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ARTICLE INFO ABSTRACT

Editor: S Aulbach Metal-silicate partitioning experiments were carried out at 1.5 GPa and 1508 to 1843 K to constrain Cd parti-
tioning and isotope fractionation during core formation. At the studied conditions, there was no significant stable
isotope fractionation during Cd partitioning between metal and silicate phases with a mean AM4Cdpersit = —0.02
+ 0.09%0 (2SD, n = 7). Two experiments that investigated sulphide-silicate partitioning of Cd yielded frac-
tionation factors of —0.04 + 0.06%0 and — 0.23 £ 0.07%o (2SE), whereby the latter result was obtained for a
short run that may not represent full equilibrium. In summary, the findings suggest that Cd isotope fractionation
during segregation of Earth’s core was either absent or very minor. The Cd partitioning data of this and previous
investigations were combined in multiple linear regression analyses to better constrain Cd metal-silicate parti-
tioning during core formation. In accord with earlier work, the analyses reveal that Cd metal-silicate partitioning
is not significantly impacted by temperature and pressure but affected by the S content of the metal phase. In
addition, it is shown that the presence of C and Si in the metal reduce the siderophile character of Cd. Based on
estimates for the composition of Earth’s core, the data suggest a metal-silicate partition coefficient D¢q of about
0.4 for a single-stage core formation event. However, given uncertainties about the light element composition of
Earth’s core, D¢q values larger than 1 cannot be ruled out at present for core formation. The results of this study
and data on the composition of the bulk silicate Earth and chondritic meteorites were applied in mass balance
calculations to constrain the Cd signature of Earth’s main stage accretion material prior to delivery of the late
veneer. The modelling indicates Earth’s main stage of accretion involved material with an average Cd isotope
composition that was lighter than that of known carbonaceous and enstatite chondrites. Most likely, this reflects
either poor characterisation of these meteorites by the few precise data currently available or that a significant
fraction of the terrestrial volatile inventory was acquired from material not directly related to carbonaceous and
enstatite chondrites. Furthermore, terrestrial accretion most likely did not encompass the addition of a volatile-
rich late veneer exceeding 2% of Earth’s mass, in accord with accretion models, which invoke that volatile
delivery occurred primarily during main stage accretion, alongside core formation.
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1. Introduction of volatile elements. Specifically, volatile element abundances and

isotope compositions of Earth’s mantle should reflect the combined ef-

Both the Earth and chondritic meteorites display variable volatile
element depletions relative to bulk solar system abundances, as
approximated by CI chondrites and the solar photosphere (Palme and
O’neill, 2014; Palme et al., 2014; Braukmiiller et al., 2018; Braukmiiller
et al., 2019). Analyses of mantle peridotites give some indication about
the origin and extent of Earth’s volatile depletion. This approach,
however, also requires some knowledge of accretionary processes, and
the effect they had on the abundance patterns and isotope compositions
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fects of volatile depletion of the material that accreted to form Earth in
the protosolar disk, metal-silicate partitioning during core segregation,
and any additional processes that affected volatile abundances during
terrestrial accretion.

Previous studies debated the mechanism by which Earth accreted
volatile elements and the role played by the late veneer (e.g., Albarede,
2009; Wood et al., 2010). The late veneer hypothesis was initially pro-
posed to explain the chondritic relative abundances of highly
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siderophile elements (HSE) in the terrestrial mantle (Chou, 1978), which
exceed predictions based on core-mantle partitioning (Mann et al.,
2012). Whilst it has also been suggested that the HSE systematics of
Earth’s mantle reflect incomplete core formation or reduced siderophile
behaviour of the HSE at high pressure and temperature, they are most
readily explained by invoking a late influx of chondritic material,
equating to roughly 0.5% of Earth’s mass (Mg) after the formation of
Earth’s core (Holzheid et al., 2000; Walker, 2009). This ‘classical’ model
of volatile accretion predicts that most of Earth’s volatile elements were
acquired during main stage accretion whilst core formation was
ongoing. In this case volatile addition may have occurred either
throughout Earth’s formation or, according to heterogeneous accretion
models, primarily during the late stages of the main accretion process,
when Earth assimilated volatile-rich carbonaceous planetesimals (e.g.,
Schonbaéchler et al., 2010; Wade et al., 2012; Braukmiiller et al., 2019;
Budde et al., 2019; Righter et al., 2020; Kubik et al., 2021). In this case,
the late veneer only dominates the mantle abundances of the most
siderophile elements. Alternative models invoke a much larger late
veneer, and with a volatile-rich composition this can be Earth’s main
volatile source. In particular, Albarede (2009) suggested a 2-5% M, late
veneer comprised of volatile-rich CI chondrites, whilst later work suc-
cessfully modelled the 2*3U/2°*Pb and Rb/Pb ratios of the modern
mantle via addition of a 2.5% Mg late veneer of CI chondritic compo-
sition to a refractory proto-Earth (Ballhaus et al., 2013). Wood et al.
(2010) disputed such a large late veneer, as such accretion scenarios
would establish higher abundances of highly siderophile and volatile
elements in the silicate Earth than are currently observed and because
volatile siderophile elements are depleted in the bulk silicate Earth
relative to similarly volatile lithophile elements, and so must have
already been present in the Earth during core formation.

Cadmium is a highly volatile element with a 50% condensation
temperature of 502 K (Wood et al., 2019), which displays siderophile
and chalcophile tendencies. Many metal-silicate partitioning experi-
ments, carried out over a wide range of temperatures (1700 to 2800 K)
and pressures (1 to 20 GPa) find Cd to be moderately siderophile, with a
metal-silicate partition coefficient (Dcq) generally between 1 and 20
(Ballhaus et al., 2013; Wang et al., 2016; Righter et al., 2018; Steenstra
et al., 2017; Steenstra et al., 2020a, 2020b). Whilst most previous in-
vestigations concluded that both temperature and pressure have no
resolvable effect on Cd metal-silicate partitioning (Kiseeva and Wood,
2015; Kubik et al., 2021) there are a few studies which claim Cd is
increasingly siderophile at higher temperatures (Ballhaus et al., 2013;
Steenstra et al., 2020b). Most of the latter results were, however, ob-
tained in very short experiments that may have not reached full chem-
ical equilibrium. Also of significance are the effects that elements such as
S, C, and Si have on Cd partitioning, given that they may contribute
significantly to the light element budget of Earth’s core (Wang et al.,
2018). Importantly, Dcq values were found to be enhanced for experi-
ments in which the metal phase contained appreciable S, with some
experiments exhibiting D¢q values of about 200 (Lagos et al., 2008;
Kiseeva and Wood, 2013; Wood et al., 2014; Kiseeva and Wood, 2015;
Righter et al., 2018; Steenstra et al., 2020a; Kubik et al., 2021).
Conversely, metal-silicate partition coefficients for Cd were generally
lower in experiments where the metal phase contained C (Lagos et al.,
2008; Righter et al., 2018), Si (Righter et al., 2019; Steenstra et al.,
2020b), and possibly O (Kiseeva and Wood, 2015).

To better constrain the origin of Earth’s volatiles, a recent investi-
gation determined the Cd stable isotope composition of the BSE, and this
was estimated to be isotopically lighter than enstatite and carbonaceous
chondrites (Pickard et al., 2022). This implies that the Cd isotope
composition of the BSE was either fractionated during accretion or that
Earth’s Cd inventory was not only acquired from material related to
known carbonaceous and enstatite chondrites. A key process that can
fractionate Cd isotopes during accretion is metal-silicate partitioning
during core segregation. Furthermore, observations from natural hy-
drothermal settings and laboratory experiments show that sulphide
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phases preferentially incorporate light Cd isotopes at low temperatures.
This suggests that such isotope fractionation may also occur during
segregation of S-rich metallic liquids during core formation (Schmitt
et al., 2009; Guinoiseau et al., 2018; Xie et al., 2019). As Cd isotope
fractionation during Earth’s differentiation has hitherto not been
investigated, the current study addresses this issue through experi-
mental studies that examine the extent of stable Cd isotope fractionation
during metal-silicate partitioning. These results and literature data are
further employed with the aid of multiple linear regression analyses and
Monte Carlo mass balance models, to determine the mean Cd concen-
tration and isotope composition of Earth’s main stage accretion material
and assess the origin of Earth’s volatile inventory from a new angle.

