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Energy Agency, Global Critical Minerals Outlook 2025). 
The majority of REE deposits, particularly those containing 
light REEs (LREEs, La–Nd, rarely Sm), are closely asso-
ciated with carbonatites and alkaline igneous rocks, which 
can also harbor substantial quantities of other industrially 
significant metals, such as Nb, P, and F (Wang et al. 2020).

Despite increasing interest in carbonatite-related LREE 
deposits, the mechanisms of REE concentration remains 
debated (Anenburg et al. 2020; Louvel et al. 2022; Yuan 
et al. 2024; Reece et al. 2025). Carbonatite-related LREE 
deposits are mostly a feature of primary-magmatic LREE 
enrichment, many are hydrothermally upgraded, and some 
are volumetrically condensed through weathering and there-
fore enriched (Andersen et al. 2017). In the magmatic stage 
the main LREE carriers are apatite, monazite, pyrochlore, 
and carbonates. The principal LREE carbonate, proposed to 
crystallize directly from strongly fractionated and Na-rich 
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Abstract
Based on compiled mineralogical and geochemical data, we show that burbankite-rich ferrocarbonatite is altered to cal-
cite–bastnäsite–monazite ore at Swartbooisdrift, NW Namibia. The magmatic carbonatite assemblage comprises ankerite, 
magnetite, pyrochlore, fluorapatite, and locally abundant burbankite. All of these minerals can be enriched in layers that 
define a magmatic flow banding. Burbankite formation can be restrained to ~ 650  °C. Late-magmatic to hydrothermal 
alteration proceeds in situ from burbankite to carbocernaite (I to II) ± calcite ± barite ± strontianite, then cordylite-(Ce), 
monazite-(Ce) and finally ancylite-(Ce). Pyrochlore alters to columbite-(Fe) and fluorapatite to secondary monazite-(Ce). 
The calcite–bastnäsite–monazite ore forms below ~ 460 °C as veins, lenses and bands confined to the main ferrocarbonatite 
dikes. Its pinkish color results from minor hematite. Mass-balance calculations indicate fluid-assisted removal of Sr, Na, 
Mg, Ba and addition of Ca, P, Fe, Mn and LREE with modest volume loss to reach ore grades. C-O stable isotope analyses 
for the ferrocarbonatite, burbankite and LREE ore show an increasingly heavier δ18O signature linked to the hydrother-
mal alteration with an interpreted rising crustal influence and decreasing temperatures. Additionally, in-situ trace element 
analysis further provides arguments for the hydrothermal character of LREE redistribution through fluid-sensitive element 
ratios (Th/U; Y/Ho; Pb/Th). Our data suggest that formation of the Swartbooisdrift LREE ore results from instability and 
reaction of early Na-carbonates, apatite, and pyrochlore with progressive fluid evolution (decreasing Na and increasing 
oxygen fugacity with decreasing T), finally leading to a transformation of burbankite-rich zones of ferrocarbonatite into 
pink ore along carbonatite-hosted structures. This establishes a coherent magmatic–hydrothermal pathway from primary 
burbankite to economic LREE mineralization.
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carbonatite magma, is burbankite, a mineral that is rarely 
preserved in most carbonatites (Zaitsev et al. 2002; Wall 
et al. 2004; Anenburg et al. 2020; Chakhmouradian and 
Dahlgren 2021; Nikolenko et al. 2022). Instability of bur-
bankite during late magmatic to hydrothermal conditions, 
linked with decreasing alkalinity, in the first stage leads 
to pseudomorphic replacement with carbocernaite, REE-
(fluor)carbonates, ancylite-(Ce), and monazite-(Ce) in some 
cases conserving the euhedral hexagonal shape (Zdorik 
1966; Zaitsev et al. 1998; Belovitskaya and Pekov 2004; 
Wall et al. 2004; Broom-Fendley et al. 2016; Sitnikova et 
al. 2021). Secondary alteration processes can be pervasive 
to the extent of complete obliteration of primary textures as 
described for example for Kangankunde, Malawi (Wall and 
Mariano 1996; Broom-Fendley et al. 2017; Chikanda et al. 
2019) and Wigu Hill (Moshi et al. 2024). Raman spectros-
copy has been employed increasingly for the identification 
of the complex and µm-scaled mineralogy of carbonatites 
and especially for REE-(fluor)carbonates (Chakhmouradian 
and Dahlgren 2021; Sitnikova et al. 2021; Sidorov et al. 
2024).

This study presents important insights to some of these 
mechanisms by investigating ferrocarbonatites from Swart-
booisdrift (NW Namibia). Both rare primary burbankite, 
pyrochlore and fluorapatite are preserved in an ankerite 
matrix. Alteration assemblages and complete pseudomorphs 
are observable in sequence. New mineralogical and geo-
chemical data with results from previous studies (Secken-
dorff et al. 2000; Drüppel 2003; Drüppel et al. 2005, 2007; 
Leible and Drüppel 2014) and recent exploration datasets 
from Ondoto Rare Earth (Pty) Ltd (Ellmies et al. 2021) 
are compiled. We establish (i) the paragenesis from mag-
matic to hydrothermal REE-rich assemblages, (ii) constrain 
physicochemical conditions responsible for formation and 

transformation of phases such as burbankite, and (iii) eval-
uate pathways and extents of LREE mobility. Our results 
define a magmatic–hydrothermal process in which early 
burbankite-rich domains in ferrocarbonatite are progres-
sively altered and finally transformed into calcite–bast-
näsite–monazite ore, which is confined to the carbonatite 
dikes.

Geological overview

Regional geology

The study area is in NW Namibia close to the settlement 
Swartbooisdrift at the Kunene River (Fig.  1). The oldest 
lithology in the region is the Proterozoic Epupa Complex 
(EC), a meta-volcano-sedimentary sequence forming the 
Congo Craton’s southern extension (Clifford 1970). The 
EC is intruded by the Mesoproterozoic Kunene Intrusive 
Complex (KIC) comprising anorthositic and minor gra-
nitic rocks. The KIC is exposed as a N-S elongated intru-
sion of  > 300 km in length in SW Angola and, to a lesser 
extent, in NW Namibia. It was emplaced at ~ 1385 ± 25 Ma 
to 1347 ± 13 Ma (Mayer et al. 2004; Drüppel et al. 2007). 
Near Epembe, ~ 50 km southwest of Swartbooisdrift, a large 
calcite carbonatite dike transects the metamorphic base-
ment, for which a SIMS-Pb-Pb zircon age of 1173 ± 12 Ma 
was calculated (Simon et al. 2017). Syenite and nepheline 
syenite of the same area were recently dated by Tshinin-
gayamwe et al. (2022), resulting in U–Pb zircon ages of 
1220 ± 3 Ma and 1205 ± 13 Ma, respectively.

The Swartbooisdrift carbonatites intrude the southern 
margin of the KIC, west of the Kunene River in an area 
of ~ 100  km2. They are classified as ferrocarbonatite with 
mantle-like C–O isotopes (Thompson et al. 2002; Drüppel 

Fig. 1  Simplified geological map: contacts interpreted from Menge (1998). Location markers illustrate main sample locations. Coordinates for 
each individual sample are documented in ESM2
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et al. 2005). U–Pb dating of pyrochlore gave a preliminary 
age of 1140–1120 Ma (data provided by S. Littmann, in 
Drüppel et al. 2005). Locally, minor nepheline syenite and 
lamprophyre dikes are associated with the carbonatite.

