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Abstract :- This study investigates the previously unexadiKwaggaspan Carbonatite Complex in
northwestern Namibia, which intruded into musco¥yanite schist and quartzite of the Neoprotero-
zoic Damara Supergroup, providing an ideal natatabratory for examining the interaction between
carbonatitic melts and SiOand AbOs-rich country rocks. A multi-analytical approachesployed,
integrating petrographic analysis of thin sectiorethodoluminescence (CL) imaging, micro-X-ray
fluorescence (UXRF) mapping, and electron microprafalysis (EMPA).

Field and petrographic observations reveal thatKbeseb Formation host schist has been
metasomatically altered to quartz-phengite-magmetdck during interaction with carbothermal
brines. The formation of phengite highlights the fap undocumented interaction between a car-
bonatite melt and carbothermal brine, and a padatilsuAl-rich country rock. Chemical analyses of
three distinct mica generations (F-bearing hydrpRiegopite, Fluoro-phlogopit and F-bearing
phengite) record progressive alteration, drivertheyinflux of Al and Si from the surrounding coyntr
rock. The carbonatites display a well-defined @ljisation sequence, beginning with two generations
of Fe-rich dolomite, followed by two generations c#lcite. Metasomatic overprinting of the host
rocks produced secondary mineral assemblages aitlid)y monazite, pyrite, celestine, strontianite,
and clinochlore. Supergene processes during ltdges of alteration led to the pervasive develop-

ment of Fe-oxides and natrojarosite throughoustrstem.
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Introduction

Carbonatites are igneous rocks with
>25 vol.% primary carbonates (Tappe al,
2025) and represent the most silica-poor
magmas known (MitchelR005; Woolley and
Kjarsgaard 2008; Jones et al, 2013; Schmidt
et al; 2024; Tappe et al, 2025). With about
600 occurrences worldwide, carbonatites in-
clude extrusive, intrusive, and carbothermal
varieties (Mitchell, 2005), and are classified as
calcite-, dolomite-, ankerite- or siderite car-
bonatites, as well as rare nyerereite carbona-
tites (Yaxley et al, 2022; Schmidt et al,
2024).

Interactions between diverse silicate
country rocks and carbonatite magmas, and the
associated possible reactions and interactions
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driven by the compositional gradients between
magma and host rock remain poorly under-
stood (Vasyukova and William&nes, 2022;
Anenburg and Walters, 2024). However, dur-
ing such processes new lithologies may form
at the interface between carbonatitic magma
and the host rock, generating a progressive
reaction front that affects both the country rock
(via metasomatic replacement) and the car-
bonatite magma (Anenburg and Walters, 2024;
Giebel et al, 2019; Gudelius et al, 2023;
Vasyukova and Williamsenes, 2022; Walter

et al, 2023).

During differentiation and interaction,

carbonatitic magma can gradually evolve to-
wards a carbothermal or brine melt stage,
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characterised by transitional fluid phases ex-
hibiting properties intermediate between aque-
ous saline fluids and carbonate melts (e. g.
Mitchell and Gittins, 2022; Anenburg and
Walters, 2024). These solvent-rich fluids can
mobilise high-field-strength (HFSE) and large-
ion lithophile elements (LILE), including rare-
earth elements (REE), Nb, Zr, Ti, Ta, U and
Th. Such fluids are frequently associated with
magmatic differentiation processes involving
liquid immiscibility and exsolution, leading to
separation of discrete melt and fluid phases
(Walteret al, 2020, 2021; Ladisic et al, 2025;
Razaet al, 2025).

The Kwaggaspan Carbonatite Complex
in northwestern Namibia, which intruded into
the Neoproterozoic Kuiseb schist (muscovite-
kyanite schist; Fig. 1), presents a unique op-
portunity to investigate carbonatitic melt

country rock interaction processes, owing to
the specific characteristics of both the host
lithologies and the melts. Such metasedimen-
tary rocks provide a valuable natural laborato-
ry for constraining the physico-chemical reac-
tions that may occur when high-temperature
carbonatitic melts infiltrate and interact with
metapelitic or quartz-rich protoliths (Waltet

al., 2022, 2023), which is the scope of this
contribution. In this context, as detailed below,
the host rocks are identified as metapelites and
metasandstones notably rich in.®@4 and
SiO,, which exhibit extremely low solubility in
carbonatitic melts (Vasyukova and Williams-
Jones, 2022; Anenburg and Guzmics, 2023).
Emphasis is placed on delineating the process-
es at the carbonatite — muscovite-kyanite
schist/quartzite interface.

