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Abstract—Stepwise crushing and combustion methods were applied to study the KREEP-rich lunar breccia
Dhofar 1442, the clastic material of which is cemented by porous matrix. The stepwise crushing released sig-
nificant amount of gases of extraterrestrial origin from gas voids. Argon, nitrogen, and carbon are simultane-
ously released by stepwise combustion at 1100°C. The simultaneous high-temperature degassing of these
gases, as well as the coincidence of C/N ratio and nitrogen and carbon contents in high-temperature com-
bustion steps with those of crushing indicate that the gas carriers are voids in high-temperature phases (in par-
ticular, minerals, glasses), which are decomposed/melted at these temperatures. Helium and neon are
released from the same positions at lower temperatures. The isotopic composition of neon obtained by step-
wise combustion and crushing corresponds to the composition of fractionated solar wind. The fraction of
argon in the first crushing steps is higher than that of any other of studied gases. The “’Ar/3°Ar in the trapped
lunar argon is ~18, which is not consistent with empirical model implying that “°Ar is implanted from lunar
atmosphere (McKay et al., 1986; Eugster et al., 2001; Joy et al., 2011). We believe that the entrapment of vol-
atile elements in gas voids of the meteorite Dhofar 1442 was caused by the redistribution of gases from one
structural sites into others during impact events that accompanied the cratering, in particular, leading to the
formation of the impact melt breccia Dhofar 1442. The trapped gases of the meteorite Dhofar 1442 contain
not only typical volatile components (solar, radiogenic, cosmogenic, re-implanted “°Ar) of lunar breccias,
but also nitrogen and carbon formed through the oxidation of organic matter of metamorphosed chondrites,
which are present in the breccia. With increasing number of strokes and, correspondingly, a degree of crush-
ing, the elemental ratios change. A slight decrease of *He/2’Ne ratio during crushing is likely related to the
different diffusion ability and permeability of helium relative to neon under temperature influence and/or to
the heterogeneous distribution of these gases in voids of different size. The *He/*°Ar, 2'Ne/*CAr, 1“N/3CAr,
and '2C/3Ar ratios increase by factors of 10—100 during crushing. This can be explained by the combination
of dynamically different processes leading to the argon fractionation relative to other gases and uneven redis-
tribution of gases from different positions in voids of different sizes during impact metamorphism.

Keywords: meteorites, lunar breccia, regolith, noble gases, nitrogen, carbon, stepwise crushing and combus-
tion
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INTRODUCTION

Meteorites that came on Earth from the Moon pro-
vide insight into natural processes in the Moon’s inte-
rior and the rock transformations in the surface layer
of their parent body. Isotopic compositions of volatile
elements serve as important tracers in deciphering the
conditions of formation of extraterrestrial matter and
the environment in which it evolved. We have recently
studied the isotopic composition and elemental ratios
of noble gases, nitrogen, and carbon in the lunar mete-
orite Dhofar 1436 using stepwise pyrolysis, combus-
tion and stepwise crushing applied to a lunar meteorite
for the first time (Korochantseva et al., 2021). Unlike
terrestrial rocks, the extraterrestrial material is rarely
analyzed by stepwise crushing technique, because

many types of meteorites are depleted in volatiles that
could be extracted from gas voids (gas inclusions and
vesicles, cosmogenic and radiogenic tracks, and other
defects in mineral structure, hereinafter referred to as
voids) by crushing. However, lunar breccias could
accumulate very high gas concentrations in micro-
voids during regolith processes, as is the case with the
meteorite Dhofar 1436 (Korochantseva et al., 2021),
in which isotopic-geochemical features of gas phase
trapped on the Moon during post-impact processes
were determined. The latter processes involve a
change of pressure and temperature, fracturing,
degassing, melting and evaporation, gas diffusion, for-
mation of high-pressure phases, thermal metamor-
phism caused by heating of the material, and others.
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Korochantseva et al., 2021 demonstrated that a com-
bination of applied methods is a promising tool for
studying highly volatile elements in the lunar material.
According to the preliminary results of “*Ar—*Ar dat-
ing of some lunar meteorites (Korochantseva et al.,
2016a), the KREEP-rich regolith breccia Dhofar 1442
with porous matrix (Weisberg et al., 2009; Korotev
et al., 2009; Demidova et al., 2014) has the elevated
concentrations of argon, and hence, represents a
promising object for further geochemical and isotopic
study of highly volatile elements and their compounds
behavior during transformation of lunar soil. For this
purpose, we carried out isotope studies of noble gases
(He, Ne, Ar), nitrogen and carbon released by step-
wise combustion and crushing methods from the lunar
meteorite Dhofar 1442 samples and report the
obtained results in this work.

METEORITE DESCRIPTION

The Iunar meteorite Dhofar 1442 was found in the
desert of the Dhofar province (Oman) in 2005 (Weis-
berg et al., 2009). Five stones were found within two
meters from each other. The samples lack fusion crust
and were only insignificantly weathered (Weisberg
et al., 2009).

