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G E O C H E M I S T R Y

The origin of 4-Vesta’s volatile depletion revealed by 
the zinc isotopic composition of diogenites
Linru Fang1*, Frederic Moynier1, Jean-Alix Barrat2,3, Akira Yamaguchi4,  
Marine Paquet1,5, Marc Chaussidon1

Volatile element abundances vary substantially among terrestrial planetary bodies like Earth, Mars, Moon, and 
differentiated asteroids, leading to intense debate about the governing processes. howardites-eucrites-diogenites 
(HED) meteorites, most likely from asteroid 4-Vesta, represent highly volatile-depleted Solar System samples, of-
fering critical insights into these processes. Zinc is a moderately volatile element and its isotopic composition re-
veals sources of volatiles in planetary bodies. Our study finds Zn isotopic anomalies in diogenites overlapping 
with noncarbonaceous reservoirs, indicating negligible contributions of outer solar system materials to 4-Vesta’s 
volatiles. Besides, zinc isotopic composition of 4-Vesta is lighter than that of chondrites, contrary to the expected 
signature of evaporation-based volatile depletion. This suggests that after 4-Vesta lost all its volatiles through 
evaporation during the magma ocean stage, partial kinetic recondensation occurred that produced the observed 
isotopically light composition. These insights, combined with previous data, underscore the process of global evapo-
ration followed by partial condensation as a key factor influencing the final volatile budget of planetary bodies.

INTRODUCTION
Unraveling the processes governing the origin, distribution and source 
of volatile elements among solar system materials are fundamental for 
reconstructing the bulk chemical composition, tracing the thermal 
history and deciphering the differentiation processes of asteroids and 
planetary bodies and hold immense potential for elucidating the 
pathway of the emergence of habitable planets. Highly and moder-
ately volatile elements are defined as elements with a 50% condensa-
tion temperature (50% Tc, calculated at a gas pressure of 10−4 bar and 
a reducing oxygen fugacity near that of an early H2-rich solar gas) 
below 665 K and between 665 and 1335 K, respectively (1). Compared 
to the bulk solar composition represented by carbonaceous Ivuna-
type (CI) chondrites and Ryugu-like materials (2, 3), almost all aster-
oids and planets in the inner solar system are depleted in volatile 
elements to various extents (4–6). Zinc is a moderately volatile 
element [50% Tc of 730 K (1)] and its isotopic composition has 
been extensively used to elucidate the mechanism of volatile deple-
tion, as well as to uncover the volatile evolution on the Earth, Mars, 
Moon, and volatile-poor asteroids such as 4-Vesta as represented by 
howardites-eucrites-diogenites (HED) meteorites (5–8). However, 
the variation of the Zn isotopic composition of HED meteorites is 
quite large [from −7.8 per mil (‰) to +6.3‰ for δ66Zn] and as a re-
sult the isotopic composition of 4-Vesta is presently uncertain. One 
reason is that due to their very low Zn content, HED meteorites are 
susceptible to terrestrial and/or impactor contamination, especially 
for brecciated HEDs. The second reason is that the majority of HED 
meteorites that have been analyzed are eucrites (5), basaltic, and cu-
mulate rocks representing the upper crust of 4-Vesta (<12 km below 
the surface) (9), which may have been affected by degassing into 
vacuum during their formation and therefore may not represent the 

original composition of 4-Vesta. On the other hand, diogenites are 
coarse-grained ultramafic rocks dominated by orthopyroxene, thick 
augite lamellae, and a homogeneous mineral composition, which all 
indicate a deep-seated origin in the lower crust (10, 11), and their 
crystallization depth was modeled to be larger than 23 km (12). As a 
result, magmatic degassing is expected to have a limited effect on the 
Zn isotopic composition of the diogenites (13, 14). However, their Zn 
content [<1.2 parts per million (ppm), this study] is even lower than 
that of eucrites [~1.9 ppm, (15)], which makes them even more sus-
ceptible to contamination, and also even larger samples are required 
for precise isotopic measurements. Furthermore, previous studies did 
not perform any leaching procedure that could have removed these 
potential contaminants (5).

In addition to mass-dependent Zn isotope variations, the recent 
discovery of zinc isotope anomalies of nucleosynthetic origins among 
solar system materials, with a distinction between outer solar sys-
tem, CC (carbonaceous), and inner solar system, NC (noncarbona-
ceous), provides us with a powerful tool to examine the origin of 
volatile elements in planetary bodies (16–19). For example, it has 
been shown that Zn in the Earth has a mixed NC-CC origin (16–18), 
while there is no detectable contribution of CC-derived Zn in Mars 
(20, 21). Thus, Zn isotope anomalies are well suited to trace (i) 
whether the Zn present in HED meteorites has a common origin 
and to identify potential terrestrial or impactor contamination and 
(ii) whether, as observed for refractory elements (22, 23), moderately 
volatile elements are of NC origin in 4-Vesta.

