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Abstract Magmatic fluorapatites of five African car-
bonatite complexes were analyzed for rare-earth (REE)
and trace elements by electron microprobe and high-
resolution synchrotron micro-XRF to explore the fluora-
patite composition during different stages of carbonatite
magma evolution. Early crystallized fluorapatites have
La concentrations mostly below 1,500 ppm and low
ZREE. They display convex-upward shaped REE
patterns with (La/Nd)., £ 1 and low (La/YDb)., ratios
<100. In contrast, fluorapatites from fractionated car-
bonatites have straight REE patterns with (La/Nd)., > 1
and (La/YDb)., generally above 100, and have La up to
1 wt% at a high XREE. Model calculations with the
fractionating mineral assemblage fluorapatite + calcite
+clinopyroxene suggest REE distribution coefficients
for fluorapatite/carbonatite melt with a positive slope
throughout from La to Lu, in order to meet the rela-
tionships observed in the natural fluorapatites. The
calculations oppose closed system conditions of magma
fractionation along the liquid lines of descent, but
suggest periods of instantaneous fluorapatite crystalli-
zation. Fluorapatite trace element characteristics are
therefore thought to be indicative for carbonatite evo-
lution, and can reflect the relative degree of magma
fractionation. We suggest that the (Eu/Eu*)., and Y
evolution in the fluorapatites is a manifestation of an
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aqueous fluid immiscibly coexisting with the carbonatite
magma from early evolution on, which is able to con-
tinuously extract divalent Eu and Y from the carbona-
tite magma.

Introduction

Fluorapatite is a frequent liquidus phase in carbonatite
magmas (Eby 1975; Le Bas and Handley 1979; Eriksson
et al. 1985; Le Bas 1989; Walter et al. 1995), and is also
known to crystallize throughout carbonatite fractiona-
tion (Hogarth et al. 1985; Hogarth 1989; Gittins 1989).
At high modal abundance, fluorapatite may form igne-
ous phoscorites (Kapustin 1980, and references therein;
Eriksson 1989; Mariano 1989) or occur as layered and
lensoid bodies in many carbonatite complexes. In prin-
ciple, its abundance and common occurrence in car-
bonatitic rocks favors fluorapatite as a petrogenetic and
geochemical indicator mineral (e.g., Le Bas et al. 1992;
Stoppa and Liu 1995) which, however, requires knowl-
edge of trace element distribution coefficients for the
fluorapatite/carbonatite melt system which are currently
unknown. Qualitative indications only can be derived
for the rare-earth elements (REE) from experimental
studies on apatite/fluid (Ayers and Watson 1993) and
apatite/phosphate—fluoride melt systems (Fleet and Pan
1997). A variety of structural aspects of REE incorpo-
ration into apatite have been investigated (Hughes et al.
1991; Fleet and Pan 1995a, 1995b; Rakovan and Reeder
1996), but the relationships between fluorapatite com-
position and carbonatite melt composition, distribution
coefficients, or degree of fractionation have not been
established for natural systems.

There are both analytical and systematic difficulties in
deriving petrogenetic implications from fluorapatite
composition. Because of, in places, intimate inter-
growths of fluorapatite with other minerals, most com-
positional data published on carbonatitic fluorapatites
derive from spot analysis using conventional electron



microprobe techniques yielding reliable data for the
LREE only, and sometimes for even atomic numbers of
the MREE. Systematic intricacies include the lack of
significant amounts of fluorapatite in late-stage car-
bonatites because of prominent early fluorapatite frac-
tionation (Le Bas 1999). The low viscosity and moderate
density of carbonate magmas (Wolff 1994; Minarik and
Watson 1995) favors the accumulation of ubiquitous
liquidus phases such as fluorapatite, calcite, and clino-
pyroxene as partial mineral cumulates (Biggar 1969;
Treiman and Schedl 1983). Accordingly, many sovites
even may be considered as cumulate rocks (Wyllie 1989;
le Roex and Lanyon 1998; Biihn et al. 2001). A direct
comparison between fluorapatite and host rock com-
position taken as parental melt is therefore hampered.
These limitations mean that only a few studies have been
able to consider fluorapatite chemistry as a function of
carbonatite differentiation in order to use fluorapatite
composition as a tracer for magma evolution (Stoppa
and Liu 1995; Walter et al. 1995). This study investigates
the fluorapatite composition in calciocarbonatites (so-
vites) and cumulates which represent different degrees of
differentiation. It explores whether fluorapatite compo-
sition monitors the evolution of carbonatite magmas,
with the aim of assessing the systematics of trace element
incorporation into fluorapatite in natural carbonatite
magmas.

Previous work and rationale

Rare-earth element patterns of magmatic, carbonatitic
fluorapatites from previous studies are shown in Fig. 1,
excluding carbonatitic fluorapatites that are thought to
be affected by hydrothermal alteration. Except for the
beforsite host rock of the Juquia carbonatite (Walter
et al. 1995), all other host rocks to the fluorapatites are
sovites. The data indicate that the diversity of carbon-
atitic, magmatic fluorapatite REE patterns is far more
pronounced than may be suggested by the “average
carbonatitic apatite” derived from 111 carbonatitic ap-
atite analyses by Fleischer and Altschuler (1986). There
appear to be two qualitatively different groups of fluo-
rapatites. One group (Phalaborwa and Siilinjdrvi) dis-
plays a rather flat pattern at the LREE end of the REE
spectrum. The other group (e.g., Oka samples) displays a
straight REE pattern throughout. All intermediate REE
patterns are developed. To quantify the shape and the
slope of the fluorapatite REE patterns, the chondrite-
normalized ratios (La/Nd)., and (La/Yb)., are used
here. The (La/Nd)., ratios range between 1.2 and 5.0,
and the ratio (La/YDb)., displays a wide spread between
12 and 377. A plot of the La,, content versus (La/Yb),
shows a positive correlation (Fig. 1), suggesting that the
slope of the REE patterns may be a function of the total
concentration of La (and of XREE) in the fluorapatites.
There are three fluorapatite REE patterns (Eby 1975;
Fleischer and Altschuler 1986; Hughes et al. 1991) which
have a negative (Eu/Eu*)., anomaly developed, and one
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Fig. 1 Selected REE patterns of magmatic, carbonatitic apatites
displaying various (La/Nd)., and (La/Yb)., ratios, and bulk REE
contents. The inset shows a positive correlation between the La,,
content and (La/YDb)¢,. Plus symbols mean of 111 carbonatitic
apatites (Fleischer and Altschuler 1986); open triangles Juquia
carbonatite, mean of five analyses (Walter et al. 1995); open squares
Oka carbonatite, mean of eight apatite analyses (Eby 1975); open
stars Oka carbonatite (Hornig-Kjarsgaard 1998); full triangles Fen
carbonatite (Hornig-Kjarsgaard 1998); open circles Sokli carbona-
tite (Hornig-Kjarsgaard 1998); full circles Siilinjarvi carbonatite
(Hornig-Kjarsgaard 1998); full stars Jacupiranga carbonatite (Hor-
nig-Kjarsgaard 1998); full squares Phalaborwa carbonatite (Hornig-
Kjarsgaard 1998); crosses Oka carbonatite (Hughes et al. 1991)

sample (Walter et al. 1995) may even suggest a slight
negative (Ce/Ce*)., anomaly.

These data, however, do not allow a decision
on whether the range of ZREE, (La/Nd).,, (La/Yb)c,,
or redox-related anomalies are a function of the degree
of fractionation, the initial melt composition, or both.
In order to investigate these relationships, fluorapatite-
bearing carbonatite samples were analyzed from differ-
ent evolutionary stages of three African carbonatite
complexes, and as single samples from some other
African carbonatites.

