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Introduction: It is well known that the phosphate 

minerals apatite and merrillite occur within metamor-
phosed ordinary chondrites (OCs), but very few stud-
ies have taken place investigating their occurrences 
and compositions [e.g. 1]. Since phosphates are secon-
dary minerals that may record the action of any fluids 
present during metamorphism, understanding the 
genesis of phosphates might contribute to a better un-
derstanding of the metamorphic histories of the OCs. 
Apatite is the dominant host for the halogens Cl and F. 
Both phosphate minerals are also hosts of trace ele-
ments including rare earth elements (REE), U and Th, 
which makes them important minerals for determining 
the chronology of early solar system processes [e.g. 2]. 
An understanding of their formation history and envi-
ronment is therefore essential to interpreting OC ages. 

We are currently carrying out a detailed survey of 
phosphate minerals in the LL chondrites [3-5]. Here 
we report a comparison of abundances, grain size dis-
tributions, mineral associations, and compositions of 
chlorapatite and merrillite in the LL chondrites Bjur-
böle (L/LL4), Tuxtuac (LL5), and St. Séverin (LL6).  

Methods: The samples surveyed in this study in-
clude the following thin sections: St. Séverin, UNM 
693; Tuxtuac, UNM 627; and Bjurböle, UNM 117. 
Elemental x-ray maps were created of large areas (Ta-
ble 1) of each thin section using a JEOL 8200 electron 
microprobe, in order to locate merrillite and chlorapa-
tite grains. A total of 377 phosphate grains were docu-
mented (Table 1). Further SEM studies of individual 
grains were carried out on the electron microprobe and 
on a JEOL 5800L SEM. Grains larger than 15 μm in 
diameter were selected for quantitative electron micro-
probe analysis. We used procedures designed to mini-
mize any volatile loss or gain during analysis of apatite 
[6, 7]. Operating conditions consisted of an accelerat-
ing voltage of 15 kV, a 20 nA beam current and a 5 
μm beam diameter. Peak count rates were monitored 
during analyses, and minor chlorine loss was observed 
in only a few of the analyses. 

Table 1: Number of phosphate grains identified 
  Bjurböle Tuxtuac St. Séverin 

Area surveyed 108 mm2 64 mm2 126 mm2 
Chlorapatite 52 104 10 

Merrillite 91 56 64 

 
Results:  Grain size distribution. Figure 1 shows 

grain size distributions for each sample. All phosphate 
grains identified were between 5 and 310 μm across. 
Most grains are in the size range 10-50 μm. Merrillite 

and apatite have similar size ranges in each chondrite. 
There is no correlation between grain size and petro-
logic type for either merrillite or apatite.  

Figure 1: Grain size distributions of merrillite (top) and  
chlorapatite (bottom) in Bjurböle, Tuxtuac, and St. Séverin. 

Phosphate mineral occurrences and textures. In all 
three samples, chlorapatite and merrillite were found 
to occur adjacent to a variety of minerals. In Bjurböle 
(LL4) and Tuxtuac (LL5), the phosphate minerals are 
randomly distributed throughout the sample, and are 
found enclosed within relict chondrules as well as in 
matrix. In both samples, both phosphate minerals are 
frequently located along the edges of holes and frac-
tures. Additionally, in Bjurböle only, merrillite com-
monly occurs in association with troilite and Fe-Ni 
metals (Fig. 2a). In St. Séverin (LL6), merrillite grains 
are widely distributed, but chlorapatite grains are con-
centrated in a limited area within the sample. The larg-
est chlorapatite grains occur adjacent to or in close 
proximity to two large (~700 μm) chromite-plagioclase 
assemblages [3].  

Phosphate grains in St. Séverin show some textures 
that are not present in the other two chondrites. Along 
many phosphate grain boundaries in St. Séverin, we 
observe a “perforation” texture, consisting of strings of 
tiny pores, 0.5-2.0 μm in diameter, lining the bounda-
ries between grains. Also, about 20% of the merrillite 
and chlorapatite grains in St. Séverin are enclosed 
within olivine grains, and boundaries between the 
phosphate mineral and the olivine appear to consist of 
a diffuse reaction zone, <1 μm across (Fig. 2b). Within 
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these phosphate grains, we observe trails of pores that 
could represent melt or fluid inclusions (Fig. 2b).  

Figure 2: BSE images showing a) association of merrillite 
and metal in Bjurbole; b) reaction texture between chlorapa-
tite and olivine in St. Séverin. 

Phosphate mineral compositions. We have ob-
tained electron microprobe analyses for phosphate 
minerals from St. Séverin and Tuxtuac, and analyses 
of Bjurbole are in progress. All analyses are close to 
the ideal formulae for chlorapatite Ca5(PO4)3(Cl,F,OH) 
and merrillite, Na2(Mg,Fe2+)2Ca18(PO4)14.   

Merrillite in both St. Séverin and Tuxtuac has uni-
form concentrations of Na2O (mean of 2.81 ± 0.02 
wt% for 23 analyses) and MgO (3.47% ± 0.05 wt %). 
However, FeO concentrations are variable, ranging 
from 0.36 – 0.68 wt % in Tuxtuac, and 0.31 – 0.74 wt 
% in St. Séverin.  FeO varies from grain to grain, as 
well as within individual grains in both chondrites.   

Chlorapatite also has variable FeO contents: 0.08 – 
1.2 wt % in St. Séverin, and 0.07 – 0.57 wt % in Tux-
tuac. Na2O contents are uniform within each sample 
(mean of 0.29 wt% for St. Severin, 0.40 wt% for Tux-
tuac). Chlorapatite in St. Séverin and Tuxtuac has 
similar but variable F and Cl contents, and there is a 
strong negative correlation between F and Cl (Fig. 3).  

Discussion: Phosphorous in merrillite and chlora-
patite has been suggested to originate from metal 
grains [8]. We observed an association between merril-
lite and Fe-Ni metals in Bjurböle, but this association 
was not seen in the samples of higher petrologic type.  

Figure 3: F and Cl contents of chlorapatite in St. Séverin 
(LL6) and Tuxtuac (LL5).  

This is consistent with initial production of phosphates 
from the P in metal, and subsequent recrystallization 
during metamorphism.  

Grain size distributions of phosphate minerals can 
give insights into the metamorphic environment in the 
LL chondrite parent body. We might expect to see a 
coarsening of phosphate grains with petrologic type as 
peak metamorphic temperatures and heating times in-
crease. However, no correlation is observed between 
grain size distribution and petrologic type (Fig. 1). 
This indicates that phosphate mineral growth does not 
occur in the early stages of metamorphic heating. 
Compositional heterogeneity observed in F/Cl and 
FeO contents shows that the phosphates are not com-
pletely equilibrated throughout each chondrite. This is 
also consistent with the suggestion that at least some of 
the grains appear to have grown at a late stage, after 
peak metamorphic temperatures were reached. 

One possible explanation for the lack of correlation 
between phosphate grain sizes and petrologic type is 
that fluids played an important role in grain growth. 
Reaction textures such as those observed between oli-
vine and phosphate minerals in St. Séverin, and the 
presence of what appear to pores or fluid inclusions, 
also seen in phosphate minerals in Bo Xian (LL3.9) 
[4], might support this hypothesis, and we plan to 
characterize these textures further. In [5] we show that 
any fluids present on the LL chondrite parent body 
were extremely dry. If phosphate minerals indicate that 
fluids played a significant role in metamorphism, this 
would require a reconsideration of the environment of 
metamorphism for ordinary chondrites.  
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