RESULTS
In this study, we selected 12 diogenites, including falls, hot desert, 
and cold desert finds. To remove any potential terrestrial contami-
nation, the samples were treated by hot hydrochloric acid leaching. 
This protocol was proved to be efficient for removing products of 
terrestrial weathering by notably reducing the Sr, Ba, Zr, and light 
rare earth element (REE) abundance of weathered diogenites (24). 
Zinc isotopic compositions and concentrations for the paired dio-
genite leachates and residues are reported in Table 1 and the ele-
mental concentrations of the diogenite residues are displayed in 
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Table 1. Zinc isotopic compositions and Zn anomalies of diogenites. The suffix “L” in the sample name means the leachate part of the diogenite, and the 
suffix “R” represents the residue aliquot. Geostandard BHVO-2 was measured in different concentrations (a, 50 ppb; and b, 20 ppb) to monitor the accuracy and 
the reproducibility of the data under different solution concentrations.

Name Type δ66Zn 2SD δ68Zn 2SD ε66Zn 2SE n [Zn] ppm

Tatahouine 
1686 PG-L

0.16 0.13 1

Tatahouine 
1635 PE3-L

0.12 0.02 0.31 0.01 −0.35 0.09 4

Bilanga 
powder-L

0.01 0.05 1

Bilanga Px2-L 0.15 0.05 3

Johnstown-L −0.40 0.03 −0.81 0.06 0.08 0.09 5

NWA 5480-L 0.51 0.02 2

NWA 5484-L 0.00 0.13 4

Dho 700-L 0.45 0.14 4

NWA 7831-L 0.33 0.05 2

SAN 
03473,11-L

0.01 0.01 0.01 0.03 0.01 0.04 4

Y-74097,108-L 0.26 0.13 1

Y-74013,117-L 0.12 0.05 1

Y 002875,61-L 0.25 0.05 2

MIL 
090159,5-L

0.15 0.01 0.32 0.01 −0.13 0.01 2

Tatahouine 
1686 PG-R

Fall 1.98 0.08 4 0.10

Tatahouine 
1635 PE3-R

Fall 0.47 0.03 5 0.45

Tatahouine 
1635 PE3-R 
replicate

Fall 0.48 0.02 0.97 0.03 −0.09 0.09 1 0.45

Bilanga 
powder-R

Fall 0.16 0.04 5 0.31

Bilanga Px2-R Fall 0.23 0.07 0.48 0.14 −0.08 0.16 4 0.34

Johnstown-R Fall 0.78 0.06 1.56 0.11 −0.11 0.09 4 0.44

NWA 5480-R Hot desert 
find

0.84 0.20 4 0.37

NWA 5484-R Hot desert 
find

0.08 0.12 0.17 0.20 −0.02 0.23 4 0.40

Dho 700-R Hot desert 
find

1.43 0.07 2.88 0.10 −0.30 0.20 4 0.36

NWA 7831-R Hot desert 
find

3.14 0.03 6.27 0.04 −0.33 0.14 4 0.18

SAN 
03473,11-R

Cold desert 
find

1.55 0.03 3.07 0.03 −0.08 0.15 4 0.24

Y-74097,108-R Cold desert 
find

2.76 0.07 5.52 0.08 −0.37 0.19 4 0.23

Y-74013,117-R Cold desert 
find

1.57 0.03 5 0.29

Y 002875,61-R Cold desert 
find

2.49 0.01 4.97 0.02 −0.27 0.08 4 0.20

MIL 
090159,5-R

Cold desert 
find

−0.47 0.02 −0.84 0.04 −0.41 0.17 4 1.21

BHVO-2 (a) Geostandard 0.25 0.04 4

BHVO-2 (b) Geostandard 0.25 0.03 0.50 0.03 0.00 0.07 13
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table S1. Repeated analyses of the geostandard BHVO-2 at 50 to 
100 parts per billion (ppb) provided an average δ66Zn value of 
0.25  ±  0.03‰ (2SD, n  =  13). This value is consistent with the 
recommended δ66Zn value of 0.28 ± 0.09‰ (25). The zinc isotope 
anomaly (ε66Zn) of BHVO-2 is 0.00 ± 0.07‰0 (2SE, n =13), which 
agrees with previous reported value (−0.07 ± 0.15‰0) normalized 
to the same standard (19). For measured solutions with lower 
Zn  concentration (<20 ppb), we have exclusively reported the 
δ66Zn values since diminished signals of 68Zn render the computa-
tion of a reliable Zn isotope anomaly unfeasible within the current level 
of precision. Specifically, for BHVO-2, δ66Zn value is 0.25 ± 0.04‰ 
(2SD, n =4), which is consistent with the value obtained at 50 ppb.

The average δ66Zn value of the leachates is 0.15 ± 0.12‰ (2SE, 
n  =14), which is consistent with that of Earth’s crust component 
[e.g., δ66Znbasalt = 0.27 ± 0.04‰, (26)]. The δ66Zn values within the 
diogenite residues display a range from −0.47 and 3.14‰, with cold 
desert samples encompassing larger spans of Zn isotope variations 
than hot desert samples (Table 1 and Fig. 1). Among the fall diogen-
ites, two fractions of Billanga exhibit consistent Zn isotopic compo-
sitions (δ66Zn = 0.23 ± 0.07‰ and 0.16 ± 0.04‰). In contrast, two 
fractions of Tatahouine display distinct δ66Zn values of 1.98 ± 0.08‰ 
and 0.48 ± 0.02‰, which notably differ from a third previously re-
ported data point (δ66Zn = −1.13‰) (5).

