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A B S T R A C T

The processes responsible for the isotopic compositions and abundances of volatile elements in the early solar
system remain highly debated. Orders of magnitude variation of (highly) volatile elements exist between
different magmatic iron meteorite groups, but it is unclear to what extent their depletions can be explained by
evaporation from metal melts during parent body accretion and/or subsequent break up. To this end, we present
86 new evaporation experiments with the aim of constraining the volatility of most volatile metals from metallic
melts. The results confirm the previously proposed important effects of S in metal melt on the volatility of the
elements of interest governed by their S-loving or S-phobic behavior. Nominally S-loving elements In, Sn, Te, Pb
and Bi are significantly more volatile in Fe melt relative to FeS liquid, whereas nominally S-avoiding elements Ga
and Sb are more volatile in FeS liquid relative to Fe melt, at a given pressure and temperature. The newly derived
volatility sequences for S-free/poor and S-rich metallic melts were also compared with commonly used volatility
models based on condensation temperatures. The results indicate significant differences between the latter,
including the much more volatile behavior of Te, relative to Se, in both explored bulk compositions, which are
traditionally assumed to be equally volatile. The (minimum) degree of volatile element depletion due to evap-
oration was quantified using the new experimental results and models. A comparison between the volatile
element depletions in magmatic iron meteorites and the predicted depletions appropriate for evaporation from
Fe melts shows that the latter depletions can be easily reconciled with (an) evaporation event(s). Altogether, the
new data and models will provide an important framework when more accurate and precise estimates of
magmatic iron meteorite bulk volatile element contents are available.

1. Introduction

The chemical composition of magmatic iron meteorites provides key
perspectives into planetary accretion processes, including the architec-
ture of and distribution of material within the early solar system (Rubin,
2018; Grewal et al., 2024), crystallization of planetary cores (Campbell
and Humayun, 2005; Chabot and Zhang, 2021) and high-temperature
processing of planetary materials (Fehr et al., 2005; Kruijer et al.,
2014; Matthes et al., 2018; Gargano and Sharp, 2019; Hirschmann et al.,
2021). Magmatic iron meteorites are mainly grouped according to their
trace element compositions and could represent the cores of more than
60 planetesimals (Goldstein et al., 2009). The degree of depletion in
volatile elements relative to their inferred building blocks increases
significantly from type I to IV iron meteorites (Scott and Wasson, 1975).

However, the origin of these variable extents of elemental depletions
remains highly debated. The three major hypotheses attribute the vol-
atile loss to inheritance of depletions from incorporation of chondritic
precursor materials (i.e., incomplete condensation in the nebula or
nebular processing; Sears, 1978; Wai and Wasson, 1979; Scott, 1979;
Campbell and Humayun, 2005; Chen et al., 2013), loss during accretion
and/or by volatile loss during catastrophic impact disruptions of their
parent bodies (e.g., Rasmussen et al., 1984; Campbell and Humayun,
2005; Yang et al., 2008; Horan et al., 2012; Matthes et al., 2018; Jordan
et al., 2019). The measured abundance of Cd, a nominally highly volatile
element given its very low 50 % condensation temperature (T50% =

~500 to ~650 K, Lodders, 2003; Wood et al., 2019), may point to
decoupling of ‘’highly’’ volatile elements (e.g., Cd, Pb, Bi) and
‘’moderately’’ volatile elements (e.g., Ga, Cu, Ge) in magmatic iron
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meteorites (Kruijer et al., 2014). This may suggest that the highly vol-
atile elements such as Zn, In, Cd, Pb, Bi may not have accreted initially
given their very low T50% (Chen et al., 2013; Corrigan et al., 2022),
whereas moderately volatile elements such as Ga and Ag could have
been lost primarily during or following parent body accretion (e.g.,
Campbell and Humayun, 2005, Horan et al., 2012; Kruijer et al., 2014;
Matthes et al., 2018).

Evaporation of volatile elements from a S-poor or S-rich metal melt
could have occurred during or following (a) catastrophic impact(s) on
the parent body, resulting in melting of the metal core and/or exposing a
liquid core to space, as proposed for the IVA and IVB parent bodies, from
geochemistry and reconstructed anomalous thermal histories (e.g., Yang
et al., 2008, 2010; Matthes et al., 2018; Spitzer et al., 2021). Indeed,
several magmatic iron meteorite groups record complex collisional
histories, including the IIIAB (Matthes et al., 2020) and IVA (Haack
et al., 1996; Rubin et al., 2022) groups, as implied from prominent
clusters in cosmic-ray exposure ages (Yang et al., 2008). Given the early
and fast cooling of the latter meteorite suites, the insulating mantle was
likely removed, exposing the liquid core directly to space (e.g., Matthes
et al., 2020).

Evaporative loss would also be consistent with previous models that
suggested that the IVB parent body (and likely other magmatic iron
meteorite parent bodies) could have experienced internal temperatures
exceeding 1760 K (Campbell and Humayun, 2005), which would yield
extensive if not complete melting of the core (Chabot and Haack, 2006).
Nevertheless, Campbell and Humayun (2005) proposed that the low
moderately volatile element contents in group IVB are due to volatility
processing in a nebular setting, instead of in the parent body. The
slightly heavier average Fe isotopic composition (δ57Fe ~0.13‰) of the
group IIIAB irons, relative to chondrites, has been interpreted to (partly)
reflect evaporation of Fe from a silicate and/or metal melt during or
shortly after accretion of their parent bodies (Jordan et al., 2019).
However, the δ57Fe values of magmatic iron meteorites could also be
solely explained by magmatic differentiation during core crystallization
(e.g., Ni et al., 2020). The Zn isotopic composition of several magmatic
iron meteorite parent suites may also point to (a) different type(s) of
depletion process(es) besides evaporation, such as incomplete conden-
sation (Chen et al., 2013).

Given the enigmatic nature of volatile element depletions in
magmatic iron meteorites, experimentally derived evaporation data for
other volatile elements applicable to metal melts are clearly required
(Chabot and Zhang, 2021; Corrigan et al., 2022; Rubin et al., 2022;
Grewal and Asimow, 2023). Although the evaporation behavior of Cu,
Ge and Ag and several nominally refractory elements from metal melts
was recently constrained (Steenstra et al., 2023), the behavior of other
volatile elements remains experimentally unexplored. Evaporative loss
of volatiles from metal melts may also be directly applicable to metal-
rich asteroids such as 16 Psyche, depending on eruptive style and
extent of melting on such parent bodies.

We recently showed that the elemental depletion patterns of Cu, Ge
and Ag observed for the IVB magmatic iron meteorites (Campbell and
Humayun, 2005) can be easily explained by evaporative loss from a S-
free or S-poor Fe-rich melt under vacuum (0.0004) bar for a wider range
of evaporation times and temperatures (Steenstra et al., 2023). The
experimental data also showed the key role of S on the volatility and
evaporation rates of these elements. To quantitatively assess to what
extent evaporation of an exposed core could explain the abundance of
other volatile elements in magmatic iron meteorites, data on their
volatility in metallic systems are clearly required. To this end, we pre-
sent the first evaporation data for a large suite of volatile metals (Zn, Ga,
Se, Cd, In, Sn, Sb, Te, Pb, Bi), as a function of pressure, temperature and
composition. The new data, combined with the previous study, will then
be used to obtain a volatility sequence that is, for the first time, directly
applicable to metal melts. This sequence is subsequently compared with
condensation temperature volatility models (Wood et al., 2019) that are
commonly used for studying volatile element depletions in magmatic

iron meteorites (e.g., Chabot and Zhang, 2021).

2. Methods

2.1. Experimental

Two types of metallic mixtures, Fe+ traces, FeS+traces, were melted
in a gas mixing furnace at the Institute of Mineralogy, University of
Münster at two pressures (~0.0002 and 1 bar) for 5–120 min at
1573–1773 K (Table 1) (see also Steenstra et al., 2023). Starting mate-
rials were obtained by mixing high-purity FeS or Fe powders with ~0.1
mol % of high-purity Ni, Zn, Ga, Se, Cd, In, Sn, Sb, Te, Pb and Bi pow-
ders. The starting materials were mixed in an agate mortar under
ethanol for at least 30 min to ensure homogeneous starting materials.
The trace element-bearing Fe and FeS powders were subsequently
pressed as pellets with diameters of 3 mm and loaded in separate, ~2 cm
long graphite buckets (~4–5 mm O.D., ~3 mm I.D.) that in turn were
placed in a larger single graphite bucket of ~4–5 cm long and 2–3 cm
wide. Experiments run at 1 bar were flushed with pure CO and the use of
a graphite bucket buffered the experiments at the graphite − CO (GCO)
buffer (Steenstra et al., 2023). Temperatures were monitored and
controlled using a type B thermocouple and a Eurotherm 3508
(Schneider Electric, Germany) programmable controller. The estimated
temperature uncertainties are <5 degrees. Vacuum was attained in the
furnace by attaching an Alcatel vacuum pump to the lower end of the
vertical furnace tube (alumina) and sealing the gas-input valve at the top
of the furnace. The pressure was monitored with an Edwards vacuum
gauge. For additional experimental details, the reader is referred to
Steenstra et al. (2023). After the experiments the samples were
embedded in epoxy resin and polished using various grades of SiC
sandpaper and polycrystalline diamond spray. The samples were
carbon-coated for imaging and chemical analyses of major elements by
electron microprobe, after which they were measured for trace elements
by laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS).

2.2. Analytical

Experimental run products were imaged and analyzed using the
JEOL JXA 8530F electron microprobe at the University of Münster using
the approach of Steenstra et al. (2023) (Tables S1, S2; Steenstra, 2024).
All metal and sulfide phases were analyzed using a defocused beam of
5–20 μm, depending on the available surface area, with beam currents of
15–20 nA and an accelerating voltage of 15 kV. The analysis points were
set in lines and/or raster grids and special care was taken to avoid an-
alyses of areas close to the edge of phases and/or surrounding capsule
materials. Counting times were 10–30 s on peak and 5–15 s on each
background. Analyses for sulfide liquids and silicate melts were cali-
brated on well-characterized natural and synthetic micro-analytical
reference materials. The standards used for metal and sulfide analyses
were hypersthene for Si, pyrite for Fe and S, MgO for O and pure metal
standards for Ti, Mn, Cr, Ni. Trace elements were subsequently
measured using LA-ICP-MS at Münster University. All LA-ICP-MS mea-
surements were performed using a 193 nm ArF excimer laser (Analyte
G2, Photon Machines) with a repetition rate of 10 Hz and energy of
~3–4 J/cm2 throughout the entire session and beam sizes ranging be-
tween 25–110 µm, depending on the area available for measurements.
The preferred beam size used throughout the study was 110 µm, but in
case of S-poor Fe blobs in FeS liquids beam sizes were in some cases
reduced to 25 µm. The following masses were monitored: 24Mg, 27Al,
29Si, 43Ca, 49Ti, 51V, 53Cr, 55Mn, 56Fe, 59Co, 60Ni, 61Ni, 63Cu, 65Cu, 66Zn,
71Ga, 73Ge, 75As, 77Se, 95Mo, 101Ru, 105Pd, 107Ag, 111Cd, 115In, 118Sn,
121Sb, 125Te, 182W, 185Re, 193Ir, 205Tl, 208Pb and 209Bi. As discussed in
Steenstra et al. (2023), representative reference materials appropriate
for Fe and FeS solids containing comparable amounts of C and the ele-
ments of interest are not available. Starting materials were therefore
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Table 1
Experimental run conditions.

