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Abstract :- This review analyses the architecture and emplastot@racteristics of 551 carbonatite
complexes worldwide to address two key questiofdidw are different geometries linked to each
other genetically, e. g. early-stage radial dykesws late-stage plugs, and (ii) does the architectf
carbonatite complexes contribute to a better utaieding of the physicochemical parameters of the
melts.

Carbonatite complexes are categorised into volcahiallow intrusive, and deep-seated types.
Among the 551 studied occurrences, 48% consistapiliynof single dykes or dyke swarms, while
other geometries such as plugs (20%), cone shedtarsg dykes (11%), and diatreme breccias (8%)
are less abundant. The remaining geometries represgious and variable features of lesser
importance, such as lenses, sills, etc., whicmatdurther discussed here. Only 20% of carborstite
lack associated alkaline silicate rocks, suggestiggnetic relationship, although exposure biadyik
affects these statistics. Notably, geometries sgcloone sheets, ring dykes, and plugs occur across
different depth levels, limiting their use as rblaindicators of emplacement depth. Similarly,itien
halo development is influenced by local countrykrpmoperties rather than emplacement depth.

Field data from key localities, such as Kaiserst{@¢rmany), Oldoinyo Lengai (Tanzania),
Palabora (South Africa), and Ardnamurchan (Scojlaiidstrate the structural similarities between
carbonatitic and silicate systems, including radigkes, cone sheets, and ring dykes. However, a
fundamental difference lies in the high verticaldteral aspect ratios of carbonatite intrusionsiciv
contrast with the horizontally extensive magma dbars typical of silicate magmatism. This
distinction arises from the low viscosity, low di#wsand volatile-rich nature of carbonatite melts,
which promote rapid ascent through the crust witlsognificant ponding. Empirical and experimental
data suggest that carbonatite magmas can ascehighatvelocities and substantially faster than
silicate magmas or even kimberlites. Their asceftakiour closely resembles that of ionic fluids
lacking silica polymerisation, which allows for faand dynamic, jackhammer-like intrusion through
the crust. Existing dyke emplacement models suppastrapid, unsteady ascent process, involving
episodic, self-closing pockets of melt that migrapevard in discrete pulses. These dynamics imply a
wide range of vertical carbonatite pocket sizemnfimetres to several kilometres, depending on melt
volume and crustal conditions.

This review highlights the limitations of geometaione to infer depth or genesis, given the
overprinting effects of erosion and exposure Hitmvever, the combined structural, petrological, and
geophysical data strongly support a dynamic asceotlel for carbonatite melts. The refined
"Jackhammer model" emphasises the unique rheoldgyaonatites and their capacity for rapid,
transient ascent, without the need for long-livedstal magma chambers.
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I ntroduction

Most carbonatites are igneous rocks that
crystallised from carbonate-rich, mantle-
derived melts. About 600 occurrences are
known world-wide and the majority of them
(80 %) is associated with diverse silicate
rocks, including nephelinitic-melilititic, tra-
chytic-phonolitic, basaltic-basanitic, aillikitic,
kimberlitic and ultramafic compositions
(Mitchell, 2005; Woolley and Kjarsgaard
2008; Yaxley et al, 2022). Most carbonatites
are situated in the vicinity or within continen-
tal rift settings or occur along transcrustal-
scale lineaments (Woolley and Kjarsgaard,
2008). A recent classification divides carbon-
atites by their predominant carbonate mineral
into calcite/calcio- (sdvite and alvikite), dolo-
mite/magnesio- (rauhaugite and beforsite),
ankerite-siderite/ferro- and nyererite / natro-
carbonatites, with calcite carbonatites being
the most common type (Schmielt al, 2024,
and references therein). Dolomite and anker-
ite-siderite carbonatites are much less com-
mon, and mostly occur as late-stage dykes or
pockets within calcite carbonatites (Tappe
al., 2025; Schmidt et al,, 2024, and references
therein). Natro-carbonatite (containing abun-
dant alkali-dominated carbonates, such as
gregoryite and nyererite) is exclusively known
from today’s only active carbonatite volcano,
namely Oldoinyo Lengai (Tanzania) and the
neighbouring Kerimasi (Tappet al, 2025,
and references therein).