2. Metal-silicate partitioning experiments

The metal-silicate partitioning experiments were carried out in a
similar manner to those of Wood et al. (2014). The starting materials
consisted of Fe metal or sulphide and a silicate component, in approxi-
mately equal proportions by weight, plus 0.4 to 1.0 wt% CdO in the
silicate. The silicate component had a composition close to the
anorthite-diopside-forsterite eutectic at 1.5 GPa (Presnall et al., 1978)
and was prepared by mixing reagent grade SiO,, MgO, Al,03 and CaCOs3
in the correct proportions. The mixture was heated slowly from 500 °C
to 1000 °C to decarbonate the CaCOs, then re-ground and fired at
1200 °C for 1 h. A sodium disilicate component (formed from reagent-
grade NayCOs3 and SiO, at 1 atm), and a minor FeO component were
added to the time series experiments to reduce the CMAS (CaO-MgO-
Al;03-Si05) liquidus temperature (Gudfinnsson and Presnall, 2000;
Heber et al., 2007; Walter and Presnall, 1994) and limit volatile loss of
Cd and associated kinetic isotope fractionation.

All experiments were performed at 1.5 GPa, using a 12.7 mm inside
diameter end-loaded piston-cylinder apparatus at the Department of
Earth Sciences, University of Oxford. Powdered samples were loaded
into 6 mm outside diameter, 3 to 4 mm inside diameter capsules made
either of SiO5 glass, polycrystalline MgO or graphite. The 5 mm long
capsules were centred in an 8 mm outside diameter, 6 mm inside
diameter, 30 mm long graphite furnace with crushable MgO pieces sit-
uated above and below the capsule. A type C thermocouple was intro-
duced into the assembly through the MgO spacer from above and
situated on top of the capsule but separated from it by a protective 0.5
mm thick alumina disk. External to the cylindrical graphite furnace were
cylinders of SiO5 glass (1 mm thick) next to the furnace and pyrophyllite
next to the pressure plate.

Three sets of experiments are presented in this study (Table 1). The
first set (BW1305 to BW1308) investigates the effects of temperature
and capsule composition on Cd partitioning and isotope fractionation.
These experiments were run with silica, graphite and MgO capsules at
1643 to 1843 K for 56 to 70 min, consistent with equilibrium parti-
tioning in capsules of this size (Tuff et al., 2011). The second set of ex-
periments (BW1517 to BW1521) was carried out in graphite capsules at
1508 K, with run durations that varied from 4 to 200 min. Finally, ex-
periments BW1522 and BW1523 were also conducted in graphite cap-
sules at 1508 K and investigated the partitioning of Cd between Fe
sulphide and silicate melt in runs of 41 and 15 min, respectively.

On completion, the experiments were quenched by cutting the power
to the graphite furnace whilst maintaining experimental pressure, before
gradually decompressing the sample. Quenched experimental products
were composed of solidified Fe metal that coalesced into a single or
several metal balls, encased in silicate glass or a mixture of glass and
quench olivine crystals. Fig. 1 shows a back-scattered electron image of
run products from a metal-silicate partitioning experiment carried out
under similar conditions and with exactly the same (graphite) capsule
arrangement as that used for many of the experiments described here. As
can be seen, there is excellent segregation of metal from silicate, with the
former forming mm-sized balls at the centre of the capsule, and no ev-
idence for the presence of significant metal nuggets within the silicate.
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Table 1
Cd isotope compositions, concentrations and partition coefficients determined for experimental run products and experimental run conditions.
BW1305 BW1306 BW1307 BW1308 BW1517 BW1518
Capsule Silica Graphite MgO Graphite Graphite Graphite

49% CMAS +

49% CMAS +

49% CMAS +

26% CMAS +

20% CMAS +

20% CMAS +

1% CdO + 1% CdO + 1% CdO + 26% NaySizOs + 30% NaySi0s + 30% NaySisOs +
Starting Materials 50% Fe 50% Fe 50% Fe 1% CdO + 0.4% CdO + 0.4% CdO +
47% Fe 45% Fe + 45% Fe +
5% FeO 5% FeO
Temperature (K) 1838 1713 1843 1643 1508 1508
Duration (mins) 58 56 63 70 66 12
[Cd]metal (HE/8) 33 11,416 164 12,018 2258 3452
[Cdlsiticate (HE/8) 18 6605 47 3283 4307 4193
Dcd (met/sil) 1.8+0.1 1.7 £0.1 3.5+0.7 3.7+03 0.52 £+ 0.03 0.82 £0.16
Kp (Cd) 0.07 £ 0.01 0.15 £+ 0.02 0.13 + 0.04 0.23 £+ 0.02 0.08 £+ 0.01 -
8" Cdmetal +1.13 + 0.07 +0.05 + 0.07 +2.93 + 0.07 +0.01 + 0.06 —0.03 + 0.05 +0.01 + 0.04
"M Cdgjricate +1.09 + 0.08 +0.01 + 0.07 +2.96 + 0.08 +0.04 + 0.06 +0.06 + 0.05 +0.07 + 0.04
AIHCdmet_s;] +0.04 £ 0.10 +0.04 + 0.10 —0.03 £ 0.11 —0.02 + 0.09 —0.09 £+ 0.07 —0.05 + 0.06
BW1519 BW1520 BW1521 BW1522 BW1523
Capsule Graphite Graphite Graphite Graphite Graphite

Starting Materials

20% CMAS +
30% NaySi 05 +

20% CMAS +
30% NaySi05 +

20% CMAS +
30% NaySi 05 +

20% CMAS +
30% NaySi05 +

20% CMAS +
30% NaySi 05 +

0.4% CdO + 0.4% CdO + 0.4% CdO + 0.6% CdO + 0.6% CdO +
45% Fe + 45% Fe + 45% Fe + 45% FeS + 45% FeS +
5% FeO 5% FeO 5% FeO 5% FeO 5% FeO
Temperature (K) 1508 1508 1508 1508 1508
Duration (mins) 200 30 4 41 15
[Cdlmetar (18/8) 1265 2256 3507 *6441 #2582
[Cdlsiricate (HE/E) 4911 4889 3251 221 144
Ded (metsil) 0.26 + 0.02 0.46 + 0.03 1.1+0.3 *%29.1 + 5.8 *%17.9 + 3.6
Kp (Cd) - - - _ _
81 Cdmetal +0.03 £ 0.04 0.00 + 0.04 0.00 + 0.05 t — 0.06 + 0.05 +—0.03 +0.05
5MCdgilicate +0.07 £ 0.04 +0.01 + 0.05 +0.05 =+ 0.06 —0.02 + 0.05 +0.20 =+ 0.05
A Cdetsit —0.04 + 0.06 —0.01 + 0.06 —0.05 + 0.08 + — 0.04 + 0.06 - 0.23 + 0.07

[Cd] = Cd concentration of the metal and silicate phases. Concentrations denoted by * represent the Cd concentration of the sulphide phase. Metal-silicate partition
coefficient for Cd, Dcd (met-siy = [Cdlmetal / [Cdlsiticate- Dca Values denoted by ** represent sulphide-silicate partition coefficients, Dcq (sul-sity = [Cdlsuiphide / [Cdlisiticate.
Metal-silicate exchange coefficient, Kp (Cd) = Dcd (met-si) / Dre (metsin- Partition coefficient and Kp uncertainties represent propagated 2SD values, mainly from
weighing errors associated with low sample masses. The 5'14Cd values are shown relative to the Cd-doped CMAS starting material (§'1*Cd = —0.11 + 0.05%o relative to
NIST SRM 3108), with Cd isotope uncertainties denoting average within-run 2SE errors. 8'14Cd etar values denoted by T represent the Cd isotope composition of the
sulphide phase. Metal-silicate Cd isotope fractionation, AMCd persii = 8 *Cdmetal — 61 *Clgiticate: A *Cdmet.sit values denoted by {1 represent sulphide-silicate isotope
fractionation, A *Cdgy.s1 = 6114Cdsu1phide — 8"*Cdgjjicate. ATM*Cd uncertainties (2SE) are propagated from 5''*Cd uncertainties.

A spatula blade was employed to physically separate components
that were bonded together. The metal and silicate fragments were then
hand-picked under an optical microscope to ensure that only pure
phases were selected for analysis. Whilst the hand-picking further
confirmed the absence of metal nuggets within the silicate grains, a hand
magnet was passed over the picked silicates to ensure remove of any
stray metal fragments.

3. Analysis of samples from partitioning experiments
3.1. Cd stable isotope compositions

Sample preparation and Cd stable isotope measurements were car-
ried out in the clean room and mass spectrometry facilities of the MAGIC
Laboratories at the Department of Earth Science & Engineering, Imperial
College London. A detailed account of the methods is provided in recent
publications (Murphy et al., 2016; Palk et al., 2018; Pickard et al., 2022)
and only a brief summary is given here.

The silicate fractions of the samples produced in the metal-silicate
partitioning experiments were digested in 6 ml of a 1 + 2 mixture of
16 M HNO3 and 28 M HF, whilst the metal fractions were digested in 8
ml of al + 3 mixture of 16 M HNO3 and 6 M HCI. Both silicate and metal
digestion procedures were carried out at 130 °C for 3 to 7 days, before
evaporation to dryness and re-dissolution in 20 ml of 6 M HCL. An
aliquot of this solution was then mixed and equilibrated with a
Meq13cq double-spike solution (Xue et al., 2012). After this, Cd was
separated from the sample matrix with a three-stage column

chromatography procedure (Ripperger and Rehkamper, 2007; Xue et al.,
2012), followed by extraction of the final Cd fraction with heptane to
remove organic resin constituents (Murphy et al., 2016). The Cd yield of
the chemical separation ranged from 70 to 100%.