T (K) P (bar) Time (min) Starting comp a Phases b Comments

ESS-1-135Fe 1623 1 15 Fe A Fe Performed together with ESS-1-135 FeS; not fully liquid c

ESS-1-135 FeS 1623 1 15 FeS A FeS Performed together with ESS-1-135 Fe
ESS-1-135A Fe 1623 1 15 Fe A Fe Not fully liquid
ESS-1-135A FeS 1623 1 15 FeS A FeS −

ESS-1-1375 Fe 1648 1 15 Fe A Fe Performed together with ESS-1-1375 FeS, not fully liquid
ESS-1-1375 FeS 1648 1 15 FeS A FeS Performed together with ESS-1-1375 Fe
ESS-1-140A Fe 1673 1 15 Fe A Fe Performed together with ESS-1-140A FeS, not fully liquid
ESS-1-140A FeS 1673 1 15 FeS A FeS Performed together with ESS-1-140A Fe
ESS-1-140A1 Fe 1673 1 15 Fe A Fe Not fully liquid
ESS-1-140A1 FeS 1673 1 15 FeS A FeS −

ESS-1-140B Fe 1673 1 30 Fe A Fe Performed together with ESS-1-140B FeS, not fully liquid
ESS-1-140B FeS 1673 1 30 FeS A FeS Performed together with ESS-1-140B Fe
ESS-1-140B1 Fe 1673 1 30 Fe A Fe Not fully liquid
ESS-1-140B1 FeS 1673 1 30 FeS A FeS −

ESS-1-140C Fe 1673 1 60 Fe A Fe Performed together with ESS-1-140C FeS, not fully liquid
ESS-1-140C FeS 1673 1 60 FeS A FeS Performed together with ESS-1-140C Fe
ESS-1-140C1 Fe 1673 1 60 Fe A Fe Not fully liquid
ESS-1-140C1 FeS 1673 1 60 FeS A FeS −

ESS-1-140D Fe 1673 1 120 Fe A Fe −

ESS-1-140D FeS 1673 1 120 FeS A FeS −

ESS-1-140E Fe 1673 1 5 Fe A Fe Not fully liquid
ESS-1-140E FeS 1673 1 5 FeS A FeS −

ESS-1-140F Fe 1673 1 10 Fe A Fe Not fully liquid
ESS-1-140F FeS 1673 1 10 FeS A FeS −

ESS-1-140G FeS 1673 1 22.5 FeS A FeS −

ESS-1-140H FeS 1673 1 45 FeS A FeS −

ESS-1-1425 Fe 1698 1 15 Fe A Fe −

ESS-1-1425 FeS 1698 1 15 FeS A FeS −

ESS-1-145 Fe 1723 1 15 Fe A Fe Performed together with ESS-1-145A FeS, not fully liquid
ESS-1-145 FeS 1723 1 15 FeS A FeS Performed together with ESS-1-145A Fe
ESS-1-145A Fe 1723 1 15 Fe A Fe Not fully liquid
ESS-1-145A FeS 1723 1 15 FeS A FeS −

ESS-1-150A Fe 1773 1 15 Fe A Fe Performed together with ESS-1-150A FeS
ESS-1-150A FeS 1773 1 15 FeS A FeS Performed together with ESS-1-150A Fe
ESS-1-150AA Fe 1773 1 15 Fe A Fe −

ESS-1-150A1 Fe 1773 1 15 Fe A Fe −

ESS-1-150A1 FeS 1773 1 15 FeS A FeS −

ESS-1-150A2 Fe 1773 1 15 Fe A Fe −

ESS-1-150B Fe 1773 1 5 Fe A Fe Performed together with ESS-1-150B FeS, not fully liquid
ESS-1-150B FeS 1773 1 5 FeS A FeS Performed together with ESS-1-150B Fe
ESS-1-150BB Fe 1773 1 5 Fe A Fe −

ESS-1-150B2 FeS 1773 1 5 FeS A FeS −

ESS-1-150C Fe 1773 1 10 Fe A Fe Performed together with ESS-1-150C FeS, not fully liquid
ESS-1-150C FeS 1773 1 10 FeS A FeS Performed together with ESS-1-150C Fe
ESS-1-150CC Fe 1773 1 10 Fe A Fe −

ESS-1-150C2 FeS 1773 1 10 FeS A FeS −

ESS-1-150C1 Fe 1773 1 10 Fe A Fe Not fully liquid
ESS-1-150C3 FeS 1773 1 10 FeS A FeS −

ESS-1-150D Fe 1773 1 30 Fe A Fe Performed together with ESS-1-150D FeS
ESS-1-150D1 FeS 1773 1 30 FeS A FeS Performed together with ESS-1-150D Fe
ESS-1-150DD Fe 1773 1 30 Fe A Fe −

ESS-1-150D2 FeS 1773 1 30 FeS A FeS −

ESS-1-150E Fe 1773 1 60 Fe A Fe Performed together with ESS-1-150E FeS
ESS-1-150E FeS 1773 1 60 FeS A FeS Performed together with ESS-1-150E Fe
ESS-1-150E1 Fe 1773 1 60 Fe A Fe −

ESS-1-150E2 FeS 1773 1 60 FeS A FeS −

ESS-1-150G FeS 1773 1 45 FeS A FeS −

ESS-1-150H FeS 1773 1 22.5 FeS A FeS −

ESS-V-130 Fe 1573 0.0002 15 Fe A Fe −

ESS-V-130 FeS 1573 0.0002 15 FeS A FeS −

ESS-V-135 Fe 1598 0.0002 15 Fe A Fe −

ESS-V-135 FeS 1598 0.0002 15 FeS A FeS −

ESS-V-1375 Fe 1623 0.0002 15 Fe A Fe −

ESS-V-1375 FeS 1623 0.0002 15 FeS A FeS, S-poor Fe-rich alloy −

ESS-V-140A Fe 1673 0.0002 15 Fe A Fe −

ESS-V-140A FeS 1673 0.0002 15 FeS A FeS −

ESS-V-140B Fe 1673 0.0002 30 Fe A Fe −

ESS-V-140B FeS 1673 0.0002 30 FeS A FeS, S-poor Fe-rich alloy −

ESS-V-140C Fe 1673 0.0002 60 Fe A Fe −

ESS-V-140C FeS 1673 0.0002 60 FeS A FeS, S-poor Fe-rich alloy −

ESS-V-1425 Fe 1698 0.0002 15 Fe A Fe −

ESS-V-1425 FeS 1698 0.0002 15 FeS A FeS, S-poor Fe-rich alloy −

ESS-V-145 Fe 1723 0.0002 15 Fe A Fe −

ESS-V-145 FeS 1723 0.0002 15 FeS A FeS, S-poor Fe-rich alloy −

(continued on next page)
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synthesized at high P-T conditions (1.5 GPa and 1873 K) in graphite
capsules in an end-loaded piston cylinder apparatus at the University of
Münster. At these conditions, no volatility-related loss of the elements of
interest is expected. Measurements of the run products confirmed that
the Fe liquid synthesized at high P-T contained comparable amounts of C
relative to most of the evaporated samples, as they are both buffered by

the graphite capsule. However, some lower-temperature experiments
did not experience complete melting, resulting in overall lower C con-
tents (Table S2). The FeS liquids were found to contain comparable O
contents, and the textures of both FeS and Fe liquids of the high P-T
synthesized samples and evaporated samples were generally similar.

Measurements were conducted using the NIST 610 glass as an

Table 1 (continued )

T (K) P (bar) Time (min) Starting comp a Phases b Comments

ESS-V-150A Fe 1773 0.0002 15 Fe A Fe −

ESS-V-150B Fe 1773 0.0002 5 Fe A Fe −

ESS-V-150B FeS 1773 0.0002 5 FeS A FeS −

ESS-V-150C Fe 1773 0.0002 10 Fe A Fe −

ESS-V-150D Fe 1773 0.0002 30 Fe A Fe −

ESS-V-150E Fe 1773 0.0002 60 Fe A Fe −

a FeS A=FeS+0.1 mol % of Ni, Zn, Ga, Se, Cd, In, Sn, Sb, Te, Pb, Bi; Fe A=Fe + 0.1 mol % of Ni, Zn, Ga, Se, Cd, In, Sn, Sb, Te, Pb, Bi.
b FeS=FeS liquid; Fe = Fe liquid; S-poor Fe-rich alloy = immiscible S-poor Fe liquid.
c The estimated C content, derived from consideration of EPMA totals, implies that some of the runs did not experience complete melting.

Fig. 1. Backscattered electron images of FeS and Fe samples. Panel (a) shows an overview of a typical FeS experimental run product, ESS-1-150D1-FeS, conducted at
1 bar and 1773 K for 30 min. Clearly visible are the LA-ICP-MS spot pits placed from rim to rim. Panel (b) depicts the FeS melt texture observed for run ESS-V140A-
FeS, conducted at 1673 K, vacuum (0.0002 bar) for 15 min. This texture was found to be typical for experimental samples that experienced significant S loss, resulting
in the separation of FeS-rich (dark) and FeS-poor (white) melts. Panel (c) shows an example of a typical Fe metal run product and panel (d) quench textures observed
in the Fe melt of run ESS-1-150D-Fe.
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external reference material for both high-pressure synthesized starting
materials and all experimental run products (Jochum et al., 2005). The
use of the ratio between the high P-T Fe or FeS reference material and
experimental run products thus rules out any potential matrix effects
from using the NIST-610 glass to obtain elemental concentrations
(Steenstra et al., 2023). The Fe contents (assuming 56Fe) of metal and
sulfide samples, as measured by electron microprobe, were used as in-
ternal standards in all measurements. All LA-ICP-MS data was reduced
using GLITTER software (van Achterbergh et al., 2001, Griffin et al.,
2008). This also included monitoring and/or identification of hetero-
geneities or potential spatial compositional variations in the exposed
section through the run products.

