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Abstract
The Phalaborwa world-class phosphate deposit (South Africa) is hosted by a Paleoproterozoic alkaline complex mainly 
composed of phoscorite, carbonatite, pyroxenitic rocks, and subordinate fenite. In addition, syenite and trachyte occur in 
numerous satellite bodies. New petrological and in-situ geochemical data along with O and Sr isotope data obtained on apa-
tite demonstrate that apatite is in the principal host rocks (pyroxenitic rocks, phoscorite and carbonatite) formed primarily 
by igneous processes from mantle-derived carbonatitic magmas. Early-formed magmatic apatite is particularly enriched in 
light rare earth elements (LREE), with a decrease in the REE content ascribed to magma differentiation and early apatite 
fractionation in isolated interstitial melt pockets. Rayleigh fractionation favored a slight increase in δ18O (below 1%) at a 
constant Sr isotopic composition. Intrusion of fresh carbonatitic magma into earlier-formed carbonatite bodies locally induced 
re-equilibration of early apatite with REE enrichment but at constant O and Sr isotopic compositions. In fenite, syenite and 
trachyte, apatite displays alteration textures and LREE depletion, reflecting interaction with fluids. A marked decrease in δ18O 
in apatite from syenite and trachyte indicates a contribution from δ18O-depleted meteoric fluids. This is consistent with the 
epizonal emplacement of the satellite bodies. The general increase of the Sr isotope ratios in apatite in these rocks reflects 
progressive interaction with the country rocks over time. This study made it possible to decipher, with unmatched precision, 
the succession of geological processes that led to one of the most important phosphate deposits worldwide.
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Introduction

Alkaline complexes and related carbonatites are of interest 
because of their high economic potential, with associated 
strategic resources of rare earth elements (REE) and nio-
bium (Deans 1966; Mariano 1989; Pell 1996). Phosphate (as 
apatite) is one of the main commodities mined from these 
rocks. Recent studies have highlighted that phosphate depos-
its represent a potential source of REE, which could resolve 
part of the world’s supply shortage of REE (e.g. Ihlen et al. 
2014; Emsbo et al. 2015; Goodenough et al. 2016). Mag-
matic apatite usually contains more than 0.35% REE, with 
low contents of unwanted contaminants (Ihlen et al. 2014). 
Moreover, extraction of REE from phosphate deposits is rel-
atively easy and is less harmful to the environment compared 
to traditional REE prospects (Emsbo et al. 2015).

Apatite associated with carbonatites and alkaline com-
plexes can be accumulated-locally into economic quantities 
by various processes ranging from magmatic, late-magmatic, 
metasomatic and hydrothermal processes or supergene alter-
ation (e.g. Broom-Fendley et al. 2016a; Decrée et al. 2016; 
De Toledo et al. 2004; Giebel et al. 2017; Vartiainen and 
Paarma 1979; Walter et al. 1995). Apatite formed in carbon-
atites and alkaline complexes is typically enriched in REE. 
This enrichment is dependent on the processes leading to 
apatite formation; hence, our interest is in deciphering these 
processes. However, due to possible spatial superimposi-
tion of the various phosphate-forming processes over time, 
the assessment of the relative importance of each individual 
genetic process is not straightforward. The objective of this 
work is, therefore, to tackle this question by studying apatite 
using a wide range of in-situ techniques.

The case study investigated here is the world-class 
phosphate deposit of Phalaborwa, located in the Archean 
Kaapvaal Craton of South Africa (Eriksson 1989). The 
Phalaborwa deposit is related to an alkaline and carbona-
titic complex dated at 2060 ± 2 Ma (Reischmann 1995; Wu 
et al. 2011). The pipe-shaped deposit and associated satellite 
intrusions mainly comprise pyroxenites, with subordinate 
phoscorite and carbonatite (Fig. 1). Most of the phosphate 
at Phalaborwa occurs as apatite in phoscorite, but there are 
also large reserves of pyroxenite. Remaining resources are 
considerable, estimated at 18,370 Mt of ore (averaging 7 
wt%  P2O5; Orris and Chernoff 2002). Other commodities 
are iron, copper, gold, platinum group elements and uranium 
(e.g. Rudashevsky et al. 2004). The Phalaborwa deposit 
also offers a potential for recovering REE, with estimated 
resources of 652 Mt at 0.15% total REE oxides (Jackson 
and Christiansen 1993). The average total REE oxide con-
tent is about 6000 ppm in phoscorite-derived concentrates, 
and ~ 8000 ppm in carbonatite- and pyroxenite-derived apa-
tite concentrates (Buchholz and Foya 2015).

Previous studies on apatite composition by Dawson and 
Hinton (2003), Wu et al. (2011) and Milani et al. (2017) 
provided clues about element partitioning, magmatic evo-
lution and element sourcing at Phalaborwa. Among others, 
these authors argued for a common genetic origin of the 
phoscorite–carbonatite assemblage. Giebel et al. (2017, 
2019) highlighted the involvement of late- to post-magmatic 
fluids in the mobilization, and the possible introduction of 
REE into the mineralizing system. Although these studies 
constitute important steps in the understanding of magmatic 
to post-magmatic processes in the Phalaborwa Complex, 
only phoscorite and carbonatite have been investigated. To 
better constrain the succession of processes in the apatite 
genesis and associated REE enrichment, this study presents 
a detailed petrographic and geochemical investigation of 
apatite from a wide variety of lithotypes at Phalaborwa, 
including those containing the highest apatite contents, such 
as the apatite veins that crosscut the complex.

Petrographic observations under cathodoluminescence 
(CL) were performed to reveal chemical zonation in apatite. 
As chemical heterogeneity of apatite can occur on a very 
small-scale, chemical and isotopic variations were measured 
by in-situ methods. Electron microprobe analyses (EMPA) 
and laser ablation-inductively coupled plasma mass spec-
trometry (LA-ICPMS) were used to quantify the chemi-
cal composition, from major to trace elements (including 
REEs), whereas the oxygen and strontium isotopic composi-
tions were determined by secondary ion mass spectrometry 
(SIMS). In-situ isotopic investigations have been, however, 
rare so far (e.g. Emo et al. 2018; Li et al. 2018; Yang et al. 
2018; Zeng et al. 2016; Zhao et al. 2015 for Sr isotope com-
position, and Chen et al. 2016; Sun et al. 2016; Zeng et al. 
2016; and Zigaitė and Whitehouse 2014 for O isotope com-
positions), and very few are related to apatite in the context 
of alkaline magmatism (Wu et al. 2011). This work presents 
a novel approach combining high spatial resolution O and Sr 
analyses, aiming at deciphering, with unmatched precision, 
the processes involved in apatite formation. This approach 
is of broad interest in a large range of geological settings. 
In the present case, the application of such a methodology 
can give unique insights into the processes and source(s) 
involved in the origin of phosphate deposits associated with 
alkaline complexes and carbonatites (e.g. Broom-Fendley 
et al. 2016a; Conway and Taylor 1969; Santos and Clayton 
1995; Tichomirowa et al. 2006; Wu et al. 2011). Only few 
O isotope compositions have been, for example, obtained 
in Phalaborwa (13 in total, mostly of carbonatite; Pineau 
et al. 1973; Suwa et al. 1975; Eriksson 1982, 1989). The data 
acquired in the framework of this study thus significantly 
increase the dataset available for the Phalaborwa Complex. 
A further motivation for this study comes from the high 
potential of such deposits for future REE recovery.
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Fig. 1  Geological sketch map 
of the Phalaborwa Complex 
(modified and redrawn from 
Hanekom (1965) (in Eriksson 
1982) and de Jager (1989). The 
upper insert shows the location 
of Phalaborwa in South Africa 
and in the Kaapvaal Craton. 
The lower insert illustrates the 
detailed geology of the Loole-
kop carbonatite pipe (modified 
from Verwoerd and Du Toit 
2006)
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Geological context

The pipe-shaped 2060 ± 2  Ma Phalaborwa Complex is 
located about 350 km to the NE of Pretoria (South Africa). 
It was emplaced into Archean basement rocks comprising 
of granitoids, gneisses, amphibolites, and talc–serpentinite 
schists (Groves and Vielreicher 2001). The intrusive com-
plex is about 6.5 km long and 1.5–3.5 km wide. It com-
prises three lobes called Northern Pyroxenite, Loolekop, and 
Southern Pyroxenite (Fig. 1). These lobes coalesce to form 
the main body of the complex. The contacts and mineral 
banding in the complex are mostly vertical, with its main 

features and mineralization having been drilled to a depth 
of > 1000 m, though the full extent of the deposit at depth 
remains unknown (Roux et al. 1989).

Pyroxenitic rocks, phoscorite and carbonatite are the most 
abundant rock types at Phalaborwa (Fig. 2a–f). Clinopyrox-
enites constitute about 70% volume of the complex. They 
grade from massive pyroxenite to glimmerite (a rock mainly 
made of phlogopite; Eriksson 1989). The division between 
micaceous pyroxenite and massive clinopyroxenite is based 
on the modal proportion of clinopyroxene and phlogopite 
(Eriksson 1982), with the latter having been interpreted 
as a hydrothermal or metasomatic mineral related to the 
emplacement of the pyroxenite (Fourie and de Jager 1986; 

Fig. 2  Selected field pictures (a, 
b, h, g) and macrophotographs 
(c, d, e, f, i) of Phalaborwa 
rocks. a Diffused veins of 
apatite in heterogeneous mica-
pyroxene rock (Foskor); b 
carbonatite cutting pegmatitic 
pyroxenite (Foskor); c mica-
ceous pyroxenite (apatite-mica-
cpx rock) with fragments 
of mica (sample GC 2707, 
Foskor); d phoscorite (sam-
ple GC 815, PMC); e banded 
carbonatite (sample GC 809, 
PMC); f banded carbonatite cut-
ting a pyroxenitic rock (sample 
GC 1994, Foskor); g slabby 
syenite breccia at Kgopoeloe; h 
slabby breccia of coarse syenite 
in microsyenite (Kgopoeloe); 
i trachyte dikelet cutting fenite 
(sample GC 862, Spitskop)
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Lombaard et al. 1964). A recent study by Giebel et al. (2019) 
emphasizes, however, that phlogopite is an orthomagmatic 
phase, whereas tetraferriphlogopite is related to late-mag-
matic to hydrothermal processes, which also introduced REE 
in the Phalaborwa deposit. A general positive correlation is 
observed between apatite and phlogopite content (Fourie and 
de Jager 1986). Pegmatoid dikes made of phlogopite, apatite 
and diopside occur in the Northern and Southern pyroxenites 
(Eriksson 1982). This pyroxenite pegmatoid could be related 
to intense metasomatism (Wu et al. 2011). Apatite-rich peg-
matoid dikes and veins (Fig. 2a) have a wider distribution 
and are younger than all the pyroxenitic rocks (Fourie and 
de Jager 1986) and are, in turn, cut by syenite dikes (de Jager 
1989; Heinrich 1970).

