+0.08
4.4-53




Table 2. Bulk rock Pb and T1 contents and in-situ Ce, Ba and Pb contents of clinopyroxene in Balmuccia peridotites and pyroxenites

Samples Comments ALO;" MgO* s* Ce Ba Pb" Pb ¢ Pb A% Tl
wt.% wt.% ng/g ng/'g ng/g ng/g 2sd ng/g 2sd ng/g 2sd
Balmuccia peridotites
BM90-5 Lherzolite 2.0 425 0.037 0.15 28 1 28 1 1% 0.18 0.06
BM90-5 Replicate 0.035 0.11 23 1 23 1 3% 0.40 0.06
BM90-25 Lherzolite 2.5 41.1 0.032 0.96 60 2 59 2 2% 0.59 0.06
BM90-41 Lherzolite 2.6 40.5 0.032 0.56 13 1 13 1 0% 0.35 0.06
BM90-15 Lherzolite 2.8 39.9 0.083 0.70 65 2 65 2 1% 0.37 0.06
BMI11-11¢ Lherzolite 2.1 39.4 88 0.11 1.47 770 20 748 19 3% 2.67 0.07
BM11-11 Replicate 0.12 1.53 679 19 673 24 1% 2.32 0.07
In-situ cpx 1.3740.32  <0.05t0 0.52 0.09 to 0.20
BM-09 Lherzolite 34 37.6 182 0.093 0.76 47 1 48 1 2% 0.57 0.06
BM11-08 Lherzolite 32 38.6 170 0.046 1.14 97 2 98 2 -1% 0.92 0.06
BM11-09 Lherzolite 2.7 40.1 127 0.032 0.72 55 1 55 1 0% 0.55 0.06
BMI11-03B Harzburgite 1.1 44.1 76 0.14 237 394 9 396 9 0% 2.50 0.07
BMI11-03B Replicate 0.15 234 417 11 403 12 4% 2.09 0.07
BM11-04 Lherzolite 25 39.9 153 0.38 7.50 683 17 678 16 1% 3.27 0.07
BM11-04 Replicate 0.39 7.53 706 17 700 17 1% 3.05 0.07
BM11-18¢ Lherzolite 2.8 39.6 168 0.020 1.28 90 2 89 2 0% 3.55 0.07
In-situ cpx 0.15+0.03  <0.12to1.88 <0.05
BM11-10° Lherzolite 2.8 39.8 134 0.025 0.30 21 1 20 1 2% 0.05 0.06
In-situ cpx 0.18+0.03 <0.090to 0.18 <0.05
BM11-02A¢ Lherzolite 34 37.6 349 0.063 0.32 44 1 43 1 2%
BMI11-02A Replicate 0.065 0.28 42 1 42 1 2% 0.66 0.06
In-situ cpx 0.41+0.17 <0.08 to 0.13 0.09 to 0.14
BMI11-03A Dunite 0.3 48.4 29 0.072 1.44 211 5 205 5 3% 0.59 0.06
BM11-05 Dunite 0.4 48.5 19 0.062 1.64 180 4 178 4 1% 0.73 0.06
BMI11-07A Dunite 0.3 48.1 73 0.028 0.98 248 6 239 6 4% 0.94 0.06
BMI11-24A Dunite 0.5 48.4 28 0.018 0.31 69 2 68 2 2% 0.16 0.06
Balmuccia pyroxenites
BMI11-28A Clinopyroxenite 14.0 18.8 1456 2.51 1.64 522 18 522 16 0% 2.50 0.07
BM11-28B¢ Clinopyroxenite 6.0 23.7 1509 1.43 0.70 318 10 318 9 0% 1.88 0.07
In-situ cpx 2.35£0.56 <0.09t00.19 0.131t00.26
BM11-28C Clinopyroxenite 6.0 23.0 1490 1.42 0.73 355 13 357 11 0% 2.28 0.07
BM11-27 Clinopyroxenite 7.1 19.5 1559 1.20 2.94 481 21 477 17 1% 3.97 0.11
BM11-15 Clinopyroxenite 11.6 18.0 1250 3.33 1.03 657 33 644 26 2% 4.16 0.10
BM11-16A¢ Clinopyroxenite 10.4 17.8 1532 3.39 0.87 535 24 531 20 1% 2.07 0.07
In-situ cpx 4.02+0.46 <0.08 t0 2.20 0.57 t0 0.92
BM11-20 Clinopyroxenite 54 20.7 537 1.14 4.61 180 6 179 5 1% 6.80 0.12
BMI11-20 Replicate 1.14 4.54 187 5 181 5 3% 6.97 0.13
BMI11-22 Clinopyroxenite 8.1 18.0 523 2.05 7.56 183 6 183 5 0%
BM11-26 Clinopyroxenite 7.0 17.3 805 1.69 2.52 350 13 347 11 1% 3.06 0.11
BMI11-26 Replicate 350 9 342 11 2% 3.07 0.07
BMI11-23 Clinopyroxenite 11.0 17.9 1028 2.75 4.38 428 17 420 14 2% 5.71 0.13
BMI11-29 Clinopyroxenite 6.6 17.3 323 1.45 4.29 174 4 173 4 1% 2.75 0.07
BM11-25 Websterite 4.9 214 722 1.16 1.13 246 6 246 6 0% 3.41 0.08
BMI11-19 Websterite 5.1 21.8 611 1.78 1.93 254 6 255 6 0% 4.06 0.06
BMI11-21 Websterite 2.7 219 1745 0.80 1.06 186 4 184 4 1% 2.31 0.06
BMI11-12 Websterite 42 20.5 680 0.69 3.97 205 5 204 5 1% 297 0.06
BM11-14 Websterite 5.0 26.1 468 0.76 0.41 58 1 58 1 0% 1.07 0.06
BMI11-14 Replicate 0.75 0.42 61 2 61 2 1% 0.66 0.06
BM11-07B¢ Orthopyroxenite 54 30.6 1017 0.096 222 369 9 367 9 1% 7.86 0.11
In-situ cpx 1.86+36  <0.11t00.82 0.37t00.70

