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ABSTRACT

To constrain how impacts influence the behavior of moderately volatile elements (MVEs), we report
potassium (K) and zinc (Zn) contents and isotopic compositions of shock melt pockets (SMPs) and
unmelted parts of three heavily shocked ordinary chondrites and bulk rocks of Chelyabinsk meteorite.
All SMPs are enriched in K content and have lower isotopic values (§*'K = —1.99%., —1.22%. and
—1.40%0) while the adjacent unmelted parts are enriched in heavy K isotopes (5*'K = —0.41%0, —0.01%0
and 0.04%.) compared to the bulk rocks of Chelyabinsk meteorite (8*'K = —0.77%c and —0.73%o). By con-
trast, Zn is depleted in SMPs and the isotopic compositions are heavier (8°6Zn = —0.19%0, 2.42%0, 1.74%o)
in SMPs than that in unmelted parts (8°6Zn = —0.65%0, 1.76%0, —0.97%0). Our results indicate a decoupling
between the two MVEs that Zn is lost from shock melts while K is dramatically enriched in shock melts
during impacts. The isotope fractionation of Zn is probably caused by evaporation of shock melts, while K
isotope fractionation is most likely caused by solid-melt diffusion which is controlled by its incompati-
bility. The isotopic decoupling of K from Zn during major impacts further enhances our understanding
of high temperature elemental and isotopic behavior of MVEs and may shed new light on the variously
heterogeneous distribution of MVEs in solar system.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

The heterogeneous distribution of volatile elements remains a
mystery in solar system evolution. Terrestrial planets are variably
depleted in volatile elements compared with solar photosphere
and CI chondrites. Such depletion has been attributed to either
nebular processes, e.g., incomplete volatile condensation (Wasson
and Chou, 1974; Wai and Wasson, 1977; Humayun and Clayton,
1995; Ciesla, 2008), or planetary processes, e.g., accretion evapora-
tion/condensation (Albarede, 2009; Paniello et al., 2012; Pringle
et al., 2014; Wang and Jacobsen, 2016a; Hin et al., 2017; Pringle
and Moynier, 2017) and magma ocean degassing (Day and
Moynier, 2014; Kato et al., 2015; Gargano et al., 2020). Isotope geo-
chemistry of volatile elements provides the possibility to under-
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stand volatile depletion in terrestrial planets since volatile
element loss triggers large isotope fractionation. Both potassium
(K) and zinc (Zn) are moderately volatile elements, which have
50% condensation temperatures (50% T.) of 1006 K and 726 K
respectively at 10~ bars (Lodders, 2003). With the development
of high-precision measurement of K and Zn isotopes (Maréchal
et al,,1999; Moynier et al., 2011; Moynier and Le Borgne, 2015;
Li et al.,, 2016; Wang and Jacobsen, 2016b; Hu et al., 2018), large
differences in K and Zn isotope compositions among extraterres-
trial bodies have been revealed (Luck et al., 2005; Moynier et al.,
2007; Herzog et al., 2009; Moynier et al.,, 2011; Paniello et al.,
2012; Chen et al., 2013; Pringle et al., 2017; Brugier et al., 2019;
Tian et al,, 2019; Bloom et al., 2020; Ku and Jacobsen, 2020; Tian
et al., 2020; Zhao et al., 2020; Tian et al., 2021; Nie et al., 2021;
Hu et al., 2022; Koefoed et al., 2022; Savage et al., 2022; Steller
et al, 2022). Impact events are ubiquitous in solar system and
are critical for the formation of planetary bodies of various sizes
(Wetherill, 1980; Canup, 2004; Johnson et al., 2016), delivery of
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water to the inner solar system (Daly and Schultz, 2018), and shap-
ing of the surface features of extraterrestrial bodies (Nabiei et al.,
2018). The shock-induced pressure could exceed 90 GPa, which is
hardly achieved in laboratory experiments for hand-specimen
scale samples (Fritz et al., 2017). The shock-induced temperatures
could be higher than 2000 °C and generate in situ rock melting in
the form of shock melt pockets (SMPs) or shock melt veins (SMVs)
(Stoffler et al., 1991). Whether impact processes cause K isotope
fractionation is yet not clear. Jiang et al. (2019) observed no varia-
tion in K concentrations and §*!K of tektites, which are thought to
be the production of high-energy meteoroid impacts. Zhao et al.
(2020) and Bloom et al. (2020) measured whole-rock K isotope
compositions of chondrites with different shock stages and
observed little systematic K isotope variations. By contrast, the
evaporative loss and isotopic variation of Zn in shock meteorites
and tektites have been reported (Moynier et al.,, 2009, 2010;
Brugier et al., 2019; Jiang et al., 2019). And same conclusions occur
in the shock-related terrestrial samples (Kamber and Schoenberg,
2020; Mathur et al., 2021). Considering that all these studies were
based on comparison of different types of bulk rocks, the possible
isotope fractionations and heterogeneity of K and Zn might be
masked at small scale.

