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Abstract–The lunar meteorite Dhofar 1436 is dominated by solar wind type noble gases.
Solar argon is equilibrated with “parentless” 40Ar commonly known as lunar orphan argon.
Ar-Ar isochron analyses determined the lunar trapped 40Ar/36Ar ratio to 2.51 � 0.04,
yielding a corrected plateau age of 4.1 � 0.1 Ga, consistent with the lunar Late Heavy
Bombardment period. Lunar trapped and radiogenic argon components are all released at
high temperatures (1200–1400 °C). Surprisingly, solar noble gases and lunar trapped argon
can largely be released by crushing. Initial crushing steps mainly release elementally
fractionated solar wind gases, while in advanced crushing steps, cosmogenic components
dominate. Cosmogenic noble gases indicate irradiation at the lunar surface; they are less
fractionated than solar wind species. We favor a scenario in which both solar and a large
fraction of cosmogenic gases were acquired before the 4.1 Ga event, which caused shock
metamorphism and formation of the regolith breccia. Sintering and agglutination along
grain boundaries resulted in mobilization of solar wind, reimplanted, radiogenic, and
cosmogenic noble gases, and resulted in their partial homogenization, fractionation, and
retrapping in voids and/or defects accessible by crushing. An alternative scenario would be
complete reset of the K-Ar system 4.1 Ga ago accompanied by loss of all previously
accumulated solar and cosmogenic noble gases. Later, the precursor of Dhofar 1436 became
lunar regolith and accumulated solar and cosmogenic noble gases and reimplanted 40Ar
before its final formation of the polymict impact breccia. The C abundance of the step-
combusted Dhofar 1436 is 555.3 ppm, with δ13C of −28‰ to +11‰. Nitrogen contents
released by crushing and combustion are 3.2 ppm and 20.8 ppm, respectively. The lightest
nitrogen composition (δ15N = −79‰) is likely due to release from voids of shock
metamorphic phases and is rather a result of the mobilization of nitrogen components that
accumulated prior to the 4.1 Ga event.

INTRODUCTION

Lunar meteorites provide important information
complementing studies of the Apollo and Luna samples
and also complementing orbital and regional remote
sensing observations of the Moon. They potentially
provide a more diverse sampling of the lunar surface

than the returned lunar rocks from the Apollo and
Luna missions, which were restricted to the equatorial
and nearside landing sites. Here, we report the results of
a high-resolution 40Ar-39Ar stepwise heating study and
noble gas, nitrogen, carbon stepwise combustion, and
crushing analyses of the lunar feldspathic impact melt
breccia Dhofar 1436 (Connolly et al. 2008).
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40Ar-39Ar dating has been used extensively in previous
studies to decipher the lunar chronology, to develop the
late heavy bombardment (LHB) hypothesis (e.g., Tera
et al. 1974; Turner 1977), and to highlight the topic of the
lunar trapped argon (e.g., see Eugster et al. 2001). While
laser-assisted 40Ar-39Ar dating yields isotopic data on
small spatial scales (e.g., Cohen et al. 2002, 2005a;
Fernandes et al. 2004; Sokol et al. 2008), the high-
resolution stepwise heating 40Ar-39Ar analysis of bulk
samples is a valuable tool to deconvolve different Ar
components on account of their diffusional properties,
particularly to separate in situ radiogenic 40Ar from
multiple trapped 40Ar components, which otherwise
occludes the chronologic information. In lunar samples,
indigenous trapped Ar components generally consist of
solar wind, fractionated solar wind, planetary (P1 or Q),
and orphan Ar (see below). Lunar meteorites found in
terrestrial deserts are frequently contaminated by
atmospheric argon, which is released during the gas
extractions mostly at low and intermediate temperature
steps (<1000 °C; e.g., Korochantseva et al. 2016). Such
atmospheric Ar can be well separated from the indigenous
high-temperature lunar trapped components (Fernandes
et al. 2000; Korochantseva et al. 2016). In addition, the
isochron analysis, used in the high-resolution 40Ar-39Ar
dating for deconvolution of radiogenic and trapped Ar
components, is a suitable method for precise evaluation of
the extraterrestrial trapped argon composition
(Korochantseva et al. 2007). Another advantage of this
high-resolution technique is that a complicated irradiation
history—lunar meteorites typically experienced irradiation
in different geometries and for different durations—can be
distinguished in favorable cases by using the 37Ar-38Arcos
cosmic-ray exposure (CRE) age spectrum (Korochantseva
et al. 2016).

The so-called lunar “orphan” argon is believed to
be a time-dependent component in lunar rocks (Yaniv
and Heymann 1972; Heymann et al. 1974; Eugster et al.
2001; Wieler and Heber 2003) and it is used to estimate
the time that has elapsed since the solar wind had been
acquired (Joy et al. 2011; Fagan et al. 2014). This
antiquity model considers lunar trapped Ar as a mixture
of solar wind Ar and radiogenic 40Ar degassed from the
lunar interior and being reimplanted by the actions of
solar wind into lunar surface rocks. Ozima et al. (2004)
noted quantitative problems with the origin of the
orphan argon according to the “antiquity” scenario.
There are data (Fernandes et al. 2000, 2003; Cohen
et al. 2005b; Korochantseva et al. 2016) inconsistent
with the empirical antiquity model (Eugster et al. 2001),
raising the issue about a simple relation between age
and the trapped 40Ar/36Ar ratio in lunar samples.

The isotopic composition of N in lunar soils is also
considered as an antiquity measure (Becker and Clayton

1975) and its apparent variation over time has been
initially interpreted in terms of secular evolution of the
nitrogen isotopic composition of the solar wind from
lower to higher 15N/14N ratios (Kerridge 1975, 1989;
Becker and Clayton 1975). However, Geiss and
Bochsler (1982) challenged this hypothesis and proposed
a constant nitrogen isotope composition in the solar
wind during the last 4 Ga. Later, it was demonstrated
that the nitrogen isotope composition in the solar
corpuscular radiation has not changed significantly over
time (Owen et al. 2001; Meshik et al. 2007; Marty et al.
2010, 2011). Alternatively, the significant fluctuations in
the trapped δ15N values of up to 300‰ observed in
lunar regolith of the Apollo 17 and Luna 24 missions
were interpreted by variable mixing between the
isotopically light solar nitrogen and isotopically heavy
nitrogen of planetary origin continuously accreting to
the Moon (Hashizume et al. 2002; Füri et al. 2012;
Mortimer et al. 2016). Based on the regolith analyses of
presumably recently exposed Luna 24 and Apollo
samples, Füri et al. (2012) argued that the variations are
not due to different sampling locations. The increase in
δ15N with decreasing antiquity was related by
Hashizume et al. (2002) to the recently increased
micrometeorite flux to the lunar surface during the last
0.5 Ga, that is, due to variations in time, rather than in
space. Indeed, the Genesis mission data proved that
nitrogen in lunar regolith is dominated by non-solar
sources (Mortimer et al. 2016; Wieler 2016). However,
the antiquity nitrogen model still requires an
explanation and not only for the last 0.5 Ga
(Hashizume et al. 2002).

Our preliminary 40Ar-39Ar analyses showed that
Dhofar 1436 is a gas-rich meteorite containing
significant concentrations of solar and lunar trapped
noble gases. As a next step, we conducted a combined
noble gas, nitrogen, and carbon stepwise crushing and
combustion study to constrain the siting and origin of
lunar trapped argon and its relation to the composition
of trapped nitrogen, carbon, and other noble gas
components.

While the stepwise heating gas extraction technique
is well established since the 1970s in cosmochemistry
(e.g., Friedman et al. 1970; Hohenberg et al. 1970;
Turner 1970), stepwise vacuum crushing is largely used
for investigations of terrestrial mantle samples to
extract gases from inclusions avoiding interferences
with gases located in the crystal lattice. It allows
separation of gases of genetically distinct inclusions,
which could be formed during primary and secondary
events, by gradual opening of voids/inclusions of
different sizes (e.g., Buikin et al. 2005, 2014; Hopp
et al. 2007). The application of this method to
extraterrestrial materials is relatively uncommon mainly
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due to the low amounts of released gases. Nevertheless,
total or stepwise vacuum crushing has been performed
for different classes of meteorites (Martian: Wiens
1988; Ott et al. 1996; Murty and Mahajan 2004; Koike
et al. 2017; E-chondrites: Takaoka and Nakamura
1996; Okazaki et al. 2010; ordinary and carbonaceous
chondrites: Fukuda et al. 1996; Korochantseva et al.
2018; ureilites: Okazaki et al. 2003; aubrites: Miura
et al. 2007; Buikin et al. 2013, 2015; Acapulco-like
primitive achondrites: Takaoka et al. 1998) and lunar
returned samples not only in the 1970s (e.g.,
Funkhouser et al. 1971; Heymann and Yaniv 1971;
Gibson and Andrawes 1978; Gibson et al. 1979) but
also recently (Bekaert et al. 2015, 2018; Verchovsky
et al. 2017). In this study, stepwise crushing is applied
to a lunar meteorite for the first time.

SAMPLE DESCRIPTION

The lunar feldspathic impact melt breccia Dhofar
1436 (Connolly et al. 2008), consisting of lithic and
mineral clasts cemented by a partly devitrified glassy
matrix with numerous bubbles, was discovered as a
single stone (24.2 g) without fusion crust in the desert of
Oman in 2004. According to Connolly et al. (2008), the
lithic fragments ranging from 0.01 to 7 mm in size are
mainly impact melt breccias and rocks of anorthositic,
gabbro-anorthositic, and gabbro-noritic compositions.
Granular breccia clasts occur as well. Major minerals
are pyroxene (orthopyroxene En68.2–84.1Wo0.2–5.0 and
clinopyroxene En13.4–63.7Wo12.8–40.5) and feldspar
(An92.5–98.7Ab1.1–7.2), with minor olivine (Fo42.6–72.7).
Accessory minerals include silica, Al-Ti-chromite,
ilmenite, Ca-phosphate, troilite, and FeNi metal
(Connolly et al. 2008). This relatively unweathered rock
is likely paired with the meteorite Dhofar 1443 (Righter
and Gruener 2013).

Two whole rock (WR) samples (Dhofar 1436-a and
Dhofar 1436-b) weighing 25.8 and 31.1 mg were used
for 40Ar-39Ar dating. Our previous study of the
meteorite Dhofar 280 (Korochantseva et al. 2016) has
demonstrated that significant chronological and
geochemical information could be obtained by
analyzing a WR chip of the Dhofar 280 lunar impact
melt breccia. The sample Dhofar 1436-b contained a
higher proportion of clastic material than Dhofar
1436-a. The bulk contents of Ca (11.9 wt%) and K
(0.03 wt%) reported by Connolly et al. (2008) for the
average glassy matrix composition are in agreement
with the bulk contents of Ca (11.15 and 9.13%) and K
(392 and 330 ppm) obtained from the 40Ar-39Ar dating
(errors: 5%), indicating (as it is usually considered) that
glassy matrix is a good proxy for the bulk composition
of lunar meteorites.

WR samples were also taken for noble gas
measurements: Dhofar 1436-c and Dhofar 1436-d of
117.5 mg and of 19.78 mg (one piece splits) were used
for crushing experiments at the University of Heidelberg
and at The Open University, respectively; Dhofar 1436-
e of 3.117 mg was used for a stepped combustion
experiment at The Open University. The powdered
samples (Dhofar 1436-c-p of 2.049 mg and Dhofar
1436-d-p of 4.957 mg, retained after Heidelberg and
The Open University crushing, respectively) were also
studied by stepped combustion methods at The Open
University. The particle size of the powder was
predominantly <2–3 µm. Note that the material of
powdered samples contains the steel particles from the
crusher abrased as a result of friction between the
different metal parts. This known problem often results
in an overestimation of the sample mass and therefore
in an underestimation of the noble gas concentrations.

EXPERIMENTAL TECHNIQUES

Ar-Ar Dating (University of Heidelberg)

40Ar-39Ar analyses (Table 1) of two WR samples of
Dhofar 1436 (Dhofar 1436-a and Dhofar 1436-b,
weighing 25.8 and 31.1 mg, respectively) have followed
standard procedures given by Jessberger et al. (1980)
and Trieloff et al. (1994, 1998, 2003). After cleaning
with ethanol, the samples were wrapped in high-purity
(99.999%) Al-foil and placed into an evacuated quartz
ampoule bracketed by the age monitor standard NL 25
hornblende (2.657 � 0.004 Ga; Schaeffer and Schaeffer
1977; Schwarz and Trieloff 2007). The ampoule was
irradiated for 20 days at the GKSS-reactor in
Geesthacht, Germany, with Cd-shielding to suppress the
thermal and epithermal neutron fluxes, in particular to
reduce contributions from the 37Cl(n,γβ−)38Ar reaction.
The J-value was (1.09 � 0.01) × 10−2. Correction factors
for interfering isotopes were (36Ar/37Ar)Ca = (4.
6 � 0.1) × 10−4, (38Ar/37Ar)Ca = (8.8 � 0.2) × 10−5,
(39Ar/37Ar)Ca = (9.6 � 0.1) × 10−4, and (38Ar/39

Ar)K = (7.67 � 0.17) × 10−3. (40Ar/37Ar)Ca = (3 � 3)
× 10−3 was determined by Turner (1971) and
(40Ar/39Ar)K = (1.23 � 0.24) × 10−2 by Brereton (1970).
The samples were stepwise heated from 400 °C to 1380 °C
(up to 33 temperature steps) using a resistance-heated
furnace with 40Ar blank values of (7–9) × 10−10 cm3 STP
at 900 °C and (21–22) × 10−10 cm3 STP at 1380 °C
(10 min heating duration). During and after heating, the
released gas was in contact with one hot (400 °C) and two
cold Zr-Al-getters and one hot Ti-getter. The sample and
blank measurements were alternated with analyses of
calibration gas having a composition of air
(40Ar/36Ar = 295.5 � 0.5; Steiger and Jäger 1977), which

Chronology and volatiles of lunar meteorite Dhofar 1436 457
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Table 1. Measured argon isotope data corrected for mass discrimination, sensitivity, system blanks, decay, and
relative neutron doses. The instrument sensitivity was 1.6 × 10−9 cm3 STP/nA. All isotopes are corrected for
interfering isotopes produced on K and Ca during irradiation.