Note: a means published data (Wang et al., 2013, Wang and Becker 2015)

b and c are based on 2*'Pb/***Pb and ***Pb/”**Pb, respectively, and A% reflects their differences.

d means those used for in-situ analyses and the data on clinopyroxene are shown (see Supplementary Tables for details).
Underlined samples indicate replicate analyses.

Note that TI intensities in clinopyroxenes were very low and thus not monitored.



Table 3. Pb contents and the relative percentage in different phases of Balmuccia peridotites and pyroxenites

Pb in Sulfides

Pbin

Unaccounted

Bulkrock Buk  Buk  Buk  Buk S Cpcodte Consttuent Phase | Average Fraction of Pb  APPArent  Bulkrock Pb b ot WE  clinopyroxene  Unaccount  Pb fraction
Samples abundances P Pbcontent 1sd.  budgetof Dy, calculated from fraction relative  edPb  relative to
ALO;  rockS rock Cu rock Pb rock Ba ! fraction Phases mode . " calculated bulk .
fraction in phases different phases  clinopyrosen phases kP tocalculated  fraction measured Pb
bulk rock Pb in bulk rocks
W%  pgle  wpgle  ngs  pgle wt.% wt.% % ne/e ne/e ng/g nglg % % ng/g %
BMII-02A 3.4 349 547 42 030 0.10% 0.017% ol 58% 0011 63 27 5% 41% 15 37%
Peridotite Opx 27% 0.02 54
Spinel 5% 005 25
Cpx 10% 011 0.02 11
Sulfides  Pent ) 15 26 14
o 008% o3 P L1
Cp 0.02% 16 0.6 03 14
BM11-10 28 134 311 21 030 0.04% 0.01% ol 60% 0011 65 19 1% 32% 2 10%
Peridotite Opx 21% 0.02 42
Spinel 4% 005 20
Cpx 15% <0.05 6.0
Sulfides  Pent , 04 02
o 003% o s 0.1
Cp 0.01% 10 0.5 0.1
BM11-11 2.1 88 8.0 679 150 0.03% 0.003% ol 60% 0011 6.5 38 16% 52% 641 94%
Peridotite Opx 24% 0.02 48
Spinel 2% 0.05 10
Cpx 14% 0.14 0.03 20
Sulfides  Pent 0o 17 2 40 119
Pyrr
Cp 0.003% 75 33 19 537
BM11-18 28 168 356 90 128 0.05% 0.01% ol 62% 0011 6.8 27 35% 20% 63 70%
Peridotite Opx 2% 0.02 44
Spinel 2% 005 10
Cpx 14% <0.05 5.6
Sulfides  Pent (0 5.1 53 1o
Pyrr
Cp 0.01% 75 48 7.7
BMIl-l6A 104 1532 151 535 087 0.44% 0.06% Spinel 10% 0.05 5.0 605 5% 94% 70 -13%
Pyroxenite Cpx 85% 0.67 0.08 566
Opx 5% 0.02 1
Sulfides  Pent ) 35 35 5
o 03T% >0 5 103
Cp 0.06% 355 6.7 29 53
BMII1-28B 6.0 1500 259 318 0.70 0.43% 0.07% Spinel 2% 0.05 1.0 187 19% 79% 131 41%
Pyroxenite Cpx 88% 0.17 0.05 149
ol 5% 0011 1
Opx 5% 0.02 1
Sulfides  Pent , 7.9 13.9 47
o 036% I o 186
Cp 0.07% 233 7.8 17.3 137
BMII-7B 54 1017 189 369 222 0.29% 0.05% Opx 90% 0.02 17.9 52 20% 41% 317 86%
Pyroxenite ol 2% 0011 02
Spinel 4% 0.05 20
Cpx 4% 0.54 0.15 216
Sulfides  Pent ) 22 22 4
o 024% by 52
Cp 0.05% 10.5 83 5.2 19

The bulk rock ALO3, S and Cu contents have been reported before (Wang ct al., 2013; Wang and Becker, 2015).

The sulfide fractions were calculated from bulk rock S contents, and chalcopyrite abundances from Cu contents in bulk rocks.

Note that Cu contents in chalcopyrites are maximum fractions due to a small fraction of Cu in

s and cli

Mean Pb contents and the standard deviation (Is.d.) in clinopyroxene and sulfides are mean values of multiple analyses. For single analyses see data in Supplementary Tables 2 and 3.

In cases where measured Pb contents in cpx were < 50 ng/g, 40 ng/g Pb in clinopyroxene was assumed. The Pb contents of olivine, orthopyroxene and spinel in peridotites are commonly below detection limits of about 50 ng/g. Mean values as

in published data obtained by isotope dilution were assumed (11 ng/g, 20 ng/g and 50 ng/g respectively, e.g., Carignan et al., 1996; Meijer et al., 1990).
Because pentlandites and pyrrhotites have similar Pb contents, their modal abudances are not separated.

y Tables S2 and $3). Cu fractions in the latter mincrals overall comprise < 5 % (Supplementary Table S4).
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