Despite the broad mass-dependent Zn isotope variations ob-
served in diogenite residues, their mass-independent Zn isotopic 
compositions remain consistent within errors, but spread from 
−0.02 ± 0.23‰0 to −0.41 ± 0.17‰0 (fig. S1A). The calculated aver-
age ε66Zn value is −0.21 ± 0.09‰0 (2SE, n =10). Spurious isotope 
anomalies could be a result of nonexponential mass fraction-
ation of the samples (16, 27). To assess this possibility, the Zn isotopic 
compositions and anomalies corrected using the equilibrium frac-
tionation factor (β = 0.515) were plotted for comparison (fig. S1B). 
The uncorrelated δ66Zn and ε66Zn corrected by exponential law 
(R2 = 0.17, approximate to kinetic fractionation factor; fig. S1A) and 
the strongly correlated δ66Zn and ε66Zn corrected by the equilibri-
um fractionation factor (R2 = 0.79; fig. S1B) suggest that the mass-
dependent Zn isotope fractionations of diogenites adhere to the 
exponential law and are mainly controlled by a kinetic process. 
It is however possible that the limited variations in ε66Zn values 
among the diogenites of this study reflect some small unaccounted 
mass-dependent isotope variations.

DISCUSSION
Effect of contamination
Before assessing the nature of volatile depletion processes on the 
HED parent body through Zn isotope variations, it is imperative to 
evaluate potential terrestrial alteration or weathering effects since 
most diogenites in this study are from either hot or cold (Antarctica) 
desert regions. Weathered ordinary chondrite finds from hot desert 
tend to exhibit higher Zn content compared to unweathered sam-
ples (28). This suggests that alteration processes might have the ca-
pacity to reset the Zn isotopic composition of weathered meteorites, 
especially those with extremely low Zn contents. Notable REE mo-
bilization and Ce anomalies have been observed in Antarctic eu-
crites and shock-induced cracks appear to be the major conduits for 
element migration (29).

Besides, diogenites exhibit a range of characteristics, encompass-
ing both unbrecciated and brecciated varieties, including monomict 

and polymict breccias with singular and multiple rock types, respec-
tively. Even within unbrecciated diogenites, signs of shock meta-
morphism are well documented (30, 31). Thus, exogenous impact 
contamination can potentially overwrite the elemental and isotopic 
signatures of diogenites. Elevated highly siderophile element abun-
dances and their flat pattern relative to CI chondrites reflect chon-
dritic impactor contamination during the late accretion stage (32). 
The most prevalent type of chondritic materials found in HED me-
teorites are CM clasts (33). Zinc content in CM chondrites [>130 ppm; 
(34, 35) and reference therein] is much higher than in HED meteor-
ites [<10 ppm; (5)] and even the addition of a small portion of CM 
clasts has the potential to substantially affect the Zn content and 
isotopic composition of HED meteorites.

In this context, hot hydrochloric acid leaching is performed to 
remove possible exotic Zn from the Earth and impactors as both 
secondary minerals (e.g., carbonates, phosphates, sulfate, sulfides, 
and weathered silicates) produced by terrestrial weathering and 
exotic Zn-rich sulfides injected by chondritic impactors can be 
easily leached out through this process (24, 36). Although samples 
were treated the same way, the percentages of Zn of individual 
samples being leached out are quite different (9 to 80%; Table S2 
and Fig. 2A), indicating various contaminations they might have 
experienced. For the leachates of hot desert finds, the Zn/Mg ra-
tios are correlated with S/Mg and K/Mg ratios (Fig. 2, B and C), 
suggesting that Zn existing in terrestrial weathering products (e.g., 
sulfates, carbonates, and plagioclases) was leached out. The Fe/Mg 
and S/Mg ratios for all types of diogenite leachates are well corre-
lated (fig. S2), which suggests that S degassing during sample pro-
cessing is likely negligible and the measured S contents of diogenite 
leachates reflect the amounts of sulfides/sulfates. While for cold 
desert finds, secondary phases might mainly be weathered silicates 
and phosphates as Zn/Mg and K/Mg and P/Mg ratios (Fig. 2, C 
and D) of leachates are correlated. The chemical composition 
characteristics and remarkably consistent δ66Zn values of all the 
leachates (δ66Zn = −0.40 to 0.51‰) relative to large isotope varia-
tion of residues (δ66Zn = −0.47 to 3.14‰) (Table 1) suggest that 
the leaching process efficiently removed terrestrial alteration.

On the other hand, δ66Zn values of the leachates mostly overlap with 
the composition of terrestrial rocks (Fig. 1), except for the leachate of 
Johnstown (Zn proportion is 80% and δ66Zn = −0.40 ± 0.03‰). 
Meanwhile, contrary to diogenite residues, Johnstown leachate has 
a positive Zn anomaly (ε66Zn = 0.08 ± 0.09‰0; Table 1), indicat-
ing that at least some carbonaceous chondritic materials [charac-
terized by positive Zn anomalies; (16–19)] from the impactors 
were introduced to the phases dissolved in this leachate. The cor-
relation between Zn/Mg and S/Mg ratios of the leachates for dio-
genite falls, including Johnstown (Fig.  2B), suggests that the 
dissolved phases in leachates are mainly sulfides. This observation 
underscores the efficiency of the leaching process in removing any 
chondritic impactor contaminations. Consequently, the Zn isoto-
pic composition of diogenite residues will be taken as the most 
accurate representation of the original composition of the samples.