Feldspathic pyroxenite is developed in close contact with 
country rocks and where pyroxenite occurs in association 
with the younger syenite. In many places, it grades into 
massive pyroxenite, even though contacts are locally sharp 
(Eriksson 1982). The feldspathic pyroxenite has a magmatic 
and not metasomatic origin, and its Sr isotope composition 
is similar to that of clinopyroxenite in the complex (Eriks-
son 1989).

Phoscorite consists of olivine, apatite and magnetite 
(Eriksson 1982). Irregular patches and lenses of carbon-
atite within phoscorite become larger and more abundant 
towards the inner part of the intrusive complex, ending in 
the carbonatite body (Eriksson 1982). Two types of carbon-
atite are encountered in the complex, i.e. a banded and a 
transgressive carbonatite. The banded carbonatite occurs in 
the center of the phoscorite (Eriksson 1989), with which it 
has both sharp and gradational contacts (Wu et al. 2011). 
Several episodes of remobilization of banded carbonatite 
are evident (Eriksson 1989). The different generations are 
similar in mineralogy and texture, have comparatively low 
Mg contents (≤ 7.5 wt%  MgCO3; Lombaard et al. 1964 in 
Eriksson 1982) and exsolution lamellae of dolomite (Eriks-
son 1989). The transgressive carbonatite is localized in the 
inner part of the central intrusive body and radiates from it 
along fractures (Eriksson 1989). In contrast, the transgres-
sive carbonatite is enriched in Mg (up to 14 wt% of  MgCO3; 
Hennig-Michaeli 1968 in Eriksson 1982).

Magmatic crystallization of apatite, clinopyroxene, and 
phlogopite has been regarded as the main process forming 
the Phalaborwa Complex (Eriksson 1989), through mixing 
of magma batches with distinct compositions (Milani et al. 
2017). Pyroxenites are thought to have been derived from a 
potassic ultrabasic liquid during the initial stage of emplace-
ment and developed independently from phoscorite and car-
bonatites. This first period of intrusion was followed by the 
injection of a silica-poor carbonate-rich magma forming the 
banded carbonatite and the phoscorite (Eriksson 1982). Min-
eralogical and geochemical studies suggest that phoscorite 

and carbonatite originated from a common parental magma 
that is unmixed (e.g. Giebel et al. 2019). Fracturing and 
renewed magmatic activity in the central (Loolekop) body 
led to the formation of the transgressive carbonatites (Eriks-
son 1982; Wu et al. 2011). The parental magma for most of 
the Phalaborwa rocks was derived from a metasomatised 
enriched lithospheric mantle (Wu et al. 2011). Metasoma-
tism in the main complex is limited to fenitization of country 
rocks, and formation of minor phlogopite in phoscorite and 
carbonatite (Eriksson 1982).

Satellite bodies (namely Guide Copper Mine, Spitskop 
and Kgopoeloe) occur at a distance of up to 4–5 km from 
the main complex (Fig. 1). They comprise of feldspathic 
pyroxenite, peralkaline (quartz) syenite, peralkaline granite 
and trachyte (Eriksson 1989; Fig. 2g–i). Their chemistry 
suggests that their parental magma interacted with country 
rocks, with a greater degree of differentiation than in the 
main body (Eriksson 1989). Kgopoeloe is a breccia plug of 
about 150 m in diameter that resulted from explosive pro-
cesses (Fig. 2g, h). It mostly consists of granitic clasts in a 
syenitic matrix. The brecciation is related to fluids derived 
from the syenite (Eriksson 1982). Spitskop comprises a 
ring syenite of about 300 m diameter that encloses a central 
syenite, which is cut by dikes of finer-grained syenite and 
trachyte. There are few indications of brecciation at Spit-
skop. Consequently, Kgopeloe would represent the highest 
structural level, whereas Spitskop represents a lower level 
(Eriksson 1982).

The feldspathic pyroxenite of the Guide Copper Mine 
has been interpreted to be cogenetic with the pyroxenites 
of the main complex. The satellite bodies have been vari-
ously interpreted as unrelated to the main complex (Eriksson 
1982), or the result of differentiation of magma related to the 
main complex (Frick 1975).

Materials and methods

Thirty samples were taken from Foskor, PMC mine, 
Sabatini, Sealeni, Guide Copper Mine, Spitskop and Kgo-
poeloe (Fig. 1; Table 1). Petrographic analysis was based 
on optical microscopy and scanning electron microscopy 
(SEM) using a Quanta 20 ESEM (FEI), with energy-disper-
sive spectroscopy (Apollo 10 Sillicon Drift EDS detector; 
EDAX) at the Royal Belgian Institute of Natural Sciences. 
Cathodoluminescence (CL) studies were performed at the 
University of Mons using a cold-cathode CL unit model 
Mk5 operated at 15 kV beam voltage and 500 µA current 
(Cambridge Image Technology Limited). The surface of 
the unfocused electron beam on the sample was 12 × 4 mm, 
resulting in a current density of about 10 µA/mm2. CL spec-
tra were recorded with a CITL optical spectrometer model 
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OSA2 allowing acquisition from 350 to 1100 nm at 3.7 nm 
spectral resolution. Spectra were acquired and processed 
using Spectragryph optical spectroscopy software (https ://
www.effem m2.de/spect ragry ph/). Spectral CL images of 
the  Nd3+ emission were collected by inserting in the light 
path an optical bandpass filter with a transmission curve 
centered at 880 nm and 50 nm wide (full width at half maxi-
mum). Such spectral CL imaging enhances the details of the 
distribution of the apatite activated by light REE, which is 
especially useful when apatite luminescence is overwhelmed 
by the intense luminescence of calcite and feldspars. In addi-
tion,  Nd3+ emits in the near infrared region of the spectrum 
and is therefore not visible in color CL images.

Among the 30 samples investigated petrographically, 
13 representative ones were selected for further in-situ 
geochemical analyses in zoned apatite. Where possible, 
the different types of analyses (EMPA, LA-ICPMS and 
SIMS) have been performed on the same spot or nearby. 

These analytical spots are referred to in Tables 2, 3, 4 and 
the location of most of these spots is indicated on Figs. 2,3, 
4. Quantitative microanalyses of the chemical composition 
for major elements (Table 2) were acquired using a JEOL 
JXA 8800L electron microprobe at the Institute of Geog-
raphy and Geology, University of Würzburg (Germany). It 
was operated at 15 kV and 20 nA, with a beam diameter of 
10 µm. This microprobe is equipped with four wavelength-
dispersive (WDS) spectrometers and standard LDE1, TAP, 
PET and LIF crystals (LiF for F,  Fe2O3 for Fe,  SrSO4 for 
Sr,  MnTiO3 for Mn, MgO for Mg,  BaSO4 for S and Ba) and 
mineral standards (albite for Na, vanadinite for Cl, apatite for 
P and Ca, and andradite for Si) supplied by CAMECA (SX 
Geo-Standards) were used for reference. The Lα line was 
used for the measurements of Sr and Ba, and the Kα line for 
all other elements. The lower limit of detection is typically 
better than 0.05 wt%. For each mineral spot, the relatively 
mobile elements F and Na were analyzed for first to prevent 

Table 1  Succinct description 
of all examined samples from 
the Phalaborwa Complex. The 
rocks mentioned in this paper 
are in bold and italic

Sample Description Location

GC 368 Syenite cutting pyroxenite Foskor
GC 610 Phoscorite PMC
GC 809 Banded carbonatite PMC
GC 810 Sulfide-rich carbonatite PMC
GC811 Magnetite-rich banded carbonatite PMC
GC813 Carbonatites cutting phoscorite PMC
GC 814 Phoscorite-carbonatite contact PMC
GC 815 Phoscorite PMC
GC 816 Phoscorite PMC
GC 826 Micaceous pyroxenite/layered cpx-mica rock Foskor
GC 828 Fenite breccia Sealeni
GC 832 Syenite Kgopolwe
GC 835 Syenite-pyroxenite contact Spitskop
GC 836 Syenite Spitskop
GC 862 Trachyte cutting fenite Spitskop
GC 865 Contact pyroxenite with cpx-ap-mica pegmatite Foskor
GC 1524 Feldspathic pyroxenite Guide copper mine
GC 1609 Apatite-rich rock PMC
GC 1992 Cpx-mica pegmatite Foskor
GC 1994 Banded carbonatite cutting pyroxenite Foskor
GC 2701 Apatite with clots of mica Foskor
GC 2702 Apatite vein cutting glimmerite Foskor
GC 2703 Apatite vein cutting glimmerite Foskor
GC 2704 Micaceous pyroxenite/apatite-mica rock Foskor
GC 2704 BIS Micaceous pyroxenite/apatite-mica rock Foskor
GC 2705 Apatite vein Foskor
GC 2706 Pyroxenite at edge of syenite Foskor
GC 2707 Micaceous pyroxenite/apatite-mica-cpx rock with 

fragments of mica
Foskor

SB1 Syenite Sabatini
SB13 Pyroxenite Sabatini

https://www.effemm2.de/spectragryph/
https://www.effemm2.de/spectragryph/
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Table 4  Sr and O isotopic data of apatite from the Phalaborwa Complex (SIMS analyses)

Sample Analysis spot Description - CL Sr (ppm)  87Rb/86Sr (corr)  87Sr/86Sr (corr) 1 σ 87Sr/86Sr(i)(at 
2060 Ma)

δ18O(SMOW)(%) 1 σ

Phoscorite
 GC 814 7B-1 Dark blue-green 

CL–grain (in 
cluster)