Selection of natural fluorapatite samples

The samples investigated derive from six African carbonatite
complexes. Except for one complex analyzed for comparison
(Okorusu), all other complexes contain fluorapatite of magmatic
origin without a recognizable hydrothermal overprint.

The sub-volcanic Homa Mountain carbonatite of western Kenya
is Tertiary to Recent in age (Le Bas 1977). Samples for this study
are from the Le Bas collection of The Natural History Museum,
London. The fluorapatite in samples HC559 and HC554 occurs in
folded, irregular layers up to 0.5 cm in thickness in a carbonate
matrix. The fluorapatite layers consist of fine-grained fluorapatite
with individual grain sizes on the micrometer scale. Fine-grained
carbonate is interspersed. The texture suggests concomitant fluo-
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rapatite + calcite crystallization. Carbonate may also occur as faint
veins cross-cutting the fluorapatite layers. Euhedral pyrochlore of
about 200 pm in size was observed in sample HC559. Contacts
between the fluorapatite + calcite layers and the carbonate matrix
are sharp. Fluorapatite in sample HC34 occurs as flattened blebs
up to 0.5 cm long, which often are interconnected to form irregular
layers. The fluorapatite lenses of HC34 consist nearly exclusively of
subhedral fluorapatite laths with a length between 100 and 300 pum.
There are only a few small pockets of carbonate and some inter-
spersed, euhedral pyrochlore crystals. The crystals are weakly
aligned in what could be interpreted as a flow texture. For bulk
analysis of the carbonate matrix, larger fluorapatite layers were cut
out. The remaining carbonate matrix is calciocarbonatitic for all
Homa samples (Table 1). The samples show an increase in
Fe,O5(tot) and MgO from HCS559 to HC554 to HC34 and a
concomitant decrease in CaO.

The Kalkfeld complex is Cretaceous in age, and belongs to a
group of geochemically very different magmatic complexes associ-
ated with the Damaraland magmatic province in northern Namibia
(e.g., le Roex and Lanyon 1998). The samples were collected from
the carbonatite which is spatially associated with silicate rocks of
nephelinitic to phonolitic composition (Prins 1981). The widespread
fenitization aureole (Bithn and Rankin 1999) suggests a shallow
level of intrusion. The carbonatite consists of calciocarbonatites and
ferrocarbonatites. From 11 samples analyzed, only 3 yielded reliable
spot analyses of fluorapatite (KF50, KF59, KF94) because fluora-
patite in the other samples is intimately intergrown with strontia-
nite. The texture of these fluorapatite—strontianite intergrowths
indicates late-stage crystallization. The fine-grained fluorapatites
analyzed occur together with iron oxides as interstitial phases be-
tween coarse-grained calcite. Few pyrochlore crystals were observed
in sample KF59. The samples classify as ferrocarbonatites after
Woolley and Kempe (1989) on a whole rock basis, but the carbonate
mineral is exclusively calcite, and the high iron contents derive from
interstitial iron oxides. They are therefore classified as calciocar-
bonatites. The whole rock samples are rich in REE and Sr (Table 1),
and have an apatite content between 2.5 and 13.5 wt% as deter-
mined by quantitative X-ray diffraction (XRD) analysis.

The Ondurakorume complex is located close to the Kalkfeld
complex in northern Namibia. Again, a suite of carbonatitic rocks
and associated silicate rocks is exposed (Prins 1981). In contrast to
Kalkfeld, magnesiocarbonatite varieties with up to 13 wt% MgO
are exposed at Ondurakorume, in addition to ferrocarbonatites and
calciocarbonatites. The magnesiocarbonatites bear two carbonate
minerals, of which one is calcite, and the other is a Ca—Mg-Fe
carbonate with about 13 wt% MgO and 7 wt% FeO. Pyrochlore is
present in places. The magnesiocarbonatites have only very little
fluorapatite so that a continuous data set of fluorapatite compo-
sitions in calciocarbonatites, ferrocarbonatites, and magnesiocar-
bonatites could not be recovered. From the remaining six initially
selected calciocarbonatite and ferrocarbonatite samples, five turned
out to be unsuitable for fluorapatite analysis because this late-stage
fluorapatite is intergrown with strontianite on the micrometer scale.
The remaining sample ON76 has a calciocarbonatitic whole rock
composition bearing micrometer-sized fluorapatite as an interstitial
phase between calcite crystals. No pyrochlore was observed in that
sample. The apatite content (Table 1) was determined at 14.3 wt%
by XRD.

The Otjisazu complex in central Namibia has a very different
genetic setting to the previous intrusions, and its lithologies com-
pare with those described from the Phalaborwa complex, South
Africa (Eriksson 1989). The Otjisazu complex has a Pan-African
intrusion age, and represents a deeply eroded carbonatite body
crystallized at 5-6 kbar (Bithn et al. 2001). It was selected for
comparison with the shallow-level carbonatite centers described
above. The circular intrusion consists of a central, main calcio-
carbonatite body with wollastonite-rich silicate rocks, rimmed by
calcitic clinopyroxenites and then by clinopyroxenites. The latter
bear lensoid calciocarbonatite bodies up to 500 m in length. The
sequence of crystallization from pyroxenites with early calciocar-
bonatites through calcitic pyroxenites to late calciocarbonatites
with silicate rocks at the base is treated as a cogenetic suite (Bithn

et al. 2001). The pyroxenites are interpreted as cumulate rocks of a
carbonatite magma (cf. Eriksson et al. 1985), representing the
earliest stage of carbonatite fractionation. Silicate rocks of syenitic
composition are exposed in direct contact to the carbonatite
sequence.

All samples of this sequence contain fluorapatite up to 1 mm in
size, of which only crystals with a long axis between 200 and 700 pm
were selected for analysis. Sample OS87 is a pyroxenite consisting
predominantly of clinopyroxene, and minor amounts of fluorapatite
(13.0 wt%, Table 1), titanite and andraditic garnet. The pyroxenite
sample OS64 contains less titanite and 5.0 wt% fluorapatite. The
early calciocarbonatite bodies in the clinopyroxenite (OS155) con-
sist of calcite, fluorapatite, and little clinopyroxene and andraditic
garnet. Although their mineral content and major element compo-
sition is very similar to the central calciocarbonatite body, they have
much lower concentrations of F, Ba, Sr, Y, and REE (Table 1),
which suggests that they represent early calciocarbonatites in con-
trast to the central calciocarbonatite body. An intermediate member
between the pyroxenites and the central calciocarbonatite is sample
0S67, consisting of 80 wt% calcite, 10-20 wt% clinopyroxene,
4.4 wt% fluorapatite, and titanite. Accordingly, this sample has a
very different major element composition to the pyroxenites, and is
rich in Sr and REE. Sample OS69 is a silicate lens in the lower
portion of the central calciocarbonatite. The sample consists mainly
of wollastonite (about 50 vol%), the rest being largely clinopyrox-
ene and andraditic garnet. Fluorapatite is an accessory phase with
an abundance of less than 4 wt%. The Sr and REE abundances in
the whole rock are comparable to that of the pyroxenites. A sample
of the central main calciocarbonatite body is OS9S, consisting
mainly of calcite and fluorapatite (8.3 wt%), and clinopyroxene as
an accessory phase in places. The sample has by far the highest
content of Sr and REE. The (Eu/Eu*), ratio in the whole rocks is
slightly below unity for most samples.

