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ARTICLE INFO ABSTRACT

Associate editor: James M.D. Day The Moon is depleted in volatile elements and compounds, and lunar samples exhibit a wide range of Cl isotopic
compositions, which is believed to result from the volatilization of metal chlorides (e.g., NaCl, KCl, and FeCly).
However, the ClI isotopic fractionation behavior during volatilization is not well constrained, particularly for
metal chlorides. Furthermore, the effect of metal chloride evaporation on metal isotopes is poorly known. In the

present study, we performed NaCl and KCl sublimation experiments to study Cl and K isotopic fractionations at
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;:tﬁoc%elf)rides temperatures ranging from 923 K to 1061 K and at pressures of 7%107 bar to 1 bar in an Ny atmosphere. The
The Moon isotope fractionation factors of 37/ 35C1(o¢gas,sond) from NaCl sublimation experiments are 0.9985+0.0002, 0.9958

+0.0004, and 0.99807+0.00004 at 1, 1072, and 7x 107 bar, respectively. Those of *'3*K(agas solia) and 37/3Cl
(agas-solid) from KCl sublimation experiments are 0.99884+0.00004 and 0.9988+0.0003 at 1 bar, 0.9977
+0.0002 and 0.997240.0003 at 1072 bar, and 0.9989-+0.0002 and 0.9989-£0.0001 at 7x107° bar, respectively.
Chlorine and K isotopes fractionate more at 1072 bar than at 7x10™ bar and 1 bar. The saturation index in all the
sublimation experiments was >95%, which resulted in near-equilibrium isotopic fractionation at the sublimation
interface. Therefore, the isotopic fractionation was controlled by mass transfer processes in the gas and solid
phases. The isotopic fractionation at 1072 bar was controlled by the chemical diffusion of sublimated gas in an N,
atmosphere with almost no convection effect, (i.e., Pe number close to zero), whereas the isotopic fractionation at
1 bar was suppressed by atmospheric convection with a turbulence factor of 0.440.1 (i.e., Pe number >1). The
extremely high sublimation rate and the very slow diffusion in the sublimating solid at 7x10™ bar suppressed
isotopic fractionations. Based on our experimental results, calculations using Cl/K and Na/K in lunar materials
reveal that degassing of KCI contributed very little (<0.2%o) to the K isotopic fractionation (>0.58%0) during
lunar magma ocean degassing. The Cl isotopic fractionation factor from lunar samples is similar to our results at
1072 bar. This similarity of Cl isotope fractionation indicates that there may have been a transient atmosphere
above the lunar magma ocean.

1. Introduction Sn and Cr isotopes (Sossi et al., 2018; Wang et al., 2019). This depletion

in moderately volatile elements combined with the isotope character-

The Moon is depleted in volatiles relative to Earth (O’Neill, 1991;
Albarede et al., 2015). Furthermore, the moderately volatile elements
with 50% condensation temperatures (T.) that are <1290 K and >704 K
(Palme et al., 1988; Lodders, 2003), such as K, Ga, Cu, Rb, Zn, and CI, on
the Moon are isotopically heavier than those of bulk silicate Earth (BSE)
(e.g., Herzog et al., 2009; Sharp et al., 2010b; Paniello et al., 2012; Kato
et al., 2015; Wang and Jacobsen, 2016; Pringle and Moynier, 2017; Nie
and Dauphas, 2019; Tian et al., 2020; Wimpenny et al., 2022), except for

istics may be related to the giant impact formation event (Paniello et al.,
2012; Wang and Jacobsen, 2016; Gargano et al., 2022), the outgassing
of the lunar magma ocean (LMO) (Day and Moynier, 2014; Kato et al.,
2015; Boyce et al., 2015; Dhaliwal et al., 2018; Sossi et al., 2018), and/
or the degassing of mare basalt during eruption and cooling (Sharp et al.,
2010b; Zhang, 2020; Ji et al., 2022).

Lunar samples exhibit the largest variation of 5%”Cl (~0%o to 81%o in
general, relative to SMOC, standard mean ocean chloride) from all
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available solar system materials (e.g., Sharp et al., 2013b; Boyce et al.,
2015; Williams et al., 2016; Bellucci et al., 2017; Barrett et al., 2019;
Gargano and Sharp., 2019; Wang et al., 2019; Hu et al., 2020). The large
Clisotopic fractionation in lunar samples is mainly thought to be a result
of volatilization of metal chlorides (e.g., NaCl, KCl, FeCly, ZnCly) during
magma eruption (Sharp et al., 2010b) and/or LMO solidification (Boyce
et al., 2015; Barnes et al., 2016; Boyce et al., 2018; Barnes et al., 2019).
The positive correlation between the 5%7Cl values of apatite and the
KREEP (an abbreviation for K, rare-earth elements, and P) component in
lunar basalts implies the incorporation of urKREEP, with the high §%Cl
(~+25%0) resulting from degassing during LMO solidification (Boyce
et al., 2015; Barnes et al., 2016; Boyce et al., 2018). However, this
variation in §%”Cl detected in lunar samples has also been interpreted to
be a result of the mixing of multiple reservoirs or vapor-phase meta-
somatism (Potts et al., 2018; Barnes et al., 2019). The whole-rock §%’Cl
values of 16 Apollo basalts (7.343.5%o) are thought to have been caused
by the depletion of halogens resulting from the giant impact formation
of the Moon (Gargano et al., 2020). The 14.4%o variation of Cl isotopes in
the newly returned Chang’E-5 young basaltic fragments has been
explained by the degassing and enrichment of chlorine-bearing species
during magma crystallization (Ji et al., 2022).

Distinct from Cl isotopes, K isotopes display relatively limited vari-
ations in lunar basalts, with an average 5K (relative to NIST SRM
3141a) of -0.07+0.09%0, which is approximately 0.4%o heavier than
that in BSE (Wang and Jacobsen, 2016; Tian et al., 2020). This difference
could have resulted from the high-energy Moon-forming giant impact
(Wang and Jacobsen, 2016). Non-mare rocks on the Moon show slightly
larger variations than mare basalts, with elevated §*'K values of 0.23
~0.51%o in KREEP-rich breccias (Tian et al., 2020). The high 5K values
of KREEP-rich materials could reflect the enrichment of heavy K isotopes
in the urKREEP reservoir with similar heavy Cl isotopic enrichment
resulting from KCl degassing during LMO solidification, whereas the
light K isotopic compositions (as low as —2.60%o) in highland rocks could
have resulted from condensation of light K isotope-rich vapors back to
the lunar surface (Tian et al., 2020). In summary, the volatile evolution
of the Moon remains under debate.

In silicate melts, the Cl degassing species can include HCl as well as
different types of metal chlorides (e.g., NaCl, KCl, and FeCly), according
to melt composition, fo,, fc),, temperature, pressure, and water content
(Symonds and Reed, 1993; Ustunisik et al., 2015; Renggli et al., 2017;
Scholtysik and Canil, 2021). Owing to the low f,, on the Moon and the
high diffusivity of Hy, Hy is the main hydrogen species in vapor during
magma degassing, and thus metal chlorides are the major Cl-degassing
species on the Moon (Sharp et al., 2013a). Sodium, K, Zn, and Fe
could evaporate from basaltic samples at >1273 K (De Maria et al.,
1971; Sossi et al., 2019), which could bond with Cl during vaporization.
The Zn-, S-, Na-, K-, and Cl-rich condensate coating on lunar pyroclastic
glass beads (Butler and Meyer, 1976; McKay and Wentworth, 1993; Ma
and Liu, 2019) indicates that the species of NaCl, KCl, and ZnCl, could
be available in vapor. Thermodynamic calculations suggest that Zn
prefers to evaporate as Zn° rather than as ZnCl, at 973-1773 K despite
the preference for monoatomic gas over the chloride species for most
metals at >1673 K (Renggli et al., 2017). Therefore, NaCl and KCl may
be the two main species involved in Cl degassing on the Moon.

Kinetic effects could induce large isotopic fractionation during
vaporization (Richter et al., 2002; Richter et al., 2011; Young et al.,
2019; Sossi et al., 2020). Kinetic isotopic fractionation during vapor-
ization can be affected by different processes, including vaporization at
the interface and mass transfer in the melt and in the gas (e.g., Wang
et al., 1999; Cappa, 2003; Yu et al., 2003; Richter et al., 2007; Richter
etal., 2011; Sossi et al., 2020; Zhang et al., 2021; Young et al., 2022). To
date, Cl isotope fractionation has only been investigated in the evapo-
ration of hydrochloric acid solution (agas_liquia = 0.996) and hyperacid
brines (@gasliquid = 0.9945-1.0030) at atmospheric pressure (Sharp
et al., 2010a; Rodriguez et al., 2018). Therefore, a systematic
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understanding of Cl isotope fractionation during planetary vaporization
remains lacking. By contrast, there are several reports of K isotope
fractionation during vaporization as K from silicate melt (Yu et al.,
2003; Richter et al., 2011; Zhang et al., 2021; Neuman et al., 2022).
However, the K isotope fractionation behavior when bonding with Cl
has not been studied. Hence, experimentally quantifying the isotopic
fractionation factors of different Cl-bearing species during degassing at
varying pressures and temperatures is necessary for elucidating the
volatile loss on the Moon.

Here, we conducted NaCl and KCl sublimation experiments at
various temperatures and pressures in an Ny atmosphere to investigate
the reaction kinetics and isotope (Cl and K) fractionation behavior. We
determined the CI and K isotopic fractionation factors for NaCl and KCl
at pressures ranging from 7x107 bar to 1 bar. The objectives of this
study were to examine the effects of pressure on isotopic behavior
during vaporization and to determine the mechanism of isotopic frac-
tionation during vaporization of Cl-bearing species in order to clarify the
possible lunar atmospheric conditions when Cl isotopes were
fractionated.