Petrogenetic models for the origin of
carbonatites have been recently reviewed in
Joneset al (2013), Yaxleyet al (2021; 2022),
Tappeet al (2025) and Schmidtt al (2024).
The two first order processes for the origin of
carbonatites are (i) crystallisation from prima-
ry carbonatitic melts as a product of low-
degree partial melting of carbonate-bearing
mantle peridotites and (ii) fractional crystalli-
sation of carbonate-bearing, silica-undersatu-
rated magmas followed by silicate-carbonatite
liquid immiscibility. The emplacement of car-
bonatitic magmas into the crust causes cyclic
release of C®H,O-NaCl (xsulfate, bicar-
bonate) fluids/brines and variable metasomatic
interactions with diverse wall rocks (e. g.
Elliot et al, 2018; Giebel et al, 2019; Walter
et al, 2021; Vasyukova and Williams-Jones,
2022; Schmidt et al, 2024). Published experi-
mental data indicate that crystallisation of
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calcite, dolomite, ankerite, and siderite at crus-
tal conditions requires alkaline, hydrous car-
bonate melts with 20 to 25 wt.% (Na,K)0s

+ HO (Schmidtet al, 2024). These authors
also suggest that carbonatite rocks, which are
poor in these elements, are interpreted as
magmatic cumulates. Moreover, based on ex-
perimental data, there is a high potential that
most carbonatites found in the crust do not
have a direct mantle origin (Schmidt al,
2024).

Carbonatite can bear economic ore
grades of a variety of commodities which are
required for high tech, fertilizer and steel ap-
plications (e. g. fluorite, REE, Nb, P, Fe, Zr;

Th; Mariano, 1989). Today, some 50-60 car-
bonatites are either mined or being under ad-
vanced exploration, representing ~10% of the
known occurrences. However, exploration of
carbonatite is challenging because of the com-
plex and variable geometry, mineralogy, mi-
cro-textures and general heterogeneity of such
deposits (Edahkét al, 2018). Importantly, the
true economic value of a carbonatite is not
only related to volume and grade, but critically
depends on a processable mineralogy and
grain size to develop an exploration target into
a mining operation. In this context, elucidating
the processes responsible for the development
of the observed geometry is of both fundamen-
tal and economic importance. Outcrop maps
and the spatial distribution of alkaline silicate
rocks derived from bore hole data and geo-
physical modelling constitute essential datasets
for assessing prospectivity and guiding explo-
ration activities. To secure the future supply of
critical raw materials (CRM) from carbon-
atites, a refined and applicable model of the
architecture of carbonatite occurrences based
on known ore forming processes is required.
This paper provides a global review of carbon-
atite geometries to answer the following ques-
tions:

- What is the genetic link between
different carbonatite geometries (e. g.
early radial dykes and late stage
plugs)?

- What can be learned from carbonatite
architecture about the physio-chemical
parameters of the involved melts?
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To develop comprehensive geomodels
for carbonatites, these two problems need to be
addressed. Recently, detailed geomodels for
alkaline igneous rocks have been published
(Beardet al, 2023), while a modern geomodel
for carbonatites is still lacking. The geometric
model of Le Bas (1987) is used for carbon-
atites worldwide, although it is largely based
on observations from carbonatites in the East
African rift, exposed at volcanic to subvolcan-
ic levels. Frolov (1971) reviewed many on the
known occurrences at that time and interpreted
their plan view as representing different expo-
sure levels of subvertical, pipe-like structures,
distinguishing erupted and stuck complexes.
The stuck ones likely had a sealing, and prob-
ably lost much less volatiles than their erupted
counterparts (Walteet al, 2020, 2021, and
references therein). Moreover, Frolov (1971)
suggested that mineralisation style as well as
the exposed alkaline silicate rock/carbonatite
ratio of such structures are depth-dependent -
an approach subsequently used and developed
further by others (Arzamastseat al, 2000;
Giebelet al, 2017). A recent review (Simandl|
and Paradis, 2018) highlighted the role of ore-
body geometry within carbonatite-alkaline
igneous rock complexes for exploration. The
outcome of this previous work implies that i)
architecture of the complex and alkaline sili-
cate rock/carbonatite ratios depend on crustal
depth (e. g. ring dykes as indicators for caldera
formation closely above occur only in shallow
complexes; Elliot et al, 2018) and ii) at a par-
ticular depth level, the observed carbonatite
architecture can systematically vary (e. g. radi-
al dykes without plugs> radial dykes with
plugs 2 plugs without radial dykes, with in-
creasing depth in a shallow intrusion cluster;
Wooley, 1987, 2001, 2019; Kogarko et al,
1995). Hence the architecture of carbonatite
complexes needs to be reviewed in detail for
geomodel refinement which is the scope of
this contribution.