The meteorite was classified as an impact melt
breccia (Weisberg et al., 2009) with some features
resembling regolith breccia (Demidova et al., 2012).
However, in some studies (Korotev et al., 2009; Zei-
gler et al., 2011) Dhofar 1442 is classified as the rego-
lith breccia based on the presence of glassy spherules
(Stoffler et al., 1980). In any case, this is one of the
KREE-richest lunar meteorites. The KREEP compo-
nent is characterized by the high contents of incom-
patible elements, which is associated with the presence
of phosphates, zircon, and K-feldspar. Dhofar 1442
contains both highland and mare material (Demidova
et al., 2012; Yang et al., 2019). Such lunar breccias
containing a mixture of anorthosites, basalts, and/or
KREEP material are ascribed to a group of “mixed”
lunar meteorites (Korotev et al., 2022a). According to
the classification (Korotev et al., 2022b), the meteorite
Dhofar 1442 falls in the group of “Th-rich (>3.5 ppm),
moderately mafic breccias”.

Dhofar 1442 contains numerous clasts of rocks
(0.02—8 mm), minerals, and glasses embedded in a
brownish glassy porous impact melt matrix (Weisberg
et al., 2009; Demidova et al., 2014). The matrix/clast
ratio varies from sample to sample; in some domains
(up to 0.5 mm), the clasts are practically absent (Weis-
berg et al., 2009; Demidova et al., 2014). The lithic
clasts include basalts, granophyres, impact melt brec-
cias, granulites, gabbros, olivine gabbro-norites, gab-
bro-norites, norites, agglutinates, and anorthosites
(Weisberg et al., 2009; Zeigler et al., 2011). The anor-
thosite clasts are common of highland breccias but are
practically absent in this meteorite (Korotev et al.,
2009). The most abundant lithic clasts are the KREEP-
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bearing norites and gabbro-norites (Demidova et al.,
2014). These authors noted that the meteorite Dho-
far 1442 also contains low-Ti basalts, felsic rocks, and
fragments of impact melt breccias. In the latter, the
lithic and mineral clasts (<30%) are chemically almost
identical to those of the groundmass, and are
cemented by impact melt matrix, which differs from
the meteorite matrix in color and texture. The mineral
fragments are mainly represented by pyroxene and
plagioclase, which show wider compositional varia-
tions than those in the studied lithic clasts. The less
abundant mineral fragments are ilmenite, olivine, sil-
ica phases, K-feldspar, apatite, merrilite, spinel-group
minerals, and spinel-ilmenite intergrowths with fine
lamellar or wedge-shaped rutile. Troilite, Fe—Ni
metal, and unusual intergrowth of ilmenite, Cr—Zr—
Ca—B armalcolite, baddeleyite, rutile, and Al—Ti-
chromite occur in accessory amounts. Glass or cryp-
tocrystalline material is present in meteorite matrix or
as separate clasts (Demidova et al., 2014). Glasses in
the meteorite have felsic (clasts 10—500 pm in size),
feldspathic (fragments 30—120 um in size), and basal-
tic compositions. Based on the chemical composition
and appearance, the basaltic glasses are subdivided into
two types. The glass of the first type has (50—200 um in
size) angular or rounded shape and contains vesicles,
inclusions, and heterogeneities. The glasses of the sec-
ond type occur as matrix glass or large fragments (70—
300 wm), which are characterized by flow textures,
heterogeneities, and contain numerous inclusions and
vesicles. The wide diversity of lithic, mineral, and
glassy clasts indicates a well-expressed polymictic
composition of the breccia. Note that Dhofar 1442 has
a high content of siderophile elements, the composi-
tion of which is consistent with metal of H-chondrites
(Korotev, 2012). The detailed petrographic descrip-
tion of the rock can be found in the above-mentioned
works.

The high content of incompatible elements (e.g.,
K, Th, U, REEs, P) in the meteorite and characteristic
presence of the low-Ti basalts depleted in incompati-
ble elements suggest that the rock was formed at the
boundary of the highland rocks of Oceanus Procella-
rum (Procellarum KREEP Terrane) and mare basalts
(Zeigler et al., 2011; Yang et al., 2019).

The U-Pb dating of the meteorite Dhofar 1442
revealed two age zircon groups: old (~4.3 Ga) and
young (~3.9 Ga) (Zhou et al., 2012; Demidova et al.,
2014), whereas phosphates have ages between ~3.2
and ~4.3 Ga with the main peak at ca. 3.8 Ga (Zhou
et al., 2015). The correlation of petrographic composi-
tion of meteorite with zircon ages indicates that the
KREEP magmatism in the source area of the meteor-
ite Dhofar 1442 varied from mainly felsic to KREEP
gabbro-norite within a period from 4.3 to 3.9 Ga,
while the breccia was formed <3.8 Ga (Demidova
et al., 2014).
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EXPERIMENTAL TECHNIQUES