To assess the potential remaining impactor contamination’s in-
fluence on the Zn isotopic composition of diogenites residues, we 
adopt the Zn/Ni ratio as a proxy and CM chondrite as a possible 
impactor. The calculated average Zn/Ni (0.012) ratio for CM chon-
drite is derived from the average Zn concentration of 165 ppm [(37) 
and reference therein] and the average Ni content of 13,472 ppm 
(38, 39). CM chondrites exhibit an average δ66Zn of 0.34 ± 0.02‰ 
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Fig. 1. Paired Zn isotopic compositions of the leachate and residue of a certain diogenite. Circle, square, and hexagon symbols represent diogenite falls, hot desert 
finds, and cold desert finds, respectively. The red dashed lines show the average Zn isotopic composition of diogenite leachates (δ66Zn = 0.15 ± 0.12‰) and the shaded 
field is the corresponding error range. The gray dashed line is a 1:1 line in the plot.
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Fig. 2. The geochemistry characteristics of diogenite leachates. (A) Zinc percentage and Zn/Mg ratios of diogenite leachates. (B) Zn/Mg and S/Mg ratios of diogenite 
leachates: strong correlations among diogenites falls suggest that Zn exists in sulfides and originated from impactor contamination, while in hot desert finds, Zn-holder 
could also be weathered sulfates and sulfides. (C) Zn/Mg and K/Mg ratios of diogenite leachates suggest that weathered silicates are the main hold for diogenite finds. 
(D) Correlations between Zn/Mg and P/Mg ratios of cold desert finds diogenite leachates indicate their weathered Zn also exists in phosphates.
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[2SE, n =18; (37)]. In the δ66Zn versus Zn/Ni diagram of diogenite 
residues, we incorporate the Zn isotopic composition and Zn/Ni ra-
tio of CM chondrite (fig. S3). This plot highlights that the Zn isoto-
pic composition of the diogenites with small Zn/Ni ratios are 
unlikely to be substantially affected by impactor contamination, as 
their δ66Zn values far exceed those of CM chondrites (fig. S3). It is 
noteworthy that there is a negative correlation between Zn isotopic 
compositions and Zn/Ni ratios of diogenites, and we will discuss 
below that this reflects evaporation loss of Zn.

Origin of mass-dependent Zn isotope variations 
among diogenites
Zinc isotopic fractionation during core formation has been found to 
be negligible (40), displaying an estimated range of ∆66Znmetal-silicate 
between −0.05 and 0.12‰ under Vesta’s differentiation conditions. In 
addition, Zn isotopic composition is scarcely affected by magmatic 
differentiation (<0.1‰ for δ66Zn) (26). The crystallization of spinel 
could at most produce 0.5‰ Zn isotope fractionation during mag-
matic process (36, 41); however, the Zn content in spinel of HED me-
teorites are quite low (42). Therefore, it appears that core formation 
and igneous processes cannot explain the considerable variation in 
δ66Zn (up to 3.5‰) observed among the diogenite residues.

Diogenites are cumulates primarily composed of orthopyroxene 
along with some olivine, and given their deep-seated origin (10, 11), 
the potential influence of melt degassing during their crystallization 
on the Zn isotopic composition is limited. Although, the crystalliza-
tion of Zn-bearing sulfides such as troilite can contribute to Zn iso-
tope variations in enstatite chondrites (43) and iron meteorites (44), 
the portion of troilite in diogenite is minimal and detectable levels of 
Zn have not been found in troilite of diogenite (45). Therefore, the 
crystallization of sulfide could not account for the Zn isotope varia-
tions of the diogenite residues. Our leaching process may inevitably 
attack some primary troilites and potentially lead to a loss of sul-
fides, resulting in lighter Zn isotopes enrichments of residues (46, 
47). However, the heavier Zn isotopic compositions of the residues 
compared to the leachates for individual diogenite (Fig. 1) provide 
us direct evidence substantiating the negligible impact of troilites on 
Zn isotopic composition of diogenites.

While diogenites were originally thought to have crystallized dur-
ing the solidification of a magma ocean (12, 48), trace element geo-
chemistry (e.g., Eu anomaly and Dy/Yb ratio) and chemically zoned 
orthopyroxene of diogenites rather suggest that they are separate plu-
tons, formed by remelting of magma ocean cumulates together with 
the assimilation of crustal partial melts (24, 49, 50). The Zn isotopic 
composition of eucrites varies from δ66Zn = −7.75 to +6.29‰ (5). 
The assimilation of eucritic melts with various Zn isotopic composi-
tion could thus change the Zn isotopic composition of diogenites. The 
investigation of Ca isotope variations of diogenites shows an effect of 
assimilating less than 10% crustal partial melts (51). However, no cor-
relation between Ca and Zn isotopes within diogenites has been ob-
served, and the assimilation process has not been observed for other 
isotope studies (52, 53). Furthermore, the Zn isotopic composition of 
diogenite residues is not correlated with incompatible trace element 
ratios such as Eu/Eu* and (Dy/Yb)n (fig. S4, A and B). The distinct 
δ66Zn values between two clasts of Tatahouine, an unbrecciated pris-
tine fall meteorite that crystallized from a specific magma pulse, are 
quite variable (0.48 and 1.98‰, respectively). Despite Tatahouine be-
ing unbrecciated, its orthopyroxene mosaicism indicates that it has 
experienced shock metamorphism (30). This observation reinforces 

the notion that impact-related vaporization events, rather than crustal 
assimilation, are likely responsible for the large Zn isotopic variations 
observed among diogenites.