Here, we report K and Zn isotopes, whole-rock chemistry,
petrology and mineralogy of eight shocked chondritic samples.
The eight samples include three pairs of fragments picked from
the SMPs and adjacent unmelted parts from Chelyabinsk (LL
group), Vifales (L group), and Tassédet 004 (H group), one SMV/
SMP free Chelyabinsk fragment, and one whole-rock powder of
Chelyabinsk fragment containing SMVs and unmelted parts
(Fig. 1). Our study aims to reveal the important role of shock melt-
ing events on variations of the isotope composition among
extraterrestrial bodies.

2. Materials and methods
2.1. Samples
For petrographic investigation, three slices of Chelyabinsk,

Vifiales, and Tassédet 004 that contain SMPs and normal litholo-
gies (no visible SMP) were selected and made as polished thick sec-
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tions, labeled as Che-IG-1, Vin-IG-1, and Tas-IG-1, respectively
(Figs. S1-S3). For element and isotope composition measurements,
eight samples (Che #1, Che #2, Che #3, Che #4, Vin #1, Vin #2, Tas
#1 and Tas #2) were picked from different parts of Chelyabinsk,
Vifiales, and Tassédet 004 (Fig. 1). The detailed sample information
is listed in Table 1.

The Chelyabinsk meteorite (LL5) fell in 2013 in Chelyabinsk,
Russia. The shock degree of this meteorite is S5 according to the
criteria of Stoffler et al. (1991). One light-colored (without visible
SMPs) fragment was labelled as Che #1 and it represents the initial
bulk composition of Chelyabinsk meteorite (Fig. 1a); one slice with
network SMPs was labelled as Che #2 and represents the whole-
rock composition of meteorite that experienced shock melting
(Fig. 1b); Che #3 and Che #4 are samples picked separately from
the neighbouring (approximately 1 cm in distance) normal lithol-
ogy (no visible SMPs) and SMP of the same meteorite slice (Fig. 1c).

The L6 ordinary chondrite Vifales fell in 2019 in Cuba, which
suffered a shock intensity of S3-S4 (Yin and Dai, 2021). Vin #1
and Vin #2 are picked from the nearby normal lithology and SMP
of one Vifiales chondrite slice, respectively (Fig. 1d).

The H5-melt breccia ordinary chondrite Tassédet 004 was found
in 2016 in Niger. The meteorite suffered slight terrestrial weather-
ing and a high degree of shock (Meteoritical Bulletin Database). Tas
#1 and Tas #2 (Fig. 1e) are samples picked from the adjacent nor-
mal lithology and SMP of one Tassédet 004 slice. Since metal and
troilite in SMP combine to form larger nodules, the color of SMP
is slightly lighter than that of normal lithology.

2.2. Methods

2.2.1. Petrographic observation and mineral composition
measurement

Petrographic investigations were performed at the Center for
Lunar and Planetary Sciences, Institute of Geochemistry, Chinese
Academy of Sciences, with a Scios-FIB field emission scanning elec-
tron microscope (SEM). Minerals and glass in melting pockets and
unmelted parts of the three thick sections were analysed on a
JXA8530F-Plus electron microprobe at the State Key Laboratory
of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences. The accelerating voltage was 25 kV, and

Che #4

Tas #2
Tas #1

Fig. 1. Studied samples information. Che #1 and #2 represent the bulk composition of Chelyabinsk meteorite (the external melting crust was polished away before we
crushed and ground it to powder); Che #3 and #4 are unmelted parts and SMPs picked from Chelyabinsk meteorite; Vin #1 and #2 are the unmelted part and SMPs picked
from Vifiales meteorite; Tas #1 and #2 are unmelted parts and SMPs picked from the Tassédet 004 meteorite.
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Table 1
Major and trace elements for SMPs and unmelted parts of Chelyabinsk, Vifiales and Tassédet 004 chondrites.
Sample name Chelyabinsk Viiiales Tassédet 004
Che #1 Che #2 Che #3 Che #4 Vin #1 Vin #2 Tas #1 Tas #2

Sample description Bulk rock Bulk rock Unmelted region SMP Unmelted region SMP Unmelted region SMP

Find/Fall Fall Fall Find

Type LL5 L6 H5

Chemical composition
Al (wt.%) 1.16 1.20 1.30 1.12 1.02 1.08 0.80 1.16
Ca (wt.%) 1.64 1.76 1.70 1.67 1.12 117 1.05 1.32
Fe (wt.%) 21.57 19.83 18.88 21.54 27.88 21.12 34.69 21.61
Mg (wt.%) 14.46 14.58 14.33 14.27 12.59 14.27 11.46 14.58
Mn (pg/g) 2620 2630 2610 2450 2160 2490 1900 2450
Na (pg/g) 6920 7250 7380 6830 6400 6150 4590 6850
P (ug/g) 990 800 860 790 850 980 1560 1020
Ti (ng/g) 650 650 680 790 560 600 480 650
K (ng/g) 938 930 872 1002 712 866 546 974
Li (ug/g) 1.84 1.79 1.81 2.13 1.26 2.64 1.37 2.01
Rb (ng/g) 345 3.41 2.55 3.26 2.93 2.90 1.62 2.64
Cu (ug/g) 80.50 156.00 102.00 89.60 134.00 92.30 104.00 53.30
Zn (png/g) 53.80 49.70 57.50 52.60 39.50 44.50 34.90 40.80
U (ng/g) 10 12 12 13 9 11 21 52

