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Introduction: The mineral apatite [Ca5(PO4)3-

(F,Cl,OH)] is present in a wide array of planetary ma-
terials. Due to the presence of volatiles within its crys-
tal structure, many recent studies have attempted to use 
apatite to constrain the volatile contents of planetary 
magmas and mantles [1-9]. In order to use the volatile 
concentrations of apatite to precisely determine the 
abundances of volatiles in coexisting silicate melt or 
fluids, thermodynamic models for the apatite solid 
solution and for the apatite components in multi-
component silicate melts and fluids are required. Alt-
hough some thermodynamic models for apatite have 
been developed [i.e., 10, 11-14], they are incomplete. 
Furthermore, no mixing model is available for all of 
the apatite components in silicate melts or fluids, espe-
cially those of the volatiles F and Cl. Several experi-
mental studies have investigated the apatite-melt and 
apatite-fluid partitioning behavior of F and Cl in ter-
restrial systems [i.e., 14, 15, 16-17]; however, the par-
titioning has proved to be compositionally dependent 
[i.e., 16, 17], and experiments on magmatic systems 
relevant to extraterrestrial magmas have not been con-
ducted. In the present study, we conducted apatite-melt 
partitioning experiments in a Depths of the Earth pis-
ton cylinder press at 1.0 GPa and 950-1050 °C and in a 
Walker-style multi-anvil device at 4.0 GPa and 1200-
1450 °C on a synthetic martian basalt composition 
equivalent to the basaltic shergottite Queen Alexandria 
Range (QUE) 94201. These experiments were con-
ducted to assess the effects of both temperature and 
pressure on the partitioning behavior of F and Cl be-
tween apatite and silicate melt. 

Experimental Methods: The F-only and Cl-only 
mixes from [18] were used as starting materials for the 
present study. Each experiment for the present study 
was conducted under “dry” conditions, although some 
amount of water is likely present in the experiments.  

For all experiments, mixtures of the two powders 
(each with a different F:Cl ratio) were packed into a 
graphite or molybdenum metal capsule. For the piston-
cylinder experiments, we followed the same procedure 
as [18], except we used a salt-pyrex cell instead of a 
talc-pyrex cell. The experimental run conditions for 
the piston cylinder experiments were 1.0 GPa and 
crystallization temperatures of 950-1050 °C. Run dura-
tions were typically 2.0-8.5 hours. Each piston-
cylinder experiment began with a 20-minute melting 
step at 1250 °C. 

Multi-anvil experiments were conducted using the 
same parts, geometry, and cell assembly as [19], alt-

hough we used molybdenum capsules. The experi-
mental run conditions for the multi-anvil experiments 
were 4.0 GPa and crystallization temperatures of 1200-
1450 °C. Run durations were always 4.0 hours. Each 
multi-anvil experiment began with a 20-30 minute 
melting step at 1650 °C. 

 
Fig. 1 BSE images of A) 1.0 GPa experimental run product and B) 

4.0 GPa experimental run product. Phase identification as follows: 

pyx – pyroxene, Gl – glass, Ap – apatite, Grt – garnet, Si – silica, Ilm 

– ilmenite. 

Results: Experimental charges were cast in epoxy 
and subsequently ground and polished for analysis by 
back-scattered electron imaging. The textures of apa-
tite in the experimental charges differed between pis-
ton-cylinder experiments and multi-anvil experiments. 
For the piston-cylinder experiments, the largest 
apatites that grew from the silicate melt were approxi-
mately 4-10 microns in the shortest dimension (Fig. 
1A). However apatites in the multi-anvil experiments 
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were generally much larger, up to 40 microns in the 
shortest dimension (Fig. 1B). The apatite in each sam-
ple was analyzed by electron probe micro-analyses 
(EPMA), and a missing structural component in the 
apatites was calculated using the F and Cl data assum-
ing the monovalent anion site in apatite summed to one 
structural formula unit. Glass compositions were also 
determined by EPMA. In all, we conducted 12 suc-
cessful experiments that we included with the experi-
mental results published previously from our lab on 
this project [18]. H2O contents for our glasses and 
apatites have not yet been determined. Although H2O 
was not added to the experiments, it is possible water 
was added from a number of sources. Therefore analy-
sis of our experimental apatite and glass for H2O will 
be conducted before completion of the present study. 
Importantly, many of the experimental apatites do not 
have their stoichiometric fill of F and Cl, indicating a 
missing structural component is present (up to 15 
mol% of the apatite X-site). This missing structural 
component could be attributed to some combination of 
the anions OH-, O2-, CO3

2-, S2-, Br-, and I- and/or struc-
tural vacancies [20] and/or structural H2O [21]. At this 
point, we can only rule out S2-, Br-,  and I-. Although 
the most likely culprit for this missing component in 
terrestrial igneous systems is OH- [22], assumptions 
that the X-site is fully occupied by F, Cl, and OH can 
be erroneous as a possible “O2- + vacancy” substitution 
has been suggested for some synthetic and naturally 
occurring Cl-rich apatites [11, 23], like those in the 
present study. This issue highlights the importance of 
analyzing our nominally anhydrous experiments for 
H2O. 

As shown previously by [18], mineral-melt parti-
tion coefficients for F and Cl in apatite are not constant 
and vary quite substantially depending on the starting 
F:Cl ratio of the melt. However, as observed by [18], 
F-Cl exchange coefficients do not change much as a 
function of the F:Cl ratio of the melt. In fact, [18] re-
ported that in a system containing F, Cl, and OH, the 
F-Cl exchange coefficient (defined as DCl

apat/melt / 
DF

apat/melt) was approximately 0.2 ± 0.04. All the exper-
iments conducted by [18] were at 1.0 GPa and 990-
1000 °C on a QUE 94201 melt composition. For the 
present study, we have found that the F-Cl exchange 
coefficient for the same set of conditions with tem-
peratures ranging from 950 to 1050 °C is equal to 0.25 
± 0.05, which overlaps with the previous findings (Fig. 
2).  

In the present study we also investigated much 
higher temperatures (up to 1450 °C) and a second 
pressure (4.0 GPa). In these experiments, we observed 
the F-Cl exchange coefficient to increase substantially, 
and this increase primarily seems to be the result of 

temperature (Fig. 2). The F-Cl exchange coefficient 
increased with increasing temperature such that apatite 
preferred Cl over F at temperatures above approxi-
mately 1200 °C. Importantly, all of the high tempera-
ture experiments were conducted at 4.0 GPa, so we 
cannot confirm whether the same temperature-F-Cl 
exchange Kd relationship occurs at 1.0 GPa, although 
experiments are ongoing. 

 
Fig. 2 Ap-melt, F-Cl exchange Kd for all of the experiments con-
ducted during the present study as a function of temperature. Pres-
sure of experiment indicated by color of data point.   

Discussion: The apatite-melt partition coefficient 
behavior from Figure 2 illustrates the dangers in using 
apatite-melt partitioning relationships before all of the 
appropriate variables are tested and properly accounted 
for in a quantitative model (a model which we are like-
ly a few years from obtaining). Consequently, one 
must use extreme caution when interpreting apatite 
volatile contents to understand the volatile abundances 
and behavior of the geologic system responsible for 
forming the apatite.  

From the new experimental results presented here 
on the temperature dependence of the F-Cl exchange 
coefficient in apatite, one should expect relatively Cl-
rich apatites in high-T igneous systems compared to 
low T systems with the same F:Cl wt. ratio. In fact, 
this behavior could help explain the ubiquitous Cl-rich 
nature of apatite in terrestrial mantle xenoliths, while 
terrestrial basalts are dominated by F-OH apatites. 
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