Emplacement depth of carbonatites

Carbonatites are exposed at variable
crustal levels Krolov, 1971; Mitchell, 2005),
but direct constraints on their emplacement
depths are hampered by the general absence of
suitable mineral assemblages that would allow
for geobarometric determinations. For some
occurrences, however, depth estimates have
been published based on reconstruction of the
eroded overburden at the time of emplace-
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ment. For Evate (Mozambique), up to 20 km
depth have been estimated (Hwetal, 2021),
while for Palabora (South Africa) up to 15 km
depth are assumed (Eriksson, 1982), possibly
representing the deepest exposed carbonatites
known. Based on ductile, synmagmatic defor-
mation including some brittle components, the
Swartbooisdrift-Ondoto dyke swarm (Nami-
bia) was likely formed at the brittle-ductile
transition zone (Drippedt al, 2006, and ref-
erences therein) and thus joins the list of deep-
seated carbonatite occurences.

An alternative approach uses pressure
estimates derived from isochoric projection of
microthermometric data of fluid inclusions in
primary minerals in carbonatites, such as apa-
tite. This is, however, not straightforward,
since such estimates represent the formation
depth of the mineral that hosts the fluid inclu-
sion, but not necessarily the emplacement
depth of the carbonatite body itself - a problem
which is recognised only by few (e. g. Ander-
sen, 1987). For example, the fluid data of Oka
(Canada) indicate fluid exsolution from a
carbonatitic melt between 0.4-0.8 GPa equiva-
lent to a depth of 14-29 km, which is much
deeper than the exposure level of ~1 km, based
on extrapolation of the regional geology (Sam-
sonet al, 1995). Similar problems for other
occurrences are discussed in detail by Walter
et al (2021), who concluded that isochoric
projections may be suitable to specify the for-
mation depth of a particular phase, but can
only be used as emplacement monitor for the
carbonatite body, if there is evidence ifositu
crystal growth (e. g. magmatic banding). Thus,
knowledge of the emplacement level of car-
bonatite complexes is very limited and semi-
guantitative at best. Accordingly, we distin-
guish three categories of carbonatite complex-
es in the following: (i) volcanic carbonatite
complexes, (i) shallow intrusive carbonatite
complexes, and (iii) deep-seated carbonatite
complexes.Apart from these, a further sec-
ondary category comprises complexes that
were affected by metamorphism and/or defor-
mation regardless of their emplacement depth.

Volcanic carbonatite complexes

Such occurrences expose effusive (e. g.
lavas) and pyroclastic (e. g. lapilli stones)
carbonatites, which are in some cases
associated with intrusive carbonatite bodies
(Fig. 1). Typically, extrusive carbonatites form
parts of larger stratovolcanoes (and their
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eroded subvolcanic centres) that are otherwise
dominated by silicate rocks, or they occur as
tephra cones, tuff rings, diatremes or maar-
type volcanoes (Rosateét al, 2007; Woolley

and Church, 2005; Stoppa et al, 2016).
Carbonatite-bearing stratovolcanoes eroded to
subvolcanic level occasionally expose ring
dyke and breccia structures (Elliogt al,
2018, and references therein). Important
examples include Oldoinyo Lengai (Tanzania),

Monte Vulture (Italy), Kaiserstuhl (Germany),
Catanda (Angola), Fort Portal (Uganda),
Xiluvo (Mozambique), and some Mongolian
carbonatites (e. g. Campemgt al, 2014;
Dawson, 1962; Hay and O'Neil, 1983; Keller
and Krafft 1990; Petrovsky et al, 2012;
Rapprich et al, 2024; Shu and Liu, 2019;
Stoppa and Woolley, 1997; Von Knorring and
Du Bois, 1961; Woolley and Church, 2005).
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Shallow intrusive carbonatite complexes
These complexes typically expose ring
dyke/sill structures, cone sheets and radial
dyke systems (Fig. 2). Central plug-like car-
bonatite bodies are locally exposed as well,
while extrusive carbonatites are absent.
Prominent fenite aureoles are common and in
places coarse mafic to ultramafic rocks are
associated with the carbonatites. Important
examples are Glenover (South Africa), AlIn6