The Cd isotope analyses were carried out with a Nu Plasma HR MC-
ICP-MS equipped with standard sampler and skimmer cones. Sample
introduction utilised a Cetac autosampler and a Nu Instruments DSN
desolvation system equipped with glass or PFA cross-flow nebulisers
with nominal uptake rates of 100 pl/min. The ion beams of ''Cd, 1!2Cd,
113Cd, and ''*Cd were monitored for data acquisition, whilst the 151
and '7Sn ion beams were measured for interference corrections, all
using Faraday collectors with 10! Q resistors. Instrumental sensitivity
for Cd was typically 200-300 V/(ug ml~!). The sample analyses were
carried out with Cd solutions of 80 to 100 ng/ml in 0.1 M HNOs inter-
spersed between and relative to analyses of double-spiked solutions of
the NIST SRM 3108 Cd isotope reference material with matching
elemental concentrations and ratios of spike-derived to natural Cd. The
isotope measurements started with a peak centring routine and then
encompassed three blocks of data acquisition each with 20 integrations
of 5's, and a preceding 15 s determination of the electronic baselines
whilst the ion beam was deflected in the electrostatic analyser. In be-
tween runs, the sample introduction system was washed with 0.1 M
HNOgj for at least 120 s. Following the measurements, the reduction of
the double spike data was carried out offline using an iterative approach,
which corrects for both the monitored isobaric interferences and any
laboratory- or instrument-induced mass discrimination (Arnold et al.,
2010; Xue et al., 2012).
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Fig. 1. Backscattered electron image of experiment BW2026 which was per-
formed under similar conditions and with the same size of graphite capsule as
that used in this study. Scale bar is 1000 pm. Note excellent segregation of the
metal which contains laths of graphite exsolved during the quench.

The stable Cd isotope compositions of the samples were initially
determined as 5''*Cd values relative to the NIST SRM 3108 Cd isotope
reference material (Abouchami et al., 2013):

(114cd/llﬂcd)

(""Cd/™Cd) 1| < 10° 1)

NIST SRM 3108

§I4/10cg —

For convenience, the 8'1Cd values for samples from the partitioning
experiments are reported and discussed relative to the Cd-doped CMAS
starting material (Table 1). The latter material has a Cd isotope
composition that is offset from NIST SRM 3108 Cd by 8''*Cd = —0.11 +
0.05%o (2SD; n = 7). In contrast, all other 5'%cd data, and in particular
literature values for the BSE and meteorites, are quoted relative to SRM
3108 Cd.

The secondary Cd isotope reference material BAM-I012 Cd was
routinely analysed alongside samples, yielding 8''*Cd = -1.34 +
0.07%o (2SD; n = 48), in accord with previous results (Abouchami et al.,
2013; Murphy et al., 2016). During the course of the study, the total Cd
blank of the analytical procedure (from digestion to isotope measure-
ment) was as low as 1 pg and about 20 pg on average. At this level, the
blanks increased the total Cd content of the samples by <0.002%o. Given
the essentially negligible blank contributions, no blank corrections were
implemented for the Cd isotope and concentration data. Reported un-
certainties for the Cd isotope data (Table 1) represent the average
within-run 2SE uncertainties, which were generally marginally larger
than the 2SD between-run uncertainties of the bracketing standards. The
Cd concentrations of the metal and silicate phases of each experiment
were obtained by isotope dilution from the mass bias corrected
11cq¢cd ratios of the spiked sample solutions and applied to deter-
mine the Cd partition coefficients. The 2SD uncertainties of the latter
results were dominated by the weighing errors for the samples (of
typically +0.1 mg) due to the low sample masses.

3.2. Major element concentrations

The major element concentrations (Na, Mg, Al, Si, P, S, Ca, Ti, Mn,
and Fe) were determined on small samples of the silicate fractions of the
initial experiments (BW1305 to BW1308) and the time series
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experiment BW1317 to better understand possible compositional effects
on Cd partitioning and isotope fractionation, including potential impacts
of capsule material dissolution and associated sample contamination.
Samples were analysed using a JEOL JXA8600 electron microprobe at
the Department of Archaeology, University of Oxford, using methods
outlined in Wood et al. (2014).

4. Results
4.1. Metal-silicate partitioning experiments

Table 1 outlines the run conditions for the metal-silicate partitioning
experiments, alongside Cd concentration and isotope data, and parti-
tioning behaviour. Major element concentrations for selected experi-
mental charges are available in Table S1 (Supplementary material).

4.1.1. Cadmium metal-silicate partition coefficients

The metal-silicate partition coefficient of Cd represents the ratio of
the mass concentrations of Cd in the metal and silicate phases:

_ [Cd]mel

Deq = Cdly 2

The same principle is used to assess the partitioning of Cd between
sulphide and silicate phases of experiments BW1522 and BW1523.
Cadmium appears to display no strong preference for either the metal or
silicate phases across all nine of the metal-silicate partitioning experi-
ments (BW1305-BW1308 and BW1517-BW1521), with Dgq values
ranging from 0.26 to 3.7 (Table 1, Fig. 2).

The graphite capsule time-series experiments (BW1517-BW1521)
were carried out to identify the time taken for an experiment to reach
chemical and isotopic equilibrium with regards to Cd metal-silicate
exchange. The Cd concentrations range from 3251 to 4911 pg/g in the
silicate phases of these experiments, and from 1265 to 3507 pg/g in the
metal. Of these five experiments, BW1521 and BW1518 were the
shortest, with durations of 4 and 12 min, respectively, and they display
the highest D¢q values of 1.1 + 0.3 and 0.82 + 0.16 (2SD). The D¢q
values for the remaining three time-series experiments, which lasted 30
min or more, are similar, with an average D¢q of 0.41 + 0.27 (2SD)
(Table 1, Fig. 2). Only the results of the latter experiments are discussed
in the following because the experimental times are consistent with
those previously shown to be appropriate for attainment of equilibrium
in the applied capsules by Tuff et al. (2011).

Experiments BW1305 to BW1308 were carried out in different
capsule materials at variable temperatures with durations exceeding 56
min. Cadmium exhibited weakly siderophile behaviour in these exper-
iments, with D¢q values ranging from 1.7 to 3.7. Specifically, the ex-
periments conducted in silica (BW1305) and MgO (BW1307) capsules
are characterised by D¢q values of 1.8 + 0.1 and 3.5 + 0.7 (2SD),
respectively. The graphite capsule experiments BW1306 and BW1308,
which utilised different starting compositions and run temperatures,
define roughly similar D¢q values of 1.7 + 0.1 and 3.7 £+ 0.3 (2SD),
respectively (Table 1, Fig. 2).

Major element analyses of the silicate phases from the two graphite
capsule experiments (BW1306 and BW1308) generally reflect the
starting compositions of the silicate fractions, with additional Fe derived
from the metal component (Table S1, Supplementary material). The Cd
concentrations of the graphite capsule metal phases are 11,416 and
12,018 pg/g, and 3283 and 6605 pg/g for the silicate phases. In com-
parison, the MgO capsule metal and silicate phases have considerably
lower Cd concentrations of 164 and 47 pg/g, respectively. Similarly, the
metal and silicate products from the silica capsule runs have Cd con-
centrations of 33 and 18 pg/g, considerably lower than those of the
CMAS starting material (0.4 to 1% wt%), and the metal and silicates
from the graphite capsule experiments. This indicates that more than
about 98% of the added Cd was lost during the MgO and silica capsule
experiments, whilst less than about 10% of Cd was lost from the graphite
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capsules.

The Dc¢q values for the Fe sulphide-silicate partitioning experiments
BW1522 and BW1523 are 29.1 + 5.8 and 17.9 + 3.6 (2SD) respectively,
with experiment BW1522 lasting longer than BW1523 (41 versus 15
min, respectively). Compared to experiment BW1523, the silicate and
sulphide phases of BW1522 have higher Cd concentrations, of 221
versus 144 pg/g and 6441 versus 2582 pg/g, respectively, most likely
due to Cd loss during the former experiment (Table 1, Fig. 2).