Since lunar breccias usually have a polymictic
composition, it is reasonable to analyze separate
clasts. However, this is frequently hampered by a lim-
ited amount of lunar meteorites and/or absence of
technical facilities for local in situ analysis. At the
same time, our previous works on the meteorites Dho-
far 280 and Dhofar 1436 (Korochantseva et al., 2016b,
2021) showed that important geochronological and
geochemical information can be also obtained for bulk
samples of impact melt lunar breccias. This study was
performed for a small bulk sample of the meteorite
Dhofar 1442, which was divided into two roughly
equal samples for analysis by stepwise combustion and
crushing. The isotopic composition of noble gases,
nitrogen and carbon in the bulk samples of the mete-
orite Dhofar 1442 was analyzed on the Finesse highly
sensitive mass spectrometric complex (a single gas
extraction and purification system coupled with three
mass spectrometers operating in static mode) at the
Open University (Milton Keynes, England; Wright
et al., 1988; Wright and Pillinger, 1989; Verchovsky
et al., 1998; Verchovsky, 2017).

One sample (7.25 mg) wrapped in a high-purity plat-
inum foil was heated in an oxygen atmosphere in a dou-
ble-walled quartz furnace within the temperature range
from 200 to 1400°C with a step of 100°C (13 steps). The
sample was hold at the temperature at each step for
30 min. After that, oxygen was sorbed back onto CuO
before the gases released from the sample were sent to
the separation and purification system. The second
sample (7.50 mg) was studied by stepwise crushing
with a cumulative number of strokes of 10300.

He and Ne were analyzed on a quadrupole mass
spectrometer, while N, and Ar on a magnetic sector
mass spectrometer. The carbon isotopic composition
was measured on a separate magnetic sector mass
spectrometer. The carbon (CO,) amounts in the com-
bustion and crushing steps were similar, but carbon
isotopic composition could be measured in the sample
during stepwise combustion only.

The purification procedure for gases released by
stepwise crushing and combustion was identical to that
described in (Korochantseva et al., 2020). The amount
of the released carbon was measured from the CO, pres-
sure using a MKS Baratron™ capacitance pressure
gauge. Nitrogen and argon concentrations were ana-
lyzed by the peak height method using calibration with
a known content of standard gases. The whole process
of analysis on a Finesse complex is fully automated.

To reduce the contribution of doubly ionized

masses (CO;" and “Ar**) to 22Ne and ?*Ne, a low ion-
ization voltage (~40 V) was used in the ion source of
the quadrupole mass spectrometer. During the neon
isotopic analysis, the static vacuum regime in mass-
spectrometer camera was maintained with a Ti—Al
getter.
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The isotopic ratios are expressed in delta notation
relative to standards (Vienna Peedee Belemnite
(VPDB) for C and Earth’s atmosphere (AIR) for N.
The system blanks for stepwise combustion were
determined before each sample measurement by ana-
lyzing empty clean platinum foil at the same tempera-
tures as the sample. The blank values for stepwise
combustion were ~2—6 ng for C, ~0.6 ng for N, ~2 x
107 cm? for *He, 0.3—7.5 x 1071 cm? for 2Ne, ~3 X
102 cm? for “°Ar, and ~0.7 x 10~ cm? for *Ar. The
temperature dependence was observed only for C and
Ne. The system blank during stepwise crushing was
controlled several times: before crushing, after a step
corresponding to over 1000 cumulative strokes on the
sample, and at the end of the last crushing step by iso-
lating the crushing system from vacuum pump for the
time corresponding to the crushing duration at each
step. The blank values at stepwise crushing were
~0.5 ng for C, ~0.25 ng for N, 1.8—2.5 x 10~% cm? for
“He, ~1 x 1071 ¢cm? for ®Ne, ~3 x 10~? cm? for “Ar,
and ~1.3 x 10~ cm? for 3*Ar. The dependence on the
counting time was observed only for He.

The errors in the absolute gas concentrations are 5—
10%, and those for noble gas elemental ratios are 5%.

RESULTS AND DISCUSSION

The results of the analyses of the light noble gases,
carbon, and nitrogen obtained by the methods of step-
wise combustion and crushing of the studied samples
are given in Tables 1 and 2.

Kinetics of Gas Release

The majority of noble gases was released at tem-
peratures above 600—700°C during stepwise combus-
tion (Fig. 1a). This indicates that the amount of gases
sorbed from the Earth’s atmosphere is relatively low,
i.e., gases are mainly of extraterrestrial origin. Helium
is released slightly earlier and/or simultaneously with
neon at 800—900°C, while the main peak of argon
release is observed at temperature of 1100°C (Fig. 1b).
The high-temperature (>1100°C) release of argon is also
typical for the lunar impact melt breccias Dhofar 280
and Dhofar 1436 (Korochantseva et al., 2016b, 2021)
and other types of impact metamorphosed meteorites
(e.g., Kunz et al., 1997; Trieloff et al., 1994, 2018),
which is likely related to a change of diffusion charac-
teristics of argon in the mineral structures and K-bear-
ing phases under influence of impact metamorphism.
This can be exemplified by an increase of feldspar den-
sity at impact compression (Ahrens et al., 1969),
which results in an increase of the activation energy of
gas releases. Another example (Trieloff et al., 2018) is
the formation of high-pressure jadeite after feldspar.
As a result, the K—Ar system becomes more resistant
to the thermal events. For comparison, argon degas-
sing from K-bearing phases of meteorites that have not
Vol. 60
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Fig. 1. Release kinetics of noble gases (a), nitrogen and carbon (b) during stepwise combustion of the bulk sample of the meteorite