3. Results

3.1. Run products and homogeneity

Run products typically consisted of a single quenched metal or sul-
fide (Fig. 1), with textures that were like those observed in our previous
study (Steenstra et al., 2023). All FeS samples showed textures that are
typical for a liquid state of the FeS melt, in agreement with phase dia-
gram predictions (Buono and Walker, 2011) (Fig. 1a,b). No evidence of
specific exsolution of trace metals was found in either the metal or
sulfide liquid. On the other hand, EPMA totals of the lower temperature
Fe metal experiments performed at 1 bar indicate relative low C contents
(<2 wt% C). This implies that the Fe samples in these experiments were
only partially molten, yielding a much lower solubility limit of C (e.g.,
Yang et al., 2019). Although the eutectic temperature of C-saturated Fe

alloy is approximately 1420 K at 1 bar, the liquidus of C-free Fe alloy is
much higher (1800 K; Buono and Walker, 2011). The lack of complete
melting of several lower-temperature experiments at 1 bar can thus be
explained by a combination of the heating times required for melting of
the powdered starting materials and the time required for complete C
saturation of the Fe sample by the surrounding graphite capsule.

The analyses indicate that the sulfide liquids suffered significant
evaporative loss of S under vacuum, up to 82 %, leading to the formation
of immiscible liquids, i.e., a S-poor, C-rich Fe melt and a S-rich, C-poor
FeS melt on a relatively small scale (i.e., 20–50 µm; Fig. 1b, Table S2;
Corgne et al., 2008; Steenstra et al., 2023). The use of 20–25 µm laser
spot sizes, in conjunction with placing a large number of spots in grids, is
expected to be sufficient for obtaining a representative bulk composition
of the experiment (Table S1). Steenstra et al. (2023) showed that the
concentrations of volatiles S, Cu, Ge, Ag were relatively constant
throughout each sample. This suggests that redistribution of these ele-
ments, for example through rapid physical transport because of low
viscosities, exceeds the rate of evaporation. Rim-to-rim lines and rasters
of LA-ICP-MS spots obtained in this study generally do not show sig-
nificant variation of the (highly) volatile elements (Fig. 2), consistent
with our previous work (Steenstra et al., 2023).

Finally, post-experimental results showed that Fe experiments that
were conducted simultaneously with FeS samples at 1 bar suffered from
cross-contamination of S, despite a significant sample-to-sample dis-
tance of 0.5–1 cm and isolation of each sample in tall graphite buckets
(Fig. S1). The degree of contamination increased strongly with tem-
perature, with an increase from 0.12 ± 0.11 (1SD) wt.% S at 1673 K and
1 bar to 0.75 ± 0.08 (2SE) wt.% S at 1773 K and 1 bar. Sulfur cross-

Fig. 2. Concentration profiles for Cu, Zn, Ga, Se, Cd, In, Sn, Sb, Pb and Bi along rim-to-rim and/or vertical LA-ICP-MS spot transects in experimental samples ESS-1-
1375 FeS, ESS-V-130-FeS, ESS-1-150AA-Fe and ESS-1-150DD-Fe. The measurements imply the lack of systematic variability of elemental concentrations throughout
the samples. Uncertainties on individual spots are smaller than symbol sizes in most cases.
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contamination was negligible under vacuum independent of experi-
mental set-up and/or for experiments where only Fe samples were used
(Fig. S1).

3.2. Elemental evaporation

3.2.1. Quantification of evaporative loss
The degree of evaporative loss of element i was calculated following

the approach of Steenstra et al. (2023), or Eq. (1), which is the ratio
between the concentration of element i in the experimental sample and
the concentration of element i in the undegassed, high P-T synthesized
reference material:

Evaporative loss factor of element i
(
f i
)

=
concentration of element i in experimental sample (µg/g)
concentration of element i in referencematerial (µg/g)

(1)

The evaporative loss factors from Eq. (1) were normalized to Ni, which is
not volatile within the explored experimental range:

Ni − normalized evaporative loss factor of element i f (i/Ni) =
f i

fNi

(2)

The effects of temperature (T) and time (t) on log f (i/Ni) at a given
pressure (0.0002 versus 1 bar) and composition (Fe versus FeS) were
derived by parameterization of the data to Eq. (3) (Steenstra et al., 2023)
using the ‘’multiple linear regression’’ function of the Regress It©
software:

log f (i/Ni) = A+1/T(K) + log(time(min)) (3)

Fit parameters were deemed statistically significant if p < 0.10. Table 2
shows the results.

It was found that several parameterizations obtained using Eq. (3)
(significantly) underestimate the degree of evaporative loss (i.e., >0) at
an experimental run time of t = 0. As observed in previous silicate and
metallic melt evaporation studies (Sossi et al., 2019; Steenstra et al.,
2023), the experimental run time does not necessarily correspond to the
actual time of evaporation. This offset arises from the required time to
(fully) melt the sample, which in turn depends on the experimental
arrangement, sample (grain) size, thermal conductivity of the sample
and/or powder composition. Thus, an incorporation of a lag time factor
is required. The lag time factor (td) was thus defined by Eq. (4):

Effective degassing time (td in min)

= experimental run time(t in min) − lag time( t0 in min) (4)

where the actual experimental run time minus the lag time is defined
as the ‘’effective degassing time’’ or td(Sossi et al., 2019; Steenstra et al.,
2023). As in the latter study, the lag time was determined for each
element (where applicable) by using the difference between the
modeled log f (i/Ni) value and 0 at the start of the experiment (experi-
mental run time t = 0 min) at the temperature of interest. The lag time
also varies with temperature and an exponential fit was considered to
this effect, where possible (Table 2). At 1673–1773 K the derived lag
times range from zero to 15–20 min, depending on the element and
temperature, which could in turn be related to variable diffusion rates of
the elements of interest. The magnitude overall agrees with previously
reported values for other elements from both metallic (Steenstra et al.,
2023) and silicate melts (Sossi et al., 2019). For some elements (i.e., Se,
In, Sn) in the Fe samples, the parameterization of data obtained
throughout the explored temperature range at a given pressure returned
negative effects of temperature on evaporation rates. As this seems
physically impossible, the data for these elements was also separately
fitted at a constant temperature, involving only experimental run time as
a free parameter (Table 2). This yielded more realistic fitting results

(Table 2).
For comparison purposes, we also calculated the reaction rate con-

stants or ki values of the evaporation of Zn, Ga, Se, Cd, In, Sn, Sb, Te, Pb,
Bi from Fe and/or FeS melt using the latter kinetic approach. The ki
values can be derived from the relation of the natural logarithm of the
ratio with the initial concentration (C0) and the post-experimentally
measured concentration (C):

ln(C/C0) = −
3kit
r

(5)

where r is the radius of the sample in cm and t is the time in minutes
(Tsuchiyama et al., 1981; Sossi et al., 2019, Steenstra et al., 2023; Fle-
metakis et al., 2024). The parameter r was fixed to 0.15 cm (Steenstra
et al., 2023) and slopes of ln(C/ C0) versus time were derived at a given
set of pressure and temperature conditions. Rearranging of Eq. (5) yields
Eq. (6), with which the ki values can be obtained:

ki =
slope*r
− 3

(6)

The ki values of the elements of interest are listed in Table 3. It should be
noted that the highly volatile elements (e.g., Zn, Te, In, Sn, Cd, Bi)
extensively evaporated, with the degree depending on the experimental
P-T conditions and composition. As a result, their concentrations were
close to or below LA-ICP-MS detection limits in several instances. Some
of the derived ki values therefore represent lower limits (c.f., Table 3).
Finally, some Fe experiments conducted at 1 bar, at relatively low
temperatures (<1673 K) and for relatively short run durations (usually
<15 min) were not fully liquid at peak temperature (Table 1, Supple-
mentary Material). This could affect the degree of evaporation of the
elements of interest from these samples. However, the well-established
relations between evaporative loss factors and time for volatile ele-
ments such as Te, In and Sn implies that a (partially) solid state of the
metal did not significantly affect the extent and rate of evaporation of
the elements considered in this work (Fig. 3, Tables 2,3).

3.2.2. Fe experiments
The Femetal run products experienced significant evaporative loss of

In, Cd, Sn, Te, Pb, Bi, at 1 bar and 1573–1773 K, but not of Ga, Se and Sb
(Table S1). Decreasing the pressure from 1 to 0.0002 bar yields evapo-
rative loss for all elements considered, in a volatility sequence of Se <

Te, Ga, Sb, In < Zn, Sn, Cd, Pb, Bi. It should be noted that many of the
latter elements are so rapidly evaporated that concentrations are
commonly close to or below detection limit of LA-ICP-MS, prohibiting an
accurate assessment of the relative volatilities of most notably Zn, Cd, Pb
and Bi. Consideration of the post-experimentally measured Ni contents
for Fe samples confirmed the non-volatile behavior of Ni, yielding an
average ln(C/C0) value of –0.04 ± 0.03 (2SE) for all Fe experiments
(N=44). The derived parameterizations describing their evaporative loss
factors as a function of temperature and time and reaction rate constant
(ki) values are listed in Tables 2 and 3, respectively.

3.2.3. FeS experiments
Geochemical analyses of the FeS samples showed extensive evapo-

ration of virtually all elements considered, except for S and Se, at 1 bar
and 1573–1773 K, with a volatility sequence of In, Ga< Sb, Te< Pb, Sn,
Bi < Zn < Cd. Evaporation of Cd, and to a lesser extent Zn, occurs very
fast, yielding post-experimentally measured concentrations that are
close to or even below LA-ICP-MS detection limits in most experiments
(Table S2). As predicted from thermodynamic considerations,
decreasing the pressure from 1 to 0.0002 bar additionally increases the
volatility of all elements considered, with S and Se also being extensively
lost through evaporation. Nickel is not volatile, independent of the
pressure and temperature explored here, with an average ln(C/C0) value
of –0.07 ± 0.06 (2SE) for all FeS experiments (N = 41). A summary of
the evaporative loss factor parameterizations and (ki) values for FeS
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Table 2
Parameterizations describing elemental volatility for FeS and Fe liquids.