4192 1.24E-05 0.7060 0.0005 0.7060 10.1 0.1

7B-2 Dark blue-green 
CL–grain (in 
cluster)

10.3 0.1

7B-3 Violet CL–grain 
(in cluster)

3594 1.476E-05 0.7072 0.0004 0.7072 9.2 0.2

7B-4 Violet CL–grain 
(in cluster)

8.8 0.1

7B-5 Violet CL–grain 
(in cluster)

9.7 0.1

7B-6 Violet CL–grain 
(in cluster)

4013 1.623E-05 0.7067 0.0004 0.7067 8.5 0.1

 GC 815 8-1 Dark CL–over-
growth

8.0 0.1

8-2 Dark CL–over-
growth

3073 1.854E-05 0.7067 0.0004 0.7067 7.5 0.1

8-3 Dark CL–over-
growth

7.5 0.1

8-4 Dark CL–over-
growth

3030 1.986E-05 0.7070 0.0005 0.7070 7.4 0.1

8-5 Bright CL–early-
formed apatite

3463 1.675E-05 0.7063 0.0004 0.7063 7.2 0.1

8-6 Bright CL–early-
formed apatite

6.9 0.1

8-7 Bright CL–early-
formed apatite

7.2 0.1

8-8 Bright CL–early-
formed apatite

3405 1.763E-05 0.7078 0.0003 0.7078 7.0 0.2

Carbonatite
 GC 814 7A-1 Bright CL–

vicinity of a 
fissure

3071 1.758E-05 0.7072 0.0003 0.7072 8.4 0.1

7A-2 Bright CL–
vicinity of a 
fissure

3094 1.776E-05 0.7068 0.0004 0.7068 7.5 0.1

7A-3 Dark CL core 2634 2.148E-05 0.7070 0.0004 0.7070 8.5 0.2
 GC 1994 22A-1 Bright CL rim 8454 2.284E-05 0.7052 0.0003 0.7052 9.2 0.1

22A-2 Bright CL rim 9.4 0.1
22A-3 Bright CL rim 7.3 0.1
22A-4 Bright CL rim 10080 1.103E-05 0.7056 0.0004 0.7056 8.4 0.1
22A-5 Dark CL core 7433 2.84E-05 0.7052 0.0004 0.7052 9.3 0.1
22A-6 Dark CL core 9.5 0.1

Pyroxenitic 
rocks

Massive pyrox-
enite

 GC 1994 22C-1 Violet CL–early-
formed apatite

10675 2.982E-06 0.7056 0.0003 0.7056 7.9 0.2

22C-2 Light violet CL–
replacement/
alteration

10425 7.644E-05 0.7058 0.0004 0.7058 7.4 0.2
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Table 4  (continued)

Sample Analysis spot Description - CL Sr (ppm)  87Rb/86Sr (corr)  87Sr/86Sr (corr) 1 σ 87Sr/86Sr(i)(at 
2060 Ma)

δ18O(SMOW)(%) 1 σ

 GC 2706 29-1 Violet CL grain 8.3 0.1
29-2 Violet CL grain 10745 1.915E-05 0.7134 0.0005 0.7134 8.1 0.1
29-3 Violet CL grain 9.0 0.1
29-4 Dark blue CL 

grain/over-
growth

11080 1.793E-05 0.7127 0.0003 0.7127 8.6 0.1

29-5 Dark blue CL 
grain/over-
growth

8.3 0.2

Micaceous 
pyroxenite

 GC 2704 26A-1 Dark blue-green-
ish CL-  over-
growth

9080 1.039E-05 0.7116 0.0003 0.7116 7.7 0.2

26A-2 Dark blue-green-
ish CL-  over-
growth

9309 7.669E-07 0.7108 0.0006 0.7108 8.0 0.2

26A-3 Violet CL - 
early-formed 
apatite

9163 1.714E-07 0.7116 0.0004 0.7116 8.7 0.2

26A-4 Violet CL–core 9258 7.757E-07 0.7108 0.0003 0.7108 7.1 0.2
26A-5 Dark blue-green-

ish CL–rim
9249 5.095E-06 0.7110 0.0003 0.7110 8.2 0.2

26A-6 Violet CL–core 10017 1.78E-06 0.7110 0.0003 0.7110 7.5 0.2
26A-7 Dark blue-green-

ish CL–rim
9568 6.328E-06 0.7109 0.0004 0.7109 8.4 0.2

 GC 2707 30-1 Bright green 
CL–rim

5641 9.247E-06 0.7104 0.0003 0.7104 8.7 0.1

30-2 Bright green 
CL–late infill-
ing

5416 8.909E-06 0.7110 0.0003 0.7110 9.1 0.1

30-3 Violet CL–early-
formed apatite

5794 8.77E-06 0.7103 0.0003 0.7103 8.0 0.1

30-4 Violet CL–early-
formed apatite

8.1 0.1

Apatite veins
 GC 2701 23-1 Violet CL–core 

(in cluster)
5277 1.013E-05 0.7112 0.0003 0.7112 8.1 0.1

23-2 Violet CL–core 
(in cluster)

8.2 0.1

23-3 Dark blue 
CL–core (in 
cluster)

5271 1.014E-05 0.7110 0.0004 0.7110 7.9 0.1

23-4 Violet CL–core 
(in cluster)

5265 9.659E-06 0.7110 0.0003 0.7110 8.6 0.1

23-5 Violet CL–core 
(in cluster)

7.8 0.1

23-6 Violet CL–core 
(in cluster)

7.7 0.1
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Table 4  (continued)

Sample Analysis spot Description - CL Sr (ppm)  87Rb/86Sr (corr)  87Sr/86Sr (corr) 1 σ 87Sr/86Sr(i)(at 
2060 Ma)

δ18O(SMOW)(%) 1 σ

 GC 2705 28-1 Blue-greenish 
CL–rim (in 
cluster)

9178 8.783E-05 0.7110 0.0003 0.7110 8.1 0.2

28-2 Blue-greenish 
CL–rim (in 
cluster)

9171 9.568E-07 0.7106 0.0003 0.7106 7.6 0.2

28-3 Dark blue 
CL- core (in 
cluster)

9287 1.113E-05 0.7117 0.0004 0.7117

28-4 Violet CL–core 
(in cluster)

9269 3.456E-05 0.7112 0.0003 0.7111

28-5 Violet CL–core 
(in cluster)

9157 3.075E-06 0.7108 0.0005 0.7108

28-6 Violet CL–core 
(in cluster)

9352 2.502E-06 0.7109 0.0004 0.7109

Feldspathic 
pyroxenite

 GC 1524 17-1 Violet CL 
crystal

9639 4.399E-06 0.7092 0.0003 0.7092 8.6 0.1

17-2 Violet CL 
crystal

9399 5.017E-06 0.7090 0.0002 0.7090

Fenite
 GC 828 11-1 Light blue CL 

(mixed?) - core
8.0 0.1

11-2 Bright green CL 
- rim/alteration

1102 0.0001399 0.7133 0.0006 0.7133 7.7 0.1

11-3 Light blue CL–
early-formed 
apatite

1094 0.000156 0.7124 0.0006 0.7124 7.9 0.1

Syenite
 GC 832 12-1 Intermediate 

blue-green 
CL–core

50054 1.52E-06 0.7084 0.0003 0.7084 5.1 0.1

12-2 Intermediate 
blue-green 
CL–core

5.4 0.1

12-3 Bright violet 
CL–relict 
core?

54061 1.69E-06 0.7079 0.0003 0.7079 5.4 0.1

12-4 Bright violet 
CL–relict 
core?

5.2 0.1

12-5 Dark green CL–
rim/replace-
ment

34618 1.973E-06 0.7095 0.0003 0.7095 4.4 0.1

12-6 Dark green CL–
rim/replace-
ment

4.6 0.1

Trachyte
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their potential loss in the course of the analysis. The data 
reported in Table 2 include a correction for excess F due 
to third-order interference of P Kα on F Kα was applied. 
Excess F was estimated at about 0.35% based on 15 meas-
urements of F Kα in a phosphate that does not contain F 
(reference monazite at Univ. Würzburg). The measurements 
yielded a mean of 0.040% “fake” F per % P. A similar value 
(0.045%) was obtained by Potts and Tindle (1989). Note 
that grain orientation and anisotropic ion diffusion can also 
have a substantial influence on the measurement of F with 
the electron microprobe (e.g. Stormer et al. 1993; Goldoff 
et al. 2012).

Laser ablation-inductively coupled mass spectrometry 
(LA-ICPMS) was performed at GeoRessources (Nancy, 
France), with a GeoLas excimer laser (ArF, 193 nm, Micro-
las) coupled to a conventional transmitted and reflected light 
microscope (Olympus BX51) for sample observation and 
laser beam focusing and an Agilent 8900 triple quadrupole 
ICP-MS used in no-gas mode. The external standard was 
NIST SRM 610 and 44Ca was used as internal standard. 
NIST SRM 614 and NIST SRM 612 silicate glasses were 
analyzed and considered as cross-calibration samples to con-
trol the quality of the analyses (precision, accuracy, repeat-
ability) and to correct the possible drift during the analytical 
session (Jochum et al. 2011 for concentrations of the NIST 
silicate glasses). Ca contents in apatite were measured before 
LA-IC-MS analyses by EMPA (see above) to check the over-
all homogeneity of the apatite grains. Calcium concentra-
tion varies between the analyzed apatite grains (from 51.8 to 
55.8 wt.% CaO; Table 2). Two different Ca concentrations, 
in weight percent, were used for internal standardization: 
37.25 and 39.40 because of the variability of the Ca content 
encountered in apatite. The precisions were better than 10% 
for all REE. Data treatment was done using the software 
“Iolite” (Paton et al. 2011), following Longerich et al. (1996) 
for data reduction.