Samples of the North Ruri carbonatite in west Kenya (Le Bas
1977) are from the Le Bas collection at The Natural History Mu-
seum, London. Sample N602 is an individual sample from that
complex and has a calciocarbonatitic composition (Table 1). It
shows a brecciated pure fluorapatite layer about 1 cm thick in a
carbonate matrix. The fluorapatite occurs as subhedral laths below
100 um in length, well aligned in a flow texture. Only a small
amount of carbonate is observed in the fluorapatite layers, but
calcite occurs in cross-cutting veins.

The Okorusu carbonatite belongs to the same group of car-
bonatites in northern Namibia as the Ondurakorume and Kalkfeld
complexes. The sample OK8 does not derive from the carbonatite
itself, but was collected from a fluorite—fluorapatite mineralization
in marly country rocks adjacent to the carbonatite. The samples
was analyzed to investigate fluorapatites crystallized from an un-
doubtedly late-stage carbonatitic fluid which invaded the country
rocks. The fluorapatite forms prismatic euhedral crystals between
0.2 and 1.0 mm in size set in a matrix of fluorite + quartz. Because
the host rock is not a carbonatite, no whole rock analysis was
performed.

Analytical methods

Powdered whole rock carbonatite samples were analyzed for major
elements on fusion tablets with a Philips PW 1400 XRF. The ma-
chine uses a Rh X-ray tube run at 40 kV accelerating voltage and
65 nA. The H,O and CO, contents were determined by colorimetric
titration. For Fe?" analyses, aliquots of the powdered samples
were decomposed in HF-H,SO,4 and titrated with KMnO,. The
halogen concentration was determined by pyrohydrolytic means
using Cl- and F-sensitive electrodes. Strontium, Y, and the REE
were determined by ICP-MS (see Dulski 1994, for details) at the
GFZ Potsdam. The Sr values of sample OS95 derives from XRF
analysis after calibration against synthetic CaCO;—SrCO3 mixtures.
Quantification of XRD analyses (Emmermann and Lauterjung
1990) was performed to approximate the weight percentage of
apatite in the whole rocks.
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Individual fluorapatite crystals were analyzed with a Cameca
SX50 microprobe on doubly polished wafers between 90 and
150 um thick. A possible chemical zonation on the micrometer
scale as observed in apatite (e.g., Tepper and Kuehner 1999) was
overcome by a defocused microprobe beam of 20x20 pm. An ac-
celerating voltage of 15 kV at 20 nA beam current was applied for
analysis of F, Na, S, Mn, and Ce. Calibration was done against
natural albite (Na), synthetic barite (S), natural spessartine (Mn),
and synthetic CeAl. Sodium, Mn, and S were detected via K-shell
excitation at 20 s counting time on the peak and 10 s on the
background. Analysis for F in fluorapatite generally faces problems
in an accurate determination of the F—Ka X-ray peak, and because
of diffusion effects of F towards the sample surface (Stormer et al.
1993). A comparison between standardizations against fluorapa-
tite, LaF;, CaF,, and PbF, with a TAP crystal indicates that the
CaF, standard yields the most reliable results for fluorine analysis.
The fluorite standard yielded a precision of <5%, at a counting
time of 15 s on the peak. The calibration, however, overestimated
the F concentration in a fluorapatite standard (F=3.70 wt%) by
15%, which is likely due to the diffusion effects of F (Stormer et al.
1993). A similar deviation may be considered for the fluorapatite
analyses presented here. A PET crystal was used to measure L-shell
fluorescence lines of Ce at 30 s counting time on the peak, and 15 s
counting time each on the upper and lower backgrounds. A fluo-
rapatite standard yielded results within 11.5% relative error for Ce,
which is used as an internal standard element for the quantification
of synchrotron-XRF spectra.

The wafers were then dismounted from the glass plate for
synchrotron micro-XRF analysis at beam line L of the Hamburg
Synchrotron Laboratory (HASYLAB) at the Deutsches Elektro-
nen Synchrotron (DESY), Germany. An elliptically shaped glass
capillary was used to focus the incident beam to a 20 um diameter.
Trace element determinations were performed on exactly the same
spots as analyzed by electron microprobe. The choice of wafer
thickness and beam diameter relative to the fluorapatite crystal size
ensured that no neighboring minerals affected the acquired fluo-
rapatite spectra, and that effects of possible chemical zonations
were minimized. The white spectrum of the beam allowed simul-
taneous detection of Sr, Y, Ba, and REE K-shell fluorescence lines,
and L-shell fluorescence lines of Th (see Biihn et al. 1999). Long-
time measurements between 1,800 and 3,600 s lifetime were taken
on the spots, inserting an 8 mm aluminum absorber between the
source and the sample to reduce the dead time. The quantification
of the synchrotron-XRF spectra is based on fundamental param-
eter analysis (Vincze 1995). A fluorapatite density of 3.2 g/cm? and
a O-P-Ca fluorapatite matrix were used for the z-dependent cor-
rection for absorption of fluorescence. As an internal standard, the
Ce determinations of the electron microprobe were used, because
Ce has the highest concentration within the group of REE for all
fluorapatites. The preference was given to Ce instead of lighter
elements of higher concentration in fluorapatites (Ca, P), because
errors in the determination of wafer thickness, mineral density,
absorber thickness and fluorapatite matrix have a much higher
effect on the quantification of Y and the REE for light elements
than for Ce. With Ce as a reference element, a 10% relative error in
fluorapatite density results in a 2% relative error for Y determi-
nations. A 10% relative error in the determination of the wafer
thickness yields a 2.5% relative error for Y. For the HREE, a
relative error on fluorapatite density or wafer thickness of 10%
each would lead to a 3.5% relative error for Yb determinations.
The relatively light matrix of fluorapatite has a negligible influence
on element determinations of high atomic weight as those analyzed
here.

A cross-check with laser ablation ICP-MS data using a VG
PlasmaQuad 3 at The Natural History Museum, London, was
performed for two selected fluorapatite samples OS67 (convex-
upward REE pattern) and OKS8 (straight REE pattern). The rel-
ative errors were mostly <20% for Y, La, and Dy, but reached
higher values for individual analyses. The ICP-MS data, however,
are all within the compositional range of the synchrotron-XRF
analyses, so that the deviation is probably due to heterogeneities
in individual crystals. All laser ablation ICP-MS data clearly

reproduce the different shapes of the REE patterns of the two
samples.

Results
Rare-earth element and Y composition of fluorapatites

In spite of the high REE content of the Kalkfeld and
Ondurakorume bulk samples in comparison to all other
bulk rocks (Table 1), their fluorapatites are relatively
poor in La and REE (Table 2) and have a convex-up-
ward REE pattern (Fig. 2). Sample KF50 fluorapatites
have REE patterns with (La/Nd).,=0.7 (peaking at
Nd-Sm), KF59 has (La/Nd).,=0.6 (peaking also at
Nd-Sm), and KF9%4 fluorapatites have (La/Nd).,=1.0
peaking at Pr. ON76 fluorapatites have (La/Nd)., at 0.8
with patterns peaking between Nd and Sm. Like the
literature fluorapatite data (Fig. 1), the Kalkfeld and
Ondurakorume fluorapatites display a positive correla-
tion between the ratio (La/Yb)., and the La., content
and (La/Nd)., (Fig. 3). The Y concentrations decrease
as (La/YDb)., increases. The Y/Ho ratios vary between 18
and 55 for all analyses performed (Table 2) and there-
fore, in parts, significantly deviate from the chondritic
value of 28 after Anders and Grevesse (1989). Some
analyses of ON76 display a slight negative (Ce/Ce*),
anomaly (Fig. 2).