Zinc is a thermally mobile element and over 90% of the Zn of a 
chondrite can be lost through diffusion and/or desorption in an 
open system heating event at a temperature of 700°C (54–56). Fur-
thermore, some naturally heated CM chondrites have lost over 99% 
of their initial Zn content and are highly isotopically fractionated 
(37). The heating of these metamorphosed CM chondrites occurred 
recently and impacts in the asteroid are the most likely source of 
heating (57). Mineralogical records on diogenites have shown that 
excavation events might have occurred in a high temperature envi-
ronment (1000°C) (10, 30), which is therefore consistent with ex-
perimental results and observation in heated chondrites for large Zn 
loss and isotopic fractionation in the absence of melting. As our 
leaching protocol effectively removed impact contamination of Ni 
and Zn, the negative correlation between Zn isotopic composition 
and Zn/Ni ratios (fig. S3) of diogenites could be the result of a con-
stant Ni content with decreasing Zn content (heavier Zn isotopic 
composition) during impact heating.

The influence of impact-induced evaporation on Zn abundance 
and isotopic composition has been well established across planetary 
materials, encompassing CM chondrites, ureilites, lunar samples, 
and impact-generated terrestrial rocks (6, 37, 58–61). Building on 
these observations and using the lightest Zn isotope of diogenite 
residue determined in this study as the initial reference point, we 
modeled the evolution of both Zn content and isotopic composition 
for diogenite throughout an evaporation event following a Rayleigh 
fractionation function as

where δ66Zn0 is −0.47‰, [Zn]0 = 1.2 ppm, ƒ = [Zn]/[Zn]0, and α 
represents the isotopic fractionation factor. The theoretical kinetic 
fractionation factor during the evaporation process was expressed 
as α = 

√

m64Zn

m66Zn
,where mxZn is the mass of the Zn isotope of mass x 

or of the evaporation phases such as ZnCl2 and ZnS for igneous sys-
tems (62). Thus, the theoretical isotopic fractionation factor during 
the evaporation for Zn isotope is between 0.985 and 0.993 within 
high vacuum. However, empirical determinations spanning tektites, 
ureilites, and lunar meteorites and experimentally studies show a 
suppressed α lying between 0.9980 and 0.9998 (6, 58, 60, 63–65), 
which was related to the evaporation in a diffusion-limited regime 
(58) or reflecting near-equilibrium conditions (64, 65). The Zn iso-
topic composition and content of diogenite residues align well with 
the modeled curves for α values comprised between 0.9980 and 
0.9995 (Fig. 3), indicating that the Zn isotopic variations among di-
ogenite correspond to the loss of Zn vapor stemming from thermal 
metamorphism most likely during impacts on Vesta.

A light Zn isotopic composition for Vesta
The original Zn isotopic composition of diogenites before impact-
induced evaporation represents an upper limit of that for bulk silicate 
Vesta (BSV; δ66Zn = −0.47 ± 0.02‰), which is enriched in the lighter 
Zn isotopes compared to the Earth [δ66Zn = +0.16 ± 0.06‰, (7)]. 
This observation is consistent with the enrichment in the light Zn iso-
topes of the unbrecciated eucrite with the oldest Ar-Ar ages [PCA 
82502; (5, 66, 67)] (fig. S5). This eucrite was supposed to have been 

δ66Zn = (δ66Zn0 + 1000) × ƒ
(α−1)

− 1000
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excavated early from the parent body, preserving insights into 
the original Zn isotopic composition of the Vestan crust.

The Zn content (1.2 ppm) of the most Zn-rich diogenite is over 
80 times lower than most chondrites [e.g., [Zn]CI chondrite = 303 ppm; 
(68)]. Although the low Zn content of diogenite is not unexpected, 
given the volatile depleted nature of 4-Vesta, the notable enrichment 
in the lighter Zn isotopes presents a distinctive departure from the 
conventional trend of volatile depleted planetary materials, which 
tend to be enriched in the heavier Zn isotopes (Fig. 4). This isotopi-
cally light Zn enrichment of 4-Vesta does not align with the correla-
tion observed between the δ66Zn and the escape velocity for larger 
bodies such as Earth, Moon, and Mars (Fig. 4). Extreme Zn deple-
tion and light Zn isotope enrichment in 4-Vesta could not be the 
direct product of nebular accretion since (i) no such precursor has 
been found to date, even if some chondrules hold light Zn isotope 
compositions (e.g., Mokoia chondrule, δ66Zn = −0.36‰), their Zn 
contents are at least 30 times higher than diogenites (46); (ii) elevated 
Mn/Na ratios of HED meteorites compared to chondritic materi-
als indicate that devolatilization happened in an oxidizing rather 
than reducing environment of the solar nebula since Mn will be 
relatively less volatile than Na at higher oxygen fugacity (69, 70). 
Isotopically light and volatile depleted materials were previously ob-
served in angrite meteorites, in the case of K and Rb (71, 72). The 
light K and Rb isotopic compositions were ascribed to complete 
evaporative loss followed by kinetic condensation of a small fraction 
of the original K and Rb budgets (71). Zinc is more volatile than K 
and it was estimated that 4-Vesta lost over 94.2% of its original K 
budget (73), suggesting an even more substantial loss of Zn from 
4-Vesta.