(Sweden), Fen (Norway), Sokli (Finland),
complexes of the Chilwa Province in Malawi
(e. g. Kangankunde, Tundulu, Chilwa Island,
Songwe Hill), Panda Hill (Tanzania),
Siilinjarvi (Finland), Arbarastakh, Seblyavr
and Dalbykha (Russia), Dicker Willem and
Keishohe (Namibia) (e. g. Broom-Fendley
al., 2017; Walter et al, 2022; Kogarko et al,
1995; Woolley, 1987, 2001, 2019).
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Figure 2. Compilation of exemplary shallow intrusive carbtte complexes (Kogarket al, 1995; Woolley,
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Deep-seated carbonatite complexes

Intrusive carbonatites emplaced at
deeper crustal levels (i. e. >8 km; Fig. 3) are
not very common, which is probably an effect
of global erosion depths, which are mostly
upper crustal. Where they occur, such struc-
tures are mainly developed as plugs, while ring
dykes, sills, cone sheets and radial dyke sys-
tems are generally absent. They often show a
well-developed fenite aureole and are typically
associated with significant amounts of ultra-
mafic rock (e. g. pyroxenite, dunite) and phos-
corites (e. g. Palabora; Giebel et al, 2019a).

Important examples of deep-seated carbon-
atites comprise Mount Weld (Australia), Evate
(Mozambique), Palabora (South Africa), and
the Kola occurrences including Kovdor and
Afrikanda (Russia) (e. g. Epshteyn and Ka-
ban'kov, 1984; Giebel et al, 2019a Hurai et

al., 2021). Moreover, clusters of decimetre- to
metre-wide apatitite veins (minor seams of
ultramafic rock) from Nolans Bore (Australia)
probably represent the root zones of a trans-
passing carbonatite melt migrating through the
deeper crust (Anenbusg al, 2018).
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Figure 3. Compilation of exemplary deep-seated carbonattaplexes (Kogarket al, 1995; Woolley, 1987,

2001, 2019)
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Strongly deformed complexes
Deformation of carbonatites is not

uncommon and can occur under ductile (e. g.
Swartbooisdrift and Otjisazu, Namibia; Ice
River, Canada; Biihn et al, 2001; Driippel et

al., 2006; Mitchell et al, 2017) or brittle
conditions (Epembe and Glockenberg, Nami-
bia; Bulls Run, South Africa; Walter et al,
2022.; Scogings and Forster, 1989) (Figs 4 and

5). Deformation may be related to local or
regional faults and lineaments (e. g. Glocken-
berg and Otjisazu, Namibia; Biihn et al, 2001;

Walter et al, 2022) or to larger-scale regional
metamorphism, as at Loe Shilman, Sillai Patti,
Koga, Jambil and Jawar in Pakistan (Krein
al., 2021), Eureka (Namibia; Broom-Fendley

et al, 2021), the Maz Complex (Argentina;
Casquetet al, 2008), the Newania, Sevattur,
Jokipatti, Hogenakal, and Munnar complexes
in India (Paulet al, 2020, and references
therein), as well as several occurrences in
Northern America (Blue River area, Mount
Three Valley Gap carbonatites, Ice River Com-
plex; Millonig et al, 2012).
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Eureka Ice River
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Figure 4. Compilation of exemplary deformed carbonatite ptaxes (Kogarkeet al, 1995; Woolley, 1987,

2001, 2019)

3D-shape of intrusive carbonatite bodies

The general architecture of undeformed
carbonatite complexes and the shape of intru-
sive carbonatite bodies are influenced by sev-
eral factors, including physical parameters of
the carbonatite magma itself (e. g. viscosity
and density), the rheology of the surrounding
country rocks, and the local or regional stress
field (Simandl and Paradis, 2018, and refer-
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ences therein). Many vertically elongated and
steep carbonatite bodies (plugs) are associated
with radial dyke systems, cone sheets and/or
ring dykes Figs 6 and 14; Simandl and Para-

dis, 2018). The formation of cone sheets and
ring dykes, for example, is strongly related to
the stress field induced by magma ascent and
emplacement. Vertical to subvertical radial
dykes or subvertical to outward-dipping, partly
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crescent-shaped and locally concentric ring
dykes, as well as inward-dipping, concentric
cone sheets can emplace (Simandl and Paradis,
2018, and references therein). In contrast, in
the case of anisotropic regional (tectonic)
stress exceeding intrusion-induced stress, re-
gional dyke swarms may form (Simandl and
Paradis, 2018, and references therein) that are
typically related to regional lineaments and
other dominant structures, such as metamor-
phic foliation (e. g. Lofdal, Namibia), or struc-
tures around pre-existing batholiths (e. g.

