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Description:  Confocal Raman imaging was used 

to examine hydrated phosphate minerals within the 
mesostasis and as inclusions within pyroxene grains in 
the Nakhlite MIL 03346.  In the mesostasis, phos-
phates are present as very fine grains, typically sub-
micron across and probably occurring as assemblages 
of even smaller grains as inferred by Raman peak 
broadening (Figure 1).  A study of nine randomly cho-
sen inclusions within cumulate pyroxene grains identi-
fied a single instance of the same phosphate mineral 
(Figure 2).  Analysis shows that these phosphate min-
erals are hydrated and likely to be primary to the initial 
melt, but cannot be identified in detail given the in-
formation available. 

Methods:  Confocal Raman imaging was utilized 
to examine a thin section of MIL 03346 free of carbon 
coating using a WITec α-SNOM customized to in-
clude Raman imaging.  The excitation laser is a 532 
nm-wavelength YAG. The Raman spectral images 
have a spatial resolution of 360 nm2 and spectral reso-
lution of 4 cm-1.  Images were collected of mineral 
assemblages in the mesostasis and of inclusions con-
tained within large pyroxene grains.  ToF-SIMS and 
SEM/EDS data analyses were performed on the same 
areas of mesostasis as presented elsewhere [1]. 

Hydrated phosphate reference materials were produced 
using an isothermal high pressure cell at the Geophysical 
Laboratory.  Samples of hydroxyapatite and whitlockite + 
H2O were sealed within 5 mm diameter by 10 mm long 
sealed platinum capsules.  Synthesis experiments were con-
ducted in a solid-media high pressure apparatus at 1.5 GPa 
and 1200° C for 72 hours to generate large homogenous 
grains of these reference materials.  Run product characteri-
zation is ongoing at the time of this writing. 

Results and Discussion:  Raman images of the 
mesostasis show that phosphate minerals occur as 
platy particles or clusters of particles (Figure 1).  Ra-
man spectra of these minerals (Figure 3) show a sym-
metric PO4 tetrahedron stretch peak around 960 cm-1, 
as well as an O-H stretch at 3300 cm-1 arising from OH 
and/or H2O within the phosphate crystal lattice (see 
Table 1).  A third prominent peak at 2080 cm-1 is at-
tributed to a P-H stretch vibration based on the pres-
ence of this band in various organic materials.  The O-
H stretch band differs from those found in synthetic 
hydrated whitlockite and hydroxyapatite by approxi-
mately –280 cm-1, ruling out identification of the MIL 
03346 phosphate as either of these phases or as mer-

rilite [2,3], which is anhydrous by definition.  The 
prominent P-H contribution to the Raman spectrum 
indicates that this mineral is not saturated in OH but 
contains a significant fraction of hydrogen.  Efforts to 
estimate the total water content of the phosphates are 
not feasible until the crystal structure of this mineral is 
accurately described. 

Figure 1 (Upper imge): Reflected light image 
of MIL 03346 mesostasis with overlaid Raman 
image of phosphate phase (red to yellow color).  
Note the platy texture of the grains and sup-
porting matrix emplacement.  Red scale bar is 
10 µm long. 
Figure 2 (Lower image): Transmitted light 
image of inclusion embedded within pyroxene 
grain and containing small grains of phosphate.  
Red scale bar is 10 µm long. 
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A search for minerals within inclusions in the large 
pyroxene cumulate crystals turned up a single instance 
of the same phosphate mineral as that found in the 
mesostasis out of nine inclusions analyzed in several 
pyroxene grains.  This indicates that the unknown 
phosphate is probably a primary constituent of the par-
ent melt of MIL 03346. 

One possible explanation for the unique Raman 
spectrum of this mineral is that it is composed of many 
small (10’s of nanometers) grains with the hydrated 
portion concentrated at the surfaces of the grains.  This 
serves as a working explanation for the Raman peak 
broadening seen in the O-H stretch and for the ≈280 
cm-1 shift of the same peak from known phosphates.  
Another possibility that must be considered is that the 
whitlockite sample is contaminated with apatite.  Work 
on characterizing the synthetic samples continues.  
Future work may include XRD examination of sythetic 
materials and possibly of the MIL 03346 phosphates 
themselves. 

Summary: Phosphate minerals in MIL 03346 are 
hydrated but unsaturated in H2O and contain a signifi-
cant fraction of bound hydrogen.  Their Raman spectra 
are not consistent with synthetic hydroxyapatite or 
hydrated whitlockite, nor are they merrilite by defini-
tion.  This phosphate is found both within mesostasis 
and within inclusions in cumulate pyroxene crystals, 
indicating that it is a primary melt component and was 
not significantly altered during or after solidification.   
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 OH 
MIL 03346 
Mesostasis 0.15 956.5 3294.5 97.40 

MIL 03346 
Inclusion 0.22 960.0 3287.0 81.70 

Syn. 
Whitlockite 44.60 962.7 3573.0 6.03 

Syn. Apa-
tite 9.43 960.6 3572.2 8.57 

Figure 3: Raman spectra of synthetic hydrated 
whitlockite, and MIL 03346 phosphates in the mesosta-
sis and in the inclusion in Figure 2.  Note the presence 
of a strong P-H stretch peak around 2080 cm-1 in the 
MIL 03346 phosphates, and the marked shift of the O-H 
stretch peak. 

Table 1: Raman spectral features of phosphates.  
Note the significant differences between spectral peak 
area ratios, OH peak centers and widths of MIL 
03346 phosphates and synthetic samples. 
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