4.1.2. Cadmium metal-silicate isotope fractionation

The Cd isotope compositions of the silicate, metal and sulphide
phases from all experiments are either heavier or within error of the Cd-
doped CMAS starting material (Table 1, Fig. 2). Metal and silicate
products from the MgO capsule experiment BW1307 display signifi-
cantly heavier Cd isotope compositions than the starting materials, with
5114Cd values of +2.93 + 0.07%0 and + 2.96 + 0.08%o (2SE), respec-
tively. Similarly, the metal and silicate phases from the silica capsule
experiment BW1305 have §!'%Cd values of +1.13 4 0.07%o and + 1.09
+ 0.08%o (2SE), respectively (Table 1; Fig. 2). These heavy Cd isotope
enrichments are coupled with significant Cd loss during the MgO and
silica experiments.

The degree of Cd isotope fractionation during metal-silicate separa-
tion is given by the difference between the Cd isotope compositions of
the metal (or sulphide), and silicate phases:

All4Cdmel—sil = 61MCdmel - 6114Cdsil (3)

Whilst the majority of the experiments have slightly negative
A114Cdmet_sﬂ values, the average A114Cdmet_sj1 calculated from all metal-
silicate experiments (bar the short duration experiments BW1521 and
BW1518) is —0.02 =+ 0.09%o0 (2SD; n = 7). Hence, there is no significant
Cd isotope fractionation between metal and silicate even in experiments
which have manifestly lost Cd. Furthermore, there is no systematic
relationship between A114Cdmet.si1 and temperature, run duration,
capsule material or the extent of Cd loss (Table 1; Fig. 2).

Whilst experiment BW1522 also shows no significant isotope frac-
tionation between sulphide and silicate (A114Cdsu1_si1 = —0.04 £ 0.06%o;
2SE), BW1523 displays the largest isotope fractionation observed in this
study, with a A114Cdsu]_sﬂ value of —0.23 =+ 0.07%o (2SE).

5. Discussion
5.1. Insights from Cd metal-silicate partitioning experiment

5.1.1. Kinetic Cd isotope fractionation and volatilisation

Metal and silicate phases from the MgO and silica capsule experi-
ments display substantial loss of Cd and the greatest enrichment in
heavy Cd isotopes relative to the starting CMAS composition (Fig. 2,
Table 1). Whilst melt dilution due to dissolution of capsule wall material
may have lowered Cd concentrations in the experimental products of
runs BW1305 (SiOy capsule) and BW1307 (MgO capsule) to some
extent, the significant Cd depletions, with more than about 98% of
added Cd lost, most likely reflect volatilisation and loss of Cd, coupled
with attenuated kinetic isotope fractionation from a partially open sys-
tem. Volatilisation thereby produced vapour enriched in light Cd iso-
topes, which escaped the system. Although the silica capsule run
products display a larger degree of Cd depletion, those from the MgO
experiment have the heaviest Cd isotope compositions, suggesting the
MgO experiment experienced a greater degree of Cd loss. This may re-
flects increased silicate melt volume in experiment BW1305 by the
dissolution of the silica capsule, a mechanism previously proposed by
Bridgestock et al. (2014) to explain the same phenomena in their Zn
partitioning experiments. Alternatively, the isotopic differences may
record different effective isotope fractionation factors, due to variable
attenuation of kinetic isotope fractionation by different extents of back-
reaction.
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Despite the large observed differences in the extent of Cd loss from
the different experiments, the calculated metal-silicate isotope frac-
tionations A*Cdmet.si agree with one another within uncertainty
(Fig. 2; Table 1). This indicates that the metal ball and surrounding
silicate liquid rapidly exchanged Cd whilst Cd loss was occurring during
the experiments (Fig. 1).

5.1.2. Effects of temperature and composition on cadmium metal-silicate
partitioning

The D¢q values determined from the three graphite capsule time-
series experiments with a duration of 30 min to 200 min are very
similar to one another, with results of between 0.52 and 0.26. These D¢q
data broadly resemble the results of Lagos et al. (2008) but they are
lower than the D¢q values of 1.7 and 3.7 obtained in the graphite capsule
experiments BW1306 and BW1308 (Fig. 2, Table 1). Relative to the
latter, the silica and MgO capsule experiments BW1305 and BW1307
yielded similar D¢q results of 1.8 and 3.5. The experiments BW1305 to
BW1308 were carried out at the highest temperatures (of >1640 K) and
BW1305 to BW1307 utilised the same starting materials. In contrast, all
time-series experiments (BW1517 to BW1521) were run at a lower
temperature of about 1500 K. They and experiment BW1308 featured a
silicate starting composition containing about 50 to 60 wt% NasSizOs
(Fig. 2, Table 1).

At first glance, the data for all seven metal-silicate experiments with
a duration of >30 min could suggest that Cd becomes more siderophile
with increasing temperature, consistent with the work of Ballhaus et al.
(2013). To assess the controls on D¢q, multiple linear regression analyses
were carried out, combining data from this and previous studies (Fig. 3,
Supplementary Fig. S1). The results of these analyses show that tem-
perature has no statistically significant effect on D¢q. Given this, the
small observed differences in D¢g most likely primarily reflect different
extents of carbon dissolution into the metal during the graphite capsule
experiments. Lagos et al. (2008) measured 5 to 7 wt% carbon for the
metal phases of their graphite capsule experiments, presumably from
graphite dissolution, whilst Marin et al. (2013) reported depressed D¢q
values for graphite capsule experiments relative to those in MgO cap-
sules. The results of our multiple linear regression analyses (see below)
further support these findings, as higher C concentrations in the metal
are associated with decreasing Dcg.

The Dc¢q values for the Fe sulphide-silicate partitioning experiments
BW1522 and BW1523 are much higher (29.1 &+ 5.8 and 17.9 + 3.6) than
those of the metal-silicate experiments. The results are furthermore in
accord with previous findings (Lagos et al., 2008; Wood et al., 2014;
Steenstra et al., 2017; Kubik et al., 2021), which show that D¢q increases
significantly as the S content of the metal phase increases.

5.1.3. Multiple linear regression for Cd metal-silicate partitioning
The metal-silicate partitioning of Cd is related to the metal-silicate
exchange coefficient (Kp) for Cd and Fe, with Ky given by:

Kp(Cd) = Dlgg!/sil /D,F,,:l/sil 4

and where D¢q and Dy, represent the metal-silicate partition coefficients
of Cd and Fe, respectively. Following Righter (2011), the following
expression can be used to fit Kp:

bP
InKp = %—&-?—&-cln(] —Xs) +dIn(1 —X¢) +eln(1 — Xg;) 4 f(nbo/t) + g

(5)

Here, T is temperature (K), P is pressure (GPa), Xs, X¢ and Xg; are the
molar fractions of S, C, and Si in the metal phase, nbo/t is the degree of
silicate polymerisation, and a to g are best-fit constants.

Least squares multiple linear regression (MLR) analyses were carried
out to constrain the values of coefficients a to g based on data from 207
Cd partitioning experiments from this study and the literature (Lagos
et al., 2008; Ballhaus et al., 2013; Wood et al., 2014; Wang et al., 2016;
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Fig. 3. Plot of In K, values for Cd versus (a) 1000 x P/T and (b) 10,000/T for experimental data from this study (Table 1) and previous investigations (Supplementary
Material, Table S2). Only data for experiments that are free of S, C and Si (with In(1 - Xs/c/si) > —0.01) are plotted in panel (b).

Steenstra et al., 2017; Righter et al., 2018; Righter et al., 2019; Steenstra
et al., 2020b; Steenstra et al., 2020a; Kubik et al., 2021). All data used in
the MLR analyses are summarised in Table S2, whilst Fig. S1 summarises
how Kp varies as a function of the variables of Eq. (5) (see Supple-
mentary material). The method of Mills et al. (2014) was used to esti-
mate nbo/t for each experiment, with all Fe assumed to be in the form of
FeO for simplicity. The independent variables outlined in Eq. (5) were
considered statistically significant if a p-value of <0.05 was obtained
from an MLR analysis.