Oxygen (O) and Strontium (Sr) isotope compositions 
were obtained using a Cameca IMS 1280 HR2 ion micro-
probe (secondary ion mass spectrometry, SIMS) at CRPG 
Nancy. O isotopic ratios were measured with a Cs + primary 
ion beam of 3.5 nA focused on a 15 µm diameter area and 
with the electron gun used for the charge compensation. The 
negative secondary ions were measured with a mass resolu-
tion of 3000 (M/∆M) with an energy slit of 35 eV. Before 
each measurement, the sample was pre-sputtered for 90 s 
with a beam rastering on 15 µm to clean up the sample sur-
face, then the secondary beam was automatically centered in 
the field aperture and contrast aperture. The measurements 
were made on Faraday collectors in multicollection mode 
with a counting time of 150 s, with an internal precision 
of about 0.1 %. The instrumental mass fractionation was 
determined on the reference apatite Durango (δ18O = 9.4 %; 
Trotter et al. 2008), measured before and after each sam-
ple. Durango apatite is a fluorapatite with a composition 
overall similar to the measured samples (Marks et al. 2012). 
The external 1σ precision on the reference material ranges 
in between 0.15 and 0.20 %, with an instrumental isotopic 
fractionation on the 18O/16O ratio ranging in between 3 to 
4 %. The reported errors are the quadratic sum of the inter-
nal error and of the reference material external error. The 
measured ratios are expressed in δ18O values relative to the 
Standard Mean Ocean Water (SMOW) value.

The Sr isotope ratios were measured with the radio-fre-
quency (RF) plasma source producing a O-primary beam 
accelerated at 13 kV and focused on the sample surface to 
produce a 10 µm spot with an intensity between 10 to 40 nA, 
depending on the Sr content of the samples. Positive second-
ary ions were extracted with a 10 kV potential. The positive 
secondary ions were measured at a mass resolution of 20 
000 (M/∆M), to remove almost all the isobaric interference 
on the Sr isotopes. Indeed, at this mass resolution, all the 
major  Ca2+ overlapping masses are resolved, and Rb can 
be considered as a minor species. The measurements were 

Table 4  (continued)

Sample Analysis spot Description - CL Sr (ppm)  87Rb/86Sr (corr)  87Sr/86Sr (corr) 1 σ 87Sr/86Sr(i)(at 
2060 Ma)

δ18O(SMOW)(%) 1 σ

 GC 862 15-1 Bright blue CL 
zoning

3817 9.588E-07 0.7170 0.0006 0.7170 1.6 0.2

15-2 Bright blue CL 
zoning

2377 1.599E-06 0.7183 0.0009 0.7183 1.4 0.2

15-3 Greenish CL–
rim

2344 8.884E-07 0.7202 0.0004 0.7202

15-4 Dark blue CL 
zoning

5242 4.297E-06 0.7134 0.0004 0.7134

15-5 Reddish CL–
core

6286 3.022E-07 0.7131 0.0004 0.7131 2.2 0.2
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performed in mono-collection in ion counting mode, by peak 
switching over the masses 83.7 for the background measure-
ment, 84Sr, 84Ca2+, 85Rb, 86Sr, 87Sr and 88Sr, with counting 
time of 3 s, 3 s, 3 s, 8 s, 16 s, 16 s and 8 s respectively. Each 

measurement consisted of 24 to 30 cycles (30–40 mn). The 
secondary ion intensity on 88Sr was set in between  105 to 
3 × 105 by adjusting the primary ion beam intensity. The 
instrumental mass fractionation between Sr isotopes was 
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corrected for a 86Sr/88Sr ratio of 0.1194. The 87Rb isobaric 
interference on 87Sr was corrected for the measured 85Rb 
count rate, a 87Rb/85Rb ratio of 0.3825, and the instrumen-
tal mass fractionation measured for Sr. The reported errors 
include the errors on the measured 87Sr/86Sr, 86Sr/88Sr and 
85Rb/86Sr ratios. The errors range from 0.3 to 2 % (1σ), 
depending on the Sr and Rb contents. The Sr contents were 
calculated using the measured 86Sr/84Ca2 ratio and the 
Durango apatite (87Sr/86Sr = 0.7063; Yang et al. 2014) as a 
reference material.

Results

Petrologic description

Apatite in pyroxenitic rocks, phoscorite and carbonatite

In most of the rocks constituting the Phalaborwa Complex, 
apatite is present either as isolated euhedral to anhedral crys-
tals stubby or elongated (from a few tens of micrometers up 
to a few millimeters in size) or clusters of crystals, which can 
in some instances, as in phoscorite and apatite veins, form 
massive pure apatite veins.

In the pyroxenitic rocks, apatite is mostly associated with 
clinopyroxene (diopside) and phlogopite in variable propor-
tions, with K-feldspar and calcite as interstitial minerals and 
sporadic occurrences of amphibole and magnetite. Felds-
pathic pyroxenite is characterized by an assemblage domi-
nated by K-feldspar, clinopyroxene and, more rarely, phlogo-
pite and amphibole. Apatite crystals in the pyroxenitic rocks 

exhibit a rather uniform blue-violet CL. However, some faint 
but distinctive textures are observed, including a rounded 
zonation (Fig. 3a, b) and embayments (Fig. 3c, d). Blue/
violet CL is well known from fluorapatite in carbonatites 
and is usually assigned to emission centers caused by sub-
stituting REE (e.g. Marshall 1988; Blanc et al. 2000; Kempe 
and Götze 2002; Baele et al. 2019). The predominant blue 
CL of such apatite is caused by  Eu2+ activation but violet 
to reddish/brownish shades can develop due to the super-
imposition of  Sm3+ activation and greenish shades due to 
 Dy3+ and/or  Mn2+ activation. Green CL is usually observed 
in apatite rims with either a gradational or sharp boundary 
(Fig. 3c, e). In the latter case, the green CL highlights sec-
ondary apatite in late overgrowths, which can occur within 
embayments, giving the false impression of early-formed 
cores in section (Fig. 3c). Spectroscopic data show that the 
green luminescence in our apatite samples is mostly caused 
by  Dy3+ activation (see Supplementary Material).

The CL texture is better defined under spectral CL imag-
ing (Fig. 3b, d, g, i). Overall, the deep-violet and green-
luminescent outer rims of zoned crystals (Fig. 3a, e) and 
the dark blue and green-luminescent overgrowths (Fig. 3a, 
c, f) of apatite show a weaker activation by  Nd3+ compared 
to the blue-violet luminescent primary apatite. However, in 
one case (sample GC 1994; Fig. 3h, i), secondary apatite 
has a stronger  Nd3+ activation. In this particular case, the 
texture is more complex and could be due to alteration along 
cleavage plans.

Phoscorites are rocks that are mostly made up of olivine 
(variably serpentinized), calcite (with associated dolomite 
grains), magnetite, phlogopite, and locally clinopyroxene. 
Some of the characteristics of apatite CL in pyroxenitic 
rocks mentioned above are also observed in phoscorite. 
Early-formed apatite has a violet-blue CL with some more 
greenish zones, especially but not systematically in the outer 
rim and overgrowth of the crystals. The green CL is also 
accompanied by a decrease in Nd-activation from early-
formed to late-formed apatite (Fig. 4a, b).

In the carbonatites, apatite is commonly present as scat-
tered, locally needle-shaped, crystals exhibiting a violet-blue 
luminescence. It is embedded within calcite with either a 
dull brownish or a bright yellow-orange luminescence 
(Fig. 4c), which is attributed to variable concentration in 
trace  Mn2+ (CL activator) and  Fe2+ (CL inhibitor) substitut-
ing for  Ca2+ in calcite (e.g. Habermann et al. 2000). The CL 
of apatite is in many cases difficult to observe as it can be 
overwhelmed by the intense yellow-orange CL of calcite. 
Our observations suggest that the dull-CL calcite formed 
earlier than the bright-CL calcite (Fig. 4c). The orange-
luminescent calcite frequently contains exsolution lamellae 
of red-luminescent dolomite. However, both calcite types 
are characterized by low Mg contents, between 2 and 3 wt% 
(average of SEM–EDX analyses), which is consistent with 

Fig. 3  Cathodoluminescence (CL) photomicrographs of the 
Phalaborwa pyroxenite rocks (and associated facies). Color CL in 
(a, c, e, g and h). Spectral CL  (Nd3+ emission filtered at 880  nm) 
in (b, d, f and i); Cal–calcite, Cpx–clinopyroxene, Phl–phlogopite. 
The four-pointed stars represent the spots where EPMA, LA-ICPMS 
and SIMS analyses were performed. Related REE content (ΣREE in 
ppm), O isotope ratio (in %) and initial 87Sr/86Sr ratio (Sr(i)) are indi-
cated in a black box. (a-b) Zoned apatite crystals with a blue-violet 
CL core and dark blue CL rim in a micaceous pyroxenite (sample 
GC 2704); The latest apatite overgrowth, which is observable on a 
seemingly corroded rim (arrows) is also characterized by a dark blue 
luminescence. The overgrowths exhibit weaker Nd-activation com-
pared to the core, suggesting a lower concentration in LREE; (c-d) 
Green-luminescent apatite overgrowing early-formed violet-lumines-
cent apatite and filling a corrosion gulf. Nd-activation is weaker in 
this overgrowth (micaceous pyroxenite, sample GC 2707); e closely-
packed cluster of blue-violet-luminescing with a more greenish lumi-
nescence in the rim of some crystals (arrow) (apatite vein, sample 
GC 2702); f, g apatite grains in a massive pyroxenite with homoge-
neous blue-violet CL, likely a darker overgrowth on an early-formed 
brighter grain (sample GC 2706); h, i Violet-luminescent apatite 
crystal exhibiting a heterogeneous texture which is better resolved in 
the spectral image. The apatite was partly altered/corroded and over-
grown by apatite with a higher Nd-activation (massive pyroxenite, 
sample GC 1994)

◂
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the “banded carbonatite” type (Eriksson 1989). Many of the 
carbonatite-hosted apatite crystals display evidence of cor-
rosion/resorption (Fig. 4d, e, h), brecciation (Fig. 4c) and/
or fissures (Fig. 4f,g). Again, apatite overgrowths show a 

decrease in Nd-activation compared to primary apatite 
as illustrated in a pluri-millimetric crystal embedded in 
magnetite (Fig. 4e). By contrast, a stronger Nd-activation 
is observed within the walls of fissures affecting apatite 
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crystals in carbonatite (Fig. 4f, g) and within the outer rim 
of zoned apatite crystals hosted in similar carbonatite rock 
(Fig. 4h, i).