Geological setting

The Kwaggaspan Carbonatite Complex
is situated some 55 km southeast of the town
of Khorixas in the Erongo Region (north-
western Namibia; Fig. 1), which hosts several
alkaline and carbonatitic complexes (Harris,
1995; Miller, 2008; Sun et al, 2024; Ladisic et
al., 2025 and references therein). It forms in-
trusive plugs and dykes within the Neoprote-
rozoic Kuiseb schist (Miller, 2008), which
experienced greenschist facies metamorphism
and has an estimated stratigraphic thickness of
around ten kilometres. The formation is pre-
dominantly composed of muscovite-kyanite
schist, with intercalated layers of quartzite and
dolomite marble. The muscovite-kyanite schist
is dominated by quartz, followed by alkali
feldspar and muscovite, commonly accompa-
nied by chlorite, kyanite and biotite (Miller,

2008). Deformation and faulting occurred in
Pan-African time (535+1BMa; Goscombe et
al., 2003).

The five plugs comprising the Kwaggas-
pan Complex are aligned along a large-scale
fold axis two of them are rich in quartz, hema-
tite, and muscovite, a further two are com-
posed of fine-grained quartz and Fe-rich ox-
ides and the remaining one is a coarse-grained
dolomite-calcite carbonatite (Miller, 2008).
The latter shows a well-defined outline and
has a diameter of about 140 m. The other
plugs, however, display a range of carbonatite-
wall rock interaction zones, causing transgres-
sive contacts with the country rocks. Coordi-
nates of each sampling location are provided
in Table 1.

Sample Name Latitude (°)

Elevation (metres

Longitude (°) above sea level)

KWGO001 -20.780866 15.272881 932
KWG002 -20.781063 15.273947 933
KWGO003 -20.785562 15.278503 920
KWG004 -20.785574 15.278862 923

Table 1 Locations of the investigated samples
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Figure 1. A) Simplified geological map of Namibia after Walet al (2023) B) Regional geological map showing the
location of the Kwaggaspan carbonatites (modifiiéer &Geological Survey of Namibia, 2006)
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Analytical methods

Thin sections of eleven representative
samples from four locations were examined by
transmitted and reflected light microscopy.
Cathodoluminescence (CL) microscopy using
a Lumic HC6-LM was performed with a
vacuum pressure of 1Pa, an accelerating
voltage of 14 kV and a current of 0.4 mA.
Scanning electron microscopy (SEM) was
conducted with aPhenom Tabletop SENh
low vacuum mode (15 Pa), operating at 15 kV
and 10 nA, with a working distance of 7 mm.
Three selected polished specimens were
analysed using a Brukd@ornado Micro-X-Ray
system, and run with 50 kV accelerating
voltage, 600 nA current, 20 pum beam diameter
and 15 or 20 ms exposure time per pixel.

In addition, four thin sections were cho-
sen for mineral chemistry analysis by electron
microprobe (EMPA). Two are pure carbona-
tites and two represent the contact between

host rock and carbonatite. The compositional
data for micas and carbonates were obtained
from an electron probe microanalyser JEOL
JXA-8230, using albite (Na and Al), diopside
(Mg and Si), sanidine (K), Cr metal (Cr),
bustamite (Mn), SrTi@(Sr and Ti), hematite
(Fe), cryolite (F), tugtupite (Cl), LREE glasses
(La, Ce, Pr and Nd), baryte (Ba) and calcite (C
and Ca) as standards. Carbon was measured
for matrix effects; however, due to carbon
coating the content was calculated based on
stoichiometric values. An acceleration voltage
of 15 kV, a beam current of 20 nA and an
electron beam diameter of 10n was used.
The internalp(pz) correction was applied for
data reduction. Peak counting times were 16 s
for major elements and 30s for minor
elements, with background counting times
being half that of peak times. Further details
are given in Tables 2 and 3.

Average
Element Crystal X-ray emissionline Standard Peak countingtime (s) detection limit

(ppm)
Na TAPL Ko Albite 16 200
K PTEJ Ka Sanidine 16 300
Mg TAP Ka Diopside 16 250
Si TAP Ka Diopside 30 250
Sr PETL La SrTiO; 16 500
Ba LIFL Lo Baryte 30 700
La LIFL Lo REE 30 850
Pr LIFL Lo REE 30 900
Nd LIFL Lo REE 30 700
Ca PETJ Ka Calcite 16 400
Mn PET) Ka Bustamite 16 550
Fe LIF Ka Hematite 16 500
Ce LIF Lo REE 30 1400
C LDE6H Ko Calcite 16 700

Table 2 EMPA programme parameters for carbonates
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Average
Element Crystal X-ray emissionline Standard Peak counting time (s) detectionglimit
(ppm)

F LDE1L Ka Cryolite 30 250

K PTEJ Ka Sanidine 16 300
Mg TAP Ka Diopside 16 250
Si TAP Ka Diopside 16 200
Al TAPL Ka Albite 16 150
Ba PETL La Baryte 30 400
Na TAP Ka Albite 30 200
Ti PETL Ka SrTiOs 30 200
Ca PETL Ka Diopside 16 200
Mn PET) Ko Bustamite 30 450
Fe LIF Ka Hematite 16 550
Cr LIF Lo Cr 30 400
Cl PETL Ka Tugtupite 30 75

Table 3. EPMA programme parameters for micas

Petrography
A summary of

the mineralogical
composition of the investigated samples cover-
ing carbonatites and variably overprinted
country rocks is provided in Table 4. The typi-
cal pelitic Kuiseb schist (sample KWGO001B3;

Results

muscovite | (and minor phlogopite) along with

Figs 2a, b) mainly consists of micas, primarily

kyanite. The presence of both muscovite and
kyanite underscores the high Al and Si content
of the Kwaggaspan carbonatite host rocks. A
holistic description of the Kuiseb schist is pro-

vided by Miller (2008).