Log P (bar) A B (1/T in K) C log (exp. run time t in min) N R2 Lag time t0 in min Comment

S/Ni (FeS) 1 0.0010 − 1.286(1093) 3310(1874) − 0.725(116) 11 0.83 7701e− 0.00402053 * T(K) −

S/Ni (FeS) 2 0.0002–0.0010 − 4.601(2042) 9062(3447) − 0.868(223) 21 0.53 1.256 × 108e− 0.00982223 * T(K) All data, including from ref. (1)

Cu/Ni (FeS) ** 0.0010 1.496(4820) n.s.s. a − 1.498(354) 10 0.69 10 −

Cu/Ni (Fe) ** 0.0010 − 9.912(1507) 19855(2397) − 2.245(164) 14 0.97 5032367e− 0.00801547 * T(K) −

Zn/Ni (Fe) 0.0002 No fit possible − − 13 − − All data
Zn/Ni (Fe) 1 No fit possible − − 32 − − All data
Zn/Ni (FeS) ** 0.0002 − 2.204(107) n.s.s. − 0.217(85) 9 0.48 − All data
Zn/Ni (FeS)* 1 − 10.121(2454) 16024(4232) − 1.010(230) 32 0.51 − All data

Ga/Ni (Fe) *, ** 0.0002 − 19.417(3497) 34069(5897) − 1.791(466) 13 0.82 8.954 × 1012e− 0.01693978 * T(K) All data
Ga/Ni (FeS) ** 0.0002 No fit possible − − 9 − − All data
Ga/Ni (FeS) * 1 − 2.046(576) 3463(994) − 0.183(54) 32 0.42 − All data
Ga/Ni (FeS) 1 − 2.675(844) 4537(1447) − 0.201(73) 20 0.49 3.581 × 1015e− 0.02108190 * T(K) Indiv. experim. only

Se/Ni (Fe) ** 0.0002 No fit possible − − 12 − − All data
Se/Ni (Fe) 1 1.317(236) n.s.s. − 0.935(182) 32 0.47 25 All data
Se/Ni (Fe) 1 3.408(1381) − 4590(2408) − 0.367(150) 12 0.56  S-cont. data only
Se/Ni (Fe) * 1 1.536(299) n.s.s. − 1.181(231) 20 0.59 20 S-cont. data excl.
Se/Ni (FeS *,** 0.0002 − 14.039(7882) 26543(13701) − 1.832(980) 9 0.48 2.928 × 109 e− 0.01291417 * T(K) All data

Cd/Ni (Fe) 0.0002 No fit possible − − 12 − − All data
Cd/Ni (Fe) 1 No fit possible − − 31 − − All data
Cd/Ni (FeS) 0.0002 No fit possible − − 8 − − All data
Cd/Ni (FeS)* 1 − 4.041(226) n.s.s. − 0.341(170) 32 0.12 − All data

In/Ni (Fe)** 0.0002 − 2.663(374) n.s.s. − 0.495(288) 13 0.21 − All data
In/Ni (Fe) 1 11.471(3747) − 19540(6531) − 0.876(361) 32 0.38 − All data
In/Ni (Fe) 1 11.310(3665) − 18123(3665) − 0.861(228) 12 0.84 − S-cont. data only
In/Ni (Fe) * 1 11.549(3192) − 20173(5562) − 0.972(289) 20 0.63 − S-cont. data excl.
In/Ni (Fe) 1 − 0.463(777) Not fitted − 1.005(524) 6 0.48 − S-cont. data excl., 1673 K only
In/Ni (Fe) 1 0.122(373) Not fitted − 0.908(306) 9 0.56 1.3 S-cont. data excl., 1773 K only
In/Ni (FeS) ** 0.0002 − 8.485(2224) 10036(3866) − 1.288(276) 9 0.79 − All data
In/Ni (FeS) * 1 − 2.334(775) 4037(1336) − 0.216(73) 32 0.36 15.90 × 1013 e− 0.01760841* T(K) All data

Sn/Ni (Fe) ** 0.0002 − 7.456(1750) 7454(2951) − 0.359(233) 13 0.46 − All data
Sn/Ni (Fe) 1 11.883(3888) − 18123(3665) − 0.861(228) 32 0.52 − All data
Sn/Ni (Fe) 1 8.204(1578) − 12977(2752) − 0.815(171) 12 0.86 − S-cont. data only
Sn/Ni (Fe) * 1 14.090(3404) − 22261(5931) − 2.033(308) 20 0.80 2.3 at 1673 K S-cont. data excl.
Sn/Ni (Fe) 1 1.007(457) Not fitted − 2.295(308) 6 0.93 2.7 S-cont. data excl., 1673 K only
Sn/Ni (Fe) 1 0.679(452) Not fitted − 1.260(371) 9 0.62 3.5 S-cont. data excl., 1773 K only
Sn/Ni (FeS) ** 0.0002 − 6.331(1014) 3703(1763) − 0.289(126) 9 0.55 − All data
Sn/Ni (FeS) * 1 − 15.324(4879) 26928(8415) − 2.604(458) 32 0.57 2.548 × 107 e− 0.00975385 * T(K) All data

Sb/Ni (Fe) *, ** 0.0002 − 20.873(4658) 32816(7854) − 0.888(621) 13 0.66 7.291 × 1026 e− 0.03940371 * T(K) All data
Sb/Ni (Fe) 1 No fit possible − − 32 − − All data
Sb/Ni (Fe) 1 No fit possible − − 12 − − S-cont. data only
Sb/Ni (Fe) 1 No fit possible − − 20 − − S-cont. data excluded
Sb/Ni (FeS) ** 0.0002 No fit possible − − 9 − − All data
Sb/Ni (FeS) * 1 − 2.898(436) 4799(751) − 0.461(41) 32 0.84 1.321 × 107 e− 0.00985765 * T(K) All data

Te/Ni (Fe) ** 0.0002 No fit possible − − 13 − − All data
Te/Ni (Fe) 1 No fit possible − − 32 − − All data
Te/Ni (Fe) * 1 − 3.821(2044) 7517(3564) − 1.322(222) 12 0.80 19228e− 0.00511788 * T(K) S-cont. data only
Te/Ni (Fe) 1 − 9.451(2926) 13055(5098) − 0.594(265) 20 0.37 − S-cont. data excluded
Te/Ni (FeS) ** 0.0002 − 3.283(270) − − 0.451(216) 9 0.39 − All data
Te/Ni (FeS) 1 − 2.144(823) 3433(1420) − 0.448(77) 32 0.56 200061e− 0.00761275 * T(K) All data

Pb/Ni (Fe) ** 0.0002 No fit possible − − 13 − − All data

(continued on next page)
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melts are shown in Tables 2 and 3.

3.2.4. Effects of metal composition on volatility
The composition of the melt that is exposed to evaporation as well as

the composition of the gas itself can strongly affect the volatility of the
elements of interest (e.g., Renggli and Klemme, 2020). This is due to the
variation in the activities of components in the melt with variable melt
composition, yielding a particular equilibrium partial pressure for the
species in the vapor that controls their evaporation rate (e.g., Ivanova
et al., 2021). In terms of metallic melts, the results of Steenstra et al.
(2023) indicate very strong effects of S in the metallic melt on the
volatility of most notably Ge and Ag. Ge and Mo, nominally chalco-
phobic or sulfide–avoiding elements, are significantly more volatile in S-
rich melts compared to S-poor or S-free metal liquids, due to their much
higher activity coefficients in FeS melt relative to Fe liquid (Wood et al.,
2014). Of the other elements considered in Wood et al. (2014) which are
studied here, Ga and Sb also have higher activity coefficients in FeS melt
compared to Fe liquid, and these elements are indeed observed to be
more volatile in FeS melt relative to Fe liquid (Figs. 3, 4, Tables 2,3).

On the other hand, we have shown that chalcophiles Ag and Cu are
significantly less volatile in S-rich melt compared to S-poor metal liquids
(Steenstra et al., 2023), a direct result of their very low activity co-
efficients in FeS melt, compared to Fe liquid (Wood et al., 2014; 2019).
Indeed, chalcophiles In, Sn, Te, Pb and Bi are also observed to evaporate
significantly more from Fe liquid relative to FeS melt at a given pressure,
temperature and time (Figs. 3, 4; Tables 2,3). The relatively strong ef-
fects of S on the volatility of other elements are also evident from their
anomalous behavior in the S-contaminated Fe metal runs, which yield
lower-than-expected evaporative loss factors for In, Sn, Te, Pb and Bi
relative to nominally S-free Fe metal experiments (Fig. 3; Tables 2,3).

It should be noted that besides metal composition, oxygen fugacity
may also affect elemental evaporation. For example, the evaporation
behavior of Te from silicate melts was experimentally constrained by
Renggli et al. (2022) and they found that the volatility of Te is increased
with increasing oxygen fugacity, presumably a result of Te being dis-
solved as Te2− and replacing O2− in the silicate melt structure. Although
the oxygen fugacities of the experiments of this study did not vary
significantly due to buffering of the sample by the graphite bucket and/
or by CO gas, volatility would not be affected directly by changes in
oxygen fugacity, as speciation within the FeS and/or Fe melt is not ex-
pected to change. Oxygen fugacity could also result in different gas
phase speciation of the elements of interest (Sossi et al., 2019; Renggli
et al., 2022), which in turn could affect elemental volatilities. For some
elements, variable oxygen fugacity does not seem to yield significant
differences in its gas speciation (e.g., Te; Renggli et al., 2022), but for
other elements this is likely more important (Norris and Wood, 2017).

Altogether, these results confirm the key role of the composition of
the medium from which the elements of interest evaporate, especially
for elemental evaporation from metal melts. This also implies that the
high activity coefficients of virtually all of the siderophile, chalcophile
and lithophile elements of interest in highly reduced, Si-bearing Fe
liquid yields significantly more volatile behavior of all of the latter el-
ements, relative to Fe melt (Tuff et al., 2011; Righter et al., 2018;
Steenstra et al., 2020a). This should be confirmed and quantitatively
constrained in future experimental work.

4. Discussion

4.1. Revised volatility sequences

Combining the new results with the work of Steenstra et al. (2023)
allows for building of models that can be used to predict the volatility of
most volatile metals. The condensation temperature models (Lodders,
2003; Wood et al., 2019) suggests a sequence of the 50 % condensation
temperature applicable to a solar gas composition at 10− 4 bar (T50%) =
Bi, In, Pb, Cd < Sn < Te, S<Ag, Se, Zn < Ge < Sb < Ga < Cu. The resultsTa
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Table 3
Calculated ki values (reaction rate constants; Eq. (5) obtained for each element at a given set of temperature and pressure conditions. The y-axis intercept was forced to
0 with slope determination. All calculations were conducted assuming a radius of 0.15 cm (Steenstra et al., 2023). Asterisks indicate a minimum reaction rate as
evaporation occurred until LA-ICP-MS detection limits were reached (see main text for details).