Temp. (°C) 36Ar*10−9 37Ar*10−10 38Ar*10−10 39Ar*10−11 40Ar*10−8 Ar-Ar age CRE age

a. Dhofar 1436-a (25.8 mg). (40Ar/36Ar)trapped = 0.0001 � 0.0001
400 1 � 1 14 � 2 3 � 1 9 � 1 25 � 1 6244 � 216 229 � 43
450 2 � 1 43 � 2 9 � 1 19 � 1 49 � 1 6134 � 67 287 � 16

500 6 � 1 181 � 5 23 � 1 64 � 2 97 � 2 5176 � 17 160 � 4
550 24 � 1 552 � 14 65 � 2 164 � 4 527 � 13 6475 � 17 94 � 2
580 13 � 1 494 � 13 37 � 1 98 � 3 252 � 6 6083 � 31 62 � 2

620 17 � 1 850 � 22 48 � 1 122 � 3 244 � 6 5645 � 13 44 � 1
670 26 � 1 1310 � 34 62 � 2 127 � 4 263 � 6 5712 � 23 26 � 1
730 24 � 1 1680 � 53 54 � 2 109 � 4 143 � 4 4929 � 23 15 � 1

800 39 � 1 1821 � 56 83 � 3 131 � 4 155 � 5 4755 � 15 17 � 1
870 102 � 3 950 � 30 207 � 6 98 � 3 112 � 3 4697 � 16 50 � 5
940 121 � 4 811 � 26 245 � 8 80 � 3 90 � 3 4687 � 40 70 � 8

1000 219 � 7 900 � 28 436 � 13 83 � 3 169 � 5 5690 � 31 96 � 10
1060 423 � 13 1309 � 41 838 � 25 106 � 3 172 � 5 5296 � 19 188 � 21
1100 870 � 26 1642 � 50 1690 � 50 112 � 4 280 � 8 6034 � 24 230 � 30
1120 1022 � 9 930 � 9 1977 � 14 59 � 1 290 � 2 7211 � 32 445 � 63

1140 1888 � 15 972 � 9 3582 � 24 64 � 2 515 � 3 8094 � 44 514 � 101
1150 1403 � 12 665 � 9 2694 � 19 42 � 1 384 � 2 8318 � 54 739 � 115
1160 1539 � 13 830 � 8 2923 � 18 50 � 2 430 � 2 8224 � 53 508 � 120

1170 3585 � 29 1759 � 15 6694 � 38 112 � 3 978 � 4 8250 � 52 305 � 125
1180 2569 � 21 1199 � 10 4809 � 28 73 � 1 686 � 3 8385 � 29 360 � 133
1190 3347 � 27 1894 � 14 6251 � 35 115 � 2 928 � 4 8100 � 25 267 � 108

1200 2855 � 23 1456 � 12 5341 � 31 85 � 1 775 � 3 8325 � 23 321 � 122
1210 3359 � 27 1947 � 15 6274 � 36 112 � 1 918 � 4 8135 � 22 263 � 106
1220 4078 � 33 2407 � 18 7612 � 43 133 � 2 1125 � 5 8190 � 24 250 � 104
1230 3259 � 26 1906 � 14 6062 � 35 110 � 3 888 � 4 8114 � 48 208 � 105

1240 2056 � 17 1741 � 14 3899 � 24 100 � 2 594 � 3 7567 � 27 311 � 75
1250 819 � 7 888 � 9 1572 � 12 46 � 1 246 � 1 7387 � 53 324 � 63
1280 1168 � 9 1289 � 9 2220 � 15 71 � 1 345 � 2 7193 � 26 252 � 55

1310 993 � 9 1616 � 15 1902 � 14 88 � 2 313 � 2 6646 � 36 204 � 41
1330 2930 � 20 2264 � 16 5392 � 29 113 � 1 792 � 3 7848 � 20 62 � 65
1350 5473 � 35 4242 � 26 10246 � 50 200 � 2 1542 � 6 8023 � 19 217 � 61

1380 1910 � 15 1898 � 15 3628 � 23 91 � 2 552 � 3 7596 � 36 275 � 59
1380 839 � 25 896 � 24 1616 � 48 28 � 4 241 � 5 8214 � 242 356 � 228
Total 46982 � 98 43360 � 140 88500 � 150 3013 � 15 15121 � 27 7260 � 9

b. Dhofar 1436-b (31.1 mg). (40Ar/36Ar)trapped = 0.0001 � 0.0001
400 1 � 1 14 � 2 5 � 1 6 � 1 40 � 2 7721 � 309 410 � 44
500 27 � 1 1292 � 36 123 � 3 356 � 10 716 � 19 5658 � 11 136 � 1
540 11 � 1 423 � 12 37 � 1 107 � 3 211 � 6 5620 � 22 97 � 2

580 11 � 1 398 � 11 33 � 1 74 � 2 143 � 4 5595 � 30 78 � 2
640 15 � 1 672 � 19 45 � 1 99 � 3 177 � 5 5450 � 24 61 � 1
700 16 � 1 627 � 18 44 � 1 92 � 3 209 � 6 5868 � 23 58 � 1

750 16 � 1 550 � 16 40 � 1 73 � 2 97 � 3 4957 � 25 46 � 1
800 17 � 1 388 � 7 38 � 1 50 � 1 106 � 2 5763 � 40 44 � 2
860 27 � 1 499 � 9 59 � 1 65 � 2 65 � 1 4485 � 28 46 � 3

940 71 � 1 698 � 12 149 � 3 80 � 2 74 � 1 4344 � 20 64 � 6
1000 109 � 2 740 � 13 222 � 4 74 � 2 69 � 1 4371 � 29 73 � 9
1060 207 � 3 898 � 15 416 � 7 82 � 2 93 � 1 4695 � 28 156 � 17
1100 460 � 4 995 � 10 902 � 8 65 � 1 155 � 1 5959 � 38 236 � 27

1140 2779 � 17 1960 � 13 5229 � 31 116 � 2 739 � 4 7678 � 28 290 � 45
1160 5162 � 32 2303 � 16 9656 � 56 136 � 2 1371 � 8 8500 � 27 366 � 68
1170 2579 � 16 1551 � 11 4859 � 29 81 � 2 695 � 4 8207 � 42 355 � 54

458 E. V. Korochantseva et al.
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were used to correct the data for instrumental mass
fractionation and to calculate absolute argon
concentrations using the peak height method.

The Steiger and Jäger (1977) convention on
geochronology is still the most recent convention,
including total and partial decay constants of 40K, as
well as potassium and argon isotopic compositions, and
we consider it inappropriate to replace individual values
until a new general consensus is reached based on
recent suggestions (Renne et al. 2010, 2011; Schwarz
et al. 2011). We particularly emphasize that usage of an
alternative argon isotopic composition (e.g., Lee et al.
2006) for air—commonly used a calibration for mass
discrimination—will not change our age results. As the
age equation in Ar-Ar dating only depends on the
ratio (40Ar/39Ar)sample/(

40Ar/39Ar)age monitor, possibly
erroneously calculated mass discrimination factors affect
both sample and age monitor 40Ar/39Ar ratios to the
same extent, and will cancel out completely. The
uncertainties are reported at 1σ level.

The concentrations of 36Artrapped and 38Arcos in the
samples were calculated by component deconvolution
using (36Ar/38Ar)cos = 0.65 (Eugster et al. 1991) and
(36Ar/38Ar)trapped ratios that may vary between

planetary (5.35) and solar (5.47) compositions (Heber
et al. 2009; see also Raquin and Moreira 2009). While
the exact choice of the trapped 36Ar/38Ar ratio is not
important for Ar-Ar plateau age calculations, it has
some influence on the cosmogenic argon content. The
CRE ages were calculated using cosmogenic 38Ar and
Ca-derived 37Ar concentrations measured for individual
extraction steps. The average glassy matrix composition,
commonly regarded as the bulk composition of lunar
meteorites, was used to calculate the relative
contributions of target elements participating in the
production of cosmogenic 38Ar: SiO2 45.1, TiO2 0.26,
Al2O3 30.8, FeO 4.49, MgO 3.94, CaO 16.7, Na2O 0.48,
K2O 0.04 (wt%; Connolly et al. 2008). We applied the
model calculations for 2π production by Hohenberg
et al. (1978) and for 4π production by Eugster and
Michel (1995). For Dhofar 1436, application of the 2π
production rate model by Hohenberg et al. (1978)
showed that 99.2% of cosmogenic 38Ar is produced
from Ca; for a 4π irradiation, the systematics of Eugster
and Michel (1995) resulted in an 38Ar contribution of
97.7% from Ca. For more detailed information on the
choice of the model calculations and the reliability of
the CRE age spectrum, see Korochantseva et al. (2016).

Table 1. Continued. Measured argon isotope data corrected for mass discrimination, sensitivity, system blanks,
decay, and relative neutron doses. The instrument sensitivity was 1.6 × 10−9 cm3 STP/nA. All isotopes are
corrected for interfering isotopes produced on K and Ca during irradiation.

Temp. (°C) 36Ar*10−9 37Ar*10−10 38Ar*10−10 39Ar*10−11 40Ar*10−8 Ar-Ar age CRE age

1180 4167 � 26 1800 � 12 7824 � 45 97 � 2 1117 � 6 8738 � 35 438 � 71
1190 3098 � 19 1541 � 10 5824 � 34 79 � 2 837 � 5 8591 � 43 400 � 63
1200 2915 � 22 1551 � 12 5490 � 31 75 � 2 800 � 4 8610 � 52 401 � 95
1210 2498 � 19 1507 � 11 4716 � 27 72 � 2 687 � 3 8398 � 47 381 � 85

1225 2621 � 19 1673 � 12 4946 � 29 85 � 2 725 � 4 8207 � 41 354 � 80
1240 3259 � 24 2366 � 16 6148 � 35 115 � 3 916 � 4 8085 � 37 308 � 70
1255 2261 � 17 2159 � 15 4283 � 25 97 � 2 650 � 3 7771 � 33 267 � 54

1275 1292 � 48 1435 � 53 2472 � 91 63 � 3 382 � 14 7590 � 60 294 � 45
1310 1187 � 44 1599 � 59 2270 � 84 66 � 3 354 � 13 7367 � 58 239 � 39
1340 1970 � 73 2990 � 110 3750 � 140 120 � 5 588 � 21 7225 � 39 189 � 31

1350 1385 � 51 1994 � 74 2666 � 99 81 � 4 417 � 15 7298 � 56 259 � 37
1360 660 � 26 624 � 24 1290 � 49 26 � 3 197 � 7 7979 � 185 515 � 93
1380 207 � 10 257 � 12 411 � 20 2 � 2 66 � 3 10306 � 2173 476 � 200

Total 39030 � 130 35500 � 170 73940 � 240 2535 � 16 12697 � 43 7257 � 18

Remaining argon isotopes are given in cm3 STP g−1 and have the following composition: 36Ar = 36Aratm + 36Artrap + 36Arcos;
37Ar = 37ArCa;

38Ar = 38Aratm + 38Artrap + 38Arcos +
38ArCl;

39Ar = 39ArK;
40Ar = 40Arrad + 40Aratm with atm = terrestrial atmospheric argon; trap = trapped

extraterrestrial argon; cos = cosmogenic argon; Ca = argon derived from Ca; Cl = argon derived from Cl; K = argon derived from K;

rad = in situ radiogenic argon.

Apparent Ar-Ar ages are calculated using the decay constants given by Steiger and Jäger (1977) and the J-value of (1.09 � 0.01) × 10−2. They

have been calculated by applying for each temperature extraction a small nominal correction for primordial trapped argon from 40Ar,

assuming 40Ar/36Ar = 0.0001 � 0.0001 (Göbel et al. 1978).

