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Introduction:   
Understanding the distribution and behavior of wa-

ter and other volatiles in the early solar system is im-
portant in reconstructing the earliest stages of planete-
simal accretion and evolution. Over the last few dec-
ades, we have become increasingly aware of the fun-
damental role of water on primitive solar system bo-
dies [i.e. 1,2]. Far less understood is the role of water 
and volatiles during the differentiation of small plane-
tesimals. Generally, magmatism on asteroids is consi-
dered "dry". Vesicles in eucrites and aubrites [3], py-
roclastic eruptions on asteroids [4], and magmatic evo-
lution of the urelite parent body have been attributed to 
CO and/or CO2. Treiman et al. [5] concluded that the 
quartz veinlets in the Serra de Magé eucrite meteorite 
were deposited from liquid water solutions following 
most of the asteroidal magmatism and that the water 
was not indigenous to 4 Vesta. Meteorite pairs GRA 
06128 and 06129 (GRA) have provided a rather 
unique view of early asteroidal magmatism [6-8]. Ad-
ditional textural, chemical, and isotopic observations 
suggest that they may provide insights into the nature 
and history of fluids on a differentiated asteroid. 

Analytical Approach:  
Phosphates in two thin sections of GRA (GRA 

06129,23 and GRA 06128,55) were imaged and 
analyzed using a JEOL 8200 electron microprobe.  
Ion microprobe analyses were performed using a 
CAMECA 4f ims ion microprobe. Chlorine isotopes 
were measured for bulk GRA using the proven metho-
dology of Sharp et al. [9]. All analyses were performed 
at the University of New Mexico.  

Observations: 
Textures in phosphates and silicates: Two phos-

phates occur in GRA: a chlorine-rich apatite and mer-
rillite. They commonly occur as intergrowths within 
masses up to 800 µm. There are numerous textural 
relations between apatite-merrillite and between the 
phosphates and silicates that give clues to the petroge-
nesis of the phosphates in GRA. In Figure 1, the mer-
rillite appears to be partially rimmed by the Cl-apatite 
with irregular remnants of merrillite enclosed in the 
apatite. Figures 2 and 3 further illustrate this relation-
ship with irregular inclusions of merrillite in the apa-
tite or preserved between silicate-apatite grain bounda-
ries. These textures suggest Cl-apatite-forming reac-
tions occur at the expense of merrillite. A high-Ca-
pyroxene consuming reaction is suggested by the oc- 

currence of  low-Ca pyroxene at the interface between 
apatite and high-Ca pyroxene (Figure 3).   

 

 
Figure 1. Merrillite with a rim of Cl-rich apatite. 

 

 
Figure 2. Remnants of merrillite in Cl-rich apatite that illu-
strate the replacement of merrillite by apatite. This texture 
could represent reaction 1. 
 
Phosphate compositions. Apatite is halogen-rich 
(Cl≈5.0-5.6 %, F≈0.4-0.7%), whereas the merrillite is 
halogen-poor with substantial Na in the CaIIA site 
(≈2.5%). End-member Cl-apatite contains approx-
imately 6.7% Cl. Water content of the apatite or the 
merrillite was not determined directly in this study.  
However, based on the halogen content and apatite 
stoichiometry, the apatite has only a minor OH com-
ponent (OH/(OH+Cl+F) less than 10%). The REE 
pattern of the Cl-apatite is slightly LREE enriched (≈ 
10-15 x CI) relative to HREE (≈ 6-10 x CI) with a 
positive Eu anomaly (Figure 4). The merrillite is at 
least 12.5 times more enriched in REE relative to apa-
tite. The merrillite pattern is enriched in MREE rela-
tive to both LREE and HREE and has a negative Eu 
anomaly (Figure 4).  
Cl-isotope composition of GRA 06129 and phosphates: 
The bulk δ37Cl composition (‰ versus standard mean 
ocean chloride) of many primitive meteorites (CI, CM, 

1928.pdf41st Lunar and Planetary Science Conference (2010)



CV chondrites) is approximately 0‰ [9]. CAI inclu-
sions (sodalite) have an isotopic composition of 
δ37Cl between 0 to -2 [9]. Deviations from these values 
in GRA will provide insights into the behavior of Cl in 
the GRA parent body. 
 