Comp. T (K) Pressure Time range
(min)

ki (cm/
min)

Slope 1SE R2 N Comment

S FeS 1773 1 bar 5–120 6.00 × 10− 5 − 1.20 × 10− 3 3.00 ×

10− 4
0.78 6 From Steenstra et al. (2023)

S FeS 1673 vacuum 15–120 9.80 × 10− 4 − 1.95 × 10− 2 1.80 ×

10− 3
0.97 5 From Steenstra et al. (2023)

S FeS 1773 vacuum 5–60 3.66 × 10− 3 − 7.31 × 10− 2 8.90 ×

10− 3
0.97 3 From Steenstra et al. (2023)

S FeS 1673 1 bar 15–60 4.29 × 10− 5 − 8.60 × 10− 4 4.17 ×

10− 4
0.68 3 Data obtained together with Fe-rich samples

S FeS 1673 1 bar 5–120 3.92 × 10− 5 − 7.84 × 10− 4 1.37 ×

10− 4
0.82 8 Data obtained for FeS-rich samples only

S FeS 1773 1 bar 5–60 7.71 × 10− 5 − 1.54 × 10− 3 6.42 ×

10− 4
0.59 5 Data obtained together with Fe-rich samples

S FeS 1773 1 bar 5–60 8.68 × 10− 5 − 1.74 × 10− 3 4.25 ×

10− 4
0.70 8 Data obtained for FeS-rich samples only

S FeS 1673 vacuum 15–60 7.90 × 10− 4 − 1.58 × 10− 2 5.33 ×

10− 3
0.81 3 Data obtained for FeS-rich samples only

Zn* FeS 1673 1 bar 15–60 >6.11 ×

10− 3
− 1.22 × 10− 1 3.55 ×

10− 2
0.86 3 Data obtained together with Fe-rich samples

Zn* FeS 1673 1 bar 5–120 >3.80 ×

10− 3
− 7.60 × 10− 2 2.23 ×

10− 2
0.62 8 Data obtained for FeS-rich samples only

Zn* FeS 1673 1 bar 5–60 >6.75 ×

10− 3
− 1.35 × 10− 1 2.88 ×

10− 2
0.79 7 Data obtained for FeS-rich samples only; removed

120 min exp
Zn* FeS 1773 1 bar 5–60 >7.14 ×

10− 3
− 1.43 × 10− 1 4.42 ×

10− 2
0.72 5 Data obtained together with Fe-rich samples

Zn* FeS 1773 1 bar 5–60 >7.32 ×

10− 3
− 1.46 × 10− 1 3.74 ×

10− 2
0.69 8 Data obtained for FeS-rich samples only

Zn* FeS 1673 vacuum 15–60 >6.24 ×

10− 3
− 1.25 × 10− 1 4.64 ×

10− 2
0.78 3 Data obtained for FeS-rich samples only

Zn* FeS 1673 vacuum 15–30 >1.11 ×

10− 2
− 2.22 × 10− 1 7.59 ×

10− 2
0.90 2 Data obtained for FeS-rich samples only; removed

60 min exp
Zn* Fe 1673 1 bar 15–60 >5.51 ×

10− 3
− 1.10 × 10− 1 4.02 ×

10− 2
0.79 3 Data obtained together with FeS-rich samples

Zn* Fe 1673 1 bar 5–120 >2.65 ×

10− 3
− 5.29 × 10− 2 2.45 ×

10− 2
0.48 6 Data obtained for Fe-rich samples only

Zn* Fe 1773 1 bar 5–60 >6.62 ×

10− 3
− 1.32 × 10− 1 5.33 ×

10− 2
0.61 3 Data obtained together with FeS-rich samples

Zn* Fe 1773 1 bar 5–30 >1.33 ×

10− 2
− 2.65 × 10− 1 6.92 ×

10− 2
0.75 6 Data obtained for Fe-rich samples only

Zn* Fe 1673 vacuum 15–60 >5.17 ×

10− 3
− 1.03 × 10− 1 4.45 ×

10− 2
0.73 3 Data obtained for Fe-rich samples only

Zn* Fe 1773 vacuum 5–60 >4.80 ×

10− 3
− 9.59 × 10− 2 4.42 ×

10− 2
0.54 5 Data obtained for Fe-rich samples only

Ga FeS 1673 1 bar 15–60 6.03 × 10− 4 − 1.21 × 10− 2 3.74 ×

10− 3
0.84 3 Data obtained together with Fe-rich samples

Ga FeS 1673 1 bar 5–120 6.41 × 10− 4 − 1.28 × ×

10− 2
3.68 ×

10− 3
0.63 8 Data obtained for FeS-rich samples only

Ga FeS 1773 1 bar 5–60 7.64 × 10− 4 − 1.53 × 10− 2 4.86 ×

10− 3
0.71 5 Data obtained together with Fe-rich samples

Ga FeS 1773 1 bar 5–60 1.51 × 10− 3 − 3.02 × 10− 2 6.42 ×

10− 3
0.76 8 Data obtained for FeS-rich samples only

Ga FeS 1673 vacuum 15–60 8.16 × 10− 3 − 1.63 × 10− 1 5.43 ×

10− 2
0.82 3 Data obtained for FeS-rich samples only

Ga FeS 1673 vacuum 15–30 1.46 × 10− 2 − 2.91 × 10− 1 5.70 ×

10− 2
0.96 2 Data obtained for FeS-rich samples only; removed

60 min exp
Ga Fe 1673–1773 1 bar 5–120 non-volatile − − − − −

Ga Fe 1673 vacuum 15–60 5.18 × 10− 3 − 1.04 × 10− 1 1.00 ×

10− 2
0.98 3 Data obtained for Fe-rich samples only

Ga Fe 1773 vacuum 5–60 7.41 × 10− 3 − 1.48 × 10− 1 4.52 ×

10− 2
0.73 5 Data obtained for Fe-rich samples only

Se FeS 1673–1773 1 bar 5–120 non-volatile − − − − −

Se FeS 1673 vacuum 15–60 2.38 × 10− 3 − 4.77 × 10− 2 1.42 ×

10− 2
0.85 3 Data obtained for FeS-rich samples only

Se Fe 1673–1773 1 bar 5–120 non-volatile − − − − −

Se* Fe 1673 vacuum 15–60 >2.38 ×

10− 3
− 4.75 × 10− 2 3.19 ×

10− 2
0.69 2 Data obtained for Fe-rich samples only

Se* Fe 1773 vacuum 5–60 >2.79 ×

10− 3
− 5.56 × 10− 2 2.25 ×

10− 2
0.60 5 Data obtained for Fe-rich samples only

Te FeS 1673 1 bar 15–60 1.64 × 10− 3 − 3.27 × 10− 2 9.12 ×

10− 3
0.87 3 Data obtained together with Fe-rich samples

Te FeS 1673 1 bar 5–120 1.74 × 10− 3 − 3.49 × 10− 2 7.62 ×

10− 3
0.75 8 Data obtained for FeS-rich samples only
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Table 3 (continued )

Comp. T (K) Pressure Time range
(min)

ki (cm/
min)