Apatite in fenite, syenite and trachyte

Apatite is present in fenite as small stubby anhedral crystals 
set in a rock predominantly made up of quartz, blue-lumi-
nescent K-feldspar, and red-luminescent albite (Fig. 5a). The 
red emission, due to  Fe3+-activation, is commonly observed 
in feldspars from fenitized rocks (Marshall 1988; Mariano 
and Mariano 2012). Apatite is green-luminescent due to Dy-
activation (Fig. 5a and spectra in the Supplementary Mate-
rial), with some veining/alteration revealed by CL spectral 
imaging (Fig. 5b). A thin discontinuous apatite overgrowth 
with stronger Nd-activation is locally overlain by dark-lumi-
nescing apatite associated with fluorbritholite (Fig. 5c).

Syenite comprises red-luminescent K-feldspar and albite 
(Fig. 5d) and non-luminescent aegirine, amphibole, quartz 
and phyllosilicate (Fig. 5e). Apatite appears as stubby crys-
tals with a corroded rim and a complex texture under CL. 
Apatite luminescence is mostly blue-violet with irregular 
dark blue and green-luminescent zones, the latter tending to 
concentrate along the outer rim (Fig. 5d).

Trachyte is mostly made up of red-luminescent albite 
(related to  Fe3+-activation; Götte 2009), mica (that enhances 
the fluidal texture of the rock), K-feldspar, quartz and 
aegirine. Apatite in trachyte commonly occurs as elongated 
crystals showing a zoned and veined pattern under CL 
(Fig. 5f). A reddish-brown luminescent core is surrounded 
by blue-luminescent apatite with an overall increase in 

Nd-activation. A green CL rim is locally observed with an 
associated decrease in Nd-activation (Fig. 5g).

Mineral chemistry

Apatite from Phalaborwa shows a moderate range of  P2O5 
concentration (38.12–41.44 wt.%) and a rather large range 
of CaO content (51.83–55.79 wt.%, see Table 2), which indi-
cates significant substitution at Ca and P sites (simple or 
coupled substitutions with F, Si, Sr and REE, for instance; 
Pan and Fleet 2002).

Fluorine contents vary between 2.02 and 3.41 wt.% for 
apatite from carbonatite, phoscorite and pyroxenitic rocks, 
and between 3.03 to 3.68 wt.% for apatite in fenite, syenite 
and trachyte. All F contents are below the theoretical maxi-
mum in apatite (3.73%). Apatite in all rock types has low Cl 
contents (≤ 0.09 wt.%). SrO contents range from 0.09 to 0.73 
wt.% in most of the apatite grains analyzed but are higher in 
apatite from feldspathic pyroxenite (~ 1.21 wt.%) and syen-
ite (3.47–4.21 wt.%).  SiO2 contents are low to moderate in 
most grains analyzed, varying from below the detection limit 
to 0.22 wt.% but are somewhat higher in apatite hosted by 
pyroxenitic rocks (up to 0.52 wt.%  SiO2). Low to moderate 
contents are also observed for FeO (up to 0.24 wt.%) and 
 Na2O (≤ 0.22 wt.%).  SO3 content is low (≤ 0.11 wt.%), as 
are BaO and MnO contents that do not exceed 0.18 wt.% and 
0.13 wt.%, respectively. MgO content is above the detection 
limit (0.08 wt.% MgO) in only one sample.

Most of the analyzed apatite grains have similar REE pat-
terns (Table 3), except those hosted by fenite and trachyte 
(Fig. 6a–i). Apatite from phoscorite has high total REE con-
tents (3070—5975 ppm), with a strong enrichment in LREE 
 (LaN/YbN = 89–106) and a moderate negative Eu anomaly 
(0.7; Fig. 6a). Apatite from carbonatite has more variable 
REE and LREE enrichment (ΣREE = 3691–12,033 ppm; 
 LaN/YbN = 63–286), with a similar Eu anomaly (Eu/
Eu* = 0.5–0.7) (Fig.  6b,c; Table  3). Similar trends are 
observed for apatite from pyroxenite, which is, how-
ever, overall richer in REE (ΣREE = 3698–19,930 ppm), 
with strong LREE enrichment  (LaN/YbN = 112–191) and 
still moderate negative Eu anomaly (Eu/Eu* = 0.6–0.7) 
(Fig. 6d–g).

Apatite in the syenite displays REE patterns that are 
similar in shape to those in apatite from pyroxenite, 
phoscorite and carbonatite (Fig. 6h). It is REE-enriched 
(ΣREE = 9966–10,937 ppm), and corresponding patterns 
display LREE enrichment  (LaN/YbN = 40–60), and negative 
Eu anomalies of about 0.7. Apatite in the fenite is charac-
terized by MREE-enriched patterns (Fig. 6h; ΣREE = 727 
and 918 ppm;  LaN/YbN = 0.7 and 1.6) and a slightly more 
pronounced negative Eu anomaly (Eu/Eu* = 0.4). Apatite in 
trachyte is REE-rich (ΣREE = 2562–4078 ppm), and REE 
patterns show a marked (but variable) enrichment in MREE 

Fig. 4  Cathodoluminescence (CL) photomicrographs of Phalaborwa 
phoscorite and carbonatite; Color CL in (b–d, f and h); Spectral CL 
 (Nd3+ emission filtered at 880  nm) in (a, e, g and i); Cal–calcite, 
Dol–dolomite, Mag–magnetite, Ol–olivine. The four-pointed stars 
represent the spots where EPMA, LA-ICPMS and SIMS analyses 
were performed. Related REE content (ΣREE in ppm), O isotope 
ratio (in %) and initial 87Sr/86Sr ratio (Sr(i)) are indicated in a black 
box. a Closely-packed cluster of apatite crystals in phoscorite. Apa-
tite overgrowths (indicated by arrows) are characterized by a decrease 
in Nd-activation (sample GC 815); b blue-violet-luminescing apatite 
crystals in phoscorite (sample GC 814) with some zones showing a 
more greenish CL (in the lower-left and upper of the cluster); c nee-
dle-shaped apatite crystals extending across the boundary between 
dull- and bright-luminescing calcite (Cal 1 and Cal 2, respectively); 
The deformation pattern of the apatite crystals suggests they were set 
in Cal 1 and broke before the crystallization of Cal 2 (banded car-
bonatite, sample GC 809); d apatite showing corrosion/resorption 
texture. Note the presence of dolomite in the calcitic matrix (banded 
carbonatite, sample GC 814); e magnetite-hosted apatite crystal 
with corrosion (arrow) prior to overgrowth; Apatite overgrowth has 
weaker Nd-activation than primary apatite (banded carbonatite, sam-
ple GC 811); f, g fissured violet-luminescing apatite crystal in car-
bonatite with increased Nd-activation in fissure walls (banded car-
bonatite, sample GC 814); h, i Cluster of zoned apatite crystals in 
carbonatite, with stronger Nd-activation in their outer rim GC 1994)

◂
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and HREE  (LaN/YbN ranges from 3.2 to 29. Figure 6i), with 
comparable negative Eu anomalies (Eu/Eu* = 0.4–0.7).

Consistently with our observations of the  Nd3+ emis-
sion under spectral CL, geochemical intra-grain variability 
is locally important in apatite, with an overall correlation 
between higher REE concentration and CL intensity. A close 
examination of the REE patterns (and intra-grain variabil-
ity) of apatite from phoscorite (Fig. 6a) shows that bright 
violet-luminescent apatite is enriched in REE compared to 
dark blue/green-luminescent apatite. Dark blue-luminescent 
overgrowths are consistently depleted in REE compared 
to early-formed apatite. In carbonatite-hosted apatite, the 
bright-luminescent rims and alteration zones (adjacent to 
fissures) are enriched in REE compared to the core and 
unaltered zones (Fig. 6b). In the same way, the dark blue-
luminescent apatite overgrowths in carbonatite are depleted 
in REE compared to the early-formed violet-luminescent 
apatite (Fig. 6c). In pyroxenitic rocks, the dark blue or green-
luminescent apatite overgrowths and rims are depleted in 

REE compared to corresponding early-formed apatite (crys-
tal cores in the case of zoned apatite) (Fig. 6d–g). However, 
in one massive pyroxenite (sample GC 1994), the bright 
violet-luminescent apatite replacing a dark violet-luminesc-
ing apatite exhibits REE enrichment (Fig. 6d). Apatite in 
syenite, regardless of its luminescence (which is variable 
in a single grain, see Fig. 5d), has uniform REE patterns 
(Fig. 6h). By contrast, REE patterns of fenite-hosted apatite 
differ considerably as they are MREE enriched and exhibit 
a pronounced Eu anomaly. The bright green-luminescent 
rim/alteration zone is depleted in REE compared to the 
early-formed light blue-luminescing apatite (Fig. 6h). REE 
patterns in zoned apatite grains from trachyte are also sig-
nificantly different from those in apatite in the other rock 
types of the Phalaborwa Complex, which are comparatively 
enriched in MREE and HREE. The concentration of these 
elements increases from the core to the rim (Fig. 6i), which 
corresponds to CL observations under spectral imaging in 
the near infrared range (Fig. 5g).
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Fig. 5  Cathodoluminescence (a, b, d, f, g) and backscattered electron 
(c, e) micrographs of fenite, syenite and trachyte from Phalaborwa. 
Color CL in (a, d) and (f). Spectral CL  (Nd3+ emission filtered at 
880 nm) in (b) and (g); Ab–albite, Arf–arfvedsonite, Fluorbrit–fluor-
britholite, Kfs–K-feldspar, Mg-Rbk–Mg-riebeckite, Qtz–quartz, Phl-
phlogopite. The four-pointed stars represent the spots where EPMA, 
LA-ICPMS and SIMS analyses were performed. Related REE con-
tent (ΣREE in ppm), O isotope ratio (in %) and initial 87Sr/86Sr ratio 
(Sr(i)) are indicated in a black box. a–c Apatite crystal in fenite com-
prising quartz, blue-luminescing K-feldspar and pink-luminescing 
albite; Apatite is green-luminescent with some vein texture visible 
in the spectral image. A thin discontinuous overgrowth with strong 
Nd-activation, which is locally overlain by non-luminescent apatite 
associated with fluorbritholite (sample GC 828); d–e stubby crystal 

of apatite in syenite formed by red-luminescent K-feldspar and albite, 
and non-luminescent amphiboles (Mg-riebeckite and arfvedsonite). 
Apatite exhibits a complex luminescence texture. The primary blue-
violet-luminescent apatite is partly replaced by dark blue and green-
luminescent apatite along cracks and rim, as indicated by the arrow 
(sample GC 832). This texture is visible in backscattered electron 
image (e). f, g Zoning and veining texture in an elongated apatite 
crystal in trachyte made of red-luminescent albite and non-lumines-
cent phlogopite. Apatite luminescence is predominantly reddish-
brown in the core and blue in the outer part, with a discontinuous 
green-luminescent rim. Overall, a gradual increase in Nd-activation is 
observed, except in the outermost, discontinuous green-luminescent 
apatite (trachyte, sample GC 862). The arrow highlights alteration 
patterns
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Oxygen and strontium isotope ratios