SAMPLE
KWG003B | KWG004A | KWG001B9 | KwG001A1 | KWG001A2 | KWG001B4 | KWG001A | KWG001B3 | KWG001B1 | KWG003A1 | KWG003A2
LITHOLOGY
carbonatite
. hosted . . . .
carbonatite contact zone overprinted country rock (muscovite kyanite schist)
basement
xenolith
MINERALOGY
mag, phl, mag, phl, Kfs, qtz, Kfs, qtz, atz, ms, qtz, ms, |Kfs, zrn, qtz,| qtz, ms, qtz, ms,
dol. cal dol, cal, | mag, Fphl- | mag, phen, |Kfs, qtz, ms, mag. brt mag, cal, | ms, mag, mag, brt, | mag, mnz, | qtz, ms,
" "7 lclc/ehl, py,| bt, cal, brt, | dol, cal, brt,| mag, brt g, brt, brt, cal, kya |[clt, str, mnz, njrs, mag, njrs
hem/goe hem/goe
mnz hem/goe hem/goe hem/goe | hem/goe | hem/goe | hem/goe

Table 4. Modal mineralogy of each sample: a quantificatibrtelestine and strontianite was not possiblallin
samples. Mineral abbreviations based on Warr (20Bdt)- baryte, cal- calcite, clc— clinochlore, clt—

celestine, dol dolomite, hem- hematite, Kfs- K-feldspar, kya- kyanite, mnz- monazite, ms- muscovite, mt
— magnetite, njrs- natrojarosite, pht phlogopite, py- pyrite, qz— quartz, phen- phengite, str- strontianite,
zrn— zircon.
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Figure 2. Thin section of sample KWG001B3 under polarised light: a) micaceous matrix with oriented kyanite
relics; b) oriented kyanite phenocrysts aligned along foliation within a matrix of muscovite

Carbonatite

Carbonatites (samples KWG003B and
KWG004) are composed predominantly of
dolomite, which appears as two distinct gen-
erations (Fig. 3a, b). The first generation (do-
lomite I) is anhedral and partly altered to Fe-
oxides (often along cleavages). The second
generation (dolomite II) overgrows the earlier
one, is euhedral and occurs adjacent to minor
calcite, which is altered to a dark-brown to
black halo of Fe-oxides. Similarly, two genera-
tions of calcite (I and II) are observed. Cal-
cite | forms elongated crystals with well-
defined chemical zoning, while calcite Il is
less abundant, finer-grained, and typically
lacks the well-defined zoning observed in cal-
cite I (Fig. 3c). Phlogopite occurs frequently
and forms platy aggregates. Apatite is small in
grain size and very rare. Also, magnetite is
scarce in the carbonatites.

Contact zone between carbonatite and country

rocks

Very close to the country rock (within a
zone of 1-8 cm), xenocrysts of feldspar and
quartz are entrained in the carbonatite (e. g.
sample KWG001B9; Fig. 3d). In these contact
zones, dolomite is typically absent, and calcite
is the dominant carbonate together with vari-
able amounts of quartz, altered K-feldspar (in
xenoliths and overprinted country rocks),
magnetite, phlogopite, and late-stage baryte
and hematite. A typical contact zone between
carbonatite and country rock (sample
KWGO001B9) is displayed in Figure 3d, show-
ing the distribution of coarse and acicular cal-
cite 1 (Sr-rich; Fig. 6c), finer-grained Mn-
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bearing calcite II, minor dolomite (Mg-rich
areas in Fig. 6b), magnetite (Fe-rich areas),
and baryte (S-rich areas), which are concen-
trated close to the contact with the country
rock.

Some contact zones show a finer holo-
crystalline texture and significant alteration (e.
g. KWGO001AT1), with extensive Fe-oxide coat-
ings around minor calcite (Figs 3a, b). Here,
the mineralogy is dominated by quartz, rem-
nants of K-feldspar, calcite, baryte, magnetite,
and abundant phengite (Figs 3e, f). The latter
occasionally displays signs of mechanical
stress (Fig. 3e).