2. Theoretical framework

The evaporation theory is based on the kinetic theory of gases, the
Hertz—Knudsen equation, and thermodynamics and has been described
in detail in previous studies (Richter et al., 2002; Cappa, 2003; Sossi
etal., 2020). A summary of this theoretical framework is presented here.
According to the Hertz—Knudsen equation, the sublimation rate for a
particular species i through the surface over a given time interval is as
follows (Hirth and Pound, 1963):

Li(Pisur — P))

S =~
s 2ZMRT

@

where Jy;, is the sublimation rate in mol-m~2-s™}, I is the evaporation
coefficient, P; 4 is the saturated vapor pressure in Pa, P; is the partial
vapor pressure at the surface in Pa, M; is the molar mass in kg-mol ™}, R is
the gas constant 8.31 J-mol™-K™!, and T is the temperature in K. The

saturation index S is defined as ;= (Richter et al., 2002), which turns Eq.

Pisar

(1) into the following:

FiPi,sar(l - S)

Ty = .
s 2AMRT

@

When P; is 0, the sublimation rate reaches the maximum value (i.e., free

evaporation rate Jyq). The saturation index S can be expressed with Jsq,

and Jgp:
Jsub

S=1——

Jsat (3)

The free evaporation rates of NaCl and KCl have been determined in
sublimation experiments (Ewing and Stern, 1974).

Transport of the gas species away from the sublimation surface is
controlled by mass transfer in the steady state, including diffusion and
advection. The sublimation rate is thus equal to the mass transfer rate
Jirans- The general form of mass transfer is described as follows:

h(Pi = Pi &)

T 4

Jtmn.\- = -
where h is the mass transfer coefficient, and P; , is the partial pressure of
the species i at an infinite distance from the evaporating surface. This
partial pressure is zero in our experiments. The variable P; in the steady
state could be calculated as Jgp = Jyans. The sublimation rate in the
steady state is described as follows (Bartlett, 1967; Cappa, 2003; Sossi
et al., 2020):
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Table 1

Experimental conditions and results for NaCl sublimation.
Sample P T Flow rate Duration Initial mass Residual mass Corrected mass lost* F 5%7cl A%¥Cly;!

(bar) (€29] (sccm) (h) (€] (€3] @ (%o) (%o)

#A1" 1 943 50 0 0.15035 0.14843 0.00000 1.00 0.46+0.50 (1) 0.00
#A2° 1 943 50 110 0.15130 0.13753 0.01185 0.93 0.59+0.56 (2) 0.14
#A3" 1 943 50 355.8 0.15046 0.10977 0.03878 0.75 0.76+0.69 (2) 0.30
#A4" 1 943 50 669.7 0.15004 0.08494 0.06318 0.58 1.47+0.38 (2) 1.02
#A5" 1 975 50 0 0.20003 0.19934 0.00000 1.00 0.45+0.30 (3) 0.00
#A6" 1 975 50 40 0.20073 0.18896 0.01108 0.94 0.75+0.65 (3) 0.29
#A7" 1 975 50 100 0.20046 0.17486 0.02492 0.88 0.87+0.67 (2) 0.42
#A8" 1 975 50 150 0.20027 0.15811 0.04147 0.79 1.02+0.38 (2) 0.57
#A9" 1 975 50 0 0.20043 0.19768 0.00000 1.00 0.38+0.25 (3) 0.00
#A10" 1 975 50 40 0.20049 0.18727 0.01047 0.95 0.60+0.08 (2) 0.22
#A11" 1 975 50 249 0.19973 0.12749 0.06949 0.65 0.96+0.24 (3) 0.58
#A12" 1 975 50 374 0.20035 0.09467 0.10293 0.49 1.74+0.02 (2) 1.36
#A13" 1 1010 50 0 0.40077 0.39950 0.00000 1.00 0.57+0.11 (2) 0.00
#A14" 1 1010 50 10 0.39966 0.39030 0.00809 0.98 0.61+0.38 (1) 0.04
#A15%8 1 1010 50 30 0.39944 0.37481 0.02336 0.94 0.73+0.43 (4) 0.15
#A16"8 1 1010 50 30 0.39976 0.37664 0.02185 0.95 0.51+0.15 (3) -0.07
#A17" 1 1010 50 60 0.40069 0.35343 0.04598 0.89 1.10+0.27 (2) 0.53
#A18" 1 1010 50 120 0.24996 0.16223 0.08647 0.65 1.20+0.04 (3) 0.63
#A19" 1 1010 50 120 0.40001 0.30808 0.09066 0.77 0.97+0.38 (3) 0.40
#A20" 1 1006 50 150 0.19986 0.10689 0.09170 0.54 1.49+0.53 (3) 0.92
#A21" 1 1010 50 0 0.40064 0.39718 0.00000 1.00 0.80+0.14 (2) 0.00
#A22" 1 1010 50 60 0.40062 0.35176 0.04540 0.89 1.03+0.10 (2) 0.23
#A23" 1 1010 50 184 0.20178 0.06639 0.13193 0.34 2.224+0.37 (4) 1.42
#A24" 1 1061 50 0 0.40055 0.39827 0.00000 1.00 0.724+0.42 (4) 0.00
#A25"0 1 1061 50 5 0.39969 0.38239 0.01503 0.96 0.73+0.42 (1) 0.00
#A26"0 1 1061 50 5 0.39996 0.38294 0.01474 0.96 0.54+0.39 (1) -0.19
#A27" 1 1061 50 10 0.39996 0.36780 0.02988 0.93 0.84+0.38 (1) 0.12
#A281 1 1061 50 20 0.39956 0.34014 0.05715 0.86 1.13+0.19 (3) 0.40
#A20"1 1 1061 50 20 0.39968 0.34089 0.05651 0.86 0.76+0.06 (2) 0.04
#A30" 1 1057 50 20 0.39980 0.34878 0.04875 0.88 0.70+0.28 (4) -0.02
#A311 1 1061 50 20 0.40046 0.33897 0.05921 0.85 0.794+0.17 (2) 0.07
#A32" 1 1061 50 40 0.39956 0.28139 0.11590 0.71 1.18+0.25 (3) 0.46
#A33" 1 1061 50 80 0.39873 0.16615 0.23031 0.42 1.39+0.16 (3) 0.67
#A34" 1 1057 50 100 0.40050 0.14897 0.24925 0.38 1.83+0.46 (2) 1.11
#A35" 1 1057 50 110 0.40038 0.13935 0.25876 0.35 2.06+0.26 (3) 1.33
#A36" 1 1061 50 120 0.40026 0.06300 0.33499 0.16 2.86+0.53 (4) 2.13
#A37" 1 1061 50 120 0.79968 0.46250 0.33491 0.58 1.60£0.35 (3) 0.88
#A38" 1 1061 50 0 0.39966 0.39781 0.00000 1.00 0.43+0.55 (2) 0.00
#A39" 1 1061 50 20 0.39981 0.33794 0.05960 0.85 0.87+0.09 (2) 0.44
#A40" 1 1061 50 40 0.39944 0.27333 0.12384 0.69 1.00£0.23 (2) 0.57
#A41° 1 1061 200 0 0.40069 0.39574 0.00000 1.00 0.54+0.58 (2) 0.00
#A42" 1 1061 200 20 0.39971 0.28353 0.11123 0.72 1.03+0.36 (1) 0.49
#A43" 1 1061 200 40 0.39969 0.17499 0.21974 0.45 1.41+0.07 (2) 0.87
#A44" 1 1061 200 60 0.39997 0.09669 0.29833 0.25 4.00+0.36 (5) 3.46
#B45¢ 102 974 0 6 0.40060 0.33122 0.06318 0.84 1.4140.24 (3) 0.62
#B46° 102 974 0 11.78 0.40092 0.25316 0.14157 0.65 3.0340.23 (3) 2.24
#B4T" 102 974 0 235 0.40075 0.14952 0.24503 0.39 4.57+0.27 (4) 3.78
#BA4g° 102 974 0 19.42 0.40121 0.18914 0.20587 0.49 4.04+0.15 (3) 3.26
#B49° 102 974 0 0 0.39981 0.39361 0.00000 1.00 0.79+0.31 (3) 0.00
#C50° 7x107° 923 0 0 0.39982 0.39384 0.00000 1.00 0.77+0.29 (3) 0.00
#C51) 7x10° 923 0 0.83 0.39998 0.27098 0.12302 0.69  1.40£034(2)  0.63
#C52°9 7x107° 923 0 0.83 0.39982 0.27865 0.11519 0.71 1.41+0.18 (3) 0.63
#C53°¢ 7x107° 923 0 1.7 0.40006 0.14964 0.24444 0.39 2.59+0.33 (2) 1.82
#C54°¢ 7x107° 923 0 2 0.40041 0.11727 0.27716 0.31 3.01+0.23 (3) 2.23
#C55°¢ 7x107° 974 0 0.25 0.20091 0.04978 0.12815 0.25 3.53+0.81 (2) 2.75
#C56° 7x107° 974 0 0.5 0.39988 0.09274 0.28417 0.29 3.07+0.46 (4) 2.29
#C57° 7x107° 974 0 0 2.00054 1.97756 0.00000 1.00 0.67+0.42 (3) 0.00
#C58° 7x107° 974 0 0.5 2.00031 1.70523 0.27210 0.86 0.98+0.08 (3) 0.31
#C59°% 7x107° 974 0 1 2.00035 1.38030 0.59707 0.70 1.23+0.37 (5) 0.55
#C60°K 7x107° 974 0 1 2.00070 1.39254 0.58518 0.71 1.24+0.31 (49 0.56
#C61° 7x107° 974 0 2 2.00019 0.82780 1.14941 0.43 1.53+0.38 (1) 0.85
#C62° 7x107° 974 0 3 2.00026 0.29761 1.67967 0.16 1.67+0.04 (3) 1.00

g:h,i,jk

These are duplicate experiments.

