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Introduction:  Ordinary chondrites (OCs) of pet-
rologic types 4 to 6 exhibit a sequence of progressive 
chemical and textural equilibration. However, the con-
ditions and environment of metamorphism are not well 
constrained. The role of fluids during metamorphism is 
poorly understood, although there is evidence that flu-
ids were present [1-3]. The secondary phosphate min-
erals apatite and merrillite can be used to interpret the 
conditions of the metamorphic environment, since they 
can potentially preserve a record of interactions with 
parent body fluids. We are currently carrying out a 
study of the mineralogy of phosphate minerals in type 
4-6 LL chondrites [3-5]. Electron microprobe analyses 
of chlorapatite in these chondrites indicate a significant 
anion deficiency, which could be attributable to the 
presence of the OH- anion, and hence provide evidence 
for the presence of aqueous fluids. Here we report 
SIMS measurements of OH abundance in chlorapatite, 
which shows that the metamorphic environment of the 
LL chondrites is actually exraordinarily dry.  

Analytical Methods: We analyzed phosphate min-
erals in Bo Xian (LL3.9), Tuxtuac (LL5) and St. 
Séverin (LL6). Phosphate grains were identified in thin 
sections using BSE imaging and WDS elemental X-ray 
mapping. Electron microprobe analyses of individual 
grains were carried out using procedures that took into 
account and minimized possible volatilization of F and 
Cl [6,7]. Analytical conditions were typically 15 kV, 
20 nA and a 5 μm diameter electron beam. 

SIMS analyses of OH were carried out on the 
Cameca 7f Geo instrument at Caltech. Samples were 
measured with a ~20 μm Cs+ primary beam of +10 
keV and ~3.5nA, rastering over an area of 10x10 μm. 
Negative secondary ions (12C-, 16O1H-, 18O-, 19F-, 31P-, 
32S-, and 35Cl-) of -10 keV were collected from the 
center 10 μm at a mass resolving power of ~4500. 
Sample charging was compensated with an electron 
gun at -10 keV. Secondary ion images of 12C-, 16O1H-, 
and 19F- were examined before each sample measure-
ments to avoid cracks and contamination. A calibration 
curve for OH was determined from five terrestrial apa-
tite standards that had H2O contents varying from 300 
to 5500 ppm. H2O contents of the standards were de-
termined by manometry using the technique of [8], and 
were in close agreement with OH contents computed 
from electron microprobe analyses of the same apatite 
grains, with OH calculated from anion totals by differ-

ence. SIMS analyses of F show an excellent correla-
tion with electron microprobe and bulk analyses of F 
abundances. A preliminary calibration for S is cur-
rently based solely on the published analysis of Du-
rango apatite.  

Results: Chlorapatite occurs in all three chondrites 
with typical grain sizes 10-50 μm, and individual 
grains up to 200 μm across. Chlorapatite is rare in both 
Bo Xian and St. Séverin, and is more abundant in Tux-
tuac. In all three chondrites, chlorapatite shows fea-
tures that suggest an origin in the presence of fluids, 
including fracture-filling textures, the presence of 
abundant pores, and reaction relationships with merril-
lite and other minerals including olivine [3-5] (Fig. 1). 
In St. Séverin, large (100-200 μm) grains are observed 
associated with chromite-plagioclase assemblages [4].   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1. Occurrences of chlorapatite in LL chondrites (BSE 
images). Ap = apatite, Me = merrillite.  

All three chondrites also contain merrillite that has 
similar grain sizes and textural characteristics. Merril-
lite compositions are close to the ideal formula, 
Na2(Mg,Fe2+)2Ca18(PO4)14 [3-5].  

Chlorapatite compositions are close to the ideal 
formula, Ca5(PO4)3X, where X usually represents the 
anions F, Cl and OH. F and Cl abundances in all three 
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chondrites are similar but there are variations within 
each chondrite (Fig. 2). Based on microprobe analyses, 
there is a deficit of about 0.1 to 0.2 anions per formula 
unit (Fig. 2). If this deficit were attributable to OH- 
anions, it would represent a significant H2O content in 
apatite, for example 0.1 apfu OH is equivalent to 
~1800 ppm H2O.  

Figure 2: Anion abundances in apatite (EPMA). 

However, SIMS analyses of chlorapatites show 
very low H2O contents, <100 ppm in all three chon-
drites (Fig. 3). We measured background abundances 
on merrillite in Bo Xian, and found comparable count 
rates for OH on apatite and merrillite.  

Figure 3: H2O in chlorapatite determined by SIMS 
(filled symbols). Open symbol =  merrillite. 

SIMS analyses of apatite S contents show generally 
low S, less than 1000 ppm. We observed an increase in 
S content with petrologic type, with mean S abun-
dances of <50 ppm in Bo Xian, 335 ppm in Tuxtuac, 
and 610 ppm in St. Séverin. 

Discussion: Chlorine-rich apatite is observed in 
layered mafic intrusions [e.g. 9] and in metamorphic 
rocks where fluorapatite has been metasomatized to 
chlorfluorapatite by Cl-rich fluids [e.g. 10]. We consider 
that chlorapatite in LL chondrites is unlikely to be ig-
neous in origin. Rather, textures and compositions 
suggest that it formed either as a precipitate from a 
fluid and/or as a result of replacement of merrillite in 
the presence of fluid. Merrillite might have formed by 

solid-state recrystallization during metamorphism, or it 
could have crystallized from localized partial melts 
resulting from impact heating.  

Understanding the anion site occupancy in apatite 
should give us insight into the nature of fluids present 
during metamorphism on the LL chondrite parent 
body. The very low levels of measured OH indicate 
that any fluid that existed was extremely dry. Sulfur is 
present at low levels in the petrologic type 5 and 6 
chondrites we analyzed. We suggest that S2- is the 
most likely S species, since LL chondrites contain 
abundant sulfide minerals. However, the amount of S 
we measured is insufficient to account for the anion 
site deficiency determined by EPMA. There is a possi-
bility that the missing anion is carbonate, although we 
consider this to be unlikely since there are no indige-
nous carbonate minerals in type 4-6 OCs. We were 
unable to detect C in our SIMS analyses because the 
samples were C-coated. We tried to detect CO2 using 
IR spectroscopy but our preliminary analysis was in-
conclusive. Another possible anion is O2-. Chlorine-
rich apatite with a significant oxyapatite (O2-) compo-
nent has been synthesized by reaction of Ca3(PO4)2 in 
a dry CaCl2-CaF2 flux at high temperatures (1220-
1375 °C) [11,12]. A dry, sulfur- and halogen-bearing 
fluid may be plausible on an ordinary chondrite parent 
body. High Cl/OH and Cl/F ratios would be required 
in order to stabilize the chlorapatite compositions ob-
served [13]. Feldspar in Bo Xian also shows evidence 
for reaction with a Cl-bearing fluid [3]. We suggest 
that such a fluid could have been derived by degassing 
of chondritic melts, which could have been either par-
tial melts of chondritic material generated at depth, or 
shock melts generated by impacts. Compositional vari-
ability in apatite suggests that fluid interactions were 
localized and postdated the peak of metamorphism. 
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