Field observations

Mapping and field observations indicate that the zones of 
weakness, introduced during and after solidification of the 
anorthosites of the KIC, were reutilized during subsequent 
intrusions (Drüppel 2003; Drüppel et al. 2005, 2007). The 
emplacement of the carbonatites (Fig. 2) occurred mainly 
along NW-SE striking and moderately to steeply (40–64°) 
SW dipping shear and fault zones. During intrusion of the 
ferrocarbonatites, the previously emplaced syenite was 
incorporated as clasts and strongly to completely over-
printed (Fig. 3a). Metasomatism also affected the bordering 
anorthosites leading to the formation of broad, Na-meta-
somatic fenite aureoles (Drüppel 2003). Carbonatite dikes 
range between several centimeters up to tens of meters in 
width and contain abundant fragmented wall rock material 
and—in places—syenitic clasts. The ferrocarbonatites are 
fine to very coarse grained and characterized by a brownish 

weathering color. The following succession of events can 
be deduced from field relationships: (i) Early sodium-domi-
nated metasomatism (fenitization), described in some detail 
in Drüppel et al. (2005), leads to the transformation of pla-
gioclase of the surrounding anorthosites into both albite and 
sodalite (Fig. 3b). During the same event mafic minerals of 
the anorthosite suite are progressively transformed into Na-
amphiboles. These products of the early Na-metasomatism 
are progressively replaced by muscovite and cancrinite 
during the hydrothermal stage. (ii) The emplacement of a 
first generation of carbonatite (FC1) occurred at the same 
time as the fenitization (Fig.  3b). FC1 is represented by 
an ankerite- and magnetite-rich carbonatite hosting abun-
dant fenitized anorthosite and syenite xenoliths of mm- to 
m-scale (Figs. 2a and 3c). Biotite forms along the contacts 
between FC1 and both xenoliths and bordering wall rock. 
In places accumulations of homogeneous and small grained 
biotite-ankerite-magnetite-apatite form. Flow-banded alter-
nations of silicate- and carbonate-dominated layers, some-
times displaying irregular magmatic folding, are common. 
In the carbonate-rich domains ankerite dominates. Fluor-
apatite, pyrochlore, magnetite, burbankite, and calcite are 
minor but can be enriched to form nearly monomineralic 

Fig. 2  a Brown ferrocarbonatite 1 (FC1) with pale blue sodalite (Sdl), 
and a white/grey anorthosite-clast (An). Note magmatic folding of the 
silicate rich FC1. b Late stage, brown ferrocarbonatite 2 (FC2) vein 
intersecting FC1 (grey, blue). c Pinkish red burbankite and carbocer-
naite (Bbn/Cbc) schlieren with white ankerite (Ank), blue sodalite, and 

black biotite/magnetite (Bt/Mag, black). d Massive zone of monazite-
bastnäsite-calcite LREE ore (Mnz-Bsn-Cal, Pink Ore) from the min-
ing area hosted in ferrocarbonatite. Ankerite (beige) contains rust-red 
schlieren of pseudomorphs after primary REE minerals, most likely 
burbankite and apatite
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resources with ~ 20,000  t  total rare earth oxide contained 
(Ellmies et al. 2023).

Sampling and analytical methods

More than 500 regional samples were investigated petro-
graphically (sampled from 1997 to 2022). From these, 39 
samples with abundant REE-bearing minerals were selected 
and further analyzed.

Whole-rock analyses

All whole-rock analyses were performed at the Institute 
of Applied Geoscience, Karlsruhe Institute of Technology 
(AGW-KIT). Semi-quantitative mineral proportions were 
estimated by powder X-ray diffraction (XRD). Major-ele-
ment concentrations were determined by wavelength-dis-
persive X-ray fluorescence (WD-XRF), and loss on ignition 
(LOI) was measured by mass difference. Trace elements 
and REE were analyzed by inductively coupled plasma 
mass spectrometry (ICP-MS) after complete acid digestion. 
Quality control included certified reference materials (Gov-
indaraju 1994) and blanks. Full instrumental parameters and 

layers. Irregular sulfide-oxide veins (pyrite–chalcopyrite–
magnetite) occur locally where several larger dikes intersect 
(Drüppel et al. 2006). (iii) A second generation of nearly 
silicate-free ferrocarbonatites (FC2) intrudes mainly into 
FC1 and forms cm- to m-sized veins or dikes (Figs. 2b and 
3d). Its mineral assemblage is nearly identical to FC1, but 
FC2 contacts are marked by magnetite rather than biotite.

A regional extent of pinkish calcite-bastnäsite-monazite 
ore, which is restricted to the carbonatite dikes, was dis-
covered by Ellmies et al. (2021) during exploration. This 
REE ore is widespread in the eastern part of mining area 
(Fig. 1). These dike-like REE ore bodies, which are hosted 
by FC1, reach up to 4 m in width (Fig. 2d) and were termed 
“pink ore” due to their reddish to pinkish color. The regional 
and therefore economic scale of the carbonatite-hosted 
REE-mineralization was first recognized in 2010 during 
prospecting activities of Kunene Resources (Pty) Ltd. Sys-
tematic mapping, geophysics and drilling led to the defini-
tion of several REE ore bodies currently under development 
(open pit mining) by Ondoto Rare Earth (Pty) Ltd. Resource 
definition drilling with more than 600 boreholes revealed a 
down-dip extension of the major ore bodies for more than 
400 m often forming several subparallel ore bodies result-
ing in JORC-compliant measured, indicated and inferred 

Fig. 3  Schematic overview of the stages of ferrocarbonatite intrusion 
and associated metasomatism: a Simplified setting before ferrocarbon-
atite emplacement: reactivation of extensional shear zones in anortho-
site, which were previously intruded by syenite (1). b Emplacement 
of ferrocarbonatite 1 (FC1) along faults, associated with metasomatic 
albitization of the wall rocks (2), metasomatic formation of sodalite 
(3) and incorporation of wall rock and fenitized material (4). c Crystal-
lization and accumulation of magmatic phases of the ferrocarbonatite 

(ankerite, fluorapatite, pyrochlore, burbankite) followed by magmatic 
separation and development of flow banding and magmatic folding 
(5). Biotite forms in FC1 or along contacts between FC1, wall rocks, 
and xenoliths (6). d Intrusion of a second generation of ferrocarbon-
atite (FC2), which is mostly silicate-free (7). Magnetite forms along 
FC2 contacts with other lithologies (8) instead of biotite (FC1). Miner-
alogically FC1 and FC2 are almost identical
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Data handling and plotting of scatter plots, REE chondrite-
normalized plots, and ternary diagrams with Python  (ver-
sion 3.12.10) utilized the following libraries: pandas (The 
Pandas Development Team 2025), matplotlib (Hunter 
2007), numpy (Harris et al. 2020) and mpltern (Yuji Ikeda 
2024).

Mass balance calculations were made using an excel 
spreadsheet (EASYGRESGRANT) that was provided by 
López-Moro (2012). This allowed evaluation of volume, 
mass and composition changes during REE ore formation. 
López-Moro (2012) designed this spreadsheet according to 
Gresens (1967), Kresten (1988) and the summary provided 
by Grant (2005). Water-immersion specific gravity (SG) 
measurements for ore samples were provided by Rainer 
Ellmies. SGs of 3.26 and 3.05 were applied for burbankite-
rich zones and pink ore respectively.

Sample information, whole-rock geochemistry, stable 
isotope data, and mineral chemistry are provided in ESM2. 
The ESM3 file includes all available Raman data of ana-
lyzed minerals. The LA-ICP-MS data and spot locations are 
given in ESM4 and ESM5, respectively. The results of the 
mass balance calculations are given in ESM6.

Results

Whole-rock geochemistry

FC1 and FC2 samples with SiO₂ < 30  wt.%, (most sam-
ples < 4 wt.%) were classified as ferrocarbonatites accord-
ing to Le Maitre (2002). REE chondrite-normalized plots 
and scatterplots of FC1 and FC2 are geochemically similar. 
Small-scale mineral variations lead to steepening/flattening 
REE curves (Fig. 4a–c). Ferrocarbonatite varieties rich in 
burbankite with strong REE enrichment (~ 10 wt.%, n = 4) 
display steeper patterns (~ 8000  La/Yb  CN, n = 4). Pink 
ore samples closely match burbankite-rich zones but have 
steeper REE-patterns (~ 14000 La/Yb CN, n = 6) and have 
more total REE (13 wt.%, n = 6).

Petrographic features and alteration textures

Ferrocarbonatites (FC1, FC2)

Petrographically, the main difference between FC1 and 
FC2 is the reduced amount of xenolithic silica material 
within the latter. Mineral descriptions therefore account for 
both stages of intrusion. Ankerite forms subhedral, locally 
recrystallized granular to elongated mosaics (typically cm-
scale). Contacts with burbankite, fluorapatite, and magnetite 
are straight to gently curved; boundaries with pyrochlore are 
generally straight (Fig.  5). Primary calcite fills interstices 

reference materials are provided in the Electronic Supple-
mentary Material 1-Sect. 1 (ESM1-S1).