@ Sample heating in this experiment was started and stopped at the target temperature.

b The sample in this experiment was heated from room temperature (about 20 °C) to the target temperature over 2 h. After heating, the sample was cooled from the
target temperature to 373 K over 4 h and was then removed from the furnace.

¢ The sample was heated to the target temperature and 1 bar for ~10 min to reach thermal equilibrium, and then the sample chamber was pumped to the target
pressure over ~2 min. After heating, the vacuum pump connection to the sample chamber was closed, and air was slowly injected into the sample chamber until the
pressure reached 1 bar in ~2 min. The sample crucible was removed from the furnace at the target temperature and 1 bar.
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4 The corrected mass loss is the mass sublimated in the experiment relative to that in the zero-time experiment.
¢ The number between the parentheses is the number of the isotope measurement.
f ZT denotes the deviation (%o) relative to the products of the zero-time experiments.

LiPisar
V27RM;T (5)

_1+ TRT _*
I/27RM;T

Jsup =

Combining Egs. (2) and (5), the saturation index S can be determined:
1

T _TRT " (6)

S=1-
I Weran

When h is large, S tends to approach 0. However, when h is small, S is
close to 1, and the sublimation rate can be determined using Eq. (4) with
P; = P 4. The saturation index S is controlled by the ratio of the mass

transfer coefficient h to the thermal velocity %{T
(Charnoz et al., 2021; Young et al., 2022).
The isotopic fractionation coefficient between gas and solid

(@gas—solid) is the sublimation rate ratio of the two isotope species:

of the species i

a _ -]sub.Z _ QoqXsup Atran (7)
gas—solid — =T e o
Jong (1= 8)an + S

where a., is the equilibrium isotopic fractionation factor; ay,;, equal to

Lo /My
I '\ M2?

surface (Richter et al., 2002); and agan, equal to hy/hi, is the kinetic
isotopic fractionation induced by the chemical diffusion in the gas

(Cappa, 2003; Sossi et al., 2020). When h is large, agas solid is aeq% /i,

However, when h is small, agas solia becomes

is the kinetic isotopic fractionation factor at the sublimation

h
Qgas—solid = aeqh72~ (8)
1

The mass transfer includes the chemical diffusion and convection
resulting from eddy diffusion and thermal diffusion. If the mass transfer
is dominated by chemical diffusion, h can be expressed as the following:

D o5

h =2t
L

)]
where D gq5 is the chemical diffusivity in m?s7!, and L is the charac-
teristic diffusion length in m. If the mass transfer is controlled by both
diffusion and convection, h depends on the aerodynamic conditions
(Jacobson et al., 2020). The mass transfer coefficient ratio can be
calculated approximately (Stewart, 1975):

Table 2
Experimental conditions and results for KCI sublimation.
Sample P T Flow rate  Duration  Initial mass  Residual mass  Corrected mass F 5%7cle A¥ClL §%°Ke A%KE:
(bar) x) (sccm) ) @) @ loss* (%0) (%o) (%0) (%o)
(@)

#A63° 1 1020 50 0 0.39920 0.39700 0.00000 1.00  -0.61+0.22 0.00 0.24+0.08 0.00
3) @

#A64° 1 1020 50 5 0.40015 0.38664 0.01132 0.97 -0.66+0.38 -0.04 0.28+0.07 0.04
“@ 3

#A65° 1 1020 50 10 0.39907 0.37417 0.02269 094 -0.77+0.15 -0.16 0.28+0.10 0.04
2) (©)]

#A66" 1 993 50 45.80 0.20172 0.14712 0.05261 0.74  -0.49+0.12 0.15 0.57+0.04 0.38
3) @

#A67% 1 993 50 78.12 0.19963 0.10771 0.08995 0.55 0.324+0.36 (4) 0.93 0.90+0.09 0.71
(©)]

#A68" 1 993 50 0 0.19990 0.19792 0.00000 1.00 -0.64+0.28 -0.03 0.19+0.13 0.00
3) @

#A697 1 993 50 119.70 0.19993 0.05465 0.14330 0.28 1.05+0.22 (4) 1.67 1.61+0.10 1.42
3)

#B70° 1072 945 0 17.87 0.39955 0.20142 0.19523 0.51 1.55+0.42 (5) 2.14 2.02+0.04 1.78
®3)

#B71°¢ 102 945 0 27.13 0.40066 0.06060 0.33717 0.16 4.03+0.28 (8) 4.61 4.07+0.09 3.82
(©)]

#B72¢ 1072 945 0 8.13 0.40004 0.30699 0.09016 0.77  -0.254+0.31 0.33 0.96+0.10 0.71
3) [€)]

#B73°¢ 1072 945 0 0 0.40011 0.39722 0.00000 1.00 -0.59+0.36 0.00 0.25+0.10 0.00
3) @

#B74° 102 945 0 22.30 0.40049 0.09003 0.30757 0.23 3.74+0.17 (8) 4.33 3.48+0.07 3.23
(©)]

#C75% 7x107° 945 0 0.17 0.39992 0.27752 0.10455 0.74  -0.194+0.11 0.36 0.76+0.09 0.49
8 3) 3)

#C76% 7x107° 945 0 0.17 0.40108 0.26337 0.11986 0.70 -0.240.15 (3) 0.35 0.73+0.06 0.45
8 3)

#C77¢ 7x107° 945 0 0 0.39975 0.38189 0.00000 1.00 -0.55+0.39 0.00 0.27+0.09 0.00
@ ®3)

#C78° 7x107° 945 0 0.33 0.39975 0.15659 0.22531 0.44 0.2240.37 (3) 0.76 1.294+0.10 1.02
3)

#C79¢ 7x107° 945 0 0.42 0.40009 0.11735 0.26489 0.34 0.66+0.38 (4) 1.20 1.27+0.08 1.00
@

#C80°¢ 7x107° 945 0 0.25 0.39969 0.21121 0.17063 0.57 0.254+0.33 (3) 0.80 0.87+0.05 0.60
“@

abedefe Refer to the notes in Table 1.
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where n is the turbulence factor, a parameter ranging from 0 (completely
turbulent diffusion) to 1 (chemical diffusion) (Cappa, 2003). The tur-
bulence factor n depends on the aerodynamic conditions above the
evaporation surface (Gonfiantini et al., 2018). The ratio of chemical
diffusivity can be calculated using the kinetic theory of gases (Chapman
and Cowling, 1970):

)

where M, is the molar mass of the gas medium. In the present study, we
performed sublimation experiments at different pressures to investigate
the effects of pressure on S, n, and the isotopic fractionation factors.

(10

DZ,ga:

_ (M (M + M) an
Dl,gas

My (M, + M)

3. Method
3.1. Sublimation experiments

A simple system with well-studied kinetics during free evaporation is
ideal for investigation of pressure and aerodynamic effects on kinetic
isotopic fractionation. We used NaCl and KCl powders (99.99%,
Shanghai Aladdin Biochemical Technology Co., Ltd.) as the starting
materials for our sublimation experiments. Approximately 30 g of
powder was ground in an agate mortar for >30 min until the grain sizes
were <200 mesh for NaCl and KCl, respectively. The ground powders
were then stored in a desiccator for the high-temperature experiments.

For the sublimation experiments, 150-2000 mg of NaCl or KCl
powder was precisely weighed, with a precision better than 0.1 mg. The
weighed samples were placed into a corundum crucible (46 mm x 17
mm x 14 mm) for each experiment, ensuring that the salt powder was
spread evenly in the crucible. The sublimation experiments were con-
ducted at pressures of 7 x 107° bar, 1072 bar, and 1 bar and at different
temperatures (923 K to 1061 K) in two split horizontal quartz tube
furnaces (OTF-1200X, Kejing Company) with continuous flux of Ny at
the State Key Laboratory for Mineral Deposits Research, Nanjing Uni-
versity. All experiments were performed at temperatures below the
melting points of NaCl (1074 K) and KCI (1043 K). An S-type thermo-
couple was used to determine temperature after calibration using the
melting points of pure silver (99.99%) and pure gold (99.99%). The
temperature uncertainty during the measurements was less than +2 K.
The flow rate of N5 was held constant at ~50 standard cubic centimeters
per minute (SCCM) and at 200 SCCM using a gas supply system (GSL-32,
Kejing company) for the 1-bar experiments. The pressure was controlled
using a vacuum pressure regulating system (GZK-PID-VRD24, Kejing
company) for the low-pressure experiments, and the flow rate was held
below 0.5 SCCM to maintain a nitrogen atmosphere. All running con-
ditions are shown in Tables 1 and 2. The samples in experiments per-
formed at 1 bar, 1072 bar, and 7 x107° bar are referred to as “A,” “B,” and
“C,” respectively (Tables 1 and 2). Zero-time (ZT) experiments were
performed at each running condition to correct for the effects of tem-
perature, pressure, flow rate, and heating routine on sublimation rate
and isotope fractionation. The corrected experimental durations were
subsequently determined (Tables 1 and 2). After each sublimation
experiment, the crucible was placed in a desiccator to cool down to room
temperature (about 20 °C). The cooled crucible with the sample was
weighed again to determine the mass loss during sublimation. The
evaporation residue particles and the corundum crucible were carefully
checked to ensure that the crucible did not react with NaCl or KCI during
evaporation. All of the powder in the crucible was then dissolved in
MilliQ water (18.2 MQ-cm™1). These solutions, with known NaCl or KCl
contents, were used for isotope measurements.

