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Non-Henry’s Law behavior of REE partitioning between fluorapatite and CaF2-rich melts:
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Abstract—The partitioning of rare-earth elements (REEs: Gd and multiple REEs), Sr, and Mn between
fluorapatite and CaF2-rich melts was investigated over a wide range of REE concentrations (i.e., from 0.8�
0.1 to 25,000� 2600 ppm Gd in fluorapatite) in two different sample assemblies (i.e., tightly covered Pt
crucibles and sealed Pt capsules) at 1220 °C and atmospheric pressure. Attainment of equilibrium is indicated
by selected reversal experiments. The partition coefficient D(Gd) decreases from�2 to �0.5 with increasing
Gd in fluorapatite, hence a marked non-Henry’s Law behavior, but becomes independent of composition at
and above�5000 and�1000 ppm Gd for experiments in Pt crucibles and Pt capsules, respectively.
Non-Henry’s Law behavior is also observed in experiments involving multiple REEs. All REE patterns are
convex upward in shape with maxima between Nd and Gd, and D(La)/D(Nd) and D(Nd)/D(Yb) decrease
systematically with increasing total REEs in fluorapatite, suggesting that REE fractionations are partly related
to non-Henry’s Law behavior. These experimental results and local structural data from previous electron
paramagnetic resonance spectroscopic studies suggest that the non-Henry’s Law behavior of REE partitioning
between fluorapatite and melt is controlled by intrinsic Ca2� vacancies in the c-axis channels. The D(Sr) and
D(Mn) values are independent of composition and, therefore, do not deviate from the Henry’s Law in their
respective compositional ranges investigated in this study.

Nonstoichiometry, such as Ca2� and F� vacancies in the c-axis channels, is well known in natural apatites,
particularly in biogenic apatites. Therefore, the observed non-Henry’s Law behavior of REE partitioning is
expected to have important implications for REE geochemical modeling involving apatites and for the uptake
of REEs by natural apatites. Particularly, the non-Henry’s Law behavior of REE partitioning is at least partly
responsible for the commonly observed, bell-shaped REE patterns in fossil biogenic apatites.Copyright ©
2003 Elsevier Science Ltd

1. INTRODUCTION

Henry’s Law, which states that the activity (�) and concen-
tration (X) of infinitely dilute species (i) are linearly related (�i

� KiXi, where Ki is known as the Henry’s Law constant), is of
great importance in geochemistry. For example, one fundamen-
tal assumption made in trace element geochemical modeling
for the origin and evolution of magmas is that the distribution
of trace elements between coexisting minerals and melts/fluids
obeys Henry’s Law. However, laboratory experiments and
analyses of natural samples have shown that the partition
coefficients of some trace elements between several minerals
and melts/fluids vary with the concentrations of these elements
in the minerals, hence a non-Henry’s Law behavior commonly
known as “The Henry’s Law Problem” (e.g., Mysen, 1978;
Navrotsky, 1978; Siemann and Schramm, 2002). Several pre-
vious studies suggested that this non-Henry’s Law behavior is
controlled by various defect equilibria (Mysen, 1978;
Navrotsky, 1978; Harrison and Wood, 1980). For example,
Navrotsky (1978) classified the structural defects into (1) point
defects (i.e., intrinsic vacancies, intrinsic interstitials, vacancy-
hole combinations, altervalent substitutions producing vacan-
cies or interstitials, partially filled sublattices) and (2) extended
defects (i.e., linear, planar and 3-dimensional defects such as

surface sites, edge dislocations, screw dislocations, shear
planes, intergrowths of structure elements) and proposed that
the non-Henry’s Law behavior of trace element partitioning
between minerals and melts might be related to metastable
equilibria involving these structural defects. However, direct
structural investigation of trace elements and associated defects
within the concentration range where non-Henry’s Law behav-
ior is commonly observed has not been possible because of the
lack of appropriate techniques in the past for structural char-
acterization of extremely dilute species in solids.

Apatite-group minerals, particularly fluorapatite, are among
the most important carriers of rare-earth elements (REEs) in
igneous, metamorphic, and sedimentary rocks and in biomass
as well (Pan and Fleet, 2002 and references therein). Numerous
previous experimental studies have investigated the partition-
ing of REEs between apatite and melt/fluid (e.g., Watson and
Green, 1981; Ayers and Watson, 1993; Fleet and Pan, 1997;
Fleet et al., 2000a, 2000b; Harlov et al., 2002). These experi-
mental studies have provided quantitative data about the con-
trols of both intrinsic (crystal-chemical) and external (pressure-
temperature-composition) factors on the uptake of REEs by
apatite-group minerals (for review, see Pan and Fleet, 2002).
However, almost all of these experimental studies were per-
formed on REE-rich apatite, well above the concentration range
where non-Henry’s Law behavior was observed for other min-
erals (e.g., Mysen, 1978). Not surprisingly, non-Henry’s Law
behavior of REE partitioning between apatite and melt/fluid has
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not been documented (e.g., Watson and Green, 1981). Re-
cently, we conducted several synthesis experiments for the
formation of Gd-doped fluorapatite from CaF2-rich melts for
single-crystal electron paramagnetic resonance (EPR) spectro-
scopic studies and single-crystal X-ray structure refinements
(Chen et al., 2002a, 2002b; Pan et al., 2002a, 2002b). The EPR
studies provided the first direct evidence for the involvement of
intrinsic Ca2� vacancies in the incorporation of Gd3� ions into
this mineral and noted an anomalous site preference of Gd over
the two Ca sites at low concentrations (Chen et al., 2002b; Pan
et al., 2002b). Accordingly, the experimental study was ex-
panded to cover a wide range of Gd concentrations and to
include other REEs to investigate possible non-Henry’ s Law
behavior of REE partitioning between fluorapatite and CaF2-
rich melts.

The main objective of the present study is, therefore, to
present new experimental results to demonstrate that there is a
pronounced non-Henry’ s Law behavior of REE partitioning
between fluorapatite and CaF2-rich melts over a considerable
range of REE concentrations. In addition, these new experi-
mental results are integrated with crystal-chemical data (Chen
et al., 2002a, 2002b; Pan et al., 2002a, 2002b) to show that the
observed non-Henry’ s Law behavior is controlled by intrinsic
Ca2� vacancies. Moreover, the possible effects of the non-
Henry’ s Law behavior of REE partitioning to the uptake of
REEs by natural fluorapatite, particularly biogenic apatite, are
discussed.