CRE (cosmic ray exposure) ages are calculated using the chemical composition of Dhofar 1436 (see the Ar-Ar Dating [University of Heidelberg]

section) and the following production rates for 38Arcos: (1) for temperature extractions 400–1000 °C—22.09 × 10−10 cm3/g-1Ma for 4π
irradiation (Eugster and Michel 1995); (2) for temperature extraction 1060–1380 °C—13.77 × 10−10 cm3/g-1Ma for 2π irradiation and a

shielding depth of 65 g cm−2 (Hohenberg et al. 1978). Solar (36Ar/38Ar)tr ratio is assumed. All ages are given in Ma. The significance of all

uncertainties is 1σ.
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Crushing Experiment for Noble Gas Measurements

(University of Heidelberg)

The noble gas analysis of the WR sample (Dhofar
1436-c, weighing 117.5 mg) was performed with an in-
house modified VG 3600 mass spectrometer. The sample
gas was released by stepwise crushing in a manual ball
mill. Hot and cold Ti-sponge and Zr–Al getters were
used for gas purification. Ar was trapped on activated
charcoal cooled with liquid nitrogen and was thus
separated from He and Ne. The latter were trapped on a
cryostatically cooled charcoal trap held at 20 K.
Subsequently, separation of He and Ne was achieved at
48 K, and, after analysis of He, Ne was released at
120 K to minimize any residual Ar contributions. The
mass spectrometer background was monitored before
introduction of the sample gases. The ion currents of
4He, 40Ar, and 36Ar were measured directly with a
Faraday cup. Helium-3, neon isotopes (masses 20, 21,
and 22), and 36Ar were analyzed using an electron
multiplier working in ion counting mode. The signal
ratio between Faraday cup and electron multiplier was
determined regularly (for He before each measurement,
for Ar once per month). In the case of Ne, we also
routinely detected masses 18, 40, 42, and 44 to correct
for mass interferences on neon isotopes. However, these
corrections never exceeded 0.1%. The calibration of the
mass spectrometer sensitivity and mass discrimination
was performed by regular measurements of standard
gases having the isotopic composition of air (for Ne, Ar)
and with He having a 4He/3He ratio of 40183 � 87. The
system blanks were at the level of instrumental
background (<1 × 10−9 cm3 STP) for 4He (Faraday
detector); 5.56 × 10−12 cm3 STP for 20Ne;
4.02 × 10−12 cm3 STP for 36Ar. Within experimental

uncertainties, the measured blanks were indistinguishable
from atmospheric isotopic compositions. The
uncertainties given in Table 2 include uncertainties of the
standard measurements and interference/blank
corrections (blank uncertainty is 20%). The uncertainties
of the absolute concentrations of the standard gases are
10%; however, Ne/Ar elemental ratios in standards with
air composition are estimated to have an uncertainty of
about 5% (mainly due to volume corrections).

4He, Ne, Ar, N, and C Measurements by Stepped

Crushing and Combustion Methods (the Open University,

UK)

The high-sensitivity Finesse mass spectrometer
system at The Open University (Verchovsky et al. 1997)
was used for analyses of Dhofar 1436. The WR sample
(Dhofar 1436-d) of 19.78 mg was stepwise crushed with
12,100 cumulative strokes. The powdered samples
(Dhofar 1436-c-p of 2.049 mg and Dhofar 1436-d-p of
4.957 mg, retained after Heidelberg and The Open
University crushing, respectively), and the WR sample
(Dhofar 1436-e) of 3.117 mg wrapped in clean platinum
foil were combusted in oxygen (pO2 ~ 5mbar), supplied
from CuO, in a double-walled quartz–ceramic furnace.
The samples were stepwise heated from 200 °C to
1460 °C (13–15 steps) for 30 min at each temperature
step, followed by 15 min for oxygen resorption, before
transfer of the produced gases to the cleanup section.
Helium-4 and neon (on a quadrupole mass
spectrometer) and N2 and Ar (on a magnetic sector
mass spectrometer) were measured for each crushing
and combustion step. The carbon measurements were
performed on a separate magnetic sector mass
spectrometer but only for combustion experiments

Table 2. He, Ne, and Ar isotope compositions released by crushing in Heidelberg from Dhofar 1436-c (117.5 mg).

Extractionsa 4He (10−8)b 4He/3He 20Ne (10−8)b 20Ne/22Ne 21Ne/22Ne 36Ar(10−8)b

40Ar/36

Ar 36Ar/38Ar

4He/20

Ne 20Ne/36Ar

50 1188.1 (38.3) 2158.44 (126.97) 1055.8 (3.9) 12.57 (4) 0.0440 (4) 149.5 (6.3) 7.66 (7) n.a. 1.13 (4) 7.06 (30)

60 55.2 (1.4) 2258.87 (133.60) 76.5 (3) 12.39 (2) 0.0444 (4) 19.3 (5) 2.88 (4) 5.44 (8) 0.72 (2) 3.97 (10)

120 157.9 (4.0) 1850.08 (108.95) 215.6 (8) 12.26 (4) 0.0450 (5) 65.8 (1.5) 2.77 (3) 5.42 (13) 0.73 (2) 3.27 (8)

200 78.8 (2.0) 2398.95 (141.73) 119.3 (4) 12.42 (2) 0.0442 (3) 44.2 (1.0) 2.34 (2) 5.38 (13) 0.66 (2) 2.70 (6)

400 349.2 (8.8) 1812.68 (106.81) 105.6 (4) 12.24 (3) 0.0455 (4) 142.9 (3.3) 2.11 (2) 5.42 (7) 3.31 (8) 0.74 (2)

700 424.7 (10.7) 1764.37 (103.86) 64.7 (2) 12.11 (4) 0.0476 (7) 132.9 (3.0) 1.95 (2) 5.40 (9) 6.56 (17) 0.49 (1)

1200 427.2 (10.8) 1522.68 (89.62) 168.7 (6) 12.08 (2) 0.0501 (5) 279.6 (6.4) 1.91 (2) 5.28 (7) 2.53 (6) 0.60 (1)

2000 335.4 (8.5) 1546.16 (91.07) 66.8 (2) 11.81 (2) 0.0547 (5) 184.4 (4.2) 1.94 (2) 5.45 (7) 5.02 (13) 0.36 (1)

3000 230.9 (5.8) 1505.62 (88.72) 31.7 (1) 11.53 (2) 0.0620 (5) 78.2 (1.8) 1.99 (2) 5.42 (7) 7.29 (19) 0.41 (1)

4000 71.2 (1.8) 1488.12 (88.03) 9.20 (3) 11.36 (3) 0.0661 (6) 23.9 (6) 2.31 (12) 5.36 (7) 7.73 (20) 0.38 (1)

5000 70.0 (1.8) 1997.81 (118.13) 7.12 (3) 11.24 (4) 0.0646 (7) 19.4 (4) 2.22 (11) 5.30 (7) 9.83 (25) 0.37 (1)

Total 3388.6 (43.7) 1821.68 (49.08) 1921.3 (4.1) 12.16 (1) 0.0489 (1) 1140.1 (11.2) 2.80 (3) 5.38 (8) 1.76 (2) 1.69 (2)

Numbers in parentheses refer to the last digits and are 1σ-uncertainties.
n.a. = not analyzed.
aCumulative number of strokes.
bcm3 STP g−1.
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because of the very low carbon amounts released by
stepwise crushing.

The cleanup procedure of gases released by
combustion and crushing methods was identical
(Verchovsky et al. 1998, 2002). First, the released gases
were cryogenically separated using cryotraps cooled with
liquid nitrogen, one of which was filled with a molecular
sieve of 5 Å and the other, made of glass, was empty. Ar
and Ne were purified using Ti–Al getters, and nitrogen
was purified using a CuO furnace to ensure that no CO
was present. Carbon yields (recorded as ng of C) were
calculated using the pressure of CO2 measured on a
calibrated MKS Baratron™ capacitance manometer.
Nitrogen and Ar yields were measured by peak height
comparison with known amounts of standard gases.
Gases were transferred to different parts of the machine
using a system of computer-controlled pneumatic valves.

In order to reduce the contributions from CO2
++

and 40Ar ++ on Ne masses (22 and 20), a low ionization
voltage of ~40 V was used in the ion source of the
quadrupole mass spectrometer. Also, Ar present in the
system was trapped in the molecular sieves, and the
Ti–Al getter was connected to the mass spectrometer
chamber during Ne measurements.

The isotopic data are expressed using the delta (δ)
notation, as parts per thousand (‰) deviations from
standards (Vienna Peedee Belemnite [VPDB] for C, and
terrestrial air [AIR] for N). The system blanks were
measured between sample analyses by passing an empty
clean Pt foil bucket through the same stepped
combustion procedure used for the sample analyses and
collecting both abundance and isotopic data. Typical
system blanks for stepped combustion experiments were
<10 ng of C and <1 ng of N. Typical system blanks for
4He were <1 × 10−8, for 20Ne < 6.5 × 10−10, and for
40Ar and 36Ar < 8 × 10−9 and <1.2 × 10−10 (all in cm3

STP), respectively. For crushing analyses, the system
blanks were measured at several stages during the total
sample crushing runs by stopping crushing and closing
off the crushing tube for a length of time comparable to
the duration of the next crushing step. Typical values
were <0.76 ng of N, <8.5 × 10−9 cm3 for 4He,
<6 × 10−9 cm3 for 20Ne, and for 40Ar and 36Ar were
<1.65 × 10−8 cm3 and <3.7 × 10−10 cm3, respectively.

Uncertainties of absolute gas concentrations are
5–10%, and elemental noble gas ratios have estimated
uncertainties of about 5%.

RESULTS AND DISCUSSION

40Ar-39Ar Chronology

Detailed Ar isotope data and apparent ages data
for the Dhofar 1436 samples are given in Table 1.

Dhofar 1436 is a gas-rich lunar meteorite: The
content of 36Artotal is 4698 × 10−8 and 3903 × 10−8 cm3

STP g−1 in Dhofar 1436-a and Dhofar 1436-b,
respectively, comprising >99.8 (99.5)% of 36Artrapped,
assuming the trapped endmember 36Ar/38Ar ratio to be
equal to 5.35 (5.47). Besides the low temperature
atmospheric argon release (a usual phenomenon for
desert meteorites), more than 98% of the trapped 36Ar
and 38Ar are released at >1100 °C, just when the major
simultaneous release of all other argon isotopes occurs
(Figs. 1A and 1B). 36Ar/38Ar ratios in individual
temperature steps >1100 °C are >5, with a maximum
36Ar/38Ar value of 5.43 � 0.03 at 1330 °C in Dhofar
1436-a. Taking into account contribution of cosmogenic
Ar to these values, the 36Ar/38Ar ratio of the trapped
component must be higher. Such a high 36Ar/38Ar ratio
of the trapped endmember composition implies it to be
solar (5.47) rather than the nominal planetary value of
5.34 � 0.02 (Ott 2002). In general, the 36Ar/38Ar ratios
in individual temperature extractions of Dhofar 1436-a
are higher than those of Dhofar 1436-b.

The Dhofar 1436 Ar release pattern is typical for
impact melts and shocked meteorites. For K-Ar
chronology, K-bearing phases are relevant for the
release pattern of K-derived 39Ar and radiogenic 40Ar.
Plagioclase frequently is the dominant K carrier, for
example, Na-rich oligoclase in ordinary chondrites
(Trieloff et al. 2003), while for differentiated rocks,
more calcic plagioclase occurs, for example, of
labradoritic composition in Martian shergottites, or
even more calcic compositions in lunar rocks.
Unshocked oligoclase (separates) from ordinary
chondrites release K-derived 39Ar and Ca-derived 37Ar
at 900 °C (Trieloff et al. 2003), at roughly the same
temperature as argon release from unshocked more
calcic plagioclase (Trieloff 1993). Note that the 39Ar
release of WR or bulk samples is dominated by
plagioclase. Pyroxene, which usually contains no or
only minor amounts of K, releases Ar—particularly Ca-
derived 37Ar—at 1300 °C.

In contrast, shocked chondrites release K-derived
39Ar at much higher temperatures of >1100 °C, often as
high as 1400 °C (Bogard and Hirsch 1980; Kunz et al.
1997; Trieloff et al. 2018), most likely due to shock-
induced phases (shock glass, jadeite, etc.). This increase
of the release temperature of K-bearing phases is also
observed for the more calcic plagioclase of shergottites
(Korochantseva et al. 2009), where plagioclase
(maskelynite) separates were found to release both K-
derived 39Ar and Ca-derived 37Ar at 1300–1400 °C,
indistinguishable from the 37Ar release from pyroxene.
This explains the concomitant release of all argon
isotopes at high temperatures in impact metamorphosed
rocks.

Chronology and volatiles of lunar meteorite Dhofar 1436 461
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Release patterns of Dhofar 1436 are quite similar to
another lunar impact-melt breccia, Dhofar 280 (see
Korochantseva et al. 2016) (Fig. 1C). Evidently, the
simultaneous release of all argon isotopes at high
temperatures in Dhofar 1436 is the consequence of
shock metamorphism.