Overprinted country rocks

In a decimetres to metres wide zone
adjacent to the contact with the carbonatites,
the muscovite-kyanite schists (e. g. sample
KWGO001BS5) transition to a fine- to medium-
grained magnetite-rich quartzite (Figs 3d, 4b).
Two average grain sizes of quartz occur
(Figs 4a, c). 1. e. ~200 um and ~50 pm. Catho-
doluminescence (blue to red) reveals that both
types exhibit polygonal grain contacts; some
grains display growth zoning and striations,
and luminescence locally changes from blue to
orange-brown. Magnetite is abundant (30-
250 pm), partly displaying pseudomorphic
replacement after hematite or specularite. The
samples contain numerous secondary minerals,
dominated by baryte, which occurs as two
generations: (1) euhedral phenocrysts up to
350 um, and (2) anhedral pore-filling crystals.
Other secondary minerals include pyrite, cli-
nochlore, zircon (only in sample KWG001B-3;
Fig. 4f), monazite, strontianite, celestine and
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natrojarosite (Fig. 4d). The latter is an accesso- the immediate contact of carbonatite with
ry mineral in sample KWGO003AL, but a major  country rock, K-feldspar is recrystallised to
phase (with quartz) in KWG003A2. Some muscovite Il (Fig. 7). The complete parage-
country rock samples contain calcite veins netic sequence is depicted in Figure 5.

(Fig. 4c) with a minor amount of dolomite. At

Dol | Fe-enriched

g

U contact zone M

Figure 3. a) KWGO003B in PPL (Plane-Polarised Light), twangrations of dolomite: The first generation is
anhedral and altered, while the second is euhaddlnaltered. An Fexide halo formed around the calcite; b)
KWGO003B CL: both generations of dolomite are veichrin Fe, causing them to appear almost completely
black; ¢) KWG001B-9 in XPL (CrossPolarised Light): two generations of calcite differing in size and shape; d)
KWGO001B-9 in XPL: contact zone between the fornabonatitic melt and the wall rock (Igfe) KWGO01A-

1 in XPL: mechanical stress causes the phengitplib along cleavages. However, no evidence of étam
alteration is observed; f) KWGO001A-1 in PPL: phengite has undergone chemical alteratas shown by a
dissolution halo surrounding the grain.
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. metamorphic 8
quartz

Figure 4. a) KWG001B4 in PPL: two generations of quartzseparated by magnetite. Aggregates of monazite
are observed adjacent to magnetite and quartz; b) KWG001B4 in PPL: relicts of muscovite are found between

the quartz grains; ¢c) KWGOO01A CL: two calcite types are observed within the carbonatite vein. Theiteals
separated from quartz by dolomite II. Dolomit® present in much smaller amounts; d) KWG003A1 in PPL:
natrojarosite associated with magnetite in altered quartz and accessory monazite; ¢) KWGO001A6 CL:
metamorphic and carbothermal quartz; f) KWGO001B-3 CL: accessory zircon from the waltko

Mineral compositions
Carbonates

Carbonates were analysed in carbona-
tites, contact zones and overprinted country
rocks (samples KWGO003B, KWGO04A,
KWG001B9, KWGO001Al), with representa-
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tive analyses given in Table 5. The two textur-
ally distinguished dolomite generations
(Figs 3a, 4c) show no discernable composi-
tional differences, with FeO up to 4.7 wt% and
MnO up to 0.45 wt%, although Fe increases
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slightly with evolution (arrow in Fig. 8). Cal-
cite | shows MnO up to 0.2 wt.%, whereas

calcite Il contains FeO <0.3 wt.% and MnO

Mineralogy

Xenolith / wall-rock

Carbonatite stage

<2.7 wt.%, also with a slight increase as evolu-
tion progresses (arrow in Fig. 8).

Carbothermal stage Weathering

K-feldspar
Zircon
Quartz

Muscovite

Magnetite

Phengite

Flucro-phlogopite
Hydroxy-phlogopite
Dolomite
Apatite
Calcite
Chilorite
Pyrite
Baryte
Celestine
Strontianite
Monazite
Natrojarosite
Hematite/Goethite

Figure 5. Paragenetic sequence: arrows represent thedraretfon of one mineral into another

Xenolith

» ._' e
S K M liFe

Mosaic

Figure 6. Various chemical maps ob-
tained by uXRF on the polished section
of sample KWG001B9 using the Mosaic
option and element normalisation: a)
Macroscopic photograph of the sample
showing two distinct lithological do-
mains: the dark one represents the wall
rock and the light one corresponds to the
carbonatite; b) elemental distribution
map showing Mg, S, K, Ca, Ti, and Fe;

¢) Elemental distribution map showing S,
K, Mn, Fe, and Sr
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Mosaic’ ™58 : Mosaic

C)

Figure 7. Chemical mapping of hand specimen
KWGO001AL1 using the Mosaic option and element
normalisation: a) Distribution of Si, Ca, K and Fe
clearly shows the calcite carbonatite intrusio
(yellow), interaction zones with a mixture of
calcite, Fe-oxides and K, and the overprinted hog
rock (corresponding to a quartzite, blue); b) dis-
tribution of Mn, Fe, and Al highlights chemical
zoning in the magmatic calcite. Areas rich in K
are also seen to be rich in Al, indicating the pres
ence of muscovite (based on relative eleme
proportions); ¢) zoomed-in view of one K- and
Al-rich zone: the respective areas correspond t
muscovite replacing feldspar aggregates.

