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Compared to the composition of CI chondrites and the Sun, all other carbonaceous chondrites are variably
depleted in volatile elements. However, the origin of these depletions, and how they are related to
volatile loss during high-temperature processes within the solar nebula, are unclear. To better understand
the processes that caused volatile element fractionations among carbonaceous chondrites, we obtained
mass-dependent Te isotopic compositions and Te concentrations for a comprehensive set of samples
from the major carbonaceous chondrite groups. The chondrites exhibit well-resolved inter-group Te
isotope variations towards lighter isotopic compositions for increasingly volatile-depleted samples. The
Te isotopic compositions and concentrations are also correlated with the mass fraction of matrix and
with nucleosynthetic £>*Cr anomalies. Combined, these correlations indicate mixing between volatile-
rich, isotopically heavy, and >4Cr-rich Cl-like matrix with volatile-poor, isotopically light, and >*Cr-
poorer chondrules or chondrule precursors. The Te-Cr isotopic correlation suggests that all carbonaceous
chondrites contain Cl-like matrix, and that chondrules and this Cl-like matrix formed from isotopically
distinct material originating from different regions of the disk. The only samples plotting off the Te-Cr
correlation are CR chondrites, indicating that CR chondrules formed from different precursor material
than chondrules from other carbonaceous chondrites, either because they formed at greater heliocentric
distance and/or at a later time. Plots of volatile element abundances versus matrix mass fraction
reveal that chondrules/chondrule precursors display Cl-chondritic ratios for volatile elements with 50%
condensation temperatures below ~750 K, with an overall abundance of ~0.13 x CI. Mixing between
these two components, therefore, naturally results in Cl-like ratios for these elements in all carbonaceous
chondrites, in spite of different degrees of volatile depletion. A corollary of this observation is that the CI-
like ratios of volatile elements in the bulk silicate Earth may result from the accretion of volatile-depleted
materials and do not require accretion of CI chondrites themselves.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

is most similar to that of the solar photosphere (Palme et al,
2014). All other groups of carbonaceous chondrites are depleted in

Carbonaceous chondrites are among the most primitive mate-
rials of the solar system and also are the likely source of Earth’s
water and highly volatiles (e.g., C, N). As such, carbonaceous chon-
drites provide important clues about fractionation and mixing pro-
cesses within the solar protoplanetary disk, the accretion of prim-
itive planetesimals, and also on the volatile accretion history of
Earth. Carbonaceous chondrites consist of chondrules, refractory
inclusions, metal and sulfides embedded in a fine-grained ma-
trix, where variations in the proportions of these components de-
fine the distinct groups of carbonaceous chondrites. Of these, the
ClI chondrites are chemically most pristine, as their composition
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volatile elements [i.e., elements having 50% condensation temper-
atures (T¢) below those of Mg, Si, and Fe (the ‘main component’)
at ~1300 K] relative to CI chondrites (Palme et al., 2014).

The origin of these volatile fractionations remains poorly un-
derstood. Traditionally, they have been attributed to either incom-
plete condensation from the solar nebula (e.g., Albarede, 2009;
Ciesla, 2008; Wasson and Chou, 1974) or to variable mixing of
volatile-rich matrix with volatile-depleted chondrules (i.e., the
two-component model) (e.g., Anders, 1964; Larimer and Anders,
1967). Much of the debate between these two models centered
around the issue of whether volatile loss from chondrules was im-
portant for determining volatile depletions among chondrites, but
no consensus has been reached (see summary in Alexander, 2005).
More recent studies have shown that the composition of carbona-
ceous chondrites can be quantitatively reproduced by variable mix-
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tures of their chemically and isotopically diverse constituents (e.g.,
Alexander, 2019; Zanda et al., 2018). Such studies have argued that
volatile elements in carbonaceous chondrites predominantly de-
rive from Cl-like matrix, and that the volatile fractionations among
carbonaceous chondrites reflect dilution with other, volatile-free
components (Alexander, 2019; Braukmiiller et al., 2018). This is
consistent with the observation that all carbonaceous chondrites,
regardless of the degree of volatile depletion, exhibit CI-like ratios
for volatile elements with T¢ < 750 K (Braukmiiller et al., 2018).
However, for some volatile elements (e.g., Zn) carbonaceous chon-
drites also exhibit a trend towards lighter isotopic compositions in
more volatile-depleted samples, suggesting that the volatiles de-
rive from more than one source (e.g., Pringle et al., 2017). Finally,
the complementary chemical and isotopic compositions of chon-
drules and matrix suggest that both components are genetically
linked and, as such, do not derive from two distinct sources (e.g.,
Budde et al., 2016; Hezel and Palme, 2010).

We obtained mass-dependent Te isotopic data and Te concen-
trations for a comprehensive set of carbonaceous chondrites, with
the ultimate goal to better understand the origin of volatile deple-
tions in carbonaceous chondrites. Tellurium isotopes are of consid-
erable interest in this regard, because Te has a lower condensa-
tion temperature [Tc =~ 700 K; (Wood et al., 2019)] than many
other moderately volatile elements, making it a sensitive tracer
of volatile fractionation processes, and because Te concentrations
in carbonaceous chondrites gradually decrease in the order CI-
CM—(CV, CO)-CK-CR (Braukmiiller et al., 2018). Thus, in analogy to
Zn, a trend towards lighter Te isotopic compositions from CI to CR
chondrites is expected. Fehr et al. (2018) observed a broad trend
between Te isotopic fractionation and volatile depletion among
carbonaceous chondrites, however, the data from that study also
reveal considerable overlap in the Te isotope compositions of dis-
tinct carbonaceous chondrite groups. Moreover, Fehr et al. (2018)
also observed Te isotope variations among different carbonaceous
chondrites of a given group, suggesting that the Te isotope vari-
ations cannot solely be attributed to volatile fractionation among
the distinct groups. To more systematically investigate the origin of
Te isotope variations among carbonaceous chondrites, we obtained
mass-dependent Te isotopic data for the six major carbonaceous
chondrite groups (CI, CM, CV, CO, CR, CK), the ungrouped chondrite
Tagish Lake, and chondrule and matrix-rich separates from the Al-
lende CV3 chondrite. These data provide new insights into the ori-
gin of volatile fractionations among carbonaceous chondrites, the
role of chondrules and matrix in producing these fractionations,
and the nature of carbonaceous chondrite-like bodies accreted by
Earth.