2. EXPERIMENTAL AND ANALYTICAL PROCEDURES

2.1. Synthesis Experiments

Four series of experiments (AP30, AP40, AP50, and AP60)
were conducted (Table 1). The series AP30 experiments per-
formed in a tightly covered Pt crucible (Prener, 1967) were
originally designed to produce millimeter-sized fluorapatite
crystals for EPR studies (Chen et al., 2002a, 2002b). Starting
materials consisted of high-purity (� 99.99%) chemicals, in-
cluding CaO from the British Drug House (BDH) or CaO
obtained from decomposition of CaCO3 from the Sigma-Al-
drich Chemical Company (SACC) at 900 °C, and P2O5, CaF2,
and Gd2O3 from SACC. These chemicals were weighed after
annealing at 500 °C for 24 h and mixed thoroughly by grinding
in a porcelain mortar for �6 h to form the composition of the
ideal fluorapatite with varying amounts of Gd2O3. These mix-

tures (27.5 g), together with flux materials (22.5-g CaF2), were
placed in 50-mL Pt crucibles. The syntheses were carried out
under atmospheric pressure in a Thermolyne 46100 Muffle
Furnace equipped with a programmable controller at the De-
partment of Geological Sciences, University of Saskatchewan
(U of SK). The mixtures were first heated to 1375 °C (i.e., �50
°C above liquidus; Prener, 1967) and held there for 24 h to
ensure complete melting and homogenization and were then
cooled down to 1220 °C at the rate of 2 °C/h and quenched in
water. The experimental products invariably consisted of flu-
orapatite crystals and quenched phosphate-bearing CaF2-rich
glasses. The CaF2-rich glasses, which were partly recovered for
chemical analyses by drilling, were removed by boiling in an
aqueous 20% solution of Al(NO3)3·9H2O.

The series AP40 experiments used similar starting materials
to series AP30 but were made in sealed Pt capsules. A trial
experiment of this series (AP40-0, �15 wt.% Gd2O3 in the
starting material) was made to produce fluorapatite crystals for
an X-ray structure refinement (Pan et al., 2002b). The remain-
ing series AP40 experiments were made from two mixtures:
FAP-Gd containing �20,000 ppm Gd and FAP-0 without any
REEs. The experimental charges (�100-mg each) were pre-
pared from FAP-Gd by sequential dilution using FAP-0 and
were sealed in Pt capsules by welding. All Pt capsules were
weighed before and after being placed in a 110 °C oven for 24 h
to detect any leakage. The synthesis procedures of these exper-
iments were similar to those of series AP30, except that series
AP40 was held at 1220 °C for 24 h. All Pt capsules were
weighed again after experiments to ensure no leakage. The
experimental products of fluorapatite crystals and CaF2-rich
glasses were either separated by handpicking under a binocular
microscope or sectioned and polished directly in Pt capsules for
in situ chemical analysis (e.g., Fig. 1a,b).

The series AP50 experiments were similar in both sample
assembly and run conditions to series AP40 (Table 1) but
included 8 or 10 rare-earth oxides (La2O3 from BDH; Nd2O3

and Sm2O3 from Alfa Aesar; and Eu2O3, Gd2O3, Dy2O3,
Ho2O3, Er2O3, Tm2O3, and Yb2O3 from SACC) mixed in
approximately equal amounts by weight. This exclusive use of
rare-earth oxides in the starting materials was based on the
findings of Fleet and Pan (1995, 1997) who noted that the use
of non-oxides (e.g., CeF3 and PrCl3 · 6H2O) resulted in anom-
alous partition coefficients from neighboring REEs with oxide
dopants, owing to different substitution mechanisms (cf.

Table 1. Summary of experimental conditions.

Series REEs in starting materials Sample assembly Run condition/duration Ref.

AP30 0 ppm Gd* to �1 wt.% Gd2O3 tightly covered Pt crucible 1375°C for 24 h 1,2,3,4,5
1375°C to 1220°C at 2°C/h

AP40 �5 ppm Gd to �15 wt.% Gd2O3 sealed Pt capsules 1375°C for 24 h 1,5
1375°C to 1220°C at 2°C/h
1220°C for 24 h

AP50 �5 to �5000 ppm total REEs sealed Pt capsules 1375°C for 24 h 1
1375°C to 1220°C at 2°C/h
1220°C for 24 h

AP60 �100 to �10,000 ppm Gd sealed Pt capsules 1220°C for 3 weeks 1

References 1, 2, 3, 4 and 5 are this study, Chen et al. (2002a), Chen et al. (2002b), Pan et al. (2002a), and Pan et al. (2002b), respectively. *Gd2O3

was not added to run AP30-0 but apparently came as a result of contamination from previous Gd-rich experiments that might have left trace amounts
of Gd in either the Pt crucible or the furnace chamber (Pan et al., 2002a).
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Mackie and Young, 1973; Chen et al., 2002a). Also, Ce2O3 was
not included, because it is readily oxidized to CeO2 in the
presence of O2 at the temperature range of this study. AP50-1,
AP50-2, and AP50-3, containing eight REEs, were prepared
from a mixture containing �4000 ppm total REEs (i.e., �500
ppm for each REE) by sequential dilution using FAP-0. AP50-4
was prepared separately to include 10 REEs and contained
approximately �20,000 ppm total REEs (i.e., �2000 ppm for
each REE) in the starting material. The experimental products
were separated by handpicking under a binocular microscope.

The series AP60 comprised four experiments in sealed Pt
capsules and was designed to test whether or not equilibrium
was attained. Experiment AP60-1 used a mixture of fluorapatite
crystals from the run products of experiment AP30-1 and CaF2

from SACC in a weight ratio of 11 : 9. Experiments AP60-2,
AP60-3, and AP60-4 used starting materials similar to those of
experiments AP40-8, AP40-2, and AP40-4, respectively. These
experiments were heated directly to 1220 °C, held there for 3
weeks, and then quenched in water. The products of these four

experiments were all sectioned and polished in Pt capsules for
in situ chemical analysis.

2.2. Analytical Procedures

All experimental products were first examined by optical
microscopy. Selected crystals of fluorapatite and some of the
separated CaF2-rich glasses from series AP30 experiments
were also investigated by Fourier-transform infrared (FTIR)
absorption spectroscopy on a BIO-RAD FTS-40 spectrometer,
using KBr pellets at the Departments of Chemistry, and by
powder X-ray diffraction (XRD) analysis on a Rigaku Rotaflex
X-ray diffractometer, using Ni-filtered CuK� radiation at the
Department of Geological Sciences. Also, selected crystals of
fluorapatite from series AP30 and AP40 experiments have been
examined by single-crystal XRD methods as part of our previ-
ous EPR and X-ray structural analyses (Chen et al., 2002a; Pan
et al., 2002b).

Selected crystals of fluorapatite and CaF2-rich glasses were

Fig. 1. Backscattered electron images (a, b, and c) and X-ray map (d) illustrating the experimental products of (a)
cross-section of AP40-8 showing that fluorapatite crystals (FAp: dark gray) mostly lie at the bottom of Pt capsule; note that
fluorapatite also occurs in the CaF2-rich glass (Gls: light gray); (b) cross-section of AP60-2 showing fluorapatite crystals
at the bottom of Pt capsule and in CaF2-rich glass; (c) close-up of fluorapatite crystals without any evidence of
compositional zoning in CaF2-rich glass (AP40-8); and (d) homogeneous distribution of Gd in fluorapatite crystals and
CaF2-rich glass (AP40-8: same view as c). Note that Gd in fluorapatite crystals is notably lower than that in the CaF2-rich
glass (D(Gd) � 0.53; Table 4).
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mounted in Pyrex plugs and polished for electron microprobe
analysis (EMPA) on a JEOL JXA-8600 Superprobe, equipped
with three automatic wavelength-dispersive spectrometers
(WDSs), one energy-dispersive spectrometer, and a cathodolu-
minescence (CL) detector, at the Department of Geological
Sciences, U of SK. Operating conditions for quantitative
EMPA analyses using WDS included an accelerating voltage of
10 kV, a beam current of 10 nA, a �5-�m beam, and 30 s
counting time. Also, the fluorapatite crystals and CaF2-rich
glasses from the Gd-rich runs (i.e., � 1500 ppm Gd) were
analyzed by EMPA at 15 kV for Gd with a counting time of
90 s. Standards included a natural fluorapatite for Ca and P,
synthetic phlogopite for F in fluorapatite and natural fluorite for
F in CaF2-rich glasses, and a synthetic GdPO4 crystal for Gd.
Gd concentration profiles across fluorapatite crystals in AP60-1
were made by EMPA traverses at 15 kV, 10 nA, � 1-�m beam,
and 90 s counting time. Following Stormer et al. (1993), all
EMPA analyses of fluorapatite were made on sections approx-
imately parallel to the c-axis. A well-characterized Durango
fluorapatite (Pan and Fleet, 1996; Young et al., 1969; Pan and
Breaks, 1997) was also analyzed as an independent standard.