Similar relationships are observed for the Homa
samples. The ratios (La/Nd)., and (La/YDb)., increase
with increasing La in fluorapatite from 450 over 741 to
1,637 ppm (Table 4). As La and XREE increase, the
REE patterns develop from a distinctly convex-upward
shape with (La/Nd)., <1 in sample HC559 to a flat
pattern (HC554) and then a straight REE pattern in
HC34 with a negative slope throughout (Fig. 2). Con-
sequently, there is a clear positive correlation between
(La/Nd), and (La/YDb)., for all Homa analyses (Fig. 3).
The convex-upward shaped REE patterns at Homa
peak at Sm—Eu. Again, there is a positive correlation
between the La., content and the (La/Yb)., ratio, and
a negative (Eu/Eu*)., anomaly develops from 1.0 in
HC559 to 0.8 in HC34 as the ratio (La/Yb),, increases
(Fig. 3). The Y concentrations decrease as (La/YDb).,
increases. A negative (Ce/Ce*)., anomaly is developed
in the low-REE samples HC559 and HC554 (Table 4)
which reaches 0.4 in one analysis, while sample HC34
with the highest La content and (La/Yb)., ratio
displays no Ce anomaly.

The XREE and La contents of the Otjisazu fluora-
patites increase from clinopyroxenites (OS87, OS64), to
the clinopyroxenite/calciocarbonatite sample OS67 to-
wards fluorapatites in OS69 and OS95 of the central
calciocarbonatite (Table 3). While samples OS87 and
0OS64 have La below 0.1 wt%, (La/YDb)., around 20, and
(La/Nd)., <1, the fluorapatites OS69 and OS95 of the
central calciocarbonatite sequence have high La con-
tents, (La/Nd)., >2 and high (La/Yb)., ratios between
180 and 250. Accordingly, fluorapatites with a convex-
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Fig. 2 REE distribution in fluorapatites from Kalkfeld, Homa
Mountain, and Ondurakorume. The shaded area gives the
compositional range of all analyses performed, dots are mean
values (see Tables 2 and 4)

upward shaped REE pattern are confined to the clino-
pyroxenite sequence, while fluorapatite of the central
calciocarbonatite sequence including the silicate lens
0OS69 has a steep, straight REE pattern. The interme-
diate pyroxenite/calciocarbonatite sample OS67 also

Sm Eu Gé Th Dy Ho Er Tm Yb Lu

0.15 wt% La. Significantly, fluorapatites of the early
calciocarbonatite body in the clinopyroxenites (OS155)
have convex-upward shaped REE patterns, (La/

Fig. 3 Rare-earth element and Y characteristics of the carbonatitic
fluorapatites analyzed. First row Kalkfeld and Ondurakorume,
second row Homa Mountain, third row Otjisazu. KF50 open
triangles, KF59 small dots, KF94 stars, ON76 full squares, HC34
circles, HC554 pluses, HC559 short dashes, OS87 full diamonds,
OS64 open squares, OS67 full triangles, OS69 crosses, OS95 open

has fluorapatite with an intermediate composition of  diamonds, OS155 small full squares
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Fig. 4 REE distribution in fluorapatites from Otjisazu, North
Ruri, and Okorusu. Dots represent mean values

Nd)., <1, and low (La/Yb),, ratios of 14-19 (Table 3),
and are therefore distinctly different from fluorapatites
of the central calciocarbonatite (OS95). All fluorapatite
REE patterns with (La/Nd)., <1 peak at Nd (Fig. 4).
There is again a positive correlation between the ratio
(La/Yb).,, and the Lag, content and (La/Nd)., ratio
(Fig. 3). As (La/YDb)., increases from pyroxenitic fluo-
rapatites towards fluorapatites of the central calciocar-
bonatite, (Eu/Eu*)., develops from only a weak negative
to a distinctly negative anomaly. The Y concentrations
in the fluorapatites display a largely decreasing trend as
(La/Yb)., increases, but the central calciocarbonatite
sample OS95 bears high-Y fluorapatite. The Y/Ho ratios
greatly vary from 40-75 in pyroxenitic to 10-25 in cen-
tral calciocarbonatite fluorapatites (Table 3). Sample
OS67 has the lowest Y/Ho ratios in fluorapatite,
consistently close to 10.

The fluorapatites of the North Ruri carbonatite N602
have relatively high La contents of 0.6 wt% La (Table 4).
From the previous relationships observed, it can be ex-
pected that their REE patterns are straight, have high
(La/Nd)., and (La/YDb)., ratios, display a negative (Eu/
Eu*)., anomaly, and have low Y concentrations. In-
deed, they plot on a straight line (Fig. 4), and have (La/
Nd).,=4.8 and (La/Yb).,=277. They display a distinct
negative (Eu/Eu*)., anomaly at 0.74, and have low Y
concentrations of about 300 ppm, and Y/Ho ratios far
below the chondritic ratio of 28 (Table 4). Although the
OKS fluorapatites crystallized from late-stage carbon-
atitic fluid have moderate La contents of 2,000 ppm
(Table 4), they display straight REE patterns (Fig. 4)
with high (La/Yb)., ratios of 200, and a distinct (Eu/

Eu*)., anomaly of 0.73. The Y concentrations are very
low (below 200 ppm), and the Y/Ho ratios are again
below the chondritic value of 28.

Other elements

Some fluorapatite analyses yielded F contents signifi-
cantly above the stoichiometric value of 3.77 wt% F
(Tables 2, 3, 4). High F contents in fluorapatites are
known to correlate with CO, contents in the percentage
range (Binder and Troll 1989; Regnier et al. 1994; Nathan
1996) testifying to a carbonate-fluorapatite composition.
There is a weak negative correlation of R =-0.33 between
the F contents and the analysis totals for our analyses,
which suggests that high-F fluorapatites also contain
components not analyzed (CO,, OH, Cl). Within the
carbonatite suites, for example at Homa and at Otjisazu,
the F contents in fluorapatites are positively correlated
with ZREE as also found for fluorapatites of the Kovdor
carbonatite, Russia (Zaitsev and Bell 1995). A positive
correlation for the entire data set is also seen between the
F contents, and the (La/Nd)., and (La/Yb)., ratios
(R=0.67 and R=0.47, respectively).

The Sr distribution does not display a consistent
pattern. The high-La sample OS95 contains the highest
Sr concentration of the Otjisazu sequence, but the high-
La sample HC34 of the Homa sequence contains the
least Sr concentration in that suite (Tables 3 and 4).
Also, there is no significant difference in Sr contents
between the low-La fluorapatites of Ondurakorume and
Kalkfeld, and the high-La samples OK8 and N602.
However, there is a weak positive correlation between
the Sr and the Y content in the fluorapatites (Fig. 5a),
and the (Eu/Eu*)., anomaly largely correlates with the
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Fig. 5 Trace element characteristics of fluorapatites compiled from
Fig. 3 including samples N602 (long dashes) and OKS (large dots).
Other symbols as in Fig. 3

Sr concentration with R=0.5 for all analyses performed.
Except for sample HC559, a negative linear correlation
is observed between the CaO content and ZREE
(Fig. 5b), suggesting that the REE predominantly re-
place Ca in the fluorapatite structure (Hughes et al.
1991). The fluorapatites of the Homa samples display
overall high Na,O values up to 4 wt%, which decrease
as XREE and (La/YD)., increase (Table 4). All other

samples have Na,O well below 1 wt% with no syste-
matic variation.