Dhofar 1442.

experienced a significant impact metamorphism occurs
at temperature <1000°C (see Trieloff et al., 2003;
2018). Unlike noble gases, most of nitrogen and car-
bon are released at low temperatures, that is related to
oxidation of organics, degassing of adsorbed atmo-
spheric gases, and decomposition of carbonates
formed through weathering when meteorite resided in
desert after fall. It is noteworthy that the high-tem-
perature nitrogen peak and the main peak of argon are
released at the same temperature (1100°C), and a
small peak of carbon release is also observed at this
temperature. Similar pattern was observed also for the
lunar meteorite Dhofar 1436: the high-temperature
release of argon (1200—1300°C), in which the trapped

GEOCHEMISTRY INTERNATIONAL  Vol. 60  No. 12

lunar components are dominated, coincides with the
peak of isotopically light nitrogen (6°N = —79%o0)
which is mainly represented by nitrogen of solar ori-
gin, and with a small carbon peak (Korochantseva
et al., 2021). A simultaneous degassing of these com-
ponents was explained by the release of gases redistrib-
uted in the voids of different phases (minerals, glasses)
after impact events. Note, this is related to melting of
host phases rather than to decrepitation, as judged from
the simultaneous release of argon isotopes formed on K
and Ca in the rapid neutron flux at Ar—Ar dating.
These argon isotopes are released from structure of
K- and Ca-bearing phases (Korochantseva et al., 2021).

2022
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Fig. 2. Release patterns of volatile elements determined as the amount of gas (in %) released per a stroke during crushing of the

lunar breccia sample Dhofar 1442.

A simultaneous release of °Ar, “°Ar, and N is also
observed in the lunar regolith samples returned by Luna
missions 16 and 24 (Assonov et al., 2002). Authors of
the cited work supposed that the source of trapped “°Ar
is re-implanted “°Ar from lunar atmosphere. The latter
is implanted in regolith grain with much lower energy
(1-2 keV) than solar *Ar (30—36 keV) (Baur et al.,
1972; Heymann and Kirsten, 1973; Manka and
Michel, 1970), which should lead to a different
implantation depth of these isotopes and different
temperatures of their degassing. Based on these con-
siderations Assonov et al. (2002) explained the simul-
taneous release of “*Ar and *°Ar by their redistribution
and homogenization during reworking of regolith
material, which is in line with the interpretation pro-
posed above. However, it should be taken into account
that re-implanted “°Ar is not a single source of the
trapped “°Ar in lunar rocks. This was discussed in
1970s (Heymann et al., 1970; Manka and Michel,
1971; Baur et al., 1972) and described in detail later in
(Korochantseva et al., 2021). Thus, as has been stated
in the latter paper, not only re-implanted *°Ar but all
other Ar components accumulated in these soils could
be involved in gas mobilization and redistribution.

Figure 2 demonstrates the release patterns of vola-
tile elements (in %) normalised to the number of
stroke. The release of all gases systematically (exept for
helium, neon, and carbon) decreases with crushing
(Fig. 2), that is typical for this kind of extraction (e.g.,
Korochantseva et al., 2018; Korochantseva et al.,
2020). It is noteworthy that at the initial steps, when
gases are released from the positions easyly accessible
for crushing (mechanically instable phases and/or rela-
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tively large voids), the fraction of argon release is higher
than those for other gases. In the following steps, the
amount of the released argon relatively rapidly
decreases with the number of strokes (argon line inter-
sects all other lines in Fig. 2), while helium and neon
release curves practically coincide with each other.

Content and Isotopic Composition of Noble Gases

Stepwise combustion and crushing yielded 3357.8
and 279.4 of *He; 46.8 and 10.9 of ?°Ne; 41.5 and 11.9
of ¥Ar (x107° cm?® STP/g), respectively. Crushing
yielded 8, 23 and 29% of the total concentrations
(obtained by stepped combustion) of *He, **Ne and
AT, respectively. Note, however, that the percentages
are not particularly precise since they were obtained
for different sample aliquots of the polymictic breccia
for which a certain heterogeneity is expected. It is cor-
rectly to calculate the percentages using gas concen-
trations in the powder remained after crushing that are
not known for the Dhofar 1442 sample. For compari-
son, in the impact melt breccia Dhofar 1436 76—98%
of their total “He, 2°Ne and 3°Ar are released during
crushing (Korochantseva et al., 2021), though the gas
concentrations in voids of the meteorite Dhofar 1442
are comparable with those of Dhofar 1436. However,
the KREEP-rich meteorite Dhofar 1442 has much
higher total “He concentrations, which can be related to
the elevated Th and U concentrations in it. Obviously,
practically all gases in Dhofar 1436 are located in the
voids, that seems to be not the case for Dhofar 1442.