2. Samples and analytical methods
2.1. Samples

Twenty-two bulk carbonaceous chondrites were selected for
this study, including two CI1 chondrites (Ivuna and Orgueil), the
ungrouped C2 chondrite Tagish Lake, six CM chondrites (Paris, Cold
Bokkeveld, Jbilet Winselwan, Murchison, MET 01070, LON 94101),
four CV3 chondrites (Allende, Leoville, Axtell, Vigarano), three CO3
chondrites (DaG 136, NWA 6015, Kainsaz), two CK4 chondrites
(NWA 4679 and Maralinga), and four CR2 chondrites (GRA 06100,
NWA 1180, NWA 801, Acfer 139). For most samples, aliquots (50-
450 mg) were taken from homogeneous bulk powders produced
from >2 g pieces. In addition, three chondrule separates and one
matrix separate from Allende were analyzed. Chondrules were sep-
arated by hand picking under a binocular and were subdivided into
two size fractions of 100-1000 pm and >1000 pm. Additionally, a
single chondrule of ~3 mm diameter was analyzed.

Table 1
Tellurium isotopic and concentration data for carbonaceous chondrites and terres-
trial samples.

Sample Classification Te N §128/126¢
(ng/g) (£20) (£2s.d.)
Carbonaceous chondrites
Orgueil cn 2250 + 63 5 0.16 &+ 0.01
Ivuna a 2322 + 69 6 0.13 £ 0.02
Mean CI chondrites 2286 + 102 2 0.15 + 0.04
Tagish Lake C2-ung. 1669 + 42 5 0.11 £ 0.01
Paris M2 1399 + 33 5 0.09 £ 0.02
Murchison M2 1493 + 47 5 0.07 + 0.03
Jbilet Winselwan M2 1546 + 58 5 0.08 + 0.02
Cold Bokkeveld M2 1369 + 35 5 0.09 £ 0.02
LON 94101 M2 1357 + 36 5 0.07 + 0.02
MET 01070 M1 1412 + 35 6 0.07 £+ 0.03
Mean CM chondrites 1429 + 149 6 0.08 + 0.02
Allende (MS-B) Ccv3 948 + 25 4 0.02 + 0.02
Allende (MS-A) Ccv3 939 + 36 5 0.02 + 0.01
Leoville Ccv3 852 + 23 5 0.01 £ 0.02
Axtell Ccv3 947 £ 25 5 0.00 £ 0.01
Vigarano Ccv3 802 + 24 5 —0.01 £+ 0.01
Mean CV chondrites 897 + 134 5 0.01 + 0.02
NWA 6015 co3 808 + 24 6 —0.02 £+ 0.03
DaG 136 co3 821 + 36 5 —0.03 £+ 0.02
Kainsaz Co3 840 + 24 5 —0.05 + 0.02
Mean CO chondrites 823 + 32 3 —0.03 + 0.03
NWA 4679 CK4 752 + 33 5 0.82 + 0.01
Maralinga CK4 761 £ 20 5 —0.19 + 0.03
GRA 06100 CR2 762 + 22 5 —1.38 £+ 0.02
NWA 1180 CR2 481 £+ 12 6 —0.20 £+ 0.03
Acfer 139 CR2 489 + 12 4 —0.21 £+ 0.03
NWA 801 CR2 511 £ 12 6 —0.24 £+ 0.02
Mean CR chondrites 494 + 31 3 —0.22 + 0.04
Allende components
Pooled chondrules 100-1000 pm 327 + 14 3 —0.03 £+ 0.01
Pooled chondrules >1000 pm 305 + 11 3 —0.04 £+ 0.02
Single chondrule 3 mm 558 + 37 1 0.03 + 0.03
Matrix-rich 1102 + 36 3 0.01 £ 0.01
Terrestrial standards
BHVO-2 Basalt 145 + 0.6 3 0.25 + 0.03
UB-N Serpentine 11.0 £ 0.7 3 0.05 + 0.01
SBC-1 Shale 146 + 3 5 —0.06 £+ 0.03
Nod-A-1 Mn-nodule 29589 + 766 5 0.44 + 0.02
Nod-P-1 Mn-nodule 4949 + 154 5 0.31 £+ 0.02

Some samples were provided by NASA (LON 94101.72, MET 01070.47, GRA
06100.58), IPGP (Paris), and the Field Museum (Murchison ME 2644.25.1).

For comparison to previous studies we also obtained Te isotopic
data for some readily available reference samples: basalt BHVO-2,
serpentine UN-B, shale SBC-1, and Mn-nodules Nod-A-1 and Nod-
P-1 (Table 1). Although no prior studies reported Te isotopic data
for the first three of these samples, they may serve as appropri-
ate reference materials for inter-study comparison in the future.
Two previous studies reported Te stable isotopic data for the Mn-
nodules Nod-A-1 and Nod-P-1, obtained by double spike MC-ICPMS
(Fehr et al., 2018; Fukami et al., 2018). Comparison of data from
this and previous studies, including terrestrial samples and chon-
drites, generally reveals a good agreement between the studies,
although there seems to be a small systematic offset compared to
the results of Fehr et al. (2018), which most likely reflects the use
of different standards (see supplement for details).

2.2. Tellurium double spike

Tellurium has eight stable isotopes, and so there are several
possibilities for the design of the double spike. Contrary to pre-
vious studies, which used a 2°Te-128Te double spike (Fehr et al.,
2018; Fukami et al., 2018), we chose a 23Te-12°Te double spike
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with an isotopic composition optimized for using '23Te, 12°Te,
126Te, and 128Te in the inversion. The 123Te-125Te double spike was
prepared from '23Te (~2 mg; batch no. 208940) and '2Te (~5
mg; batch no. 192046) single spikes purchased from the Oak Ridge
National Laboratory. The final double spike was calibrated against
the NIST SRM 3156 Te standard solution (Lot No. 140830; 10.005 =+
0.038 mgg~! Te), which is used as the reference standard through-
out this study.

