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Abstract

Tellurium stable isotope compositions and abundances (d128/126Te relative to SRM3156) are reported for 43 ordinary, ensta-
tite, andRumuruti chondrites,which togetherwith results froma companion studyon carbonaceous chondrites are used to assess
the origin of volatile element fractionations in chondrites. Whereas Te isotope variations among carbonaceous chondrites pre-
dominantly reflect mixing between isotopically light chondrules/chondrule precursors and CI-like matrix, Te isotope variations
among non-carbonaceous chondrites mainly result from Te redistribution during parent body thermal metamorphism. The
enstatite chondrites in particular display increasingly heavy Te isotopic compositions and decreasing Te concentrations with
increasing degree of metamorphism, indicating migration of isotopically light Te from the strongly metamorphosed inner parts
towards the cooler outer regions of the parent bodies. By contrast, ordinary and Rumuruti chondrites display less systematic Te
isotope variations, implying more localized redistribution of Te during parent body thermal metamorphism.

We also report Te stable isotope data for 19 terrestrial mantle-derived rocks. Peridotites with Al2O3 contents close to those
inferred for the bulk silicate Earth (BSE) exhibit uniform d128/126Te values, which we interpret to represent the Te isotopic com-
position of the BSE. This composition overlaps with the Te isotope composition of some volatile-rich carbonaceous chondrites
(most notably CM chondrites), but also with that of enstatite chondrites. Comparison of the Te results to Se isotopes and Se/Te
ratios shows that due to uncertainties in the composition of the BSE and the isotopic composition of bulk chondrite parent bod-
ies, neither Te isotopes alone nor the combined Se-Te elemental and isotopic systematics can distinguish between a carbonaceous
and enstatite chondrite-like late veneer, which is the presumed source of Se and Te in the BSE. Together, the results of this study
illustrate that the relative abundances andmass-dependent isotope compositions of volatile elements like Se and Te aremodified
by physical and chemical processes occurring after planetary accretion, which severely complicates their use as genetic tracers. A
corollary of this is that contrary to prior proposals the Se-Te systematics are not contradicting an inner solar system origin of the
late veneer, as it has been inferred using nucleosynthetic isotope anomalies of other elements.
� 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Late accretion is defined as the continued addition of
material to Earth’s mantle after the cessation of core segre-
gation (e.g., Walker, 2009). Understanding the nature and
composition of the late-accreted material (commonly ter-
med the ‘late veneer’) and whether it derives from the inner
or outer solar system is of considerable interest. For
instance, a volatile-rich late veneer from the outer solar sys-
tem may have been the dominant source of Earth’s water
and highly volatile elements (e.g., Wang and Becker,
2013; Varas-Reus et al., 2019). However, from a dynamical
standpoint it seems more likely that the late veneer derives
from left-over planetesimals from the terrestrial planet
region with only little contribution from outer solar system
planetesimals (e.g., Jacobson et al., 2014). Thus, determin-
ing the genetic heritage and composition of the late veneer
may help assessing the origin and timing of the delivery of
Earth’s water and highly volatile elements, and the compo-
sitional spectrum and heritage of planetesimals bombarding
the terrestrial planets after the Moon-forming impact.

The primary evidence for late accretion comes from the
highly siderophile element (HSE) abundances inferred for
the bulk silicate Earth (BSE), which are higher than
expected for metal-silicate equilibration during core forma-
tion (e.g., Kimura et al., 1974; Chou, 1978; Mann et al.,
2012), but are consistent with the addition of ~0.5 wt.%
of broadly chondritic material to Earth’s mantle (Kimura
et al., 1974; Becker et al., 2006; Walker, 2009; Day et al.,
2017). Accordingly, the composition and genetic heritage
of the late-accreted material have mainly been studied using
the elemental abundances and isotopic compositions of the
HSE. For instance, the 187Os/188Os ratio of the BSE
(reflecting its time-integrated Re/Os) overlaps with enstatite
and ordinary chondrites, but is distinct from most carbona-
ceous chondrites (Meisel et al., 1996, 2001). The BSE’s
187Os/188Os may be consistent with the contribution of car-
bonaceous chondrites to late accretion if the late veneer
also contained a fractionated metal component with ele-
vated Re/Os (Fischer-Gödde and Becker, 2012), but it
was later shown that this was likely not the case (Hopp
and Kleine, 2018). Consequently, the Os isotopic composi-
tion of the BSE is best explained by an enstatite or ordinary
chondrite-like late veneer (e.g., Walker et al., 2015). Consis-
tent with this, nucleosynthetic Ru isotope anomalies also
support an enstatite chondrite-like late veneer, because
the BSE’s Ru isotopic composition is most similar to those
of enstatite chondrites, whereas all other chondrites, and in
particular carbonaceous chondrites and iron meteorites, are
characterized by a deficit in s-process Ru isotopes and,
therefore, are unlikely sources of the late veneer
(Dauphas et al., 2004; Fischer-Gödde et al., 2015;
Bermingham and Walker, 2017; Fischer-Gödde and
Kleine, 2017; Bermingham et al., 2018; Worsham et al.,
2019; Hopp et al., 2020). More recently, it has been pro-
posed that not all the BSE’s Ru derived from late accretion,
and that the BSE’s Ru isotopic composition reflects a
mixture between pre-late veneer Ru characterized by an
excess in s-process Ru with late accretion-derived Ru
characterized by an s-process deficit (Fischer-Gödde
et al., 2020). This model would allow for the contribution
of carbonaceous chondrite-like material to late accretion,
but does not require it, because most non-carbonaceous
meteorites are also characterized by variable s-process def-
icits for Ru (e.g., Fischer-Gödde et al., 2015; Bermingham
et al., 2018; Hopp et al., 2020).

The genetic heritage and composition of the late veneer
has also been studied using the chalcophile (to highly side-
rophile) volatile elements Se, Te, and S. As for the HSE, it
is commonly assumed that S, Se, and Te in the BSE pre-
dominantly derived from late accretion (Wang and
Becker, 2013; Palme and O’Neill, 2014). Wang and
Becker (2013) observed that the ratios of S, Se, and Te
inferred for the BSE from terrestrial mantle peridotites
are distinct from enstatite chondrites, but overlap with
volatile-rich carbonaceous chondrites and most notably
CM chondrites. On this basis, these authors argued for a
CM-like source of the late veneer. Along similar lines,
Varas-Reus et al. (2019) showed that the mass-dependent
Se isotope composition of peridotites overlaps only with
CI chondrites, and so these authors suggested a CI-like late
veneer. However, other studies have argued that for ele-
ments like Se and Te, peridotites do not provide reliable
proxies for the composition of the BSE and that, therefore,
these data do not allow constraining late accretion (e.g.,
König et al., 2014; Yierpan et al., 2019). Moreover, not
all the BSE’s S (and by implication perhaps also Se and
Te) may derive from late accretion (Labidi et al., 2013;
Suer et al., 2017), which further complicates the application
of these elements as tracers of late accretion.