On the three-isotope neon diagram the data points
are arranged along solar wind fractionation line (Fig. 3).
The contribution of the cosmogenic component in the
Vol. 60
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polymictic breccia Dhofar 1442 is lower than in the
Dhofar 1436 enriched in solar wind gases.

The variations of the “°Ar/3°Ar ratio in the sample
studied by stepwise crushing are relatively narrow
compared to those in sample studied by stepwise com-
bustion (Fig. 4; Tables 1, 2). This ratio varies within
17—19 in the first seven crushing steps, when most part
of Ar is released, and increases to 22—23 in the last
three steps. In the combustion experiment, the first
steps have “°Ar/3°Ar ~ 300, which indicates a contam-
ination by atmospheric argon. In the following steps,
the “°Ar/*Ar ratio gradually decreases and reaches
minimum values of 14—22 at 900—1100°C, which cor-
respond to the main peak of argon release (at maximum,
the “°Ar/*Ar ratio reaches the lowest value of 14). These
values almost coincide with those during crushing.
Hence, the lunar argon with “Ar/*Ar ~ 18 was
trapped in the voids of the high-temperature phases.
Such conclusion has also been made for other meteor-
ites that had been altered by impact metamorphism
and studied by methods of stepwise crushing, combus-
tion, and pyrolysis (Korochantseva et al., 2018, 2021).
Similar inference was made by Japanese researchers
(Takaoka et al., 1996), who suggested that the gases
released by crushing from an enstatite chondrite have
been trapped in microbubbles during impact melting.
Korochantseva et al. (2018, 2021) relate the origin of
trapped gases in chondrite breccias to mobilisation of
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solar, cosmogenic, and radiogenic noble gases, as well
as re-implanted “°Ar, which have been accumulated in
the material prior to the impact events in lunar sam-
ples and then partly redistributed from one structural
sites into others, in particular, into voids, from which
they can be extracted by crushing. Korochantseva
et al. (2021) proposed that voids could be formed by
sintering and agglutination along grain boundaries
owing to the thermal events that accompanied the
impact cratering. It should also be noted that the iso-
topic composition of trapped argon in Dhofar 1442
with “°Ar/3°Ar ~ 18 is inconsistent with the empirical
model, which relates the presence of “°Ar in the rego-
lith only to its implantation from the lunar atmosphere
(McKay et al., 1986; Eugster et al., 2001; Joy et al.,
2011). According to the model, at the age of the Dho-
far 1442 < 3.8 Ga (Demidova et al., 2014) the corre-
sponding (*’Ar/*®Ar),,, is < 15. The extraterrestrial
trapped argon has been already identified in lunar
meteorites and Apollo mission regolith samples with
4Ar/3°Ar ratios higher than required by the model
mentioned above (Huneke et al., 1973; Bogard et al.,
1975; Schaeffer and Schaeffer, 1977; Korochantseva
et al., 2016 b, ¢). Other inconsistencies of the model
are reported in (Korochantseva et al., 2016b, 2021).

The 36Ar/3Ar ratio in the crushing steps is more
than 5.24, which indicates a high fraction of trapped
Ar component and relatively low contribution of cos-
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Fig. 4. Variations of the 4OAr/ 30Ar ratio during stepwise combustion and crushing of the Dhofar 1442 samples.

mogenic component in Dhofar 1442. In other meteor-
ites, where contribution of cosmogenic Ar is higher
than in Dhofar 1442, the °Ar/*®*Ar ratio tends to
decrease with progressive crushing, thus showing an
increase of cosmogenic component contribution,
(Buikin et al., 2013, 2015; Korochantseva et al., 2018,
2021). Similar is observed during heating and etching
(e.g., Wieler et al., 1986; Eugster et al., 1992, 1996).

Carbon and Nitrogen

The obtained data for carbon and nitrogen
described in this chapter are repeatedly compared with
those obtained for the lunar meteorite Dhofar 1436
(Korochantseva et al., 2021). Therefore, hereafter,
when mentioning the Dhofar 1436 breccia the refer-
ence to this article is automatically implied.