The 123Te-125Te double spike setup has a small predicted er-
ror (1s.d.) of ~33 ppmamu~! (Rudge et al., 2009) and a relatively
broad range of permissible spike-to-sample ratios (Fig. S1). The use
of a 123Te-125Te double spike has the advantage that it avoids
130Te, which has been shown to be prone to analytical artifacts
(Brennecka et al.,, 2017). Although ?Te and '*8Te may be affected
by interferences from Xe, the Xe background is very constant and
can reliably be corrected by on-peak background measurements
prior to each analysis. Finally, Sb, which interferes with 23Te, is ef-
ficiently removed during chemical purification and the amount of
any remaining 23Sb is sufficiently low (121Sb/123Te < 1.4 x 1073)
for reliable correction using the interference-free 121Sb (Fig. S2).

2.3. Sample preparation and chemical separation of Te

Samples were weighed into 15 or 60 ml Savillex PFA vials and
mixed with appropriate amounts of '23Te-12>Te double spike. The
sample-spike mixtures 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 several dry downs in concentrated
HCI, and re-dissolved in 25 mL 2 M HCI for ion exchange chem-
istry.

Tellurium was purified using a three-stage column chemistry
modified following the procedures of Fehr et al. (2004) and Bren-
necka et al. (2017). First, sample solutions in 2 M HCl were loaded
onto pre-cleaned anion exchange columns filled with 5 mL Bio-
Rad AG1X8 resin (200-400 mesh). After loading, the columns were
washed sequentially with 15 mL 2 M HCl, 7 mL 11 M HCI, and
15 mL 5 M HF, and Te was eluted in 10 mL 1 M HNOs. The Te
fractions were dried on a hot plate with added concentrated HNO3
to destroy organic compounds. This was followed by several dry
downs in concentrated HCl to remove remaining HNOs3. The Te
fractions were then 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 loading, the columns were washed se-
quentially with 5 mL 2 M HCl, 2 mL 11 M HCl, and 5 mL 5 M
HF. Afterwards, Te was eluted using 6 mL 0.5 M HCl. The Te frac-
tions from the second chemistry were dried several times in HNO3
and then dissolved in 1 mL 7 M HNOs. Finally, to remove any re-
maining Mo from the Te fractions, sample solutions were loaded
onto pre-cleaned columns (500 pl TRU resin-B, 50-100 pm) and Te
was directly collected together with an additional elution of fur-
ther 4 mL 7 M HNOs. After dry downs in HNO3 and HNO3;-HCI,
the Te fractions were dissolved in 0.28 M HNO; for isotope mea-
surements.

2.4. Mass spectrometry and data reduction

All Te isotope measurements were performed using a Ther-
moScientific Neptune Plus multi-collector ICP-MS at the Institut
fiir Planetologie. Samples were introduced using a Cetac Aridus
Il desolvator and a Savillex C-flow nebulizer at an uptake rate of
~40 pl/min. Sample solutions were measured at ~100 ppb Te (ex-
cept the chondrule separates, BHVO-2, and UB-N, which were mea-
sured at ~30-50 ppb Te) using standard sampler and X skimmer

cones. For a 100 ppb standard solution this configuration yielded
total ion beam intensities of ~2-2.5 x 1072 A, Ion beams were
collected simultaneously using Faraday cups connected to 101 Q
feedback resistors for 123Te, 125Te, 12Te, and '28Te, and Faraday
cups connected to 10'2 Q feedback resistors for 121Sb and 2%Xe.
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 zero measurements of 100 x 1.05 s integrations, followed
by sample measurements of 50 cycles of 4.2 s each. Interferences
of Xe on 126Te and !28Te, and of Sb on '23Te were corrected by
monitoring 12?Xe and '21Sb and using the exponential mass frac-
tionation law, but corrections were insignificant for most samples.

The measured raw data were processed off-line following the
three-dimensional data reduction routine of Siebert et al. (2001),
and using 123Te/1%8Te, 12°Te/128Te, and 1%6Te/'28Te. The double
spike inversion provides the natural fractionation factor ¢, from
which the Te isotope fractionation (in permil) of a sample is calcu-
lated as follows:

§128/126Te g, pte = —1000 X (Csample — CtMean NIST SRM3156)
x In (mq28 /m126) (M

where mi2g and myy are the atomic weights of 128Te and 126Te,
and o pmean NIST SRM 3156 1S the mean natural fractionation factor o of
an optimally spiked NIST SRM 3156 standard solution (spike pro-
portion of 0.40) measured at similar concentrations in the same
measurement sequence. The long-term reproducibility of spiked
standard solutions at ~100 ppb obtained during the course of this
study is £ 0.023%o (2s.d.) (Fig. S3). The results for samples are re-
ported as the mean of pooled solution replicates (n = 3-8) with
their corresponding two standard deviation (2s.d.).

The double spike inversion assumes that the samples have no
mass-independent Te isotope anomalies, and so if such anoma-
lies would exist, then inaccurate mass fractionation factors may
be calculated (e.g., Hopp and Kleine, 2018). Although no mass-
independent Te isotope anomalies have yet been found (Fehr et
al., 2006), it is nevertheless important to assess how large such
anomalies would have to be to significantly affect the calculated
5128/126Te, To this end, we calculated the apparent §128/126Te of
an artificial sample for which we assumed an s-process deficit
corresponding to a £'26Te anomaly of —0.3 (the & notation ex-
presses the parts per 10.000 deviation of a mass fractionation cor-
rected isotopic ratio in a sample relative to a standard). Such an
anomaly is similar to the uncertainty of +0.3 on £'26Te (Fehr et
al., 2006), and therefore is the largest nucleosynthetic Te isotope
anomaly that may exist based on currently available data. The cal-
culation shows that this would change the calculated §128/126Te
by ~0.03%o, which is similar to the precision of the Te isotope
measurements of this study and much smaller than the observed
§128/126Te variations among the carbonaceous chondrites. Conse-
quently, mass-independent Te isotope anomalies, if they exist, have
no significant effect on the §128/126Te data reported here.