Slope 1SE R2 N Comment

Te FeS 1773 1 bar 5–60 2.05 × 10− 3 − 4.10 × 10− 2 1.26 ×

10− 2
0.73 5 Data obtained together with Fe-rich samples

Te FeS 1773 1 bar 5–60 3.22 × 10− 3 − 6.45 × 10− 2 1.23 ×

10− 2
0.80 8 Data obtained for FeS-rich samples only

Te FeS 1673 vacuum 15–60 9.82 × 10− 3 − 1.96 × 10− 1 6.39 ×

10− 2
0.83 3 Data obtained for FeS-rich samples only

Te FeS 1673 vacuum 15–30 1.68 × 10− 2 − 3.37 × 10− 1 9.17 ×

10− 2
0.93 2 Data obtained for FeS-rich samples only; removed

60 min exp
Te Fe 1673 1 bar 15–60 3.84 × 10− 3 − 7.68 × 10− 2 1.47 ×

10− 2
0.93 3 Data obtained together with FeS-rich samples

Te Fe 1673 1 bar 5–120 3.50 × 10− 3 − 7.00 × 10− 2 2.75 ×

10− 2
0.56 6 Data obtained for Fe-rich samples only

Te Fe 1773 1 bar 5–60 4.40 × 10− 3 − 8.80 × 10− 2 1.86 ×

10− 2
0.85 5 Data obtained together with FeS-rich samples

Te Fe 1773 1 bar 5–60 9.36 × 10− 3 − 1.87 × 10− 1 5.86 ×

10− 2
0.59 8 Data obtained for Fe-rich samples only

Te* Fe 1673 vacuum 15–60 >7.72 ×

10− 3
− 1.54 × 10− 1 6.45 ×

10− 2
0.74 3 Data obtained for Fe-rich samples only

Te* Fe 1773 vacuum 5–60 >8.01 ×

10− 3
− 1.60 × 10− 1 6.30 ×

10− 2
0.62 5 Data obtained for Fe-rich samples only

Cd* FeS 1673 1 bar 15–60 >1.36 ×

10− 2
− 2.35 × 10− 1 8.97 ×

10− 2
0.78 3 Data obtained together with Fe-rich samples

Cd* FeS 1673 1 bar 5–120 >1.18 ×

10− 2
− 1.51 × 10− 1 4.86 ×

10− 2
0.58 8 Data obtained for FeS-rich samples only

Cd* FeS 1773 1 bar 5–60 >1.29 ×

10− 2
− 2.58 × 10− 1 1.07 ×

10− 1
0.60 5 Data obtained together with Fe-rich samples

Cd* FeS 1773 1 bar 5–60 >1.38 ×

10− 2
− 2.76 × 10− 1 7.57 ×

10− 2
0.65 8 Data obtained for FeS-rich samples only

Cd* FeS 1673 vacuum 15–60 >1.11 ×

10− 2
− 2.22 × 10− 1 8.88 ×

10− 2
0.76 3 Data obtained for FeS-rich samples only

Cd* FeS 1673 vacuum 15–30 >2.07 ×

10− 2
− 4.14 × 10− 1 1.34 ×

10− 1
0.91 2 Data obtained for FeS-rich samples only; removed

60 min exp
Cd* Fe 1673 1 bar 15–60 >7.17 ×

10− 3
− 1.43 × 10− 1 5.93 ×

10− 2
0.75 3 Data obtained together with FeS-rich samples

Cd* Fe 1673 1 bar 5–120 >3.50 ×

10− 3
− 7.01 × 10− 2 2.97 ×

10− 2
0.53 6 Data obtained for Fe-rich samples only

Cd* Fe 1773 1 bar 5–60 >8.23 ×

10− 3
− 1.65 × 10− 1 6.98 ×

10− 2
0.58 5 Data obtained together with FeS-rich samples

Cd* Fe 1773 1 bar 5–60 >8.25 ×

10− 3
− 1.65 × 10− 1 6.32 ×

10− 2
0.49 8 Data obtained for Fe-rich samples only

Cd* Fe 1673 vacuum 15–60 >6.35 ×

10− 3
− 1.27 × 10− 1 5.96 ×

10− 2
0.69 3 Data obtained for Fe-rich samples only

Cd* Fe 1773 vacuum 5–60 >6.57 ×

10− 3
− 1.31 × 10− 1 5.64 ×

10− 2
0.58 5 Data obtained for Fe-rich samples only

In FeS 1673 1 bar 15–60 4.32 × 10− 4 − 8.64 × 10− 3 2.29 ×

10− 3
0.88 3 Data obtained together with Fe-rich samples

In FeS 1673 1 bar 5–120 6.40 × 10− 4 − 1.28 × 10− 2 3.56 ×

10− 3
0.65 8 Data obtained for FeS-rich samples only

In FeS 1773 1 bar 5–60 6.48 × 10− 4 − 1.30 × 10− 2 3.12 ×

10− 3
0.81 5 Data obtained together with Fe-rich samples

In FeS 1773 1 bar 5–60 1.85 × 10− 3 − 3.71 × 10− 2 5.57 ×

10− 3
0.86 8 Data obtained for FeS-rich samples only

In FeS 1673 vacuum 15–60 1.08 × 10− 2 − 2.17 × 10− 2 4.61 ×

10− 2
0.92 3 Data obtained for FeS-rich samples only

In FeS 1673 vacuum 15–30 1.65 × 10− 2 − 3.30 × 10− 1 3.12 ×

10− 2
0.99 2 Data obtained for FeS-rich samples only; removed

60 min exp
In Fe 1673 1 bar 15–60 2.70 × 10− 3 − 5.39 × 10− 2 1.06 ×

10− 2
0.93 3 Data obtained together with FeS-rich samples

In Fe 1673 1 bar 5–120 2.86 × 10− 3 − 5.72 × 10− 2 2.10 ×

10− 2
0.60 6 Data obtained for Fe-rich samples only

In Fe 1773 1 bar 5–60 4.19 × 10− 4 − 8.38 × 10− 3 9.78 ×

10− 3
0.16 5 Data obtained together with FeS-rich samples

In Fe 1773 1 bar 5–60 3.93 × 10− 3 − 7.86 × 10− 2 1.47 ×

10− 2
0.80 8 Data obtained for Fe-rich samples only

In* Fe 1673 vacuum 15–60 >8.80 ×

10− 3
− 1.76 × 10− 1 6.46 ×

10− 2
0.79 3 Data obtained for Fe-rich samples only

In* Fe 1773 vacuum 5–60 >9.89 ×

10− 3
− 1.98 × 10− 1 7.41 ×

10− 2
0.64 5 Data obtained for Fe-rich samples only

Sn FeS 1673 1 bar 15–60 6.43 × 10− 3 − 1.29 × 10− 1 2.54 ×

10− 2
0.93 3 Data obtained together with Fe-rich samples

Sn FeS 1673 1 bar 5–120 7.15 × 10− 3 − 1.43 × 10− 1 2.68 ×

10− 2
0.78 8 Data obtained for FeS-rich samples only

Sn FeS 1773 1 bar 5–60 7.89 × 10− 3 − 1.58 × 10− 1 5.08 ×

10− 2
0.71 5 Data obtained together with Fe-rich samples

(continued on next page)
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Table 3 (continued )

Comp. T (K) Pressure Time range
(min)

ki (cm/
min)