Similar methods have been used to determine the Mg, Fe, Si, Cu, Zn,
K, Te, Cr, and Tl isotopic fractionation factors during evaporation (e.g.,
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Richter et al., 2002; Dauphas et al., 2004; Richter et al., 2011; Mendy-
baev et al., 2013; Sossi et al., 2020; Renggli et al., 2022; Neuman et al.,
2022; Klemme et al., 2022). In all these experiments, the evaporation
residues were analyzed to obtain high-quality isotopic fractionation
factors. The condensations from evaporation products were not
collected in most literature studies because any loss of the evaporation
products can easily lead to an incorrect fractionation factor. On the other
hand, thermogravimetric apparatus and mass spectrometers have been
used to obtain high-quality thermodynamic data for NaCl or KCl subli-
mation (e.g., Miller and Kusch, 1956; Berkowitz and Chupka, 1958;
Rothberg et al., 1959; Lester and Somorjai, 1968; Ewing and Stern,
1973; Wagoner and Hirth, 1977). However, the aim of this study is not
to determine the thermodynamic data but to determine the isotopic
fractionation factors of Cl and K during sublimation of metal chlorides at
different pressures. Therefore, the weighing method with mass precision
better than 0.1 mg is sufficient to study the isotopic fractionation factors
of Cl and K during evaporation.

3.2. Chlorine isotopic analyses

The chlorine isotopic compositions of products from the sublimation
experiments were analyzed using a Triton TI mass spectrometer
(Thermo Fisher Finnigan, Germany) at the State Key Laboratory for
Mineral Deposits Research, Nanjing University. The Cl-bearing solution
was first passed through a 0.5-mL H-form resin column and then through
a 0.5-mL Cs-form resin column following the procedure reported by Xiao
et al. (1992). This two-column ion-exchange procedure converted the
Cl-bearing solution into a CsCl solution, which was loaded onto the mass
spectrometry filaments. A brief summary of Cl isotope measurement is
presented here, and the detailed procedure has been described by Wei
et al. (2012). Tantalum filaments (99.995%; 7.5 mm x 0.76 mm X
0.025 mm) were degassed for 1 h with a 3.0 A current under vacuum and
were then oxidized for >24 h in the ambient atmosphere before use.
Approximately 0.5 pL slurry of pure graphite (John-Matthew Company,
99.9999% pure) mixed with an 80% ethanol/20% water (v/v) solution
was loaded on the center of each filament. Sample solution with 4-10 pg
of chlorine in the form of CsCl was then loaded onto the filament. The
sample on the filament was dried with a 0.2 A current to eliminate any
possible loss of Cl. During the isotopic analyses, the filament current was
increased to 1000 mA for 10 min and to ~ 1100 mA at a rate of 10
mA-min~! for stable emission of Cs,Clt ion. Data acquisition began
when the 133ngscl+ (m/z = 301) ion beam reached ~1.0 V. The chlo-
rine isotope ratio was obtained on the mass to charge ratio of 303 to 301
(1383csy’crt/133cs33Clh) for 6 analytical blocks of 10 cycles (6 blocks x
10 cycles).

The &%Cl values were calculated according to the following
equation:

37
3l
sample
3¢l
33Cl/ sMoC

(o]

57C1(%o) = — 1| x 1000. 12)

The §%7Cl data are reported relative to SMOC with a defined value of
0%o. In this study, we used a reference material (ISL 354 NaCl) from the
International Atomic Energy Agency (IAEA) as the chlorine isotope
standard of SMOC. The average value of ®7cl/%Csmoc measured
during our analyses was 0.318935 + 0.000134 (2SD, N=25), which is
consistent with the value 0.318898 + 0.000174 (2SD, N=6), obtained
using a Triton TI reported by Wei et al. (2012). Another reference ma-
terial, NIST SRM 975 (isotopic chlorine) was analyzed during the isotope
measurements. The average 5%7Cl of 0.46 & 0.36%o (2SD, N=33) that we
obtained for NIST SRM 975 is consistent with the value of 0.43%o re-
ported in the literature (Xiao et al., 2002).
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Fig. 1. Mass sublimated as a function of time for NaCl at (a) 1 bar, (b) 102 bar, and (c) 7x107° bar, and for KCl at (d) 1 bar, (e) 1072 bar, and (f) 7x107° bar. The
experiments at 1 bar were performed at a flow rate of 50 SCCM, except for those marked with diamonds in (a), which were performed at a flow rate of 200 SCCM. The

sublimation rate at each temperature is constant through time.

3.3. Potassium isotopic analyses

The potassium isotopic compositions of the products of the subli-
mation experiments were analyzed using a Nu 1700 Sapphire High-
Resolution Multiple-Collector Inductively Coupled Plasma Mass Spec-
trometer (HR-MC-ICP-MS) at the State Key Laboratory for Mineral De-
posits Research, Nanjing University. An aliquot of dissolved sample
containing 75-200 pg of K was dried and re-dissolved repeatedly in 100
pL concentrated HNO3. The sample was then dried and dissolved in 2%
HNOs in preparation for the isotopic analyses. The concentrations of K in
the HNOg3 solution were measured using a flame photometer. High-
precision K isotope analysis has been described in detail by An et al.
(2022). A dry and hot plasma setting was used for the K isotope mea-
surements. A large “°Ar* beam was neutralized through the ion guide
rail (deflector) for a Daly detector. The interference of “°ArH" on “K*+
was eliminated using the high-resolution mode of the instrument (M/
AM > 15000). Isotope ratios of K are expressed in delta notation:

Table 3
Sublimation rates and isotope fractionation factors under different conditions.

( 41 K)
K
sample

MK (%o) = | — 1

( AIK)
PK/NIST3141a

% 1000. 13)

The §*K data are reported relative to NIST SRM 3141a. The typical
internal precision of a single analytical run was better than + 0.04%o,
and the external reproducibility was better than +0.1%o (2SD) (An et al.,
2022).

4. Results
4.1. Sublimation rates
A total of 80 experiments (62 for NaCl and 18 for KCl) were per-

formed at temperatures ranging from 923 K to 1061 K and at pressures of
7x107° bar, 102 bar, and 1 bar (Tables 1 and 2). All samples

Sample T P Flow rate  Jup Jsat s ¥7/35Cl(agas-soid) 73K (agas-sotia) D gas Pe
(K) (bar) (SCCM) (mol-m 2s71) (mol-m~2s~1)* (em?s71)
NaCl 1061 1 50 1.67x107° 1.030 0.999984 1.45 1.46
NaCl 1061 1 200 3.02x10°° 1.030 0.999971 1.45 5.86
NaCl 1010 1 50 4.33x10°° 0.254 0.999983 1.34 1.59
NaCl 975 1 50 1.64x107° 0.095 0.999983 1.26 1.68
NaCl 943 1 50 5.80x107 0.036 0.999984 1.19 1.78
NaCl 1 0.9985--0.0002
NaCl 974 1072 0 6.30x107° 0.092 0.999317 0.9958+0.0004 1.26x10? 1.69x107
NaCl 974 7x107° 0 3.36x107% 0.092 0.963597 1.91x10* 7.30x107°
NaCl 923 7x107° 0 8.48x107* 0.019 0.955833 1.75x10* 7.98x107°
NaCl 7x107° 0.99807+0.00004"
KCl 1020 1 50 9.89%107° 0.666 0.999985 1.31 1.62
KCl 993 1 50 5.51x107° 0.308 0.999982 1.26 1.68
KCl 1 0.9988-0.0003 0.99884-£0.00004
KCl 945 1072 0 5.83x107° 0.075 0.999223 0.9972+0.0003 0.9977-0.0002 1.17x10? 1.81x107
KCl 945 7x10° 0 3.07x10°% 0.075 0.959067 0.9989-+0.0001 0.9989+0.0002 1.78x10* 7.84x107°

@ Data are from Ewing and Stern (1974).
b Samples with initial masses of 2 g were not included in the calculations.
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Fig. 2. Correlation between sublimation rate Jy,;, and pressure for (a) NaCl at 974 K and (b) KCI at 945 K. The sublimation rate of KCl at 1 bar and 945 K was
extrapolated from the results of 993 K and 1020 K at 1 bar. The free evaporation experimental data for NaCl and KCl are from the literature (Ewing and Stern, 1974).

Fig. 3. Correlation between the isotopic

composition and the mass fraction of resi-
dues after sublimation experiments with
NaCl and KCI. The experiments at 1 bar were
performed with a flow rate of 50 SCCM,
except those marked with triangles in (a),
which were performed with a flow rate of
200 SCCM. All uncertainties and error enve-
lopes represent 2 standard deviations (SD).
The dashed lines are fits of the data using Eq.
(14). Data from samples with an initial mass
of 2 g were not included in the regression.

1 bar

<& 7x107 bar (2g)

The light gray areas represent the isotopic
fractionation factors of NaCl and KCl free

evaporation, which were calculated using
/M1 /M. The solid curves represent the Cl

and K isotopic fractionation factors of Apollo
samples (Wang and Jacobsen, 2016; Boyce
et al., 2018; Tian et al., 2020).
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experienced mass loss during sublimation with a maximum value of
85.1% (Tables 1 and 2). The sublimated masses of NaCl and KCl were
linear with time and were independent of the initial sample weight
(Fig. 1), consistent with results reported for previous experiments (Zimm
and Mayer, 1944; Lester and Somorjai, 1968; Wagoner and Hirth, 1977;
Sata, 1992). Except for the NaCl experiments at 1006 K and 1057 K,
which may have been affected by temperature fluctuations (up to 4 K),
the sublimation rate at each temperature—pressure-flow rate condition
was determined using the linear correlation between sublimation mass
and heating time (Table 3; Fig. 1). The sublimation rate increased as the
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temperature or the flow rate increased (Fig. 1a and 1d). By contrast, the
sublimation rate was negatively correlated with pressure (Fig. 2). The
sublimation rate at 7x10™> bar was >1000 times greater than that at 1
bar at the same temperature.