To further add to this debate, we obtained mass-
dependent Te isotopic data for a large set of terrestrial man-
tle rocks and chondrites. Although a previous Te isotopic
study argued for a carbonaceous chondrite-like source of
the late veneer (Fehr et al., 2018), that study did not report
resolved Te isotopic differences between the different classes
and groups of chondrites. Moreover, thermal metamor-
phism on chondrite parent bodies may have resulted in
volatilization, redistribution, and isotopic fractionation of
volatile elements (e.g., Wombacher et al., 2003), but to
what extent this affected the Te isotopic composition of
enstatite and ordinary chondrites is unknown. This infor-
mation is crucial, however, because utilizing Te isotopes
as a genetic tracer of the late veneer requires knowledge
of the representative composition of bulk chondrite parent
bodies. Finally, a precise estimate of the BSE’s Te isotopic
composition is lacking, because until now only terrestrial
sedimentary rocks and solution standards were analyzed.
To overcome these limitations, we obtained Te isotopic
data for several ultramafic terrestrial mantle rocks and a
comprehensive set of chondrites from all major groups.
These data are used to examine the effect of thermal meta-
morphism on Te isotope compositions and abundances in
chondrites, to estimate the Te isotopic composition of the
BSE, and to assess the feasibility of Se, Te, and S to con-
strain late accretionary sources. As such, this study may
help resolve the inconsistencies between late veneer sources
inferred from HSE and S-Se-Te systematics.
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2. SAMPLES AND ANALYTICAL METHODS

2.1. Samples

Forty-three bulk chondrites were selected for this study,
including 20 ordinary (H, L, LL chondrites of petrologic
type 3–6), 21 enstatite (EH3-5, EL3-6), and two Rumuruti
chondrites (R3.8-3.9). Tellurium isotopic data for a com-
prehensive set of carbonaceous chondrites are reported in
a companion study, which used the same analytical setup
as this study (Hellmann et al., 2020). In addition, 19 ultra-
mafic terrestrial mantle rocks were analyzed, comprising 13
massif-type peridotites from different geological setting and
six pyroxenites from the Balmuccia (BM) peridotite massif.
The peridotites comprise ten lherzolites (2.1–3.9 wt.%
Al2O3), two harzburgites (1.1–1.8 wt.% Al2O3), and one
dunite (0.3 wt.% Al2O3), whereas the pyroxenites include
two spinel clinopyroxenites, one orthopyroxenite, and two
websterites. Most of the terrestrial samples are well charac-
terized for their major and trace element compositions,
including abundances of S, Se, and Te as well as the
HSE, and were described as fresh and unaltered (Fischer-
Gödde et al., 2011; Wang and Becker, 2013; Wang et al.,
2013; 2015b). These samples were previously used to esti-
mate the Se/Te ratio of the BSE (Wang and Becker, 2013).

2.2. Analytical methods

Sample powders of bulk chondrites (~50–450 mg, from
>2 g bulk powders), peridotites (~2–3 g aliquots from
~100 g bulk powders) and pyroxenites (~0.5–2 g aliquots
from ~0.5–5 g bulk powders) were weighed into 60 ml
(chondrites) or 90 ml (peridotites and pyroxenites) Savillex
PFA vials and mixed with appropriate amounts of
123Te-125Te double spike (Hellmann et al., 2020). The
spiked samples were dissolved in 2:1 HF–HNO3 on a hot
plate for 2–3 days at 120–150 �C. After dissolution, samples
were evaporated to dryness at 120 �C and the residues were
taken up and dried several times in concentrated HNO3 to
destroy fluorides that may have formed during digestion.
The samples were then converted to chloride form by sev-
eral dry downs in concentrated HCl, and re-dissolved in
25 mL 2 M HCl for ion exchange chemistry.

Tellurium was separated from the sample matrix using a
three-stage column chromatography described in Hellmann
et al. (2020). In brief, samples were loaded in 25 mL 2 M
HCl onto pre-cleaned anion exchange columns filled with
5 mL BioRad AG1X8 resin (200–400 mesh). After sequen-
tial washes of 15 mL 2 M HCl, 7 mL 11 M HCl, and 15 mL
5 M HF, Te was eluted in 10 mL 1 M HNO3. Organic com-
pounds in the Te fractions were removed by dry-downs in
concentrated HNO3. Following conversion to chloride
form, samples were dissolved in 1 mL 2 M HCl and loaded
onto a clean-up column filled with 1 mL pre-cleaned
BioRad AG1X8 resin (200–400 mesh). After sequential
washes with 5 mL 2 M HCl, 2 mL 11 M HCl, and 5 mL
5 M HF, Te was eluted using 6 mL 0.5 M HCl. The third
chemistry was performed to separate Mo from Te and
was only applied to chondrites (as peridotites and
pyroxenites have much lower Mo/Te ratios). The Te frac-
tions of chondrite samples from the second chemistry were
evaporated to dryness several times in HNO3 and then dis-
solved in 1 mL 7 M HNO3. The sample solutions were
loaded onto pre-cleaned columns (500 ml TRU resin-B,
50–100 mm) and Te was directly collected together with
an additional elution of 4 mL 7 M HNO3. All samples were
repeatedly dried down in HCl–HNO3 and HNO3, and the
final Te fractions were dissolved in 0.28 M HNO3 for iso-
tope measurements.

All Te isotope measurements were performed using a
ThermoScientific Neptune Plus multi-collector ICP-MS at
the Institut für Planetologie and followed the measurement
routine described in Hellmann et al. (2020). Samples were
introduced using a Cetac Aridus II desolvator and a Sav-
illex C-flow nebulizer at an uptake rate of ~40 ml/min. Sam-
ple solutions were measured at ~100 ng ml�1 Te
(chondrites) or at ~30–50 ng ml�1 Te (peridotites and
pyroxenites) using standard sampler and X skimmer cones.
For a 100 ng ml�1 standard solution this configuration
yielded total ion beam intensities of ~2–2.5 � 10�10 A.
Ion beams were collected simultaneously using Faraday
cups connected to 1011 O feedback resistors for 123Te,
125Te, 126Te, and 128Te, and Faraday cups connected to
1012 O feedback resistors for 121Sb and 129Xe. Prior to each
analysis the sample introduction system was washed using
0.28 M HNO3 for 10–15 min. Each measurement consisted
of on-peak background measurements of 100 � 1.05 s inte-
grations, followed by sample measurements of 50 cycles of
4.2 s each. Constant isobaric interferences of Xe on 126Te
and 128Te from the Ar gas were corrected using on-peak
background measurements. Interferences of residual Sb
(on 123Te) and Xe were corrected iteratively using the expo-
nential mass fractionation law, but were insignificant for all
samples.

The measured raw data were processed off-line following
the three-dimensional data reduction routine of Siebert
et al. (2001), using 123Te/128Te, 125Te/128Te and 126Te/128Te
ratios. The double spike inversion provides the natural frac-
tionation factor a, for which the Te stable isotopic compo-
sition of a sample is calculated as follows:

d128=126Tesample ¼ �1000� asample � aMean NIST SRM 3156

� �

� ln m128=m126ð Þ ð1Þ

where m128 and m126 are the atomic weights of 128Te and
126Te and aMean NIST SRM 3156 is the mean natural fraction-
ation factor a of a spiked bracketing NIST SRM 3156 stan-
dard solution measured at similar concentrations in the
same measurement sequence. Here d128/126Te is defined as
the permil deviation of the 128Te/126Te ratio of a sample
from the composition of the NIST SRM 3156 Te standard:

128=126Te ¼ ½ ð
128Te=126TeÞsample

ð128Te=126TeÞSRM3156

� 1� � 1000 ð2Þ

The results for samples are reported as the mean of repli-
cate measurements (n = 3–8) with their corresponding two
standard deviation (2 s.d.). Due to their low Te abun-
dances, dunite BM11-07A and pyroxenite BM-11-26 could
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only be measured once at ~30 ng ml�1, and the uncertainty
of these measurements (±0.02) were estimated by averaging
the 2 s.d. obtained for the other terrestrial samples mea-
sured at ~30 ng ml�1.