Here, we use a simple Rayleigh fractionation to model this ki-
netic condensation process and the equation can be expressed as

Given the extremely low Zn/Fe ratio of 4-Vesta (less than 7.7 × 
10−6) relative to CI chondrite [1.6 × 10−3, (68)], the extent of recon-
densation must likely not exceed 1%. Therefore, the fraction (ƒ) of 
vapor in this context is estimated to lie between 0.99 and 1. Assum-
ing an initial Zn isotopic composition of vapor equivalent to that of 
CI chondrite [δ66Zn0 = 0.46‰; (68)], the δ66ZnBSV after condensa-
tion is essentially determined by the effective fractionation factor 
(α′). Taking the upper limit for δ66ZnBSV to be −0.47‰, we obtained 
an α′ value of between 0.9990 and 0.9991. This corresponds to an 
instantaneous Zn isotope fractionation around −1.0‰ between the 
condensate and vapor phases. Notably, α′ surpasses the ideal kinetic 
factor (α) of 0.9847 (calculated as 

√

64∕66 ). Davis and Richter (74) 
have shown that the isotopic fractionation factor for condensation 
as a function of partial pressure can be approximated by: α′ − 1 ≈ 
(α − 1)× (1 − Psat

P
 ). On the basis of this equation, it would require a 

vapor saturation of 94% to reproduce the α′ required to explain the 
δ66ZnBSV. This is consistent with the level (95%) of the saturation 
estimated during magma ocean setting in asteroid-sized bodies sub-
jected to vapor-melt fractionation (75). Consequently, it is conceiv-
able that partial condensation during the magma ocean stage can 
account for both the light Zn isotope feature and low Zn content for 
4-Vesta.

The K and Rb isotope variations are mainly controlled by kinetic 
processes, and enrichments in the heavy K and Rb isotopes among 
eucrites were observed (76, 77). The average K isotope composition 
of eucrites and howardites, which is heavier than the Earth and 
Mars, was proposed to be representative for the BSV (76) and was 
used to prove that Vesta lost most of its volatiles during evaporation 
due to its small size and low escape velocity (78). However, the large 
variation of K isotopes among eucrites and howardites could be a 
result of magmatic degassing and/or impact-induced heating events 

δ66ZnBSV= (1000+δ66Zn0)×α� ×ƒ
(α�−1)

−1000

δ66
Zn

Zn (ppm)

Diogenite residue

0.0 1.21.00.80.60.40.2

0

6

5

4

3

2

1

0.9980

0.9995

0.9988

Fig. 3. The evolution curve of the Zn isotopic compositions and contents of 
diogenites during evaporation loss following a Rayleigh fractionation model. 
The start point is estimated to be the lightest Zn isotope obtained in this study and 
the dashed line with inverted triangle, circle, and regular triangle are related to the 
fractionation factor (α) of 0.9980, 0.9988, and 0.9995, respectively. Zinc isotopic 
compositions and contents of diogenite residues fit well with α between 0.9980 
and 0.9995.

Log escape velocity, km/s

δ66
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0.0
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Fig. 4. Zinc isotopic composition and log escape velocity of the Earth, Mars, 
Moon, and 4-Vesta. Zinc isotope data are from (6, 7, 21) and this study. The red 
arrow represents that the Zn isotopic composition of 4-Vesta constrained in this 
study is an upper limit.
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after the formation of the Vestan mantle. The large K isotope varia-
tions (0.27‰) within individual eucrite fall, Juvinas, suggest in situ 
impact evaporation (76). Similar to Zn isotope composition of eu-
crites, the average K isotope composition of eucrites and howardites 
might not represent the BSV, therefore limiting their constraint on 
the complete history of volatile evolution of Vesta. Besides, K is less 
volatile than Zn, and the amount of K lost during magma ocean 
degassing should be smaller than for Zn, so the subsequent partial 
recondensation inducing the potential light isotope enrichment for 
K of the Vestan mantle could be hindered. Consistently with the 
light K and Rb isotopic compositions of bulk silicate angrite (71, 72), 
the light Zn isotope composition of 4-Vesta further underscores the 
notion that a sequence of complete evaporation followed by partial 
recondensation during the magma ocean stage driven by kinetic 
process represents a pathway that merits substantial attention for its 
potential to shape the evolution of the moderately volatile elements 
of asteroids in the inner solar system.