Stable isotopes

Carbon and oxygen isotope ratios (δ13C and δ18O) were 
measured on carbonate powders using a GasBench II iso-
tope ratio mass spectrometry (IRMS) system with phos-
phoric-acid digestion. Data are reported relative to VPDB 
(δ13C) and VSMOW (δ18O). Accuracy and precision were 
monitored by repeated measurements of certified refer-
ence materials. Analytical precision was 0.05 ‰ for δ13C 
and 0.08 ‰ for δ18O. The analyses were performed at the 
Laboratory for Environmental and Raw material Analysis 
(LERA), AGW-KIT. See the ESM1-S2 for the full analyti-
cal protocol and instrument conditions.

Mineral chemistry

Major-element mineral compositions for ankerite, calcite, 
pyrochlore, fluorapatite, and carbocernaite were obtained 
by electron probe microanalysis (EPMA) on polished, car-
bon-coated sections at the Institute of Mineralogy, Univer-
sity of Würzburg. At AGW-KIT additional EPMA data was 
acquired on a Jeol JXA 8200 to verify burbankite, monazite 
and bastnäsite-synchysite-parisite-group minerals, identi-
fied by scanning electron microscopy coupled with energy 
dispersive X-ray analysis (SEM–EDX). Standardless SEM–
EDX analyses were applied to REE-(fluor)carbonates and 
secondary Nb-oxides. SEM was also used for backscattered 
electron (BSE) imaging. Raman spectroscopy at AGW-KIT 
was used to differentiate REE-(fluor)carbonates. The iden-
tification of minerals was carried out by comparison with 
spectral databases (RRUFF database; Armbruster and Dan-
isi 2015) using the software CrystalSleuth and Spectragryph 
(Menges 2024). Cold/hot cathodoluminescence supported 
interpretation of primary versus secondary mineral growth 
(AGW-KIT). Trace element concentrations of ankerite, cal-
cite, pyrochlore, fluorapatite, burbankite, and carbocernaite 
were determined by laser ablation ICP-MS (LA-ICP-MS) 
at the University of Mainz, Germany using EPMA-derived 
CaO as internal standard. Full operating conditions, refer-
ence materials, interference considerations (Ba–REE peak 
overlap), and analyte lists are given in the ESM1-S3 to S7. 
An additional EPMA measurement campaign is planned to 
deepen the understanding of the complex REE- and F-bear-
ing mineralogy.

Data processing and availability

All REE data (ICP-MS and LA-ICP-MS) were chondrite-
normalized, using values from McDonough and Sun (1995). 
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are locally overgrown by secondary fluorapatite ± monazite-
(Ce). Rare inclusions in fluorapatite comprise burbankite, 
ankerite, magnetite, and calcite.

Burbankite is unusually well preserved. It occurs as (i) 
subhedral to anhedral, mm-sized grain clusters, (ii) inter-
stitial subhedral to anhedral grains (10–100 µm), and (iii) 
anhedral to subhedral burbankite crystals ≤ 50 µm in diam-
eter in burbankite-fluorapatite rich accumulations (Figs. 
5d-f and 6a-d). Rare inclusions of burbankite (10–50 µm) 
occur in fluorapatite. Five different alteration textures of 
burbankite were observed:

(i)	 Carbocernaite I replaces interstitial grains and grain 
clusters of burbankite. Replacement starts along the 
cleavage and grain margins of burbankite (Figs. 5 d-f 
and 6 b-c, f).

and is dull yellow with cold-CL. Secondary calcite in veins 
crosscutting primary fluorapatite is bright yellow (Fig. 5g).

Pyrochlore occurs as disseminated euhedral to subhe-
dral grains or grain clusters (≤ 150 µm; Fig. 5a-c). It com-
monly contains inclusions of albite, ankerite, and calcite 
and is concentrically zoned. Pyrochlore often shows signs 
of alteration ranging from minor embayment of grain mar-
gins to pseudomorphic replacement by secondary minerals 
like columbite-(Fe) and chlorite. Chlorite is later replaced 
by natrolite. Columbite-(Fe) has rare inclusions of µm-sized 
(late, low REE, high Sr) burbankite.

Fluorapatite forms euhedral to subhedral prisms or anhe-
dral grains (~ 50–500 µm; locally ≤ 5 mm; Fig. 5d-g) irregu-
larly distributed in the matrix. Primary fluorapatite shows 
distinct oscillatory zonation with bright blue colors (cold-
CL), whereas secondary fluorapatite is less bright, more 
violet, and shows no zonation (Fig. 5g). Concentric cores 

Fig. 4  Whole rock geochemistry of ferrocarbonatite 1 (FC1), ferrocar-
bonatite 2 (FC2) burbankite-rich zones in ferrocarbonatite 1 (Bbn-rich 
FC1), and monazite-bastnäsite-calcite-hematite zones (Pink Ore): a 
Ternary carbonatite classification plot from Le Maitre (2002). b Chon-
drite-normalized (McDonough and Sun 1995) REE-Spider plot. c La/
Yb CN vs Ce/Ce* = Ce CN / √ (La CN * Pr CN). In whole rock car-
bonatites, Ce/Ce* (cerium anomaly) primarily reflects mineral content 
and fractionation of Ce-selective phases. Ce anomalies arise because 
Ce can be stabilized as Ce4⁺ (unlike neighboring LREE) and can parti-

tion into specific accessory minerals (e.g. early pyrochlore and apa-
tite). The observed decrease in Ce/Ce* with increasing La/Yb CN is 
therefore interpreted mainly as progressive fractionation involving 
early Ce-binding phases in FC1. The last stage of this fractionation is 
expressed as Bbn-rich FC1 samples. The lowest Ce/Ce* values occur 
in pink ore zones, consistent with enhanced (hydrothermal) fluid activ-
ity and oxidation (hematite-bearing). d La/Yb CN vs Th/U and e La/
Yb CN vs Y/Ho
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Notably, monazite-dominant samples sometimes contain 
abundant homogeneously distributed euhedral pyrite. Barite 
and strontianite are anhedral and only found in association 
with bastnäsite-(Ce). Strontianite is present as inclusions up 
to 10 µm in bastnäsite-(Ce) or as larger grain accumulations 
of up to several hundreds of µm in diameter, where it is asso-
ciated with barite, bastnäsite-(Ce), and calcite. Small calcite 
crystals of up to 2.5 µm are present in this texture. Ancylite-
(Ce) is generally rare and can be found as 10 µm inclusions 
in bastnäsite-(Ce). Minor anhedral quartz occurs replacing 
carbonate along crystal lattice planes. Anhedral columbite-
(Fe) aggregates up to ~ 100  µm can be found in chlorite 
veins together with hematite, calcite and monazite-(Ce).

The textural observations imply the following mineral 
sequence of the pink ore: Pyrite forms before hematite. 
Monazite-(Ce), partly in stable assemblage with pyrite, 
forms prior to bastnäsite-(Ce) and synchisite-(Ce). Stron-
tianite, barite, and rare ancylite likely form contemporane-
ously with bastnäsite-(Ce) and hematite. Calcite is stable 
throughout the whole crystallization sequence of the pink 
ore.

C-O isotopes

C-O isotope analyses were performed for ankerite, bur-
bankite (88  vol.%  burbankite, 12  vol.%  carbocernaite), 
secondary zones (44  vol.%  calcite, 40  vol.%  carbocer-
naite, 16 vol.%  celestine) and pink ore (72 vol.% calcite, 
15  vol.%  bastnäsite-(Ce), 13  vol.%  monazite-(Ce)). All 
samples show compositionally restricted δ13C (VPDB) val-
ues of -7.16 ‰ to -6.84 ‰, which are in a similar range of 
those reported by Thompson et al. (2002) and Drüppel et 
al. (2005) for magmatic ankerite. δ18O (VSMOW) values, 
on the other hand, increase from primary to subsequently 
formed secondary carbonate assemblages from ~ 7.6  ‰ 
(primary ankerite) to ~ 9.4  ‰ (burbankite-carbocernaite) 
and ~ 10.5 ‰ (pink ore).

Mineral chemistry

Pyrochlore

Besides Nb, EPMA analyses of pyrochlore document SrO 
(1.0–2.3  wt.%), CaO (11.5–13.9  wt.%), and Na2O (6.5–
8.0 wt.%). The A-site is occupied by almost equal amounts 
of Ca and Na and only minor Sr. Pyrochlore contains high 
amounts of Ta (up to 0.9  wt.%) and the LREE (La: 0.4–
1.1  wt.%, Ce: 0.8–2.3  wt.%, Nd: 0.2–0.8  wt.%) with the 
ΣREE ranging between 1.4 and 4.1 wt.%.