The concentration of nitrogen (12 ppm) released
during crushing is ~20% of the total nitrogen content
(62 ppm). Approximately the same proportion (~15%)
is determined for nitrogen released from the breccia
Dhofar 1436. The carbon content (69 ppm) released at
crushing is near 5% of that extracted by combustion
(1388 ppm). Thus, the fraction of the chemically
bound carbon is higher than that for the chemically
bound nitrogen. The main releases of nitrogen and
carbon occur at low temperatures, which is mainly
related to the terrestrial contamination. At 900—
1400°C, when extraterrestrial nitrogen, carbon and
most of argon are simultaneously released (Figs. 1a, 1b),
the amounts of the released nitrogen and carbon (20.6
and 3.8%, correspondingly) are comparable with the
total release of the gases during stepwise crushing. The
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C/N ratio in gases released by combustion at 900—
1300°C is 2.3—9.5 (Fig. 5). Most crushing steps shows
the same range of the C/N ratio. The gases released by
crushing have the bulk C/N = 5.8. Such low C/N
ratios are closer to the solar values (Anders and
Grevesse, 1989) than to the values typical for the
organics in metamorphosed chondrites (~30, Alexan-
der et al., 2007). As mentioned above, the high-tem-
perature release of the gases is associated with voids.
Similarity of the C/N ratios observed during crushing
and the high-temperature combustion is an additional
argument for that. We may suggest that significant
amount of nitrogen and carbon presented in the rocks
prior to the impact event have been redistributed into
the voids as a result of the event. It is noteworthy that
the gas released at 1200—1460°C from the solar gas-
rich Dhofar 1436 meteorite demonstrate the same
ratio C/N = 4-9. In addition, these values are com-
parable with values reported for lunar regolith sam-
ples (Assonov et al., 2002), as well as lunar basalts
and enstatite chondrites (Mortimer et al., 2015, ref-
erences therein). The gases trapped in the meteorite
Dhofar 1442 could involve not only solar gases, but also
nitrogen and carbon formed through oxidation of the
organics of metamorphosed chondrites, which are pres-
ent in the breccia (Korotev, 2012), for instance by inter-
action of the organics with the oxygen-bearing minerals.

In the combustion steps, 8"3C varies from —26.2 to
5.2%o0 with a bulk value of —9.1%o (Fig. 6, Table 1).
The same range of variations of carbon isotopic compo-
sition was obtained for the lunar breccia Dhofar 1436
(—28...+11%o0), although carbon in this meteorite has a
lighter bulk isotopic composition (83C = —15.8%o)
Vol. 60
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Fig. 6. Variations of the nitrogen and carbon isotope composition upon stepwise combustion and crushing in the samples of the

lunar breccia Dhofar 1442.

than that observed in Dhofar 1442. In addition, both
meteorites show similar “two-humped” 83C varia-
tions depending on temperature, while carbon with
the isotopically heaviest composition is released at
temperature of the main release of trapped argon and
the high-temperature peak of nitrogen.

The isotopic composition of nitrogen released by
stepwise combustion from the meteorite Dhofar 1442

GEOCHEMISTRY INTERNATIONAL  Vol. 60  No. 12

varies from —30 to +11%o with bulk composition of
+4%o0 (Fig. 6; Table 1). The nitrogen isotopic compo-
sition of Dhofar 1442 meteorite is much heavier than
that of the impact melt breccia Dhofar 1436 (8N, =
—25.3%o at stepwise combustion and 6Ny, = —28.4%o0
at stepwise crushing). Taking into account that the
fraction of cosmogenic noble gases (Ne, Ar) in the
Dhofar 1442 sample is very low, the heavier nitrogen
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isotopic composition of the regolith breccia Dhofar
1442 compared to that of Dhofar 1436 is related to a
contribution of nitrogen from the chondritic impac-
tors (8" Noginary chonarite 18 Within —20 to +100 after
Grady and Wright, 2003), the material of which is
present in Dhofar 1442 (see above “Meteorite
Description™), and/or to the lower amount of solar
gases, which would also explain the heavier carbon iso-
topic composition. In the lunar breccia Dhofar 1442,
after the first crushing step likely contaminated by
atmospheric/organic nitrogen, the &“N value
increases from step to step from —23 to +19%o (Fig. 6,
Table 2). This is hardly related to the increasing contri-
bution of the isotopically heavy cosmogenic nitrogen,
because this tendency is not observed for noble gases.
The more probable explanation is the decrease of the
contribution of the trapped component during step-
wise crushing, when the sizes of the destroyed voids
decrease with each successive step. The bulk value
0N = +9%o0 obtained at stepwise crushing of Dho-
far 1442 is close to that observed during stepwise
combustion. The same relationship in nitrogen isoto-
pic composition is observed for Dhofar 1436 (see
above), although its 8N values are lower than those
in Dhofar 1442. This could mean that the isotopic
composition of nitrogen trapped in the voids of Dho-
far 1442 on average corresponds to that of the chemi-
cally bound nitrogen and could be regarded as a con-
firmation of the origin of the former through the redis-
tribution of the latter in the void during post-impact
period. However, most of nitrogen released during
combustion of Dhofar 1442 is related to the terrestrial
contamination. Therefore, the coincidence of the bulk
isotopic compositions of nitrogen evolved during
combustion and crushing is likely accidental. Finally,
we have to note that since most of carbon and nitrogen
in Dhofar 1442 is not of solar origin the close to solar
C/N ratio in the sample is obviously due to element
fractionation associated with the redistribution process.