The Gd, Sr, and Mn contents of fluorapatite from AP30-0
and AP30-5 were determined on inclusion-free crystals using a
Perkin-Elmer Sciex Elan 5000 inductively coupled plasma
mass spectrometer (ICPMS), equipped with a CTEC UV laser
system, at the Department of Geological Sciences, U of SK.
Because of their large crystal sizes (�0.4 � 0.4� 3 mm), we
used a laser beam of �200 �m in diameter to maximize the
signal-to-noise ratios. The fluorapatite crystals of series AP40
and AP50 were considerably smaller in size (up to �300 �m in
the maximum dimension) than those of series AP30 and were
analyzed for trace elements by laser ablation-ICPMS (LA-
ICPMS) on a Micromass hexapole instrument at the Depart-
ment of Geological Sciences, U of SK, using a laser beam of
�50 to �100 �m in diameter. Similarly, both fluorapatite
crystals and CaF2-rich glasses of AP60-3 and AP60-4 were
analyzed in situ by LA-ICPMS on the Micromass instrument
using a laser beam of �20 �m in diameter. On both instru-
ments, calcium was used as an internal standard to correct
matrix effects and instrumental drifts, and NIST-612 glass was
used for external calibration. Three to eight analyses were made
for each sample to assess the homogeneity of trace elements.
Also, a Durango fluorapatite was analyzed on both ICPMS
instruments for comparison.

The REE, Sr, and Mn contents of the CaF2-rich glasses from
most experiments (including AP30-0, AP30-5, AP60-1, most
of series AP40, and all of series AP50) were determined on the
Micromass hexapole ICPMS, using the sample preparation
procedure of Xie et al. (1994) and standard solution ICPMS
analytical protocols of Jenner et al. (1990). The CaF2-rich
glasses were digested in HF-HNO3 with or without addition of
HCl. A comparison of analytical results and recommended
values of REE in international reference materials and Durango
fluorapatite showed that agreements for all REEs, Sr, and Mn
are within 10%.

The Gd contents of the CaF2-rich glasses from those AP30
experiments with � 1000 ppm Gd were determined by use of
an energy-dispersive miniprobe multielement analyzer, i.e.,
X-ray fluorescence (XRF) microprobe, at the Department of
Geological Sciences, U of SK. The instrumental design and

operation of this XRF microprobe have been described in
Cheburkin et al. (1997). In this study, a calibration curve for Gd
was established based on the LA-ICPMS and EMPA results of
three Gd-doped fluorapatite crystals (i.e., AP30-0, AP30-5, and
AP30-1). XRF microprobe analyses of the CaF2-rich glasses
were made by placing them in sample holders made of 4-�m-
thick Prolene films and using a counting time of 45 min. The
accuracy and precision of the XRF microprobe have been
evaluated by repeated analyses of Gd-bearing standard solu-
tions and are shown to be within 5% for the range of Gd
contents investigated in this study.

The wide range of REE concentrations investigated in this
study required several analytical techniques (or same technique
but on different instruments) to characterize the experimental
products. Careful evaluation of the analytical results for se-
lected reference materials and samples revealed no systematic
differences among these techniques or instruments. For exam-
ple, the results of XRF microprobe, EMPA, and LA-ICPMS
analyses for the Gd concentration in a fluorapatite crystal from
AP30-1 are within 8% of one another. Similarly, the Gd values
for the CaF2-rich glasses of AP30-1 and AP40-1 by XRF
microprobe and solution ICPMS agree within 5%. The Gd, Sr,
and Mn values for the CaF2-rich glass of AP40-1 by LA-
ICPMS and solution ICPMS are within 6%.

3. RESULTS AND DISCUSSION

3.1. Characterization of Experimental Products

All experimental products of this study consist of fluorapatite
crystals and quenched CaF2-rich glasses (Fig. 1a,b), except that
AP40-0 with �15 wt.% Gd2O3 in the starting material contains
unreacted Gd2O3 as inclusions in both fluorapatite crystals and
CaF2-rich glass (Pan et al., 2002b). Fluorapatite of series AP30
experiments typically included several large prismatic crystals
(up to 1 cm in length and � 1 mm in diameter) that apparently
grow on the wall of the Pt crucible, numerous intermediate
grains (up to 2-mm long) at the bottom of the crucible, and
minor amounts of small grains in CaF2-rich glasses. Similarly,
fluorapatite crystals from series AP40, AP50, and AP60 exper-
iments are mostly concentrated at the bottom part of the Pt
capsules, although minor amounts of small crystals also occur
in the CaF2-rich glasses (Fig. 1a,b). The crystal-glass ratios of
all experiments are similar at �1:3 (Fig. 1a,b).

Fluorapatite crystals in this study commonly contain elon-
gated inclusions of CaF2-rich glasses, which are almost invari-
ably aligned parallel to the crystallographic c-axis (Chen et al.,
2002a). Optical examination, as confirmed by single-crystal
XRD analyses (Chen et al., 2002a; Pan et al., 2002b), revealed
that the fluorapatite crystals of this study are not twinned. Also,
sector zoning (cf. Rakovan and Reeder, 1996) was not ob-
served. FTIR analyses did not detect any CO3

2� or OH� in
fluorapatite of AP30-0 and AP30-1 (cf. Elliott, 1994; Santos
and Clayton, 1995).

EMPA revealed that the fluorapatite crystals from all exper-
iments are closely stoichiometric (Table 2), as expected for
those synthesized from CaF2-rich melts (Prener, 1967; Pan et
al., 2002a, 2002b). Backscattered electron imaging and X-ray
mapping showed that the distribution of Gd (and other REEs as
well in series AP50 experiments) in the fluorapatite crystals is
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generally homogeneous (Fig. 1c,d), as confirmed by quantita-
tive EMPA and LA-ICPMS analyses (i.e., standard deviations
of the Gd contents mostly � 5%; Tables 2, 3, 4, and 5). The
only exception is that the crystals of AP40-0 exhibit a minor
variation (2.5–3.1 wt.% Gd2O3) from different grains. This is
probably attributable to an incomplete homogenization of Gd in
this Gd-rich run. Chen et al. (2002a) noted that the large
fluorapatite crystals in series AP30 experiments are composi-
tionally similar to the smaller grains. Similarly, the small
fluorapatite grains in the CaF2-rich glasses of series AP40,
AP50, and AP60 experiments are compositionally indistin-
guishable from the larger crystals at the bottom of Pt capsules
(Fig. 1a,b).