3. RESULTS

3.1. Chondrites

The Te concentrations and stable isotope compositions
of ordinary, enstatite, and Rumuruti chondrites are pro-
Table 1
Tellurium concentrations and isotope data of ordinary, enstatite, and Ru

Sample Classification Shock

Enstatite chondrites

Sahara 97072 EH3 S2
GRO 95517 EH3
DOM 14021 EH3
MIL 07028 EH3
LAR 12001 EH3
LAR 06252 EH3 S4
EET 87746 EH4 S3
Indarch EH4 S3
Abee EH4 S3
St. Mark’s EH5 S3
MAC 02837 EL3 S3
PCA 91020 EL3 S5
MAC 02747 EL4 S4
TIL 91714 EL5 S2
Khairpur EL6 S2
LAP 10130 EL6
LAR 10014 EL6
Pillistfer EL6 S2
Hvittis EL6 S2
LON 94100 EL6 S2
ALH 81021 EL6 S2

Ordinary chondrites

Bremervörde H/L3.9 (H) S2
Ochansk H4 S2
Nadiabondi H5 S2
Gao-Guenie H5 S2
Richardton H5 S2
Kernouve H6 S1
Estacado H6 S3
Zhovtnevyi H6 S3
Tennasilm L4 S2-3
Bjurböle L/LL4 (L) S1
Ergheo L5 S4
Barwell L5 S3
Knyahinya L/LL5 (L) S3
Leedey L6 S3
Kunashak L6 S4
Ramsdorf L6 S4
Aumale L6 S4
Parnallee LL3.6 S3
Soko-Banja LL4 S2
Tuxtuac LL5 S2

Rumuruti chondrites

Almahata Sitta MS-CH R3.8 S1
NWA 753 R3.9

N = Number of analyses of the same sample digestion.
vided in Table 1 and shown in Fig. 1 together with previ-
ously published Te isotopic data for carbonaceous
chondrites (Hellmann et al., 2020). The non-carbonaceous
chondrites of this study exhibit an overall range of ~1‰
amu�1, and Te concentrations vary between ~140 and
~2700 ng g�1. By contrast to most carbonaceous chon-
drites, the enstatite, ordinary, and Rumuruti chondrites dis-
play substantial within-group d128/126Te variations, and
several type 5 and 6 enstatite and ordinary chondrites exhi-
bit much heavier Te isotopic compositions than type 3 and
4 samples (Fig. 1).
muruti chondrites.

Te (ng/g) (±2r) N d128/126Te (±2s.d.)

1965 ± 48 6 0.16 ± 0.01
1744 ± 38 5 0.02 ± 0.04
2019 ± 60 5 0.00 ± 0.02
2164 ± 71 6 0.00 ± 0.02
1928 ± 52 6 �0.03 ± 0.03
2008 ± 81 5 �0.04 ± 0.03
1733 ± 39 6 0.01 ± 0.01
2678 ± 70 4 0.00 ± 0.02
2236 ± 38 5 0.00 ± 0.03
1265 ± 26 5 0.42 ± 0.03
1384 ± 30 5 0.06 ± 0.02
1539 ± 56 5 0.02 ± 0.03
1479 ± 41 4 0.04 ± 0.02
172 ± 19 4 0.48 ± 0.02
603 ± 31 4 1.56 ± 0.02
295 ± 6 5 1.20 ± 0.03
325 ± 14 6 0.90 ± 0.03
274 ± 6 4 0.70 ± 0.01
471 ± 15 7 0.60 ± 0.03
144 ± 4 4 0.56 ± 0.03
148 ± 4 4 0.08 ± 0.03

494 ± 22 6 �0.29 ± 0.02
402 ± 13 4 �0.10 ± 0.02
299 ± 8 5 0.13 ± 0.02
375 ± 13 5 0.21 ± 0.02
379 ± 16 5 �0.10 ± 0.02
401 ± 13 4 0.08 ± 0.02
437 ± 15 5 �0.01 ± 0.02
334 ± 10 5 �0.11 ± 0.02
458 ± 31 5 0.23 ± 0.02
643 ± 38 3 �0.16 ± 0.04
367 ± 17 8 0.17 ± 0.03
400 ± 13 5 0.09 ± 0.02
359 ± 14 5 0.87 ± 0.03
344 ± 10 5 0.11 ± 0.02
289 ± 10 5 1.48 ± 0.01
598 ± 31 8 0.78 ± 0.03
325 ± 8 4 0.23 ± 0.04
286 ± 7 5 0.26 ± 0.02
300 ± 8 4 0.12 ± 0.01
262 ± 7 3 0.15 ± 0.02

756 ± 53 4 0.41 ± 0.01
1062 ± 31 6 �0.02 ± 0.03



Fig. 1. Tellurium stable isotopic compositions (d128/126Te relative to SRM 3156) of ordinary (red), enstatite (yellow), Rumuruti (orange), and
carbonaceous chondrites (blue) as well as of terrestrial mantle rocks (green). Data for carbonaceous chondrites are from Hellmann et al.
(2020). The green bar represents the d128/126Te inferred for BSE. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Among the enstatite chondrites, the type 3–4 samples of
both the EH (except Sahara 97072) and EL groups have
indistinguishable d128/126Te averaging at 0.01 ± 0.06
(2 s.d., n = 11), and homogeneous Te concentrations of
~2 mg g�1 and ~1.4–1.5 mg g�1, respectively (Fig. 2a). The
higher Te concentration of EH compared to EL chondrites
probably reflects the higher metal content of the former,
but evidently did not result in a resolvable Te isotopic dif-
ference between the two groups. Sahara 97072 is the only
type 3 enstatite chondrite with a heavier Te isotopic compo-
sition, but its Te concentrations is similar to those of other
EH3-4 chondrites. By contrast, type 5–6 enstatite chon-
drites display heavier, more variable Te isotope composi-
tions and lower Te concentrations. Together, the enstatite
chondrites reveal a broad trend towards lower Te concen-
trations and heavier isotopic composition with increasing
petrologic type (Fig. 2a).

The ordinary chondrites of this study display a similar
range in d128/126Te as the enstatite chondrites, but overall
exhibit less systematic behavior (Fig. 2b). Although some
type 5–6 samples have very high d128/126Te (Kunashak,
Knyahinya, Ramsdorf), the ordinary chondrites display
only a weak trend between d128/126Te and Te concentration,
and type 3–4 ordinary chondrites have variable d128/126Te
(Figs. 1 and 2b). This is consistent with results from Fehr
et al. (2018), who reported large Te isotope variations
among type 3 ordinary chondrites, and with the Te isotopic
data for the two Rumuruti chondrites of this study, which
display very different d128/126Te, yet are both petrologic
type 3 (Table 1 and Fig. 1).

3.2. Terrestrial samples

The Te concentrations and stable isotope compositions
of terrestrial samples analyzed in this study are provided
in Table 2 and Figs. 1 and 3. The 13 peridotites display
rather homogeneous d128/126Te, with values ranging from
0.00 ± 0.01 (BM-11-11) to 0.11 ± 0.01 (BB-3A and BD-
92-2). The Te concentrations of these samples vary from
-0.4
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Fig. 2. (a) d128/126Te and Te concentration data for EH and EL chondr
homogeneous d128/126Te. By contrast, strongly metamorphosed type 5–6
large variation in d128/126Te. (b) d128/126Te and Te concentration data for
types 3–6. Open symbol represents the L6 chondrite Ramsdorf, which pr
~3 to ~12 ng g�1, but there is no obvious correlation
between d128/126Te and Te concentration (Fig. 3a). Impor-
tantly, lherzolites with Te concentrations between ~10 and
~12 ng g�1 display indistinguishable d128/126Te values aver-
aging at 0.09 ± 0.03 (2 s.d., n = 9). These lherzolites also
have the highest Al2O3 content and were previously inter-
preted to represent the Te concentration of the BSE
(Wang and Becker, 2013).