An initial MLR analysis showed that P/T had no statistically signif-
icant impact on In Kp, with p = 0.25 and an RZvalue of 0 (Fig. 3a), and so

it was disregarded in subsequent analyses. Whilst the analyses also
suggested that both 1/T and nbo/t are significant predictors of In Kp,
there was a significant level of multicollinearity between the two vari-
ables (R? = 0.56). Multicollinearity can render models less robust and
introduce significant artefacts and therefore needs to be carefully
considered. Thus, two further MLR analyses were carried out to assess
the predicting power of 1/T and nbo/t. The first of these analyses
included nbo/t, In (1-Xs), In (1-X¢), and In (1-Xg;) and this revealed that
nbo/t is not a statistically significant predictor of In Kp (Fig. S1, Sup-
plementary material), with a p-value of 0.28. The second included 1/T,
In (1-Xs), In (1-X¢), and In (1-Xg;), and suggested that temperature has a
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significant effect on Kp (p < 0.01; Fig. S1, Supplementary material).
However, minor levels of multicollinearity were also found between In
(1-Xs) and 1/T (R? = 0.24). Therefore, the predicting power of tem-
perature was further tested through regression analysis of 46 experi-
ments free of S, C, and Si (specifically with In(1-Xs,c/s;) > —0.01). This
analysis (Fig. 3b) showed that temperature has no statistically signifi-
cant impact on In Kp (p = 0.86, R? = 0) and 1/T was hence also excluded
from further consideration. This does not preclude that 1/T has an
impact on In Kp but suggests that the impact is most likely minor and
hence lost in the scatter of data that were obtained in experiments with
different compositions and in various laboratories. The final MLR ana-
lyses were, therefore, focussed on In (1-Xs), In (1-X¢), and In (1-Xg;)
(Fig. S1, Supplementary material), and gave the following predictive
expression for In Kp, with an adjusted R? value of 0.80 (2SE coefficient
uncertainties are also shown):

nKp = —55+£0.60n(l —Xs)+69+22eIn(1—Xc)+21+2
oin(l—Xg)—1.6+£0.2 (6)

These findings are broadly consistent with the multiple linear
regression of Kubik et al. (2021), who found that metal-silicate parti-
tioning of Cd is independent of both temperature and pressure,
Furthermore, the current study and the investigations of Kubik et al.
(2021) and Wood et al. (2014) predict similar increases of Kp(Cd), and
hence Dg¢q, for increasing S contents of the metal. For example, for a
metal sulphide with Xg = 0.4, the formalisms of this study, Kubik et al.
(2021) and Wood et al. (2014) yield identical Kp(Cd) values of 3.8 4 1.8,
2.5 £ 1.4 and 1.9 £ 0.5, respectively. Novel to the current study is that
the presented regression also shows that the presence of C and Si in the
metal cause Cd to act in a more lithophile manner during metal-silicate
equilibration.

5.1.4. Cadmium isotope fractionation during metal-silicate partitioning

No systematic relationship was found between AMCdpersii and
temperature, experiment duration, or capsule material, and no signifi-
cant Cd isotope fractionation between metal and silicate was observed,
as the experiments, excluding the short runs BW1521 and BW1518,
define a mean A *Cdper.sii = —0.02 = 0.09%0 (2SD; n = 7). Of interest is
the observation that the results obtained with MgO and silica capsules
are identical to those from graphite capsules, even though the former
experimental products lost considerable Cd by volatilisation with sig-
nificant associated kinetic Cd isotope fractionation (Fig. 2, Table 1). This
observation demonstrates that the Cd remaining in the capsules
exchanged rapidly between metal and silicate, thus providing a mech-
anism by which the isotopic equilibrium between the phases could be
established and maintained. This conclusion is in accord with the find-
ings of previous partitioning experiments that were conducted in cap-
sules similar to those utilised in the present study (Wood et al., 2008;
Tuff et al., 2011; Bridgestock et al., 2014).

Both laboratory experiments (Guinoiseau et al., 2018) and observa-
tions from naturally occurring hydrothermal settings (Schmitt et al.,
2009; Xie et al., 2019) show that sulphide phases preferentially incor-
porate light Cd isotopes during precipitation at lower temperatures.
Despite this, no resolvable Cd isotope fractionation was observed be-
tween the silicate and sulphide phases of experiment BW1522. The
sulphide phase of experiment BW1523 displays a lighter Cd isotope
composition than the silicate but this experiment was shorter than
BW1522 (at 15 min compared to 41 min) and the phases show clear
evidence of Cd loss relative to BW1522 (Table 1). During the sulphide-
silicate experiments, Cd was much more concentrated in the sulphide
phase (due to Dgygij > 17.9; Table 1) than in the metal of the metal-
silicate partitioning experiments. As such, the results for BW1523 may
reflect that isotopic equilibrium could not be fully maintained during
volatile loss, as Cd was primarily concentrated in only one of the phases.

Through a series of similar experiments, Bridgestock et al. (2014)
found there was no significant Zn isotope fractionation between metal
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and silicate phases, while Mahan et al. (2017) observed no relationship
between Zn isotope fractionation and temperature, composition or ox-
ygen fugacity. Given the chemical similarities of Zn and Cd, it is perhaps
not surprising that they share an absence of isotope fractionation during
metal-silicate partitioning. These findings suggest that no or only very
minor Cd isotope fractionation occurred during core segregation on
Earth. Whilst metal segregation during Earth’s core formation took place
at higher temperature and pressure than those attained in the experi-
ments, higher temperatures should only reduce equilibrium isotope
fractionation factors whilst changes in pressures are not expected to
have a significant impact on the extent of isotope fractionation (O’Neil,
1986).

5.2. Modelling Earth’s Cd budget during accretion and differentiation

Chou (1978) argued that the addition of a small late veneer of
chondritic material, equivalent to about 1% of BSE mass, after cessation
of core formation could explain the roughly chondritic platinum group
element ratios inferred for the silicate Earth from analyses of ultramafic
rocks. Since then, numerous elemental and isotopic studies concluded
that Earth likely received a late veneer of chondritic origin once core
formation was complete (Wanke, 1981; Meisel et al., 1996; Meisel et al.,
2001; Wang and Becker, 2013; Laurenz et al., 2016; Young et al., 2016;
Fischer-Godde and Kleine, 2017; Varas-Reus et al., 2019; Fischer-Godde
et al., 2020; Hopp et al., 2020; Hellmann et al., 2021). It is unresolved,
however, whether this late veneer is of carbonaceous, enstatite or or-
dinary chondrite origin and its mass is also debated. Based on mantle
HSE abundances, the late veneer mass is most commonly estimated at
about 0.5% Mg but other workers have posited that a much larger
volatile-rich late veneer of between 2% and 5% Mg contributed the bulk
of the BSE inventory of volatile elements (e.g., Holzheid et al., 2000;
Walker, 2009; Albarede, 2009; Ballhaus et al., 2013; Laurenz et al.,
2016; Jacobson et al., 2014).

The accretion and core formation model presented in the following
integrates available constraints on the elemental and isotopic parti-
tioning of Cd with reasonable endmember estimates for the mass and
composition of the late veneer, in order to assess the composition of
Earth’s main stage accretion material. The model is developed in two
main stages. The first stage describes single-stage core formation as a
batch process alongside accretion, whilst the second stage involves the
addition of a chondritic late veneer. Given constraints on the composi-
tion of the late veneer, mass balance modelling is first carried out to
estimate the Cd isotope composition of the BSE prior to delivery of the
late veneer. This composition is then used with core formation calcu-
lations to derive the mean Cd concentration and isotope composition of
Earth’s main stage accretion components and assess previous estimates
of late veneer mass. Model inputs are summarised in Table 2 and dis-
cussed in the following. To account for uncertainties in the input pa-
rameters, the modelling utilised a Monte Carlo approach, whereby a
uniform distribution was used to randomly select a given value for each
iteration of the model. The uncertainties of the model outputs (Table 3,
Figs. 3, 4) encompass the full range of results that are in accord with the
model constraints.

5.2.1. Modelling the impact of the late veneer on the silicate Earth Cd
budget

The first part of the model uses an inverse mass balance approach to
constrain the Cd concentration and isotope composition of the initial
BSE after the cessation of core formation, but before arrival of the late
veneer. The Cd concentration of the BSE can be represented by the
following expression:

[Cd]pse = ([Cd]Lv x Fy ) + ([Cd}i_psg % (1 —Frv)) )]

where [Cd]yy is the Cd concentration of the late veneer, [Cd];sk is the
Cd concentration of the initial pre-late veneer BSE after core formation
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Table 2
Input parameters for the terrestrial Cd accretion models.
Source
Cd abundances (ng/g)
Present-day BSE 38+6 a
Late veneer 700 (CI, EH); 40 (CO, EL) b
Cd isotope compositions
3''*cd BSE —0.06 + 0.06 c
3'1*Cd Late veneer 0.34 £ 0.12 d
Core segregation
Dcd (met-sity (lower limit) 0.4 e
Dcd (met-sity (upper limit) 8 e
A" Cdpersit 0.00 + 0.05 e
Hadean matte segregation
Mass fraction of Hadean matte 0.8% of BSE f
Dcd (sul-siy 33 g
A Cdgygn ~0.18 + 0.04 h

(a) Wang et al. (2018). (b) Based on CI and EH chondrite data of Wasson and
Kallemeyn (1988), Lodders and Fegley (1998), Palk et al. (2018), Braukmiiller
etal. (2018). (¢) Pickard et al. (2022). (d) Based on Cd isotope compositions of CI
and EH chondrites from Baker et al. (2010) and Palk et al. (2018). (e) This study;
see text for details. (f) Savage et al. (2015). (g) A Hadean matte (HM) with 46 +
16 wt% Fe and X5 = 0.43 £ 0.09 (O'Neill, 1991) was generated by combining
the stoichiometric Fe-S-O HM mixture of Savage et al. (2015) with the mantle
sulphide composition of Lorand and Conquéré (1983). The sulphide-silicate Dcq
associated with the HM was determined by using Eq. (6) with a HM Xg = 0.43 +
0.09 and assuming a sulphide-silicate Dg. = 7.3, calculated by combining the
mantle Fe estimate of Wang et al. (2018) with the HM estimate of 46 + 16 wt%
Fe. (h) This study; see text for details. A maximum AMCdgy.5i1 value was esti-
mated by considering the effect of S on experiment BW1523 relative to the S-free
experiments and extrapolating to Xs = 0.43 + 0.09 for the HM.