Powder XRD and FTIR analyses showed that the handpicked
CaF2-rich glasses for solution ICPMS analysis contain ��5%
fluorapatite, hence insignificant contamination. Also, in situ
EMPA and LA-ICPMS analyses of AP60-2, AP60-3, and
AP60-4 did not detect any significant heterogeneity in either
major or trace element composition of the CaF2-rich glasses.
The major element compositions of the CaF2-rich glasses from
series AP40, AP50, and AP60 experiments (Table 2) are in-
variably close to those expected from the phase relations of the
pseudobinary CaF2-Ca3(PO4)2 system (cf. Prener, 1967). How-
ever, the CaF2-rich glasses from series AP30 experiments are
notably lower in Ca and F contents than their counterparts from
experiments in sealed Pt capsules (Table 2), suggesting a pos-

sible loss of these two elements to volatilization in the former.
EMPA showed that the CaF2-rich glass of AP40-0 contains
�5.3 wt.% Gd2O3 (Table 3), albeit imprecise owing to diffi-
culties in the preparation of polished surfaces for this sample.
This value is interpreted to represent the solubility of Gd2O3 in
the phosphate-bearing CaF2-rich melts.

3.2. Partitioning of Gd and Other REEs

Figure 2a shows that the partition coefficient of Gd [D(Gd)]
between fluorapatite and CaF2-rich melt from series AP30
experiments decreases with increasing Gd in fluorapatite from
�2.0 at 0.8 ppm Gd before reaching a constant value of �0.5
at and above �5000 ppm Gd (Table 3). Similarly, D(Gd) from
series AP40 experiments decreases from �2.0 to �0.5 with
increasing Gd in fluorapatite but reaches the constant value at
only �1000 ppm Gd (Fig. 2b, Table 4). These results show a
pronounced non-Henry’ s Law behavior for the partitioning of
Gd between fluorapatite and CaF2-rich melt at low Gd concen-
trations. Although the magnitude of variations in the partition
coefficients observed in this study is similar to those reported in

Table 2. Representative major-element compositions of experimental products.

Run#

Fluorapatite CaF2-rich glass

AP30-1
n � 12(�)

AP40-0
n � 11(�)

AP50-1
n � 12(�)

AP60-2
n � 10(�)

AP30-1
n � 12(�)

AP40-0
n � 11(�)

AP50-1
n � 12(�)

AP60-2
n � 12(�)

P2O5(wt.%) 42.3 (5) 41.3 (5) 42.3 (4) 42.5 (3) 24.1 (8) 17.2 (6) 18.3 (7) 17.9 (8)
CaO 55.1 (3) 53.2 (5) 55.3 (4) 54.6 (3) 56.8 (9) 59.6 (7) 62.6 (5) 61.2 (6)
Gd2O3 1.2 (2) 2.9 (1) 0.01 (1) 1.11 (6) 2.3 (3) 5.3 (5) 0.01 (1) 2.3 (2)
F 3.7 (1) 3.53 (9) 3.71 (9) 3.62 (6) 26.9 (8) 29.4 (5) 30.3 (5) 30.1 (6)
O � �F 1.54 1.49 1.56 1.54 11.3 12.4 12.8 12.7
Total 100.7 (4) 99.5 (5) 99.8 (5) 100.3 (4) 98.8 (7) 99.1 (5) 98.4 (5) 98.8 (6)
P 6.00 6.00 6.00 6.00
Ca 9.91 9.80 9.95 9.77
Gd 0.06 0.17 0.00 0.06
F 1.94 1.92 1.97 1.91

Fluorapatite analyses for AP30-1 and AP40-0 are from Pan et al. (2002b). Chemical formula of fluorapatite are calculated to 6 P atoms.

Table 3. Results of Gd in series AP30 experiments.

Run #
Fluorapatite

(ppm)
CaF2-rich glass

(ppm) D (Gd) Ca2Gd/CalGd

AP30-0 0.8 � 0.1a 0.38b 2.1 (2) 0.13e

AP30-5 57 � 4a 61b 0.93 (6) 0.20f

AP30-7 1100 � 78a 1500b 0.73 (5)
AP30-8 2,400 � 160d 3,500 � 130c 0.68 (4)
AP30-9 3,500 � 210d 5,500 � 210c 0.64 (3)
AP30-6 4,700 � 240d 9,800 � 320c 0.53 (2)
AP30-1 10,000 � 1,300d 21,000 � 760c 0.49 (6) 1.4 (4)g

a,b,c,d represents analytical data from LA-ICPMS, solution ICPMS,
XRF microprobe, and EMPA, respectively. Site-occupancy ratios
(Ca2Gd/CalGd) are from single-crystal W-band EPR studies (e , Pan et
al., 2002a; f , Chen et al., 2002b; and g , Pan et al., 2002b). Uncertain-
ties are one standard deviation.

Table 4. Results of Gd in series AP40 and AP60 experiments.

Run
Number Fluorapatite CaF2-rich glass D (Gd)

AP40-0 2.8 (2) wt.% Gd2O3
a �5.3 (5) wt.% Gd2O3

a 0.53 (4)
AP40-1 1070 (49) ppm Gdb 2210 ppm Gdc 0.48 (2)
AP40-2 560 (32) ppmb 900 ppmc 0.62 (3)
AP40-3 225 (9) ppmb 260 ppmc 0.86 (3)
AP40-4 121 (7) ppmb 126 ppmc 0.96 (5)
AP40-5 66 (3) ppmb 66 ppmc 1.00 (4)
AP40-6 26.9 (9) ppmb 19 ppmc 1.42 (4)
AP40-7 7.0 (2) ppmb 3.54 ppmc 1.97 (5)
AP40-8 1.2 (2) wt.% Gd2O3

a 2.3 (3) wt.% Gd2O3
a 0.53 (3)

AP40-9 0.44 (9) wt.% Gd2O3
a 0.8 (1) wt.% Gd2O3

a 0.55 (4)
AP60-1 300 (200) ppma 380 (25) ppmb 0.8 (5)
AP60-2 1.11 (6) wt.% Gd2O3

a 2.3 (2) wt.% Gd2O3
a 0.48 (1)

AP60-3 520 (12) ppmb 870 (20) ppmb 0.60 (2)
AP60-4 118 (8) ppmb 124 (9) ppmb 0.95 (6)

a,b,c represent analytical data from EMPA, LA-ICPMS, and solution
ICPMS, respectively. Note that the surface Gd content of FAp in
AP60-1 was extrapolated from the diffusion profile in Fig. 5. Uncer-
tainties are one standard deviation.
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the literature (e.g., Mysen, 1978; Harrison and Wood, 1980;
Harrison, 1981), the upper limits of the non-Henry’ s Law
behavior observed in the CaF2-rich melts of this study are
significantly higher than those reported for other minerals in
silicate-melt systems (e.g., Mysen, 1978; Harrison and Wood,
1980; Harrison, 1981).