The pyroxenites display variable d128/126Te (�0.37 to
0.32) and Te concentrations (~2 to ~104 ng g�1; Fig. 3b).
The large d128/126Te variation is almost entirely reflected
by the three spinel clinopyroxenites, whereas the websterites
and the orthopyroxenite show only small d128/126Te varia-
tions from ~0.10 to 0.16. All pyroxenites, except for the spi-
nel clinopyroxenite BM-11-15, have similar or heavier Te
isotope compositions than the lherzolites.

4. DISCUSSION

4.1. Comparison to previous studies

The comparison of the mass-dependent Te isotopic data
of this study to those of a prior study on chondrites (Fehr
et al., 2018) is somewhat complicated by the use of different
standards in both studies. Whereas Fehr et al. (2018)
reported their data relative to an in-house Te standard solu-
tion, this study reports the data relative to the NIST 3156
standard. Although Fehr et al. (2018) also measured the
NIST 3156 standard, they used a different batch of this
standard (Lot. No. 892901) than this study (Lot. No.
140830), which may be isotopically different (Hellmann
et al., 2020).

To facilitate direct comparison between the data from
both studies, we, therefore, analyzed the NIST 3156 and
Alfa Aesar Te standard solutions used in Fehr et al.
(2018). Both standard solutions are isotopically heavy com-
pared to the NIST 3156 standard used in this study, with
d128/126Te values of 0.15 ± 0.03 (NIST 3156, Lot. No.
892901) and 0.20 ± 0.02 (Alfa Aesar metal). For a direct
-0.4

0
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ites. Type 3–4 samples display high Te concentrations and rather
samples are depleted in Te relative to type 3–4 samples and display
unequilibrated and equilibrated ordinary chondrites of petrologic
obably is an impact melt rock (Yamaguchi et al., 1999).



Table 2
Tellurium concentrations and isotope data, Al2O3 content, and Se/Te of peridotites and pyroxenites from Balmuccia (BM), Baldissero (BD),
Beni Bousera (BB), External Ligurian ophiolite (EL), Turon de Técouère (TUR), and Lanzo (L).

Sample Rock Te (ng/g) (±2r) N d128/126Te (±2s.d.) Al2O3 (wt.%)a Se/Tea

Peridotites

L-72A L 10.2 ± 0.5 3 0.05 ± 0.02 4.3
TUR-14 L 10.7 ± 0.6 3 0.10 ± 0.01 4.0 7.4
BB-2C L 9.5 ± 0.5 3 0.08 ± 0.02 3.9 8.2
BM-9 L 10.8 ± 0.5 5 0.09 ± 0.03 3.4 8.7
EL-1 L 9.5 ± 0.4 3 0.07 ± 0.01 3.4 7.8
BD-11-08 L 10.8 ± 0.4 3 0.08 ± 0.02 3.2 6.6
L-30 L 11.8 ± 0.9 6 0.10 ± 0.04 3.2
BB-3A L 10.4 ± 0.5 3 0.11 ± 0.01 3.0 8.5
BM-11-10 L 12.2 ± 0.7 5 0.10 ± 0.04 2.8 7.4
BM-11-11 L 8.1 ± 0.5 3 0.00 ± 0.01 2.1 4.8
BD-92-2 H 6.0 ± 0.4 3 0.11 ± 0.01 1.8 6.6
BM-11-03B H 7.7 ± 0.6 4 0.06 ± 0.02 1.1 5.5
BM-11-07A D 2.9 ± 0.1 1 0.04 ± 0.02 0.3 10.1

Pyroxenites

BM-11-15 Sp-cpx 6.9 ± 0.7 3 �0.37 ± 0.01 11.6 49.8
BM-11-26 Sp-cpx 2.4 ± 0.4 1 0.27 ± 0.02 7.0
BM-11-28B Sp-cpx 11.6 ± 0.5 4 0.32 ± 0.02 6.0 40.9
BM-11-07B Op 104 ± 3 4 0.16 ± 0.02 5.4 5.6
BM-11-19 Web 13.2 ± 0.7 4 0.10 ± 0.01 5.1 16.1
BM-11-21 Web 96 ± 3 4 0.14 ± 0.03 2.7 9.1

N = Number of analyses of the same sample digestion.
L: Lherzolite; H: Harzburgite; D: Dunite; Sp-cpx: spinel clinopyroxenite; Op: Orthopyroxenite; Web: Websterite.
a Data from Fischer-Gödde et al. (2011), Wang and Becker (2013), Wang et al. (2013) and Wang and Becker (2015b).
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inter-study comparison, we, therefore, re-normalized the Te
isotopic data from Fehr et al. (2018) for the offset between
the two NIST 3156 batches used in the two studies. The
comparison of the data from this study to the re-
normalized data of Fehr et al. (2018) show a general good
agreement for samples common to both studies, but also
reveal a small systematic offset of about 0.02‰ amu�1

(Fig. S1). This small offset is similar to the analytical preci-
sion of Te isotopic data from both studies, and may reflect
uncertainties introduced by the re-normalization to a
common reference standard. We will, therefore, restrict
the discussion of the Te isotopic data for chondrites to the
data of this study and Hellmann et al. (2020), which both
were obtained using the same analytical methods and dou-
ble spike, and together provide a comprehensive data set
for 56 bulk chondrites from all major classes and groups.

4.2. Tellurium isotope fractionation and redistribution on

chondrite parent bodies

Owing to its low condensation temperature (50% TC

~700 K; Wood et al., 2019) and variable geochemical
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behavior under different redox conditions (e.g., Kadlag and
Becker, 2017), Te is sensitive to elemental and isotopic frac-
tionations by nebular and parent body processes. For
instance, the Te isotopic variations among different groups
of carbonaceous chondrites reflect variable mixtures of
volatile-poor and isotopically light chondrules/chondrule
precursors and volatile-rich and isotopically heavy CI-like
matrix (Hellmann et al., 2020), indicating volatility-
related Te isotopic fractionation during high-temperature
processes in the solar nebula. Nevertheless, different sam-
ples of a given carbonaceous chondrite group display indis-
tinguishable d128/126Te and very similar Te concentrations,
demonstrating that parent body processes (i.e., aqueous
alteration and mild thermal metamorphism) had no signif-
icant effect on the Te elemental and isotope systematics of
most carbonaceous chondrites (Hellmann et al., 2020). Tel-
lurium isotope fractionations among carbonaceous chon-
drites thus predominantly reflect high-temperature
processes in the solar nebula.

By contrast, the data of this study reveal that non-
carbonaceous chondrites display substantial within-group
Te isotopic heterogeneity, where type 5–6 samples tend to
show more variable and heavier Te isotope compositions
than type 3–4 samples of the same group. Similar systemat-
ics were previously observed for other volatile elements
such as Zn (e.g., Luck et al., 2005; Moynier et al., 2011)
and Cd (Wombacher et al., 2003, 2008), and have been
interpreted to indicate mobilization and associated isotope
fractionation of volatile elements during parent body
metamorphism.

Below we will examine how the Te isotope fractiona-
tions among enstatite and ordinary chondrites fit into this
model of volatilization and redistribution of volatile ele-
ments during parent body thermal metamorphism and will
use this information to estimate the characteristic bulk
d128/126Te of their parent bodies. The latter is important
for using d128/126Te as a tracer for the origin of the late-
accreted material added to Earth’s mantle after cessation
of core formation (Section 4.4).