o

Mosaic 6 mm

Fe-bearing | Ferroan . Fe-bearing . .
MINERAL . . Calcite Il . Calcite Il Calcite |
dolomite |dolomite calcite
FeO 2.5 4.66 0.2 0.27 b.d.l. 0.05
MnO 0.33 0.45 0.68 1.55 0.3 0.33
MgO 19.9 18.38 0.1 0.3 0.04 0.04
Cao 29.76 29.11 55.09 55.49 56.07 55.48
SrO b.d.l. b.d.l. 0.14 0.07 0.28 0.18
CO, calculated 46.88 46.09 43.97 45.06 44.39 43.96
Total 99.53 98.81 100.26 102.79 101.17 100.17
End member proportions
CaCO; 49.9 49.6 98.5 96.8 99.5 99.4
MgCO; 46.4 43.6 0.2 0.7 0.1 0.1
(Fe,Mn)CO; 3.7 6.8 1.2 2.5 0.4 0.5
Mineral formula
Ca 0.5 0.5 0.98 0.97 0.99 0.99
Mg 0.46 0.43 >0.01 >0.01 >0.01 >0.01
Mn+Fe 0.04 0.07 0.01 0.03 >0.01 >0.01

Table 5. Exemplary mineral chemistry of carbonates: alllgsed chemical elements are listed in their oxide
forms, but for the calculation of the structurainfmla only Ca, Mg, Fe, and Mn were considered.Nga, K,
La, Ce, P, and Nd were in all samples below thedien limit and therefore omitted in the table.
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Mica

Mica compositions were studied in three
samples (KWG003B, KWG001B9 and
KWGO001A1; Table 6 & Fig. 9), and show
distinct differences. Carbonatite (KWG003B)
typically contains relatively pure phlogopite,
low in both FeO (<2 wt.%) and F (<1.5 wt.%).
Closer to the contact with the country rock

(sample KWGO001B9), phlogopite is higher in
FeO (up to 4.6 wt.%) and F (up to 8.8 wt.%),
while directly at the contact, within the
country rock (KWGO01A1), mica occurs as
phengite with similar FeO (up to 4.5 wt.%)
and F contents (up to 4.3 wt.%), but much
higher Al,O3 (up to 26.6 wt.%).

x KWG001B9 Ca (COa)
x KWGD03B 0.0
x  KWGO001A1 % 1.0
®x  KWGOD4A \
0.2 Calcite, 0.8
Aragonite
04
Dolomite Ankerite,
Kutnohorite
0.8; 0.2
Magnesite Siderite, Rhodochrosite
ma » © -
o Q-‘), o & QQ.’ D
Mg (COs) Fe, Mn (COs)

Figure 8. Ternary diagram showing the composition of carbonate; arrows indicate the evolutionary trajectory.

Eastonite

s

Carbonatite-hosted
@ .
basement xenolith

A3+

@ Carbonatite

¢ Contact zone

Siderophyllite

Annite

2+
Mg Tetraferriphlogopite

Fetot

Figure 9. Ternary diagram of the mica mineral chemistry.
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SAMPLE KWGO003B KWG001B9 KWGO001A1 KWGO001A1
carbonatite
LITHOLOGY carbonatite hosted contact contact zone
basement zone
xenolith
MINERAL :\f);raor)l(s_g i\-:;rir;:-g Fl uoroj Fl uoroj F-rich F-rich
phlogopite phlogopite phlogopite phlogopite| phengite phengite

Sio, 43.61 43.58 42.61 41.82 49.57 48.75
TiO, 0.54 0.45 0.11 0.04 0.32 0.16
Al,03 12.22 12.21 10.93 11.47 25.68 26.70
Fe,03 (calc.) 0.00 0.00 0.06 0.07 0.00 0.00
FeO (calc.) 114 1.27 4.21 5.70 3.74 4.69
MgOo 27.50 27.49 25.48 24.55 3.44 2.56
Na,0 0.05 0.05 0.01 0.08 0.21 0.24
K,O 10.59 10.59 10.85 10.77 11.35 11.22
F 2.53 2.42 8.45 8.29 3.85 333
Cl 0.07 0.09 0.03 0.10 0.01 0.01
H,0 (calc.) 2.53 2.63 0.00 0.15 2.59 2.82
O=F,,Cl, 1.08 1.04 3.56 3.51 1.62 14
Total 99.7 99.7 99.2 99.5 99.1 99.1
si*t 3.06 3.059 3.07 3.02 3.361 3.317
Ti* 0.028 0.024 0.006 0.002 0.017 0.008
AP 1.011 1.01 0.927 0.976 2.052 2.141
Fe¥* 0.000 0.000 0.003 0.004 0.000 0.000
Fe* 0.067 0.075 0.254 0.348 0.211 0.266
Mgz+ 2.877 2.876 2.735 2.643 0.348 0.26
ca? 0.000 0.000 0.000 0.000 0.000 0.000
Na* 0.007 0.007 0.002 0.011 0.027 0.032
K 0.948 0.948 0.997 0.992 0.982 0.974
Total 7.998 7.999 7.994 7.996 6.998 6.998
F 0.561 0.537 1.925 1.893 0.826 0.717
cr 0.009 0.011 0.003 0.012 0.001 0.002
OH 1.196 1.231 0.000 0.072 1.173 1.281
02'=2-Z(F,CI,0H) 0.234 0.221 0.072 0.023 0.000 0.000
Total 2.000 2.000 2.000 2.000 2.000 2.000