The uncertainties of Na, Mg, K, Ca and Fe are lower than 0.1%; the uncertainties of trace elements are ~10%. SMP = shock melt pocket.

the beam current was 10nA. For olivine and pyroxene, a spot diam-
eter of 10 pm was adopted, while for minor plagioclase and silicate
glass, a 1-2 pm spot was chosen. Standards from the SPI Supplies,
Inc., USA, were used for data calibration. Elemental line scanning
and map scanning were performed by energy spectrum analysis
on SEM and electron microprobe, respectively. A Raman spectrom-
eter at the Center for Lunar and Planetary Sciences, Institute of
Geochemistry, Chinese Academy of Sciences was used for plagio-
clase phase identification.

2.2.2. Major and trace elements measurements

The eight samples were processed in a class 100 laminar flow
fume hood in a class 10,000 clean laboratory at Guizhou Tongwei
Analytical Technology Co., Ltd. Approximately 50-100 mg of rock
powder samples were dissolved with a mixture of concentrated
nitric acid and hydrofluoric acid in Bomb at 185 °C in an oven for
3 days and dried on a hot plate at 80 °C. Major elements were
determined by inductively coupled plasma optical emission spec-
troscopy (ICP-OES) at the State Key Laboratory of Ore Deposit Geo-
chemistry, Institute of Geochemistry, Chinese Academy of
Sciences. Trace elements were measured by using a Thermo Fisher
inductively coupled plasma mass spectrometry (ICP-MS) X2 at
Guizhou Tongwei Analytical Technology Co., Ltd. The accuracy
and precision were monitored by analyses of three geostandards
(GSR-3 for major element and BHVO-2 and W-2a for trace ele-
ment). The uncertainties of major elements and trace elements
are lower than 2% and 10%, respectively. Detailed analytical infor-
mation for trace elements can be found in Li et al. (2021).

2.2.3. Potassium isotope measurements

The K isotopic compositions were measured at the Isotope Lab-
oratory of the University of Washington, Seattle, following the pro-
cedure of Hu et al. (2018) and Xu et al. (2019). Briefly, 10-30 mg of
sample powders were digested in Teflon beakers using a mixture of
HF-HNOs; (optima-grade, 3:1 v/v). Then, the samples were dried
and treated with aqua regia (HCI-HNOs, 3:1 v/v) and further con-
centrated HNOs until all the samples were completely dissolved.
Finally, the solutions were dried and dissolved in 0.5 N HNO;3 for
purification. Purification of K was achieved by cation-exchange
chromatography. A Bio-Rad Poly-Prep polyethylene column was
packed with 2 mL precleaned Bio-Rad AG50 W-X8 resin. After con-
ditioning, the sample solutions were loaded on the resin and eluted

with 0.5 N HNOs. Matrix elements were rinsed off by 13 mL 0.5 N
HNOs, and the subsequent 22 mL fraction K solution was collected.
The column procedure was repeated twice to achieve an effectively
pure K solution.

The K isotopes were measured on a Nu Plasma Il multi-collector
inductively coupled plasma mass spectrometry (MC-ICPMS) in
high mass resolution mode. Lowered RF power and “dry plasma”
were used to suppress interferences from isobaric argides. Potas-
sium isotope analysis was achieved on the interference-free peak
shoulder. Instrumental mass fractionation was corrected by the
sample-standard bracketing (SSB) method. The K isotopic composi-
tion is expressed in delta (8) notation relative to the National Insti-
tute of Standards and Technology (NIST) Standard Reference
Materials (SRM) 3141a: 3*'K = [(*'K/**K)sample/(*'K/**K)standard-
— 1] x 1000. The uncertainties are reported as 2SD (standard devi-
ation) [see published paper (Hu et al., 2018) for details]. The error-
weighted average K isotopic values and uncertainties were
reported for those samples with duplicate analysis.

In addition to the meteorite samples, a geological reference
material (BHVO-1) was prepared and processed through the whole
procedure during K isotope determination to monitor the accuracy
of the meteorite K isotope data. The BHVO-1 yield a value of —0.
37 £ 0.07%0 (n = 4), consisting well with previous reported value
(8*'K grvo.1 = —0.41 £ 0.02%0) (Xu et al., 2019).