The O isotopic compositions of the Phalaborwa apatites are 
given in Table 4 and shown in Fig. 7. The δ18O values vary 
from 6.9 to 10.3 % for apatite from phoscorite and between 
7.3 and 9.5 % for apatite from carbonatite. Most of the δ18O 
values of apatite from pyroxenitic rocks fall within the same 
range (7.1 – 9.1 %). Intra-grain variation in apatite from 
these rock types is typically about 1 %, irrespective of the 

variation in terms of luminescence or trace element contents. 
Larger variations were, however, noted in two cases: (1) in 
two apatite generations coexisting in a single grain, with 
δ18O values varying from 8.0 % in early-formed violet-lumi-
nescent apatite to 9.1 % in bright green-luminescent over-
growth (micaceous pyroxenite, sample GC2707; Fig. 3c,d)), 
and (2) in a crystal cluster hosted by a phoscorite (sample 
GC814), where the δ18O ratios seemingly vary according to 
the luminescence of apatite (from 8.5 % in the early-formed 

1

10

100

1000

10000

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

26A-7

26A-6

26A-4
violet CL - core

26A-5
dark blue-greenish CL - rim

1

10

100

1000

10000

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

7A-1
bright CL - vicinity of a fissure

7A-2
7A-3, dark CL - core

22A-1
bright CL - rim

22A-5
dark CL - core

22A-6

22A-4
22A-3

1

10

100

1000

10000

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

26A-3, violet CL - early-formed apatite
26A-1

dark blue-greenish CL - overgrowth
26A-2

30-2, bright green CL - late infilling

30-3, violet CL, early-formed apatite

1

10

100

1000

10000

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

23-3, dark blue CL - core
GC 828 - Fenite 

GC 2701

GC 1524 GC 2704
GC 2704

GC 2707

GC 1994

GC 2706

GC 1994

GC 811

GC 814

GC 814

GC 815

GC 2705

GC 862 

GC 832 -  
Syenite

23-4
violet CL - core

23-5

28-3, dark blue CL - core

28-2
28-1

blue-greenish CL - rim

1

10

100

1000

10000

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

11-3, light blue CL - early-formed apatite
11-2, bright green CL, rim/alteration

12-1, intermediate blue-green CL - core

12-3, bright violet CL - relict core?
12-5, dark green CL - rim/replacement

1

10

100

1000

10000

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

5-1, dark blue CL - overgrowth

5-2, violet CL - early-formed apatite

Apatite from carbonatite - LA-ICPMS 
(Dawson and Hinton 2003; Milani et al. 2016; Wu et al. 2011)

Apatite from pyroxenite 
- LA-ICPMS (Wu et al, 2011)

1

10

100

1000

10000

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

15-5, reddish CL - core

15-1
bright blue CL zoning

Core

Rim

15-3, green CL - rim
15-2

1

10

100

1000

10000

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

7B-6, violet CL - grain (in cluster)

8-8

7B-1 dark blue-green CL
- grain (in cluster)

8-5
bright CL - early-formed apatite

8-1
dark CL - overgrowth

Apatite from phoscorite
     - LA-ICPMS

(Milani et al. 2016;
                   Wu et al. 2011)

8-2

7B-2

   

                  

    

                   

1

10

100

1000

10000

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

22C-1, violet CL - early-formed apatite
22C-2, light violet CL - replacement/alteration

29-2, violet CL grain/early-formed apatite

29-4, dark blue CL grain/overgrowth

17-1, violet CL crystal

a c

d e f

g h i

b
no

rm
. c

ho
nd

rit
es

no
rm

. c
ho

nd
rit

es
no

rm
. c

ho
nd

rit
es

Phoscorite

Apatite veins
(clusters)

Massive pyroxenite

Carbonatite

Fenite and syenite

Micaceous pyroxenite

Carbonatite

Trachyte

Micaceous pyroxenite

Fig. 6  REE patterns of apatite in the different rock types of the 
Phalaborwa Complex; a phoscorite, (b, c) carbonatite, (d) massive 
pyroxenite, (e, f) micaceous pyroxenite, (g) apatite veins, (h) fenite 

and syenite, (i) trachyte; REE patterns are normalized to chondrite 
values from McDonough and Sun (1995)



 Contributions to Mineralogy and Petrology (2020) 175:34

1 3

34 Page 22 of 31

violet-luminescent apatite to 10.3 % in late dark blue-green-
luminescent apatite). The δ18O values of apatite in the fen-
ite are consistent with those in rocks mentioned here above 
(7.7–8.0 %). By contrast, in syenite and trachyte, the O iso-
tope composition of apatite is significantly lighter (4.4–5.4 
% and 1.4–2.2 %, respectively), with intra-grain variations 
of about 1.5–2 %.

The Sr isotopic compositions of the Phalaborwa apa-
tites are presented in Table 4 and Fig. 8. The initial isotopic 
ratios have been calculated based on an emplacement age at 
2060 Ma (in-situ U–Pb ages on zircon and baddeleyite; Wu 
et al. 2011). The initial 87Sr/86Sr ratios  (Sr(i)) vary consider-
ably. Apatite from carbonatite is characterized by the least 
radiogenic initial 87Sr/86Sr ratios, ranging from 0.7052 to 
0.7072. One apatite from the massive pyroxenite yielded 
initial ratios in the same compositional range  (Sr(i): 0.7056 
and 0.7058). Apatite in phoscorite differs from apatite in 

carbonatite, with 87Sr/86Sr(i) between 0.7060 and 0.7078. 
Apatite from micaceous pyroxenite and apatite veins form 
another group with  Sr(i) ratios consistently between 0.7103 
and 0.7117. The initial 87Sr/86Sr ratios of apatite from syen-
ite (0.7079–0.7095) are slightly higher than the apatite in 
carbonatite and phoscorite, as are the  Sr(i) values of apatite in 
syenite (0.7090 and 0.7092). The Sr isotopic composition of 
apatite in the fenite is even more radiogenic (0.7124–0.7133) 
than the apatite from massive pyroxenite (sample GC 2706; 
 Sr(i) = 0.7127 and 0.7134). Apatite in the trachyte has the 
most radiogenic Sr isotopic compositions and the largest 
intra-grain variability, with 87Sr/86Sr(i) ranging from 0.7131 
to 0.7202.
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Discussion

New insights into magmatic processes and sources 
at Phalaborwa

Oxygen and Sr isotope data provide useful insights into the 
genetic processes behind the different generations of apatite 
in the various host rocks at Phalaborwa. The low 87Sr/86Sr(i) 
of 0.7052–0.7078 obtained on apatite from carbonatite and 
phoscorite indicate that the parental mantle-derived magmas 

from which these apatites crystallized were hardly contami-
nated by continental crust, in agreement with previous stud-
ies by Wu et al. (2011; apatite and calcite in-situ analyses), 
Eriksson (1982, 1989; separate minerals and whole rock 
analyses), and Yuhara et al. (2003, 2005; apatite and whole 
rock analyses) (Fig. 8). They also overlap in δ18O (Fig. 9a), 
suggesting a common magmatic origin. The slight isotopic 
heterogeneity in apatite from phoscorite and carbonatite is 
probably due to some magma mixing under open-system 
conditions (Milani et al. 2017). Most of δ18O values plot in 
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the field defined for primary igneous carbonatite by Taylor 
et al. (1967). They are, however, outside of the field (Fig. 7) 
for primary igneous apatite defined by Broom-Fendley et al. 
(2016a). Our data are consistent with the δ18O values previ-
ously obtained by Pineau et al. (1973), Suwa et al. (1975) and 
Eriksson (1982) on carbonatite (whole rock analyses) and 
calcite (as separate minerals). The meaning of this apparent 
consistency (δ18O comprised in a narrow range from about 
7 to 10 per mil) remains uncertain. Apatite is largely consid-
ered as resistant to re-equilibration and isotopic resetting at 
low temperature (e.g. Cole and Chakraborty 2001), unlike 
calcite (e.g. Pineau et al. 1973). This implies that δ18O of 
apatite and calcite don’t necessarily result from the same 
processes, thus complicating the discussion of these data. 
If we consider nonetheless that the processes recorded by 
these minerals are similar (only magmatic with little or no 
effect of low-temperature fluids), then a higher fractionation 
could be expected between apatite and calcite (Fortier and 
Lüttge 1995). The relative consistency of the δ18O can be 
explained either if apatite and calcite were in equilibrium at 
high crystallization temperature (Fortier and Lüttge 1995) 
or if these minerals crystallized in equilibrium with a melt 
that experienced a slight change of composition between the 
times apatite and calcite, respectively, formed.

Regarding the pyroxenitic rocks, our data are overall 
consistent with those published by Eriksson (1982, 1989) 
(Figs. 7, 8, 9a), though a shift in δ18O is observed between 
clinopyroxene and apatite. Apatite in the various pyroxenitic 
rocks is, with two exceptions, significantly enriched in 87Sr 
compared with phoscorite and carbonatite, but has similar 
δ18O ratios (Fig. 9a). This enrichment could be related to 
crustal contamination and/or metasomatism at different 
stages of magma evolution. However, the very high Sr con-
tent of apatite in pyroxenitic rocks (~ 10,000 ppm, Table 4) 
makes it less susceptible to enrichment in radiogenic Sr due 
to such processes. Instead, the more radiogenic values would 
highlight a (slightly) different metasomatised mantle source 
for pyroxenitic rocks. The high Sr contents of the miner-
als forming these rocks (> 500 ppm Sr in clinopyroxene; 
Eriksson 1982) argue for a parent liquid enriched in Sr. The 
higher initial 87Sr/86Sr ratios of the source would be achieved 
through a long enough residence time and a high Rb content 
of the source of the liquid (which is likely considering the 
high Rb content of phlogopite of above 600 ppm; Ericksson 
1989). Exceptions are two analyses from massive pyroxenite, 

crosscut by banded carbonatite (sample GC 1994). They plot 
within the Sr and O isotopic fields defined for apatite from 
phoscorite and carbonatite (Fig. 9a). This may be explained 
by carbonatite-related apatite crystallization in the massive 
pyroxenite, in which case it would not be representative of 
the environment of pyroxenite formation.