Swartbooisdrift in the vicinity of the Kunene
anorthosite). Finally, certain carbonatite geom-
etries are partly influenced by the exposure
level of a given carbonatite complex. For ex-
ample, radial dyke systems seem to be restrict-
ed to the top of ascending carbonatite plugs
(Richat Dome, Mauritania; Gross Brukkaros,
Namibia) at variable depths, whereas cone
sheets exclusively occur at subvolcanic em-
placement levels (Kaiserstuhl, Germany;
Teufelskuppe and Keishéhe, Namibia).

A
Glockenberg

¥ carbonatite dykes

Figure 5. A) Movement on the Okahandja lineament (Namiléads to ductile deformation in the Otjisazu
Complex on a macro-, meso- and miseate; B) the Glockenberg carbonatite dykes (Namibia) intruded into
the active Glockenberg mylonitic shear zone ancevediected by brittle deformation.
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Figure 6. Modified model after Frolov (1971), Simandl andr&dis (2018) and Walteat al (2021), with
reference to complexes for which a reliable deptinmation exists

Regional dyke swarms (Type Lofdal)

This group encompasses carbonatite
occurrences that consist of single (Fig. 7; e. g.
Epembe, Namibia) or multiple carbonatite
dykes (e. g. Lofdal, Namibia; Haast River,
New Zealand). They lack other geometric ele-
ments, such as ring complex structures. The
dykes can vary in width, mostly on the centi-
metre- to metre-scale (e. g. Keikamspoort and
Magnet Heights, South Africa; Verwoerd,
1967); rarely they may be up to 500 m wide
and traceable for several kilometres along
strike (e. g. Vishnevogorskii, Russia, Cherni-
govskii, Ukraine; Kogaro et al, 1995).

Radial dyke systems (Type Gross Brukkaros)
Such localities expose (sub)vertical
dyke systems that strike towards a common
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focal point resembling a central carbonatite
plug, which may be actually exposed (e. g.
Kaiserstuhl, Germany; Wimmenauer, 2003) or

else hidden at deeper levels (e. g. Gross
Brukkaros, Namibia; Walter et al, 2023). The
thickness of such dykes can be variable (deci-
metres to metres) and may increase towards
the magmatic centre (Figs 8 and 9). Well-
documented radial dyke systems exposed over
hidden carbonatite plugs are rare; the best
examples are Gross Brukkaros and Oson-
gombo in Namibia and Richat Dome in
Mauritania (Verwoerd, 1967, Matton and
Jebrack, 2014; Walter et al, 2023). In some
cases, the radial dyke system is cut by a
younger central carbonatite plug (e. g. Kaiser-
stuhl) or was destroyed by breccia pipe for-
mation (e. g. Osongombo, Namibia).
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Figure 7. Compilation of occurrences classified as regiaty&le swarm (Kogarket al, 1995; Woolley, 1987,
2001, 2019)
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Figure 8. Occurrences classified as radial dyke swarms (Mj®001)
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Osongombo Mountain

~ 1 km to centre

~ 100 m to centre

Figure 9. Radial dyke system at Osongombo (Namibia): A)lsdykes of <10 cm thickness strike towards the
centre (Osongombo Mountain) of the intrusion; B) with decreasing distance to the magmatic centre dyke
thickness increases; C) in the direct vicinity of the centre radial dykes become more than a metre thick or form
dense networks; D) in the centre of the complex the dykes end up in the root zone of a ¢aatie breccia pipe.

Cone sheets and ring dykes/sills
(Type Ondurakorume)

Cone sheets and ring dykes may occur
at the same locality (Fig. 10). In such cases,
ring dyke systems are usually cut by a cone
sheet system. Cone sheet and ring dyke sys-
tems form continuous or discontinuous single
or multiple circular structures of variable car-
bonatite lithologies, and plutonic as well as
(sub)volcanic rocks (Ladisiet al, 2025). The
width of such dykes/sills varies mostly from
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the decimetre- to hundreds of metres-scale.
Examples of well-documented cone sheet sys-
tems include Kaiserstuhl (Waltet al, 2018;
Giebelet al, 2019), Ondurakoruméamibia;
Ladisic et al, 2025; Figs 10, 11), Keish6he
(Namibia; Walteret al, 2022), Goudini (South
Africa; Verwoerd 1967), Homa Mountain
(Kenya; Woolley 2001), Chilwa Island (Mala-

wi; Woolley 2001), Alno (Sweden), Qaqarssuk
(Greenland; Wooley 1987) and Arbarastakh
(Russia; Kogarko et al, 1995). Well-docu-
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mented ring dyke systems are known from (Canada; Wooley 1987), Dicker Willem