In argon three-isotope plots (Figs. 2A and 2B), the
40Ar/36Ar ratios of individual extraction steps
systematically decrease from about 300 to ~2.5, thereby
forming trends indicating the presence of different
trapped argon components, one of which comes
obviously from the terrestrial atmosphere. Therefore, the
extraterrestrial trapped Ar isotopic composition cannot
be accurately defined if all extraction steps are used for
the line regression. However, the apparent age crucially
depends on the exact isotopic composition of trapped
argon (see below). Figure 3 demonstrates how the
isotopic composition of the lunar trapped argon depends
on the selection of individual temperature fractions. Each
value of the trapped composition in Fig. 3 represents the
y-axis intercept of a line fitted in the 39Ar/36Artrapped
versus 40Ar/36Artrapped plot (Fig. 2) using isochron data
of a temperature interval between the extraction
temperature indicated by the x-axis value and 1380 °C.
For example, the point at 1000 °C represents the trapped
composition obtained from the fit line for extractions
between 1000 °C and 1380 °C, while the data point at
1200 °C is the trapped composition obtained for the
temperature extractions between 1200 °C and 1380 °C.
Figure 3 shows for Dhofar 1436-a that the trapped argon
compositions are virtually indistinguishable from each
other only if extractions between 1100 °C and 1380 °C
are selected. Adding extractions at <1100 °C results in
significantly lower 40Ar/36Ar ratios for the trapped
component due to contamination by atmospheric Ar. The
data points in Fig. 3 show only minor variations—more
pronounced for Dhofar 1436-b than for Dhofar 1436-a—
and yielding a mean (40Ar/36Ar)trapped ratio of
2.51 � 0.04, if the normal planetary trapped composition
of (36Ar/38Ar)trapped = 5.35 is used for deconvolution of
trapped and cosmogenic 36Ar. The alternative choice of
(36Ar/38Ar)trapped = 5.47 yields a remarkably consistent
(within 1%) and virtually indistinguishable result.

The K/Ca spectra of both Dhofar 1436
subsamples show very similar variations (Fig. 4A).
The age spectra are complex, displaying high apparent
ages of up to >7 Ga when a standard correction for
trapped primordial argon is applied (Fig. 4B).
Correcting 40Ar, released at the high temperature
steps, by using(40Ar/36Ar)trapped = 2.51 � 0.04, results
in ages of 3.93 � 0.15 Ga (for 51–98% cumulative
39Ar release) and 4.18 � 0.13 Ga (for 61–99%
cumulative 39Ar release) for Dhofar 1436-a and
Dhofar 1436-b, respectively, that is, indistinguishable

from each other at the 1σ level. The ages calculated
by using the trapped composition 36Ar/38Ar = 5.47 are
almost identical to those calculated using
36Ar/38Ar = 5.35. These ages with a mean value of
4.07 � 0.12 Ga indicate that the last event, which
totally reset the K-Ar system, could well be related to
the period of the LHB.

The age correction for the trapped argon released at
the low-temperature extractions is impossible for this
desert meteorite since these fractions contain not only
Ar incorporated during atmospheric transit and/or
terrestrial residence but also the previously trapped
extraterrestrial argon component. Hence, we cannot
exclude a very recent and mild thermal event that may
have induced slight diffusional losses of cosmogenic
argon (see below).

Cosmic Ray Exposure (CRE) Ages

The concentrations of cosmogenic 38Ar calculated
using (36Ar/38Ar)trapped = 5.47 yield 29.6 � 6.0 × 10−8

and 29.5 � 5.9 × 10−8 cm3 STP g−1 in Dhofar 1436-a
and Dhofar 1436-b, respectively, comprising ~3–4% of
38Artotal. These concentrations are relatively high and
indicate that this meteorite had a prolonged and
complex CRE history and was irradiated already by
GCRs on the surface of the Moon, before its transit to
the Earth, which for lunar meteorites is usually <1 Ma
(Nishiizumi 2004). The CRE age spectra of the samples
strongly depend on the trapped endmember
composition. As the 36Ar/38Ar ratios for some
temperature steps extracted at T ≥ 1100 °C exceed the
planetary (36Ar/38Ar)trapped ratio of 5.35, we have
chosen the solar composition of 5.47 for calculating the
CRE ages (Figs. 5A–D), which is similar to the
maximum value of 5.43 � 0.03 observed in the high
temperature steps of Dhofar 1436 samples (1330 °C in
Dhofar 1436-a). Similarly, high values of 5.40 � 0.01
are also measured by the stepwise crushing extractions
(Tables 2 and 3). Assuming negligible contribution of 4π
irradiation, the minimum irradiation time on the Moon
is calculated from the maximum P38 of
13.77 × 10−10 cm3/g−1Ma for a shielding depth of
65 g cm−2 by the model of Hohenberg et al. (1978) for
2π irradiation (Figs. 5A and 5C). The CRE ages
indicate that the meteorite accumulated 38Arcos by GCR
irradiation on the lunar surface during long period(s) of
time. However, the error bars are large due to the high
amount of trapped solar wind argon. Systematic errors
concerning production rates and the exact composition
of the solar wind 36Ar/38Ar endmember composition are
neglected. We prefer the lower bound of the error bars
as an approximation for a CRE age of larger than
200 Ma (for >23% of the fractional 37Ar release,
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Figs. 5A and 5C) and we will further evaluate this value
using the concentration of cosmogenic neon below.
Note that Dhofar 1436 releases cosmogenic gases that
accumulated both before and after the 4.1 � 0.1 Ga
event. However, those that accumulated before are
more abundant (see the Noble Gas Elemental Ratios
section). Furthermore, the CRE age spectra indicate
diffusional loss of 38Arcos at the first ~30% of 37Ar
release, similar to what has been observed for Dhofar
280 (Korochantseva et al 2016). In the case of Dhofar
280, this part of the CRE age spectrum with diffusional

loss allowed us to calculate both the irradiation period
on the Moon as well as the transit time to Earth.
Applying a similar reasoning to Dhofar 1436 seems not
to be appropriate: If the 4π irradiation production rate
of 22.09 × 10−10 cm3/g-1Ma (Eugster and Michel 1995)
is used for the Dhofar 1436 samples for the low
temperature steps (Figs. 5B and 5D), a CRE maximum
transit age of 14 Ma is inferred (Fig. 5B), which is
nevertheless a rather unrealistically long transit time for
lunar meteorites (Nishiizumi 2004). Hence, it is more
likely that cosmogenic nuclides have been partially
retained during the most recent partial degassing event
or/and that the meteorite was irradiated on the lunar
surface after the major impact event at 4.1 � 0.1 Ga
ago. If the 2π irradiation production rate of
13.77 × 10−10 cm3/g-1Ma (Hohenberg et al. 1978) is
used for the low temperature steps of Dhofar 1436
samples (Figs. 5B and 5D), a CRE minimum age of
24 Ma is obtained for the recent (post 4.1 Ga) exposure
(see discussion below).

Ne data obtained by the stepped combustion
experiment at The Open University (Table 4) can also
be used to determine the CRE age of Dhofar 1436
using the total amount of
21Necos = 920 × 10−10 cm3 STP g−1 (calculated applying
the endmember compositions of SW Ne with
20Ne/22Ne = 13.78 and 21Ne/22Ne = 0.0329; Heber et al.
2009) and cosmogenic Ne with 20Ne/22Ne = 0.8
(Eugster and Michel 1995) and 21Ne/22Ne = 0.86 (the
average value for the (21Ne/22Ne)cos range, See the
Noble Gases: Release, Abundances, Isotopic
Compositions section. We calculate a lunar surface
exposure of 94 Ma using P21 = 9.75 × 10−10 cm3/g−1

Ma and a shielding depth of 65 g cm−2 by the model of
Hohenberg et al. (1978) for 2π irradiation. Taking into
account that the meteorite experienced diffusional loss
of cosmogenic noble gases and assuming further that
diffusive losses for Ne were more pronounced than for
Ar, this age is in good agreement with the CRE age
estimate obtained by 40Ar-39Ar analyses and also
indicates a significant—though not exceptionally long—
irradiation time on the Moon.

Noble Gases: Release, Abundances, Isotopic Compositions

The stepwise crushing and combustion results for
the noble gas abundances and isotopic compositions of
the Dhofar 1436 samples are listed in Tables 2–6.

The stepwise combustion of the WR sample Dhofar
1436-e demonstrates distinct release peaks of He, Ne,
and Ar (at 900, 1200, and 1300 °C, respectively) due to
their different diffusion rates (Fig. 6). The powdered
samples display much lower peak release temperatures
for these gases, which can be explained by facilitated

Fig. 1. Release patterns of argon isotopes of Dhofar 1436
samples (A, B). 36Artrapped is calculated with
(36Ar/38Ar)trapped = 5.47 and (36Ar/38Ar)cos = 0.65. The major
release of argon isotopes is above 1100 °C. The 39Ar release
patterns of Dhofar 1436 specimens are similar to that of
another lunar impact breccia Dhofar 280 (C).

Chronology and volatiles of lunar meteorite Dhofar 1436 463
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gas diffusion from the crushed fine-grained material.
Fractionation between different noble gases still persists
in the powdered material. In particular, the powdered
specimen recovered after the intensive crushing carried
out at The Open University (OU) shows release peaks
of He, Ne, and Ar at 300, 700, and 800 °C, respectively
(Fig. 6).

During crushing, noble gases are mostly released in
the initial steps. Afterward the efficiency of noble gases
release, defined as the amount of noble gas released per
stroke, sharply decreases (Tables 2 and 3). The amounts
of 4He, 20Ne, and 36Ar of 569, 48, and 44 (×10−6 cm3

STP g−1) released by prolonged crushing (totally 12,100
strokes) at the OU accounts for 93, 86, and 76% of the

Fig. 2. Isochron plots of 40Ar/36Artrapped versus 39Ar/36Artrapped ratios for Dhofar 1436 samples. The data points form a trend,
indicating the presence of extraterrestrial trapped components. Isochron plots are for (36Ar/38Ar)tr = 5.35, however, using 5.47
yield nearly indistinguishable results. The regression lines were calculated applying the error weighted least squares method.

464 E. V. Korochantseva et al.
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total amounts extracted by crushing and subsequent
combustion of the remaining powder, respectively. The
crushing analyses (totally 5000 strokes) at the
University of Heidelberg (HD) extracted 34, 19, and 11
(×10−6 cm3 STP g−1) of 4He, 20Ne, and 36Ar,
respectively. The apparent discrepancy in gas amounts
of these samples as well as of Dhofar 1436-e (see
Table 4) could be due to sample heterogeneity of the
material of the Dhofar 1436 breccia. As alternative
explanation, during sample preparation and
fragmentation, some 4He may have been lost, as most
of the helium is released in the first crushing steps.

In the initial crushing steps, 4He/3He ratios
correspond to the solar wind (SW) value and 20Ne/22Ne
ratios are up to 12.57 (Table 2). The Ne isotopic
compositions of all samples analyzed are shown in the
neon three-isotope diagram (Fig. 7). The Ne data for
the HD crushing experiments form a trend, reflecting
the dependence of isotopic composition of released Ne
on the strength of voids/inclusions against crushing and
showing increase of the 21Ne/22Ne ratio with decreasing
20Ne/22Ne ratio. Similar trends for Ne have been
observed during crushing of the Pesyanoe aubrite
samples (Buikin et al. 2013, 2015) and the Ghubara
meteorite (L5; Korochantseva et al. 2018). These trends
are very similar to the curve obtained for stepwise
etching of Apollo samples (Wieler et al. 1986; see
Fig. 8A), reflecting a mixture of depth-dependent
implantation-fractionated solar wind (FSW) and the
cosmogenic component (e.g., Grimberg et al. 2006).
Moreover, the same trend can be found for stepwise
heating data of lunar meteorites (Eugster et al. 1992,

1996) (see Fig. 8B). Regardless of the method, all
studies indicate that cosmogenic Ne is a more retentive
component than solar Ne. In comparison, Dhofar 1436
data form a curved function with various contributions
from trapped and cosmogenic neon, the latter more
pronounced at the late crushing steps (Fig. 8). Hence,
we can conclude that the former component is mostly
released from relatively large voids destroyed in the
initial crushing steps, while cosmogenic nuclides are
extracted from smaller ones at the end of crushing. The
relative contributions of cosmogenic 20Ne and 21Ne in
the Dhofar 1436-c sample (crushed at HD) calculated
using the endmember compositions of SW Ne with
20Ne/22Ne = 13.78 and 21Ne/22Ne = 0.0329 (Heber et al.
2009) and cosmogenic Ne with 20Ne/22Ne = 0.8
(Eugster and Michel 1995) and 21Ne/22Ne = 0.86 (the
average value for the (21Ne/22Ne)cos range, see Fig. 8A)
are <1 and ~29%, respectively. At the late crushing

Fig. 3. Dependence of the lunar trapped argon composition
on the selection of temperature extractions. The shown data
points, except for the first one of Dhofar 1436-a, fall into the
interval 2.51 � 0.08, which corresponds to a 2–3σ error. The
inferred value is 2.51 � 0.04.