Table 6. Exemplary mineral chemistry of mica: Ca, Ba, &rd Mn were analysed, but are below the detection

limit and therefore omitted in the table.

Discussion

Evolution of the Kwaggaspan Carbonatite
Complex

The earliest carbonate phase to crystal-
lise in the carbonatites from Kwaggaspan is
ferroan dolomite. The crystals exhibit Fe exso-
lution at their margins, forming dark Fe-oxide
rims that physically separate them from the
later crystallised calcite (Figs 3a, b). This se-
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guence represents an inversion of the expected
carbonate crystallisation order (Gittins and
Harmer, 1997; Woolley and Kjarsgaard, 2008;
Mitchell, 2005; Joneset al, 2013; Tappe et al,
2025), with calcite forming only after the pre-
cipitation of ferroan dolomite.

Two non-exclusive hypotheses may ex-
plain the observed inversion despite the prima-
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ry melt's Mg-enrichment. (i) Kinetic control
by melt composition and redox conditions:
primary carbonatitic melts are typically Mg-
rich (Jone<t al, 2013) and calcite crystallises
first due to its higher thermodynamic stability
(Schmidtet al, 2024). The addition of Fe can
shift stability towards hypersolvus Mg/Fe-rich
calcite and narrow the dolomite field (or to-
wards Ferich carbonates such as ankerite;
Schmidt et al, 2024). Experimental work
shows that Fe/Mg-bearing melts reach dolo-
mite saturation prior to calcite under specific
P-T-X(CQ,) conditions (Richert and Schmidt,
2025). (ii) Secondary dissolution and replace-
ment: initial crystallisation starts with calcite,
but was followed by subsequent dissolution
and replacement by dolomite, possibly through
metasomatic processes or fluid-rock interac-
tion during magmatic or post-magmatic stages.
The latter has been documented in natural
systems (e. g. Chakhmouradiah al, 2016;
Vasyukova and Williamgenes, 2022; Gudeli-
uset al, 2023), and from sedimentary systems
such a replacement is well known (e. g.
Mueller et al.,2020; 2022; 2024). Notably, in

the investigated samples calcite is more abun-
dant in the contact zones near the host rock, as
has been observed also in the Eureka (Nami-
bia) carbonatite (Adamcova, 2025).

Slight enrichment of Fe in dolomite and
calcite, as observed in the present study (Fig.
8), is a common feature in evolving carbona-
titic systems (Gittins and Harmer, 1997;
Woolley and Kjarsgaard, 2008; Mitchell, 2005;
Joneset al, 2013; Tappe et al, 2025). Two
interpretations are considered for such a sys-
tematic variation. (i) Progressive Fe incorpora-
tion during crystallisation: during magmatic
differentiation, Fe2may substitute for Cain
calcite as the availability of Ca in the melt
diminishes; (ii) post-crystallisation alteration:
Fe originally incorporated in calcite could
have been leached during later carbothermal
alteration, resulting in Fe-depleted, relatively
pure calcite. Based on Fe-enrichment along
cleavages, post-crystallisation alteration is
rather more likely than purely magmatic crys-
tallisation, which would lead to growth zones.
Chemical evolution of the different calcite
generations observed by uXRF analysis (Fig.
6) provides insights into the crystallisation
history of calcite carbonatite. Strontium is
preferentially concentrated in the early, elon-
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gated calcite crystals, suggesting early and
rapid crystallisation from a Sr-rich melt. In
contrast, Mn is enriched in more peripheral
growth zones, indicating slower crystallisation
at a later stage. The partitioning behaviour of
these elements is consistent with their ionic
properties: Sr2readily substitutes for Caat
elevated temperatures (5500 °C), while
Mnz2* incorporation into calcite is more favour-
able at lower temperatures (2866 °C) or
once Sr saturation is reached (Reeder, 1983).
Such development is characteristic of differen-
tiated carbonatites and may also indicate
magmatic replenishment or remobilisation by
late-stage fluids, potentially of carbothermal
origin (involvement of aqueous fluids is indi-
cated by the formation of chlorite and musco-
vite; Reeder, 1983).