had ceased, and Fyy is the mass fraction of the modern BSE derived from
the late veneer. The Cd concentration of the BSE is well defined as 38 +
6 ng/g by Wang et al. (2018), who evaluated previous [Cd]psg estimates
that are based primarily on peridotite analyses (Table 2). Given the
uncertainties about the heritage of the late veneer and hence its Cd
concentration, two endmember compositions are evaluated in the
following for [Cd].y. The first assumes that [Cd]y matches the Cd
concentrations of volatile-rich CI carbonaceous and EH enstatite

Chemical Geology 618 (2023) 121293

chondrites, with approximately 700 ng/g Cd. In contrast, the second is
significantly less volatile-rich with [Cd]iy = 40 ng/g, similar to the Cd
abundances of CO carbonaceous, EL enstatite as well as ordinary
chondrites (OCs; Table 2). With these constraints, the Cd concentration
of the i-BSE prior to delivery of the late veneer can be determined as a
function of late veneer mass using Eq. (7).

In a similar manner, the Cd isotope composition of the BSE is rep-
resented by the equation:

8'"*Cdpse = (8"*Cdyy x feq) + (8"Cdipse x (1 —fcq)) ®

where 5114de is the Cd isotope composition of the late veneer, s'14cd;.
sk is the initial Cd isotope composition of the BSE as core formation
ceased, and fcq is the fraction of Cd in the BSE derived from the late
veneer. Eq. (8) can thus be used to derive 6114Cdi_BSE as a function of late
veneer mass, whereby the Cd isotope compositions of the BSE and the
late veneer are boundary conditions. Based on analyses of spinel lher-
zolites, Pickard et al. (2022) inferred a BSE composition of 6114CdBSE =
—0.06 =+ 0.03%o but an expanded uncertainty of +0.06%o is employed in
the following to account for the small number of samples that were
analysed to determine the mean (Table 2).

Constraining §!'*Cdyy is more challenging because the origin of the
material is unclear, with carbonaceous, enstatite and ordinary chon-
drites suggested as possible late veneer sources (Meisel et al., 1996;
Meisel et al., 2001; Wang and Becker, 2013; Laurenz et al., 2016; Young
et al., 2016; Dauphas, 2017; Varas-Reus et al., 2019; Fischer-Godde
et al., 2020; Hellmann et al., 2021), and only limited data are available
for such meteorites. Particularly scarce are 5'1Cd data that are precise
to about +0.1%o as these are currently only available for seven carbo-
naceous chondrites (CI, CM, CV, CO, CR) as well as eight EH and EL
enstatite chondrites (Baker et al., 2010; Palk et al., 2018; Supplementary
Table S3). Of these, four carbonaceous chondrites and two EH chon-
drites have high Cd concentrations (> 95 ng/g) and 8'1Cd values of
between about +0.22 and + 0.46%o, which likely approximate the
isotope compositions of the parent bodies. The remaining samples,
typically with Cd abundances of <40 ng/g, have higher 8'1Cd of up to
about 7%o. These heavy Cd isotope compositions are most likely due to
Cd redistribution by thermal and shock metamorphism on the parent

Table 3
Results of mass balance model for Cd during Earth’s accretion as a function of late veneer mass.
Late veneer mass (% Mg) 0.5% 1% 2% 3%
CI-EH late veneer
Cd BSE budget from late veneer* 14 + 2% 29 + 5% 56 + 9% 85 + 14%
Main stage accretion material — Standard model
Cd abundance (ng/g), Dcg = 0.4 26 +5 22+5 14+5 6+5
Cd abundance (ng/g), Dcq = 8 110 + 20 94 £+ 20 60 + 21 24 + 21
3'*cd -0.12+0.13 -0.25+0.18 ~0.69 + 0.50 -13.9+13.3
Main stage accretion material — Hadean matte model
Cd abundance (ng/g), Dcqg = 0.4 33+6 28 +6 18+7 7+6
Cd abundance (ng/g), Dcq = 8 136 + 25 116 + 25 74 + 26 30 + 27
3'*cd -0.17 + 0.12 -0.28 +0.18 ~0.74 + 0.50 -142+13.6
Bulk Earth composition — both models
Cd abundance (ng/g), Dcq = 0.4 34+9 32+8 30+7 28 +6
Cd abundance (ng/g), Dcq = 8 128 + 36 113 + 34 82 + 30 49 + 26
3'4cd —-0.13 +£0.13 —0.20 + 0.18 —0.43 + 0.41 —~1.42 +1.38
CO-EL late veneer
Cd BSE budget from late veneer* 0.8 £0.1% 1.6 + 0.3% 3.2 £ 0.5% 4.9 + 0.8%
Main stage accretion material — Standard model
Cd abundance (ng/g), Dcq = 0.4 30+5 30+5 30+5 30+5
Cd abundance (ng/g), Dcq = 8 126 + 20 127 + 20 128 + 21 130 + 22
5'14cd —0.06 + 0.08 —0.07 + 0.10 —0.07 +0.10 —0.08 + 0.10

The average Cd concentrations and 5!1*Cd values of Earth’s main stage accretion material and bulk Earth compositions were determined by Monte Carlo simulations
with model inputs summarised in Table 2. For the CO-EL late veneer models, the bulk Earth compositions are not given as these closely resemble the compositions of
the main stage accretion material (to within 2% for Cd concentrations and to within 0.02%o for 5'14Cd). The quoted uncertainties encompass the full range of results
that were obtained in the modelling as a consequence of variable input parameters (5'**Cdggg, A" *Cdmetsii, A1 *Cdgysi) and for BSE Cd concentrations of 38 + 6 ng/g.
The total uncertainties are primarily governed by the uncertainty of the latter parameter. * Mass fraction of the BSE Cd inventory derived from the late veneer in %.
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Fig. 4. Plot that summarises results of terrestrial accretion models for Cd. The
blue and green fields show the range of 5''*Cd values (including uncertainties)
required for Earth’s main stage accretion material (MSAM) to reproduce the Cd
isotope composition of the BSE, as a function of late veneer mass, for a late
veneer composed either of volatile-rich CI-EH or volatile-poor CO-EL material.
The orange and red fields denote the mass fraction of BSE Cd (fcq) derived from
either a CI-EH or CO-EL late veneer, also as a function of late veneer mass.
Model inputs and results are outlined in Tables 2 and 3, respectively. The grey
field represents the range of Cd isotope compositions previously measured for
carbonaceous and enstatite chondrites (CC, EC) that are thought to be unaf-
fected by Cd redistribution during metamorphism (Baker et al., 2010; Palk
et al., 2018). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

bodies and are therefore unlikely to be representative of the bulk as-
teroids (Wombacher et al., 2003; Wombacher et al., 2008). Additional
data, from older analyses with larger 5''*Cd uncertainties of between
about +0.45%o to +1%o, are available for ordinary chondrites and eu-
crites as well as samples from Moon and Mars (Wombacher et al., 2003;
Wombacher et al., 2008). These analyses provide highly variable 5!'4Cd
values of between about —9%o and 15%o for the ordinary chondrites that
are thought to reflect parent body processes that involve mobilisation of
Cd. As such, no robust estimates of parent body compositions are
possible for the ordinary chondrites. Similar isotopic variability was
reported for two lunar meteorites, a pristine ferroan anorthosite and
lunar soils, which exhibit 5114Cd values of about 1%o to 11%o (Wom-
bacher et al., 2008). In contrast, analyses of two shergotites and two
eucrites yielded 5'1*Cd of between about 0%o and 1%., which suggests
that the silicate portions of Vesta and Mars may have compositions
similar to the BSE with 8'14Cd ~ 0%.. Considering the available results
for meteorites, and particularly the more precise data published for
carbonaceous and EH chondrites where the Cd systematics are most
likely unaffected by parent body processes, a 5''*Cdyy value of 0.34 +
0.12%o is employed in the following to approximate the composition of
the chondritic late veneer (Table 2).