Watson and Green (1981) showed that D(REEs) between
fluorapatite and silicate melts, with 0.4 to 3.2 wt.% total rare-
earth oxides in the bulk composition, are independent of com-
position. The experiments of Watson and Green (1981) in-
cluded excess F and were performed in sealed capsules, hence
similar to those of series AP40. The REE contents of fluorap-
atite in Watson and Green (1981) are above the upper limit of
non-Henry’ s Law partitioning observed in series AP40 exper-

iments. It is noteworthy that experimentally measured D(REEs)
in Fleet and Pan (1997) decrease with increasing REE contents
from series B and D to series A and E, also a possible non-
Henry’ s Law behavior.

The D(Gd) values of the present study are lower than those
reported from previous experimental studies on silicate melts
(Watson and Green, 1981) and hydrous phosphate-fluoride
melts (Fleet and Pan, 1997) but are within the range obtained
from natural apatites, whereby D(REEs) are known to vary by
more than 2 orders of magnitude (Fleet and Pan, 1997). Pan and
Fleet (2002) showed that D(REEs) are controlled by both
intrinsic (crystal-chemical) and external (pressure-temperature-
composition) factors (see also Watson and Green, 1981; Fleet
and Pan, 1997). Therefore, a direct comparison between the
results of the present study and those of previous experimental
studies is difficult owing to differences in (1) melt composi-
tions, (2) substitution mechanisms, and (3) pressure-tempera-
ture conditions. Pan et al. (2002b) noted that 2.8(3) wt.%
Gd2O3 in fluorapatite of AP40-0 is significantly lower than that
(10.4(5) wt.%) of another fluorapatite from a hydrothermal
synthesis, despite having similar Gd2O3 contents in their start-
ing materials (Fleet and Pan, 1995), and attributed this discrep-
ancy to the presence of charge-compensating ions, Na� and
Si4�, for promoting the incorporation of Gd into the Ca sites in
the latter experiment. Similarly, the absence of any charge-
compensating cations in the experiments of the present study is
most likely a major contributing factor to the low D(REEs)
values (Tables 2, 3, and 4). Kovalenko et al. (1982) also noted
that D(REEs) decrease with increasing equilibrium tempera-
ture. Therefore, the high temperature of experiments is another
possible contributing factor to the low D(REEs) values of the
present study.

Figure 3 shows that D(REEs) from series AP50 experiments
vary systematically with atomic number. The most salient
feature of these REE patterns is the convex-upward shape with
maxima between Nd and Gd, similar to those observed in
previous experiments and in nature (Watson and Green, 1981;
Kovalenko et al., 1982; Ayers and Watson, 1993; Fleet and
Pan, 1997). Also, the uptake of La in any composition is
appreciably greater than that of Yb, with D(La)/D(Yb) ranging
from 1.11 to 1.25 (see also Fleet and Pan, 1997). There are no

Table 5. Results of REEs in series AP50 experiments.

AP50-1 AP50-2 AP50-3 AP50-4

FAp
(ppm)

Glass
(ppm)

D
(REE)

FAp
(ppm)

Glass
(ppm)

D
(REE)

FAp
(ppm)

Glass
(ppm)

D
(REE)

FAp
(ppm)

Glass
(ppm)

D
(REE)

La 21.8 (4) 53 0.41 2.1 (2) 3.39 0.62 0.22 (3) 0.26 0.84 1050 2610 0.40
Nd 32.9 (7) 51 0.65 3.6 (2) 2.73 1.32 0.43 (8) 0.24 1.78 960 1820 0.53
Sm 35 (1) 52 0.67 3.75 (6) 3.02 1.24 0.35 (7) 0.22 1.59 1570 2290 0.69
Eu 30 (1) 50 0.60 3.4 (2) 2.93 1.16 0.42 (3) 0.25 1.68 2600 3830 0.68
Gd 37 (1) 55 0.67 4.9 (1) 4.01 1.22 0.81 (4) 0.47 1.71 570 870 0.65
Dy 34.3 (6) 58 0.59 3.9 (2) 3.79 1.03 0.46 (4) 0.32 1.44 1630 2420 0.67
Ho 2170 3150 0.68
Er 28 (1) 59 0.47 3.2 (3) 3.95 0.81 0.5 (1) 0.48 1.04 1420 2800 0.51
Tm 1610 3190 0.51
Yb 23 (1) 64 0.36 2.6 (1) 4.64 0.56 0.30 (8) 0.41 0.73 530 1640 0.32

REE contents of fluorapatite (FAp) by LA-ICPMS, those of CaF2-rich glasses by solution ICPMS. Uncertainties in parentheses are one standard
deviation.

Fig. 2. Plots of D(Gd) as a function of the Gd concentration in
fluorapatite from (a) series AP30 and (b) series AP40 (solid squares)
and AP60 (open squares) experiments. Note that series AP30 and AP40
reach a similar constant D(Gd) value of �0.5 but at different Gd
concentrations (�5000 and �1000 ppm, respectively) in fluorapatite.
Error bars are one standard deviation; where not shown, error bars are
smaller than the symbols.
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significant Eu anomalies in series AP50 experiments. There-
fore, Eu in our experiments behaves similarly to its neighboring
trivalent REEs and most likely occurs mainly as Eu3�, al-
though oxygen fugacity was not controlled here.

The partition coefficients of individual REEs from series
AP50 experiments (Table 5) similar to those from series AP30
and AP40 (Fig. 1), decrease with increasing total REEs in
fluorapatite (Fig. 2), further supporting a non-Henry’ s Law
behavior. Moreover, the D(Nd)/D(La) and D(Nd)/D(Yb) values
(1.33–2.13 and 1.66–2.44, respectively) increase systemati-
cally with decreasing REE in fluorapatite, signifying a decrease
in REE fractionation with increasing total REE concentration.

3.3. Partitioning of Sr and Mn

Strontium and Mn, both of which apparently originated from
impurities in the starting materials, have also been analyzed in
fluorapatite crystals and CaF2-rich glasses for most experi-
ments (Table 6) and are included for discussion for the follow-
ing two reasons: (1) Sr is a close analog of Eu2� because they
have the same charge and similar ionic radii (Shannon, 1976;
Watson and Green, 1981; Ayers and Watson, 1993) and (2)
Mn, which has been shown to occur as Mn2� by EPR (Pan et
al., 2002a), provides an opportunity for examining the Henry’ s
Law behavior of trace element partitioning involving isovalent-
cation substitution at extremely low concentrations (Table 6).

LA-ICPMS analyses showed that Sr is homogeneously dis-
tributed in all fluorapatite crystals examined in this study (Ta-
ble 6), at least on the scales of LA-ICPMS analysis (i.e., �200
�m in AP30, �50 to �100 �m in AP40 and AP50, and �20
�m in AP60-3 and AP60-4). Figure 4a shows that there is a
positive correlation between Sr in fluorapatite and Sr in the
CaF2-rich glasses (R � 0.88, excluding samples AP30-0 and
AP30-5), yielding a D(Sr) value of 1.4(1) (Table 6). This D(Sr)
value, within the range (1.1–2.4) reported by Watson and Green
(1981) for fluorapatite in equilibrium with silicate melts, sup-
ports the observation of Watson and Green (1981) that D(Sr) is
insensitive to temperature, pressure, or melt composition within
the limited range of silicate melt compositions that they studied
(see also Ayers and Watson, 1993). Similarly, AP30-0 yields a
D(Sr) of 1.08(8), which is close to that from series AP40,
AP50, and AP60 experiments (Fig. 4a). However, the Sr con-
tents of fluorapatite and CaF2-rich glass from AP30-5 give an
anomalously low D(Sr) value of 0.59(5) (Table 6).