4.2. Potassium and chlorine isotopic fractionation during sublimation

The potassium and chlorine isotope results presented here are rela-
tive to their zero-time (ZT) experimental results (A*'Kzr and A¥Clyr,
respectively) and are summarized in Tables 1 and 2. Several duplicate
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correlation between Cl and K isotopic fractionations in (a).

experiments were performed to ensure the reproducibility of our
experimental results. The Cl and K isotopic fractionations of the dupli-
cate experiments were indistinguishable within the analytical errors
(Tables 1 and 2). The A%Clyy values of the NaCl sublimation residues
ranged from -0.19+0.39%0 to 3.78+0.27%c (Table 1). The A37CIZT
values of the KCI sublimation residues ranged from —0.16+0.15%o to
4.61+0.28%0, and their A*'Kz values varied from 0.00+0.08%o to 3.82
+0.09%o (Table 2). The chlorine isotopic fractionation was slightly
greater than the potassium isotopic fractionation in the same sublima-
tion residual sample.

The isotope fractionation correlated positively with the residual
mass fraction (Fig. 3). Except for the results from the experiments with
an initial weight of 2 g, the K and Cl isotope fractionation factors be-
tween gas and solid during sublimation can be described using the

Rayleigh distillation fractionation model:

8 — 80 = (1000 + &) x (F(”g"‘ 1) ) (14)
where &¢ is the isotopic composition of the sublimation residual relative
to its zero-time experimental result, & is the isotopic composition of the
corresponding zero-time experimental sample (defined as 0%o), dgassolid
is the isotopic fractionation factor, and F is the mass fraction of the re-
sidual after the experiment. The correlation between the chlorine iso-
topic fractionation and the residual mass fractions from all 1-bar
experiments yielded a constant isotopic fractionation factor (Fig. 3a).
However, the Cl isotopic fractionation factor changed with changes in
experimental pressure (Fig. 3b). During NaCl sublimation, the calcu-
lated 37/33Cl(agas sotia) was 0.9985:£0.0002 at 1 bar, 0.9958+0.0004 at

-11
E

—12r In(J,,;) = In(ky) — —
4—\ ( sub) ( 0) RT
” i
o e + . -1
g 13k E =235.44+5.2 kJ-mol
o
é I
~ 14+
=

15+

0.110 0.115 0.120 0.125

0.130

1000/RT(K™)

Fig. 5. Arrhenius equation for NaCl sublimation at 1 bar. The apparent activation energy is 235.445.2 kJ-mol !, which is between those of NaCl (220.8 kJ-mol 1)

and Na,Cl, (245.3 kJ-mol™!) (Lester and Somorjai, 1968).
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Fig. 6. Pressure effects on (a) the saturation index and (b) the Péclet number.

1072 bar, and 0.99807+0.00004 at 7x10™ bar. Similarly, during KCl
sublimation, the calculated *7/**Cl(agys sotia) Was 0.9988+0.0003 at 1
bar, 0.997240.0003 at 1072 bar, and 0.9989+0.0001 at 7x10™ bar. In
these KCl sublimation experiments, the calculated 41/ 39K(azgas,s(,nd) was
0.99884+0.00004 at 1 bar, 0.9977+0.0002 at 1072 bar, and 0.9989
4+0.0002 at 7x107> bar. The isotopic fractionation factors at 1072 bar
were higher than those at either 1 bar or 7x10~ bar for both NaCl and
KCl. The potassium and chlorine isotopic fractionation factors were the
same in the KCl sublimation experiments at 1 bar and at 7x107° bar,
whereas the 37/ 35Cl(agas,soﬁd) was slightly smaller than the 41739
(@gas-solid) at 1072 bar (Fig. 4b; Table 3).

5. Discussion
5.1. Speciation and kinetics of sublimation

Experiments have shown that the species of NaCl and KCl during
vaporization are mainly monomer and dimer with very few trimers (e.g.,
Rothberg et al., 1959; Milne and Klein, 1960; Lester and Somorjai, 1968;
Butman et al., 2000). The proportion of dimer increases with increasing
temperature, and the ratio of dimer to monomer may vary depending on
the properties of the evaporation surface (Butman et al., 2000). Different
stoichiometries of sodium chloride such as NaCls and NagCl have been
detected at high pressure (Zhang et al., 2013). However, these unex-
pected stoichiometries of sodium chloride are unstable at low pressure.
Therefore, only the monomeric and dimeric forms of NaCl and KCl have
been considered in this study.

The effect of temperature on the sublimation kinetics can be quan-
titatively described using the apparent activation energy in the Arrhe-
nius Equation:

Ty = koe i, a4
where kg is the pre-exponential factor and E, is the apparent activation
energy in kJ-mol~l. The apparent activation energy and the pre-
exponential factor of NaCl sublimation at 1 bar were determined to be
235.4+5.2 kJ-mol~! and 3.6x10° mol-m 2.5}, respectively (Fig. 5).
This apparent activation energy value is between those of the monomer
(220.8 kJ~mol’1) and the dimer (245.3 kJ-mol™ 1) during NaCl evapo-
ration (Lester and Somorjai, 1968), indicating that both species could
exist in the vapor during sublimation.

The sublimation rates of NaCl at 974 K and KCl at 945 K increase
substantially with decreasing pressure (Fig. 2), indicating a decrease of
the saturation index of NaCl and KCl according to Eq. (2). The partial
pressure of the evaporating species was not measured to obtain the
saturation index during evaporation in the literature (e.g., Richter et al.,
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2011; Gonfiantini et al., 2018; Sossi et al., 2020; Neuman et al., 2022).
On the other hand, the saturation index can be calculated using Eq. (3)
with the free evaporation rate Jy; determined at each temperature
(Ewing and Stern, 1974). The sublimation rates of NaCl and KCl in all
our experiments were >25 times lower than those in the free evapora-
tion experiments at high vacuum (<10'9 bar) (Ewing and Stern, 1974).
The value of S decreased from 99.9984 % to 95.5833 % with decreasing
pressure (Table 3; Fig. 6a), consistent with the concept that chemical
diffusivity in the gas media increases with decreasing pressure (diffu-
sivity itself is proportional to 1/P; Chapman and Cowling, 1970).
Equation (4) indicates that the sublimation rate is affected by the
mass transfer coefficient h. The mass transfer coefficient depends on the
transport conditions of gas (Jacobson et al., 2020). Our experimental
conditions can be simplified as chloride sublimation from a flat plate to
the flowing gas or static gas media. The Péclet number Pe (Table 3;
Fig. 6b) is used to evaluate the relative importance between convection
and chemical diffusion in gas transport and is expressed as follows:

UL

Pe = X
D; gus

(15)

where U is the media gas (N5 in the present study) velocity in m-s %, L is
the characteristic length in m (0.5 m, half the length of the furnace tube
in the present study), and D; go is the chemical diffusivity of the subli-
mated species i in m2.s1.

This chemical diffusivity can be calculated using the Chapman-
Enskog relation (Chapman and Cowling, 1970). The large gas diffu-
sivity and extremely low flow rate in the experiments performed at
pressures < 1 bar result in Pe values of nearly zero (Table 3; Fig. 6b). The
aerodynamic conditions in these experiments were similar to those of
static gas, in which diffusion in gas is dominant in mass transfer: that is
to say, mass transfer coefficient h equals D;g5/L in Eq. (9). By contrast,
Pe in the 1-bar experiments is slightly>1, indicating that convection and
advection play an important role in mass transfer. It is difficult to
determine the mass transfer coefficient in these 1-bar experiments.

5.2. Mechanism of Cl isotope fractionation during NaCl sublimation

The isotopic fractionation between gas and solid during sublimation
is controlled by the equilibrium isotope fractionation and the kinetic
isotope fractionation. The latter results from sublimation at the interface
and transport in the gas and the solid. Equilibrium isotopic fractionation
is negligible at high temperatures. Density Functional Theory (DFT)
calculations have shown that the equilibrium isotopic fractionation
factor between gaseous NaCl and crystalline NaCl at 923 K is >0.999968
(Balan et al., 2019). Therefore, in this study, the kinetic isotope
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fractionation effect was much more important than equilibrium isotopic
fractionation during NaCl sublimation as shown in Eq. (7). The relative
contributions of sublimation at the interface and diffusion in the gas to
isotopic fractionation are determined by the saturation index S. The
values of S can be obtained by comparing the evaporation rates in our
experiments and in vacuum using Eq. (3) (see Section 5.1). The values of
S were >95% in all our experiments (Table 3). In the evaporation ex-
periments with the S values close to 1 (Fig. 6a), the contribution of ki-
netic isotope fractionation at the sublimation interface to the observed
isotope fractionation was very small as shown in Eq. (7). On the other
hand, the influence of the diffusive isotope fractionation in the solid
depends on the timescale difference between diffusion in the solid and
sublimation of the solid. In the present study, we focused on the influ-
ence of mass transfer processes in the gas and in the solid on isotopic
fractionation.