Elemental Ratios

The elemental ratios of noble gases obtained by
stepwise crushing of the lunar meteorite Dhofar 1442
sample are highly fractionated relative to those of solar
wind (Heber et al., 2009; Table 2). The fractionation
was mainly caused by the impact events and subse-
quent post-impact processes, which led to the transi-
tion of previously accumulated gases into voids: most
part of the light gases was lost from the rock into sur-
rounding space, whereupon the remained gases
already enriched in the heavy component were partly
trapped in the voids. However, diffusion losses of light
isotopes relative to heavy ones from the material in
response to its multiple heating by the impact events
and/or solar radiation could occur during entire lunar
evolution of the material: prior to and after this event.
Although the most obvious and efficient mechanisms of
gas release from voids are decrepitation and/or melting
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of their host, and, to much lesser extent, gas dissolution
in solid matter with subsequent diffusion, it is impossi-
ble to exclude a direct diffusion of the gases from voids,
as it follows from the data for the Dhofar 1436 lunar
meteorite. Crushing of the Dhofar 1436 sample results
in degassing of 93% “He, 86% °Ne, and 76% 3°Ar of
their total amounts (Korochantseva et al., 2021), i.e.,
gases in this meteorite are mainly located in voids. It
was also shown in the cited work that combustion of
the Dhofar 1436 bulk sample yielded a peak of helium
release at 900°C, and peaks of neon and argon at
1200—1300°C, when host phases are melted (see
above). The earlier release of helium from the voids is
likely caused by its higher solubility and diffusivity in
solids compared to neon and argon. The presence of
the cosmogenic component with much lower He/Ne
and He/Ar ratios relative to solar hardly affects the ele-
mental abundance of noble gases in Dhofar 1442. The
influence of the planetary components is possible to
some extent.

The “He/?**Ne ratio at the initial crushing steps is
approximately constant, and then decreases by ~ 3 times
in the following crushing steps, with the most sharp
decreasing only in the two last steps, which however
contain insignificant amount of the total He and Ne
(Table 2). The lunar breccia Dhofar 1436 and L-chon-
drite breccia Ghubara show an opposite tendency,
which cannot be explained by the presence of the
radiogenic or cosmogenic “He at the late crushing
stages, but rather expresses different elemental abun-
dance of gases in the voids of various sizes (Koro-
chantseva et al., 2018, 2021), which is also likely the
case for Dhofar 1442. In addition, given the higher
permeability of helium compared to other noble gases,
the decrease of “He/?*’Ne ratio during crushing can be
explained by the following reasons: (i) the fraction of
gases diffused out from the voids increases with
decreasing the void radius (i.e., it is proportional 1/R,
where R is the radius), since, all other things being
equal, the losses are proportional to the surface area,
while the amount of gas in the voids is proportional to
their volume (R?); (ii) although the effective tempera-
ture of the sample during crushing does not exceed
70°C (Moreira and Madureira, 2005), it could signifi-
cantly be increased locally due to collision of grains
and thus facilitate helium escape from voids (see
above); in addition, newly formed fractures signifi-
cantly simplifies He earlier release from the rock com-
pared to the larger gas atoms.

The “He/*°Ar and ?’Ne/*Ar ratios permanently
increase (by factors of 20 and 32 respectively, which is
much more significant than the decrease of the
4He/*Ne ratio) in the first seven steps, and only three
last steps show an opposite trend (Fig. 7; Table 2). The
4N /3Ar and 2C/*Ar ratios also rapidly increase with
crushing: by factors of ~100 and ~1000, respectively
(Fig. 8, Table 2). The excess argon in the first crushing
steps cannot be explained by the atmospheric contam-
Vol. 60
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ination, since the *’Ar/*®Ar ratio in these steps is
within 17—19 (Fig. 4; Table 2), although the isotopic
composition of nitrogen in the same initial step
implies an admixture of atmospheric/organic nitrogen
(see section “Carbon and nitrogen”, Fig. 6). An
increase of the “He/*°Ar and **Ne/3°Ar ratios, in the
course of crushing was also observed in the Dhofar 1436
lunar meteorite (Fig. 10 in Korochantseva et al., 2021)
and was explained by the increasing contribution of
cosmogenic component. However, in the case of
Dhofar 1442, the reason must be different. Apart from
very low, if any, contribution of the cosmogenic com-
ponent, the mentioned above observations that the
fraction of the released argon in the first crushing steps
is higher than that for other gases, and the kinetics of
helium and neon release is not correlated with the
kinetics of argon release (Fig. 2) may also play a role.