3. Results

Tellurium concentrations and §128/126Te values of bulk carbona-
ceous chondrites and Allende chondrule and matrix fractions are
provided in Table 1 (and Table S1 using the §'30/125Te_notation
to facilitate direct comparison to a prior study) and are shown
on Figs. 1 and 2. With the exception of the CR2 chondrite GRA
06100 (5128/126Te ~ —1.38%0) and the CK4 chondrite NWA 4679
(5128/126Te ~ + 0.82%), all samples display a narrow range of
~0.4% for §128/126Te, For CI, CM, CV, CO, and CR chondrites (ex-
cept GRA 06100), samples from a given carbonaceous chondrite
group have indistinguishable §128/126Te and display a narrow range
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Fig. 1. §'28/126Te data of carbonaceous chondrites. Blue bars represent the 2s.d. of
each carbonaceous chondrite group. Samples NWA 4679 (CK4) and GRA 06100 (CR2)
plot off scale. (For interpretation of the colors in the figure(s), the reader is referred
to the web version of this article.)
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Fig. 2. §128/126Te and 1/Te data for carbonaceous chondrites. TL: Tagish Lake. GRA
06100 (CR2), NWA 4679 (CK4) plot off scale. These two chondrites and Maralinga
(CK4) are the only samples of this study that do not plot on the §'28/126 Te-1/Te
correlation line. 1/Te was calculated using Te concentrations in ng g~'.

of Te concentrations. Among these groups, and including the un-
grouped carbonaceous chondrite Tagish Lake, §128/126Te and Te
concentrations vary systematically, where CI chondrites display
the heaviest §28/126Te and highest Te concentrations, while CR
chondrites have the lightest §128/126Te and lowest Te concentra-
tions (Figs. 1, 2). This is consistent with results from a previous
study, which showed a broad trend towards increasingly heavy
Te isotopic signatures for more volatile-rich carbonaceous chon-
drites (Fehr et al., 2018). The new data of this study, however, are
based on a larger and more diverse sample set and allow to define
the correlation of isotopic composition with volatile content much
more precisely (see Fig. S4 for details).

Of the bulk carbonaceous chondrites analyzed in this study,
only the two CK4 chondrites and the CR2 chondrite GRA 06100
deviate from the trend of 5128/126Te with Te concentration defined
by the other carbonaceous chondrites (Fig. 2). Prior studies have
shown that thermal and shock metamorphism may induce isotope
fractionations for Te (Fehr et al., 2018), resulting in both light and
heavy isotopic compositions. Although CR chondrites are typically

not strongly affected by thermal metamorphism on their parent
body, GRA 06100 provides evidence for substantial thermal pro-
cessing, most likely as a consequence of shock-heating to >600 °C
during an impact event (Abreu and Bullock, 2013; Briani et al.,
2013). This event may have resulted in Te isotope fractionation
and, therefore, may account for the anomalous Te systematics of
GRA 06100, as has also been observed for Zn and Cd isotopes in
this sample (Mahan et al., 2018; Toth et al., 2020). The deviation of
the two CK chondrites from the overall §128/126Te versus Te trend
most likely also reflects the effects of thermal processing on the
parent body. Unlike many other carbonaceous chondrites, most CK
chondrites show evidence of thermal metamorphism (Geiger and
Bischoff, 1991), which may have induced large Te isotope varia-
tions due to thermal diffusion. As such, the measured §128/126Te of
the CK4 chondrites most likely do not represent that of their par-
ent body. Therefore, the data for the CR chondrite GRA 06100 and
the two CK chondrites will not be further considered when using
the Te isotopic data to understand volatile fractionations among
carbonaceous chondrite groups.

Unlike a previous study (Fehr et al., 2018), we do not ob-
serve variable §128/126Te among samples of a given carbonaceous
chondrite group (except for the aforementioned CKs and the CR
chondrite GRA 06100) (Fig. 1). This not only makes it possible to
precisely define the §128/126Te for each group, but also implies that
for these chondrite groups parent body processes had no signifi-
cant effect on the Te stable isotopic composition of bulk samples,
at least not for the sample sizes used in this study. For instance,
the six CM chondrites of the present study were subject to dif-
ferent degrees of aqueous alteration (petrologic types 1-2.9), but
nevertheless display indistinguishable §'28/126Te. Further, the four
different CV3 chondrites have been subject to different degree of
thermal processing on the parent body (Bonal et al., 2006), yet
have indistinguishable §128/126Te, Thus, thermal processing on the
CV3 parent body does not seem to have modified §128/126Te, at
least not at the bulk rock scale. The two CI, three CO, and three
CR chondrites (excluding GRA 06100) of this study also have con-
sistent §128/126Te values, which we interpret to represent those of
their respective parent bodies.

Finally, the two pooled Allende chondrule separates and the
single Allende chondrule have lower Te concentrations than bulk
Allende. The single chondrule displays a similar §28/126Te value
than bulk Allende, whereas the two pooled chondrule separates
have slightly lighter isotopic compositions. Finally, the matrix-rich
sample has a higher Te concentration than bulk Allende, but the
same §128/126Te (Table 1).

4. Discussion
4.1. Correlation of §'28/128Te with matrix fraction

The CI, CM, CV, CO, and CR chondrites together with Tagish
Lake define a single precise linear trend in a plot of §128/126Te ver-
sus 1/Te (Fig. 2), indicating that the depletion of Te is associated
with isotopic fractionation towards lighter isotopic compositions.
This is consistent with prior observations for some other volatile
elements (in particular Zn), which also show lighter isotopic com-
positions for more volatile depleted samples (Pringle et al., 2017).
The §128/126Te values and Te concentrations are not only corre-
lated with one another, but also with the volume fraction of matrix
of each chondrite group (Fig. 3). Assessing this observation more
quantitatively requires converting matrix volume fractions (¢) into
mass fractions (w). To this end, we assumed that all material ex-
cept chondrules (Ch), refractory inclusions (RI), metal (M), and
sulfides (S) belongs to matrix. The matrix mass fraction is then
given by:
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Fig. 3. Average Te concentration of carbonaceous chondrite groups versus volume
fraction of matrix. Matrix volume fractions taken from summary in Alexander
(2019). Uncertainties are two times the standard deviation and dashed lines rep-
resent the corresponding error envelope of the linear regression.