The alkaline character of fenite is highlighted by the par-
tial replacement of the primary minerals constituting the 
country rock by red-luminescent feldspar (albite in Fig. 5a). 
Its highly radiogenic composition can be explained by 
interaction, to some extent, with the surrounding Archean 
continental crustal rocks. Both syenite and trachyte (respec-
tively from Kgopoeloe and Spitskop) are clearly related 
to alkaline magmatism. This is supported by: (1) the red, 
 Fe3+-activated luminescence of the feldspar forming these 
rocks (K-feldspar in syenite and albite in trachyte, Fig. 5d, 
f) (Marshall 1988), and (2) the characteristic LREE enrich-
ment of apatite (evident from the red-luminescing core of 
apatite in trachyte). The isotopic composition of apatite in 
these rocks differs markedly from all others. In the  Sr(i) ver-
sus δ18O space (Fig. 9a), they define a mixing trend from 
the phoscorite-carbonatite composition to more radiogenic 
and 18O-depleted compositions. The trachyte, occurring 
in the form of narrow subvolcanic dikes, is most extreme, 
whereas the larger syenite bodies take an intermediate posi-
tion (Fig. 9a). It is worth mentioning here that previously 
published  Sr(i) compositions obtained on syenite (whole rock 
analyses; Yuhara et al. 2003, 2005) are significantly less 
radiogenic (0.6632–0.8850; Fig. 8). However, we question 
whether at the least the lower of these values can be consid-
ered probable for magmatic rocks.

The depletion in 18O in apatite from trachyte and, to a 
lesser extent, syenite can be explained by three mechanisms: 
(1) involvement of 18O-depleted meteoric water at moderate 
temperatures (above 200 °C; Deines 1989) towards the late-
crystallization stage of syenitic and trachytic magmas, (2) 
assimilation of crustal material having experienced hydro-
thermal alteration (by 18O-depleted meteoric fluids) prior to 
incorporation into the magma chamber (e.g. Riishuus et al. 
2006), and (3) increased fluid-rock interaction upon cool-
ing of a  CO2-rich deuteric fluid (e.g. Broom-Fendley et al. 
2016a). Overall, the satellite bodies at Phalaborwa were 
emplaced at rather shallow crustal levels and the trachyte 
dikes at subvolcanic levels, which would have facilitated the 
interaction with 18O-depleted meteoric fluids. Such interac-
tion was, most likely, further enhanced by depressurizing-
induced brecciation. The mixing trend with a 18O-depleted, 
radiogenic source is, however, also explicable by various 
degrees of crustal contamination, as displayed by the rela-
tionship between size of intrusive body and extent of this 
contamination: the trachyte dikes would reflect more crustal 
contamination than the larger syenite bodies. Whether the 
source of the syenitic melts was different from that of the 

Fig. 9  Correlation between a 87Sr/86Sr(i) and δ18O for apatite hosted 
in the different rock types of the Phalaborwa Complex. Phoscorite 
and carbonatite define the light blue field; b ΣREE and δ18O for apa-
tite from phoscorite, massive pyroxenite and micaceous pyroxenite 
(LA-ICPMS and SIMS analyses); c Y content and Eu anomaly for 
apatite from phoscorite, carbonatite and pyroxenitic rocks; d ΣREE 
and 87Sr/86Sr(i) and e ΣREE and δ18O for apatite from syenite and tra-
chyte (LA-ICPMS and SIMS analyses)

◂
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main intrusive complex, as suggested by Eriksson (1982, 
1989), or simply resulted from magmatic differentiation of 
the primary magma in the main complex (Frick 1975), can-
not be finally resolved.

Processes forming apatite and its REE content

Magmatic apatite in phoscorite, carbonatite 
and pyroxenitic rocks

Our analyses reveal several features that are common to 
apatite in phoscorite, carbonatite and pyroxenitic rocks. For 
these three rock types, apatite has a luminescence dominated 
by a blue component (Figs. 3, 4), is strongly enriched in 
LREE (Fig. 6a–g) and does not exhibit alteration patterns 
that could unambiguously be interpreted as being related 
to late-magmatic/hydrothermal processes (such as turbid 
or conversion textures; Broom-Fendley et al. 2017; Zirner 
et al. 2015). The observed characteristics are common in 
primary magmatic apatite in a carbonatitic environment (e.g. 
Alves 2008; Broom-Fendley et al. 2016a; Decrée et al. 2015, 
2016; Hayward and Jones 1991; Waychunas 2002). Our new 
data support Milani et al. (2017) notion that partitioning 
of the (L)REE in apatite in phoscorite and carbonatite at 
Phalaborwa is mostly due to igneous processes. The REE 
data obtained in this study are overall close to REE patterns 
of apatite from Phalaborwa published previously (Fig. 6a-d), 
even if a lower REE content of apatite in phoscorite must be 
noted in our samples (Fig. 6a).

At Phalaborwa, zonations, overgrowths, embayments and 
alteration zones are frequently observed in apatite under CL, 
especially using spectral imaging of Nd-activation. They 
are interpreted as magmatic in origin. Two major evolution 
trends regarding the distribution of REE in apatite have been 
revealed and further confirmed by LA-ICPMS analyses:

(1) An overall decrease in REE content is observed dur-
ing apatite deposition in phoscorite, pyroxenitic rocks, 
and, to a lesser extent, carbonatite. This is evidenced 
by zoned apatite hosted by pyroxenitic rocks: the inner 
part of the grains is more strongly activated by Nd 
and, accordingly, is enriched in REE compared to its 
outer rim (Fig. 3b,e and Fig. 6e). Similar observations 
could be made on overgrowths that largely developed 
after abrasion/resorption of early apatite, either in its 
corroded rim (Fig. 4e) or inside corrosion/dissolution 
embayments (Fig. 3c,d). These overgrowths have a 
CL that is less activated by Nd than in earlier apatite 
(Figs. 3b,d,g and 4a) and their REE concentration is 
consistently lower (Fig. 6a,c,d,f). Similarly, the blue-
violet CL of the early-formed massive apatite in veins 
is systematically more activated by Nd and the apatite 

is richer in REE compared to the later, dark blue/green-
luminescent apatite (Figs. 3e, 4a and 6a).

Quantitative modeling of such a decrease in REE from 
early to later-formed apatite (in the form of crystal rims/
outer zones, as overgrowths or in clusters) is difficult because 
partition coefficient values between apatite and different liq-
uids (parents to the carbonatite, phoscorite, pyroxenite) are 
not well known. Furthermore, such modeling requires an 
estimate of the relative proportion of apatite in the crystal-
lizing assemblage that cannot be constrained. However, we 
offer some considerations. The only simplifying issue is that 
all other probable major minerals (calcite, clinopyroxene and 
mica) co-crystallizing with apatite have very low partition 
coefficients. Thus, for example, the partition coefficients of 
REE between apatite and calcite, apatite and clinopyroxene 
and apatite and biotite are in the range 20–300, 50–200 and 
100, as shown by Eby (1975). Hence, the values between 
those minerals and any liquids will be extremely small. Their 
crystallization will cause an increase in concentration in 
evolving liquids, but has essentially no effect on REE ratios 
such as (La/Yb)N. However, if there are fundamental differ-
ences for the partition coefficients for La and Yb into apatite 
(and are significantly greater than unity) crystallization of 
apatite will affect this ratio. In the samples investigated here, 
the apatite partition coefficient would have to be high enough 
and/or the proportion of apatite great enough to produce the 
overall decrease in REE content of the residual melt, hinder-
ing changes of the residual melt chemistry induced by the 
precipitation of coexisting minerals.

The hypothesis of a progressive decrease of REE content 
in residual melt implies that the system was closed (at least 
locally, in residual melt pockets), without any further input 
of REE. This is also confirmed by the Sr isotope composi-
tion of apatite, which did not change in the course of apatite 
crystallization. By contrast, the decrease in REE is accom-
panied by a slight increase of the δ18O values (typically 
below 1 %, occasionally up to 1.8 %, Figs. 7 and 9b). Such a 
change towards higher δ18O ratios is usually ascribed to one 
or more of four mechanisms in carbonatitic environments: 
(1) sediment assimilation, (2) low-temperature alteration, 
(3) Rayleigh fractionation, and (4) degassing (e.g. Broom-
Fendley et al. 2016a; Demeny et al. 2004). In the system 
considered here, and given that apatite is not readily affected 
by extended dissolution/reprecipitation process and volume 
diffusion at low temperature (typically below 550 °C; Cole 
and Chakraborty 2001), Rayleigh fractionation through the 
removal of early apatite (and possibly associated silicates) 
incorporating preferentially lighter O appears the most via-
ble process to explain the slight increase in δ18O in crystal 
rims and apatite overgrowths. Nevertheless, considering that 
oxygen diffusion during post-crystallization cooling (even 
below the closure temperature of apatite) could induce an 
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isotopic re-equilibration of apatite (Haynes et al. 2003), 
the possible role of this process should be more carefully 
investigated. While oxygen from the phosphate site is not 
susceptible to isotopic re-equilibration when interacting at 
lower temperature (e.g. Broom-Fendley et al. 2016a and ref-
erences therein), oxygen in the hydroxyl site is more likely 
to substitute and exchange (Farver and Giletti 1989). In the 
apatite investigated, the very low amount of oxygen in the 
hydroxyl site (estimated at about 1.5% of the total oxygen in 
the apatite structure) implies that the fractionation between 
δ18O at the OH site and in the rest of the apatite structure 
must be substantial to modify the O isotope signature of 
the bulk mineral (as already suggested for hydroxylapatite; 
Fortier and Lüttge 1995). A significant change of the O iso-
tope signature at the hydroxyl site can only be achieved if 
apatite exchanges with a phase that is strongly enriched in 
18O. The existence of such a phase is not likely in the mag-
matic environment considered (i.e. with little evidence of 
low-temperature fluid involvement). These arguments tend 
to suggest that diffusion process during post-crystallization 
cooling played a minor role in the modification of the O 
isotope composition of apatite at Phalaborwa.