5.2.1. Aerodynamic influence on isotopic fractionation in the gas phase

Previous studies have measured diffusive isotopic fractionation in
gas through evaporation experiments at 1 bar, including H and O iso-
topes in water (e.g., Craig et al., 1963; Stewart, 1975; Merlivat, 1978;
Cappa, 2003; Luz et al., 2009; Gonfiantini et al., 2018), and K, Zn, Cu, Tl,
and Cr in silicate melts (Yu et al., 2003; Richter et al., 2011; Sossi et al.,
2020; Nielsen et al., 2021; Klemme et al., 2022; Neuman et al., 2022). In
general, diffusive isotopic fractionation factors deviated from theoret-
ical values obtained using Eq. (11). In other words, the turbulence factor
n in Eq. (10) is much less than unity and is controlled by the aero-
dynamic conditions above the evaporation interface, including the flow
rate, the thermal gradient above the evaporation interface, and the
roughness of the interface (Horita et al., 2008; Gonfiantini et al., 2018).
The turbulence factor approaches one when convection and advection
are not responsible for mass transfer in the gas. Water evaporation ex-
periments showed that most turbulence factors are < 0.5 in flow stream,
and that turbulence factors range from 0.7 to 1 in relatively static gas
(Gonfiantini et al., 2018). Aerodynamic effects on the turbulence factor
at high temperatures have been discussed rarely. Sossi et al. (2020)
proposed the n value to be 2/3 in laminar regime on the basis of the mass
transfer coefficient being proportional to the Di,gasz/ 3 based on the
Chilton-Colburn analogy. This n value could explain the observed Cu,
Zn, K, Tl, and Cr isotope fractionation factors in 1-bar evaporation ex-
periments from different studies (Yu et al., 2003; Richter et al., 2011;
Sossi et al., 2020; Nielsen et al., 2021; Klemme et al., 2022; Neuman
et al., 2022).

The aerodynamics in our experiments could not be directly
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measured. However, the relative contribution of chemical diffusion in
gas mass transfer could be assessed using the Pe number (Table 3;
Fig. 6b). The Pe values were close to 0 in the <1-bar experiments; thus,
the turbulence factor n in these experiments can be assumed to be 1.
Moreover, the gas flowing in 1-bar experiments with Pe >1 can
contribute to the mass transfer via advection, and thus n is <1. This
hypothesis is consistent with the observation of greater Cl isotope
fractionation in NaCl sublimation in experiments performed at 1072 bar
than those performed at 1 bar, i.e., the fractionation factor is closer to 1
when n deviates from unity as shown in Eq. (10). The 87/ 35Cl(ozgas,sohd)
value (0.9958-0.0004) measured during NaCl sublimation at 102 baris
between the theoretical 37/ 35Cl(agas,solid) values of NaCl monomer
(0.9946) and NaCl dimer (0.9984) in Ny determined using Eq. (11)
(Fig. 7a), implying that n is equal or close to 1 under the 1072 bar con-
ditions. By contrast, the 37/ 35Cl(agas,solid) value (0.9985+0.0002)
measured in the 1-bar experiments is greater than the theoretical value
of NaCl dimer. Thermodynamic calculations at temperatures of ~923 K
to 1061 K (Chase 1998) indicate that the dimer could not be the
dominant species under the experimental conditions in this study,
implying that n is <1 under the 1-bar conditions.

The proportion of dimer in the sublimated gas was determined using
the mixing proportion of the two gas species in the measured apparent
isotopic fractionation factor at 1072 bar (see Supplementary Materials
Section S1). In the present study, the dimer molar ratio for NaCl was
estimated to be 20# % at 974 K. This molar ratio is within the reported
dimer ratio range of 12-40 % reported by various authors who used
mass spectrometry or gravimetric methods (Miller and Kusch, 1956;
Berkowitz and Chupka, 1958; Rothberg et al., 1959; Lester and
Somorjai, 1968; Wagoner and Hirth, 1977; Kvande et al., 1979; Butman
et al,, 2000) and the thermodynamic calculation (28%, see Supple-
mentary Materials Section S1; Chase 1998). The dimer ratio could be
affected by difference of the evaporation coefficient I'; for these two
species as shown in Eq. (1). The evaporation coefficient is typically less
than unity during the sublimation of solid (e.g., Hashimoto, 1990; Davis
et al. 1990, Richter et al. 2002), but cannot be determined in our ex-
periments. On the other hand, the dimer ratios measured in the previous
studies have included effect of evaporation coefficient difference be-
tween monomer and dimer (Miller and Kusch, 1956; Berkowitz and
Chupka, 1958; Rothberg et al., 1959; Lester and Somorjai, 1968; Butman
et al., 2000). The dimer ratios determined in our experiments include
the effect of evaporation coefficient. Nevertheless, dimer ratios deter-
mined in our experiments are in line with the published data despite
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Fig. 8. Isotopic fractionation factor as a function of monomer ratio of NaCl and KCl at (a) 1072 bar and (b) 1 bar. The yellow area and the green area in (a) represent
the monomer ratio ranges of NaCl and KCl from literature data (Miller and Kusch, 1956; Berkowitz and Chupka, 1958; Rothberg et al., 1959; Lester and Somorjai,
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(agas-solid) as a function of monomer ratio. The dashed lines and associated areas in (b) are the theoretical curves of the isotopic fractionation factor with turbulence

factor n = 0.4+0.1.

pressure differences (Fig. 8a), confirming that n is close to 1 and that
chemical diffusion is dominant in mass transfer at 1072 bar.

The dimer ratio of NaCl and the apparent isotope fractionation factor
were used to estimate the turbulence factor at 1 bar. This estimation
yielded values for n ranging from 0.3 to 0.5 with the best value being 0.4
(Fig. 8b). This best value is comparable to those determined in water
evaporation experiments in flow stream (Craig et al., 1963; Cappa,
2003; Gonfiantini et al., 2018), but it differs from the n value of 2/3
obtained in silicate evaporation experiments (Sossi et al., 2020). This
difference may have been caused by variable aerodynamic conditions in
the evaporation experiments (e.g., sample shape, furnace tube size, gas
flow rate, pressure, thermal gradient). Above all, aerodynamics likely
plays a key role in isotopic fractionation in gas.

5.2.2. Diffusion-limited evaporation of solid

The NaCl evaporation experiments reveal that the Cl isotopic frac-
tionation factor between gas and solid at 7 x 107> bar is much lower than
that at 1072 bar. The smaller Pe numbers at 7x10™> bar compared to
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those at 1072 bar and 1 bar (Table 3; Fig. 6b) indicate that diffusion is
much more critical than convection for mass transfer in the gas at
7x107° bar. In contrast to the experiments performed at 1 bar, con-
vection in the gas could not result in the smaller isotopic fractionations
observed at 7x107° bar. Furthermore, the relatively smaller S value of
96% at 7x107° bar (Table 3) should have led to larger isotopic frac-
tionation if the solid phase was isotopically homogeneous. Therefore,
the solid phase at 7x107° bar may not have been isotopically homoge-
neous during sublimation. Analogously, the Cl isotopic fractionation in
evaporation experiments with an initial weight of 2 g may have differed
from the Cl isotopic fractionation in experiments with lower initial
weights (Fig. 3b). The isotopic fractionation in the evaporation experi-
ments with lower initial weights followed the Rayleigh distillation
model. The suppression of Cl isotopic fractionation in the 7x10™>-bar
experiments may have resulted from the diffusion-limited sublimation
of solid.

Isotope fractionation during diffusion-limited evaporation, in which
the sublimation rate is much larger than the isotope homogenization
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Fig. 9. (a) Correlation between W (ratio of the diffusion and the sublimation timescales) and pressure. The gray and yellow bars represent the W range for ex-
periments at 7x107> and 1072 bar determined numerically using Eq. (S10), respectively. The solid triangles and circles represent the W for experiments at 1 bar
calculated using Eq. (S8). The sublimating solid in experiments at 1 bar and 107 bar, in which W < 1, was homogenous, whereas the isotopic fractionation in
experiments at 7x 107> bar, in which W=7+2, was affected by diffusion in the solid. (b) Correlation between the isotopic fractionation factors of Cl and K during NaCl
and KCl sublimation and pressure. The yellow bands represent the theoretical diffusive isotopic fractionation factors of gas-phase NaCl and KCI. The agas so1id Values at
1 bar were influenced by gas convection in the experiments with n=0.4+0.1. Diffusion-limited sublimation of solid led to the agas soliq at 7x 107° bar being larger than
that at 102 bar.
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Fig. 10. Contribution of KCI degassing to K isotopic fractionation in (a) mare basalt with A3’Cl of 15%s, (b) urKREEP with A%”Cl of 25%. (Boyce et al., 2018) and
isotopic fractionation factor of 0.983 for NaCl and 0.987 for KC, and (c) urKREEP with A%”Cl of 25%o (Boyce et al., 2018) and Na/K of 0.875 (Warren, 1989). The
arrows in (b) and (c) represent the 4'K enrichment (A*'K >0.58%o) in urKREEP relative to mare basalt. The rectangle labeled as mare basalt represent the initial Na/K
and Cl/K ratios in lunar melt, i.e., ratios in olivine-hosted melt inclusion (Ni et al., 2019). The rectangle and dashed line labeled as urKREEP represent the initial Na/K
and CI/K ratios and Cl isotopic fractionation factor in urKREEP (Warren, 1989; Boyce et al., 2018). The dashed line labeled as Earth represent the terrestrial Cl/K

ratio (McDonough and Sun, 1995).

rate in the solid or the melt, has been experimentally investigated
(Young et al., 1998; Wang et al., 1999; Richter et al., 2002; Sossi et al.,
2020; Zhang et al., 2021). Typically, diffusion is the major homogeni-
zation process in solids. The ratio of the diffusion and the sublimation
timescales W can be used to assess the relative contributions of each
process (Wang et al., 1999; Richter, 2004):

Tdj
W = it

) (16)
Tsub

where 745 is the diffusion timescale, and 7y is the sublimation timescale
(see Supplementary Materials Section S2). The sublimating solid is ho-
mogeneous when W < 1 and has an isotopic gradient when W > 1 (Wang
et al., 1999; Richter, 2004; Zhang et al., 2021).