2.2.4. Zinc isotope measurements

The Zn purification was performed at the State Key Laboratory
of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences, following the method of Zhu et al. (2018).
~100 mg samples were individually transferred to a 15-mL Teflon
digestion vial and then reacted with concentrated HNO3; and HF
until samples were completely dissolved. After evaporation to dry-
ness and re-dissolution in 2 N HCl, the solutions were transferred
into a 15 mL polypropylene centrifuge tube. Purification of Zn
was achieved on columns containing 3 mL of pre-cleaned 100-
200 mesh AG MP-1 M anion-exchange resin. After the adsorption
of metals onto the column, 30 mL of 2 N HCI was passed through
the columns. Zn was eluted using 12 mL of 0.012 N HCI. The solu-
tion was evaporated to dryness at 110 °C and dissolved in 3 mL of
1% HNOs. Additionally, the final solution (0.5 mL) was used for Zn
content measurements to monitor the recoveries, and the residue
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was used for Zn isotope composition analysis. Satisfactory recover-
ies were obtained (>98%).

The Zn isotopic compositions were measured on a Thermo Sci-
entific Neptune Plus MC-ICPMS instrument, the State Key Labora-
tory of Crust Mantle Evolution and Mineralisation at Nanjing
University. Instrumental mass bias correction of Zn isotopes was
achieved through a coupled method of sample-standard bracketing
(SSB) and Cu doping. In this study, Zn isotopic ratio is expressed in
standard delta (8) notation relative to the IRMM 3702 Zn solution
during measurements: 6°0%8Zn = [(5® ©8Zn/%Zn)sample/(°® ®®Zn/
647N)standara-1] % 1000. As Zn fractionation in our samples was
mass-dependent, only 5%6Zn is discussed.

At present, the Johnson Matthey (JMC) Zn ‘Lyon JMC 3-0749L
solution’ is the most widely used bracketing Zn standard when
reported Zn isotope data. Thus, the measured Zn isotopic data
are corrected to those relative to the JMC standard using the equa-
tion 3%6Znyyc = 5°°Znirmm 3702 + 0.28% (Wang et al., 2017). A rock
standard (BCR-2) was processed through the whole procedure dur-
ing Zn isotope determination and it yields an average 3°°Zn jyc = 0.
20 £ 0.03%0 (n = 3), consisting well with previous reported values
(356Zn jyc = 0.25 + 0.03%0; Moynier et al., 2017). A solution of Zn
isotope standard (CAGS-1) analyzed during the course of this study
yields an average of §%Znyyc = 0.58 + 0.02%0, agreeing well with
the literature values (0.56 + 0.03%o, Zhu et al., 2018; 0.59 + 0.05
%o, Yang et al., 2022).

3. Results
3.1. Petrology and mineralogy

The slice of the Chelyabinsk meteorite (labeled as Che-IG-1) has
two different ocular parts: light and dark (Fig. S1a). The light part
(unmelted) has a typical type 5 lithology. Fractures are dense in
olivine and pyroxene grains, and tiny shock melt veins and melted
plagioclases are common (Fig. S1b-c). The dark part (melted) con-
sists of the silicate melted fraction and the darkening fraction
(Fig. S1b). In the darkening fraction, the majority of fractures are
filled with troilite, sometimes with FeNi metal (Fig. S1b-e). The sil-
icate melted fraction (Fig. S1d-f) shows a porphyritic texture com-
posed of large relic olivine (20-300 pm, ~15 vol%), small
recrystallized olivine and pyroxene (mostly less than 10 pm),
which are cemented in silicate glass, and troilite and Fe-Ni metal
spherical assemblages.

The slice of the Vifiales meteorite (Vin-IG-1) consists of brown
(normal) and dark parts (Fig. S2a). Both parts are highly fractured
and some of the plagioclase grains are altered to maskelynite
(Fig. S2b-c). The dark part is composed of silicate SMVs and dark-
ening fractions (Fig. S2b, d).

The SMP in Tassédet 004 (Tas-IG-1) is in a delta shape between
two normal unmelted parts (Fig. S3a). The Tassédet 004 is more
porous than the Chelyabinsk and Vifiales meteorites (Fig. S3a, c).
The unmelted parts of Tas-IG-1 are significantly affected by shock
events, given tiny SMVs are observed; many cracks are filled with
melted plagioclase; and troilite dots are commonly present in oli-
vine and pyroxene grains (Fig. S3b-c). The texture and mineral
assemblage of SMP in Tas-IG-1(Fig. S3d) is similar to that of Che-
IG-1 except the silicate glass is much lower in Fe and Mg contents.

In the unmelted parts, K is mainly enriched in plagioclase/-
maskelynite, while in melt pockets, silicate glass and plagioclase
glass are the main K-bearing phases (K0 = 0.1 wt% — 1.4 wt%). Oli-
vine and pyroxene contain little K (K,0 < 0.01 wt%) (Table S1). For
the Che-IG-1 and Vin-IG-1, K contents in plagioclase and silicate
glass are variable but no clear trend was observed. Notably, for
Tas-IG-1, plagioclase glass in SMP display higher K contents than
plagioclase in unmelted parts (Table S1).
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3.2. Bulk chemistry