Slope 1SE R2 N Comment

Sn FeS 1773 1 bar 5–60 1.39 × 10− 2 − 2.78 × 10− 1 5.76 ×

10− 2
0.77 8 Data obtained for FeS-rich samples only

Sn* FeS 1673 vacuum 15–60 >1.14 ×

10− 2
− 2.28 × 10− 1 7.37 ×

10− 2
0.83 3 Data obtained for FeS-rich samples only

Sn* FeS 1673 vacuum 15–30 >1.99 ×

10− 2
− 3.97 × 10− 1 8.83 ×

10− 2
0.95 2 Data obtained for FeS-rich samples only; removed

60 min exp
Sn Fe 1673 1 bar 15–60 2.65 × 10− 3 − 5.30 × 10− 2 6.82 ×

10− 3
0.97 3 Data obtained together with FeS-rich samples

Sn Fe 1673 1 bar 5–120 4.17 × 10− 3 − 8.33 × 10− 2 1.76 ×

10− 2
0.82 6 Data obtained for Fe-rich samples only

Sn Fe 1773 1 bar 5–60 8.37 × 10− 4 − 1.67 × 10− 2 5.96 ×

10− 3
0.66 5 Data obtained together with FeS-rich samples

Sn Fe 1773 1 bar 5–60 3.92 × 10− 3 − 7.83 × 10− 2 9.93 ×

10− 3
0.90 8 Data obtained for Fe-rich samples only

Sn* Fe 1673 vacuum 15–60 >9.87 ×

10− 3
− 1.97 × 10− 1 6.79 ×

10− 2
0.81 3 Data obtained for Fe-rich samples only

Sn* Fe 1773 vacuum 5–60 >1.02 ×

10− 2
− 2.04 × 10− 1 8.38 ×

10− 2
0.60 5 Data obtained for Fe-rich samples only

Sb FeS 1673 1 bar 15–60 1.65 × 10− 3 − 3.54 × 10− 2 1.24 ×

10− 2
0.80 3 Data obtained together with Fe-rich samples

Sb FeS 1673 1 bar 5–120 1.77 × 10− 3 − 3.30 × 10− 2 6.13 ×

10− 3
0.81 8 Data obtained for FeS-rich samples only

Sb FeS 1773 1 bar 5–60 2.48 × 10− 3 − 4.97 × 10− 2 1.41 ×

10− 2
0.76 5 Data obtained together with Fe-rich samples

Sb FeS 1773 1 bar 5–60 2.81 × 10− 3 − 5.62 × 10− 2 1.15 ×

10− 2
0.77 8 Data obtained for FeS-rich samples only

Sb FeS 1673 vacuum 15–60 8.16 × 10− 3 − 1.63 × 10− 1 4.73 ×

10− 2
0.86 3 Data obtained for FeS-rich samples only

Sb FeS 1673 vacuum 15–30 1.37 × 10− 2 − 2.75 × 10− 1 5.04 ×

10− 2
0.97 2 Data obtained for FeS-rich samples only; removed

60 min exp
Sb Fe 1673–1773 1 bar 5–120 non-volatile − − − − −

Sb Fe 1673 vacuum 15–60 8.40 × 10− 3 − 1.68 × 10− 1 3.67 ×

10− 2
0.91 3 Data obtained for Fe-rich samples only

Sb Fe 1773 vacuum 5–60 9.27 × 10− 3 − 1.85 × 10− 1 7.69 ×

10− 2
0.59 5 Data obtained for Fe-rich samples only

Pb FeS 1673 1 bar 15–60 5.12 × 10− 3 − 1.02 × 10− 1 9.87 ×

10− 3
0.98 3 Data obtained together with Fe-rich samples

Pb FeS 1673 1 bar 5–120 5.81 × 10− 3 − 1.16 × 10− 1 1.07 ×

10− 2
0.94 8 Data obtained for FeS-rich samples only

Pb FeS 1773 1 bar 5–60 8.18 × 10− 3 − 1.64 × 10− 1 1.53 ×

10− 2
0.97 5 Data obtained together with Fe-rich samples

Pb FeS 1773 1 bar 5–60 1.15 × 10− 2 − 2.31 × 10− 1 3.74 ×

10− 2
0.84 8 Data obtained for FeS-rich samples only

Pb FeS 1673 vacuum 15–60 1.28 × 10− 2 − 2.56 × 10− 1 8.83 ×

10− 2
0.81 3 Data obtained for FeS-rich samples only

Pb FeS 1673 vacuum 15–30 2.29 × 10− 2 − 4.57 × 10− 1 1.11 ×

10− 1
0.94 2 Data obtained for FeS-rich samples only; removed

60 min exp
Pb Fe 1673 1 bar 15–60 >7.23 ×

10− 3
− 1.45 × 10− 1 3.95 ×

10− 2
0.87 3 Data obtained together with FeS-rich samples

Pb Fe 1673 1 bar 5–90 >6.04 ×

10− 3
− 1.21 × 10− 1 5.00 ×

10− 2
0.59 5 Data obtained for Fe-rich samples only

Pb Fe 1773 1 bar 5–60 >8.13 ×

10− 3
− 1.63 × 10− 1 4.79 ×

10− 2
0.74 5 Data obtained together with FeS-rich samples

Pb Fe 1773 1 bar 5–60 >1.11 ×

10− 2
− 2.21 × 10− 1 6.90 ×

10− 2
0.60 8 Data obtained for Fe-rich samples only

Pb Fe 1673 vacuum 15–60 >6.91 ×

10− 3
− 1.38 × 10− 1 7.34 ×

10− 2
0.64 3 Data obtained for Fe-rich samples only

Pb Fe 1773 vacuum 5–60 >8.77 ×

10− 3
− 1.75 × 10− 1 5.49 ×

10− 2
0.72 5 Data obtained for Fe-rich samples only

Bi FeS 1673 1 bar 15–60 9.62 × 10− 3 − 1.92 × 10− 1 2.87 ×

10− 2
0.96 3 Data obtained together with Fe-rich samples

Bi FeS 1673 1 bar 5–120 8.18 × 10− 3 − 1.64 × 10− 1 3.24 ×

10− 2
0.79 8 Data obtained for FeS-rich samples only

Bi FeS 1773 1 bar 5–60 1.13 × 10− 2 − 2.26 × 10− 1 5.04 ×

10− 2
0.83 5 Data obtained together with Fe-rich samples

Bi FeS 1773 1 bar 5–60 1.54 × 10− 2 − 3.08 × 10− 1 6.31 ×

10− 2
0.77 8 Data obtained for FeS-rich samples only

Bi FeS 1673 vacuum 15–60 >1.44 ×

10− 2
− 2.88 × 10− 1 1.02 ×

10− 1
0.80 3 Data obtained for FeS-rich samples only

Bi FeS 1673 vacuum 15–30 >2.58 ×

10− 2
− 5.16 × 10− 1 1.41 ×

10− 1
0.93 2 Data obtained for FeS-rich samples only; removed

60 min exp
Bi Fe 1673 1 bar 15–60 >9.32 ×

10− 3
− 1.86 × 10− 1 5.20 ×

10− 2
0.87 3 Data obtained together with FeS-rich samples

Bi Fe 1673 1 bar 5–120 >5.11 ×

10− 3
− 1.02 × 10− 1 3.52 ×

10− 2
0.63 6 Data obtained for Fe-rich samples only

(continued on next page)
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for Fe melts from this study instead shows that at 1 bar and 1773 K the
sequence is Bi, Pb, Cd, Te < Zn, In, Sn, Ag < Ge < S<Cu, Ga, Se, Sb
(Fig. 5). At 0.0002 bar and 1673 K, the sequence is Zn, Ga, Sb, Sn, Cd, Te,
Pb, Bi < Cu, Ge, Se, Ag < S (Fig. 5). However, as previously mentioned,
the evaporation rates of the most volatile elements are likely lower limits
due to near-complete evaporation. The overall differences to the
commonly assumed 50 % condensation temperature sequence are thus
(1) the higher-than-expected evaporation rate of Sb, i.e., being similarly
volatile as elements with a much lower 50 % condensation temperature
(S, Se) and (2) a much lower-than-expected evaporation rate of Se (i.e.,
less volatile than elements with much higher condensation tempera-
tures) from Fe melt (Fig. 5). Tellurium also is significantly more volatile
than Se, despite only a small difference in 50 % condensation temper-
atures (Fig. 5). Evaporation of a S-poor Fe melt would thus result in a
relative increase of the Se/Te of the residue.

For FeS melt at a vacuum of 0.0002 bar, the following volatility
sequence is derived: Te, Sn, Cd, Pb, In, Bi< Ga, Sb, Zn< Cu S. Sulfur and
Se are thus among the least volatile elements in FeS melt (Fig. 6). The
reaction rate constants were also compared with other commonly used
volatility proxies, such as heat of vaporization, specific heat capacity
and elemental boiling points. For both the FeS and Fe series, the reaction
rate constants only correlate to some extent with the specific heat ca-
pacity (Fig. S2), but overall, poorly with elemental heat of vaporization
values or boiling points. A comparison of the new results with tradi-
tionally applied volatility models based on condensation temperatures
therefore confirms that the latter models are only partly applicable to
constrain evaporative loss (Norris and Wood, 2017) and do not accu-
rately describe evaporative loss from metallic melts (Steenstra et al.,
2023).

In comparison with previous experimental studies on elemental
evaporation from silicate melts (Norris and Wood, 2017; Sossi et al.,
2019), our experimental results highlight significant differences be-
tween both systems (Fig. 7). At the most reduced conditions of the ex-
periments of Norris andWood (2017), corresponding to approximately 3
log units below the iron-wüstite buffer at 1573 K, they found a relative
volatility factor sequence of Sb > Bi > Ge > Cd > Ag > Sn > Tl > Pb >

Zn > Cu > In > Ga > Cr, with Sb being the most volatile at these
conditions.

This sequence is significantly different from the volatility sequences
obtained for both FeS and Fe melts (Steenstra et al., 2023, this study).
For example, Sb is found to be significantly less or even non-volatile at
1673 K, whereas in silicate systems it is quite volatile (Fig. 7). Tin and Cd
are significantly more volatile in our experiments, compared to experi-
ments conducted at 1573 K with a silicate bulk composition (Fig. 7).
Other notable differences include a much lower volatility of Cu in our
experiments, despite the higher temperatures of the experiments
(Fig. 7). Besides parental bulk composition, such differences may also be
the result of the significantly different oxygen fugacities of the experi-
ments (Norris andWood, 2017; Sossi et al., 2019; Steenstra et al., 2023).
Indeed, the oxygen fugacity imposed on the samples due to the use of
graphite capsules and/or CO (~GCO buffer) is much more reduced
compared to the previous experiments (i.e., ~ <5 units below the iron-
wüstite buffer or ΔIW− 5, compared to > ΔIW− 3 of the considered ex-
periments of Norris and Wood, 2017; Sossi et al., 2019) and potentially

more reduced compared to magmatic differentiation of asteroidal parent
body cores. As described in section 3.2.4, such differences could affect
the volatility of several elements, although this remains poorly con-
strained. It should also be noted that the volatilities of some elements in
our experiments may be affected by the (trace) abundance of other el-
ements that were simultaneously studied (e.g., Renggli and Klemme,
2020). For example, thermodynamic and experimental results indicate
the potential presence of species such as CdTe, PbTe and CuTe. Thus,
future experimental projects should be aimed at additionally con-
straining metal speciation and the effects of oxygen fugacity on the
evaporation behavior from metallic melts.

4.2. Geochemical consequences of evaporation on volatile element
systematics

The process(es) responsible for volatile element depletions in
magmatic iron meteorites remain highly debated. This is also a direct
result of relatively poor constraints on indigenous volatile element
abundances in the various magmatic iron meteorite suites of interest.
Nevertheless, the potential elemental depletion of (a) putative evapo-
ration event(s) on magmatic iron meteorite parent bodies can now be
assessed using our new experimental results in conjunction with
assumed bulk meteorite measurements. For several elements (e.g., Zn,
Cd, Sn, Te, Pb), the effects of magmatic differentiation within the
meteorite suite can therefore not be assessed, and in some cases the
concentrations of these elements in troilite were considered to represent
the upper limit of their abundance in the magmatic iron meteorite suite
as described below. By combining our new experimental results with
previous modeling results (Steenstra et al., 2023), a quantitative esti-
mate of their depletions after evaporation can be made. In the latter
study, we showed that the inferred depletions of Cu, Ag and/or Ge in the
IVB suite, relative to CI chondrites (Braukmüller et al., 2018; Alexander,
2019) can be largely if not fully explained by evaporation of a S-free or
S-poor Fe melt at asteroid-relevant temperatures (i.e., 1673–1773 K)
under a vacuum of 0.0004 bar at relatively short timescales (minutes to
hour(s)). Here, we calculated the expected depletions of the elements of
interest by assuming these conditions, in conjunction with the param-
eterizations listed in Table 2. We compare the calculated depletions with
– where available – volatile element abundances from the literature for
various magmatic iron meteorite classes. Elemental abundances of Ga
are relatively well constrained in magmatic iron meteorites and have
been inferred for the IVB parental melt in previous studies (Campbell
and Humayun, 2005; Zhang et al., 2022). Zhang et al. (2022) also
calculated the Sb content of the IVB parental melt, 8.2 ng/g, based on an
extensive set of new bulk measurements of IVB magmatic iron meteor-
ites. This value is close to the value of 3.3 ng/g estimated earlier by
Wasson and Richardson (2001) for the IVA suite parental melt. Of the
elements considered here and in our previous study (Steenstra et al.,
2023), S, Cr, Co, Ni, Cu, Ga, Ge, Mo, Ru, Pd, Ag, Sb, W, Re, Ir are thus
reconstructed abundances for the IVA (S) and IVB (all other elements)
parental melts.

For the other elements considered here (Zn, Cd, Sn, Te, Pb), only few
data are available and either bulk group IIAB (Sn, Te) and/or IVA
(troilite) phase measurements were considered. These values are simply

Table 3 (continued )

Comp. T (K) Pressure Time range
(min)

ki (cm/
min)

Slope 1SE R2 N Comment

Bi Fe 1773 1 bar 5–60 >1.09 ×

10− 2
− 2.18 × 10− 1 7.07 ×

10− 2
0.70 5 Data obtained together with FeS-rich samples

Bi Fe 1773 1 bar 5–60 >1.37 ×

10− 2
− 2.75 × 10− 1 8.68 ×

10− 2
0.59 8 Data obtained for Fe-rich samples only

Bi Fe 1673 vacuum 15–60 >1.09 ×

10− 2
− 2.19 × 10− 1 8.47 ×

10− 2
0.77 3 Data obtained for Fe-rich samples only

Bi Fe 1773 vacuum 5–60 >1.20 ×

10− 2
− 2.40 × 10− 1 9.54 ×

10− 2
0.61 5 Data obtained for Fe-rich samples only
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Fig. 3. Examples of evaporative loss factors (Eq. (1) depicted as a function of experimental run time for Fe liquids. The solid lines indicate the initial ratio prior to
evaporation of the starting materials. The error bars represent maximum errors and were based on the uncertainties on the measured abundances by LA-ICP-MS in
both the high-pressure melted starting composition and evaporated samples. Note that there are significant differences in the relative size of the associated errors
bars, which is a result of inter-elemental differences in initial concentrations and the degree of polyatomic interferences (e.g., Burney and Neal, 2019). Dashed lines
show the modeled dependencies detailed in Table 2 (where available). The data labels provide additional details related to the experimental set-up: if the experiment
was conducted together with a Fe or FeS sample or if it was performed without another sample present.
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Fig. 4. Examples of evaporative loss factors (Eq. (1) depicted as a function of experimental run time for FeS liquids. See Fig. 3 caption for additional details.
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plotted to illustrate the observed depletion in the magmatic iron mete-
orite class that is closest to the IVA and/or IVB group. We do acknowl-
edge that this should be considered as an upper limit abundance in their
parent body and that in reality they must be significantly more depleted
in the meteoritic bulk parent bodies. For Se, In, Bi, no bulk meteorite
data for IV group magmatic iron meteorites, or any of the more volatile
element depleted classes, are available at all, to our knowledge. We can
simply only present the minimum depletions to be expected from
evaporation for these elements. Chen et al. (2013) analyzed two IVA
meteorites (Gibeon, Yanhuitlan) for Zn and obtained an average con-
centration of 0.42 ± 0.25 µg/g. Walker et al. (2008) analyzed several
IVB iron meteorites using LA-ICPM and reported Zn concentrations of
mostly <0.7 µg/g that were generally below or close to the LA-ICP-MS
detection limit. Blichert-Toft et al. (2010) analyzed two IVA iron me-
teorites (Muonionalusta, Gibeon) for trace elements, including Pb, and
obtained bulk meteorite concentrations that were quite variable (0.0077
± 0.0074 µg/g to 0.097 ± 0.24 µg/g Pb). We therefore assumed the
lower value for our modeling. This value is also close to Pb concentra-
tions measured in troilite from Muonionalusta of 8 to 18 ng/g
(Brennecka et al., 2018). The data for all many volatile elements in IVB
irons, and by extension other magmatic iron meteorites, are scarce. In
terms of Te and Sn, only a handful data exist for magmatic iron mete-
orites. Fehr et al. (2005) analyzed a single meteorite from two different
magmatic iron meteorite groups for Te and Sn contents (IC, IIAB). For Te
and Sn, we therefore assumed the average of the reported bulk IIAB
concentrations in our model (Fig. 8). Measurements of Bi and Cd are also
scarce in the literature and were mostly obtained using neutron acti-
vation analyses of troilite phases (e.g., Reed et al., 1960). More recent
analyses by Kruijer et al. (2014) confirmed that Cd is strongly depleted
in all magmatic iron meteorite groups and the reported analyses of two