 
Figure 3. Remnants of merrillite in apatite could reflect reac-
tion 1. Replacement of cpx by low-Ca pyroxene may reflect 
reaction 2.  
 
 
 
 
 
 
 
 
 
 
Figure 4. REE patterns of merrillite and apatite from GRA 
06129 (modified after Shearer et al. [8]).  
 

Discussion:  
The late-stage of replacement of merrillite and high-

Ca cpx may represent (1) a reaction between a Cl-rich 
residual melt and earlier magmatic phases, (2) a reac-
tion between Cl-rich late-stage mesostasis and earlier 
magmatic phases during metamorphism, or (3) a reac-
tion between a Cl-rich fluid and magmatic phases. In 
scenario (3), the Cl-rich fluid may be exsolved from the 
GRA parent magma or unrelated to GRA.  

Residual melt: Could these textures be a product of 
interaction between merrillite and a late-stage residual 
Cl-rich melt?  Composite apatite-merrillite intergrowths 
have been identified in relatively volatile-poor lunar 
samples, although the apatite is usually F-rich [10]. 
Experimental studies [11] on partitioning of Cl among 
basaltic melt-apatite-fluid indicate that Cl behavior is 
very sensitive to melt composition and it would be un-
likely for the Cl-apatites of the composition in GRA to 
crystallize from a melt.  

Metamorphism: Clearly, GRA has been subjected to 
several stages of shock and metamorphism [6-8]. Is it 
possible that during metamorphism, a late-stage Cl-rich 
mesostasis could have interacted with the merrillite to 

produce the apatite? This model would require textural 
evidence for mesostasis to be erased and for the Cl to 
not be partitioned into an exsolved in a fluid phase dur-
ing the crystallization of a late stage Cl-rich melt [11].     

Cl-rich fluid: Cl-rich apatite identified in layered in-
trusions such as the Bushveld and Stillwater complexes 
has been attributed to Cl-rich fluids that were generated 
in the lower regions of these intrusions and percolated 
upward to form the apatite at subsolidus conditions [11-
13]. Observed apatite-merrillite textures and chemistry 
in GRA could reflect a simple reaction involving mer-
rillite and a Cl-bearing fluid. An end-member reaction 
could be similar to: 

5Merrillite + 9HCl + 3.5H2O ↔ 9Cl-Apatite + 
5Mg+2 + 8H2PO4

- (Reaction 1). 
Such a reaction would involve fairly acidic solutions. 
Using the approach of [13], characteristics of the fluid 
can be calculated from the apatite composition. Based 
on the stoichiometric halogen-OH composition of the 
apatite, a pressure of 1000 bars and a temperature of 
800°C, the fluid composition is f(HCl)/f(H2O) = 0.0373 
and a HCl molality of 2.076. The calculated 
f(HCl)/f(H2O) and HCl molality are fairly pressure 
insensitive, but will decrease substantially with de-
creasing temperature (for example at T=500°C, 
f(HCl)/f(H2O) = 0.005 and HCl molality of 0.258). 

The products of reaction 1 could be partially in-
volved in the replacement of high-Ca pyroxene with 
low-Ca pyroxene and apatite. A potential end-member 
reaction could be:  

10Diopside + 6H2PO4-
3 +2HCl ↔ 5Enstatite + 2 

Apatite + 10SiO2 + 7H2O (Reaction 2).  
The problem with this reaction is that SiO2 should be 
produced. Thus far, SiO2 has not been identified in the 
textures illustrated in Figure 3.  

Fluids defined above could be derived from the 
crystallization of the magmatic system that produced 
GRA or an unrelated fluid derived on the GRA parent 
body. As most primitive meteorites have δ37Cl of ap-
proximately 0‰, generation of this fluid through a 
"second boiling" may result in the fractionation of Cl 
isotopes. This fluid would have a much greater capabil-
ity to transport REE. Further, response to fairly acid 
fluids may partial account for the style of low tempera-
ture alteration observed in the bulk GRA [8]. 
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