Due to its strong alteration and the abundance of min-
eral inclusions, it turned out to be difficult to analyze pyro-
chlore with LA-ICP-MS. The chondrite-normalized REE 

(ii)	 Carbocernaite II + calcite + barite ± strontianite ± hema-
tite replace burbankite and carbocernaite I. Rounded 
pyrite with µm-scale hematite rims is restricted to tex-
ture (ii), implying pyrite formed simultaneously with 
burbankite and was subsequently oxidized. Unaltered 
pyrite coexisting with burbankite was not observed 
(Fig. 6a, c–e).

(iii)	Cordylite-(Ce) + barite ± calcite occur in veins crosscut 
burbankite and form on its grain boundaries (Fig. 6a, d). 
Cordylite-(Ce) forms euhedral prisms of ~ 10–250 µm 
replacing burbankite textures (i) and (ii). The original 
hexagonal shapes of burbankite are partly preserved, 
even when completely altered to texture (ii). Muscovite 
and cancrinite can occur together with cordylite-(Ce) at 
contacts between cordylite and sodalite.

(iv)	Monazite-(Ce) (< 5  µm) directly replaces burbankite 
(Fig. 6b) and carbocernaite I (Fig. 6c) on grain bound-
aries and cracks.

(v)	 Ancylite-(Ce) ± calcite ± celestine ± strontianite locally 
replace burbankite and alteration texture (ii) (Fig. 6e-f). 
Ancylite-(Ce) is anhedral and < 5  µm partly replacing 
individual zones of carbocernaite II. Rarely subhedral 
with grains ≤ 50 µm are observable.

Monazite-bastnäsite-calcite ore

The pink ore occurs as mm- to cm-sized irregular schlieren/
veins in ferrocarbonatite and fenite and as massive discon-
tinuous lenses and bands of up to 4 m in width, spatially 
confined to the ferrocarbonatite dikes (Fig.  7). The main 
minerals of the pink ore are intergrowths of fine-grained 
monazite-(Ce), bastnäsite-(Ce) and calcite (Fig. 8). Minor 
hematite, pyrite, chlorite, barite, strontianite and rare 
µm-sized relicts of carbocernaite and burbankite are pres-
ent. The overall texture is often homogeneous and massive. 
Interestingly, the REE-minerals alignment partly resembles 
an isometric, apparently hexagonal, and mostly medium-
grained precursor mineral. This can be recognized, even 
though replacement by secondary minerals was pervasive. 
The intergranular space between these former grains is 
mainly filled with calcite, hematite, and chlorite.

Calcite of pink ore is mostly subhedral. Grains (> 1 mm in 
diameter) can reside between pseudomorphs and 10–50 µm 
crystals form the matrix. Calcite has straight grain boundar-
ies to bastnäsite-(Ce), hematite, and monazite-(Ce). Mon-
azite-(Ce) is subhedral (≤ 45  µm; mostly around 10 µm), 
bastnäsite-(Ce) is mostly anhedral to subhedral (~ 4–40 µm), 
minor synchisite-(Ce) (few µm–40 µm) form euhedral over-
growths on the former. Hematite typically forms euhedral to 
subhedral blades (few µm to ~ 30 µm) and anhedral pseu-
domorphs after pyrite. Pyrite is generally rare in pink ore 
and partly to completely replaced by hematite and monazite. 
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Niobium-oxides

Niobium-bearing secondary minerals form after pyrochlore 
and can be found in biotite rich-zones in FC1 and pink ore. 
They are characterized by up to 80  wt.% Nb2O5, around 
17  wt.% Fe2O3, and minor TiO2 and were identified as 
columbite-(Fe) by Raman spectroscopy.

patterns of pyrochlore have steep negative slopes and show 
the highest Ce/Ce* of all analyzed minerals (~ 1.2) (Fig. 9). 
Notables are high U (> 1000 µg/g), high ΣREE (> 3 wt.%) 
and near-chondritic Y/Ho ratios (23–24). Interestingly, the 
REE patterns (Fig. 9) are remarkably similar to those of car-
bocernaite and burbankite until Dy, where the pyrochlore 
patterns flatten.
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similar Ce/Ce* (~ 1.09), higher Pb/Th (~ 5.06; excluding two 
measurements with Th below the limit of detection), higher 
LREE at around 59 wt.%, and higher Th (~ 0.24 wt.%). SrO 
and CaO range from ~ 0.2 wt.% to ~ 1.0 wt.% and U is at 
or < LOD. Age dating of monazite-(Ce) on EPMA was not 
successful.

Ankerite-dolomite

Ankerite-dolomite solid solutions are characterized as 
ankerites in this study if they have a Mg/Fe ratio of < 4 
(Deer et al. 1992). Dolomites exist in minor proportions and 
are mostly Fe-free. FC1 ankerite displays variable compo-
sitions, mainly depending on texture. (i) Rare early anker-
ite inclusions in magmatic magnetite (XMg: 0.79–0.84) as 
well as subhedral ankerite of the ferrocarbonatite matrix 
(XMg: 0.61–0.77) are characterized by the highest XMg val-
ues. (ii) Anhedral matrix ankerite commonly displays dis-
tinctly lower but variable Mg contents (XMg:  0.25–0.64). 
Individual grains show decreasing Mg contents from the 
core towards the rim, whereas both MnO (0.6–2.5  wt.%) 
and SrO (0.1–0.8 wt.%) increase in the same direction.

FC2 ankerite (XMg: 0.43–0.64) has a similar Mg/Fe ratio 
like FC1 matrix carbonates but is characterized by signifi-
cantly higher MnO contents (2.3–3.4 wt.%). These ankerites 
are commonly characterized by Fe-rich cores (XMg: 0.43–
0.49) and strongly reversed rims (XMg:  0.55–0.64). The 
change from Fe-rich cores to Mg-rich rims is not gradual 
but with a sharp boundary.

Based on their chondrite-normalized REE patterns, 
ankerites (n = 29) can be subdivided into three groups 
(Fig. 10): (i) steep negative slopes of the REE patterns (Ank 
in Fig. 10), Y/Ho is around ~ 22–26, La/Yb CN ~ 5–16; (ii) 
negative slope and flattening of the REE patterns (Ank_
flat in Fig.  10) towards the HREE, Y/Ho ~ 25–26, La/Yb 
CN ~ 2.8; (iii) flattening of the REE patterns (Ank_lowREE 
in Fig. 10) towards the HREE (n = 5), Y/Ho ~ 23–26, La/Yb 
CN ~ 0.7. Ankerite (i) is the most common and builds the 
matrix of the ferrocarbonatites; (ii) was found in connection 
with carbocernaite alteration and has the lowest Sr/Ba ratio 
of all measured ankerites; group (iii) was only recorded in 
pink ore and the directly bordering ferrocarbonatite. Except 
for a few outliers the cerium anomaly (Ce/Ce*) is > 1 and 
around 1.08.

Calcite

Calcite either occurs as a rare interstitial phase between larger 
ankerite grains or forms part of the secondary pink ore. Pri-
mary calcite of the ferrocarbonatite is characterized by high 
Sr/Mn ratios (MnO 0.2– 0.3 wt.%, SrO 0.7–1.8 wt.%) when 
compared to ankerite. LA-ICP-MS measurements (n = 2) of 

Fluorapatite

As determined by EPMA measurements, the primary apatite 
is classified as a strontian fluorapatite. SrO contents are in 
the range of 1.1 to 2.5 wt.%. F contents range from 1.3 wt.% 
to 5.1 wt.%, whereas Cl is subordinate (up to 0.3 wt.%). F 
contents greater than 3.77 wt.% are likely due to analytical 
issues related to apatite, commonly leading to unrealisti-
cally high values (Goldoff et al. 2012; Stock et al. 2015). 
F should be regarded as qualitative. Concentrations of 
Na2O (0.33–1.09 wt.%) and BaO (0–0.14 wt.%) positively 
correlate with F. Remarkably, the highest Na contents are 
recorded by early fluorapatite inclusions in biotite.