Amba Dongar (India; Chandra et al, 2019), (Namibia; Woolley 2001) and Gardiner
Glenover (South Africa; Verwoerd, 1967), Oka (Greenland; Gudelius et al,, 2023).
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Figure 10. Compilation of occurrences with cone sheet and dyke systems (Kogarlet al, 1995; Woolley,
1987, 2001, 2019)
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Ondurakorume Mountain (Kameelberg)

cone sheets

Conesheets
inward dipping

Figure 11. Cone sheets of the Ondurakorume carbonatite, Blamd) inward-dipping cone sheets form the
entire Ondurakorume Mountain. At least three défgrcone sheet systems can be differentiated veitimger
crosseutting older ones; B and C) calcite carbonatite cone sheet with magmatic banding

Plugs and pipe-like structures (Type Palabora)
Plugs are common features in carbon-
atite complexes, usually forming the main
carbonatite body. Such well-developed, verti-
cally elongated bodies can occur at the junc-
tion of transcrustal fault systems (Bardtsal,
2019) as these represent preferred conduits for
melts. In plan view, they are rounded features
reaching several hundreds of metres in diame-
ter. Such geometries have been reported from
SoMi (Finland; Vartiainen and Paarma, 1979),
Kaiserstuhl (Walteet al, 2018; Giebel et al,
2019), Dicker Willem (Reickt al.,1990), Oka
(Canada; Woolley 1987), Palabora and Spitz-
kop (South Africa; Verwoerd, 1967), Iron Hill
(USA; Nash, 1972) and Fen (Norway; Ander-
sen, 1987) (Fig. 12).
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Cumulate pockets (Type Nolans Bore)

This group does not reflect a geometry it-
self, but is mentioned here as a relevant part of
a magmatic system. The geometry of the apa-
tite veins at Nolans Bore (Australia) and simi-
lar occurrences is strongly linked to a deep
(granulite facies) emplacement level (Anen-
burg et al, 2018) and related zones of weak-
ness (Fig. 13). Anenburgt al (2018) inter-
preted these apatite veins as filter-pressing
products of a transpassing carbonatite magma
at deep crustal levels. Therefore, the geometry
of irregular veins and pockets likely reflects a
cumulate fraction generated during the ascent
of a carbonatite melt. Further examples are
Hoidas Lake (Canada; Pandur et al, 2015) and
Kasipatnam (India; Choudhuri and Banerji,
1976; Rao, 1976; Panda et al, 2015).
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Approach

To evaluate the frequency of the various
geometric elements described above on a
global scale, this review updates the carbon-
atite lists of Woolley and Kjarsgaard (2008),
Wooley (2019), Humphreys-Williams and
Zahirovic (2021) and Schmitet al (2024)
based on original and recent descriptions and
published maps (supplementary information,
Appendices 1 and 2).

About 20% of the 551 known carbon-
atites are classified as ‘strongly deformed’. As
deformation may alter or even erase the initial
architecture of carbonatites, such bodies are
not considered further. The remaining unde-
formed occurrences (n=459) were categorised
into (i) volcanic carbonatite complexes, (ii)
shallow intrusive carbonatite complexes, and
(iif) deep-seated carbonatite complexé&®r
many of them, plan view maps have been
digitised and plotted using the same scale, with
consistently labelled lithologies. At each of
these localities, the exposed carbonatite bodies
were classified as (a) regional dykes swarms,
(b) radial dykes, (c) cone sheets, and (d) ring
dykes and plugs. It is important to note, that a
single location can have more than one geo-
metric feature, e. g. a central plug that is sur-
rounded by a cone sheet system. This compila-
tion provides a statistical base for a quantita-

Nolans Bore
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- Carbonatite-related apatite veins
with ultramafic wall rocks

Figure 13. Apatitite pockets at Nolans Bore
(Australia) as type locality of cumulate pockets

tive evaluation of the frequency of certain
forms and shapes of carbonatite bodies in re-
spect of relative volume and associated alka-
line silicate rocks. As one complex can host
more than one geometric element, the number
of features (and associated lithologies) pre-
sented in the following exceeds the number of
locations studied.