Wmatrix = 1 — (wcp + wR + wp + ws) (2)

The mass fraction w; of each component can be obtained from
their volume fractions:

Pi
Pbulk

where ppyk is the bulk density of a given chondrite (Macke et
al., 2011) and p; is the density of a given component. We as-
sumed p = 3.3 gcm~3 for chondrules and refractory inclusions,
8.0 gcm~3 for FeNi-metal, and 4.6 gcm™3 for sulfides (EngToo,
2001). For CV and CO chondrites we used volume fractions from
McSween (1977a, 1977b), resulting in matrix mass fractions of
0.30 + 0.07 and 0.20 + 0.12 (2s.d.), respectively. For CR chon-
drites, volume fractions were taken from Schrader et al. (2011),
resulting in a matrix mass fraction of 0.09 + 0.05 (2s.d.). Note
that the high metal contents of ~5-8 vol.% of CR chondrites re-
sults in a drastically lower matrix mass fractions compared to the
volume fraction (~25-35 vol.%). For CM chondrites, volume frac-
tions are highly variably (e.g., 57-85 vol.% matrix), most likely as
a result of aqueous alteration on the parent body (Marrocchi et al.,
2014; McSween, 1979). We, therefore, used volume fractions from
the least altered CM chondrites, such as Crescent, Mighei, Murray,
Murchison, and Paris (which contain ~60 vol.% matrix). For these
samples, a matrix mass fraction of 0.41 £ 0.12 (2s.d.) is calcu-
lated. Finally, the ungrouped chondrite Tagish Lake has also been
subject to extensive aqueous alteration, and so conversion of vol-
ume to mass fraction is more difficult for this sample. Moreover,
observed volume matrix fractions are highly variable among dif-
ferent subsamples of Tagish Lake [0.50-0.90; Blinova et al. (2014)].
Nevertheless, the low grain density of 2.74 gcm™3 of Tagish Lake
(Hildebrand et al., 2006) suggests that aqueous alteration lowered
the densities of all other components to about the same value. In
this case, the matrix volume fraction is equivalent to its mass frac-
tion, resulting in a mass fraction of 0.64 + 0.23 (2s.d.).

The matrix mass fractions thus obtained are linearly correlated
with the Te concentrations of the carbonaceous chondrites, indi-
cating that the variable Te concentrations reflect different amounts
of Te-rich matrix (Fig. 4). The Te concentration of the Te-poor,
non-matrix component, as inferred from the intercept at a matrix

;i = ¢i X

(3)

3

Te (pg/g)

,(\ Non-matrix
Te;=0.354+0.100

0 0.2 0.4 0.6 0.8 1
Matrix (mass fraction)

Fig. 4. Average Te concentration of carbonaceous chondrite groups versus mass frac-
tion of matrix (see section 4.1 for details). The regression represents the best fit
using weighted errors. The y-axis intercept of the regression provides the Te con-
centration of the non-matrix component. Uncertainties are two standard deviations
and dashed lines represent the corresponding error envelope of the linear regres-
sion.
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Fig. 5. §128/126Te-1/Te mixing line defined by carbonaceous chondrite groups. TL:
Tagish Lake. The Te isotopic composition of the non-matrix component was deter-
mined using the inferred Te concentration (see section 4.1) and the §'28/126Te—1/Te
regression of carbonaceous chondrite groups. The regression represents the best fit
using weighted errors. Uncertainties are two standard deviation and dashed lines
represent the corresponding error envelope of the linear regression. 1/Te was calcu-
lated using Te concentrations in ng g~'.

mass fraction of zero, is 354 + 100 ngg~!. Using this Te concen-
tration, the §128/126Te value of the non-matrix component can be
estimated from the §128/126Te—1/Te correlation, yielding §128/126Te
= —0.40J_r8:;g for the non-matrix component (Fig. 5). This com-
ponent must be represented by either metal, chondrules, or re-
fractory inclusions. Metal does not occur in sufficiently variable
amounts in the carbonaceous chondrite groups, and so the non-
matrix component is probably represented by chondrules and/or
refractory inclusions. Of note, several prior studies have shown that
chondrules and also CAls have isotopically light compositions for
volatile elements such Zn, Ga, and Cd (Kato and Moynier, 2017;
Pringle et al.,, 2017; Van Kooten and Moynier, 2019; Wombacher
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et al., 2008). The Te isotopic data from this study also reveal light
§128/126Te for two pooled chondrule separates from the CV3 chon-
drite Allende, but these are not as light as the composition of the
non-matrix component inferred above. However, the §128/126Te of
Allende chondrules may have been modified by parent body pro-
cesses, and so the Te isotopic composition of physically separated
non-matrix components may provide less stringent constraints on
their original isotopic composition than the precisely defined cor-
relation of §'28/126Te and 1/Te among the bulk carbonaceous chon-
drites. In other words, the evidence for light isotopic compositions
of non-matrix material may be preserved only indirectly, by the
volatile element depletion trend of bulk carbonaceous chondrites
towards light isotopic compositions.

4.2, §128/126Tp_ ¢34y correlation

The §'28/126Te values of carbonaceous chondrites (except CR)
are not only correlated with Te concentrations and matrix mass
fraction, but also with £>*Cr (Fig. 6). This correlation is remarkable
because variations in §'28/126Te and ¢34Cr have different origins.
While the former reflect thermal and chemical processing of chon-
drite precursors, variations in £>#Cr are nucleosynthetic in origin
and reveal that different groups of carbonaceous chondrites incor-
porated variable amounts of presolar materials (Trinquier et al.,
2007). The §128/126Te_g54Cr correlation, therefore, indicates that
the different carbonaceous chondrites cannot have formed by pro-
cessing from the same homogeneous reservoir of dust. The cor-
related §'28/126Te—g>4Cr variations may reflect that dust in more
distant regions of the disk, which was characterized by more ele-
vated £°4Cr (e.g., the formation location of CI and CM chondrites)
underwent less severe thermal processing than dust in more prox-
imal regions, which was characterized by less positive £>4Cr (e.g.,
the formation location of CV and CO chondrites). This would be
consistent with the different amounts of matrix in these chon-
drites, because larger amounts of matrix may be indicative of less
efficient chondrule formation. In this case, the §128/126Te_g>4(Cr
correlation would reflect coherent gradients of thermal processing
(as reflected in §128/126Te) and compositional changes (as reflected
in £>4Cr) in the disk, without a direct causal relationship between
§128/126Te and g4Cr.