Fig. 4. K/Ca spectra (A) and age spectra (B, C) of Dhofar
1436 samples before and after correction for a lunar trapped
component with (40Ar/36Ar)trapped = 2.51 � 0.04. The
“uncorrected” age spectrum contains a nominal routine
correction for primordial argon with
(40Ar/36Ar)trap = 0.0001 � 0.0001 (Göbel et al. 1978).
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steps, the contribution of cosmogenic components
comprises up to 1.4 and 52% of 20Netotal and

21Netotal,
respectively.

At first sight, it seems somewhat surprising that
solar wind implanted noble gases as well as
cosmogenic gases can be extracted not only by
heating but also by crushing, and—moreover—can be
separated by stepwise crushing in a similar manner
than by stepwise heating. A first ad hoc explanation
could be that the radiation-damaged grain boundaries
hosting solar wind implanted gases represent noble
gas trapping sites that are easily accessible by both
mild crushing and also heating, while the much less
radiation-damaged interior rock domains hosting
cosmic ray induced spallation products form trapping
sites that require stronger crushing and/or heating to
release cosmogenic noble gases. The view that solar
wind gases are still located and extracted from the
unaltered original grain boundaries in which they
once were implanted may be seriously oversimplified
and incorrect, as argued below.

Concerning the mere feasibility of extracting
cosmogenic noble gases by crushing, this was already
confirmed by several studies on mantle rocks (Hilton
et al. 1993; Scarsi 2000; Moreira and Madureira 2005;
Yokochi et al. 2005), showing that the cosmogenic
atoms (in particular, He and Ne), which formed within
tracks of the mineral matrix can be extracted during
crushing. According to Yokochi et al. (2005) and
Moreira and Madureira (2005), solid-state volume
diffusion is not able to extract helium and neon during
crushing because of their low diffusivity in mafic
minerals at the low crushing temperature that does not
exceed 70 °C. The authors consider that spallation
damage tracks along fractures may provide sufficient
pathways for He and Ne extraction by prolonged
crushing. The diffusion of gases located in the mineral
crystalline lattice cannot be completely ruled out during
crushing, since locally, on a micrometer scale, the
temperature could rise significantly as a result of grain
collisions when the crushing energy is released within a
small volume. Another possibility was raised by Bekaert
et al. (2018) who considered recoil of cosmogenic gases
into vesicles as an additional explanation.

The plot of 4He/3He versus 21Ne/22Ne shows a
trend (Fig. 9) that can be explained by a mixture of
solar-like and cosmogenic components, where the
relative contribution of the latter increases with
progressive crushing. The Dhofar 1436-c sample crushed
at HD contains ˂0.1 and ~16% of cosmogenic 4He and
3He of the total amounts of these isotopes, respectively,
calculated using the endmember 3He/4He ratios for SW
and cosmogenic components of 4.64 × 10−4 (Heber
et al. 2009) and 0.12–0.23 (Reimer et al. 1998; Wieler
2002), respectively.

The 36Ar/38Ar ratios of the Dhofar 1436-d sample
crushed at the OU are within the range 5.31–5.40 and
slightly decrease in the final crushing steps (Table 3).
These 36Ar/38Ar ratios are close to almost pure trapped
solar argon with small, if any, cosmogenic
contributions, in contrast to what is observed for He or
Ne. This is quite unexpected as solar wind is normally
depleted in heavy noble gases relative to light ones
when compared to planetary (or cosmogenic)
components. However, the elemental ratio 20Ne/36Ar,
which is within the range between 1 and 2, clearly
demonstrates that the solar wind component in this
sample is elementally fractionated, a conclusion that will
be further discussed below. The heated powder obtained
after intensive crushing at OU obviously contains less
trapped gases, showing lower 36Ar/38Ar ratios
(4.44–4.59), while the heated WR sample gives
intermediate values between 4.6 and 5.1. The 36Arcos
and 38Arcos (released by crushing in HD and at the OU)
calculated using (36Ar/38Ar)SW = 5.47 (Heber et al.

Fig. 5. Cosmic ray exposure age spectra of Dhofar 1436
samples calculated using solar (36Ar/38Ar)trapped ratio of 5.47.
Spectra are calculated from the maximum P38 of
13.77 × 10−10 cm3/g-1Ma for the shielding depth of 65 g cm−2

given by the model of Hohenberg et al. (1978) for 2π
irradiation and, hence, show the minimum irradiation time on
the Moon. CRE ages with the production rate for 4π
irradiation indicate diffusional loss of 38Arcos in the beginning
of the CRE spectra (small insets).
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2009) and (36Ar/38Ar)cos = 0.65 (Eugster et al. 1991) is
0.2 and 1.9% of the total amounts of the isotopes,
respectively. The result is consistent with the value
obtained from Ar-Ar dating. The 40Ar/36Ar ratios of
the crushed samples range between 2 and 3 (except for
just the first one to two extraction steps contaminated
with atmospheric Ar; see Tables 2 and 3), in agreement
with the (40Ar/36Ar)trapped ratios obtained by the
40Ar-39Ar analysis and noble gas stepwise combustion.

Lunar Trapped Orphan Argon

In Dhofar 1436, the trapped argon with 40Ar/36Ar
ratios of ~2–3 has solar-like 36Ar/38Ar ratios. This
indicates that 36Ar is ultimately of solar wind
origin. The consistency of the 40Ar/36Ar values found
for all analyses indicates that 36Arsolar is intimately
associated with an excess of radiogenic 40Ar far higher
than the solar wind 40Ar/36Ar ratio of 0.0001 � 0.0001
(e.g., Göbel et al. 1978; Wieler and Heber 2003, and
references therein).

A widely accepted mechanism to explain the
“orphan” excess 40Ar is a process suggested by
Heymann and Yaniv (1970) and Manka and Michel
(1971), which implies escape of 40Ar into the lunar
atmosphere, uptake by the solar wind, and
reimplantation into the rocks and minerals exposed on
the lunar surface. However, already in the 1970s, several
studies pointed to problems with this mechanism (Baur
et al. 1972; Heymann and Kirsten 1973; Bernatowicz

et al. 1980). A major problem was related to the low
implantation energy of 40Ar of about 1 keV versus 36Ar
of about 30 keV (e.g., Baur et al. 1972; Heymann and
Kirsten 1973), which should result in differential release
during stepwise heating (a few 100 °C peak difference,
see Baur et al. 1972). However, most studies found a
perfect coherence during stepwise heating (e.g., Baur
et al. 1972; see also Bernatowicz et al. [1980], and
Mortimer et al. [2016]). This led Baur et al. (1972) to
conclude “. . . will require reexamination of theories
which ascribe” orphan “40Ar to a low energy retrapping
of 40Ar from the lunar atmosphere” and “In conclusion
we suggest that the retrapping of 40Ar from the lunar
atmosphere as proposed by Heymann et al. (1970) is
not the only source of orphan Ar.”

A possible solution for this problem was discussed
by Heymann and Kirsten (1973). They assumed that—
although trapped gases were originally acquired during
surface irradiation by solar wind—they could no longer
reside in the “radiation-damaged outer skin of fines
particles (50 nm thick), but . . . in the less damaged,
deeper regions,” possibly 8 nm sized bubbles identified
by Phakey et al. (1972), in which they had been
transferred during agglutination. It should be noted that
during (impact induced) rapid compaction at elevated
temperatures, grains should be first compressed—some
aggregates or subunits may show closed, others open
porous structures thereby allowing gases from grain
boundaries to escape partially and fractionate. Almost
simultaneous should be the sintering of grain

Table 3. Data on noble gases (He, Ne, and Ar) and N2 for Dhofar 1436-d by stepwise crushing at the OU
(19.78 mg).

Extractionsa 4Heb 20Neb 20Ne/22Ne 21Ne/22Ne 36Arb 40Ar/36Ar

36Ar/38

Ar 4He/20Ne

20Ne/36

Ar Nc δ15Nd

10 29703.4 1151.9 11.77 (7) 0.0433 (13) 158.2 10.3 5.33 25.8 7.28 670.0 −12.1 (1.5)

50 467.3 605.5 11.29 (3) 0.0450 (7) 250.4 4.4 5.35 0.8 2.42 325.9 −23.2 (1.6)
200 1034.2 610.9 11.19 (3) 0.0453 (7) 515.2 3.5 5.40 1.7 1.19 545.5 −31.6 (1.5)
500 1454.7 379.4 11.26 (4) 0.0477 (10) 539.8 3.2 5.40 3.9 0.70 439.9 −36.3 (1.4)
1100 2144.6 316.0 11.40 (5) 0.0506 (10) 607.1 3.3 5.40 6.8 0.52 468.4 −36.0 (1.5)

2100 2802.4 275.8 11.36 (5) 0.0500 (12) 574.1 3.1 5.40 10.2 0.48 384.4 −36.1 (1.5)
4100 4126.9 358.6 11.30 (4) 0.0461 (9) 604.0 3.1 5.37 11.5 0.59 250.0 −33.9 (1.5)
6100 3664.8 305.7 11.35 (5) 0.0414 (10) 403.6 3.2 5.37 12.0 0.76 75.4 −30.8 (2.4)

8100 3475.6 264.8 11.30 (5) 0.0390 (9) 234.8 3.2 5.32 13.2 1.13 24.8 −22.3 (3.0)
10100 3881.8 269.1 11.38 (5) 0.0392 (10) 274.1 3.0 5.37 14.5 0.98 10.9 3.8 (4.1)
12100 4109.7 267.5 11.39 (5) 0.0372 (10) 249.2 2.9 5.31 15.4 1.07 4.3 −2.1 (5.9)

Total 56863.7 4805.2 11.41 (5) 0.0446 (10) 4410.4 3.5 5.38 11.86 1.09 3199.6 −28.4 (1.6)

5–10% uncertainty in absolute concentrations of noble gases.

Numbers in parentheses refer to the last digits and are 1σ-uncertainties.
Uncertainties for 40Ar/36Ar and 36Ar/38Ar are 0.1 and 0.01, respectively.
aCumulative number of strokes.
b×10−8 cm3 STP g−1.
cppb.
d‰.
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boundaries leading to further compaction and
solidification, thereby former grain boundaries
encapsulate partly vesicular/porous interiors of the
compacted breccia, in which the former surface
correlated noble gases become trapped. Small vesicular
cavities have also been observed by Noguchi et al.
(2014), who considered blistering during solar wind
implantation of helium on some Itokawa particles.
However, they noted that these vesicles were much
smaller than those in the rims of lunar regolith breccias
described by Noble et al. (2005). The authors of the last
study described cavity sizes of 100–200 nm within the
vesicular and glassy rims, which were assumed to have
formed in situ by heating during the lithification
processes, because lunar soils usually lack such rim
types (Noble et al. 2005).

Imagining that surfaces of agglutinating grains
could form traps (e.g., very small vesicles) upon heating
by agglutination, could explain (1) why solar wind
isotopes are strongly bound in the interior of rocks, (2)
why 36Ar and 40Ar behave coherently (diffusion is
governed by vesicle strength or diffusion path through
the minerals, not any more by implantation energy), (3)
why these former solar wind noble gases are strongly
fractionated (by heating and partial loss during
agglutination, see later section and Fig. 10), and (4)
why these noble gases can be extracted by stepwise
crushing.

So it seems reasonable to assume that some
energetic process is needed (for agglutination, trapping,
equilibration) in addition to solar wind implantation.
Impact-induced heating, possibly also solar heating, is a
viable energy source (see Shuster and Cassata [2015] for
effects ascribed to solar heating). However, in our
opinion, mild solar heating would rather result in the
preferential extraction of the (1 keV implanted) 40Ar
and would not have the capacity to lock both 40Ar and
36Ar into more retentive non-surface sites. We think
that impact heating is a much stronger and effective
heat source to cause agglutination and to lock both
isotopes into more retentive traps. Considering these
scenarios, it is quite evident that during laboratory
heating trapped gases are not extracted from the
original surfaces in which they had been once
implanted.

It is also interesting that some lunar soil samples
exhibit main Ar release at 600–800 °C (Mortimer et al.
[2016], similar to Baur et al. 1972), while some other
lunar rocks release solar wind implanted argon at
temperatures as high as 1200–1500 °C. From studying
meteorites and lunar rocks, the high release temperature
seems to be due to shock modifications of the rocks
(e.g., Bogard and Hirsch 1980; Kunz et al. 1997), as it is
likely the case for our sample Dhofar 1436. We
therefore assume that strong shock metamorphism
locked gases in these highly retentive sites.

Table 4. Stepwise combustion data for the whole rock sample Dhofar 1436-e (3.117 mg).