Discussion

Relationships between carbonatite fractionation
and fluorapatite REE composition

We observe the same relationships in the fluorapatite
REE patterns for the entire data set as for the individual
carbonatite complexes. There is a positive correlation



between the ratios (La/Yb)., and (La/Nd)., (Fig. 5¢).
Fluorapatites with a convex-upward shaped REE pat-
tern tend to have an overall flat REE slope. As (La/
Nd)., ratios increase from <1 to >1, the patterns
successively steepen to increasing (La/YD)., ratios. This
relationship also holds for individual analyses of the
particular samples (Fig. 3). The La., content is clearly
correlated with the shape of the REE pattern expressed
as (La/Yb)., with R=0.79 (Fig. 5d). Thus, fluorapatites
with a high La content (and therefore a high EREE
content) have a steep REE pattern, a high (La/Yb).,
ratio, and a straight distribution on a chondrite-
normalized REE plot. The same relationships were
observed in the literature data set of fluorapatite com-
positions (Fig. 1). The key question is, whether the re-
lationship between the XREE content and the shape of
the REE pattern is a function of carbonatite magma
evolution.

To investigate this issue, it is necessary to interpret
the samples in terms of their degree of differentiation.
For Otjisazu, field relationships as outlined previously
indicate a fractionation sequence from clinopyroxenites
(with early calciocarbonatite bodies) through flow-
banded pyroxene—calcite rocks to the central calciocar-
bonatites with interspersed wollastonite-rich lenses at
their base. Within this sequence, the La contents of
fluorapatites increase, as do the ratios (La/Nd)., and
(La/YDb)., (Fig. 3). For the Homa Mountain bulk sam-
ples, the CaO contents decrease from HC559 to HC554
to HC34 with a concomitant increase in Fe,Os(tot) and
MgO, an evolution generally considered to reflect a
differentiation sequence controlled by the crystallization
of calcite (e.g., Le Bas 1989; Wyllie 1989; among many
others). In line with the relationships derived from Ot-
jisazu, the La content of Homa fluorapatite increases in
this fractionation sequence from HC559 (La =450 ppm)
to HC554 (741 ppm) to HC34 (1,637 ppm) (Table 4,
Fig. 3). At the same time, the ratio (La/Nd),, increases
from 0.6 to 1.7, and (La/Yb),, increases from 1.6 to 2.7
to 16.7, suggesting that the Homa samples also represent
a similar fractionation suite.

The Kalkfeld and Ondurakorume whole rock sam-
ples are poor in MgO. Considering the occurrence of late
magnesiocarbonatites at Ondurakorume, the calciocar-

Table 5 Distribution coefficients and parental melt compositions
(PMC). Distribution coefficients Fug Fugimaki (1986), F and P
Fleet and Pan (1997), Nag Nagasawa (1970), T'S 1 suggested D
values fluorapatite/carbonatite melt, 7.S2 modified TSI values at
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bonatites analyzed here should represent early carbon-
atites within these complexes. From the relationships
discerned above, their fluorapatites should have low (La/
Nd)., and (La/Yb)., ratios and overall moderate REE
contents. Indeed, all four fluorapatite samples from
these intrusions have convex-upward shaped REE pat-
terns and moderate (La/Yb)., ratios between 4.7 and
18.0 (Table 2). Also, they have only moderate La,
contents in comparison to many other fluorapatites
(Fig. 3). A differentiation sequence for the samples can
be established neither from field relationships nor from
whole rock composition. However, there is again a
positive correlation between (La/Yb)., and (La/Nd),,
and between the La content and the steepness of the
REE patterns expressed as the ratio (La/Yb)., for the
Kalkfeld suite (Fig. 3). As expected from the high La
contents of 5,800 ppm in N602 fluorapatites, they also
display a straight REE distribution with high (La/Nd).,
and (La/Yb), ratios (Fig. 5). The same applies to OKS8
fluorapatites. Significantly, these fluorapatites which
crystallized from a carbonatitic fluid by reaction with a
country rock, plot slightly displaced from the general
trend in Fig. 5d, e.

From these relationships we suggest that early fluo-
rapatite within a given sequence of carbonatite differ-
entiation has the lowest La and REE contents, and
convex-upward shaped REE patterns with (La/Nd),
ratios <1 and low (La/Yb)., values. The patterns are
slightly different in the various carbonatite complexes
with respect to the peak of the convex-upward shape.
With differentiation of the carbonatite magma, the flu-
orapatites increasingly incorporate La and ZREE. This
relationship was previously noted by Le Bas and
Handley (1979), who observed higher La and Ce con-
centrations in fluorapatites from alvikites than in fluo-
rapatites from sovites that are parental to the alvikites,
and by Zaitsev and Bell (1995) studying fluorapatite
compositions in early and late carbonatites and phosc-
orites from the Kovdor carbonatite. Knudsen (1991)
also reported an increase of XREE and a concomitant
increase of the ratio LREE/HREE in fluorapatites from
early to late carbonatites in Greenland, and noted that
this evolution may even apply to the core towards rim
compositions of individual fluorapatite crystals. The

overall higher values, T'S3 calcite/carbonatite D values applied,
Klem D values clinopyroxene/carbonatite melt (Klemme et al.
1995). PMC Parental Melt Composition (in ppm) extending over
2.5, 3.0, and 2.0 orders of magnitude

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Apatite  Fug 14.5 21.1 32.8 46 25.5 43.9 - 34.8 - 22.7 - 154 13.8
F-apatite F and P 53 7.3 8.2 8.4 7.8 6.7 5.7 - 3.9 - 2.5 - 1.4 -
Apatite  Nag 29.6 — 57.1 84.8 9.22 - — 246 - 275 — 232 199
F-apatite TSI 0.9 1.8 24 2.8 3.6 4.1 4.5 4.8 5.1 5.4 5.6 5.8 6.0 6.2
F-apatite TS2 1.5 2.5 34 4.5 6.5 7.1 7.5 7.8 8.1 8.4 8.7 9.1 9.5 10.0
Calcite  TS3 0.05 0.045  0.04 0.035  0.029 0.026 0.023  0.02 0.018  0.016 0.014 0.013 0.011 0.01
Cpx Klem 0.07 0.09 0.11 0.11 0.13 0.22 026 - 0.29 - 0.41 - - -
PMC 2.5 1,000 2,100 255 1,020 220 67 190 29 150 27 64 8 43 5
PMC 3.0 1,000 1,775 177 665 122 33 82 11 51 8.5 17 1.9 9 1
PMC 2.0 500 1,070 135 570 135 42 125 20 115 22 53 7 40 5
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present data suggests that, with increasing La and ZREE
content of the fluorapatites, early convex-upward
shaped REE patterns are leveled out, and the ratios (La/
Nd)., and (La/Yb)., increase. The positive correlation

Fig. 6 Model calculations (Rayleigh fractionation) for the evolu-
tion of minerals and melts in a carbonatitic magma. Closed system
conditions along the liquid lines of descent. See Table 5 for
distribution coefficients and parental melt composition (PMC 2.5).
All values chondrite-normalized after Anders and Grevesse (1989).
a Apatite REE patterns applying the apatite/dacitic melt partition
coefficients of Fugimaki (1986). Fractionation increments f=0.98
(dots), 0.9, and 0.8 (open triangles). Note the depletion in MREE.
Table 6 runs 3-4. b Calculated fluorapatite composition with
distribution coefficients fluorapatite/phosphate—fluoride melt (Fleet
and Pan 1997). Fractionation increments f=0.98 (dots), 0.9, 0.7,
and 0.5 (crosses). Table 6 runs 5-7. ¢, d, e Calculated REE patterns
for fluorapatite ¢, calcite d, and residual melt e applying the
suggested distribution coefficient set TS1. Fractionation increments
£=0.98 (dots), 0.9, 0.7, 0.5, and 0.3 (full diamonds). Table 6 runs
8-11. f Calculated clinopyroxene composition applying the
clinopyroxene/carbonatite melt distribution coefficients of Klemme
et al. (1995). Fractionation increments f=0.98 (dots), 0.9, 0.7, 0.5,
and 0.3 (full diamonds). Table 6 runs 15-16. g, h, i Calculated
composition of fluorapatite g, calcite h, and residual melt i.
Distribution coefficient set fluorapatite/carbonatite melt TS2 with
overall higher values especially for the MREE. Note the flat REE
pattern of fluorapatite at low degree of fractionation. Fractionation
increments f=0.98 (dots), 0.9, 0.7, 0.5, and 0.3 (full diamonds).
Table 6 runs 17-20
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between La (or ZREE) and (La/YDb)., is independent of
the whole rock composition. Sample OS69 contains
high-La fluorapatite with a high (La/Yb)., ratio, al-
though the Si-rich bulk rock is low in XREE (Table 1),
because that fluorapatite crystallized late in the Otjisazu
fractionation sequence. Conversely, the Kalkfeld and
Ondurakorume carbonatites represent REE-rich car-
bonatite magma systems with high XREE in the whole
rocks (Table 1), but contain fluorapatite with a low La
content and low (La/YDb)., which crystallized early in the
respective carbonatite bodies. Also, fluorapatite in early
calciocarbonatites at Otjisazu (OS155) are distinctly
different in REE composition from the fluorapatite in
late calciocarbonatites (OS95).

