
VOLATILE ABUNDANCE OF PAIRED LUNAR TROCTOLITES AND THE EARLY LUNAR CRUST. T. 
J. Barrett1, K. L. Robinson1, K. Nagashima2, G. R. Huss2, J. W. Boyce3, and D. A. Kring1. 1Lunar and Planetary In-
stitute/USRA, 3600 Bay Area Blvd., Houston, TX, 77058 (E-mail: tbarrett@lpi.usra.edu), 2 Hawai‘i Institute of Ge-
ophysics and Planetology, University of Hawai‘i at Mānoa, 1680 East-West Rd., Honolulu, HI, 96822, 3NASA 
Johnson Space Center. 

 
 
Introduction: Nominally anhydrous minerals 

(NAMs) such as plagioclase, pyroxene, and olivine can 
contain small amounts of water and other volatile ele-
ments, typically within crystal lattice defects [1-5]. 
Given the volumetric abundance of NAMs, these min-
erals can contain a significant volatile reservoir despite 
their low abundances. At least one NAM is present in 
nearly all lunar rocks, unlike the more commonly stud-
ied volatile-bearing mineral apatite, making NAM-
based hygrometry more widely applicable. NAMs are 
also not subject to enrichment in H due to self-
fractionation of F, as is the case for apatite [6]. Recent 
developments in secondary ion mass spectrometry 
(SIMS) techniques (e.g., the reduction of analytical 
background) have allowed the evaluation of volatiles 
in samples that were previously too low in abundance 
to measure (e.g., [3,7,8]). The ability to make volatile 
measurements in the sub-10 ppm range opens up a 
suite of samples where volatile-bearing phases, such as 
melt inclusions and apatite, are rare or entirely absent. 
In this study we measure the abundances of H, C, F, P, 
S, and Cl in plagioclase from two paired lunar trocto-
lites to better understand the volatile inventory of the 
early lunar crust and its implications for the bulk 
Moon. 

Samples: The samples studied are Northwest Afri-
ca (NWA) 5744 and NWA 10140, which the Meteorit-
ical Bulletin classifies as a granulitic troctolitic breccia 
and troctolitic anorthosite, respectively. These meteor-
ites are believed to be paired with several other NWA 
meteorites. NWA 5744 is a recrystallized breccia com-
posed mainly of plagioclase (up to 100 μm) with fine-
grained (<50 μm) olivine, pigeonite, orthopyroxene, 
and accessory Ti-chromite and Ni-bearing troilite. 
NWA 10140 is a fine-grained anorthositic troctolite 
with plagioclase (75%), olivine (15%), and low-Ca 
pyroxene (10%) as dominant silicate phases. The thin-
section for NWA 10140 was prepared specifically 
without the use of water. There are numerous shock 
melt domains present, some with quench spinifex tex-
tures. Accessory troilite and chromite were observed. 
The depths of origin for lunar troctolites is poorly un-
derstood, but in the peak-ring of the Schrödinger basin, 
olivine-bearing rocks that are potentially troctolites 
were uplifted from depths of 20 to 30 km [9]. 

Methods: Volatile abundances (reported as CO2, 
H2O, F, P2O5, S, and Cl) measurements were conduct-

ed using the Cameca ims 1280 ion-microprobe at the 
University of Hawai‘i at Mānoa. A Cs+ primary beam 
of ~ 4nA was used, corresponding to a spot size of ~ 
30 μm. The negative ions of interest were collected on 
the same spot using peak-jumping. To improve the 
analysis chamber vacuum and thus reduce the back-
ground contribution, a LN2 cold trap and Ti sublima-
tion pump were used. Background for water content 
was found to be 1.5 ppm H2O with other elements sig-
nificantly lower. Standards used are from [10] and 
[11]. Analyses were attempted on the minor olivine 
and pyroxene phases. Unfortunately, these grains 
proved to be too small and too pervasively fractured to 
provide robust data. 