4.2.1. Enstatite chondrites

With the exception of one sample (Sahara 97072), the
EH and EL chondrites of petrologic types 3–4 analyzed
in this study have indistinguishable d128/126Te, whereas all
type 5 and 6 samples are isotopically heavier (by ~0.1–
1.5‰) and exhibit lower Te concentrations than the type
3 and 4 samples of the same group (Fig. 2a). Similar sys-
tematic isotope variations have been observed for Zn
(Moynier et al., 2011) and Cd (Wombacher et al., 2008),
which also display heavy isotope compositions and lower
element concentrations in type 6 enstatite chondrites. The
volatile depletion of type 5–6 enstatite chondrites extends
to several other volatile elements (e.g., Se, Ag, In, Bi, Tl)
and, therefore, appears to be a characteristic feature of
strongly metamorphosed enstatite chondrites (Ikramuddin
et al., 1976; Wang and Lipschutz, 2005). Thus, the observed
systematic Te isotope variations are most likely linked to
the processes that governed the redistribution of volatile
elements among enstatite chondrites.
Shock metamorphism may have led to mobilization and
redistribution of volatile elements (e.g., Friedrich et al.,
2004), but strongly shocked EL3-4 samples (shock stage
S3 or S4) display less fractionated Te isotopic compositions
than some EL5-6 samples with lower shock stage S2
(Fig. 4c,d). Furthermore, the most strongly shocked sample
of this study (PCA 91020, S5) has the same d128/126Te as
other, less shocked type 3–4 enstatite chondrites. Thus,
shock metamorphism does not seem to have had a signifi-
cant effect on the Te isotope composition of enstatite chon-
drites. Instead, the systematically heavier Te isotope
composition and stronger Te depletion in type 5–6 com-
pared to type 3–4 enstatite chondrites indicates that
volatilization and redistribution of Te occurred during par-
ent body thermal metamorphism (Figs. 2a and 4a,b). This is
consistent with heating experiments on the EH4 chondrite
Abee, which reveal systematic loss of volatiles, and in par-
ticular Te, with increasing temperature (Ikramuddin et al.,
1976).

The redistribution of volatile elements during thermal
metamorphism can be envisioned with a thermally stratified
structure of the parent body, in which volatile elements in
the hotter inner parts were volatilized and migrated
towards the cooler outer regions where they may have par-
tially re-condensed. Such processes are capable of produc-
ing isotope fractionations, mainly because lighter isotopes
enter the gas phase more readily and are, therefore, prefer-
entially mobilized (e.g.,Wombacher et al., 2008). As such,
these processes are expected to result in volatile-depleted
and isotopically heavy compositions in the more strongly
heated interior parts of a parent body. This is consistent
with the systematically heavier Te isotopic composition of
type 5–6 compared to type 3–4 enstatite chondrites. How-
ever, the decrease in Te concentrations among type 5–6
samples is not accompanied by a monotonous increase in
d128/126Te values, but instead led to a considerable range
of heavy Te isotope compositions relative to type 3–4 sam-
ples (Fig. 2a). Moreover, the magnitude of the observed Te
isotope variations is less than ~20% of those expected for
kinetic Rayleigh evaporation (Fig. 5), consistent with prior
observations for Cd isotope variations in enstatite and ordi-
nary chondrites (Wombacher et al., 2008). Together, this
indicates a more complex evaporation and condensation
history than simple partial kinetic Rayleigh evaporation,
where the overall magnitude of isotope fractionation was
likely suppressed due to back-reaction and recondensation
of volatilized Te during vapor transport through the parent
body. Additionally, diffusion of Te during thermal meta-
morphism can produce isotopic heterogeneity on the sam-
ple scale because lighter isotopes diffuse faster relative to
heavier isotopes leading to heterogeneous distribution of
isotopically fractionated Te. This interpretation is similar
to a model developed in a prior study based on Cd isotope
variations in ordinary chondrites (Wombacher et al., 2008).

The upward migration of isotopically light volatile ele-
ments to the cooler, outer parts of the parent body may
result in depletions or enrichments of volatile elements, as
well as light and heavy isotopic compositions, depending
on whether the vapor re-condensed or was lost from the
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system. Such open-system thermal metamorphism is consis-
tent with the elemental and isotope variations observed for
Cd (Wombacher et al., 2003) and Te (Fehr et al., 2018; this
study) among type 3 ordinary chondrites (see below). Wang
and Lipschutz (2005) proposed that this process can also
account for the variable volatile element abundances of
enstatite chondrites. However, the data of this study reveal
that type 3–4 enstatite chondrites have rather homogeneous
Te isotope compositions and fairly constant within-group
Te concentrations. This suggests that the mobilized, iso-
topically light Te from deeper regions of the parent body
was homogeneously distributed throughout the upper
regions from where the type 3–4 samples derive. However,
such homogenization is unexpected if the mobilized and
isotopically light Te migrated through the porous upper
layers of a parent body and was lost to space, which should
have rather led to Te isotope variations as observed for type
3 ordinary chondrites. Thus, the homogeneous Te isotope
compositions of type 3–4 enstatite chondrites suggest effi-
cient sealing of possible pathways for volatile loss, perhaps
through impact heating or sintering during the lower-grade
thermal metamorphism of type 3–4 samples.

Alternatively, type 3–4 samples derive from a distinct
parent body than type 5–6 samples and in this case may
have never received isotopically fractionated Te from
underlying, hotter regions of the parent body. Either way,
the variable Te concentrations and isotope compositions
of enstatite chondrites make it difficult to estimate a repre-
sentative bulk d128/126Te for their parent bodies. Through
the redistribution of isotopically light Te within the parent
bodies, it seems unlikely that enstatite chondrites of any
petrologic type retained their original Te isotopic composi-
tion (except perhaps type 3–4 samples, if they derive from
different parent bodies than type 5–6 samples). Instead,
the d128/126Te of bulk enstatite chondrite parent bodies
was likely lighter than the composition measured for type
5–6 samples, but heavier than the composition measured
for type 3–4 samples. The latter contain much more Te than
the former, and so the bulk parent body d128/126Te will
likely be closer to the d128/126Te value of type 3–4 samples.
We will return to this issue below when using d128/126Te to
assess the nature of the late veneer (Section 4.4).

4.2.2. Ordinary chondrites

The ordinary chondrites of this study display a similar
extent of Te isotope variations as the enstatite chondrites,
but the range of Te concentrations is much smaller
(Fig. 2). Moreover, while most type 5–6 enstatite chondrites
have d128/126Te values >0.4, most type 5–6 ordinary chon-
drites display smaller d128/126Te, and only three samples
have heavier compositions (Ramsdorf, Knyahinya, Kuna-
shak). Of these, Ramsdorf probably is an impact melt rock
(Yamaguchi et al., 1999), and so its heavy Te isotope com-
position may reflect impact-induced melting and volatiliza-
tion. Overall, there is no obvious systematic variation of
d128/126Te with ordinary chondrite group or petrologic type
(Fig. 6). Thus, neither the different metal contents or redox
compositions of H, L, and LL chondrites, nor the different
degree of thermal metamorphism resulted in systematic Te
isotopic variations. Moreover, d128/126Te values are not
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correlated with Te concentrations, and ordinary chondrites
of all sub-groups and petrologic types rather cluster between
~250 and 450 ng g�1 Te independent of d128/126Te. Thus, in
contrast to enstatite chondrites, Te isotope variations
among ordinary chondrites are less systematic and show
no stringent relation between Te mobilization and isotopic
fractionation with the degree of metamorphism.