The distribution of Mn in fluorapatite in our experiments,
except for that of AP40-5, is also homogeneous on the scales of
LA-ICPMS analysis (Table 6). There is a positive correlation

Fig. 3. Plots of D(REEs) as a function of atomic number for series
AP50 experiments. Note that AP50-2 and AP30-3 with low total REE
contents have more pronounced enrichments in middle REEs than
AP50-1 and A P50-4.

Table 6. Sr and Mn in fluorapatite and CaF2-rich glasses and corresponding partition coefficients.

Run#

Sr Mn

FAp
(ppm)

Glass
(ppm) D (Sr)

FAp
(ppm)

Glass
(ppm) D (Mn)

AP30-0 330 (26) 306 1.08 (8) 0.9 (2) 7.36 0.12 (3)
AP30-5 240 (13) 407 3.0 (4) 12.6 0.24 (3)
AP40-0 570 (28) 367 1.55 (8) 0.7 (2) 4.72 0.15 (4)
AP40-1 630 (18) 448 1.41 (4) 1.3 (6) 5.51 0.2 (1)
AP40-2 620 (14) 479 1.29 (3) 1.4 (9) 7.54 0.2 (1)
AP40-3 634 (3) 478 1.33 (1) 2.4 (4) 11.4 0.21 (4)
AP40-4 640 (10) 482 1.33 (2) 0.84 (7) 5.94 0.14 (1)
AP40-5 620 (10) 424 1.46 (2) 6 (7) 6.28
AP40-6 640 (18) 501 1.28 (4) 1.5 (6) 21.6
AP40-7 630 (10) 442 1.43 (2) 1.0 (1) 5.02 0.20 (2)
AP40-8 432 (4) 356 (11) 1.2 (1) 5.1 (6) 35 (2) 0.15 (2)
AP40-9 541 (5) 398 (12) 1.36 (8) 4.6 (8) 28 (2) 0.16 (3)
AP50-1 616 (3) 444 1.39 (1) 12 (1) 76 0.16 (1)
AP50-2 619 (5) 452 1.37 (1) 9 (2) 60 0.15 (3)
AP50-3 616 (8) 475 1.30 (2) 6 (1) 41 0.15 (2)
AP60-3 610 (12) 448 (7) 1.36 (8) 1.5 (3) 9.4 (9) 0.16 (3)
AP60-4 638 (9) 462 (9) 1.38 (8) 1.8 (4) 12 (1) 0.15 (3)
Average 1.4 (1)† 0.15 (1)‡

Sr and Mn in fluorapatite (FAp) of all experiments and those in the CaF2-rich glasses of AP40-8, AP40-9, AP60-3, and AP60-4 were determined
by LA-ICPMS; Sr and Mn in the CaF2-rich glasses of other experiments by solution ICPMS; uncertainties are one standard deviation † from linear
regression of all data except for those of AP30-0, AP30-5, and AP40-0; ‡ from linear regression of all data except for those of AP40-5 and AP40-6.
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between Mn in fluorapatite and Mn in the CaF2-rich glasses (R
� 0.99, Fig. 4b), yielding a D(Mn) value of 0.15(1) (Table 6).
The LA-ICPMS analysis of one fluorapatite crystal from
AP40-5 yielded an anomalously high Mn content of 14.6 ppm,
but those of two other crystals (2.59 and 1.43 ppm) from this
experiment gave an average D(Mn) value of 0.3(1), which is
close to those obtained from the other experiments (Table 6).
Therefore, the partitioning of Mn2� between fluorapatite and
melt, different from those of trivalent REEs, obeys Henry’ s
Law in the concentration range of this study (i.e., 0.9–12 ppm,
Table 6).

3.4. Attainment of Equilibrium

The similarities of the experimental products (e.g., the flu-
orapatite-glass ratio and the major-element composition of the
CaF2-rich glasses; Fig. 1a,b, Table 2) to those expected from
the phase relations of the pseudobinary CaF2-Ca3(PO4)2 system
(cf. Prener, 1967) suggest that equilibrium was attained in our
experiments. This suggestion is supported by the homogeneous
compositions of the fluorapatite crystals and the CaF2-rich
glasses and is confirmed by the results of series AP60 experi-
ments.

Prismatic fluorapatite crystals in AP60-1 are well preserved,
indicating that dissolution and reprecipitation were minimal in
this experiment. EMPA traverses reveal that the fluorapatite
crystals in this experiment all contain a �4.5-�m-wide Gd-
depleted margin (Fig. 5). This apparent diffusion profile has
been fitted with the equation of Crank (1975):

C	 x,t
 � Cierf � x

2�Dt� (0)

where C(x, t) is the Gd concentration at distance x and time t, Ci

is the initial concentration, and D is the diffusion coefficient.
Although the EMPA Gd contents in the Gd-depleted margin
have significant uncertainties (Fig. 5), the magnitude of the
diffusion coefficient DGd is largely controlled by the width of
the margin. Indeed, the calculated DGd value of 3.4 � 10�18

m2/s at 1220 °C is similar to DDy (1.2 � 10�18 m2/s) and DSm

(5.2 � 10�18 m2/s) at this temperature, calculated from the
Arrhenius equations of Cherniak (2000) and Watson et al.
(1985), respectively. Also, the Gd concentration of 300 � 200
ppm at the surface of the fluorapatite crystals, extrapolated
from the diffusion profile (Fig. 5), and the Gd concentration of
the CaF2-rich glass by LA-ICPMS yield a D(Gd) value of
0.8(5) (Table 4). This value, albeit having a large uncertainty,
is similar to that (0.86) from AP40-3 with a comparable Gd
content in fluorapatite (Table 3). Moreover, D(Gd) from exper-
iments AP60-2, AP60-3, and AP60-4 are within analytical
uncertainties to those from AP40-8, AP40-2, and AP40-4,
respectively (Fig. 2b). Similarly, D(Sr) and D(Mn) from exper-
iments AP60-3 and AP60-4 are similar to those from experi-
ments AP40-2 and AP40-4, respectively (Table 6), hence suc-
cessful reversal experiments.

3.5. Origin of “ the Henry’s Law Problem” and
Associated Inter-REE Fractionation

Thermodynamic analyses by previous investigators (Harri-
son and Wood, 1980; Harrison, 1981; Morlotti and Ottonello,
1982) suggested that the non-Henry’ s Law behavior of trace
element partitioning in silicate systems is most likely related to
vacancies in minerals. For example, Harrison and Wood (1980)
suggested that the substitution of REE3� ions for divalent

Fig. 4. Plots of (a) Sr in fluorapatite vs. Sr in CaF2-rich glasses and
(b) Mn in fluorapatite vs. Mn in CaF2-rich glasses from series AP30,
AP40, AP50, and AP60 experiments (AP40-5 and AP40-6 not shown).
Lines are calculated from linear regression analyses (excluding
AP30-0, AP30-5, and AP40-0 in a). R is correlation coefficient. Error
bars are one standard deviation; where not shown, error bars are smaller
than the symbols.