Major and trace elemental concentrations of the eight samples
are reported in Table 1. The K concentrations of three SMPs are
higher than that of their paired unmelted parts. The K contents
of Che #1 and #2 are 938 and 930 Lg/g, respectively, with a mean
value of 934 pg/g, representing the bulk-rock K content. The K con-
tent of Che #4 (SMP) is 1002 pg/g, while the K content of Che #3
(unmelted part) is 872 pg/g. The K contents of Vin #1 (unmelted
part) and #2 (SMP) are 712 and 866 pg/g, respectively; the K con-
tents of Tas #1 (unmelted part) and #2 (SMP) are 546 and 974 ng/
g, respectively. To eliminate the systematic deviation caused by
iron variations, ratios of magnesium-normalized abundances of
SMPs and unmelted parts are plotted in Fig. S4. Zinc is depleted
in SMPs compared to that in unmelted parts after Mg normaliza-
tion. In addition to K and Zn, other elements also show variations
between SMPs and unmelted parts, e.g., lithium is enriched while
copper is depleted in SMPs (Fig. S4).

3.3. Potassium and zinc isotopic compositions

The K and Zn isotopic data are reported in Table 2 and plotted in
Fig. 2.

The SMV-free Chelyabinsk sample (Che #1) has a §*'K value of
—0.77 £ 0.03%0. The bulk Chelyabinsk sample (Che #2) that experi-
enced shocked melting has a §*'K value of —0.73 + 0.10%., identical
to that of Che #1. In comparison, the three SMPs (Che #4, Vin #2
and Tas #2) have much lower 'K values (§*'Kcpe #4 = —1.99 + 0.
14%0, 841K\/in #2 = —-1.22 £ 0.09%0, 6411('1‘35 #2 = —-1.40 = 0.06%0),
whereas the unmelted samples (Che #3, Vin #1 and Tas #1)
have much higher values (8*'Kche #3 = —0.41 % 0.09%o,
5 Kyin #1 = —0.01 + 0.10%0, 5*'Kras 41 = 0.04 + 0.02%).

The §%6Zn of Che #1 and Che #2 are 0.20 % 0.02%. and 0.06 *
0.09%0, respectively. The 5%°6Zn of Che #4 is 0.09 + 0.01%o, heavier
than that of Che #3, —0.37 + 0.04%.. Vin #2 from melt pocket has
higher Zn isotopic value (8%6Znyi, 4> = 2.70 + 0.02%0) relative to
the unmelted part Vin #1 (8%6Znyip #1 = 2.04  0.02%0). Tas #2 from
melt pockets also shows higher §%6Zn values of 2.02 + 0.06%. than
unmelted part Tas #1 (8%0Zntas #1 = 1.25%0).

4. Discussion

Both K and Zn shows elemental and isotopic variations between
SMPs and unmelted parts. Below, we first discuss the possible
mechanism and processes that caused these variations, then
explore the implication for MVEs heterogeneity in the inner solar
system.

4.1. K isotopic fractionation during heavy shocks

Overall, K isotopic composition becomes lighter with increasing
K content (Fig. 3a). To eliminate the influence of heterogeneous
distribution of plagioclase, we plotted §*'K versus K/Al (Fig. 3b),
since plagioclase is the major carrier mineral for K and Al in ordi-
nary chondrites. The evident correlations of §*'K versus K contents
and K/Al ratio strongly indicate that K has migrated to the SMPs,
while Al remain in the unmelted parts during impact melt events.
Two pathways that might account for K migration are discussed
below: (1) migration of K via evaporation, or (2) via melt-solid
diffusion.

4.1.1. Evaporation induced K migration and isotopic fractionation
Since K is a moderately volatile element, it could evaporate dur-

ing high-temperature processes, which was confirmed by previous

experiments (Yu et al., 2003; Neuman et al., 2022). Chen and
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Table 2
Sample description, K and Zn isotopic compositions of study samples and geological reference material.

Sample Description K (pglg) MK (%o0) 2SD Zn (nglg) Zn/Mg 8%6Zn [rvm 3702 (%0) 5%6Zn juc (%o) 2SD n
Che #1 Bulk rock 938 -0.73 0.10 4 53.8 3.721 —0.08 0.20 0.02 2
Duplicate —-0.78 0.04 3

Average -0.77 0.03

Che #2 Bulk rock 930 -0.73 0.10 6 49.7 3.409 —0.22 0.06 0.09 2
Che #3 Unmelted 872 -0.41 0.09 6 57.5 4.012 —0.65 -0.37 0.04 2
Che #4 SMP 1002 -1.99 0.14 6 52.6 3.686 -0.19 0.09 0.01 2
Vin #1 Unmelted 712 —-0.01 0.10 7 395 3.139 1.76 2.04 0.02 2
Vin #2 SMP 866 -1.22 0.09 6 44.5 3.118 242 2.70 0.02 2
Tas #1 Unmelted 546 0.01 0.03 4 349 3.046 0.97 1.25 0.00 2
Duplicate 0.10 0.05 3

Duplicate 0.07 0.03 2

Average 0.04 0.02

Tas #2 SMP 974 —1.40 0.06 6 40.8 2.799 1.74 2.02 0.06 2
BHVO-1 Basaltic geostandard -0.37 0.07 4

Duplicate -0.41 0.11 5

Duplicate -0.40 0.10 5

BCR-2 Basaltic geostandard —-0.08 0.20 0.03 3

Notes. Unmelted: samples without shock melt characteristic under naked eye. SMP: shock melt pocket. Duplicate: repeat analyses on the same sample during different

sessions.