Noncarbonaceous origin of volatile elements in Vesta
The provenance of refractory elements (e.g., REEs, Cr, Ti, Zr, and 
Ca) within HED meteorites is consistent with that of NC (inner 
solar system) bodies [e.g., (22, 23, 79, 80)]. Similar to these refractory 
elements, the nucleosynthetic anomaly of moderately volatile ele-
ment Zn is expected to be homogenized in a magma ocean, and the 
average ε66Zn value of diogenites (ε66Zn = −0.21 ± 0.09‰0, 2SE) 
represents the Zn anomaly of the BSV. Notably, this value is inter-
mediate between ordinary chondrites (ε66Zn  =  −0.16  ±  0.03‰0) 
and ureilites (ε66Zn = −0.26 ± 0.02‰0) and much more negative 
than the Earth (Fig. 5). The variations of isotope anomalies of re-
fractory elements among planetary bodies and asteroids were pro-
posed to be the result of mixing of CI chondrite–like materials and 
ureilite-like materials to different degrees [e.g. (79)]. To assess 
whether it is the case for Zn isotope anomaly, we compared the 
ε66Zn values with ε48Ca, ε54Cr, and ε50Ti for chondrites and plane-
tary bodies (Fig. 6). Using a simple two-member mixing model, we 
calculated the evolution curve of ε66Zn values with a starting end-
member of an ureilite-like isotope anomalies and an ordinary-like 
elemental composition mixing with different fractions of CI chon-
drite–like materials. The equations are shown in Fig. 6 caption, and 
the parameters of the end-members are listed in table S3. Vesta does 
not plot on the mixing curve, suggesting that at the difference with 
refractory elements, mixing between CI-like material and ureilite-
like materials cannot account for the observed Zn anomaly for Vesta.

Considering the ε66Zn values alone and assuming that the non-
carbonaceous reservoir has an original ε66Zn value similar to the 
ureilite given that it holds the most negative Zn anomaly among NC 
meteorites, the possible volatile contributions of CC materials to 
Vesta is estimated following: ƒCC (Zn)BSV = (ε66ZnBSV − ε66ZnNC) / 
(ε66ZnCC − ε66ZnNC)  ×  100. In this equation, ƒCC (Zn)BSV is the 
mass fraction of Zn derived from CC reservoir, which calculated to 
be 8 ± 14%. Assuming that the Zn content of the Vestan mantle is 
equal to that of the bulk Vesta, as suggested for Mars (20), the mass 
fraction of the CC materials present in Vesta can be estimated by 
ƒCC = [Zn]BSV/[Zn]CC × ƒCC (Zn)BSV. Incorporating the mantle Zn 
concentration for Vesta of 1.2 ppm (it should be noted that this rep-
resents the lower limit constrained by this study), the ƒCC is esti-
mated to be 0.03  ±  0.06% and 0.09  ±  0.20% for a CI and a CV 
material injection, respectively. This estimate suggests that Zn, 
and possibly other moderately volatile elements within 4-Vesta, 

originates purely from the inner solar system reservoirs with mini-
mal contributions from outer solar system materials.

Planetary bodies, including the Earth, have been proposed to ac-
crete their volatiles by pebble accretion theory where pebbles are 
composed of millimeter-size chondrules and primitive dust aggre-
gation (81). The radial drift of the pebbles from the outer solar sys-
tem matches the nucleosynthetic anomaly of refractory element Ca 
well (79); however it is debated for other refractory elements (82). 
Regarding the exceedingly negative Zn isotope anomaly and thus 
the negligible contribution of the volatile from CC reservoirs to 
4-Vesta, if the pebble accretion is the mechanism for planetesimal 
growth, the origin of the 4-Vesta is more likely to predate the poten-
tial era of pebble accretion or that alternatively, the pebbles were 
thermally processed in the planetesimals envelops (83).

MATERIALS AND METHODS
Twelve orthopyroxene clasts or powders of diogenite have been 
carefully selected. This selection includes three falls (Johnstown, 
Tatahouine, and Bilanga), four hot desert finds (NWA 5480, 
NWA 5484, Dho 700, and NWA 7831), and five cold desert finds 

ε66Zn

–0.4 –0.2 0.0 0.2 0.4

CC

Ryugu

OC

Ureilite

Vesta

Mars

Earth

EC

Fig. 5. Zinc isotope anomalies (ε66Zn) of carbonaceous chondrite, ordinary 
chondrite, enstatite chondrite, Earth, Mars, Ryugu, Ureilite, and 4-Vesta. Data 
are from (16, 17, 19–21) and this study. All published Zn data relative to standard 
SRM683 were corrected by a magnitude of 0.07‰0 since the ε66Zn values for 
geostandard BHVO-2 relative to SRM683 and JMC-Lyon are −0.07 ± 0.02‰0 (17) 
and 0.00 ± 0.07‰0 (this study), respectively. The gray dashed line represents an 
ε66Zn = 0 for the terrestrial rocks. CC, carbonaceous chondrite; OC, ordinary chon-
drite; EC, enstatite chondrite.
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(Y-74097,108; Y-74013,117; Y 002875,61; SAN 03473,11; and MIL 
090159,5). Diogenite are cumulates mainly composed of magnesian 
orthopyroxene with various olivine modal abundance (0 to 30 vol %). 
NWA 5480 is the sole representative in the olivine-orthopyroxenitic 
diogenite subgroup, which contains more than 10 vol % olivine (31). 
In addition to magnesian orthopyroxenes and olivine, minor com-
ponents within these diogenites include plagioclase, high-Ca pyrox-
ene, silica phase, troilite, and metal.