Derivation of partition coefficients for fluorapatite
in carbonatite magmas

The data suggest a relationship between the fluorapatite
REE concentrations and the shape of the REE patterns,
and the differentiation of the parental carbonatite
magma. To investigate this issue, we conducted model
calculations with a Rayleigh fractionation model for the
REE depending on the parameters: distribution coeffi-

cient fluorapatite/carbonatite melt D{E" .o P
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rental melt composition L,, degree of fractionation f
(fraction of melt remaining), and fractionating mineral
assemblage. The parental melt composition L, was
chosen to extend over 2.5 and 3 orders of magnitude
from La to Lu (Table 5), which is characteristic for
many carbonatites (Moller et al. 1980; Nelson et al.
1988; Woolley and Kempe 1989; Keller and Spettel
1995; Hornig-Kjarsgaard 1998; Biihn and Rankin 1999).
The fractionating minerals considered are fluorapatite
and calcite, commonly dominant liquidus phases in
carbonatite magmas (Biggar 1969; Wyllie 1989; Barker
1993; Morogan and Lindblom 1995), and also clinopy-
roxene to account for the Otjisazu system and other Si-
bearing carbonatite magmas (e.g., Phalaborwa, Eriksson
et al. 1985; Eriksson 1989). Partition coefficients for
clinopyroxene/carbonatite melt were taken from Kle-
mme et al. (1995) determined at 20-22 kbar and 1,050—
1,100 °C (Table 5). Calcite contains generally much less
REE than carbonatite whole rocks (e.g., Hornig-
Kjarsgaard 1998), which suggests REE distribution
coefficients for calcite significantly <1. Calcite has a
preference for LREE over MREE and HREE in the
mineral/fluid system (Zhong and Mucci 1995; Rimstidt
et al. 1998) but quantitative coefficients for calcite/car-
bonatite melt have not yet been determined. Preliminary
results obtained by K.M. Law (personal communica-
tion) suggest a slope from La to Lu of half a magnitude
at most. Distribution coefficients were therefore chosen
here to extend from 0.05 for La to 0.01 for Lu (Table 5).
To our knowledge, distribution coefficients for the sys-
tem fluorapatite/carbonatite melt are unknown so far.
To test established partition coefficients apatite/melt,
calculations were performed for the systems apatite/sil-
icate melt (e.g., Nagasawa 1970; Paster et al. 1974;
Watson and Green 1981; Fugimaki 1986), and for flu-
orapatite in a synthetic phosphate—fluoride melt (Fleet
and Pan 1997, Table 5). Applying the Fugimaki (1986)
data set for dacitic silicate melts, crystallizing fluorapa-
tite would be heavily depleted in MREE with a convex-
downward REE pattern even at low degrees of frac-
tionation f=0.9 (Fig. 6a). This trend evolves at f=0.80
towards (La/Nd)., values even higher than (La/Yb).,
values (49.6 and 18.5, respectively, Table 6 runs 3-4),
which reflects an extremely depleted MREE pattern at a
low La., content. For the synthetic system fluorapatite/
phosphate—fluoride melt, even relatively low degrees of
fractionation (f=0.8) yield a convex-downward shaped
REE pattern for fluorapatites which is further accentu-
ated at f=0.5 (Fig. 6b). The La content in fluorapatites
drastically decreases with differentiation but the Yb re-
mains constant, resulting in decreasing (La/YDb),, ratios
during differentiation (Table 6 runs 5-7). No (La/Nd),
values <1 are observed. Assuming equilibrium crystal-
lization, the La concentration in fluorapatite increases
slightly with f, and the downward shaped patterns are
slightly suppressed (not shown). However, the ratio (La/
Nd),, is still > 1 for all increments, and (La/Yb),, values
again decrease with increasing differentiation. Hence,
distribution coefficients for apatite in silicate and syn-

thetic phosphate—fluoride melt systems are not able to
produce the observed composition of carbonatitic fluo-
rapatites.

To account for the observed REE trends in natural
ﬂuorapatites’ a data set for .Dtllzli]:;apatite/carbonatite melt WaS
constructed that has a positive slope from La to Lu
throughout. The absolute D values (TS1, Table 5) were
chosen between those published for the silicate melt
system (e.g., Fugimaki 1986), and for the synthetic
phosphate—fluoride melt system (Fleet and Pan 1997).
Fractionation increments from f=1.0 to f=0.3 were
calculated at various modal proportions fluorapatite/
calcite/clinopyroxene. At a ratio fluorapatite/cal-
cite=0.02/0.98, fluorapatite reproduces the spread of
(La/Nd).n and (La/Yb)., ratio as for the natural fluora-
patites at moderately increasing La contents (Fig. 6c,
Table 6 runs 8—11). Crystallizing calcite would have a
straight REE pattern (Fig. 6d), similar to calcite analyses
from worldwide carbonatites (e.g., Hornig-Kjarsgaard
1998). The residual melts preserve their straight REE
patterns at increasing La and XREE contents (Fig. 6e)
and constant (La/Yb)., ratios between 16 and 17.
Modifying the modal ratio fluorapatite/calcite to 0.1/0.9
yields the same REE patterns for fluorapatite and calcite,
but the residual melts display a more prominent steep-
ening of their REE patterns as expressed by an increase
of the ratio (La/Yb)., from 16.1 (f=1.0) to 25.9 (f=0.3)
(Table 6 runs 12-14). The amount of clinopyroxene
crystallization has no significant effect. Crystallization of
fluorapatite, calcite, and clinopyroxene at proportions
0.1/0.5/0.4 yields a slightly LREE-enriched clinopyrox-
ene REE pattern (Fig. 6f) and a more pronounced in-
crease of residual melt (La/Yb),, ratios with increasing f
(Table 6 runs 15-16) comparable to runs 12—14 in Table 6
without clinopyroxene fractionation.