This study A
Che #10
Che #2 FOH
il Che #4 o+ Che #3
HEHVin #2 - Vin #1
Wl Tas #2 ®Tas #1

Literature data
I OC
I CC

I EC

This study B
O Che #1

O Che #2
Che #3 ¢ H Che #4
Vin#1¢ B Vin #2
Tas#1¢ ® Tas#2

Literature data
I OC
m CC
EC

= BSM mm BSM
BSE BSE

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 -2.0 0.0 2.0 4.0 6.0 8.0
341K (%) 5%6Zn(%o)

Fig. 2. K and Zn isotopic compositions of studies meteorites and comparison with data from literatures. (A) 5*'K values of SMPs are systematically lower than those of
corresponding unmelted parts. §*'K values of bulk silicate Earth (BSE), bulk silicate Moon (BSM), ordinary chondrites (OC), carbonaceous chondrites (CC) and enstatite
chondrite (EC) are quoted from published papers (Bloom et al., 2020; Tian et al., 2020; Zhao et al., 2020; Nie et al., 2021). (B) 8°°Zn values of SMPs are systematically higher
than those of paired unmelted parts. §°Zn values of BSE, BSM, OC, CC and EC are quoted from published papers (Luck et al., 2005; Barrat et al., 2012; Sossi et al., 2018; Yang

et al,, 2021).

Goresy (2000) observed K enrichment in maskelynite, and they
proposed K evaporated from shock veins and subsequently “scav-
enged” by plagioclase-like melt pockets, yet the underlying mech-
anism for such a K “scavenge” is not clear. However, the observed K
migration in our study is not likely caused by evaporation. The rea-
sons are listed below: (1) If evaporation controls the migration, Na
should also show an enrichment in SMPs since it has even lower
50% T than K, yet the Na enrichment was not observed (Fig. S4).
(2) Lithium, which has a 50% T, of 1142 K, was also enriched in
SMPs, indicating that the evaporation temperature is not the con-
trolling factor. (3) Importantly, the normal interpretation of the
evaporation process should be that K evaporates from the hot
melting region and condenses in cold unmelted regions, which is
opposite to our observation.

4.1.2. Diffusion of K to SMPs via solid-melt reaction

Alternatively, melt-solid diffusion of K could be the possible
path. The driving force for K diffusion is its partitioning between
minerals and melts before the equilibrium is reached, as K is a
highly incompatible element and prefers melts even compared
with K-bearing minerals, e.g., plagioclase (Aigner-Torres et al.,
2007). Since impact-induced melting is an extremely fast process
(milliseconds), i.e., the coexisting melt and solid are completely
out of equilibrium with each other at the initial time, K in plagio-
clase will tend to transport toward the SMPs by diffusion (Fig. 4).
This transport process will lead the SMPs to be enriched in light
K isotopes, leaving the residual solid phase with isotopically heavy
K. As a comparison, Na is a compatible element with even lower
50% T. (900 K) than K. No enrichment of Na in SMPs indicates that
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Fig. 3. K isotope compositions versus the K contents and K/Al ratios for all eight
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Al ratios. The correlations of §*'K versus K contents and K/Al ratios strongly indicate
that K isotopic fractionation is the result of K migration related kinetic isotopic
effect, leaving the Al in situ.

it is the geochemical affinity controls the migration rather than the
condensation temperature.

The diffusing distance was evaluated under the situation of
“simple diffusion model” that K diffuse from plagioclase of
unmelted parts to SMPs, since the spatial distances of unmelted
parts and SMPs requires a millimeter to centimeter diffusion
within a short time. Previous estimates of the cooling rate of melt
veins span several orders of magnitude ranging from 5000 °C/s
(Walton et al., 2006) to 0.2 °C/s (Beck et al., 2007) for millimeter
melting veins. Suppose that the temperature of SMPs drops from

L

K(ppm)
A
solid melt
C()\. Cb C(lm
boundary >
K(ppm)

boundary >
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2500 °C down to 500 °C (Shaw and Walton, 2013), the cooling time
would correspondingly be 0.4 s to 2.78 h. The calculated diffusion

distances (L = (Dt)"/?, where L is the diffusion distance; D is the

diffusion coefficient, 3 x 10°® c¢m?/s under 1 GPa, adopted from
Watson and Jurewicz (1984); and t is the diffusing time) are

1x10"*cm for 0.4 s and 1.7 x 10~%cm for 2.78 h. These distances
are at least two orders of magnitude lower than the observed
centimeter-scale migrating distances. In addition, there is no evi-
dent that the instantaneous high pressure can increase diffusive
rate of K. Therefore, the “simple solid-melt diffusing model” alone
cannot explain the K migration distance.