T (°C) 4Hea 20Nea 20Ne/22Ne 21Ne/22Ne 36Ara 40Ara 36Ar/38Ar Nb δ15Nc Cd δ13Cc

200 b.d. b.d. n.a. n.a. 0 379.6 n.a. 1024.4 −7.8 (4) b.d. n.a.
300 191.1 6.4 n.a. n.a. b.d. 134.1 n.a. 3111.0 −0.5 (3) 137.7 −22.0 (2)

400 415.7 15.0 n.a. n.a. b.d. 51.4 n.a. 2931.3 0.0 (3) 156.7 −23.8 (2)
500 986.7 52.9 n.a. n.a. 0.7 14.7 n.a. 2140.6 −2.6 (3) 71.0 −18.2 (3)
600 1895.7 168.8 11.43 (21) 0.0410 (43) 3.4 29.7 n.a. 1188.5 −16.0 (4) 84.7 −5.0 (6)

700 2185.8 367.7 11.78 (15) 0.0472 (31) 5.9 b.d 4.65 (6) 980.2 −6.2 (5) 47.5 1.4 (5)
800 3488.7 654.4 11.84 (11) 0.0469 (21) 15.3 b.d. 5.03 (3) 534.5 −6.4 (7) 9.6 −11.5 (6)
900 3910.7 867.6 11.83 (10) 0.0490 (17) 26.3 b.d. 4.69 (1) 480.5 −6.1 (8) 5.3 −17.3 (4)

1000 2221.6 1045.5 11.76 (9) 0.0458 (17) 19.4 b.d. 4.61 (1) n.a. n.a. 2.9 −10.0 (8)
1100 909.0 1084.4 11.75 (9) 0.0454 (16) 30.3 b.d. 4.81 (1) n.a. n.a. 3.2 −12.3 (7)
1200 210.8 3272.1 11.40 (5) 0.0444 (10) 1965.4 4961.4 5.10 (1) 2844.9 −79.4 (4) 10.5 11.1 (8)
1300 146.8 468.4 11.59 (12) 0.0504 (26) 2976.8 8150.0 5.03 (1) 2852.3 −76.5 (4) 11.8 5.8 (4)

1400 166.8 11.2 n.a. n.a. 446.3 1348.8 4.78 (1) 847.7 −34.5 (4) 4.4 −6.1 (5)
1430 b.d. b.d. n.a. n.a. b.d. b.d. n.a. 307.8 −10.6 (1.1) 2.8 −15.7 (1.6)
1460 b.d. 8.4 n.a. n.a. b.d. 34.2 n.a. 1593.6 −2.1 (3) 7.1 −28.4 (2)

Total 16729.4 8022.9 11.60 (8) 0.0459 (16) 5489.6 15104.1 5.03 (1) 20837.3 −25.3 (4) 555.3 −15.8 (4)

5–10% uncertainty in absolute concentrations of noble gases.

Numbers in parentheses refer to the last digits and are 1σ-uncertainties.
b.d. = below detection limit; n.a. = not analyzed.
a×10−8 cm3 STP g−1.
bppb.
c‰
dppm.
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Concerning the determination of the trapped
40Ar/36Artrapped composition via 40Ar-39Ar dating and
associated isochron plots, it is also important to note
that the event that trapped surface sited 40Ar and 36Ar
into deeper sites should also have the power to reset the
K-Ar system, that is, degas preexisting radiogenic 40Ar.
If the precursor soil or rock was not reset (and
consisted of protoliths or fragments of different ages), it
would be impossible to obtain a straight line in an
isochron plot, unless the precursor protoliths
accidentally had all the same age.

It is furthermore likely that the same energetic
process that tightly traps solar wind gases (in sites that
degas only at high temperatures but that are
nevertheless accessible by crushing) could not only
mobilize preexisting in situ radiogenic 40Ar but could
also equilibrate this component. That such a process
exists can be demonstrated by studies which found
trapped argon with 40Ar/36Artrapped of ≥30, 37, and

~100 in lunar rocks 15426 (Huneke et al. 1973), 76535
(Bogard et al. 1975), and 67618 (Schaeffer and Schaeffer
1977), respectively. Such values must contain a
redistributed in situ radiogenic 40Ar component, as
these values are far above reasonable solar wind
mixtures of 36Ar and 40Ar captured from the lunar
atmosphere. Such trapped argon components are also
known from non-lunar meteorites that originated from
Mars, Vesta, and other asteroids (Korochantseva et al.
2017; Trieloff et al. 2018).

Based on the presence of 40Ar retrapped or
reimplanted from the lunar atmosphere by the solar
wind, Eugster et al. (2001) suggested using the
(40Ar/36Ar)trapped ratio as a measure for the antiquity of
surface exposure. They argued that 40Ar/36Artrapped was
higher during early exposure, as there was more 40Ar
produced by 40K-decay and because the early active
Moon released 40Ar more effectively into the lunar
atmosphere. Eugster et al. (2001) included three points
in their calibration curve representing 40Ar-39Ar ages
and their (40Ar/36Ar)trapped. They already assigned these
points as less reliable and noted the problem that
40Ar-39Ar ages might not necessarily correspond to the
time of irradiation of these rocks.

In the case of our Dhofar 1436 sample, we may
specifically discuss the timing of Ar trapping and
breccia solidification. Samples Dhofar 1436-a and
Dhofar 1436-b contain different lithic fragments and are
distinct in the proportion of matrix and clastic material.
Nevertheless, Ar-Ar analyses of both subsamples yield a
4.1 Ga isochron due to mixture of a radiogenic
component and a trapped solar wind component which
appears homogeneous throughout the Dhofar 1436
breccia. Hence, Dhofar 1436 must have experienced a
high grade event degassing all preexisting in situ
radiogenic 40Ar accumulated before 4.1 Ga ago. In a
first possible scenario, trapped argon with (40Ar/
36Ar)trapped = 2.5 or lower may have been acquired
before, partially lost, but also equilibrated during this
high grade event, and, most importantly, was
transferred into more retentive interior sites/traps by
agglutination, grain boundary sintering, and vesicle
formation. Trapped argon may then comprise both
solar wind (including reimplanted 40Ar) and preexisting
radiogenic 40Ar. This scenario would explain many
features by assuming a single 4.1 Ga impact event that
transformed a loosely packed soil into a relatively solid
breccia.

Alternatively, irradiation and SW implantation
occurred after the 4.1 Ga event. In this scenario, the
4.1 Ga event only reset the K-Ar system but did not
cause breccia formation. Instead, it left the soil
relatively loosely agglomerated (otherwise, solar wind
could not be implanted throughout the many grains

Fig. 6. 4He, 20Ne, and 36Ar degassing patterns of whole rock
and of residual powder after intensive crushing carried out at
the OU. Distinct release peaks of He, Ne, Ar, and facilitated
gas diffusion from crushed material are observed.
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that later merged into the breccia). According to the
Eugster et al. (2001) curve, irradiation should have
happened much later than 1.8 Ga ago, when (40Ar/
36Ar)trapped was about 2.5. This means that the soil was
covered or shielded between 4.1 Ga and 1.8 Ga and was
excavated and exposed 1.8 Ga ago for about

100–200 Ma. Subsequent thermal processes caused
breccia formation, that is, agglutination to seal grain
boundaries, and caused partial loss/fractionation of
solar wind noble gases and transfer of them into
vesicles. However, all that must not have reset the K-Ar
system (otherwise, a 4.1 Ga plateau age could not be

Table 5. Stepwise combustion data for Dhofar 1436-c-p (powdered sample) retained after Heidelberg crushing
(2.049 mg).

T (°C) 4Hea 20Nea 20Ne/22Ne 21Ne/22Ne 36Ara 40Ar/36Ar 36Ar/38Ar Nb δ15Nc Cb δ13Cc

200 b.d. n.a. n.a. b.d. n.a. n.a. 10.4 0.2 (7) 375 −27.4 (3)
300 330 57 n.a. n.a. 12 13.1 n.a. 55.3 11.3 (6) 1200 −27.1 (1)

400 402 137 11.52 (11) 0.0346 (23) 20 4.60 n.a. 26.8 5.9 (5) 928 −24.2 (3)
500 457 154 11.28 (11) 0.0322 (23) b.d. n.a. n.a. 17.6 4.2 (6) 789 −19.3 (3)
600 553 165 11.28 (9) 0.0308 (20) b.d. n.a. n.a. 5.79 2.6 (7) 571 −3.7 (1)
700 855 178 10.62 (9) 0.0377 (23) 140 1.50 4.91 (2) 5.24 2.3 (7) 65 −22.9 (4)

800 1610 143 10.43 (8) 0.0396 (26) 413 2.08 4.92 (2) 7.75 −0.6 (8) 98 −20.4 (2)
900 1970 204 10.97 (8) 0.0366 (20) 586 2.19 4.88 (2) 8.28 −3.3 (8) 80 −20.6 (4)
1000 1120 211 11.19 (8) 0.0346 (17) 413 1.88 4.84 (2) 6.00 −3.6 (7) 45 −16.2 (2)

1100 513 114 n.a. n.a. 635 2.03 4.91 (2) 3.06 −4.7 (6) 39 −17.6 (3)
1200 930 58 n.a. n.a. 1540 2.84 4.90 (2) 3.75 −16.7 (6) 28 −14.6 (4)
1300 236 19 n.a. n.a. 441 2.40 4.74 (2) 1.44 −19.9 (9) 13 −18.2 (2)

1400 289 24 n.a. n.a. 267 2.73 4.65 (2) 0.917 −29.3 (1.6) 7 −22.6 (1)
1450 b.d. b.d. n.a. n.a. b.d. n.a. n.a. 0.349 −25.8 (3.1) 3 −33.2 (3)
Total 9265 1465 11.03 (9) 0.0355 (22) 4466 2.42 4.86 (2) 152.7 4.5 (6) 4240 −21.2 (2)

5–10% uncertainty in absolute concentrations of noble gases.

Numbers in parentheses refer to the last digits and are 1σ-uncertainties.
Uncertainties for 40Ar/36Ar are 0.1.

b.d. = below detection limit; n.a. = not analyzed.
a×10−8 cm3 STP g−1.
bppm.
c‰

Table 6. Stepwise combustion data for Dhofar 1436-d-p (powdered sample) retained after OU crushing (4.957 mg).

T (°C) 4Hea 20Nea 20Ne/22Ne 21Ne/22Ne 36Ara 40Ara 36Ar/38Ar Nb δ15Nc Cb δ13Cc

200 166.0 b.d. n.a. n.a. b.d. 0.7 n.a. 2.8 −1.3 (4) 234.4 −29.7 (3)

300 1053.2 49.7 n.a. n.a. 0.9 b.d. n.a. 20.6 1.6 (3) 942.0 −19.9 (3)
400 667.5 127.3 11.71 (22) 0.0331 (34) 4.9 84.2 n.a. 20.0 5.8 (3) 1453.5 −23.8 (3)
500 751.1 147.0 11.36 (20) 0.0345 (32) 7.1 27.2 n.a. 19.9 7.0 (4) 495.3 −21.5 (3)
600 717.3 184.2 11.75 (16) 0.0391 (32) 36.4 114.4 4.44 8.0 4.3 (4) 151.3 −17.3 (3)

700 468.6 207.3 11.57 (16) 0.0383 (30) 318.1 1001.6 4.59 34.9 −3.8 (4) 188.9 −25.3 (3)
800 387.9 51.3 n.a. n.a. 437.8 1197.2 4.48 58.5 −0.8 (5) 398.5 −26.3 (4)
900 171.9 21.8 n.a. n.a. 151.2 385.2 4.52 29.7 11.2 (5) 439.5 −22.7 (3)

1000 25.3 7.1 n.a. n.a. 210.2 467.1 4.52 98.0 −2.7 (5) 757.8 −21.4 (4)
1100 2.5 3.1 n.a. n.a. 178.7 358.7 4.55 101.2 −0.4 (5) 352.4 −17.3 (4)
1200 57.2 5.0 n.a. n.a. 33.9 b.d. n.a. 46.7 2.2 (5) 205.6 −25.4 (3)

1300 b.d. 5.4 n.a. n.a. 2.0 2.1 n.a. 1.8 −2.7 (5) 30.5 −27.3 (4)
1400 5.82 b.d. n.a. n.a. b.d. 67.4 n.a. 0.2 −19.4 (1.1) 9.1 −25.6 (2)
Total 4474.1 809.1 11.60 (18) 0.0369 (32) 1381.2 3705.8 4.53 442.3 0.6 (5) 5658.9 −22.5 (3)

5–10% uncertainty in absolute concentrations of noble gases.

Numbers in parentheses refer to the last digits and are 1σ-uncertainties.
Uncertainties for 36Ar/38Ar are 0.01.

b.d. = below detection limit; n.a. = not analyzed.
a×10−8 cm3 STP g−1.
bppm.
c‰
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observed). This is particularly problematic, as part of
the breccia is former melt, containing numerous
bubbles, which—according to previous experiences with
impact metamorphism and K-Ar dating—should have
been reset completely. Moreover, before solidification
and agglutination (i.e., between 4.1 Ga and 1.8 Ga),
only 4.1 Ga old components were mixed into the
breccia (e.g., like different lithic fragments and matrix in
Dhofar 1436-a and Dhofar 1436-b). Specifically, during
shielded storage and subsequent excavation and
irradiation of the soil, neither older nor younger
fragments must have been admixed to the yet not
solidified soil.