Chondrite-normalized REE patterns from LA-ICP-MS 
(Fig. 9) reveal low La/Yb CN ratios (~ 61, n = 18) compared 
to pyrochlore, carbocernaite, and burbankite (Fig. 9). Y/Ho 
(~ 22.8) is below the chondritic value (~ 28) but still high, 
Pb/Th is low at ~ 0.4. Ce/Ce* is ~ 1.08, which is lower than 
pyrochlore (around 1.2). Sr is at around 2.3 wt. %, the sum 
of REE is at ~ 2 wt.%, and Ba < 50 µg/g. U is mostly below 
the detection limit. Efforts to date the ferrocarbonatite with 
fluorapatite accordingly proved to be unsuccessful.

Monazite-(Ce)

Comparison of EPMA trace element data of monazite-(Ce) 
(n = 25), grown in the matrix of pink ore or in the vicin-
ity thereof (thin-section scale), with primary apatite show 

Fig. 5  Primary REE- and Nb-minerals in the ferrocarbonatite. SEM-
BSE pictures: a-d, f; cathodoluminescence (CL): (e) hot, (g) cold. a 
Primary, concentrically zoned pyrochlore (Pcl) showing inclusions 
of ankerite (Ank), albite (Ab), and burbankite (Bbn). Sodalite (Sdl) 
replaces albite. b Pyrochlore in layered ferrocarbonatite (FC1) shows 
signs of deformation and alteration: White spots are late REE-minerals 
and columbite-(Fe) (Clb-Fe), the matrix is composed of albite and 
ankerite together with biotite (Bt) and fluorapatite (Fap). c Replace-
ment of pyrochlore by chlorite (Chl), columbite-(Fe), and minor albite. 
Late natrolite (Ntr) replaces chlorite. Low-REE, high Sr-burbankite 
in columbite-(Fe). d Primary fluorapatite (Fap I) prisms, magnetite 
(Mag), burbankite, and ankerite. Figure 6b shows the inclusion of 
burbankite in fluorapatite in detail. e Primary zoned, euhedral to sub-
hedral fluorapatite from different generations recorded with hot-CL. 
Darker hot-CL and brighter BSE reflect higher REE. First generation 
cores marked yellow, with fluorapatite forming around a burbankite 
inclusion. Note the dark grey hot-CL of first-generation fluorapatite 
around the burbankite. The boundary between first and second gen-
eration fluorapatite (Fap II) is marked with a blue dotted line. Note 
the brecciation of fluorapatite I and later formation of metasomatic 
fluorapatite II granules and rims. f SEM picture in same scale as (e) 
to show the subhedral burbankite inclusion in fluorapatite. g Cold-CL: 
bright yellow secondary calcite (Cal  II), dull yellow primary calcite 
(Cal I), cloudy dull yellow cordylite-(Ce) (Cod-Ce), burbankite with 
hardly any luminescence (only a yellow tint, hard to discern from car-
bocernaite). Ankerite shows a slight greyish color, primary fluorapatite 
is bright blue and zoned and secondary fluorapatite is violet-to-blue 
and unzoned (Fap II). The silicates present are royal blue sodalite and 
violet albite
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Fig. 6  SEM-BSE images showing replacement textures of primary 
burbankite (Bbn). a Large burbankite grain is successively replaced 
along cracks and grain boundaries by first stage carbocernaite (Cbc I), 
second stage carbocernaite II intergrowths (Cbc II), barite (Brt), stron-
tianite (Str) and calcite (Cal), later by cordylite-(Ce) (Cod-Ce), barite, 
calcite. Texturally late muscovite (Ms) and cancrinite (Ccn) occur in 
association with cordylite-(Ce) on the boundary between burbankite 
and sodalite (Sdl). b Subhedral inclusion of burbankite in fluorapa-
tite (Fap I). Carbocernaite (Cbc I), cordylite-(Ce), and monazite-(Ce) 
replace burbankite in the lower left. c Burbankite next to ankerite 

(Ank) is replaced by carbocernaite I, carbocernaite II, barite, stron-
tianite, and calcite. d Primary burbankite with aligned idiomorphic 
inclusions of calcite and carbocernaite I. Burbankite is replaced by 
carbocernaite II, barite, strontianite, and calcite. e Zoned carbocernaite 
II after burbankite. Carbocernaite II is replaced by ancylite-(Ce) (Anc-
Ce), barite, and calcite. f Pseudomorph (most likely) after burbankite. 
Carbocernaite I is replaced by ancylite-(Ce), celestine (Cls), barite and 
calcite. The pseudomorphic replacements of burbankite e) and f) are 
situated inside an altered sodalite grain
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Fig. 7  SEM-BSE images showing REE mineralization in pink ore: 
a Overview of a boundary between pink ore to the left and ankerite 
(Ank) from ferrocarbonatite to the right. The ore zone in this case com-
posed of calcite (Cal), hematite (Hem) and Hydroxylbastnäsite-(Ce) 
(Hbsn-Ce). b Pyrite (Py) replacement by hematite together with mon-
azite-(Ce) (Mnz-Ce) and calcite. Hematite is further replaced by iron 
hydroxides (Fe-hydrox.). c Ore zone with monazite-(Ce), calcite and 

hematite. d Subhedral hydroxylsynchisite-(Ce) (Hsyn-Ce) overgrow-
ing hydroxylbastnäsite-(Ce) together with subhedral hematite. Calcite 
defined the matrix of pink ore. e Hydroxylbastnäsite -(Ce), barite (Brt), 
strontianite (Str), calcite paragenesis. Tiny sub µm grains of late galena 
(Gn) are rarely found. f Hydroxylbastnäsit-(Ce) dominated REE ore 
with calcite, euhedral hematite blades hematite and minor barite

 

1 3



Mineralium Deposita

Chondrite-normalized REE patterns from LA-ICP-MS 
of burbankite (n = 5) are characterized by strongly nega-
tive slopes with La/Yb CN 32000–52000, Ce/Ce* values 
of ~ 0.94, and sub-chondritic Y/Ho ratios of ~ 17.3–18.2 
(Fig.  9). The sum of REE is ~ 11  wt.%, Ba is around 
1.6 wt.%, Sr around 12.7 wt.%, Th around 327 µg/g, Pb at 
370 µg/g and U < 1 µg/g.

Carbocernaite

Carbocernaite (Ca,Na)(Sr,Ce,Ba)(CO3)2 was distinguished 
from burbankite by its stoichiometry (lower Na) and the 
result verified by Raman spectroscopy. Carbocernaite I 
shows a more restricted range for its elements compared 
to the chemically zoned carbocernaite II (Fig.  4c-e). The 
composition of the former can be expressed as (Ca0.6Na0.4)
(REE0.5Sr0.45Ba0.05)(CO3)2. The composition of carbocer-
naite II ranges from (Na0.8Ca0.3)(REE0.7Sr0.2Ba0.02)(CO3)2 
to Na0.1Ca0.9(Sr0.45Ba0.05REE0.5)(CO3)2. On SEM-BSE 
images carbocernaite with higher Na, Sr and REE content 
is brighter compared to zones with higher Ca but low in 
REE and Sr. The zonation visible in Fig. 6c-e reflects these 
variable contents of Ca and Sr accompanied by increasing 
values of Na, Ce, and La.

Chondrite-normalized REE patterns from LA-ICP-MS 
(Fig. 9) of carbocernaite (n = 9) are characterized by steep 
negative slopes with La/Yb CN ~ 18000–46000; Ce/Ce* 
values are at 0.95, close to those of burbankite, Y/Ho is sub-
chondritic at ~ 17.3–18.8 (Fig. 8). The sum of REE is around 
3.5 wt.%, Ba around 0.4 wt.%, Sr at 4.9 wt.%, Th around 
115 µg/g, Pb at 51 µg/g, and U < 1 µg/g. The Pb/Th ratio 
of carbocernaite (0.45) is considerably lower than that of 
burbankite (1.1).

Ba-REE-F-carbonate

Ba-REE-F-carbonate was identified as cordylite-(Ce) 
(NaBaLREE2(CO3)4F) by Raman spectroscopy (Fig.  8). 
From SEM–EDX the composition of cordylite-(Ce) can be 
approximated with the averaged formula Na0.8Ba1(Ce0.8L
a0.7Nd0.2)(CO3)4F. BaO and the REE contents are compa-
rably constant while all other elements show considerable 

calcite from pink ore indicate steeper slopes (La/Yb CN 94 
and 251 µg/g) of chondrite-normalized REE patterns than 
ankerites and Ce/Ce* < 1 (Fig. 10).