Alternatively, the correlated §'28/126Te—g>4Cr variations among
carbonaceous chondrites reflect mixing of two isotopically distinct
components. One of these components is Cl-like matrix, which is
volatile-rich, isotopically heavy for Te, and enriched in >*Cr. The

other, non-matrix component is volatile-depleted, isotopically light
for Te, and has smaller £>*Cr anomalies. Of note, most refractory
inclusions (CAls, AOAs) are characterized by £>*Cr values of ~6
(Trinquier et al., 2009), and so cannot represent the non-matrix
endmember (Fig. 6). Instead, chondrules from CV, CO, and CM
chondrites, in spite of large variations among individual chondrules
in each group, are characterized by an average £>*Cr of ~0.7 (Fig.
S5, Table S3). Chondrules with this average £>*Cr and a §128/126Te
of about —0.40 (as inferred above) plot on the §128/126Te_g54(Cr
mixing line of bulk carbonaceous chondrites, and mixing calcu-
lations between chondrules and CI chondrites reproduce the ob-
served compositions of bulk carbonaceous chondrites quite well
(Fig. 6). Together, these observations are consistent with the in-
terpretation of the §128/126Te_g>4Cr covariation as a mixing line
between chondrules (or chondrule precursors) and Cl-like matrix.
A corollary of this is that all carbonaceous chondrites (except pos-
sibly the CRs) contain CI-like matrix, which in turn is consistent
with Cl-like matrix-normalized abundances of organic matter and
presolar grains in the most primitive samples from each chondrite
group (Alexander, 2005; Alexander et al., 2001).

The §128/126Te_g>4Cr covariation defined by CO-CV-CM-CI
chondrites and Tagish Lake implies that chondrules in these chon-
drites formed from the same or similar precursor material. Oth-
erwise, these chondrites would not plot on a single mixing line
with an average £>*Cr ~0.7 for chondrules as one endmember.
This is consistent with the aforementioned observation that chon-
drules from CV, CO, and CM chondrites have the same average
£54Cr of ~0.7. As this value is distinct from CI chondrites (¢>*Cr
~1.6), chondrules cannot have formed from CI-like dust, because
chondrule melting is not expected to result in nucleosynthetic iso-
tope variations (Jacquet et al., 2019). Instead, the distinct £>*Cr of
chondrules and CI chondrites imply that chondrule precursors and
Cl-like matrix derive from different areas of the disk, and were
mixed together in various proportions prior to chondrite accretion.
This mixing may have occurred naturally within the disk through
the inward drift of gas and (CI-like) dust towards the Sun, and it
may have taken place before, during, or after chondrule forma-
tion. Note that although at least some portion of the matrix has
never been involved in any heating event (Alexander, 2005), this
does not necessarily mean that the Cl-like matrix was mixed with
chondrules after their formation. It is also possible that this mix-
ing occurred earlier (i.e., between chondrule precursors and Cl-like
dust) and that chondrule formation occurred more locally, so that
much of the surrounding dust remained unaffected by the chon-
drule heating event(s) (Desch et al., 2005).

The CR chondrites are the only chondrites of this study that
plot off the §'28/126Te_g54Cr mixing line (Fig. 6). CR chondrules
also display a much higher £*Cr of ~1.4 compared to CV, CM,
and CO chondrules (Olsen et al., 2016), indicating that CR chon-
drules formed from different precursor material than the other
chondrules. Nevertheless, as CR chondrites plot on the same
5128/126Te_1/Te mixing line together with all other carbonaceous
chondrites, the volatile depletion of CR chondrites was likely
caused by the same processes and occurred under similar con-
ditions than in other carbonaceous chondrites. Consequently, CR
chondrites plot off the §128/126Te—g34Cr mixing line because their
chondrules formed from different precursor material than the
other chondrules. This is consistent with the idea that CR chon-
drites formed at greater heliocentric distance (Van Kooten et al.,
2020) and/or at a later time (Budde et al., 2018) than most other
carbonaceous chondrites.

4.3. Chondrule-matrix complementarity

At first sight the presence of Cl-like matrix in all carbona-
ceous chondrites, and derivation of chondrule precursors and ma-
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trix from different areas of the disk, appears inconsistent with
the complementary isotopic and chemical compositions of chon-
drules and matrix (Budde et al.,, 2016; Hezel and Palme, 2010).
In brief, complementarity is defined as complementary chemical
or isotopic enrichments and depletions in chondrules and matrix
relative to a well-defined (and approximately constant) bulk com-
position. For instance, bulk carbonaceous chondrites have approx-
imately constant Mg/Si ratios, whereas chondrules typically have
superchondritic Mg/Si and matrix has subchondritic Mg/Si. This in-
dicates that no appreciable amounts of chondrules or matrix were
lost, because otherwise the Mg/Si of bulk carbonaceous chondrites
would have changed. Similarly, chondrules from the CV3 chondrite
Allende are characterized by £!33W excesses, whereas matrix has
e183W deficits (Budde et al., 2016). Again, bulk chondrites have
fairly constant £'83W compositions, excluding substantial loss of
either chondrules or matrix during chondrite accretion. However,
complementarity by no means excludes that material with a CI-
chondritic composition has been added to a given mixture of chon-
drules and matrix. Such an addition would not change the bulk
chemical composition of the final chondrite, because material with
the same chemical composition is added (Jacquet et al., 2016). For
elements that do not exhibit large-scale nucleosynthetic isotope
anomalies (such as '83W), the addition of Cl-like material would
also not change the bulk isotopic composition of the final chon-
drite significantly.