5.2.2. Modelling the impact of core formation on the silicate Earth Cd
budget

The second part of the accretion model describes Earth’s growth and
core formation. Continuous core formation models account for changes
in metal-silicate partitioning associated with increasing temperature
and pressure of Earth’s interior during accretion, as well as changes in
oxygen fugacity and volatile element abundances associated with het-
erogeneous accretion. Problems arise, however, when such continuous
models are employed to predict Cd partitioning. Firstly, Cd metal-
silicate partitioning is primarily dependent on the abundances of S, C
and Si in the Earth’s core and estimates of these concentrations
throughout accretion involve significant uncertainty. Secondly, both S
and C are volatile elements. As the overarching aim of the study is to
evaluate the delivery of terrestrial volatiles, it is inappropriate to assess
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the accretion history of Cd by assuming the S and C contents of the core
through time, and by inference, the accretion history of volatiles. Lastly,
initial modelling carried out for this study showed that, taking into ac-
count uncertainties in the bulk Earth composition, single-stage accretion
models yielded similar results to models that employed continuous core
formation and in which reasonable changes in mantle oxygen fugacity
and a range of Xg, Xc, and Xs; values were considered. Notably, this
reflects the insensitivity of the partitioning of Cd (and its isotopes) to
changes in temperature and pressure (Fig. 3) and the weak siderophile
character of Cd, whereby its BSE signature integrates over most of the
accretion process (Dauphas, 2017). As such, a single-stage core forma-
tion model is applied in the following.

Assuming single-stage core formation, Eq. (6) can be combined with
estimates for the Xg, Xc, and Xs; values of Earth’s core, to determine an
effective Kp for the Earth’s core-mantle system. The Xg (0.0268 +
0.0069), X¢ (0.0309 + 0.0267) and Xs; (0.0829 + 0.0396) values of the
core were calculated from the concordance core composition of Wang
et al. (2018). This gives a In Kp value of —3.5 + 1.8 (2SE), which cor-
responds to a D¢gq of 0.39, assuming a core-mantle Dge of 13.1. The
inferred D¢q value, however, stands in contrast to the high Cd concen-
tration that was estimated for the bulk Earth by Braukmiiller et al.
(2019) and which indicates that Cd is enriched in the core relative to the
BSE by a factor of about 5 to 10. Furthermore, recent accretion model-
ling and multiple linear regression analyses of metal-silicate partitioning
data by Kubik et al. (2021) suggest that Cd is siderophile with a final D¢q
of between about 1 and 8 for the core-mantle system. The higher D¢q
obtained by Kubik et al. (2021) likely reflects that their data analysis did
not account for C and Si present in the metal, two elements that reduce
the siderophile nature of Cd. Given current uncertainties about the light
element composition of Earth’s core, two endmember models were
examined, which assume D¢q values of 0.4 and 8 to describe core-mantle
partitioning (Tables 2, 3).

Core formation was then modelled as a batch process using the
following equation:

[Cd]msam

Cd]i_sg =
[Cl-pse Fi_gse + Dca(1 — Fi_gse)

)]

where [Cd]ysam is the mean Cd concentration of Earth’s main stage
accretion material, andFj.gsg is the mass fraction of the initial BSE after
core formation relative to the pre-late veneer bulk Earth. Core formation
and associated Cd partitioning can be accompanied by isotope frac-
tionation, described by the equation:

8'"Cd;_pse = 8" Cdusam — (A" Clper—sit X (1 —fi_ca)) (10$)
where 6114CdMSAM is the mean Cd isotope composition of Earth’s main
stage accretion material, fj.cq is the fraction of Cd present in the silicate
mantle after core formation, and A114Cdmet,3i1 is the Cd isotope frac-
tionation between the core and BSE. A value of 0.00 + 0.05%. was
chosen for the Cd isotope fractionation during core formation, in accord
with the absence of significant isotope fractionation in the experiments
of this study (Table 1). As both [Cd];.psg and 5'14Cd;.pgg are derived from
the late veneer mass balance calculations, it is possible to constrain the
average Cd concentration and isotope composition of Earth’s main stage
accretion material, as a function of late veneer mass.

5.2.3. Results of accretion modelling for Cd

Model inputs and results are outlined in Tables 2 and 3 as well as
Figs. 4 and 5. If a volatile-rich CI- or EH-like composition is assumed for
the late veneer, in accord with previous studies, the addition of this
material has a significant impact on the Cd inventory of the BSE even if
the late veneer mass is small (Meisel et al., 1996; Meisel et al., 2001;
Laurenz et al., 2016; Varas-Reus et al., 2019). For example, a CI-EH late
veneer of 0.5% M still provides 14 + 2% of the BSE Cd budget and this
proportion rises to 85 + 14% for a late veneer mass of 3% Mg (Fig. 4,
Table 3). For a BSE with 38 + 6 ng/g Cd, the mass balance calculations
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Fig. 5. Cd isotope compositions and concentrations of Earth’s main stage ac-
cretion material, as predicted by accretion modelling, with results outlined in
Table 3. The fields denote the Cd concentrations and isotope compositions
(including uncertainties; Table. 3) predicted for Earth’s main stage accretion
material for 0.5% to 3% Mg addition of either a volatile-rich CI-EH late veneer
(blue, green, orange, red fields) or a volatile-depleted CO-OC late veneer (single
grey field). The range of Cd concentrations and 8'*Cd values reflect a BSE with
38 + 6 ng/g Cd and D¢q values that range from 0.4 to 8 for single-stage core-
mantle partitioning (see text and Table 2 for details). Also shown are the
composition of the BSE (Table 2) and precise literature Cd isotope data for
carbonaceous chondrites (CC) and enstatite chondrites (EC) from Baker et al.
(2010) and Palk et al. (2018). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

provide an upper limit of about 3.1 to 4.2% Mg for the late veneer mass,
as any further increase would supply more Cd than is present in the BSE.
This value increases to about 6 to 8% Mg if a less volatile-rich late veneer
with a CM chondritic composition (Wang and Becker, 2013) with 350
ng/g Cd is assumed (Wasson and Kallemeyn, 1988). In contrast, a vol-
atile depleted late veneer with a composition akin to CO and EL chon-
drites would supply only 4.9 + 0.8% of the BSE Cd inventory, even for a
large late veneer equivalent to 3% Mg and (Fig. 4, Table 3). In this case,
the BSE budget of Cd, and other similarly volatile elements, is almost
exclusively delivered during the main stage of accretion, whilst core
formation is still ongoing.

As our modelling infers that a chondritic late veneer is isotopically
heavier in Cd than the BSE, larger additions of volatile-rich late veneer
material must be balanced by main accretionary components that have
increasingly lighter Cd isotope compositions (Figs. 4, 5, Table 3). In
detail, for a 3% Mg late veneer with a volatile-poor CO-EL composition,
the main stage accretion material can have a Cd isotope composition (of
5114Ccd = —0.08 + 0.10) that is isotopically identical to the BSE, which
features 5'Cdpgg = —0.06 + 0.06 (Table 2). In contrast, a 3% Mg late
veneer with a volatile-rich CI-EH composition requires main stage ac-
cretion material with a §''*Cd value of —13.9 & 13.3%0 (Figs. 4, 5,
Table 3). Notably, the inferred light Cd isotope compositions are
generally far removed from the §!'*Cd values of between about +0.2
and +0.5%o that were determined for carbonaceous and enstatite
chondrites (Fig. 5; Baker et al., 2010, Palk et al., 2018). Whilst previous
studies also obtained 8''*Cd values outside of this range for some
chondrites (Wombacher et al., 2003; Wombacher et al., 2008; Baker
et al., 2010; Palk et al., 2018), such results most likely reflect Cd
redistribution by thermal and shock metamorphism on the parent bodies
and they are hence unlikely to be representative of the bulk asteroids.

5.2.4. Modelling formation of a Hadean matte

O’Neill (1991) proposed that the siderophile element abundances of
the BSE may record separation of an immiscible sulphide phase, termed
the ‘Hadean matte’ (HM), from the mantle near the end of accretion but
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before the delivery of the late veneer. In accord with this interpretation,
Savage et al. (2015) concluded that the difference in the Cu isotope
compositions inferred for the mantle and the bulk Earth may reflect
segregation of a sulphide-rich phase during accretion. Laurenz et al.
(2016) were furthermore able to reproduce mantle HSE and sulphur
concentrations through a combination of late-stage sulphide segregation
and subsequent addition of a ~ 0.4% Mg late veneer. Because Cd par-
titioning, and possibly Cd isotope fractionation, are controlled by the
presence of S in the metal phase, an additional ‘Hadean matte’ model
was formulated that accounts for the Cd partitioning and isotope effects
imparted on the BSE through the separation of a possible HM (Tables 2,
3). This model incorporates a second set of core formation calculations
that follow Egs. (9) and (10) and which represent sulphide segregation
after main stage core formation but before the arrival of the late veneer.
Assuming the HM contained 46 + 8 wt% Fe and was characterised by an
Xg value of 0.43 4 0.09 (Table 2), aln Kp of 1.5 &+ 1.8 (2SE) is estimated
from Eq. (6) for the segregation of the HM from the silicate mantle,
which corresponds to a D¢q of 33. The model also applies a A114Cdsul_sﬂ
value of —0.18 + 0.04%o for the Cd isotope fractionation between the
HM and mantle to highlight the maximum potential impact that Cd
isotope fractionation could have during sulphide segregation (Table 2).