It is known that distribution coefficients are affected
by the bond valence and the effective size of the two
structural Ca®”" sites in fluorapatite occupied by the
REE (Hughes et al. 1991; Fleet and Pan 1995b), and by
the melt polymerization and the activity of the REE-
complexing components OH, F, CI, and CO, species in
the melt (Watson and Green 1981; Cantrell and Byrne
1987; Ellison and Hess 1989; Wood 1990). It can be seen
that slight variations in the TSI values for the MREE
will determine the peak location of convex-upward
shaped REE patterns. This may be the reason for the
different peak positions in convex-upward fluorapatite
patterns in the individual carbonatite complexes. For
example, when the D values for the MREE are increased
at overall higher D values for the entire group of the
REE (from La=1.5 to Lu=10.0, TS2 in Table 5), the
REE patterns of fluorapatite are flatter at low degrees of
fractionation and therefore have peaks shifted towards
the MREE (Fig. 6g). At high degrees of fractionation,
fluorapatites will then have exceedingly high values of
(La/Yb).,=38,750 at f=0.3 (Table 6 runs 17-20). Apart
from the absolute D values, the parental melt compo-
sition affects the REE characteristics of crystallizing
ﬂuorapatite' The SUggeSted DREEﬁuorapatite/carbonatite melt
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Fig. 7 Model calculations applying episodic, sequential crystalli-
zation of fluorapatite. a Fluorapatite. b Calcite. ¢ Residual melt.
Sequential mode 10%. Fractionation increments f= 0.98 (dots), 0.9,
0.7, 0.5, and 0.3 (full diamonds). Table 6 runs 21-24. d Fluorapatite
composition, same parameters as in a, but 5% sequential mode.
Fractionation increments f=0.9 (dots), 0.8, 0.7, 0.6, and 0.5 (full
diamonds). e Fluorapatite composition as in d, but 1% sequential
mode. Fractionation increments f=0.95 (dots), 0.9, 0.85, 0.8, and
0.75 (full diamonds)

set (TSI in Table 5) is therefore not considered to rep-
resent absolute values in a strict sense for every car-
bonatite system. However, the important point is that
the qualitative shape of DRFE for fluorapatite requires D
values that increase from La to Lu throughout to ac-
count for the observations made in the natural samples.
It is interesting to note that a qualitatively comparable
DREEapmite/melt pattern at overall higher D values was
reported for apatite in a granitic system (Nagasawa
1970, Table 5) which, however, is “for the most part
ignored by modelers” (Watson and Green 1981). Only
one fluorapatite REE pattern with a positive slope from
La to Lu was found in the literature. This fluorapatite
derives from a magnetite—fluorapatite ore in India with a
supposed granitic/hydrothermal origin (Frietsch and
Perdahl 1995), and, significantly, a low XREE content.
Such patterns can develop in a parental melt with a flat
REE pattern only. The highly LREE-enriched character
of carbonatite systems will dominate over the effect of
the partition coefficients, so that such fluorapatite REE
patterns will not develop in carbonatite magmas.

Modes of fluorapatite crystallization

Although the proposed D values for fluorapatite/car-
bonatite melt reproduces the observed evolution of (La/
Nd), and (La/YDb)., values, the La and REE evolution
in individual carbonatite complexes cannot be achieved

with the parameters applied. For instance, La., increases
from 2,194 to 4,686 in the Kalkfeld/Ondurakorume flu-
orapatites, from 1,917 to 6,975 at Homa, and from 1,670
to 45,325 at Otjisazu, but in the calculations the Lag,
content increases only moderately from 3,842 (f=0.98) to
4,325 at £=0.3 (Table 6 runs 8-11). There is no set of
distribution coefficients that could meet the observed
positive correlation between (La/Nd).,, (La/Yb).,, and
La.,. Moreover, neither equilibrium nor in situ crystal-
lization processes (Langmuir 1989) could produce greater
La contents than those calculated with a Rayleigh frac-
tionation model. One option to increase the La content of
fluorapatites within a given fractionation sequence is to
treat the crystallization increments as individual melt
systems, hence taking each residual melt composition as
the parental melt for the successive fractionation incre-
ment (sequential mode in Table 6). The petrological
meaning of this treatment is that crystallization of the
(near)-liquidus phases, fluorapatite and calcite, drives the
melt towards a composition that is no longer saturated in
these phases, especially in fluorapatite. At further cool-
ing, the evolved melt will only precipitate fluorapatite
when phosphate saturation is achieved again. Conse-
quently, the melt behaves as an independent melt system
at each step of the sequential fluorapatite precipitation,
and does not follow liquid lines of descent in a closed
system. This process is seen in nature in the form of well-
defined fluorapatite layers and stringers in carbonatite
bodies during all stages of carbonatite evolution.
Results for the episodic fluorapatite crystallization
mode show that La., and ZREE in fluorapatite increases
with fractionation, depending on the steps of episodic
fluorapatite precipitation. Sequential increments of
f=0.1 mimic episodes of instantaneous fluorapatite
crystallization as saturation is reached every 10% of
bulk melt crystallization. La., in fluorapatite increases
from 3,842 to 60,389 as fractionation proceeds from
£=0.98 to £=0.3 (Fig. 7a, Table 6 runs 21-24), and
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Fig. 8 Comparison between observed fluorapatite compositions
and model calculations. The calculations use a PMC composition
extending from La =500 ppm over two orders of magnitude (PMC
2.0, Table 5) to meet the evolution of the entire data set. Connected
triangles closed system conditions, LLD mode, f=1.0-0.3. Con-
nected dots sequential mode 10%, f=1.0-0.3. Connected open
squares 5% sequential mode, f=1.0-0.5. Connected open circles 1%
sequential mode, f=1.0-0.75. Sample symbols as in Figs. 3 and 5.
See text for explanations

therefore covers the spread of fluorapatite La concen-
trations from the literature data set (Fig. 1) and those
studied here. La., in calcite increases from 217 to 9,335.
The calculated calcite compositions (Fig. 7b) compare
well with the calcite analyses from carbonatites which
have straight REE patterns extending over two to three
orders of magnitude with (La/Yb),,=54-504 and
La.,=490-1,660 noted by Hornig-Kjarsgaard (1998).
The XREE concentrations and (La/YDb)., ratios of the
residual melts (Fig. 7c) depend on the volumetric pro-
portions of fluorapatite and calcite. The more fluora-
patite crystallizes (Table 6 runs 25-27), the greater the
steepness of the REE pattern of the residual melts
with (La/Yb).,=25.4 at f=0.5, as sometimes observed
in cogenetic sequences of natural carbonatites (e.g.,
Woolley and Kempe 1989; Knudsen 1991). At an REE
composition of L, extending over three orders of mag-
nitude, the fluorapatites evolve from (La/Yb).,=14.5 to
267 and La.,=3,842 to 5,841 at £=0.98-0.5, and the
residual melts from (La/Yb),,=77.0 to &1.0 at
La.,=4,342 to 11,563 (Table 6 runs 28-30). Again,
clinopyroxene fractionation has an only minor effect on
the REE composition of the residual carbonatite
magmas (Table 6 runs 31-32).

The more often phosphate saturation is reached, the
more fluorapatite is enriched in La and XREE through
melt evolution. Sequential increments of £f=0.05 (5%
mode) yield an even more pronounced La., and XREE
enrichment in fluorapatites at increasing (La/Nd)., and
(La/Yb), with fractionation from 0.95 to 0.50 (Fig. 7d).
As the increments are further increased to f=0.01 steps
(1% mode), the La., and XREE values increase enor-
mously at only moderate (La/YDb)., and (La/Nd),, ratios
(Fig. 7e). While, for example, the 10% sequential mode,
represents fluorapatite saturation every 10% of whole
melt crystallization (and instantaneous precipitation of

fluorapatite in layers, pods, or stringers as observed at
Homa), closed system conditions represent fluorapatite
crystallization following a liquid line of descent, yielding
disseminated fluorapatite as also observed in many car-
bonatites. The ratio of closed system conditions versus
episodic crystallization of fluorapatite will determine the
amount of ZREE enrichment in fluorapatites, while their
(La/Nd)., and (La/Yb)., ratios are not affected by the
mode of fractionation (Fig. 8a). This ratio may vary
between individual carbonatite systems, depending on
the predominance of closed system conditions or epi-
sodic fluorapatite crystallization. All modes of crystalli-
zation yield virtually the same correlation between (La/
YD), and (La/Nd)., and compare with the entire fluo-
rapatite data set (Fig. 8a), but reach a given (La/Yb),
and (La/Nd),, ratio at different degrees of fractionation.
The slope of La enrichment in fluorapatites, however,
differs between the different modes (Fig. 8b). For the
entire data set, the trend of fluorapatite composition
suggests episodic fluorapatite crystallization about every
5-10% of whole melt fractionation.