A moving boundary 1-dimensional (1D) diffusion model (Wang
et al., 1999) was used to numerically calculate the isotopic fractionation
during sublimation (see Supplementary Materials Section S2). The nu-
merical fits of the isotopic fractionation data suggest that in the subli-
mation experiments at 7x107 bar, W = 742, whereas in the 107 bar
experiments, W ranged from 0 to 0.5 (Fig. S1). These calculations
indicate that the sublimation rate was much higher than the diffusion
rate in the solid at 7x10™ bar (Fig. 9a). The relatively small fraction-
ation in the experiments at 7x107° bar likely reflects diffusion-limited
evaporation of the solid. Notably, the experimental samples with
initial masses of 2 g were all sintered. This sintering may have affected
the isotopic fractionation, resulting in the inability to quantitatively
model the data for these samples (Fig. 3b). Overall, the isotopic frac-
tionation in the diffusion-limited regime was likely significantly
suppressed.

5.3. Mechanism of Cl and K isotope fractionation during KCl sublimation

The DFT calculations revealed that the a.q of Cl between KCI gas and
solid is very close to 1 (0.999989 at T=945 K; Balan et al., 2019). The
similar bonding environment of K and Cl in the KCl gas and solid phases
suggests that the a.; of K can be assumed to be 1 at T>945 K in the
present study. Therefore, similar to NaCl, the kinetic isotopic fraction-
ation effect of KCl was much larger than its equilibrium isotopic frac-
tionation effect as shown in Eq. (7). The saturation index S of KCl was
nearly the same as that of NaCl during sublimation (Table 3; Fig. 6a),
indicating that the kinetic effect on the isotopic fractionation of KCI at
the sublimation interface was very small. Similar to NaCl, the overall
isotopic fractionation of KCl was controlled by mass transfer processes in
both the gas and the solid.

The sublimation kinetics of KCl were similar to those of NaCl at each
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pressure (Fig. 6). As a result, the values of 87/ 35C1(agas_solid) and 1/3°k
(agas—solid) were similar to those obtained from the NaCl sublimation
experiments (Fig. 7). The dimer ratio of sublimated KCI gas in our ex-
periments was 26 % at 945 K, close to 28% from our thermodynamic
calculation (see Supplementary Materials Section S1; Chase 1988) and
within the literature dimer ratio range of 14% to 27% (Miller and Kusch,
1956; Berkowitz and Chupka, 1958; Rothberg et al., 1959; Butman et al.,
2000). Similarly, the value of n obtained in our KCl sublimation exper-
iments at 1072 bar was ~ 1, and that at 1 bar was 0.4+0.1 (Fig. 8b),
similar to the values obtained for NaCl. This similarity indicates that the
sublimated KCI and NaCl gases experienced similar aerodynamic con-
ditions. The timescale ratio between sublimation and diffusion in the
solid during KCI sublimation was determined the same as that in NaCl
(see Section 5.2.2). Similar to NaCl, the large W value of 7+2 during KCl
sublimation indicates that diffusion in the solid suppressed isotopic
fractionation at 7x10~ bar (Fig. 9a).

The kinetic theory of gases predicts identical isotopic fractionation
factors for K and Cl (Chapman and Cowling, 1970), but our experimental
results have shown a correlation of potassium and chlorine isotopic
fractionation with a slope of 0.824+0.06 (Fig. 4a). Similar deviations
from theoretical predictions have been observed in the relationship
between H and O isotopes during water vapor diffusion (Merlivat, 1978;
Barkan and Luz, 2007; Luz et al., 2009). This deviation could be caused
by thermal diffusion in the furnace, the effect of molecular collision
diameters, and/or a flaw in the hard-sphere assumption in the kinetic
theory of gases (Merlivat, 1978; Luz et al., 2009). Nevertheless, this
minor systematic deviation in K and Cl isotopic fractionation does not
affect our interpretation of the NaCl and KCl sublimation experiments.

In summary, pressure plays an important role in K and Cl isotopic
fractionations, affecting convection in the gas phase and diffusion in the
solid phase during sublimation of NaCl and KCI (Fig. 9b). Convection
and advection with a turbulence factor n of ~0.4 suppressed isotopic
fractionation in the experiments performed at 1 bar. Chemical diffusion
of sublimated gas was dominated by mass transfer in the sublimation
experiments performed at <1 bar. The extremely fast sublimation of
solid at 7x10™ bar led to diffusion-limited evaporation and isotope
fractionation, and thus a deviation from ’ideal’ kinetic isotope frac-
tionation towards an effective o value closer to 1. It is reasonable to
expect that the isotope fractionation factors of metals resulting from the
evaporation of metal chlorides (e.g., FeCly and ZnCly) could be similar to
those of Cl.
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5.4. Contribution of KCl degassing to K isotopic fractionation on the
Moon

The sublimation experiments showed that KCl gas had similar iso-
topic fractionation factors for K and Cl. Chlorine isotopic fractionation
can be used to evaluate the contribution of degassed KCl to K isotopic
fractionation. This calculation requires mass fractions of all Cl-bearing
species that result in Cl isotopic fractionation. Only NaCl and KCl
were considered in these calculations. The mass fractions of NaCl and
KCl in vapor were calculated using thermodynamic data with different
Na/K molar fraction (Table S1) as the initial composition in the melt (see
Supplementary Materials Section S3). Different Cl/K molar ratio
(Table S1) was used as the initial ratio in the melt to evaluate the K loss
during KCl degassing. Chlorine is a trace element in lunar silicate melt
and thus the activities of NaCl and KCl (anac) and akcy) in the melt is «1.
Therefore, the Py,,ci, /Pnaci is close to zero using Egs. (S6) and (7) (see
Supplementary Materials Section S1). Only monomer was considered in
all the following calculations. Free evaporation was firstly considered in
the calculations to evaluate contribution of KCl degassing to K isotopic
fractionation, with an isotopic fractionation factor of 0.9832 for NaCl
and 0.9871 for KCI.

The largest isotopic fractionation (A%Cl) detected in different
apatite grains within one lava sample is 15%o from lunar samples
(Tartese et al., 2014; Treiman et al., 2014; Boyce et al., 2015; Barnes
etal., 2016; Barnes et al., 2019; Ji et al., 2022), which are believed to be
related to localized effects (Gargano et al., 2020). Using the chemical
compositions of olivine-hosted melt inclusion in mare basalt, the melt
CI/K ratios range from 0.0035 to 0.015, and the Na/K ratios vary from
1.8to11.2 (Ni et al., 2019). These ranges of Cl/K and Na/K were used as
the initial melt compositions in our calculations. The K isotopic frac-
tionation induced by KCI vaporization from melts with 15%o fraction-
ation of Cl, expressed in A*'K, is <0.1%o (Fig. 10a). This small isotopic
fractionation indicates that KCl degassing cannot significantly increase
5*'K in the melt during lava flow. We note that a transient atmosphere
induced by magma degassing might have existed on the Moon (Need-
ham and Kring, 2017; Hui et al., 2018; van Kooten et al., 2020). This
atmosphere could lead to isotopic fractionation factors closer to unity
for KCl and could even lower this estimation of the contribution to K
isotope fractionation. Nevertheless, the small K isotope fractionation
resulting from KCl evaporation estimated in this study is consistent with
the limited variations in 8*'K (~0.0740.09%0) that have thus far been
reported for mare basalts (Tian et al., 2020).

Both K and Cl are incompatible and moderately volatile elements
(Lodders., 2003), both of which were concentrated in urKREEP and may
have undergone similar degassing during LMO solidification. The Cl
isotopic composition of urKREEP is proposed to be 25%o heavier than
that of lunar mantle (Boyce et al., 2015; Barnes et al., 2016; Boyce et al.,
2018). The §*'K values of KREEP-bearing breccias are up to 0.51%o (Tian
et al., 2020). The fractionation of K isotopes between KREEP-bearing
breccia and lunar basalt suggests that the K isotopic composition of
urKREEP could be >0.58%o heavier than that of lunar mantle. The Na/K
of 0.9 and the CI/K of 0.0031 ~ 0.0213 calculated for urKREEP
(Table S1; Warren, 1989; Boyce et al., 2018) are assumed to be the initial
compositions of the degassing melt. The isotope calculations similar to
mare basalts show that KCI degassing can only introduce <0.2%o of K
isotope fractionation in urKREEP melt with 25%o Cl isotope fractionation
(Fig. 10b). By contrast, the Cl/K in undegassed (or less-degassed) urK-
REEP could be >0.0213. Assuming a higher initial ClI/K (e.g., 0.07 of
BSE; McDonough and Sun, 1995) in urKREEP melt, 5% loss of K and 83%
loss of Cl in this melt can lead to ~0.7%0 of K isotope fractionation
(Fig. 10b). This K isotope fractionation is close to the largest K isotope
composition in urKREEP, which is >0.58%o heavier than that in lunar
mantle. However, the assumption of free evaporation may overestimate
the K isotopic fractionation in urKREEP melt because the actual Cl iso-
topic fractionation factor may be close to 1. Indeed, degassing of KCI in
an urKREEP with 3/**Cl(agas_meit) of 0.996-0.997 (Boyce et al., 2018),
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Na/K of 0.875 (Warren, 1989), and Cl/K of 0.07 (McDonough and Sun,
1995) can only produce ~0.2%0 K isotopic fractionation (Fig. 10c).
Therefore, KCl degassing may not be the main contributor to the
elevated K isotope composition in urKREEP. The Cl content has been
believed to be lower than the K content in urKREEP (Table S1; Warren,
1989). Degassing of different K species is required to account for the
heavy K isotope composition in urKREEP (Neuman et al., 2022). KCl
may have been the main K-bearing species in the 270-bar steam atmo-
spheres of Earth during magma ocean solidification (Fegley et al., 2016).
However, degassing at such high pressure may be difficult to produce
substantial isotopic fractionation for both K and Cl. Thermodynamic
calculations have shown that K is more abundant than KCI at lower
pressure (Renggli et al., 2017; Sossi and Fegley, 2018). Furthermore, K
isotopic fractionation might be larger at lower pressure (Richter et al.,
2011). Therefore, degassing of K® may have been the main contributor
to K isotope fractionation on the Moon with low CI content. The isotope
fractionations of Cl and K may have been decoupled during magma
degassing on the Moon. However, KCl degassing of melt with elevated
Cl/K may have facilitated K isotopic fractionation on the planetary
bodies (Fig. 10).