Here, we propose a scenario that tiny melts occurred initially at
the interfaces of minerals and fractures upon the instantaneous
impact. These tiny melts were chemically equal to the original
minerals initially, and K would have the potential to diffuse into
melts. Map scanning and line scanning of plagioclase also reveals
K migration to shock fractures (Fig. 5 and Figs. S5, S6). Then these
tiny melts merged and migrated under shock-induced pressure
gradient. Elemental exchange occurred during the melt formation
and migration, with incompatible elements preferentially diffused
into melts. Diffusion-induced kinetic K isotope fractionation would
enrich melts in light isotopes. Subsequently, these melts converged
and were injected to the larger melt pockets. The migration of
melts in shocked chondrites were studied and many petrological
evidences have been found before (Tomkins et al., 2013; Fan
et al., 2022). In our sample, the flow of melts is also observed
(Figs. S1-S3). The diffusion induced elemental and isotopic varia-
tions for both melts and residual unmelted parts were calculated
based on mass balance with method reported in Zhu et al. (2015)
(see detailed calculation in the Supplementary Materials). The cal-
culation results (Fig. 6) show that the measured K and K isotopic
data lie on or near the modeling curves, indicating that diffusion
could potentially produce the observed large K isotopic fractiona-
tion. Nonetheless, the detailed process of K diffusion merit further
study and the formation of SMP could be more complicated than
previous thought.

t,
'K (%o)
A

solid melt
841K0S SJIKh 641K0m
boundary >

boundary >

Fig. 4. Model for diffusion-caused K elemental variation and isotopic fractionations in solid and melt. t, is the starting time point of melting, when K and §*'K in the
solid (blue line) have the same values with those of melt phases (red line). t; is the time point that diffusion occurs. The K and §*'K diffusing profiles of solid and melt parts are
exhibited by blue and red curves. The black transverse lines represent the mean values. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 5. Map scanning of plagioclase in unmelted parts of Viiiales. K abundance in the shock fractures are higher than other areas, indicating K diffusing from normal areas

to shock induced fractures.

4.2. Zn isotopic fractionation during heavy shocks

The SMPs have remarkably higher Zn isotopic values relative to
the paired unmelted parts. Combined with the Zn content data
(after Mg-normalization), it can be confirmed that the isotopic
fractionation is related to Zn loss from SMPs. Two pathways are
discussed below: (1) metal/sulphide segregation, or (2) Zn
evaporation.

4.2.1. Zn isotopic fractionation during metal/sulphide segregation
The sequential dissolution experiment indicated that Zn is
mostly hosted in silicate and sulphide phases with minor hosted
in metals (Luck et al., 2005; Pringle et al., 2017). The distribution
among the phases has been invoked as a mechanism for account-
ing for the variable Zn isotope composition of shock-melt mete-
orites. As an impact-melt event occurs, the metal/sulphide phase
could re-accumulate into gravitational nodules and separate out
of melts, which likely affects the Zn isotopic compositions of mete-
orites (Andronikov et al., 2015). However, Mahan et al. (2017)
reported the metal-silicate Zn isotope fractionation to be between
—0.05 + 0.01%0 and 0.12 + 0.04%., regardless of whether the metal
phase contained sulphur. It is in general accordance with the A®-
ZNmetalsilicate Values from Bridgestock et al. (2014), ranging from
—0.14 + 0.12%0 to 0.21 + 0.15%c, which supports no substantial

Zn metal-silicate isotope fractionation in high-temperature condi-
tion. Moreover, Zn also exhibits similar elemental partitioning
between sulphide and silicate phases (Dsuiphide-siticate = 1), and no
resolvable isotopic fractionation upon lunar sulphide extraction
has been observed (Xia et al., 2019). Therefore, the observed
~0.8%0 Zn isotopic fractionation in this study is unlikely caused
by metal/sulphide segregation.

4.2.2. Zn isotopic fractionation during evaporation

Impact induced Zn volatilization and isotopic fractionation
were initially revealed in some lunar soil and basalt samples
(Moynier et al., 2006; Herzog et al., 2009). Later, ureilites with vari-
able shock degrees were studied and significant correlation
between Zn isotopes and shock degrees was found (Moynier
et al., 2010). Considering that the observed Zn isotopic fractiona-
tions are lower than that calculated with simple Rayleigh distilla-
tion, they suggested the evaporation occurred under a diffusion-
limited situations in the ureilite parent body. Another similar study
from Brugier et al. (2019) considers that the signature of Zn isotope
composition is the result of evaporation processes, which is con-
trolled by both high temperature of the ureilite parent body mantle
and post-shock heating. Evidences of Zn evaporation were also
found in terrestrial samples. For example, Kamber and
Schoenberg (2020) reported Zn loss and isotope fractionation in
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references to color in this figure legend, the reader is referred to the web version of
this article.)