Previous studies inferred that the HM represents <1.6% of Earth’s
core mass (Savage et al., 2015), corresponding to <0.8% of BSE mass.
Given the relatively small mass estimated for a possible HM, and because
Cd partitioning and isotope fractionation are only marginally different
for sulphide-silicate versus metal-silicate equilibration, late sulphide
segregation has only a minor impact on the Cd concentrations and
isotope compositions that are inferred for Earth’s main stage accretion
materials (Table 3). In detail, accretion models that account for HM
formation require main stage components that are about 25% more
enriched in Cd than predicted by models that do not account for HM
segregation and the results are still identical within error (Table 3). The
HM models also require main stage accretion components with Cd
isotope compositions that are on average only 0.05-0.3%o lower in
5''%Cd than models with no HM. Importantly, these results are for a
scenario that applies maximum estimates for AM4Cdgy.6 and the size of
the HM. Considering this, it is likely that late segregation of a possible
HM had only a limited impact on the elemental and isotope partitioning
of Cd during terrestrial accretion, and the Cd isotope constraints that
follow from the standard accretion model still stand (Table 3).

5.2.5. Implications of the Cd accretion modelling

The experiments of this study demonstrate that no significant Cd
isotope fractionation occurs during metal-silicate segregation (Fig. 2,
Table 1). This implies that the light Cd isotope composition of the BSE
relative to carbonaceous and enstatite chondrites (Pickard et al., 2022)
is not a consequence of core formation, regardless of whether this en-
compasses segregation of a HM or not. Volatilisation of Cd is also an
unlikely cause, as this would have likely taken place under kinetic
control with only limited back-reaction, thereby producing a silicate
Earth enriched in heavy Cd isotopes, which is not observed. It is possible,
however, that the discrepancy in the 8''4Cd values of the BSE versus
carbonaceous and enstatite chondrites is an artefact of the limited high
precision Cd isotope data currently available for these meteorites, as the
few published results may biased toward high 8'1*Cd values. Alterna-
tively, Earth’s main stage of accretion and/or the late veneer encom-
passed material with a Cd isotope composition that was lighter
compared to known carbonaceous and enstatite chondrite groups as well
as possibly the BSE (Figs. 4, 5, Table 3).

Our accretion modelling is in accord with the conclusions of
Albarede (2009) and Ballhaus et al. (2013), who inferred that a large (>
2% M) late veneer of volatile-rich CI material would provide the ma-
jority of the BSE inventory of strongly volatile elements with 50%
condensation temperatures of between 500 and 800 K, including Cd, Pb
and Zn. However, such a large late veneer would also supply HSE (e.g.,
Pd, Os, Ir, Pt) at abundance levels that exceed the BSE concentrations by
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more than a factor of x3 (Wood et al., 2010). Furthermore, if more than
about 65% of the BSE Cd budget is sourced from a CI-EH late veneer, this
would require Earth’s main stage accretion material to be characterised
by a mean 8'*Cd of at most —0.5%o and possibly substantially lower
(Figs. 4, 5). Notably, the latter values are clearly lower than the 5''*Cd
data available for carbonaceous and enstatite chondrites thought to be
unaffected by Cd redistribution during parent body metamorphism
(Wombacher et al., 2008; Baker et al., 2010; Palk et al., 2018). The same
conclusion may also extend to the ordinary chondrites but their com-
positions are less well constrained, as the data are less precise and Cd
isotope fractionations from metamorphism are more prominent (Wom-
bacher et al., 2008). This discrepancy does not arise if a late veneer of
volatile-depleted material akin to CO-EL chondrites is added to the BSE.
However, even a large CO-EL-like late veneer of 3% Mg provides only
about 5% of the BSE Cd inventory and will thus have only a minor
impact on the volatile budgets of the BSE (Figs. 4, 5, Table 3).

Whilst accretion of a large late veneer of >2% M is, in principle,
possible, the addition of a smaller late veneer is a more likely scenario
because this does not supply an overabundance of HSE and require main
stage accretion material with a 8''*Cd value far removed from those
measured for carbonaceous and enstatite chondrites (Figs. 4, 5). These
findings are in accord with classical models of accretion, which suggest
that the majority of Earth’s volatiles were added during main stage
growth whilst core formation was still active and in line with observa-
tions that siderophile volatile elements are depleted in the BSE relative
to lithophile elements of similar volatility because the former were
additionally depleted by partitioning into Earth’s core (Wood et al.,
2010). Whilst metal-silicate partitioning of Cd appears to be largely
independent of temperature and pressure, the partitioning data for other
elements, as well as isotope and trace element studies, argue for het-
erogeneous accretion, whereby volatiles were primarily added during
the last 10-20% of Earth’s main accretion phase, most likely through
addition of volatile-rich carbonaceous matter (Schonbachler et al.,
2010; Wade et al., 2012; Mahan et al., 2018; Braukmiiller et al., 2019;
Budde et al., 2019; Righter et al., 2020; Kubik et al., 2021). The evidence
available from most abundance and isotope studies of HSE and strongly
siderophile volatile elements (particularly Se, Te) furthermore indicates
that a small late veneer of <1% Mg and with a composition akin to CI or
CM chondrites was added to Earth after completion of core formation.
This scenario of volatile accretion is also in accord with the Cd accretion
model of the present study, which highlights that even a small volatile-
rich late veneer has a considerable impact on the BSE budget of Cd and,
by inference, the silicate Earth inventories of other highly volatile ele-
ments that do not partition strongly into the core. In the context of such
an accretion scenario, our Cd modelling indicates a bulk Earth compo-
sition with about 30 to 130 ng/g Cd and a §''Cd value of between about
0 and — 0.3%o (Table 3). It will be of interest for future studies to
investigate whether the distinctly light Cd isotope compositions deter-
mined for the BSE and inferred for the bulk Earth relative to carbona-
ceous and enstatite chondrites reflect volatile addition by material
related to ordinary chondrites, as these are presently not sufficiently
characterised to rule out such a contribution.

6. Conclusions

Metal-silicate partitioning experiments were carried out at 1.5 GPa
and 1508 to 1843 K to better constrain Cd partitioning and isotope
fractionation during core formation. At these conditions, there was no
significant Cd stable isotope fractionation during the partitioning of Cd
between metal and silicate phases with AM*Cdpetsit = —0.02 + 0.09%o
(2SD, n = 7). Whilst a Cd isotope fractionation of —0.23 4 0.07%o (2SE)
was determined for Cd partitioning between the sulphide and silicate
phases of one experiment, this was observed for a short run, where the
phases may not have reached full equilibrium. Together, these findings
suggest that Cd isotope fractionation during segregation of Earth’s core
was either absent or very minor.
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The Cd partitioning data from the experiments of this and previous
investigations were combined through multiple linear regression to
better constrain Cd metal-silicate partitioning during terrestrial core
formation. These analyses show that temperature and pressure have no
statistically significant effect on Cd metal-silicate partitioning. Instead,
Cd partitioning is primarily dependent on the molar fractions of S, C and
Si in the metal phase. Use of the multiple linear regression, and a recent
estimate for the composition of Earth’s core, suggest that Cd is prefer-
entially partitioned into the silicate phase during core formation, with a
D¢q of about 0.4 calculated for single-stage core formation. However,
the light element composition of Earth’s core, which strongly impacts
Dcg, is still a topic of intense debate. As such, D¢q values larger than 1
cannot be ruled out at present for core formation, in accord with other
evidence, which suggests that Cd is enriched in the core relative to the
BSE.

The new results of this study and available data on the composition
of the BSE and chondritic meteorites were applied in mass balance
calculations to constrain the Cd signature of Earth’s main stage accretion
components prior to delivery of the late veneer. The modelling indicates
Earth’s main stage of accretion involved material with an average
5'1%Cd that was lower than that of known carbonaceous and enstatite
chondrites. Most likely, this reflects either poor characterisation of these
chondritic meteorites by the relatively few high precision data currently
available or that volatile delivery involved a significant fraction of
material with a lighter Cd isotope composition compared to known
carbonaceous and enstatite chondrites. Accretion models with larger
masses of a volatile-rich late veneer require main stage accretion ma-
terials that have increasingly lower §''*Cd values, and which hence
differ more and more from previously analysed carbonaceous and
enstatite chondrites that are unaffected by Cd isotope fractionations
imparted by parent body metamorphism. This suggests that terrestrial
accretion most likely did not encompass addition of a >2% Mg late
veneer of CI chondritic composition, further supporting classical ac-
cretion models which invoke that volatile delivery occurred primarily
during main stage accretion, alongside core formation.
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