Burbankite

Burbankite (Na,Ca)3(Sr,Ba,LREE)3(CO3)5 was identified 
with Raman (Fig. 8) and analyzed with both SEM–EDX and 
EPMA, due to its high Na2O contents. From SEM–EDX 
analyses the composition of burbankite is variable depend-
ing on the sample and to a lesser degree due to its textural 
occurrence (Table 1). The calculated Na2O contents are gen-
erally high, ranging between 7 to 16 wt.% when compared 
to CaO (3–16 wt.%). For burbankite of the main ferrocar-
bonatite body the following trends are observed: negative 
correlations are evident for ΣREE2O3 and Na2O, BaO and 
SrO, as well as SrO and CaO.

Sr-dominated burbankite (burbankite sensu stricto) is 
the prevalent species in FC1. Rarely, interstitial burbankite 
exhibits high Na and REE > Na. Subordinate high-Ca and 
REE burbankite, mainly found in REE-rich FC1 samples, 
has the highest Ba values. In this setting it occurs as euhe-
dral to subhedral crystals, which can reach cm-size. In FC2 
burbankite generally has lower ΣREE2O3 and high-Sr.

Fig. 8  Representative Raman spectra of high-Ca burbankite, carbocer-
naite, cordylite-(Ce), bastnäsite-(Ce) and ancylite-(Ce)

 

Table 1  Representative burbankite formulae derived from SEM–EDX 
measurements
Burbankite (Na2.7Ca0.3)(Sr2.0REE0.8Ca0.1Ba0.1)(CO3)5
High Ca Burbankite (Na2.1Ca0.5□)(Sr1.1REE0.9Ca0.8Ba0.2)

(CO3)5
High REE Burbankite (Na2.3Ca0.3□)(REE1.2Sr1.0Ca0.7Ba0.1)

(CO3)5
Low-REE, high-Sr 
Burbankite

(Na2.1Ca0.9)(Sr2.3Ca0.6REE0.1)(CO3)5
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The available EPMA data of this mineral group from one 
pink ore sample reveals OH-dominated hydroxylbastnäsite-
(Ce) and hydroxylsynchisite-(Ce). The minerals were both 
analyzes with 1 µm beam diameter which resulted to a lower 
analytical sum for hydroxylbastnäsite-(Ce) at ca. 90%. The 
reason is interpreted to be due to damage to the mineral 
under the measuring conditions. Hydroxylsynchisite-(Ce) 
has a Ca/REE ratio of 1:1.14, slightly higher than the ideal 
formula. Thus, hydroxylbastnäsite-(Ce) is likely the main 
ore mineral in pink ore beside monazite-(Ce).

Ancylite-(Ce)

Ancylite-(Ce) Sr(Ce,La)(CO3)2(OH) H2O shows consider-
able variability in Ca and Sr contents and to a lesser degree 
in the REE. The mineral was confirmed by Raman spectros-
copy (Fig. 8). The following initial semi-quantitative com-
positional ranges are determined from SEM–EDX: CaO up 
to 5 wt.%, SrO from 7 to 19 wt.%, La2O3 from 18 to 22 wt.%, 
Ce2O3 from 26 to 30 wt.%, and Nd2O3 from 3 to 7 wt.%. 

variations. This initial characterization should be consid-
ered as semi-quantitative.

Bastnäsite-Synchysite-Parisite-Group

Bastnäsite, parasite, and synchsite are defined by their Ca/
REE ratios, prevalent LREE (La, Ce, Nd), and dominance 
of F or OH. Bastnäsite is Ca free, parisite has a Ca/REE 
ratio of 1:2 and synchisite of 1:1. Sub-µm intergrowths can 
make a clear differentiation difficult. SEM–EDX analyses 
from FC1 samples suggest the occurrence of F-dominated 
bastnäsite-(Ce) with Ce > La > Nd. Reliable SEM–EDX 
analysis for this group of minerals are difficult to attain, 
due to their CO2- and F- or OH-rich composition and its 
close association with other minerals. Bastnäsite-(Ce) was 
therefore additionally confirmed by Raman spectroscopy 
(Fig.  8) and EPMA. Raman spectra from FC1 bastnäsite 
show no signs of OH stretching vibrations around 3200–
3800 cm−1 as described by Yang et al. (2008).

Fig. 9  LA-ICP-MS data for fluorapatite (Fap), pyrochlore (Pcl), bur-
bankite (Bbn), and carbocernaite (Cbc). Trace elements for monazite-
(Ce) (Mnz) were determined by EPMA: a REE-Spider plot of fluor-
apatite, pyrochlore, monazite (from La to Sm; Eu to Lu values are near 
or below the limit of detection (LOD) for the EPMA and therefore 
omitted from the plot), b burbankite, and carbocernaite. c La/Yb CN 

vs Th/U; and d Ce/Ce* = Ce CN / √ (La CN * Pr CN) vs Pb/Th. The 
two right-most monazite markers have Th < LOD. They are plotted 
at LOD/2 to show the existence of a Th-depleted monazite forming 
event. Arrows indicate the depletion of Pb when burbankite is trans-
formed into carbocernaite. In contrast monazite forming after apatite 
has higher Pb/Th-ratios, indicating capturing of Pb in monazite
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burbankite, magnetite, and ankerite. Calcite fills interstices. 
The magmatic character of these phases is inferred from 
their textural and compositional features.

Early crystallized pyrochlore and fluorapatite are euhe-
dral and show oscillatory zoning, whereas ankerite is 
concentrically zoned. Crystallization of pyrochlore in fer-
rocarbonatites is uncommon and rather a typical feature of 
calciocarbonatites (e.g. Mt Weld, Australia, Chandler et al. 
2024). The fact that burbankite occurs as inclusions in or 
displays straight grain boundaries against these early phases 
indicates that the Na-Sr-REE carbonate also formed con-
temporaneously by magmatic crystallization. The crystal-
lization sequence is also supported by Ce/Ce* ratios which 
show that early pyrochlore (Ce/Ce* around 1.2) preferen-
tially fractionated available Ce4+, followed by fluorapatite 
(Ce/Ce* around 1.1) with a similar cerium anomaly like 
ankerite (Ce/Ce* around 1.08), and lastly burbankite with 
Ce/Ce* around 0.94. In this context Ce/Ce* < 1 is inter-
preted to be inherited from earlier fractionation of Ce4+.

In most of the samples investigated, burbankite is an 
accessory phase but it may also form grain accumulations 
forming discontinuous narrow schlieren or almost monomin-
eralic burbankite layers, following the overall flow-banding 

The mineral formula was calculated following the scheme 
of Dal Negro et al. (1975). Representative formulae can 
be expressed as Sr0.8REE1.2(CO3)2OH1.2 × 0.8  H2O and 
(Ca0.3Sr0.6)REE1.1(CO3)2OH0.9 × 1.1 H2O.

Discussion

The combined petrography, geochemistry, mineral chemis-
try, and C-O isotope data define a magmatic to hydrother-
mal system. In the following, the datasets are synthesized 
to track how primary ankerite-magnetite-burbankite-pyro-
chlore-fluorapatite assemblages were overprinted to form 
calcite-bastnäsite-monazite ore. The sequence of crystalli-
zation as well as the established physicochemical conditions 
are summarized in Fig. 11.

Magmatic stage

The following early crystallization sequence for the Swart-
booisdrift ferrocarbonatites is interpreted from textural rela-
tionships and mineral chemistry: Pyrochlore crystallized 
first, followed by fluorapatite accompanied and outlasted by 

Fig. 10  LA-ICP-MS data for carbonates: a Calcite (Cal) and b ankerite (Ank) REE-spider plot. c Sr/Mn vs La/Yb CN and d Sr/Ba vs Ce/Ce* = Ce 
CN / √ (La CN * Pr CN)
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Fig. 11  Paragenetic sequences inferred from textural observations, 
mineral chemistry, and C–O isotope data. The first sequence depicts 
the mineral assemblage of magmatic ferrocarbonatite and the effects of 
successive hydrothermal (hydroth.) overprinting. The second sequence 

represents the hydrothermal LREE ore (pink ore), which develops 
when alteration becomes pervasive. At this stage, primary magmatic 
textures are completely obliterated
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wall rock fenitization (700 ± 70  °C; Drüppel et al. 2005). 
Fenitization preceded and outlasted burbankite crystalliza-
tion. A lower temperature of 460–490  °C for later sulfide 
veins is indicated based on pyrite-chalcopyrite pairs (Drüp-
pel et al. 2006). These constraints are consistent with the 
suggestion of Belovitskaya and Pekov (2004) that bur-
bankite in carbonatites forms at T > 500 °C.