Fig. 5. Gd concentration profile across the margin of a fluorapatite
crystal from AP60-1. This profile represents an average of six traverses
across one fluorapatite grain. Error bars are one standard deviation.
Note that the surface Gd concentration, which could not be analyzed
directly by EMPA, was extrapolated from the trend.
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cations in the dodecahedral site of the garnet-group minerals at
low concentrations is most likely charge-compensated by va-
cancies and can be expressed by the following exchange reac-
tion:

2REEO1.5 � 3Mg2� N 3MgO � 2REE3� � VMg

liquid garnet liquid garnet garnet. (1)

Harrison and wood (1980) obtained the following relation:

D(REEs) � (1/VMg)
1/2 (2)

Therefore, D(REEs) decrease with increase in the vacancy
concentration at the dodecahedral site.

The incorporation of REE3� in fluorapatite is complicated
by the fact that these cations substitute for two stereochemi-
cally distinct Ca sites (i.e., nine-coordinated Ca1 and seven-
coordinated Ca2) in this mineral (Hughes et al., 1991; Fleet and
Pan, 1995; Gaft et al., 1997; Chen et al., 2002a, 2002b; Pan et
al., 2002b). Single-crystal EPR studies (Chen et al., 2002a,
2002b) have demonstrated that the substitution mechanisms for
the incorporation of Gd3� (as a representative of trivalent REE
ions) into the Ca1 and Ca2 sites in the synthetic fluorapatite of
the present study are, respectively,

Ca1: 3Ca2�N 2Gd3� � � (3)

and

Ca2: Ca2� � F�N Gd3� � O2� (4)

where � represents a Ca2� vacancy. Moreover, Chen et al.
(2002b) noted that the Gd3� center at the Ca1 site has a highly
triclinic local symmetry different from the uniaxial symmetry
of the ideal Ca1 site in pure fluorapatite. This local symmetry
reduction and the calculated direction of polyhedral distor-
tion indicate that the Ca2� vacancy is located at the next-
nearest-neighbor Ca2 site in the c-axis channels, resulting in
a Gd3�– –�– – –Gd3� arrangement, with the Gd3� cations
well separated (Chen et al., 2002b). Therefore, this is direct
evidence for the involvement of Ca2� vacancies in the incor-
poration of Gd3� into the Ca1 site.

Following Harrison and Wood (1980), Eqn. 3 and 4 can be
rewritten as exchange reactions between fluorapatite (FAp) and
coexisting melts:

Ca1: 2REEO1.5 � 3Ca2� N 3CaO � 2REE3� � VCa2

melt FAp melt FAp FAp (5)

and

Ca2: 2REEO1.5 � 2Ca2� � 2F� N CaO � CaF2

melt FAp FAp melt melt

� 2REE3� � 2O2�

FAp FAp (6)

Therefore, the partition coefficients of REEs between flu-
orapatite and melt can be evaluated by independent incorpora-
tion of these elements into the Ca1 and Ca2 sites. Following
Harrison and Wood (1980) again, we obtain “partial partition
coefficients” at the Ca1 and Ca2 sites, respectively:

D(REE)Cal � (1/VCa2)
1/2 (7)

and

D(REE)Ca2 � PO2 (8)

where PO2 is partial pressure of O2. Therefore, the incorpora-
tion of REEs at the Ca1 site is inversely proportional to the
abundance of Ca2� vacancies at the Ca2 site in the c-axis
channels, but the incorporation of REEs at the Ca2 site is
independent of vacancies. Obviously, readily available Ca2�

vacancies would promote a preferential incorporation of REEs
into the Ca1 site, whereas absence or saturation of vacancies
would inhibit Eqn. 5, resulting in a preference of REEs for the
Ca2 site. This is consistent with available data on the site-
occupancy ratios of Gd in fluorapatite from single-crystal EPR
studies and X-ray structure refinements (Hughes et al., 1991;
Fleet and Pan, 1995; Chen et al., 2002b; Pan et al., 2002a,
2002b). For example, Pan et al. (2002b) noted that the Gd
site-occupancy ratios (Ca2Gd/Ca1Gd) in fluorapatite decrease
systematically with decreasing Gd content, changing from a
preference for the Ca2 site in Gd-rich fluorapatite (Hughes et
al., 1991; Fleet and Pan, 1995) to a marked preference for the
Ca1 site in fluorapatite with ppm- to subppm-level Gd (Chen et
al., 2002b). This marked preference of Gd for the Ca1 site in
Gd-poor fluorapatite is apparently promoted by the availability
of intrinsic Ca2� vacancies in the c-axis channels at ppm
concentrations. These point defects are unlikely to reach ap-
preciable weight-percent concentrations in fluorapatite crystals
synthesized from CaF2-rich melts and hence the normal pref-
erence of Gd for the Ca2 site in Gd-rich fluorapatite (Pan et al.,
2002b).

A control of the non-Henry’ s Law REE partitioning between
fluorapatite and melt by intrinsic Ca2� vacancies in the c-axis
channels is also supported by the increase in the upper Gd limit
from �1000 ppm in series AP40 to �5000 ppm in series AP30
(Fig. 2). This increase is readily explained by a larger amount
of intrinsic Ca2� vacancies in crystals from the latter experi-
ments in Pt crucibles, owing to the apparent loss of CaF2 to
volatilization (Table 2). Such vacancies are expected to be
much lower in crystals from series AP40 experiments in sealed
Pt capsules.

In addition, the significant changes in inter-REE fraction-
ations observed in series AP50 experiments (Fig. 3) are attrib-
utable to differences in stereochemical environment of the two
Ca sites in fluorapatite (Fleet and Pan, 1997). The mean Ca1-O
and Ca2-O distances in endmember fluorapatite (Hughes et al.,
1989) are 2.554 and 2.463 Å, respectively. Amongst REE3�

ions, Nd would fit most readily in Ca1 of fluorapatite and Ce-Pr
most readily in Ca2 of fluorapatite. Recognizing the marked
preference of REEs for the Ca1 site at ppm- and subppm-level
concentrations (Pan et al., 2002b), minimization of local strain
at Ca1 and Ca2 is an adequate explanation for the characteristic
convex-upward REE patterns with maxima at or close to Nd in
fluorapatite (Fleet and Pan, 1997; Fig. 3) Moreover, mis-
matches in the ionic radii of REE3� relative to the effective
sizes of Ca2� increase from Ca2 to Ca1 for La3� but reversed
for Yb3� (Shannon, 1976). Therefore, the observed increase in
D(La)/D(Nd) and D(Nd)/D(Yb) from AP50-1 to AP50-3 (Fig.
3) is consistent with an increased preference of REE3� for the
Ca1 site, as the total REE content in fluorapatite decreases.
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3.6. Implications for Natural Apatites

Numerous previous studies have evaluated the roles of apa-
tites in REE geochemical models for mantle compositions,
crustal anatexis, magma evolution, and metamorphic/hydro-
thermal crystallization (e.g., Watson and Capobianco, 1981;
Kovalenko et al., 1982; Pan and Fleet, 1996; Pan and Breaks,
1997; Dymek and Owen, 2001; Harlov and Föster, 2002), but
all of them were based on the assumption of a Henry’ s Law
behavior of REE partitioning. The D(REEs) from the present
study obviously cannot be applied directly to geochemical
modeling of silicate magmas or metamorphic/hydrothermal
systems because of differences in melt/fluid compositions.
Nevertheless, the convex-upward patterns of D(REEs) (Fig. 3)
are similar to those observed in other systems (e.g., silicate
melts: Watson and Green, 1981; Kovalenko et al., 1982; aque-
ous solutions: Ayers and Watson, 1993), suggesting a signifi-
cant crystal-chemical control on the uptake of REEs by flu-
orapatite (Pan and Fleet, 2002). Moreover, we have shown
above that the non-Henry’ s Law behavior of REE partitioning
between fluorapatite and CaF2-rich melts is largely controlled
by intrinsic Ca2� vacancies in this mineral. Therefore, the
non-Henry’ s Law behavior of REE partitioning most likely
occurs in other systems with low REE concentrations and
should exert important controls on the REE systematics in
those systems when apatite is present.