A similar unsystematic behavior has previously been
observed for Cd isotopes in ordinary chondrites, although
the overall range of Cd isotope variations seems to be some-
what larger: the d114/110Cd of ordinary chondrites vary by
~20‰ (Wombacher et al., 2008), whereas d128/126Te varies
by only ~6‰ (including data for type 3 ordinary chondrites
from Fehr et al., 2018). This difference likely reflects the
approximately two times larger relative mass difference of
114Cd/110Cd compared to 128Te/126Te, and the lower conden-
sation temperature/higher mobility of Cd compared to Te
(Schaefer and Fegley, 2010). Thus, the Te and Cd isotope
variations among ordinary chondrite were likely set by the
same processes. Wombacher et al. (2008) proposed that the
Cd isotope variations reflect volatilization and redistribution
of gaseous Cd during parent body metamorphism, that is, a
similar process as described above for Te isotope variations
in enstatite chondrites. However, unlike for the enstatite
chondrites, there is no evidence for systematic redistribution
of Te from the inner more strongly metamorphosed parts (as
sampled by type 5–6 chondrites) to the upper, less strongly
heated shells of the parent body fromwhere type 3–4 samples
derive. This suggests more localized redistribution of volatile
elements in ordinary chondrites and only limited transmis-
sion throughout the parent body.

Fehr et al. (2018) observed large Te isotope fractionation
among unequilibrated ordinary chondrites, which they
attributed to inherited nebular heterogeneities among the
components of these samples. These authors further argued
that the initial heterogeneities were subsequently homoge-
nized during thermal metamorphism, and that ordinary
chondrites of higher petrologic types would be most repre-
sentative for the isotopic composition of their respective par-
ent bodies. However, the data of this study reveal variable
d128/126Te among equilibrated ordinary chondrites, indicat-
ing either that Te isotopes were not homogenized or, as
argued above, were subsequently generated during thermal
metamorphism. Either way, the bulk d128/126Te of ordinary
chondrite parent bodies remains relatively imprecisely
defined and likely falls in the range between �0.11 (Zhovt-
nevyi H6) and 0.23 (Aumale L6).
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4.3. Tellurium stable isotope composition of bulk silicate

Earth

Fehr et al. (2018) reported Te isotope variations of
~0.18‰ amu�1 among a variety of terrestrial sediments
and geological reference samples and argued that the Te
isotopic composition of BSE likely falls within this range.
The samples analyzed by Fehr et al. (2018) were mainly
chosen because of their high Te abundances, but since these
samples likely record Te isotope fractionation during vari-
ous geological processes, they may not represent the BSE’s
Te isotope composition. Instead, the chemical composition
of the BSE is often inferred based on fertile lherzolites (e.g.,
Palme and O’Neill, 2014) and such samples may, therefore,
be more suitable for constraining the BSE’s Te isotope
composition. For instance, Wang and Becker (2013) used
fertile lherzolites to infer the concentrations of S, Se, and
Te in the BSE, and some of the samples used by these
authors were also analyzed in the present study.

One problem for estimating the BSE’s composition
using lherzolites is that their compositions have been mod-
ified by the reactive infiltration of primitive basic melt into
previously melt-depleted peridotite. This ‘‘refertilization”
replenishes the inventory of incompatible elements through
precipitation of clinopyroxene, Al-phases, and sulfides (e.g.,
Le Roux et al., 2007; Bodinier and Godard, 2014). The
accuracy with which the BSE composition can be recon-
structed based on the composition of fertile lherzolites,
therefore, depends on how well the melt extraction and sub-
sequent refertilization history of fertile mantle lherzolites
can be reconstructed. Wang and Becker (2013, 2015a)
argued that refertilization is a consequence of the recycling
of moderately incompatible elements (e.g., Al, Ca, HREE,
but also Re, S, Se and Te), which are ultimately sourced
from subducted oceanic crust. These authors further argued
that such mixing and re-homogenization processes in the
mantle lead to correlations between elements of similar
incompatibility (e.g., Al-S-Se-Te, Wang and Becker,
2013), and that, therefore, the minor variations of S-Se-
Te ratios among mantle lherzolites should allow precise
and accurate estimates of BSE abundances and element
ratios. However, others have argued that the Se-Te system-
atics of fertile lherzolites reflect complex mixing and frac-
tionation processes during refertilization and the
precipitation of sulfides from silicate melt, and therefore,
do not provide a firm constraint on the Se and Te abun-
dances of the BSE (e.g., Lorand and Alard, 2010; König
et al., 2014; Luguet et al., 2015; Yierpan et al., 2019). To
this end, Yierpan et al. (2019) argued that for elements like
Se and Te, the BSE abundances may also be estimated
using the composition of mid-ocean ridge basalts (MORBs)
combined with a petrogenetic model for the fractionation of
Se and Te during partial melting. On this basis, these
authors found that the Se-Te systematics of MORBs are
best accounted for by a source composition having lower
Se and Te abundances and a higher Se/Te ratio
(49 ± 11 ng g�1 Se; 3.5 ± 1.3 ng g�1 Te) than estimated
from fertile lherzolites (80 ± 17 ng g�1 Se; 11.0 ± 1.7 ng g�1

Te) (Wang and Becker, 2013). The disparate results of these
approaches highlight that current estimates of the BSE’s Se
and Te abundances are somewhat uncertain.

The Te isotopic data for peridotites from this study may
help to shed further light on this issue and, ultimately, to
estimate the d128/126Te value of the BSE. The investigated
peridotites are some of the same samples previously used
by Wang and Becker (2013) to estimate the BSE’s Te con-
centration. These samples have Al2O3 contents ranging
from 0.3 to 4.3 wt.%, indicating melt extraction and vari-
able degrees of refertilization (Wang and Becker, 2013).
The lherzolites with Al2O3 contents of �2.8 wt.% exhibit
indistinguishable d128/126Te values averaging at
0.09 ± 0.03 (±2s.d.) and show a narrow range of Te con-
centrations averaging at 10.7 ± 1.8 ng g�1 Te (±2s.d.)
(Fig. 7). The nine lherzolites have slightly lower Al2O3 con-
tents than current BSE estimates (4.5 ± 0.4 wt.% Al2O3;
Palme and O’Neill, 2014), but these samples neither show
significant d128/126Te variations nor are they different from
the range of Te concentrations of other fertile lherzolites
or the BSE estimate of 11.0 ± 1.7 ng g�1 (Wang and
Becker, 2013). In contrast, the peridotites having Al2O3

contents of <2.8 wt.% vary in d128/126Te between
0.00 ± 0.01 (BM-11-11) and 0.11 ± 0.01 (BD 92-2) and
have variable Te concentrations between 2.9 and 8.1 ng g�1,
lower than those of the fertile lherzolites (Fig. 7). There is
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no direct correlation between d128/126Te and Te concentra-
tion (Fig. 3a), although the d128/126Te of these samples are
generally similar to or slightly lighter than the Te isotope
composition of the fertile lherzolites. The lower d128/126Te
values may reflect Te isotope fractionation during partial
melting or variable degrees of refertilization. If correct,
the highly variable degrees of partial melting and refertiliza-
tion among the analyzed peridotites suggest only minor Te
isotope fractionation during these processes (~0.05‰
amu�1) (Fig. 7). In this case, Te isotope fractionation dur-
ing partial melting was limited and isotopic differences
between harzburgites and infiltrating melts were small in
order to generate the limited range of d128/126Te between
harzburgites and lherzolites. Alternatively, the entire Te
budget in the lherzolites derived from an isotopically
homogenous source and the Te isotope composition of lher-
zolites solely represents that of the refertilizing melt.

The two websterites and one orthopyroxenite investi-
gated in this study exhibit similar or slightly heavier
d128/126Te than the lherzolites, but are characterized by
more heterogeneous Te concentrations of 13–104 ng g�1,
which are higher than those of the lherzolites (Fig. 3).
Wang and Becker (2015b) argued that websterites and
orthopyroxenites from the Balmuccia massif formed as
cumulates from primitive melts that were modified by inter-
action with peridotitic wall rock, which would be consistent
with the limited Te isotope fractionation relative to the
peridotite source. By contrast, clinopyroxenites are thought
to derive from melts that already have undergone sulfide
segregation (Wang and Becker, 2015b). This sulfide segre-
gation may have caused Te extraction from the parent melt,
resulting in lower Te concentrations (~2–12 ng g�1) and
more variable Te isotopic compositions (d128/126Te of
�0.37 to 0.32) (Fig. 3). This isotopic variability may have
been induced by isotope fractionation between sulfide and
silicate melts, similar to variations of Cu isotopes in the
pyroxenites (Zou et al., 2019). Due to their major element
composition and magmatic origin, pyroxenites are unsuit-
able for constraining the Te isotope composition of BSE.