(2) In contrast, zoned apatite in carbonatite exhibits an 
increasing Nd-activation under CL towards its outer 
rim, consistently with an increase in REE content 
(Figs.  4h, i and 6b). The complex zoning patterns 
of these crystals (illustrated in Fig. 4h,i) suggest re-
equilibration of earlier-formed apatite with the magma 
(Chakhmouradian et al. 2017; Wu et al. 2011), likely 
through sub-solidus diffusion at the magmatic stage 
(e.g. Harlov et al. 2005; Milani et al. 2017). Similar 
REE enrichment is observed in fissure walls of brecci-
ated apatite crystals hosted in the carbonatite (sample 
GC 814; Figs. 4f, g and 6b) and in the altered zones 
of apatite in the massive pyroxenite crosscut by the 
banded carbonatite (sample GC 1994; Figs. 3h, i and 
6d). These features indicate that at least one episode 
of carbonatite magma intrusion induced local changes 
in apatite chemistry leading to REE enrichment. No 
major change of δ18O and  Sr(i) was associated with this 
process (Table 4). This demonstrates that the freshly-
intruding carbonatite magma had an isotopic signature 
close to that of the intruded rock (in which early apa-
tite had formed). Several generations or remobilization 
episodes of banded carbonatite have been recognized 
at Phalaborwa (Eriksson 1989). This is well-reflected 
by one of the samples investigated in our study (sample 
GC 809), in which a bright orange-luminescent carbon-
atite was emplaced into a dull-luminescent carbonatite 
(Fig. 4c). Besides, this intrusion also resulted in brec-
ciation and dissolution/corrosion of the early-formed 
apatite (Fig. 4c–h), which could be partly achieved 

through the transport of the material by the moving 
magma (Chakhmouradian et al. 2017).

Another notable feature that characterizes the apatite is 
the negative anomaly in Eu (Eu/Eu* ~ 0.75, Table 1; Fig. 6). 
Such an anomaly is easily explained in igneous rocks that 
underwent feldspar fractionation (Chakhmouradian et al. 
2017), which is likely in trachyte and syenite. Nevertheless, 
it remains more questionable in apatite from phoscorite, 
carbonatite and pyroxenitic rocks, although a negative Eu 
anomaly is quite frequently encountered in such rocks (e.g. 
Bernard-Griffiths et al. 1988; Belousova et al. 2002). In these 
rocks, negative Eu/Eu* is commonly attributed to either of 
two processes: (1) the extraction of divalent Eu (together 
with Y) via a high-temperature aqueous fluid evolving from 
the magma (Bühn et al. 2001), or (2) the competition for 
 Eu2+ between the various minerals in a closed system (Eby 
1975). Though a negative correlation between Y content 
and the intensity of Eu anomaly is observed in apatite from 
pyroxenitic rocks (Fig. 9c), the effect of an aqueous fluid 
is likely limited. Instead, the negative Eu/Eu* of apatite in 
these rocks would be related to the coeval formation of min-
erals that preferentially incorporate  Eu2+ in their structure, 
such as calcite, pyroxene and phlogopite. Data published 
previously on Phalaborwa have shown that divalent Eu is 
preferentially fractionated into calcite (Dawson and Hinton 
2003; Wu et al. 2011) and phlogopite (Milani et al. 2017) 
rather than into apatite. Similarly, preferential incorpora-
tion of  Eu2+ into pyroxene and mica has been demonstrated 
for the Oka Complex (Eby 1975). Preferential partitioning 
of  Eu2+ into minerals formed in association with apatite in 
pyroxenitic rocks is also likely to explain the negative anom-
aly observed (Fig. 6d–g), the process being superimposed 
onto interactions with hot aqueous fluids.

Fluid‑resetting of apatite in fenite, syenite and trachyte

Apatite in fenite, syenite and trachyte significantly differs 
from that in phoscorite, carbonatite and pyroxenitic rocks. In 
the fenite, apatite is blue-luminescent, with a green-lumines-
cent alteration pattern (Fig. 5a). A thin Nd-activated outer 
rim is observed (Fig. 5b) and is locally overlain by a non-
luminescing apatite associated with fluorbritholite (Fig. 5c). 
Most of the grain is characterized by a MREE-rich pattern 
with a negative Eu anomaly (Fig.  6h), which has been 
reported from apatite in other fenitized/metasomatised rocks 
(e.g. Broom-Fendley et al. 2017; Krneta et al. 2018; Zirner 
et al. 2015). A slight depletion in LREE superimposed onto 
this pattern highlights the alteration leading to the green-
luminescent apatite deposition (Fig. 6h). The decrease in 
LREE in apatite is commonly attributed to mobilization of 
these elements during fluid flow through the rock (e.g. Har-
lov et al. 2002; Krneta et al. 2018; Li and Zhou 2015). The 
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lack of significant changes in the O and Sr isotope com-
positions in the different zones of the grain (Figs. 7 and 8) 
implies that the fluid(s) involved in alteration was (were) 
probably isotopically close to the metasomatic fluid from 
which the early-formed apatite crystallized. The assemblage 
of non-luminescent apatite and fluorbritholite would have 
formed at the expense of this REE-rich apatite, via coupled 
substitution and mass transfer (Giebel et al. 2017).

In the syenite, apatite displays a complex turbid texture 
under CL (Fig. 5d), which indicates late-magmatic/hydro-
thermal processes (Broom-Fendley et al., 2016b). This alter-
ation led to a slight leaching of LREE and enrichment in M/
HREE of the green-luminescent altered rim of the crystal 
compared to the blue-greenish luminescent core (Fig. 5d and 
Fig. 6h). As for fenite, these geochemical features can be 
explained by the preferential mobilization of LREE through 
fluid-rock interactions (e.g. Harlov et al. 2002). In addition, 
formation of this apatite was associated with an increase in 
 Sr(i) and a decrease in δ18O (Fig. 9a,d,e; Table 4). One can 
argue that these changes point to increasing involvement of 
δ18O-depleted meteoric water (as explained in “New insights 
into magmatic processes and sources at Phalaborwa” above) 
and contribution from/interaction with the country rocks 
during late stages of syenite magma emplacement.

Apatite hosted by trachyte is zoned and the transition 
between the growth bands is gradational (Fig. 5f): the red-
dish-brown (due to a mix between red, green CL colors, 
with some hints of blue) luminescent core is overgrown by 
blue-luminescent apatite, which is in turn overlain by green-
luminescent apatite (Fig. 5f). A zoning pattern that evolves 
from a red/green towards a blue luminescence over time is 
common in apatite growing in carbonatitic environments 
(e.g. Alves 2008; Decrée et al. 2016; Hayward and Jones 
1991; McLemore and Barker 1987). The increase in MREE 
and HREE noted during the continuous growth of apatite 
(Fig. 6i) would indicate that no mineral capable of concen-
trating HREE and subsequently preventing apatite from 
scavenging HREE (Cao et al. 2012; Chu et al. 2009) formed 
during magma differentiation. Increasing interaction with 
meteoric water and the country rocks (see “New insights 
into magmatic processes and sources at Phalaborwa”) is 
the best explanation for the decrease in δ18O and progres-
sive enrichment in radiogenic Sr observed from the core to 
the rim of this apatite (Fig. 9a,c,d). Fluid- or magma-rock 
interaction during trachyte emplacement could explain the 
slight depletion in LREE of the green-luminescent rim, as 
the alteration patterns observed in apatite. Similar forms of 
alteration occurring at all stages of apatite crystallization 
have been described in the carbonatite complex at Otjisazu 
(Bühn et al. 2001) and in the Ilímaussaq complex (Zirner 
et al. 2015).

Summary and conclusions

This petrological, mineral-chemical and in-situ isotope (Sr 
and O) study focused on the processes that led to the forma-
tion of apatite in a large variety of rocks at Phalaborwa and 
which controlled the distribution of REE in this mineral. In 
phoscorite, carbonatite and pyroxenitic rocks, apatite forma-
tion mainly resulted from igneous processes, as evidenced 
by its typical blue-violet CL and LREE enrichment, and lack 
of alteration textures. In phoscorite and pyroxenitic rocks, 
crystallization of apatite was marked by a moderate decrease 
in REE and a slight increase in δ18O, with unchanged  Sr(i). 
These changes can be explained by Rayleigh fractionation, 
in relation with magma differentiation and early apatite frac-
tionation in isolated interstitial melt pockets. By contrast, 
in carbonatite, secondary REE enrichment of early-formed 
apatite is due to re-equilibration of the latter through sub-
solidus diffusion at the magmatic stage with a fresh carbon-
atite magma intruding already existing carbonatite. In the 
fenite, syenite and trachyte, fluid-rock/magma interactions 
are evidenced at various stages of apatite crystallization by 
alteration textures. Alteration by fluid also induced leaching 
of LREE from apatite.

Our new isotope data highlight the predominant role of 
magmatic processes in the distribution of REE in apatite 
from the rock types hosting the phosphate mineralization at 
Phalaborwa. It also confirms the independent formation of 
pyroxenitic rocks compared to phoscorite and carbonatite, 
the latter two having a common genetic origin. Finally, the 
new data acquired on apatite give clues about the forma-
tion of the satellite bodies in the complex (i.e. their epizonal 
emplacement and interaction of the syenitic magma with 
meteoric waters and the substratum).

Regarding the methodology for fingerprinting purposes, 
this study emphasized that the spectral CL of the  Nd3+ emis-
sion at 880 nm is a powerful tool to quickly reveal REE 
distribution and enrichment in apatite as well as enhanc-
ing crystal textures. It reflects with great sensitivity the 
chemical evolution of apatite through time. Combined CL, 
LA-ICPMS and in-situ O and Sr isotope compositions are 
helpful to decipher enrichment processes and investigate the 
question of element/fluid source at the scale of the complex. 
In future, it will be worth using these tools more systemati-
cally to study apatite in alkaline complexes.
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