For example, Harrison (1981) evaluated the effects of the
non-Henry’ s Law behavior of REE partitioning between gar-
net-group minerals and silicate melts in the origin of basaltic
magmas. Her calculations showed that significant variations
can occur in the absolute REE contents of melts derived from
a garnet lherzolite if non-Henry’ s Law partition coefficients are
used for garnet. Similar variations in REE contents are ex-
pected during melting processes (e.g., crustal anatexis for the
generation of granites: Watson and Capobianco, 1981) involv-
ing fluorapatite if non-Henry’ s Law D(REEs) are encountered.
Harrison (1981) also noted that the non-Henry’ s Law behavior
extends over a wider concentration range for HREEs (e.g., Tm)
than for LREEs (e.g., Ce). For a given total REE concentration
in garnet, it is possible that LREEs have Henry’ s Law
D(REEs), whereas HREEs may still deviate from Henry’ s Law.
As a result, the LREE/HREE values in garnet and coexisting
melts are expected to change as the total REE content in garnet
varies. Although our study did not investigate the possible
difference in the range of non-Henry’ s Law behavior among
different REEs, a systematic variation in D(REEs) between
fluorapatite and CaF2-rich melts with atomic number is evident
in Figure 3. The variation here, however, is readily attributable
to differential substitutions of REEs into the two distinct Ca
sites in this mineral (see discussion above).

Figure 6 illustrates the effects of a non-Henry’ s Law behav-
ior of REE partitioning on the REE characteristics of rhyolites
derived from fractional crystallization of an andesitic parental
melt. Following Watson and Capobianco (1981), we took the
average Circum-Pacific andesite of Taylor (1969) as the paren-
tal melt and assumed a crystallization/removal of 55% plagio-
clase, 20% hornblende, 5% augite, and 0.89% fluorapatite.
Here, we multiplied D(REEs) from AP50-4, representing a
Henry’ s Law behavior, by 100 to bring them close to those
observed in silicate magmatic systems (e.g., Watson and Green,

1981; Kovalenko et al., 1982). Also, we took D(REEs) from
AP50-3 to represent the non-Henry’ s Law behavior and mul-
tiplied them by 100 times (i.e., assuming a similar magnitude of
difference between Henry’ s Law and non-Henry’ s Law
D(REEs) in silicate magmatic systems). Figure 6 shows that
Henry’ s Law and non-Henry’ s Law D(REEs) of fluorapatite
result in significant differences in both the absolute REE con-
centration and the REE fractionation in the residual rhyolitic
melts.

In addition, Watson and Green (1981) noted that D(Sr), and
by analog D(Eu2�), is significantly lower than D(REE3�) (see
also Ayers and Watson, 1993). Therefore, crystallization of
fluorapatite from a silicate melt without any Eu anomaly would
result in a positive Eu anomaly in the residual melt. In the
present study, however, D(Sr) is higher than D(Gd3�) at most
REE concentrations in fluorapatite, except for REE concentra-
tions at or near subppm-level where D(REEs) are significantly
higher owing to the non-Henry’ s Law behavior. This variation
in relationship between D(Sr) and D(REE3�) is also expected
in natural apatites because of the complex dependence of
D(REE3�) on both intrinsic and external factors (Pan and Fleet,
2002) and the relative insensitivity of D(Sr) to P-T-X condi-
tions (Watson and Green, 1981; this study). Therefore, care
must be taken in interpreting Eu anomalies in natural apatites.

The most important implication of the observed non-Henry’ s
Law REE partitioning and its association with intrinsic Ca2�

vacancies is perhaps for the uptake of REEs by biogenic
apatites, which are characterized by nonstoichiometry (Elliott,
1994; Wilson et al., 1999 and references therein). In recent
years, REE compositions and Sm-Nd isotopes in biogenic
apatite (i.e., a major component of bones, teeth, and fossils of
vertebrates) have been increasingly used for paleoenvironmen-
tal reconstruction because they are thought to closely reflect the
REE compositions of ancient seawater or surrounding sediment

Fig. 6. Comparison of the effects of Henry’ s Law and non-Henry’ s
Law D(REEs) on the fractional crystallization for the formation of
rhyolites from an andesitic parental melt (cf. Watson and Capobianco,
1981). D(REEs) for plagioclase and hornblende are from Arth and
Barker (1976) and those for augite from Nagasawa and Schnetzler
(1971), except that D(La) values are extrapolated. Note that Henry’ s
Law and non-Henry’ s Law D(REEs) from AP50-4 and AP50-3, re-
spectively, have been multiplied by 100 to account for differences in
melt compositions and P-T conditions. Also, D(Ce) values for fluorap-
atite are extrapolated, and Eu is not included in modeling.
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pore fluids (Wright et al., 1984; Toyoda and Tokonami, 1990;
Grandjean-Lëcuyer et al., 1993; Holmden et al., 1997; Reynard
et al., 1999). The observed non-Henry’ s Law behavior for
non-stoichiometric fluorapatite at high temperatures, if it can be
extrapolated to ambient temperatures, would exert significant
controls on the uptake of REEs by biogenic apatite. For exam-
ple, it has been discussed above that Eu anomalies in fossil
biogenic apatite, commonly used as a redox indicator, must be
interpreted with caution. Also, significant variations in inter-
REE fractionation are expected during the trapping of these
elements into biogenic apatite from seawater or pore fluids,
because D(REEs), D(Nd)/D(La), and D(Nd)/D(Yb) all change
with progressive reduction in the availability of intrinsic Ca2�

vacancies in the c-axis channels. For example, the variation in
REE patterns of fossil biogenic apatite from Cambrian to
post-Cretaceous time was originally interpreted to record a
secular change in seawater composition (e.g., Wright et al.,
1984; Grandjean-Lëcuyer et al., 1993). Reynard et al. (1999)
showed that the bell-shaped REE patterns, observed commonly
in Lower Paleozoic conodonts, are related to small degrees of
recrystallization of biogenic apatite and, therefore, are con-
trolled by fractionation of REEs between apatite and water. Our
experimentally determined D(REEs) (Fig. 3) provide further
support for such a crystal-chemical control. Figure 7 shows that
the non-Henry’ s Law D(REEs) better predict the bell-shaped
REE patterns of biogenic apatite than those from a Henry’ s
Law behavior. Therefore, the non-Henry’ s Law behavior of
REE partitioning between apatite and water is a possible con-
tributing factor for the commonly observed, bell-shaped REE
patterns in fossil biogenic apatite.
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