Implications from redox-sensitive REE and Y

A negative (Ce/Ce*)., anomaly is observed only in early
fluorapatites. Accordingly, apatites from the Jacupi-
ranga and Phalaborwa carbonatites (Hornig-Kjarsgaard
1998), which display a convex-upward shaped LREE
pattern, and therefore indicate crystallization during
early carbonatite fractionation, have a very slight neg-
ative Ce anomaly developed. However, a control via Ce-
rich trace minerals (e.g., pyrochlore) cannot be excluded.
A more systematic behavior is observed with respect to a
(Eu/Eu*)., anomaly which tends to develop from early
to late fluorapatites with increasing (La/Yb).,. This is
manifested within individual carbonatite complexes
(Fig. 3), and in the entire data set (Fig. Se). Significant
negative Eu anomalies in fluorapatite are therefore en-
countered only in evolved carbonatites. Although rarely
observed in carbonatite whole rocks or minerals, nega-
tive Eu anomalies were reported from calcite and a
whole rock analysis of a late-stage sdvite at Phalaborwa
(Hornig-Kjarsgaard 1998). The negative correlation
between (La/Yb)., and (Eu/Eu*)., is reversed into a



positive correlation in sample OKS8 (Fig. Se), stressing
the non-magmatic nature of these fluorapatites.

Although Kapustin (1980) reported pyrrhotite in
both early and late carbonatites suggesting that low fO,
conditions may prevail throughout carbonatite differ-
entiation, most other indications point to an increasing
oxygen fugacity during fractionation of carbonatite
magmas. Pyrrhotite occurs trapped in fluid inclusions in
apatites of early sovite in East Africa (Rankin 1975), and
has not been observed in later carbonatite, but pyrite
has. More usually, the S-bearing mineral in late car-
bonatites is barite (Kagustin 1980), indicating a high fO,
level. Moreover, the 5°*S values of carbonatitic sulfides
were found to decrease towards late-stage carbonatites
suggesting an increase in oxidizing conditions during
carbonatite evolution (Deines 1989). After all, there is
no generally valid and quantitatively constrained scheme
for the evolution of fO, in carbonatite magmas, and
REE anomalies observed in carbonatitic fluorapatites
can hardly be considered to reflect the oxidation state of
the parental magma. Fractionation of a Eu?"-accumu-
lating mineral phase is not a viable mechanism to
explain the Eu anomalies in the fluorapatites, because
neither apatite (e.g., Watson and Green 1981) nor clin-
opyroxene (Klemme et al. 1995) have a preference for
Eu’" relative to trivalent REEs.

A more tempting option is the partitioning of Eu®"
into a coexisting aqueous fluid as suggested for granitic
systems (Candela 1990). On that basis, Irber (1999)
interpreted strongly negative Eu anomalies in highly
evolved granitic rocks as being due to preferential par-
titioning of Eu®?" into a coexisting high-temperature
fluid. Moller and Dulski (1999) also noted that Eu®" is
largely retained in an aqueous solution relative to the
trivalent REEs. Many carbonatite complexes show
evidence for an exsolution of an H,O-CO, fluid phase
expelled as fenitizing fluid (e.g., Bailey 1993; Samson
et al. 1995). This also applies to the Kalkfeld complex
(Biihn and Rankin 1999), and to the Homa carbonatite
(Le Bas 1977). The minor fenitization aureole at Otjis-
azu is attributed to the deep level of erosion there
(Biihn et al. 2001). The appreciable solubility of
9.76 £0.68 wt% H,O in carbonatite melt at 1 kbar and
900 °C (H. Keppler, personal communication 2000) is
experimental evidence for the potential of carbonatite
magmas to dissolve water, which can later be exsolved
during cooling and crystallization. Likewise, it may
therefore be envisaged for carbonatite systems, that
Eu®" is continuously extracted from carbonatite mag-
mas via an aqueous fluid. Support for this interpretation
comes from the fact that the highest Y concentrations
are observed in early fluorapatites (Fig. 5f), because Y
will also tend to be retained in solution together with
Eu’" (Moller and Dulski 1999). The highest Y/Ho
ratios, distinctly above the chondritic ratio of 28, are
therefore observed in early, REE-poor fluorapatites
(Tables 2, 3, 4). The amount of Y depletion in the melt,
however, will depend on the dominant complexing
agents in the system, because Y may behave differently
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in fluorine- and carbonate-dominated fluid systems,
respectively (Bau and Dulski 1995). Both the fO, of
the carbonatite system, and the dominant complexing
mechanism in the coexisting fluid, may vary between
individual carbonatite systems.

Conclusions

The REE composition of carbonatitic fluorapatites can
be related to different stages of carbonatite differentia-
tion. Early fluorapatites tend to have low REE contents
hardly above 1,500 ppm La in the sample suite investi-
gated, regardless of the REE content of the whole rock.
Their (La/Yb),, ratios are generally below 100, and they
have (La/Nd)., ratios close to or below unity. Where
this ratio is <1, the convex-upward shape of their REE
pattern peaks between Pr and Eu. High fluorapatite
REE contents up to 1 wt% La in the samples investi-
gated point to crystallization from an evolved carbona-
tite melt. Such fluorapatites have (La/Nd).,>1 and a
straight REE pattern extending over two orders of
magnitude or more from La to Yb. Their (La/Yb).,
ratios are %enerally above 100.

The DR Eﬁuorapatite/carhonatite melt values which can re-
produce the observed relationships have a positive slope
throughout from La to Lu, with the steepest increase
between La and Nd. These largely qualitative D values
yield fluorapatite with REE patterns that develop from a
convex-upward shape with (La/Nd)., £ 1 to straight
REE patterns with (La/Nd).,>1 and high (La/YDb).,
ratios as fractionation of the parental carbonatite magma
increases. Hence, the REE characteristics of carbonatitic
fluorapatites — often in contrast to the whole rock com-
position — bear the potential to derive the relative degree
of fractionation of individual fluorapatite-bearing car-
bonatite samples. The modal proportions of fractionat-
ing fluorapatite + calcite + clinopyroxene will determine
the slope of the REE patterns of the residual carbonatite
melts. Episodic phosphate saturation and crystallization,
as manifested in fluorapatite layers throughout carbon-
atite evolution, may be considered an effective mecha-
nism to increase the La and REE content in fluorapatites
which cannot be achieved under closed system condi-
tions.

A (Eu/Eu*)., ratio close to unity appears to be in-
dicative of early fluorapatites, while late fluorapatites
have a negative (Eu/Eu*)., anomaly reaching 0.5 which,
however, is not observed in the whole rocks. It is en-
visaged that an aqueous fluid coexisting with the car-
bonatite magma from early fractionation on may be able
to continuously extract Eu’" from the carbonatite
magma. The wide range of Y/Ho ratios, of which the
highest values are recorded in early fluorapatites and the
lowest values in late fluorapatites, may indicate parti-
tioning of Y into the fluid in a similar manner. However,
there is no generally consistent behavior of Y/Ho frac-
tionation. This, and the different location of the peaks of
convex-upward shaped REE patterns, suggests that
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these parameters depend on the very specific carbo-
natite melt system with respect to the dominant
REE-complexing agents.
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