We argue that the latter scenario requires some very
unlikely or even impossible ad hoc assumptions, for
example, (1) at 4.1 Ga, a complete reset of the K-Ar
system without soil solidification; (2) keeping a loosely
agglomerated soil package isolated for 2.3 Ga during
burying, excavation, and surface irradiation; (3) during
solidification, no partial loss of radiogenic 40Ar.
Particularly problematic is the question: how can one
thermal process reset the soil at 4.1 Ga but without
breccia solidification, while another thermal process (at
1.8 Ga) leaves the K-Ar system largely unaffected but
causes breccia formation? From the viewpoint of
resetting the K-Ar system, the 4.1 Ga event should have

been stronger; from the viewpoint of breccia formation,
the 1.8 Ga event should have been stronger—this is an
unresolvable contradiction.

While the above arguments would strongly favor
breccia formation 4.1 Ga ago and trapped surface
correlated argon that accumulated before 4.1 Ga, its
isotopic composition is incompatible with the Eugster
et al. (2001) antiquity curve, again leading to a strong
contradiction. There are other lunar meteorite Ar-Ar

Fig. 7. Neon isotopic compositions for crushing and
combustion analyses of Dhofar 1436. Solar wind (SW; Heber
et al. 2009) and Earth’s atmosphere (EA; Eberhardt et al.
1965) compositions are noted. The range for the cosmogenic
component produced by galactic cosmic rays (GCR) is given:
(20Ne/22Ne)c from Eugster and Michel (1995), (21Ne/22Ne)c
using Leya et al. (2001) for 2π irradiation and shielding depths
of up to 540 g cm−2 for average composition of highland
lunar meteorites (Demidova et al. 2007), and using Eugster
and Michel (1995) for 4π irradiation and different shielding
depths for achondrites. HD = Heidelberg; OU = The Open
University.

Fig. 8. Three-isotope plot of 20Ne/22Ne versus 21Ne/22Ne for
lunar samples. A) Comparison of Ne measured in Dhofar
1436 by stepwise crushing performed in HD with Apollo soils
analyzed by stepwise heating extraction. The data of Apollo
17 samples (71501 ilmenite and pyroxene measured by
stepwise heating by Palma et al. [2002] and by etching by
Wieler et al. [1986], respectively) show a linear array from SW
Ne to fractionated solar wind (FSW) of heavier composition
with increasing crushing steps. This trend is identical to
modeled Ne isotopic profiles using the SRIM code (Grimberg
et al. 2006) demonstrating the fractionation of SW Ne with
depth (black arrow). The Apollo 16 data (64424 and 65511
plagioclase investigated by stepwise etching by Wieler et al.
[1986] plot along curved lines that can be explained by mixing
of fractionated SW-Ne and GCR-Ne (Grimberg et al. 2006).
The Dhofar 1436 crushing data points display a similar
pattern. In both Apollo 16 and Dhofar 1436, advanced
crushing steps display the lowest SW/FSW-Ne component and
the highest contribution of the GCR-Ne component. B) A
similar release pattern can be observed for stepwise heating
data of other lunar meteorites. Temperature steps in (°C) are
labeled for Y-793274 and EET87521. Other components
plotted include solar wind (SW; Heber et al. 2009) and Earth’s
atmosphere (EA; Eberhardt et al. 1965). The range for the
cosmogenic component produced by galactic cosmic rays
(GCR) is given: (20Ne/22Ne)c from Eugster and Michel (1995),
(21Ne/22Ne)c using Leya et al. (2001) for 2π irradiation and
shielding depths of up to 540 g cm−2 for average composition
of highland lunar meteorites (Demidova et al. 2007) and using
Eugster and Michel (1995) for 4π irradiation and different
shielding depth for achondrites.
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data with ages and (40Ar/36Ar)trapped ratios that are
either below or above the curve (Fernandes et al. 2000,
2003; Cohen et al. 2005b; Korochantseva et al. 2016),
so there appears to be a general problem about the

meaning and the interpretation of the orphan argon
composition.

However, these contradictions may be resolved: If
both high energetic (30 keV) 36Ar and low energetic
40Ar (1 keV) were implanted by solar wind, and if solar

Fig. 9. 4He/3He versus 21Ne/22Ne for Dhofar 1436 crushing
data obtained in HD. Solar wind (SW; Heber et al. 2009),
Earth’s atmosphere (EA; He: Mamyrin et al. 1970, Ne:
Eberhardt et al. 1965), and the cosmogenic component
produced by galactic cosmic ray (GCR; He: Reimer et al.
[1998], Wieler [2002], Ne: calculated using Leya et al. [2001]
for 2π irradiation and shielding depths of up to 540 g cm−2 for
average composition of highland lunar meteorites [Demidova
et al. 2007] and using Eugster and Michel [1995] for 4π
irradiation and different shielding depths for achondrites)
compositions are noted.

Fig. 10. Elemental abundance plot of 4He/36Ar versus
20Ne/36Ar ratios for Dhofar 1436 crushing data. Other
components plotted include solar wind (SW; Heber et al.
2009), fractionated solar wind (SEP; Benkert et al. 1993: range
based on step 16 of ilmenite 79035/3 and step 13 of pyroxene
71501/1), and cosmogenic component produced by galactic
cosmic rays (GCR; Leya and Masarik 2009: average value for
0–150 cm radius using the chemical composition of Dhofar
1436).

Table 7. Elemental ratios of cosmogenic 3He, 21Ne, and 38Ar released by stepwise crushing and WR combustion in
Dhofar 1436 compared to model values.

Crushing, University of Heidelberg

Crushing, The Open

University WR heating Galactic cosmic rays

Extractionsa 3He/21Ne 3He/38Ar 21Ne/38Ar Extractionsa 21Ne/38Ar T (°C) 21Ne/38Ar 3He/21Ne 3He/38Ar 21Ne/38Ar

50 10 1.223 700 2.167 3.5–8.9b 7.8b 0.8–2.3b
60 3.343 50 0.578 800 2.873 2.4–3.3c 1.9–3.2c 0.8–1.0c
120 0.055 0.096 1.757 200 0.509 900 1.365 0.5–1.1d
200 0.736 500 0,358 1000 1,591
400 0.272 0.112 0.413 1100 0.313 1100 1.386
700 0.536 0.123 0.228 2100 0.280 1200 0.117

1200 0.331 0.040 0.120 4100 0.187 1300 0.013
2000 0.480 0.438 0.913 6100 0.152
3000 0.558 0.310 0.556 8100 0.108

4000 0.532 0.146 0.275 10100 0.146
5000 0.123 0.020 0.162 12100 0.067

The cosmogenic ratios in samples are evaluated using (3He/4He)SW = 4.64 × 10−4 and (21Ne/22Ne)sw = 0.0329 by Heber et al. (2009),

(3He/4He)cos = 0.12 by Wieler (2002), (21Ne/22Ne)cos = 0.86 (average value for the (21Ne/22Ne)cos range, see Fig. 8), (36Ar/38Ar)SW = 5.47

(Heber et al. 2009) and (36Ar/38Ar)cos = 0.65 by Eugster et al. (1991).
aCumulative number of strokes.
bCalculated using Eugster and Michel (1995) for 4π irradiation and different shielding depth for achondrites
cCalculated using Leya and Masarik (2009) for 4π irradiation of meteoroid with a radius of 150 g cm−2.
dCalculated using Hohenberg et al. (1978) for 2π irradiation and shielding depth up to 500 g cm−2 for average. b,c,dcalculated for average

composition of lunar highland meteorites (Demidova et al. 2007).
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heating before breccia formation 4.1 ago caused
fractionation of solar wind He, Ne, and Ar (see below),
such heating may well have resulted in lowering the
40Ar/36Ar ratio of trapped argon from about 12 down
to 2.5, considering the very low implantation energy
and easy thermal loss of 40Ar when compared to 36Ar
(Baur et al. 1972).

Just as a sample calculation, the loss of a given
isotope correlates with the inverse square of the
diffusion distance according to the Carslaw and Jaeger
(1959) equation:

F¼ 1�6π�2 ∑
∞

n¼0

n�2exp �n2π2Dt=a2
� �

where F is the fractional loss, t diffusion time, a
diffusion distance or grain radius, D diffusion
coefficient with D = D0exp(−Q/RT), where Q is the
activation energy, D0 the frequency factor, R the gas
constant, and T the temperature.

Assuming the same stopping power per keV for
40Ar and 36Ar, the diffusion distance for 40Ar is 1/30 to
that of 36Ar. For a loss of 80% of 40Ar, which is
necessary to reduce 40Ar/36Ar from 12 to 2.5, we
calculate (for Dt/a2 = 0.115 for 40Ar and Dt/
a2 = 0.000128 for 36Ar) a 7% 36Ar loss, which is
feasible.

Hence, an irradiation scenario as a lunar soil before
4.1 Ga and subsequent heating (either prolonged solar
and/or impact induced) may explain both the
fractionation of solar wind noble gas (He, Ne, Ar) and
the fractionation of orphan argon from 40Ar/36Ar of
about 12 down to 2.5, followed by mixing with impact
degassed material 4.1 Ga ago and breccia formation.

Noble Gas Elemental Ratios

In all analyses, the 4He/20Ne, 4He/36Ar, and
20Ne/36Ar ratios are strongly fractionated, that is, the
light noble gases are depleted, relative to the heavy ones
compared to the SW composition. Similar fractionation
is observed for subsolar noble gases in enstatite
chondrites (Okazaki et al. [2010], and references
therein). The elemental abundances are also similar to
other lunar samples (e.g., Wieler 2002; Schultz and
Franke 2004). The mechanism for fractionation is
considered to be diffusive loss of the light noble gases
(Wieler 2016). Takaoka and Nakamura (1996) also
detected trapped gases released by crushing experiments
of an enstatite chondrite and the authors proposed that
cosmogenic noble gases, radiogenic 40Ar, and radiogenic
129Xe accumulated prior to the shock event and became
trapped and occluded in microbubbles upon impact
melting. They also argued that additional mechanisms

like solubility controlled degassing fractionation might
play a role. It is likely that in Dhofar 1436, the
4.1 � 0.1 Ga ago event having mobilized preexisting
noble gas components (SW, radiogenic, and
cosmogenic) caused the fractionation, resulting in
significant loss of SW He and Ne.

It should be noted that only totals and stepwise
crushing data reflect truly in situ elemental ratios, for
example, 4He/20Ne and 20Ne/36Ar. Stepwise heating data
do not, as these can be affected by diffusional fractionation
upon stepwise heating extraction. As light noble gases can
be more easily extracted by thermally driven diffusion; this
effect would be recognizable by too high 4He/20Ne and
20Ne/36Ar ratios in low temperature extractions which then
gradually turn to anomalously low 4He/20Ne and
20Ne/36Ar ratios in high temperature extractions (Fig. 6).
Hence, we will focus our considerations on totals and
stepwise crushing data. Figure 10 shows that the 4He/20Ne
and 4He/36Ar ratios observed during stepwise crushing
extractions are clearly lower than in unfractionated solar
wind and in the GCR produced cosmogenic component.
Only upon prolonged crushing after >2000 strokes, the
ratios show a trend toward a cosmogenic component
(Fig. 10). This is consistent with the more cosmogenic
character of the isotopic ratios (4He/3He, 21Ne/22Ne) in
advanced crushing steps.

Basically the elemental ratio variations in crushing
steps can be explained by successive opening of voids/
inclusions of different sizes. It should be noted that the
significant increase of the 4He/20Ne and 4He/36Ar ratios
cannot be explained solely by admixing of nucleogenic
or cosmogenic 4He. Another source of 4He could be
mechanical breakdown of the crystal structure releasing
radiogenic 4He, causing significant effects on the
measured 3He/4He ratios during crushing experiments
(Scarsi 2000; Matsumoto et al. 2002; Buikin et al. 2018).
However, in Dhofar 1436, the 3He/4He ratio
systematically increases with crushing steps, so there is
no indication of the in situ radiogenic 4He contribution
in the advanced crushing steps, but rather an increasing
contribution of cosmogenic 3He (Fig. 9). A higher
production rate of cosmogenic He compared to
cosmogenic Ne and Ar (Leya and Masarik 2009) also
cannot explain a factor of 10 increase of the 4He/20Ne
and 4He/36Ar ratios during progressive crushing, since
the contribution of cosmogenic 4He to the 4He budget is
very low (see above). The increase of these ratios
obviously reflects a truly different elemental ratio of the
fractionated SW component between crush-accessible
sites varying in size, for example, between larger and
smaller voids. The increase of 20Ne/36Ar during
progressive crushing is also observed but less
pronounced compared to the He/Ne and He/Ar ratios
and is demonstrated by more intensive crushing
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performed at the OU (Fig. 10). The analogous increase
of 4He/20Ne and 4He/36Ar ratios with progressive
crushing is also reported for the L-chondrite Ghubara
(Korochantseva et al. 2018) and it seems to be
controlled by very similar processes.