the melt sheet from the third-largest impact basin preserved on
Earth and they attributed the results to the evaporation of impact
melt. Mathur et al. (2021) observed volatilization-induced Zn loss
and isotopic fractionation in sedimentary rock layers of the
Cretaceous-Paleogene (K-Pg) boundary, which was formed by a
large bolide impact. Our study of shocked ordinary chondrites
showed comparably large Zn isotopic fractionation (~0.8%.) with
the ureilites (~0.7%o), indicating the Zn loss from melts and its iso-
topic fractionation may also related to evaporation. In order to test
the model, the calculation of Rayleigh distillation was performed.
The unmelted part Che #3, which has the maximum Zn content
of eight samples, was regarded as the initial material, and other
seven samples were supposed to undergo various degree of evap-
oration loss. The §%¢Zn of residual materials were estimated by
equation, 8fina = Sinitial + [(1000 + Sinitial) (f“’l — 1)} where f is the
remaining Zn fraction and o is fractionation factor. The calculation
results are shown in Fig. 7. If the evaporation occurs under simple
Rayleigh distillation, a larger isotope fractionation should be
expected. Actually, our Zn isotopic data are consistent with the
evaporation under diffusion-limited regime proposed by Moynier
et al. (2010) and Sossi et al. (2020). Since the diffusion of Zn in
the melts is insufficient to maintain Zn isotopic homogeneity
within the melts, the evaporating Zn would not be as light as it
occurs under the situation of simple Rayleigh distillation. In order
to accommodate our Zn isotopic data, the fractionation factor was
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suppressed to 0.988 and 0.997. Summarily, the Zn isotopic frac-
tionation probably results from diffusion-limited evaporation upon
shock melting in the ordinary chondrites parent body.

4.3. The decoupling of K and Zn during shocks and its implications

The redistribution of volatile elements and kinetic isotope frac-
tionations from heavy shock events was not fully understood
before. Our study confirmed the K enrichment in SMPs and for
the first time revealed extremely large K isotope fractionation
associated with shock melting in ordinary chondrites. The K ele-
mental and isotopic variations revealed in shock melting events
are confined at small scale of the meteorites and hence are easy
to be masked by whole-rock measurements. For example, the
Che #2, which experienced shock melting and contain both melted
and unmelted parts, has an identical K isotopic composition to the
shock melting free fragment (Che #1). The reason that previous
measurements of ordinary chondrites found no relation between
K isotopes and shock levels (Bloom et al., 2020) might also attri-
bute to this, yet it still need further investigation. Contrastively,
the Zn isotopic measurements of melts and unmelted parts con-
firmed its volatilization from melts and indicated a diffusion-
limited evaporation in shock melts, which is consistent with the
previous study (Moynier et al., 2010).

Actually, similar decoupling behavior of K from Zn have been
found in studying tektites and nuclear detonation materials (Day
etal.,,2017; Chen et al., 2019; Jiang et al., 2019). Both of the studies
showed that K is prone to stay in melts and has significantly lower
volatility than Zn and Cu. The reason for this could be either the
difference in 50% T. or binding with gaseous anions, e.g., S or Cl.
Our results further reveal an opposite direction of elemental
enrichment and reverse isotopic fractionation (Fig. 8) between K
and Zn that during shock flash melting, with the behavior of K is
controlled by incompatibility while Zn is governed by evaporation.
Other alkaline MVEs (e.g., Li and Rb) seem to follow the behavior of
K and enrich in melts, although the isotopic data is currently
absent. Regardless the detailed mechanism and processes, the dra-
matic K isotope fractionation and decoupling from Zn isotopes fur-
ther our understanding in high-temperature impacts and may
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indicate a complicated history for heterogeneity of volatiles in
solar system.

5. Summary

We studied K and Zn isotopes, whole-rock chemistry, petrology
and mineralogy of eight shocked ordinary chondritic samples. All
three SMPs show extremely lower K isotopic compositions
(8K = —1.99%0, —1.22% and —1.40%.) relative to adjacent
unmelted parts (§*'K = —0.41%0, —0.01%. and 0.04%0). In contrast,
Zn isotopic compositions of SMPs (8%6Zn = —0.19%0, 2.42%o,
1.74%o) are heavier than paired unmelted parts (8°°Zn = —0.65%,
1.76%0, —0.97%0). Our results reveal a significant effect of shock
melting on both K and Zn isotopes. Through comparison with Na
and Li abundances in SMPs, it can be concluded that the observed
K enrichment is governed by its incompatible affinity and the K
migration is driven by melt-solid diffusion accompanying large
kinetic isotope fractionation of K. We proposed a “tiny melt migra-
tion” to explain the large diffusing distance although the details
need further study. Decoupling with K, the systematically loss of
Zn and heavy Zn isotopes in melts are probably related to
impact-induced evaporation under a diffusion-limited regime in
the parent body. The remarkable K and Zn isotope fractionation
between SMPs and unmelted parts promote our understanding of
volatile isotope behaviors during impacts among asteroids and
might indicate a complicated history for heterogeneous distribu-
tion of volatiles in solar system.
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