Wide variations of the “He/*°Ar, 2’Ne/*°Ar, “N/*°Arr,
and 2C/3Ar ratios reflect an extremely uneven distri-
bution of gases between voids of different sizes. Argon
is mainly located in the large voids, the helium and
neon—in the medium voids, while carbon and espe-
cially nitrogen are mainly associated with small voids.
A possible scenario, which could explain the observa-
tions, suggests a combination of a complex dynamics
of release and redistribution of the gases from different
sources along with an equally complex dynamics of the
formation of the voids during impact metamorphism.
The uneven distribution of gases in the voids implies
that different gases were differently mobilized during
impact processes rather than were released simultane-
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ously from their carrier phases, creating thus an inter-
mediate homogenous atmosphere, which was trapped
in all voids. Ar showing the invariable “°Ar/*°Ar ratio in
all crushing steps is likely the most mobile gas or even
occurred in large voids prior to impact where retained.
This was followed by the mobilisation of solar He and
Ne, and, finally, carbon and nitrogen. In addition, the
voids of different sizes were likely formed not simulta-
neously (as well as the gas release) but successively,
from larger to smaller ones. The redistribution likely
occurred rapidly, within a short time interval, but after
that has continued for some time until temperature has
remained high enough for diffusion. Thus, we believe
that the uneven distribution of gases in voids, which
result in a strong increase of the “He/3°Ar, 2Ne/°Ar,
4N /*Ar, and "2C/*Ar ratios during crushing, is
related to the dynamics of different processes during
redistribution of the gases from different sources/posi-
tions in voids of various sizes during impact metamor-
phism.

CONCLUSIONS

In the lunar regolith breccia Dhofar 1442 found in
the desert and having a porous matrix, noble gases are
released mainly at >800°C, i.e., they are dominated by
gases of extraterrestrial origin. Thereby, the crushing
results indicate that significant fraction of the noble
gases in this breccia is located in voids. Dhofar 1442 is
characterized by the high-temperature (>1100°C)
release of argon, which is typical of impact metamor-
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phosed meteorites (Kunz et al., 1997; Trieloff et al.,
1994, 2018; Korochantseva et al., 2016b, 2021), in which
the solid phases experienced structural transformations.
Simultaneous high-temperature degassing of argon,
nitrogen, and carbon trapped in the voids of the high-
temperature phases is caused by melting of the latters.

The isotopic composition of neon corresponds to
the composition of the fractionated solar wind. At
stepwise crushing, the 2Ne/?’Ne ratio in the gas
released from voids is higher than 10. In the studied
samples, the contribution of cosmogenic component
to the isotopic composition of neon is insignificant, as
in the case of argon.

Crushing and combustion results demonstrate that
lunar argon trapped in the gas voids of the high-tem-
perature phases has “Ar/**Ar ~18. Given the age of
Dhofar 1442 (<3.8 Ga according to Demidova et al.
(2014)), this isotopic composition of trapped argon is
inconsistent with the empirical model suggesting that
OAr was re-implanted from the lunar atmosphere
(McKay et al., 1986; Eugster et al., 2001; Joy et al.,
2011). We believe that argon and other volatile ele-
ments present in the voids of the breccia Dhofar 1442
resulted mostly from gas redistribution (which is
accompanied by their significant fractionation) from
one structural sites into others during thermal/impact
events, in particular, during the breccia formation,
rather than be only associated with implantation from
the lunar atmosphere. In addition to solar, cosmo-
genic, radiogenic gases, and re-implanted “°Ar, the
meteorite Dhofar 1442 also contains nitrogen and car-
bon formed through the oxidation of organics of meta-
morphosed chondrites, which are present in the brec-
cia (Korotev, 2012).
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The isotopic compositions of carbon (8C) and
nitrogen (8"°N) released by stepwise combustion from
the meteorite Dhofar 1442 sample vary from —26.2 to
+5.2%o0 and from —30 to +11%o, respectively. The 8N
at stepwise crushing varies from —23 to +19%o. The
bulk values of 8N during stepwise combustion and
crushing are close to each other. This indicates that the
isotopic composition of nitrogen localized in voids on
average corresponds to the isotopic composition of the
chemically bound nitrogen, thus likely indicating the
origin of the former through the redistribution of the
latter in voids during post-impact period. Although,
the coincidence of the bulk values could be occa-
sional, because most of nitrogen released during com-
bustion is related to the terrestrial contamination.

Crushing is accompanied by variations of the ele-
mental ratios. A slight decrease of the “He/?’Ne ratio
during crushing could reflect the distribution of these
gases into the voids of different sizes and/or be related
to differences in the diffusion properties and permea-
bility of helium and neon, which occur both in natural
thermal processes and during laboratory heating. The
“He/3¢Ar, °Ne/3°Ar, “N/3%Ar, and ">C/*°Ar ratios
show an opposite trend, increasing by tens to hundreds
times during crushing. This is related to the fact that
the fraction of argon in the positions most accessible
for crushing is higher than that of other gases, while
the argon release pattern differs from those of helium
and neon. Such strong increase of elemental ratios
during crushing of the meteorite Dhofar 1442 sample
can be caused by specific combination of dynamically
different processes that accompany the redistribution
of gases from different positions/sources into the voids
of various sizes during impact metamorphism, and
No. 12
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resulted in the uneven distribution of the volatile ele-
ments and argon fractionation relative to other gases.
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