The diogenite clasts (>500 mg) were ground into fine powders 
using a boron-carbide mortar. To eliminate secondary phases such 
as rusts and carbonates, a hot 6 N HCl (130°C, 30 min) leaching 
process was used. The effectiveness of this leaching process was ver-
ified by accurately analyzing the REE content of diogenites (24, 49). 
The resulting residues were rinsed five times with ultrapure water, 
followed by dissolutions in screw-top Teflon vessels using a concen-
trated mixture of HF and HNO3 acid at 130°C on a hotplate for 
5 days. Samples were dried down at 110°C and a reheat process with 6 N 
HCl at 130°C was performed to remove any remaining fluorides. A 
small aliquot was extracted for measurements of elemental concen-
trations. The Ca, Ti, and trace element concentrations of diogenite 
residues were measured at the Institut Universitaire Européen de 

la Mer, Plouzané using a magnetic sector Thermo Element XR in-
ductively coupled plasma–mass spectrometer following the method 
in (15, 49). The reproducibility is much better than 5% for trace ele-
ments, except Nb. Concentrations of Fe, Mg, and Al for diogenite 
residues and of Zn, Sr, Ba, S, K, P, Mg, and Fe of diogenite leachates 
were determined by Agilent 7900 ICP-QMS housed at Institut de 
Physique du Globe de Paris (IPGP).

The major aliquots of the leachates and residues were dried 
down at 110°C and converted to 1 or 2 ml of 1.5 N HBr medium, 
respectively. Chemical purifications for Zn followed the procedure 
of (47, 84) using home-made Teflon columns filled up with AG-
1X8 (200 to 400 mesh) exchange resin. After cleaning the resin 
with alternating cycle of 0.5 N HNO3 and MQ water, the solutions 
of diogenite residues were loaded on long columns (~500-μl resin) 
and the Zn was collected with 0.5 N HNO3 after the elution of 
matrix elements with 1.5 N HBr. The short columns (~100-μl resin) 
were used two or three times under the similar procedure for the 
diogenite leachates and Zn cut of diogenite residues to further re-
move impurities.

Zinc isotope ratios were determined using a Thermo Scien-
tific Neptune Plus multicollector inductively coupled–plasma 
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Fig. 6. Relations of Ca, Cr, Ti, and Zn isotopic anomalies among carbonaceous (CI, CM, CO, CV, and CR) chondrites, OC, EC, Earth, Mars, Ureilite, and 4-Vesta. 
(A) to (C) show ε66Zn versus ε48Ca, ε54Cr, and ε50Ti of terrestrial samples and meteorites, respectively. The mixing curve of each panel is based on a mass balance calcula-
tion, where for a given mass fraction of CI chondrite (ƒCC), the mixture follows: [N]m = ƒCC × [N]CI + (1 − ƒCC) × [N]NC; [εXN]m = [εXN]CI × ƒCC × ([N]CI / [N]m) + [εXN]NC × (1 − 
ƒCC) × ([N]NC / [N]m); where [N]m, [N]CI, and [N]NC represent the element concentrations of N (i.e., Zn, Ca, Cr, and Ti) for the mixture, CI end-member and NC end-member, 
respectively; [εXN]m, [εXN]CI, and [εXN]NC represent isotope anomaly of element N for the mixture, CI end-member, and NC end-member, respectively. The parameters of 
end-members can be found in table S3 and all raw data and their source are compiled in table S4. The error bars are plotted as 2SE (twice SE) and not seen ones are 
smaller than the sample symbols. Similar plots and calculations have been conducted in previous Zn anomaly work on Earth and Mars (17, 20).
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mass spectrometer at IPGP. An Apex HF introduction system was 
used to improve the strength of signals. The diogenite residues and 
leachates with the highest Zn content were measured in 0.5 N 
HNO3 with Zn concentration of 50 to 100 ppb, while the leachates 
with low Zn content and one of the Tatahouine residue were mea-
sured at 10 to 20 ppb. USGS geostandard BHVO-2 was analyzed to 
monitor the accuracy and the reproducibility of the Zn isotope 
data. Sample standard bracketing method is used to correct the in-
strumental fractionation during the measurement. Mass-dependent 
Zn isotopic composition are reported as the part per 1000 devia-
tion from the JMC-Lyon standard: δxZn = [(xZn/64Zn)sample / 
(xZn/64Zn)JMC-Lyon − 1] × 1000, where x is 66 or 68 (25). Zinc iso-
tope anomalies are expressed as part per 10,000 deviation from the 
same standard: ε66Zn = [(66Zn/64Zn)sample / (66Zn/64Zn)JMC-Lyon − 1] × 
10000), with the 66Zn/64Zn ratio normalized to a 68Zn/64Zn ratio of 
0.3856 (85) using an exponential law to correct for mass-dependent 
isotopic fractionation (16). The uncertainties of mass-dependent 
Zn isotopic composition are given as the 2× SD (2SD) and that 
of mass-independent Zn isotope fractionation are expressed as 
2× SE (2SE).

Supplementary Materials
This PDF file includes:
Figs. S1 to S5
Tables S1 to S3
Legend for table S4

Other Supplementary Material for this manuscript includes the following:
Table S4
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