Thus, the only ultramafic mantle rocks that can poten-
tially provide a reliable estimate for the BSE’s Te isotope
composition are lherzolites. However, as noted above,
owing to the melt depletion and refertilization history of
these rocks, it remains controversial if these rocks are suit-
able to constrain the Te abundance and isotopic composi-
tion of the BSE. For instance, König et al. (2014) argued
that the Te budget of fertile lherzolites can be modelled
by mixing residual monosulfide solid solutions (and plat-
inum group minerals) with presumed metasomatic low-
temperature phases. If correct, fertile lherzolites are unli-
kely to provide stringent constraints on the composition
of the BSE. However, the clinopyroxenites analyzed in this
study suggest that sulfide segregation is associated with sig-
nificant Te isotope fractionation, and so mixing between
different sulfide phases during refertilization may result in
variable Te isotope compositions. The limited Te isotopic
variation among the lherzolites may, therefore, be inter-
preted to indicate that combined partial melting, refertiliza-
tion, and metasomatism did not significantly modify the
original Te isotope composition. In this case the mean
d128/126Te of 0.09 ± 0.03‰ (2.s.d) of the lherzolites may
provide a good estimate of the BSE’s Te isotopic composi-
tion. However, it is also possible that the limited Te isotope
variations among the lherzolites merely reflect homogeniza-
tion during refertilization or a homogeneous d128/126Te of
the refertilizing melt. In these cases, it remains unclear
whether the lherzolites represent the d128/126Te of the
BSE. Distinguishing between these possibilities, and better
constraining the BSE’s d128/126Te in the process, will require
a better understanding of Te isotope fractionation during
partial melting and an assessment of the Te isotope compo-
sition of the depleted mantle. However, for the time being,
we will use the mean d128/126Te = 0.09 ± 0.03‰ (2.s.d) of
the lherzolites as the current best estimate for the BSE’s
Te isotopic composition, with the caveat that this value
may change with new results of future studies.

4.4. Comparison between BSE and chondrites and

implications for the late veneer

The abundances of S, Se, and Te in the BSE are com-
monly assumed to have been established predominantly
by the late veneer (e.g., Wang and Becker, 2013; Palme
and O’Neill, 2014). This notion is based on the observation
that these three elements seem to occur in broadly chon-
dritic relative abundances in the BSE and display stronger
depletions than the HSE, which entirely derive from the late
veneer. Moreover, metal-silicate partitioning experiments
suggest that Te is highly siderophile during core formation
(Rose-Weston et al., 2009), such that all pre-late veneer Te
should have been removed to the core. If correct, then the
Te isotope composition of the BSE should reflect that of
the late veneer. Thus, comparison of the Te isotope compo-
sitions of chondrites and the BSE may help assessing the
origin and nature of the late veneer.

Among the carbonaceous chondrites, the BSE’s Te iso-
topic composition (d128/126Te = 0.09 ± 0.03) overlaps with
those of CM chondrites (d128/126Te = 0.08 ± 0.02; n = 6)
and Tagish Lake (d128/126Te = 0.11 ± 0.01), whereas CV,
CO, and CR chondrites show significantly lighter, and CI
chondrites slightly heavier d128/126Te compared to the
BSE (Fig. 1,8). This is consistent with the observation that
only material similar to CM chondrites and Tagish Lake fit
the coupled Se/Ir and Te/Ir systematics of the BSE as
inferred from fertile lherzolites (Wang and Becker, 2013).
Although it is tempting to interpret this consistent link
between the Se-Te elemental and Te isotopic systematics
of CM chondrites and the BSE as inferred from fertile lher-
zolites as evidence for a CM-like source of the late veneer, it
is important to recognize that the BSE’s d128/126Te also
overlaps with those of enstatite chondrites (and also falls
within the range of ordinary chondrites). As noted above,
the Te isotopic compositions of type 3–4 EL and EH chon-
drites were likely modified by addition of isotopically light
Te during parent body thermal metamorphism, such that
the bulk d128/126Te of enstatite chondrite parent bodies is
likely be heavier than the value measured for type 3–4
enstatite chondrites. Although it remains difficult to quan-
tify this effect, it seems likely that this bulk d128/126Te
overlaps with the BSE value, given that the d128/126Te of
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type 3–4 enstatite chondrites is only slightly below that of
the BSE (Fig. 8). Thus, the Te isotopic composition of
the BSE alone is equally consistent with an enstatite
chondrite-like and CM chondrite-like late veneer. As such,
the former could only be excluded based on the higher
Se/Te ratios of ~12–13 of enstatite chondrites (Wang and
Lipschutz, 2005) compared to the BSE’s Se/Te of 8 ± 2
as inferred from fertile lherzolites (Wang and Becker,
2013). However, as noted above, Yierpan et al. (2019)
inferred a higher Se/Te ratio of ~14 for the BSE, which
essentially is the ratio of enstatite chondrites. Thus, given
current estimates, the Te isotopic and Se-Te elemental sys-
tematics are equally consistent with a CM-like and enstatite
chondrite-like late veneer.

Additional constraints on the nature of the late veneer
may be obtained by also considering Se isotope variations.
As for Te, the BSE’s Se may predominantly derive from the
late veneer and may then be used to constrain its origin in a
similar manner as Te. Again, the Se isotope composition of
peridotites overlaps with CM (and CI) chondrites (Varas-
Reus et al., 2019), but, as for Te, this composition likely
was modified during the partial melting and refertilization
history of these peridotites, and so it remains unclear how
well these samples reflect the Se isotopic composition of
the BSE. Of note, Yierpan et al. (2019) argued that there
is no significant Se isotope fractionation between sulfide
and silicate melts during MORB petrogenesis and that,
therefore, MORBs preserve the Se isotopic signature of
their mantle source, which may in turn reflect the composi-
tion of the BSE. This composition is somewhat lighter than
the composition of the peridotites, overlaps with the Se
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Fig. 8. Mass-dependent Te isotopic compositions of carbonaceous
(blue; Hellmann et al., 2020), ordinary (red), enstatite (yellow), and
Rumuruti chondrites (orange) compared to Se/Te (for source of Se-
Te data see Table S1). TL: Tagish Lake. The green box corresponds
to the d128/126Te and Se/Te inferred for BSE based on lherzolites
(this study; Wang and Becker, 2013) and the grey area represents
the BSE’s Se/Te inferred from MORBs (Yierpan et al., 2019). Note
that the d128/126Te for MORBs is unknown at present. (For
interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
isotopic composition of ordinary chondrites, and is only
slightly heavier that the composition of enstatite chondrites
(Vollstaedt et al., 2016; Labidi et al., 2018). Thus, as for Te,
the interpretation of the Se isotopic data with regard to
constraining late accretionary sources heavily hinges on
how well peridotites represent the composition of the
BSE. Moreover, only a limited number of enstatite chon-
drites have so far been analyzed for Se isotopes and
although they all agree within measurement uncertainty,
it is unclear as to whether these compositions were modified
during parent body metamorphism in a similar manner as
observed for other volatile elements like Zn, Te, and Cd
(see above). Thus, although terrestrial peridotites and CI
chondrites display remarkably similar Se isotope composi-
tions, the fidelity of this observation for constraining the
source of the late veneer is unclear.