IVA troilite phases were used for comparison purposes (Fig. 8).
As previously noted, the abundances of Zn, Se, Cd, Sn, Te, Pb were

based on bulk meteorite measurements and do not account for potential
silicate melt, metal and/or sulfide melt fractionation. It is expected that

Fig. 5. Elemental reaction rate constants ki for Fe samples at different pressures
(vacuum, 1 bar) and temperatures (1673 or 1773 K) from this study and
Steenstra et al. (2023) plotted in relative and absolute sequence of their 50 %
condensation temperatures at 10− 4 bar for a solar gas composition (Wood et al.,
2019). The upward red arrows in the top panel indicate that the derived ki
values represent minimum values, as the latter elements exhibit extreme
evaporation and their true ki values could not be derived.

Fig. 6. Elemental reaction rate constants ki for FeS samples at different pres-
sures (vacuum, 1 bar) and temperatures (1673 or 1773 K) from this study and
Steenstra et al. (2023) plotted in relative and absolute sequence of their 50 %
condensation temperatures at 10− 4 bar for a solar gas composition (Wood et al.,
2019). See Fig. 5 caption for additional details.

Fig. 7. A comparison between volatility factors for silicate melts (Norris and
Wood, 2017; Sossi et al., 2019; obtained at a run time of 60 min) with evap-
orative loss factors, normalized to Ni, from this study (experiments ESS-140C1
Fe and ESS-140C FeS) and Steenstra et al. (2023) (experiments CRESS-7 Fe and
CRESS-7 FeS, conducted for 60 min at 1773 K).
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most elements considered are either partitioned largely if not solely into
FeS melt (Zn, Cd, In, Te, Pb, Bi) or to a similar extent in both FeS and Fe
liquid (Ga, Sn, Sb), throughout the oxygen fugacity range applicable to
asteroidal differentiation (e.g., Steenstra et al., 2017; 2020b). Thus, only
a very minor fraction of the volatile elements considered here would
have partitioned into the co-existing silicate melt during parent body
differentiation. However, significant fractionation between solid metal
and liquid metal of most volatile elements considered here is expected.
Most elements considered here prefer liquid over solid metal, with Dsolid
metal/liquid metal values ranging commonly between ~0.01 to 1, the
magnitude depending particularly of the composition in terms of C, P
and S (e.g., Chabot and Jones, 2003; Rai et al., 2013; Chabot et al.,
2017). Both solid metal − liquid metal and/or subsequent immiscibility
of a S-rich melt from a S-poor melt would have additionally enriched
most elements in the liquid metal and/or sulfide melt. Therefore, the
considered bulk meteorite measurements represent the upper limit of

their expected abundances in bulk magmatic iron meteorite parent
bodies.

Evaporation, even at the lowest temperatures and for short dura-
tions, should have resulted in an extreme depletion of Cd and Bi (>99.5
%), in both S-free and S-rich systems (Fig. 8). Kruijer et al. (2014)
concluded from the measured depletions that all known magmatic iron
meteorite parent bodies must have accreted at temperatures much
higher than the T50% temperature of Cd of ~500 to ~650 K (Lodders,
2003; Wood et al., 2019). Available Cd abundances can thus be easily
reconciled with both evaporation (Fig. 8) and/or incomplete conden-
sation, especially given the fact that the data for both systems represent
minimum evaporation rates given the highly volatile behavior of Cd in
the experiments (Figs. 3 and 4). Bridgestock et al. (2014) measured and
compiled Zn abundance and isotopic data of the non-magmatic iron
meteorite group IAB and magmatic iron meteorite groups IIAB and
IIIAB. They concluded that the observed Zn systematics were not a
consequence of metal crystallization but instead reflect (a) different
local process(es), most likely chromite crystallization and segregation,
with no clear evidence of evaporative loss. The new data shows that any
degree of evaporation would strongly deplete Zn, at least several orders
of magnitude (Fig. 8). As for Cd, the modeled extent of Zn evaporation
from both Fe and FeS liquid is likely underestimated due to its highly
volatile nature in the experiments (Figs. 3 and 4).

Previous workers concluded that Pb was largely absent prior to
crystallization of magmatic iron meteorites, for example in the case of
the Steinbach anomalous stony-iron group IVA meteorite (Connelly
et al., 2019). They hypothesized that Pb was most likely lost during
impact of the parent body but prior to re-accretion of the parent body
debris. The modeled evaporation at 1673–1773 K at a vacuum of 0.0002
bar indicates that Pb would at least be depleted 2–5 orders of magnitude,
depending onmetal composition (Fig. 8). The volatility of Pb in Fe liquid
is likely much higher than inferred here, given the difficulties of
measuring Pb at the low concentrations in some of the experiments.
However, the results show that the observed depletion of Pb in IVA bulk
meteorites can be easily reconciled with (an) evaporation event(s).
Similar results are found for both Ga and Sb. Evaporation under the
explored conditions from both FeS or Fe liquid yields a depletion that is
within the range of sample observations (Fig. 8). Evaporation at
1673–1773 K under a vacuum of 0.0002 yields expected depletions of Te
and Sn for both Fe and FeS melts that are generally much larger than
their observed depletions in the IIAB group (Fig. 8). Given that the latter
Sn and Te contents were based on IIAB group magmatic iron meteorite
measurements (Fehr et al., 2005), due to lack of data, their actual de-
pletions in the IVB are likely to be much greater given the depletion
trends observed for other volatile elements among the different classes
(e.g., Ga, Ge; Goldstein et al., 2009). Although there are no bulk mete-
orite measurements of Se and In with which our modeled evaporation
behavior can be compared, the results do show that evaporation would
yield significant depletions of Se and In within the explored conditions
(i.e., up to 4–5 log units depending on composition, temperature and
time). Finally, our results also show that evaporation of a partially liquid
parental body core would yield comparable depletions of the considered
volatile elements, relative to a fully liquid core (see section 3.2.1).

Altogether, the new evaporation models show that evaporation
could yield much of the observed volatile element abundances in the
most volatile element-depleted magmatic iron meteorite suites. How-
ever, for many elements it is difficult to differentiate, at least now, be-
tween processes of incomplete condensation or evaporative loss, due to
their extremely volatile behavior (e.g., Cd). To provide more context to
our models, we therefore recommended that future work is required to
better constrain the indigenous bulk meteorite abundances of most
volatile elements considered here, because they are often insufficiently
or even poorly constrained. Finally, the exact reaction rates or degrees of
depletion of the most volatile elements could be better constrained by
using much higher initial abundances, which most likely would require
experiments to be conducted individually for each element.

Fig. 8. Comparison between reconstructed IVB parent melt compositions
(where available; Chabot, 2004, Campbell and Humayun, 2005; Zhang et al.,
2022; Steenstra et al., 2023), relative to a CI chondritic bulk composition
(Braukmüller et al., 2018 for Cd, Pb; Alexander, 2019 for all other elements, e.
g., Zhang et al., 2022), with modeled Ni-normalized evaporative loss factors.
The Ni-normalized evaporative loss factors were calculated for 1673 and 1773
K, under vacuum, for Fe or FeS melt, while assuming an evaporation time of 60
and 600 min, respectively (Steenstra et al., 2023). The elemental concentrations
of Zn, Cd, Sn and Te do not represent reconstructed parental IVA or IVB melt
compositions and are taken from a wider range of magmatic iron meteorite
groups due to an overall lack of data. The bulk concentration of Zn was based
on measurements of Zn in two IVA meteorites (Gibeon, Yanhuitlan; Chen et al.,
2013). The abundances of Sn and Te were based on average bulk meteorite
concentrations of the IIAB meteorite North Chile (N = 2; Fehr et al., 2005),
because no data for IVA or IVB meteorites are available. The Cd abundance is
based on measurements of troilite nodules of two IVA meteorites (Gibeon and
Muonionalusta, Kruijer et al., 2014). For Pb, the lowest value measured in
troilite of Muonionalusta was used (Blichert-Toft et al., 2010). For Se, In and Bi,
no data is available to our knowledge for IVA or IVB compositions, nor for any
magmatic iron meteorite groups that show a significant depletion in volatile
elements. Downward arrows indicate that the expected depletion is likely more
significant due to the issues of measuring the elements of interest at very low
concentrations in the experimentally evaporated samples.
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5. Conclusions

The volatilities of most volatile metals during evaporation of S-free/
poor and S-bearing metallic melts were experimentally assessed. The
results confirm the previously proposed importance of S for elemental
evaporation from metallic melts. This depends largely on the S-avoiding
or S-loving behavior for the element of interest, as defined by the effect
of S on its thermodynamic activity in a metallic melt. The newly derived
elemental volatility sequences are distinctly different relative to vola-
tility sequence expected during elemental condensation. The experi-
ments also show that a metal body, or a remnant of a protoplanetary
core, does not require complete melting to significantly evaporate vol-
atile metals, increasing the potential of evaporative loss on asteroidal
parent bodies. The newly derived (minimum) reaction rates and vola-
tility sequences provide a thermodynamic and geochemical framework
that are required for distinguishing between the various volatile element
depletion mechanisms, but its application is currently limited by the
availability of bulk elemental measurements of magmatic iron meteor-
ites. Future work should better constrain the indigenous bulk abun-
dances of several of the elements of interest in magmatic ironmeteorites.
The potential of elemental evaporation on magmatic iron meteorite
parent bodies, and the relative importance of incomplete condensation,
can then be assessed in much greater detail.
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