The elemental ratios of cosmogenic 3He, 21Ne, and
38Ar released by crushing are strongly fractionated
compared to the production rate ratios of these isotopes
calculated according to Hohenberg et al. (1978), Eugster
and Michel (1995), and Leya and Masarik (2009) for
the Dhofar 1436 chemical composition (Table 7). For
example, (3He/38Ar)cos is mostly ≤0.1 compared to
literature or model values of >1.9 (Table 7). Concerning
(21Ne/38Ar)cos only, the first crushing steps are within
the range of unfractionated values between 1 and 3,
most advanced crushing step values are lower (Table 7)
and accompanied by fractionated trapped gases
(Fig. 10; Tables 2 and 3). As advanced crushing steps
also show 40Ar/36Ar ratios in the range of the trapped
argon composition defined by the intermediate to high
temperature isochrones (Fig. 3), we may conclude that
vesicle-related fractionated cosmogenic gases are
associated with the high temperature components.
Nevertheless, it should be noted that the fractionation
of the solar wind component is stronger (a factor of
about 80 for 20Ne/36Ar and at least 2000 for 4He/36Ar)
than for the cosmogenic noble gases (up to a factor of
about 20 for 21Ne/38Ar and about 100 for 3He/38Ar).

All in all, noble gas elemental ratios released
during crushing can be interpreted by mixing of
variable fractionated solar and cosmogenic components.
The significant fractionation of the cosmogenic gases
suggests that the main part of cosmogenic nuclides in
Dhofar 1436 was accumulated early over a long time
period (>150 Ma according to CRE age spectrum,
Fig. 5C), was redistributed, and fractionated during the
main impact event 4.1 � 0.1 Ga ago and was finally
trapped into voids. The fractionation of accumulated
solar and cosmogenic noble gases could have happened
before breccia formation of Dhofar 1436 caused by
solar heating of the regolith. The amount of
cosmogenic gases with unfractionated composition in
tracks of late accumulation is obviously low. Later,
“solar heating” or late mild impacts were likely not
responsible for the main component of high
temperature fractionated cosmogenic gases as
temperature extractions ≤1100 °C do not show
fractionation of cosmogenic gases.

Ne Curved Function

In the neon three-isotope diagram (Fig. 8), there is
a remarkable coincidence of isotopic trends: the first
extraction steps are dominated by solar wind

composition, the following steps develop toward
fractionated solar wind, and finally toward cosmogenic
composition, regardless of whether neon is extracted by
stepwise etching (Apollo samples; Wieler et al. 1986) or
stepwise crushing (Dhofar 1436). The curvature of the
neon trend of Dhofar 1436 obtained by crushing could
be partially caused by the presence of two cosmogenic
components, ancient fractionated (redistributed during
the main event into voids) and recent, located in
different sites.

Only a few stepwise crushing investigations of
extraterrestrial material have been performed so far.
Additional studies of meteorites using this technique
would help in fully evaluating the type of observations
made in this study.

Carbon and Nitrogen

The powdered samples contain excess N and C
concentrations in comparison with the WR sample,
similar to an observation made in a previous study
(Verchovsky et al. 2017). This is most likely related to
methodological artifacts: On the one hand, organic
material and air components are trapped by fresh grain
surfaces after exposing the crushed material to air and
these components are released at low temperatures. On
the other hand, the steel particles from the crusher,
formed as a result of friction between its metal parts,
introduce additional N and C that are both released at
high temperatures. Therefore, N and C data for
powdered samples will not be discussed; instead, we will
focus on data of crushed and combusted WR samples.

The C concentration of the step-combusted WR
sample (Dhofar 1436-e) is 555.3 ppm, with δ13C of
−28‰ to +11‰ (Table 4). Nitrogen concentrations
released by crushing and WR combustion are 3.2 ppm
and 20.8 ppm, respectively. The release pattern of
nitrogen for Dhofar 1436, analyzed by stepwise
combustion carried out at the OU, is bimodal
(Fig. 11A). During crushing, most of the N is released
during the initial steps. At the beginning of the
crushing, δ15N decreases from −12‰ to −36‰ and
then increases up to + 4‰ (Table 3; Fig. 11B). In the
initial crushing steps, the 15N-enriched signature is likely
related to atmospheric/organic contamination. For the
final crushing steps, cosmogenic nitrogen contributes to
the positive value. The latter is supported by the
aforementioned trends for the noble gas isotopic
composition. The lightest nitrogen composition
(δ15N = −79‰) is in the range observed earlier for
lunar samples (e.g., Brilliant et al. 1994; Assonov et al.
2002; Hashizume et al. 2002) and it is associated with
SW nitrogen measured during stepwise combustion of
the WR sample at the 1200 °C release peak (Fig. 11B).
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Note that also the majority of the Ne and Ar is released
at this temperature. High temperature degassing of
minerals is obviously the consequence of shock
metamorphism (e.g., Trieloff et al. 2018). A small
release peak of carbon is also observed at this
temperature (Fig. 12), having the most 13C-enriched
signature (+11‰). This finding is likely related to
oxidation of graphite. Similar release patterns of N and
C and δ15N and δ13C variation have been observed for
Dar al Gani 262 (Bischoff et al. 1998). In contrast to
lunar soils, which show the presence of both isotopically
heavy (up to +150‰ at relatively low temperature
steps, of planetary origin accreting to the Moon) and
light (down to −150‰ at higher temperature steps, of

solar origin) nitrogen components (Becker et al. 1976;
Brilliant et al. 1994; Assonov et al. 2002; Mortimer
et al. 2016), the lunar meteorites (Dhofar 1436 and
DaG 262) exhibit only the isotopically light N
component. Evidently the isotopic composition of
nitrogen redistributed into voids during breccia
formation is dominated by solar gases accumulated
before the major event as we already discussed for the
noble gas data. The low temperature heavy nitrogen
could have been lost at the impact events.

In recent studies, the variations of δ15N in lunar
samples is considered to be due to temporal changes in
the micrometeorite flux (e.g., Hashizume et al. 2002;
Füri et al. 2012). Hence, a simple relation between age
and δ15N is not tenable as in the case of orphan argon
(see the Lunar Trapped Argon and the “Antiquity”
section). For the impact melt breccia Dhofar 1436, the
lunar nitrogen isotopic composition is rather a result of
mobilization of nitrogen components that accumulated
prior to the 4.1 Ga event and redistribution within the
rock as it is also suggested for noble gases.

SUMMARY

The K-Ar system of the gas-rich lunar impact melt
breccia Dhofar 1436 was totally reset at 4.1 � 0.1 Ga
by an event potentially related to the purported LHB.
Later, this meteorite may have experienced a thermal
partial degassing event causing diffusional losses of
argon recognized for cosmogenic isotopes. Dhofar 1436
has a complex cosmic ray exposure history. The main
part of the cosmogenic nuclides in Dhofar 1436 was
likely accumulated before the 4.1 � 0.1 Ga event over
an extended period of time (>150 Ma); the amount of
cosmogenic gases from the late and second
accumulation phase is obviously low. The transit time

Fig. 11. Nitrogen abundances (A) and isotopic compositions
(B) obtained by stepwise combustion and crushing analyses
performed at the OU. The lightest nitrogen composition
(δ15N = −79‰) is measured during stepwise heating of whole
rock sample at the main release peak (1200 °C) of Ne and Ar
(Ar-Ar data).

Fig. 12. Abundances and isotopic compositions of carbon
analyzed by stepwise whole rock combustion.
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of the meteorite from the lunar surface to Earth and
recent exposure on the lunar surface is <14 Ma.

A combined stepwise crushing and combustion
study of noble gases and nitrogen in this breccia as well
as Ar-Ar dating showed that these volatiles are released
at high temperatures and that they have been trapped in
voids. The origin of the volatile species, and, in
particular, the lunar trapped argon with 40Ar/36Ar
ratios of 2–3 identified in all analyzed samples, and
inter alia, precisely determined by Ar-Ar isochron
evaluations, giving 40Ar/36Ar = 2.51 � 0.04, are linked
with a major breccia forming event. This event likely
comprised grain compression and agglutination at
partially open porosity conditions, allowing gases from
grain boundaries to escape partially and to fractionate.
It also comprised closed porosity conditions, caused by
sintering and sealing of grain boundaries. Former grain
boundaries encapsulate partly vesicular/porous interiors
of the compacted breccia, in which former surface
correlated noble gases become trapped. This process
explains the strong retention of solar wind isotopes in
vesicles throughout the interior of the breccia and their
strong fractionation upon extraction by stepwise
crushing.

Isotopic and elemental compositions of the light
noble gases released by crushing can be explained as a
mixture of solar-like and cosmogenic (ancient and
recent) components. The isotopic compositions of
trapped He and Ne are dominated by the SW
component: In the first crushing steps, 4He/3He ratios
correspond to the solar wind value and 20Ne/22Ne ratios
are up to 12.57. The higher contribution of the
cosmogenic component is observed in advanced
crushing steps. This is also valid for Ar and N isotopic
compositions as well as noble gas elemental ratios. The
solar and cosmogenic components were strongly
fractionated; fractionation of the solar wind component
is stronger than for cosmogenic noble gases. The
increase of the 4He/20Ne, 4He/36Ar, and 20Ne/36Ar
elemental ratios upon progressive crushing likely point
out disequilibrium distribution of the gases between the
voids of different sizes that can be caused by the
dynamics of the shock metamorphism process.

The lightest nitrogen composition (δ15N = −79‰)
associated with the most 13C-enriched signature (+11‰)
is observed during stepwise combustion of the WR
sample at 1200 °C, which is also the main degassing
peak of Ne and Ar and which is likely due to release
from voids of shock metamorphic phases. This also
demonstrates that a nitrogen component related to
micrometeorite contamination of the lunar surface
(Assonov et al. 2002; Mortimer et al. 2016) can be
transferred into highly retentive shock phases (including
vesicles) together with other former surface related solar

wind implanted noble gases, resulting in almost identical
release patterns despite their different origin and
different chemical properties.

We consider two alternative formation models to
explain our observations. In Model 1, breccia formation
and shock metamorphism occurred during the LHB at
4.1 Ga ago, followed by impact-induced mobilization,
equilibration, fractionation, and re-trapping of pre-
existing solar wind, planetary, cosmogenic gases,
radiogenic, and reimplanted argon by agglutination of
former grain boundaries leading to vesicle formation
and sealing. Hence, gases are related to voids of
retentive phases formed during shock metamorphism,
and can be released by crushing or thermal degassing at
high temperatures. Later, unfractionated cosmogenic
nuclides were acquired for a few tens of Ma, before the
rather recent ejection event from the Moon.

In Model 2, complete reset occurred 4.1 Ga ago.
However, the reset was primarily induced thermally
(e.g., long-term tempering by an impact melt sheet), and
was not necessarily accompanied by formation of shock
phases or breccia formation. The soil was only loosely
agglomerated, to enable later acquisition of cosmogenic
gases together with solar wind and orphan argon by ion
implantation. This irradiation should have happened
1.8 Ga ago, when (40Ar/36Ar)trapped was about 2.5
(Eugster et al. 2001). This means that the soil was
covered or shielded between 4.1 Ga and 1.8 Ga and was
excavated and exposed 1.8 Ga ago for about
100–200 Ma of irradiation. Fractionation of solar wind
and cosmogenic nuclides was induced by solar heating
of the soil during exposure. An impact event a few tens
of Ma ago led to the formation of shock phases (highly
retentive) but caused only minor loss of noble gases.
Finally, unfractionated cosmogenic nuclides were
acquired for a few tens of Ma just before the rather
recent ejection event.

Major problems with Model 2 are that late breccia
formation requires formation from constituents of very
similar (4.1 Ga) age, that is, for a very long time during
shielded storage and subsequent excavation and
irradiation of the soil (4.1–1.8 Ga ago), neither older
nor younger fragments were admixed to the yet not
solidified soil. Another unresolvable contradiction is the
question of how can the 4.1 Ga event have reset the K-
Ar system, but have avoided breccia formation, while
the later breccia-forming event leaves the K-Ar system
nearly unaffected? Finally, the breccia Dhofar 1436
consists of clasts (of which lithic fragments are mainly
impact melt breccias), which are cemented by a partly
devitrified glassy matrix with numerous bubbles. It is
likely that the clasts were heated by melt within both
matrix and clasts resulting in total loss of radiogenic
40Ar. In particular, the melt glass portion should be
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reset during a breccia-forming event, so rather the
4.1 Ga age should correspond to the breccia formation
time. If the breccia solidified 4.1 Ga ago, the later
acquisition of solar wind and orphan gases by
implantation could not have been effective, because
acquisition of high solar wind abundances requires
intense regolith gardening and exposure of individual
grains. In view of these issues, we consider the first
scenario of breccia formation as more plausible;
however, this is in contradiction with the evolution
curve of (40Ar/36Ar)trapped in the antiquity model
(Eugster et al. 2001). As a tentative explanation, we
suggest substantial fractionation of highly energetic
implanted (30 keV) 36Ar and shallowly implanted 40Ar
(1 keV), which could occur by thermal disturbance
before breccia formation, when original implantation
sites are relevant for diffusion processes. A calculation
shows that an 40Ar/36Ar ratio of trapped orphan argon
from approximately 12 down to 2.5 is feasible,
considering the very low implantation energy and easy
thermal loss of 40Ar when compared to 36Ar. However,
a more detailed consideration of this process should be
envisaged by future studies.
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