The interpretation of the Te and Se isotopic data is fur-
ther complicated by the possibility that not all the Se and
Te in the BSE derives from the late veneer. For instance,
Labidi et al. (2013) argued that the BSE’s S isotopic compo-
sition is isotopically fractionated due to core formation,
which would require that not all of the S in the BSE derives
from late accretion. By contrast, experimental results of
Rose-Weston et al. (2009) suggest that S, Se, and Te were
all strongly siderophile during core formation and that
metal segregation should have induced strong S-Se-Te
fractionations. These authors, therefore, argued that the
S-Se-Te abundances in the BSE are best explained by late
accretion. However, the metal-silicate partitioning experi-
ments of Rose-Weston et al. (2009) were performed at pres-
sures of less than ~20 GPa, requiring large extrapolation to
the appropriate conditions for formation of Earth’s core at
estimated pressures of up to 45–65 GPa (e.g., Rubie et al.,
2011). To this end, more recent experimental work within
this pressure range reveals that S becomes less siderophile
and, therefore, may not be quantitatively removed into
Earth’s core (Boujibar et al., 2014; Suer et al., 2017). It is
unknown at present if the metal-silicate partitioning of Se
and Te changes in a similar manner, and so it cannot be
excluded that some of the BSE’s Se and Te does not derive
from the late veneer. Although the near-chondritic relative
abundances of S, Se, and Te in the BSE seem to argue
against significant fractionation of these elements due to
core formation (Wang and Becker, 2013), it is important
to recognize that there is substantial variations in S-Se-Te
ratios among chondrites (e.g., Se/Te ~8 to ~13; and consid-
erably higher for some metamorphosed samples). Thus,
while the S-Se-Te elemental systematics of the BSE falls
within the range of chondritic values, this does not preclude
some fractionation of these elements during core formation,
which then may have been overprinted to some extent by
addition of the late veneer. As such, some of the BSE’s Se
and Te may be inherited from before late accretion and
may, therefore, be isotopically distinct, either because it
derives from a different source or because metal-silicate-
sulfide partitioning during core formation induced some
isotope fractionation (Labidi et al., 2013; Labidi and
Cartigny, 2016). Addressing this issue will require a better
understanding of the metal-silicate partitioning of Se and
Te under relevant core formation conditions, and an
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assessment of whether core formation can induce significant
Se or Te isotope fractionation. Given the high temperatures
of core formation, any such isotope fractionation is likely
very small, but, as shown above, even a small shift in the
isotopic composition may have a significant effect on the
interpretation of Se and Te isotope signatures with regard
to the source of the late veneer.

Overall, due to uncertainties in the composition of the
BSE, and whether or not fertile lherzolites provide a good
estimate for that composition, we find that neither a car-
bonaceous chondrite-like nor an enstatite chondrite-like
late veneer can be ruled out from the Se-Te elemental and
isotopic systematics alone. This problem is exacerbated by
the possibility that not all the BSE’s Se and Te may derive
from the late veneer, and also by elemental and isotopic
fractionation of these elements on some chondrite parent
bodies, which renders it difficult to determine their bulk
Se-Te elemental and isotopic compositions. In general
terms, the results of this study highlight that elemental
ratios and mass-dependent isotope compositions are modi-
fied by physical and chemical processes occurring after
planetary accretion, which makes identifying the original
source signatures inherently uncertain and severely limits
the use of elemental ratios and mass-dependent isotope
fractionations as genetic tracers.

5. CONCLUSIONS

This study, combined with data from a companion study
(Hellmann et al., 2020), comprises the largest set of Te iso-
topic data for bulk chondrites that is currently available.
Carbonaceous chondrites display homogeneous within-
group Te isotope compositions, which systematically vary
with the mass fraction of matrix in each group. The Te iso-
tope variations among carbonaceous chondrites, therefore,
result from mixing between isotopically light, volatile-
depleted chondrules/chondrule precursors and isotopically
heavy, volatile-rich CI-like matrix (Hellmann et al., 2020).
By contrast, enstatite, ordinary, and Rumuruti chondrites
display large within-group Te isotope variations. These
are best explained by volatilization and redistribution of
Te during thermal metamorphism on the chondrite parent
bodies. For enstatite chondrites, the data of this study show
increasingly heavy Te isotopic compositions and decreasing
Te concentrations with increasing degree of metamorphism,
indicating migration of isotopically light Te from the
strongly metamorphosed inner parts towards the cooler
outer regions of the parent bodies. Of note, the type 3–4
enstatite chondrites of this study have rather uniform
d128/126Te values, suggesting that the added Te from deeper
parts of the parent bodies was efficiently homogenized dur-
ing metamorphism, or alternatively that type 3–4 and 5–6
samples derive from separate bodies. By contrast, ordinary
and Rumuruti chondrites display less systematic Te isotope
variations, implying more localized redistribution of Te
during thermal metamorphism on the parent bodies.

This study also provides the first mass-dependent Te iso-
tope data for terrestrial peridotites. The mantle lherzolites
of this study have rather homogeneous Te isotopic compo-
sitions, and are used to estimate the d128/126Te of the BSE.
This value overlaps with the d128/126Te of some volatile-rich
carbonaceous chondrites (most notably CM chondrites),
but also with the inferred bulk d128/126Te of enstatite chon-
drites and the imprecisely defined d128/126Te of ordinary
chondrites. When the Te isotopic data are considered
together with Se isotopic data and S-Se-Te ratios, then
the composition of the BSE as inferred from terrestrial peri-
dotites overlaps only with the composition of CM chon-
drites. Although it is tempting to interpret this
observation as evidence for a carbonaceous chondrite-like
source of the late veneer, this conclusion heavily depends
on how well the peridotites reflect the BSE’s composition.
If instead the Te isotope data of this study are combined
with the BSE’s Se/Te ratio and Se isotopic composition
as inferred for the mantle source of MORBs (Yierpan
et al., 2019), then all data would allow for an enstatite
chondrite-like late veneer. Further complications arise if
not all the BSE’s Se and Te derive from the late veneer,
and because elemental and isotopic fractionations during
thermal metamorphism make determining bulk composi-
tions of chondrite parent bodies uncertain. Combined,
these observations demonstrate that at present neither a
carbonaceous chondrite-like nor an enstatite chondrite-
like late veneer can be ruled out from the Se-Te elemental
and isotopic systematics alone.

The results of this study highlight that the relative abun-
dances and mass-dependent isotope compositions of vola-
tile elements like Se and Te are substantially modified by
physical and chemical processes occurring after planetary
accretion, which hampers the use of these elements as
genetic tracers. By contrast, nucleosynthetic isotope
anomalies are not significantly affected by post accretionary
processes and, as such, provide the most direct constraints
on genetic relationships among different planetary building
blocks. To this end, prior studies based on nucleosynthetic
Ru isotope anomalies have shown that the late veneer most
likely derives from inner solar system material with an on
average enstatite chondrite-like isotopic composition
(Bermingham and Walker, 2017; Fischer-Gödde and
Kleine, 2017; Hopp et al., 2020). Moreover, the isotopic
similarity with enstatite chondrites extends to Earth’s main
building material for a range of geochemically distinct ele-
ments that record different stages of Earth’s accretion
(Dauphas, 2017). The most straightforward interpretation
of this persistent isotopic link is that Earth predominantly
accreted from inner solar system material throughout its
accretion history and including the late veneer, consistent
with the idea that the late veneer predominantly derives
from the left-over planetesimal population that remained
in the terrestrial planet region after the last giant impact
on Earth (e.g., Jacobson et al., 2014). Our finding that
the Se-Te systematics are not inconsistent with an enstatite
chondrite-like late veneer supports this model.
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