The observations of chemical and isotopic complementarity
may be reconciled with the presence of Cl-like matrix in all
carbonaceous chondrites if two kinds of matrices were present,
namely ‘chondrule-related matrix’ and Cl-like matrix (Braukmiiller
et al.,, 2018; Jacquet et al., 2016). The chemical and isotopic com-
position of chondrule-related matrix would then be complemen-
tary to those of the chondrules. As such, chondrule-related matrix
would most likely represent remaining chondrule precursor dust
which has not been processed into chondrules. Although the good
agreement between the inferred amount of CI-like matrix and the
actually observed matrix mass fractions suggests that there cannot
be much chondrule-related matrix (Alexander, 2019), the uncer-
tainties on calculated matrix mass fraction are sufficiently large to
allow for the presence of some chondrule-related matrix (on the
order of 10 wt.%). Alternatively, chondrule-matrix complementarity
may also reflect fractionation between chondrules and their as-
sociated rims, which subsequently chemically reacted with Cl-like
matrix (Van Kooten et al., 2019). In this case, no chondrule-related
matrix would be needed. Finally, if the mixing between chon-
drule precursor and Cl-like dust occurred prior to chondrule for-
mation (see above), then chondrule-matrix complementary would
naturally be preserved because all components that were not in-
corporated into chondrules would afterwards be mixed with the
remaining unprocessed Cl-like matrix. Thus, the presence of CI-
like matrix in all carbonaceous chondrites is not inconsistent with
chondrule-matrix complementarity.

4.4. Volatile depletion in carbonaceous chondrites

4.4.1. Volatile fractionation among bulk carbonaceous chondrites

The isotopic evidence for mixing between volatile-rich ma-
trix and volatile-depleted chondrules (or chondrule precursors)
among bulk carbonaceous chondrites is reminiscent of the origi-
nal two-component mixing model for the volatile element varia-
tions among chondrites (Larimer and Anders, 1967). In the sim-
plest form of this model, volatile elements in carbonaceous chon-
drites derive entirely from Cl-like matrix, and variable volatile
contents would solely reflect dilution through the addition of
volatile-free chondrules. This seems consistent with the observa-
tion that in plots of volatile concentration versus matrix volume
fraction, carbonaceous chondrites define linear trends which pass

through the origin (Alexander, 2019), and also with the obser-
vation that in spite of variable volatile element depletions, ele-
ments with condensation temperatures below ~750 K always oc-
cur in Cl-chondritic relative proportions (Braukmiiller et al., 2018).
If volatiles would indeed solely derive from Cl-like matrix, then all
carbonaceous chondrites would have the same, Cl-like §128/126Te,
However, this present study reveals that carbonaceous chondrites
have systematically variable §'28/126Te (Fig. 1), indicating more
than one source for Te in carbonaceous chondrites.

Plots of volatile element concentrations (Table S4) against the
mass fraction of matrix (and not volume fraction) reveal that
the non-matrix component of carbonaceous chondrites, albeit de-
pleted, is not completely devoid of volatile elements (Fig. 4). This
observation holds for a large set of volatile elements (Fig. 7, Ta-
ble 2) and demonstrates that volatile elements with T¢ < 750
K occur in Cl-like relative proportions in the non-matrix com-
ponent (i.e., chondrule or chondrule precursors) with an overall
abundance of ~0.13 x CI (Fig. 8). Thus, the different volatile ele-
ment concentrations in carbonaceous chondrites reflect mixing be-
tween volatile-rich matrix and volatile-depleted chondrules/chon-
drule precursors, and both mixing endmembers have Cl-like rela-
tive proportions of these elements. This naturally accounts for the
observation that volatile elements with Tc < 750 K occur in dif-
ferent absolute but always CI-like relative proportions in carbona-
ceous chondrites. As a result, and contrary to previous suggestions
(Braukmidiller et al., 2018), CI-like ratios of these elements in car-
bonaceous chondrites do not require that these elements entirely
derive from ClI-like matrix.

4.4.2. Volatile depletion in chondrules and chondrule precursors

The correlation of §128/126Te with Te concentration and ma-
trix mass fraction among bulk carbonaceous chondrites suggests
that chondrules in carbonaceous chondrites are isotopically light
for Te. This observation is not restricted to Te, but has also been
made for several other volatile elements, including Zn (Luck et al.,
2005; Pringle et al., 2017), Cu (Luck et al., 2003), Ga (Kato and
Moynier, 2017), and Rb (Pringle and Moynier, 2017). Collectively
these data indicate that an isotopically light composition of volatile
elements is a ubiquitous feature of chondrules from carbonaceous
chondrites. The light isotopic composition cannot reflect volatile
loss during evaporation from chondrule melts, which is expected
to result in heavy isotopic compositions. The lack of heavy isotopic
compositions for volatile elements has been interpreted to reflect
gas-chondrule exchange or high dust-to-gas ratios (Alexander et
al., 2008), both of which may have suppressed kinetic isotope frac-
tionation. This process, however, does not by itself account for
isotopically light compositions of chondrules. Pringle et al. (2017)
proposed that removal of sulfides with isotopically heavy Zn may
account for the light Zn isotopic composition of chondrules. As Zn
and Te probably behaved quite similarly, this process may also ac-
count for the observed Te isotope systematics. This process invokes
different depletion processes for moderately volatile elements with
different geochemical character, as only chalcophile elements like
Zn and Te could be removed by sulfide loss. However, carbona-
ceous chondrites are depleted in all volatile elements irrespective
of their geochemical character, making it quite unlikely that dif-
ferent volatile elements have been lost from chondrules (or their
precursors) by distinct processes. Instead, the constant depletion
and Cl-like ratios for all elements with T¢ < 750 K requires a pro-
cess that affected all these elements in a similar manner.

Condensation is expected to result in light isotopic composi-
tions because light isotopes enter the condensates at a greater
rate than heavy isotopes (Richter, 2004). For instance, Marrocchi
et al. (2019) observed light Si isotopic compositions for AOAs,
which these authors attributed to rapid condensation of the AOAs.
The light Te isotopic composition inferred for chondrules/chon-
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Fig. 7. Average concentrations of volatile elements of carbonaceous chondrite groups (Table S4) versus mass fraction of matrix (see section 4.1). Regressions represent best
fits using weighted errors. For all elements, concentrations are well correlated with the amount of matrix, resulting in precise y-axis intercepts and concentrations for the

non-matrix component (Table 2).

drule precursors in the present study may have a similar origin
and could either reflect the partial re-condensation of volatile el-
ements into chondrule melts or the rapid condensation of (some)
chondrule precursors. However, the Cl-like ratios for volatile ele-
ments with T¢c < 750 K in chondrules/chondrule precursors re-
quire bulk condensation from a gas with Cl-like relative propor-
tions for these elements, and so the preservation of an isotopic
signature related to condensation is somewhat unexpected. Rec-
onciling these observations, therefore, requires a two-stage pro-
cess, in which rapid condensation first induced a large kinetic
isotopic fractionation, which was subsequently diluted by the ad-

dition of material with Cl-like ratios for volatile elements. This
initial isotopic fractionation may have occurred during partial re-
condensation of volatile elements into chondrule melts, but to also
account for the Cl-like ratios for elements with T¢ < 750 K, it
would additionally be required that most of these elements re-
condensed together before the gas became chemically fractionated.
This specific pathway of evaporation and re-condensation during
chondrule melting seems somewhat unlikely, and so a perhaps
more straightforward interpretation may be that the light isotopic
composition of chondrules is unrelated to chondrule formation it-
self, but is a signature of chondrule precursors, which consisted of
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Table 2

Volatile element abundances in the
non-matrix (i.e., chondrule) compo-
nent of carbonaceous chondrites. All
data are in pg/g and uncertainties are
two standard deviations.