Hydrothermal alteration of magmatic REE-minerals

Alteration of the primary magmatic phases starts with wan-
ing magmatic conditions and onset of a (hydrothermal) fluid 
dominated system. Observed textural sequences record 
progressive Na removal and changing fluid ligands under 
increasingly oxidizing conditions. All minerals react to 
these physicochemical changes by releasing Na and altering 
to secondary minerals.

Alteration of primary fluorapatite leads to formation of 
secondary granular fluorapatite and narrow fluorapatite rims 
on early fluorapatite. The secondary origin of these fluor-
apatite grains is confirmed by their different cathodolumi-
nescence (Fig.  5d), higher REE content, and association 
with secondary calcite (Fig.  5c) compared to the primary 
fluorapatite. Additionally, monazite-(Ce) forms along grain 
boundaries and in close vicinity to all types of fluorapatite.

Pyrochlore alteration is commonly fracture- and mar-
gin-controlled and may progress to extensive, locally 
pseudomorphic replacement by Nb-oxide phases such as 
columbite-(Fe). Alteration, where Na commonly removed 
early, is typically hydrothermal and can occur over a range 
of temperatures from moderate to low during post-magmatic 
evolution. Associated mineral changes (e.g. chloritization, 
natrolite) indicate increased H2O activity during alteration. 
Na loss is favored when fluid composition maintains low 
effective Na activity relative to the mineral and promotes 
cation exchange (Lumpkin and Ewing 1995).

Carbocernaite I replaces burbankite and possibly releases 
Ba, Sr, Ca and LREE into the fluid to form the next altera-
tion paragenesis. Monazite-(Ce) replaces burbankite and 
carbocernaite I, demonstrating that the fluid also carries P 
from fluorapatite dissolution at this stage. LA-ICP-MS data 
for carbocernaite II zones shows increased Nb and lower 
LREE values compared to primary burbankite. As Na con-
centrations further decrease, the alteration assemblages 
change. Interestingly, there is no Ba-dominated mineral 
present except for burbankite (~ 1.5  wt.% Ba) until bar-
ite and cordylite-(Ce) form. Texturally, both cordylite and 
barite form after carbocernaite II. Therefore, a hydrother-
mal process for the formation of secondary Ba-rich phases 
is inferred rather than a magmatic one. Crystallization of 
cordylite-(Ce) also marks contribution of F, which is found 
in primary magmatic pyrochlore and fluorapatite.

structure of the carbonatite. The average modal amount of 
burbankite is thus difficult to estimate but it can be assumed 
that, if the whole ferrocarbonatite body is considered, it only 
occurs in minor to accessory amounts which rarely reach the 
percentage range. The same holds true for pyrochlore and 
fluorapatite. The data suggest that pyrochlore, fluorapatite, 
and burbankite crystallized from a strongly fractionated car-
bonatite magma, displaying strong enrichment in Fe, Mg, 
and Ca, but also containing significant amounts of Nb, P, 
Na, REE, Sr, Ba, and F. The primary Na-rich composition 
of the ferrocarbonatite magma is moreover confirmed by the 
presence of broad sodalite-albite-rich fenite aureoles which 
formed at high temperatures of 700 ± 70 °C (Drüppel et al. 
2005).

A magmatic origin of burbankite in carbonatites is sug-
gested by several authors for different carbonatite occur-
rences but the carbonate is rarely preserved (e.g. Platt and 
Woolley 1990; Wall et al. 1993, 2004; Zaitsev et al. 2002; 
Belovitskaya and Pekov 2004; Moore et al. 2015; Dowman 
et al. 2017, 2023; Chakhmouradian and Dahlgren 2021; 
Sitnikova et al. 2021). The presented burbankite composi-
tions are within the boundaries of those from other loca-
tions as summarized by Chakhmouradian and Dahlgren 
(2021). In our samples, burbankite is almost exclusively 
Sr-rich but shows significant chemical variations depending 
on the composition of the hosting rock and subordinately 
on textural occurrence. Ca-Ba-rich varieties mainly occur 
in burbankite grain accumulations, whereas anhedral inter-
stitial burbankite contains high Sr but significantly lower 
Ba. Belovitskaya and Pekov (2004) point out that a higher 
Ba content of burbankite in carbonatites is linked to higher 
crystallization temperatures, whereas high Sr values are 
reached later in the magmatic evolution, fitting the textural 
observations of this study. Notably, burbankite only occurs 
in samples that are poor in silicates like sodalite, albite, and 
biotite, which formed during carbonatite wall rock inter-
action and associated Na-Si-metasomatism. Therefore, 
the controls on the crystallization of magmatic burbankite 
apparently strongly depend on the amount of Si-assimila-
tion into the carbonatite magma. This observation fits exper-
iments by Anenburg et al. (2020) showing that burbankite 
forms preferentially in silica-undersaturated environments 
in a carbonatite magma enriched in alkali elements. The 
authors observed that with higher (assimilated) SiO2 of the 
carbonatite melt, LREE are preferentially bound to fluorap-
atite (Anenburg and Mavrogenes 2018). In Swartbooisdrift, 
this assimilation process happens by incorporating material 
from the surrounding anorthosite suite, syenites, and their 
already fenitized counterparts into the carbonatite magma.

A temperature of ~ 650 °C for the formation of primary 
burbankite is inferred from inclusion relationships and an 
upper temperature suggested for sodalite formation during 
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Changes in Y/Ho and Th/U ratios of rocks and minerals 
(Figs. 4e, and 9a, 10d) can be applied to qualitatively trace 
REE-enrichment processes and hydrothermal activities 
since U and Y are more fluid mobile than Th and Ho (Chan-
dler et al. 2024; Reece et al. 2025). Whole rock data of the 
pink ore has significantly lower Y/Ho and U/Th ratios com-
pared to ferrocarbonatite. Pristine ferrocarbonatite at Swart-
booisdrift shows Y/Ho close to chondritic ratios (~ 24–28). 
When comparing whole rock REE patterns between bur-
bankite-rich zones in FC1 and pink ore the slope and content 
of REE partly align. Notably, the pink ore is characterized 
by slightly higher LREE contents and steeper REE patterns 
than the burbankite-rich ferrocarbonatite samples. Similar 
trends can be observed on a mineral basis.

Element mobility during ore formation was assessed 
using mass-balance calculations (see Methods). For this 
purpose, the composition of the most burbankite-rich 
samples was compared to that of the most (hydroxly) bast-
näsite-rich pink ore (Supplementary Material 6, Ku-22-06 
to TT018d). Elements with similar volume factors, that are 
suggested to be immobile (Dy, Ho, Cr), were selected for 
the calculation. Alteration of burbankite-rich zones to pink 
ore indicates removal of Sr, Na, Mg, Ba and addition of Ca, 
P, Fe, Mn and LREEs (sum of ~ 1.2 wt.%). Volume and mass 
reduction are at 12 vol.% and 17 wt.%, respectively. Pink 
ore samples with greater abundances of calcite and lesser 
amounts of (hydroxyl)bastnäsite-(Ce) or monazite-(Ce), 
REE are reduced compared to burbankite-rich samples 
(ESM6, Ku-22-06 to TT027 and TT036). Mass balance cal-
culations by Drüppel et al.  (2005) demonstrated a similar 
trend for fenitization that caused increases of Na2O, CO2, 
H2O, Sr, Ba, Nb and the LREE in the wall rocks. Reactions 
in the fenite also record the same Na-diminishing reactions 
with formation of cancrinite and muscovite at a later stage 
postdating the early metasomatic formation of albite and 
sodalite.