5.5. Chlorine loss during lava flow on the Moon

The volatile coatings on lunar pyroclastic glass beads indicate that
metal chlorides could have been released during volcanic eruptions on
the Moon’s surface (Butler and Meyer, 1976; McKay and Wentworth,
1993; Ma and Liu, 2019). Furthermore, the large variation of A%ql
(5~15%o) in apatites from one mare basalt sample, which are also higher
than that of the whole rock, likely reflects local degassing of flowing
magma (Gargano et al., 2020). This chlorine loss during local degassing
can be evaluated using the Cl isotopic fractionation factor determined in
the present study. Assuming that lunar lava cooled in a 0.01-bar tran-
sient atmosphere consisting mainly of CO (Needham and Kring, 2017;
Hui et al., 2018; Head et al., 2020; van Kooten et al, 2020), the satu-
ration index of metal chlorides lost from the lava is close to unity using
Egs. (6) and (9). This estimation is based on the fact that the diffusion
characteristic length L in Eq. (9) of metal chloride from cooling lava on
the Moon is much larger than that in our evaporation experiments where
the saturation index was already close to 1. These assumptions imply
that the isotopic fractionation factors of Cl degassing as NaCl and KCl
from flowing lava in static CO gas at 0.01 bar on the Moon are 0.9946
and 0.9964 for NaCl and KCl, respectively, Using an isotopic fraction-
ation factor of 0.9946, >94% loss of Cl in the lava might account for
15%o A%7Cl variation in one sample. Convection in the transient atmo-
sphere could have increased the Cl isotopic fractionation factor to unity
and this would have required that more Cl degassed from the mare lava.
However, the saturation index S could become 0 if there was no atmo-
sphere on the Moon. The Cl isotopic fractionation factors are 0.9832
during NaCl sublimation and 0.9871 for KCl on the airless Moon. Under
these conditions, the variation of 15%c A%’Cl in lunar basalt would
require 58% to 68% of Cl degassing during lava flow.

5.6. Gas conditions for Cl isotope fractionation during the early stages of
the Moon

Both lunar formation and the LMO could have resulted in the global
Cl isotope fractionation shown in lunar samples. The whole-rock Cl
isotope compositions of mare basalts show a relatively restricted vari-
ation with an average of 4.1+4.0%o (Gargano et al., 2020). This average
composition is proposed to be the Cl isotope composition (4.1-+4.0%o) of
the bulk Moon, the fractionation of which could have resulted from the
giant impact (Gargano et al., 2020; Gargano et al., 2022). On the other
hand, it has been proposed that urKREEP has heavy Cl isotope compo-
sition (25%o), a product of evaporation of the LMO (Boyce et al., 2018).
Our experiments show that kinetic processes including diffusion in gas
and evaporation in unsaturated gas media could induce isotope
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Fig. 11. Contour plot of 37/ 35Cl(ozgas,meh) for (a) NaCl and (b) KCl with average molar mass of atmosphere and turbulence factor. Saturation index S = 1 in all
calculations. Black arrows (B18) represent the 377 35C1(agas,melt) range of the LMO (Boyce et al., 2018). White arrows (G20) represent the range of 37/ 35C1(agas,melt)
during the giant impact (Gargano et al., 2020). (c) Correlation between */3*Cl(agas me1r) and S with n = 0. Gray bar (B18) represents the *”/>>Cl(0tgas_melr) range of the
LMO (Boyce et al., 2018). Yellow bar (G20) represents the range of */3*Cl(ttgas merr) during the giant impact (Gargano et al., 2020).

fractionation. Therefore, isotope fractionation factors could be used to
evaluate the gas conditions in these two early stages of the Moon.

The bulk Moon A%’Cl (4.1+4.0%o), together with the Cl content
(0.39 ppm) of the Moon (Ni et al., 2019) and that (17 ppm) of the bulk
silicate earth (McDonough and Sun, 1995), suggest that the Cl isotopic
fractionation factor is 0.9989/ %! during the giant impact. This
isotope fractionation factor indicates that evaporation process could
have occurred during lunar formation. If this isotope fractionation was
controlled by diffusion of NaCl and KCl in gas, the mean molar mass of
this gas media was >10 g~mol_1 and n >0.2 (Fig. 11a, b). If this isotope
fractionation was controlled by evaporation of NaCl and KCl in unsat-
urated gas media, the S was <94% (Fig. 11c). These two scenarios
indicate that the gas media was either relatively static or not very thick
to produce such a large fractionation of Cl isotopes. These conditions are
not consistent with the gas environment during the giant impact (Lock
et al., 2018). Nevertheless, our experiments carried out at <1 bar may
not be applicable to the conditions of giant impact.

The Cl isotopic fractionation factor (0.996-0.997) of the LMO (Boyce
et al., 2018) is close to those determined for NaCl (0.9958) and KCl
(0.9972) at 1072 bar in the present study, as well as that determined for
HCI (0.996) at 1 bar (Sharp et al., 2010a). These similarities suggest that
a transient atmosphere may have existed above the LMO surface, in
which the evaporated Cl as a mixture of NaCl, KCI, and HCI with S close
to 1 was transported with n>0.5 (Fig. 11a). The calculations indicate
that the average molar mass of this atmosphere was >20 g-mol~!. This
molar mass is consistent with the molar mass of Na and SiO for the
proposed composition of a Na-rich silicate-vapor atmosphere above the
LMO (Visscher and Fegley, 2013; Saxena et al., 2017; Charnoz et al.,
2021). However, this estimation is different from the molar mass of
lunar atmosphere estimated using evaporation of Cu, Zn, Rb, and K
(Sossi et al., 2020). This difference may result from different model
settings. Furthermore, the turbulence factor n> 0.5 requires the atmo-
sphere above the LMO to have been relatively static.

The large heat gradient over the LMO could have induced vigorous
convection and prevented a chemical gradient in the atmosphere
(Thompson and Stevenson, 1988; Saxena et al., 2017), resulting in n=0
and aqn=1. In that case, no isotopic fractionation would have occurred
during LMO crystallization if the evaporation interface was near equi-
librium (Tang and Young, 2020). However, the tide pull from Earth
could have promoted the hydrodynamic escape of atmosphere above the
LMO and resulted in a decrease of the saturation index to <1 at the LMO
surface (Charnoz et al., 2021). Nevertheless, the large Cl isotopic frac-
tionation in KREEP requires that S <0.85 at the interface even with HCl
(the Cl-bearing species with the lowest mass) as the evaporation species
(Fig. 11c). This small S indicates that the atmosphere above the LMO
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may not have been very thick.
6. Conclusion

We performed NaCl and KCl sublimation experiments at three
different pressures and measured K and Cl isotope compositions in the
experimental residues. The 37/ 35C1(agas,sohd) values determined in our
NaCl experiments were 0.9985-:0.0002 at 1 bar, 0.99584-0.0004 at 1072
bar, and 0.99807+0.00004 at 7x107> bar. The */**K(agas sotia) and
35Cl(agas,sond) values determined in our KCl experiments were 0.99884

+0.00004 and 0.9988+0.0003 at 1 bar, 0.9977+0.0002 and 0.9972

4+0.0003 at 1072 bar, and 0.9989+0.0002 and 0.998940.0001 at 7x10™

bar, respectively. The Cl and K isotopic fractionations were greater at
1072 bar than those at 7x107° bar and at 1 bar for both NaCl and KCI.
The large saturation index (>95 %) for all of the experiments indicates
near equilibrium at the sublimation interface. The isotopic fraction-
ations at 1072 bar were controlled by the chemical diffusion of subli-
mated gas in mass transfer, yielding dimer ratios for NaCl and KCl of
2078 % and 267 %, respectively. Convection in gas mass transfer at 1
bar with a turbulence factor of 0.440.1 suppressed isotopic fraction-
ation. The sublimation rate was much larger than the homogenization
rate in the solid at 7x 107 bar, which suppressed isotopic fractionation.
KCl degassing contributed little to K isotopic fractionation using Cl/K
and Na/K in the lunar melt, indicating that K isotopic compositions in
lunar samples were likely unaffected by degassing of KCI. By contrast,
15%o of A%7Cl variation in the lunar basalt samples can be explained by
>58% of Cl degassed as metal chlorides during lava flow on the Moon.
our ¥/ 35C1(agas,me1t) results are close to the published isotopic frac-
tionation factor of Cl from the LMO (¢ =0.996~0.997; Boyce et al.,
2018), indicating that Cl might have fractionated in an atmosphere
above the LMO.
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