Results and Discussion: A total of 18 measure-
ments forming several core-rim transects in six plagio-
clase grains were collected for NWA 5744 and 13 
measurements from seven grains were collected for 
NWA 10140. Overall, the volatile contents of both 
meteorites are generally comparable to one another, as 
may be expected from paired samples. The C and H 
contents, however, are distinct. The C content of NWA 
5744 plagioclase ranges from ~3 to 9 ppm CO2, whilst 
values in NWA 10140 are lower and display a more 
restricted range (~0.8 to 2.2 ppm). The water (hydro-
gen reported as H2O equivalent) content observed in 
NWA 5744 ranged from 0.4 to 1.0 ppm (average 0.6 
ppm) whilst NWA 10140 contains ~ 1 ppm H2O. The 
values from both samples are similar to those previous-
ly measured in lunar plagioclase from anorthosites and 
felsite clasts, which generally contained <10 ppm H2O 
[2,3,5]. The fluorine content of both samples is gener-
ally less than 4 ppm (average 1.0 and 0.6 for NWA 
5744 and NWA 10140, respectively); literature values 
for plagioclase have a greater range from below detec-
tion limits to ~45 ppm F [12,13]. Phosphorus (as P2O5) 
ranges from ~3 to 14 ppm in NWA 5744, whilst NWA 
10140 displays a more restricted range (~3 to 6 ppm). 
Sulphur in both samples is at or below the detection 
limits for all analyses. The chlorine contents in both 
samples are very consistent, with both samples dis-
playing Cl abundances of ~0.03 to 0.06 ppm.  

Core-to-rim transects across the plagioclase grains 
are plotted in Figure 1. The Cl content in all transects 
appears to be low and invariant across the grain. No 
correlation is observed between F and H2O for transect 
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a) or b), however, transect c) has a minor inverse cor-
relation (R2 = 0.65) (Fig. 2).  

 

 
Figure 1: Volatile abundance data for three core-to-
rim transects across plagioclase grains in NWA 5744. 
 
 

 
Figure 2: H2O content vs. F content for one transect in 
NWA 5744 (transect c in Fig. 1).  

 
The volatile content of a melt at the time of mineral 

crystallisation can be calculated using mineral-melt 
partitioning coefficients derived from measurements of 
minerals and glass in natural samples as well as deter-
mined experimentally (e.g., [4,14-16]). Natural terres-
trial samples, however, formed under much higher 
pressures and oxygen fugacities than exist on the 
Moon, which affects the derived partition coefficients. 
To compound this, there are currently few experiments 
conducted under conditions relevant to the Moon 
[4,16]. This can lead to uncertainties in the calculation 
of melt volatile abundances. Therefore, to estimate the 
volatile composition of the melt, the partition coeffi-
cients for H2O, F, and Cl based on available lunar ex-
periments were used [16]. The average melt H2O 

abundance calculated for NWA 5744 is 19 ppm, whilst 
NWA 10140 has an average of ~ 33 ppm. The lower of 
these estimates is similar to results found in [16] whilst 
the higher water estimate is above this range. Both, 
however, are below the ranges determined by [17] 
from lunar melt inclusions and values observed in [18]. 
Estimates for F and Cl are 12 ppm and 6 ppm, respec-
tively for NWA 5744 and 8 ppm and 5 ppm for NWA 
10140. The F estimates are slightly higher than previ-
ous lunar estimates [16,19,18], but lower than terrestri-
al halogen contents [20]. Chlorine estimates are signif-
icantly higher than previous lunar mantle estimates 
(~0.3 ppm [16,19,18]) but within the range estimated 
for terrestrial Cl (1.4 to 35 ppm Cl) [20].  

Conclusions: This study provides a suite of vola-
tile element abundances for two paired lunar trocto-
lites. Generally, the water contents observed within 
samples is similar to previous literature values for lu-
nar plagioclase, whilst fluorine is towards the low-end 
of the literature range. Estimates of the volatile melt 
composition for these samples suggest that water is 
similar to previous lunar mantle values but F and Cl 
are higher, with Cl within the range estimated for the 
primitive terrestrial mantle. The differences observed 
here further support the interpretation of a heterogene-
ous lunar mantle and provides further constraints on 
the early lunar crust.  
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