C-O stable isotope data for separated ankerite and bur-
bankite-carbocernaite accumulations as well as pink ore 
samples support an interpretation of a mantle source related 
to primary REE mineralization and subsequent hydrother-
mal fluid overprint forming the pink ore. The interpretation 
for burbankite and carbocernaite is difficult due to the lim-
ited available data of the acid fractionation factor. C-O sta-
ble isotope data of Zaitsev et al. (2002) on burbankite and its 
pseudomorphs show that unaltered burbankite can retain its 
magmatic δ18O with ~ 7 to 8 ‰ (VSMOW), whereas pseu-
domorphs record ~ 11 to 18 ‰ δ18O (VSMOW). Therefore, 
the elevated δ18O values measured for burbankite are best 
explained by secondary carbocernaite (~ 12  vol.% in the 
sample). The δ18O of burbankite and pink ore indicates the 
influence of external high-δ18O fluids, confirmed by textural 
evidence such as late formation of quartz in pink ore which 

The fact that pyrite in close textural relationship with 
burbankite is replaced by hematite, points to a high oxygen 
fugacity and mobility of S as (SO4)2−. This interpretation 
agrees with the findings of Drüppel et al. (2006) that the 
amount of oxidized S species and thus the oxygen fugacity 
of the fluid are increasing during the progressive replace-
ment of pyrite in the ferrocarbonatite by secondary sulfide-
oxide and finally sulfate-oxide assemblages. Drüppel et 
al. (2006) explained this trend with mixing of the fenitiz-
ing fluid with more oxidizing fluids derived from the host 
rocks. Together with the textural observations, this suggests 
that burbankite was primarily replaced by carbocernaite 
during a change in redox conditions from reducing to more 
oxidizing. Reducing conditions during burbankite crystal-
lization are supported by its coexistence with pyrite. Initial 
burbankite alteration marked by carbocernaite I formation 
might still be connected to the final magmatic stage. The 
texturally later carbocernaite II, characterized by lower Pb/
Th (< 0.5) than burbankite (> 1), occurs with hematite rims 
on pyrite, which is consistent with a late-stage oxidizing 
fluid overprint.

The end-stages of burbankite replacement are marked by 
the formation of ancylite-(Ce), partly intergrown with celes-
tine. Consistent with this interpretation, low temperatures 
(< 250 °C) are generally assumed for the formation of ancy-
lite (i.e. presence of H2O and OH−groups in the formula; 
Zaitsev et al. 1998). This T estimate also broadly fits to the 
stability field of celestine in similar rocks (Cangelosi et al. 
2020).

Formation of calcite-monazite bastnäsite ore

Where alteration reactions became pervasive along major 
fluid pathways, they coalesced into the formation of vein- to 
dike-like pink ore bodies. Several observations suggest that 
the pink ore formed where burbankite and fluorapatite once 
were present: (i) Similar key minerals in first and second 
stage alteration: monazite-(Ce) after fluorapatite and bur-
bankite; (hydroxyl)bastnäsite-(Ce) after burbankite/(possi-
bly) cordylite-(Ce); hematite after pyrite/magnetite; barite, 
strontianite after burbankite/carbocernaite; chlorite accom-
modating for Mg and Fe in ankerite; (ii) textural evidence 
with monazite-bastnäsite-calcite intergrowths (i.e. pink 
ore) pseudomorphing the shape of accumulations of former 
medium grained minerals with isometric, hexagonal out-
line; (iii) its occurrence as vein- or dike-like bodies mainly 
bound to the ferrocarbonatite. The dominance of monazite-
(Ce) and (hydroxyl)bastnäsite-(Ce) over carbocernaite or 
burbankite, documents the Na-poor environment in which 
pink ore forms. The abundance of hematite, barite, and 
strontianite testifies to low temperatures and higher oxygen 
fugacity during ore formation.
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of other LREE deposits like Maoniuping, China (Zheng 
and Liu 2019), rather than ring structures like Phalaborwa, 
South Africa (Giebel et al. 2017).

Conclusions

Collectively, the data support an evolution from mag-
matic crystallization and metasomatism to redistribution 
of elements and concentration of LREE by hydrothermal 
alteration. This leads to the progressive transformation of 
burbankite-bearing ferrocarbonatite into pink ore.

	● The Swartbooisdrift ferrocarbonatite dikes feature a 
strongly fractionated carbonatite composition (i.e., rich 
in Fe, Mg, Ca, LREE, P, Nb, Sr, Na, Cl, and F) docu-
mented by the presence of the magmatic phases anker-
ite, magnetite, pyrochlore, fluorapatite, and burbankite 
and associated Na metasomatism (sodalite-albite-rich 
fenite aureoles)

	● The primary REE mineralization is of magmatic origin 
with burbankite, fluorapatite, and pyrochlore being pres-
ent in minor amounts but showing a heterogeneous dis-
tribution in the ferrocarbonatite, leading to their local 
concentration

	● A late magmatic alteration is superimposed on the mag-
matic mineral assemblage. REE-minerals that form dur-
ing this alteration process are carbocernaite, monazite 
and cordylite. LA-ICP-MS data and C-O isotopes record 
a fluid dominated system under increasingly oxidizing 
conditions

	● Following this, pervasive pseudomorphic replacement 
of the previously altered burbankite-rich layers leads to 
late hydrothermal formation of the monazite-bastnäsite-
calcite ore, which mainly occurs inside the ferrocarbon-
atite dikes as discrete vein- or dike-like bodies. The min-
eralogy of the pink ore suggests its formation at higher 
oxygen fugacity and temperatures < 460 °C, post-dating 
magmatic crystallization, metasomatism, and formation 
of sulfide veins

	● The last stage of the alteration is marked by the forma-
tion of texturally late natrolite and associated high-Sr 
low REE-burbankite, which can be attributed to the cir-
culation of H2O-CO2-fluids at very low temperatures 
of < 150 °C

	● Mass balance (volume/mass loss, removal of Sr, Na, 
Mg, Ba; addition of Ca, P, Fe, LREE) and alteration 
textures show that within the carbonatite’s boundaries 
LREE can behave mobile. In-situ alteration alone is not 
sufficient to form the observed mineralization

Supplementary Information  The online version contains supplementary 
material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​1​2​6​-​0​2​6​-​0​1​4​4​1​-​8.

is never observed in the primary ferrocarbonatite. This pos-
sibly happens when fluids from the surrounding basement 
infiltrate the carbonatite.

To test whether the inferred fluid transport of REE and 
partitioning are plausible, experimental data on melt–fluid 
partitioning and LREE complexation are compared to the 
findings of this study. Experiments on melt-fluid partition-
ing of REE, Ba, Sr, Mo and W by Song et al. (2015) indi-
cate that these elements strongly prefer the carbonatite melt 
over an exsolving hydrothermal fluid. The authors show 
that F-bearing melt compositions enhance the partitioning 
of LREE into the melt by a factor of three. This model of 
primary F enrichment of the melt is supported by the abun-
dance of fluorapatite among the magmatic phases whereas 
fenitization does not involve the formation of F-bearing 
phases. Recent experiments indicate that neutral to alkaline 
fluids can stabilize LREE as CO3-OH complexes (Nisbet 
et al. 2022; Reece et al. 2025). This aligns well with the 
interpretations from this study that show that REE mobility 
is mainly bound to the ferrocarbonatite itself, whereas only 
minor LREE mineralization is observed in the bordering 
fenites. It is the carbonatite supplying the necessary CO3 for 
the LREE to stay mobile.

Economic aspects

The pink ore forms the resource base of the Ondoto Rare 
Earth Mine, currently under construction. The monazite-
bastnäsite-calcite ore is remarkably homogenous compared 
to the primary burbankite-rich zones in the ferrocarbonatite. 
In-situ pseudomorphic replacement of primary minerals, 
mobilization and most likely volume and mass reduction 
upgraded the LREE content. Due to the small size of the 
cm- to dm-scaled primary burbankite-rich domains, the up 
to 4 m thick pink ore bodies are the key exploration tar-
gets in the Swartbooisdrift mining area. Despite their high 
LREE concentration, the burbankite-rich zones are only of 
limited economic interest due to their overall small volume 
and irregular distribution.

The vein- or dike-like occurrence of the pink ore bod-
ies, together with their high length to width ratio, irregular 
shape, and overall restriction to large ferrocarbonatite dikes, 
as well as their abundance where larger ferrocarbonatite 
dikes intersect, suggest that their formation is structurally 
controlled and confined to major fluid pathways within the 
ferrocarbonatite. Despite its heterogeneous distribution in 
the mining area, the homogeneous character of the ore itself 
allows simple processing by X-ray transmission sorting and 
direct acid bake. Additionally, the low Th content of mona-
zite in pink ore (~ 0.24 wt.%) is beneficiary for downstream 
handling of concentrates. The observed structural charac-
teristics of the Swartbooisdrift LREE ore resemble those 
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