S 6524 + 2400
Se 347 + 110
Te 0.354 £+ 0.100
Zn 36.8 £ 15.0
Cd 0.0950 + 0.0310
Sn 0.209 + 0.069
Pb 0.296 £+ 0.120
Ag 0.0272 + 0.0096
In 0.0088 + 0.0034
Tl 0.0185 + 0.0060
Cs 0.0474 + 0.0079
Bi 0.0255 + 0.0180
Rb 0.940 + 0.140
Ga 490 + 1.70
Ge 151 £ 46

0.7

0.6 |

05 | []Ga

Ge
04 | Rb

03
Cs
02 Se Te Bi
=R R
Ag
01t Zn s " PoTlin .

0 1 1 1 1 1 1 1
1100 1000 900 800 700 600 500 400 300

Non-matrix (Cl normalized)

50% condensation temperature (K)

Fig. 8. CI-normalized volatile element abundances in the non-matrix (i.e., chondrule
or chondrule precursor) component inferred from the correlations in Fig. 7 as a
function of their 50% condensation temperature Tc (Wood et al., 2019). Volatile
elements with Tc < 750 K are present in CI chondritic relative abundances. The
red bar represents the average volatile deletion of 0.13 £ 0.03 x CI (2s.d) for these
elements in the non-matrix component of carbonaceous chondrites.

isotopically light condensates mixed with isotopically unfraction-
ated dust.

4.4.3. Comparison to volatile element depletion of bulk silicate Earth
The depletion of volatile elements with T¢c < 750 K in chon-
drules/chondrule precursors is remarkably similar to the inferred
depletion of these elements in the bulk silicate Earth (BSE) of
0.10-0.15 x CI (Braukmiiller et al., 2019). Many of these elements
are siderophile or chalcophile and are, therefore, fractionated in
the BSE as a result of core formation. Nevertheless, the ratio of
lithophile volatile elements like Zn and In are Cl-like, suggesting
that volatile elements with T¢ < 750 K originally occurred in CI-
like ratios, and were subsequently fractionated by core formation
(Braukmidiller et al., 2019). On this basis, Braukmidiller et al. (2019)
suggested that the abundances of elements with T¢ < 750 K in
the Earth reflect the addition of 10-15 wt.% Cl-like material be-
fore cessation of core formation. The results of this study reveal,
however, that the Cl-like ratios of volatile elements (Tc¢ < 750
K) do not allow identifying a specific type of carbonaceous chon-
drites as the source of these elements. This is because volatile-poor
chondrules/chondrule precursors exhibit the same Cl-like ratios
for these elements than CI chondrites themselves. This does not

mean that Earth accreted from volatile-poor, chondrule-like ma-
terial (Hewins and Herzberg, 1996), but merely reveals that the
Cl-like ratios of volatile elements in the BSE may result from the
accretion of volatile-depleted materials and do not require accre-
tion of CI chondrites themselves.

5. Conclusions

The carbonaceous chondrite groups CI, CM, CV, CO, and CR
together with the ungrouped chondrite Tagish Lake display sys-
tematic mass-dependent Te isotope variations that correlate with
Te concentrations and the mass fractions of matrix in each chon-
drite. These trends indicate that volatile element depletion in car-
bonaceous chondrites is associated with mass-dependent isotope
fractionation towards lighter isotopic compositions. The Te iso-
topic compositions are also correlated with nucleosynthetic £>*Cr
anomalies, and bulk CV, CO, and CM chondrites as well as Tagish
Lake plot on a mixing line between chondrules/chondrule pre-
cursors and CI chondrites. Together these data indicate that the
variable chemical and isotopic compositions of bulk carbonaceous
chondrites can be attributed to mixing between CI-like matrix and
chondrules or chondrule precursors. The former is volatile-rich,
isotopically heavy, and >*Cr-enriched, whereas the latter compo-
nent is volatile-depleted, isotopically light, and has smaller g>*Cr
anomalies.

The §128/126Te_g54Cr correlation implies that chondrules did
not form from Cl-like dust, but from precursors with smaller £>4Cr
anomalies. Moreover, chondrules from the CM, CV, and CO chon-
drites as well as Tagish Lake derive from the same or a similar
population of precursor dust. By contrast, CR chondrites deviate
from the §128/126Te_g34Cr correlation defined by the other car-
bonaceous chondrites, indicating that the precursors of CR chon-
drules are isotopically distinct from those of CO, CV, and CM chon-
drules. As such, CR chondrites probably derive from a distinct area
of the disk and/or formed later than most other carbonaceous
chondrites.

Linear regressions of volatile element concentrations with
the mass fraction of matrix reveal that chondrules are volatile
element-depleted (~0.13 x CI), but nevertheless contain elements
with condensation temperatures below ~750 K in approximately
Cl-chondritic ratios. Variable mixing of chondrules and CI-like ma-
trix therefore naturally results in Cl-like ratios for these elements
in all carbonaceous chondrites, irrespective of the degree of volatile
depletion. Thus, Cl-like ratios of these elements do not imply that
volatile elements in carbonaceous chondrites solely derive from CI-
like matrix. A corollary of this observation is that the Cl-like ratios
of volatile elements in the bulk silicate Earth do not require ac-
cretion of volatile-rich CI-like objects to a volatile-free proto-Earth
but could also reflect the accretion of variably volatile-depleted
materials.
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