Moreover, a carbothermal stage can be
assumed for monazite, which occurs as fine-
grained, acicular aggregates dispersed within
the carbonatite, the contact zone and the over-
printed country rock. Its small grain size and
clustered texture are consistent with rapid
crystallisation from a probably low-tempera-
ture fluid or a brine melt (Anenburgt al,
2021). The origin of this mineral is therefore
more likely carbothermal than magmatic. The
spatial association of monazite with baryte and
strontianite also supports precipitation from a
REE-enriched carbothermal residue, rather
than direct magmatic crystallisation (Waltsr
al., 2022). Monazite formation therefore likely
represents low-temperature fluid reaction with
country rocks, as has also been described from
the Eureka carbonatite in central Namibia
(Broom-Fendley et al, 2020; Adamcova,
2025).

Mineralogical overprint in the country rock

The overprinted country rocks are pre-
dominantly Fe-rich quartzites, marked by the
presence of multiple generations of feldspar,
magnetite and other Fe-oxidekey also con-
tain muscovite (replacing K-feldspar). The
observed mineralogical complexity is inter-
preted as the result of extensive overprinting
due to infiltration of the evolved carbonatite
magma/carbothermal residues. Such processes
are common in late-stage carbonatitic systems
and often lead to the formation of a wide suite
of secondary minerals, which will be discussed
in the following.
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Formation of baryte, strontianite, and natroja-
rosite

Baryte typically precipitates during the
late magmatic to post-magmatic stages of car-
bonatite evolution (Walteet al, 2020, 2021).
Upon migration into the surrounding wall
rock, these evolved carbonatites/carbothermal
residues may encounter chemically and physi-
cally distinct environments (often with con-
trasting pH, redox potential, or ionic activity)
leading to baryte precipitation. Baryte is ob-
served in association with pyrite, monazite,
hematite and micas in the host rock, further
supporting its carbothermal origin. A first gen-
eration of well-crystallised baryte likely pre-
cipitated under stable conditions at 18@-°C
(Reeder, 1983). A second generation of anhe-
dral baryte fills pore spaces and suggests rapid
precipitation from a late-stage or transient
carbothermal event.

Under such conditions baryte may crys-
tallise before or concurrently with celestine,
provided the fluid is not too highly oxidising.
In contrast, celestine forms from interaction
between Sr-rich fluids and oxidising, sulfate-
rich environments, often within carbothermal
veins, or it occurs disseminated in altered car-
bonates. The required sulfate may originate
from the oxidative dissolution of sulfide min-
erals such as pyrite. This low-temperature
mineral assemblage further supports a low-
temperature, post-magmatic carbothermal
event affecting the country rock.

Most pyrite in the altered country rocks
is replaced by natrojarosite, which indicates
acidic fluid circulation following carbonatite
emplacement under weathering conditions. It
may form through either carbothermal altera-
tion, where pyrite oxidation produces 80
rich, acidic fluids that interact with Na-bearing
silicates (mainly feldspars), or via supergene
weathering, where oxidised meteoric waters
react with sulfide-rich rocks, transforming
pyrite into natrojarosite (Desborougtt al,
2010). In either case, a sulfur-bearing precur-
sor, most likely pyrite, is required. The isomet-
ric shapes and spatial distribution of natrojaro-

site within the rock support its derivation from

pyrite. This transformation is common in

weathering and hydrothermal systems and
marks significant supergene alteration in the
Kwaggaspan Complex.

Formation of phengite

The compositional variation of mica in
carbonatites has been used to track magma
evolution and magma - host rock interaction
(e. g. Giebelet al, 2019). Typically, mica in
carbonatites evolves from phlogopite to
eastonite or tetraferriphlogopite and, in the
case of wall rock interaction, phlogopite
evolves into biotite and subsequently into an-
nite (Giebelet al, 2019). In contrast, the pre-
sent study reveals a distinctly different evolu-
tion trajectory from phlogopite to slightly alu-
minous Fe-rich phlogopite, culminating in the
formation of phengite (Fig. 9), and character-
ised by increasing Fe and Al. This trend is
attributed to interaction with the metapelitic,
and exceptionally Al-rich country rock (Kui-
seb schist), which is notably enriched in mus-
covite and kyanite (Fig. 2). The high Al-
content of the host rock appears to have been a
major factor influencing mica composition
during interaction.

The mica crystallisation sequence is
summarised in Figure 10. Initially, phengite
forms within the contact zone during extensive
melt — wall rock interaction. The interaction
involves Si and Al from the metasedimentary
host rock and Fe and F from the infiltrating
carbonatitic melt. Subsequently, Fe-rich phlo-
gopite crystallises within the contact zone, re-
flecting mixed chemical input: Si and Al from
the host rock, and Fe, Mg and F from the
intruding melt. In the final stage, phlogopite
crystallises at lower temperatures, when much
of the fluorine has already been incorporated
into earlier micas (continuous consumption of
fluorine during mica formation). This phase
forms at the interface between the melt and
host rock and, later, within the melt itself, ex-
plaining its restriction to carbonatitic domains.

Emplacement model and evolution of the carbonatitisystem

The emplacement of the carbonatitic
plugs remains a theoretical reconstruction,
inferred primarily from the spatial distribution
of sampling points (Figure 1). The curved
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alignment of these locations, combined with

the presence of surrounding fault zones, sug-
gests that the carbonatitic magmas ascended
along a zone of structural weakness, possibly
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the broken axis of a steeply dipping fault. It is
proposed that the carbonatitic plugs ascended
along this fault system. Since deformation in
the area is dated to Pan-African time
(535+13 Ma, Goscombet al, 2003), a lower
age-limit for the intrusion can be structurally
defined. However, a Mesozoic age is more
likely due to the adjacent Okenyenye grabbro-

P :
- Country rock (schist) : === Muscovite
- Country rock overprinted »1 @0 K-Feldpar

Carbonatite melts (Fe-rich dolomite

and calcite) “» . Muscovite

Coming from the country rock

!\ Forming during hydrothermalism

ic intrusion dated at 123.4+1.4 Ma (Milnet

al., 1993). Nevertheless, Permian and Triassic
ages are known from the carbonatites of the
Damaraland Igneous Province (Swt al,
2024; Ladisic et al, 2025) and therefore the
Kwaggaspan Complex could also be part of an
earlier carbonatite event. A more specific time
frame of intrusion cannot be given at this time.

. k.
: Forming during the magmatic stage
. @ Magnetite - Phlogopite
|
Phengite } ’
: -rich inF ‘ Fluoro-phlogopite
I

Figure 10. Conceptual diagram of mica evolution and crystation: A) Representation of the three different
lithologies during the magmatic episode, showing key minerals inherited from the country rock ahd
formation of phengite through interaction betwelea tarbonatitic melt and the overprintedintry rock; B) at

a later magmatic stage, formation of fluoro-phlagmphrough continued interaction between the caalitic
melt and the overprinted country rock occurred close to the carbonatitic melt; C) formation of phlogopite at an
even later magmatic stage through interactions éetvthe carbonatitic melt and the overprinted ayurck.
Formed right at the interface, these minerals, glatith part of the magnetite, precipitate direditgm the
carbmatitic melt; D) during carbothermal alteration, chemical reactions involving feldspar resalimuscovite

crystallisation.

Upon emplacement, the carbonatites in-
teracted with the surrounding country rock,
triggering metasomatic reactions that resulted
in the observed mineralogical complexity de-
scribed above. The strongly overprinted host
rock is characterised by quartz, destabilised
alkali feldspar, secondary mica and abundant
magnetite, underlining the Fe-rich nature of
the evolved carbonatites.

The magmatic sequence started with the
crystallisation of Fe-rich dolomite, forming
first anhedral, then euhedral crystals, with Mg
progressively substituted by Fe. Calcite repre-
sents the final magmatic phase. Carbothermal
activity appears to start during late magma-
tism, as indicated by the presence of baryte at
the carbonatite- country rock interface, re-
flecting early fluid migration. Carbothermal
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alteration persists at 25850 °C, causing
quartz recrystallisation, polygonal grain
boundaries, and abundant fluid inclusions.
Clinochlore begins to crystallise in the
carbonatitic units with continued cooling, and
is followed by pyrite and two generations of
baryte.

Late-stage fluids (20360 °C) enable
the formation of secondary calcite, pyrite,
baryte, celestine, strontianite, and monazite.
Iron-depleted calcite Il forms through altera-
tion of older carbonates. Supergene alteration
produces natrojarosite from pyrite, and Fe-
oxides (e. g. goethite, hematite) display di-
verse textures: (i) coarse crystals up to
200um; (ii) fine crystals <10 um; and (iii)
spheroidal coatings on pre-existing minerals
(e. g. natrojarosite) forming a gossan.
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Conclusions

The Kwaggaspan Carbonatite Complex
forms several plugs and associated veins,
which intruded the Kuiseb schist. Intense
interaction between the evolved carbonatites
and the host schist produced decimetre-thick,
Fe-rich, quartzite-like rocks interpreted as
strongly metasomatised country rocks, and led
to the formation of phengite. Following this
metasomatic overprint, the carbonatitic melt
crystallised in a distinctive sequence: two
generations of Fe-rich dolomite, succeeded by

two generations of calcite. A subsequent
carbothermal episode led to the formation of
clinochlore, pyrite, baryte, strontianite,
celestine, and monazite. Finally, ongoing
supergene alteration, in conjunction with the
system’s Fe-rich character, produced abundant
Fe-oxides, such as hematite and goethite. In
the course of weathering-related processes,
natrojarosite forms through the oxidative
alteration of pyrite.
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