Results

What is the geometry of a typical carbon-
atite?

It is important to note that the geometry
of carbonatites is independent of their origin
(mantle versus crustal source, which is not
topic of this paper); therefore, all known
occurrences are considered here, not only
those identified by Schmidet al (2024) as
“real” carbonatites. After elimination of the
deformed complexes (n=110), almost half
(48%) of the remaining carbonatite occur-
rences, for which sufficient information was
available (n=459), represent single carbonatite
dykes or dyke swarms (n=260), often in
association with other geometry types. Plugs
are less common (n=110; 20%), followed by
cone sheets and ring dykes (n=61; 11%). Sills,
with only 14 descriptions (3%), are apparently
rare, while subvolcanic, carbonatite-bearing
diatreme breccias are described from 44
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locations (8%). Occurrences of extrusive
carbonatites have been updated from Woolley
and Church (2005) and are described from 49
localities.

Only ca. 20% (n=118) of the known car-
bonatites are apparently not spatially asso-
ciated with alkaline silicate rocks, which is at
least partly influenced by the exposure level.
Carbonatites are typically associated with foid
syenites (n=171; 32%), syenites and quartz-
syenites (n=154; 29%), foidolites (rocks of the
melteigite-urtite-ijdite series; n=128; 24%),
and ultramafites (pyroxenites-peridotites-dun-
ites; n=156; 29%). Less commonly they occur
together with lamprophyres (n=86; 16%),
gabbroic rocks (n=72; 13%), phonolites (n=66;
12%), trachytes (n=55; 9%), nephelinites
(n=51; 9%), melilitolites/melilites (n=30; 6%),
and leucite/pseudoleucite-bearing rocks (n=
23; 4%). Please note that individual complexes
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can exhibit a variety of rock associations (in
addition to a combination of geometries), so
that, when grouped according to these criteria,

they have been counted twice or more times.
Therefore, “n” combined exceeds the total
number of known carbonatite complexes.

Discussion

The influence of emplacement depth on
carbonatite geometry

The presence of specific geometries
(except for lava flows and diatremes) cannot
simply be translated into a depth categorisa-
tion, since some of the observed geometries (e.
g. radial dykes) occur at various depths. Also,
while it is true that, for instance, cone sheets
are most common in carbonatites emplaced at
relatively shallow crustal levels (Ellia#t al,
2018), this is also the level at which most car-
bonatite complexes are exposed today. There-
fore, interpretations of “carbonatite types” and
dominant geometries, and the genesis of car-
bonatites are probably biased by the typical
exposure level of crustal rocks. Today’s exhu-
mation situation is clearly pointing towards a
dominant erosional cut of the complexes in
their roof regions.

Similarly, the intensity of fenite halos
surrounding a carbonatite complex cannot be
taken as an indicator of emplacement depth, as
several parameters are affecting the formation
and extent of a fenite halehemical gradient
to the country rocks, porosity and permeability
of the surrounding rocks and fracture net-
works, to name just a few, can vary signifi-
cantly among individual complexes at the
same emplacement level (e. g. Chilwa Prov-
ince, Malawi or Damaraland Province, north-
western Namibia), thus influencing alteration
of the country rock.

Within the group of surficial to shallow-
level carbonatites, volcanic edifices, erosional
remnants of volcanoes, and subvolcanic levels
of eroded volcanic systems can be observed.
These include extrusive carbonatites, such as
Kaiserstuhl (Germany), Oldoinyo Lengai (Tan-
zania) and Monte Vulture (ltaly), as well as
exposed conduits at locations such as Kaiser-
stuhl and Napak, where the inferred conduits
are represented by intrusive plugs several hun-
dred metres in diameter. Such plugs are, how-
ever, not exposed at Gross Brukkaros (Nami-
bia) and Richat Dome (Mauritania), where
only a radial dyke system of carbonatites is
developed, pointing to slightly lesser (relative-
ly!) erosional exhumation compared, for in-
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stance, to Napak (Uganda); at the latter locali-
ty a few hundred metres have been removed.
Moreover, cone sheets (Amba Dongar,
Ondurakorume and Gardiner) and ring dykes
(Tundulu and Homa Mountain; supplementary
information, Appendix 3) are common at the
same subsurficial level. On the other hand,
deeply emplaced complexes like Kovdor and
Salitre (Brazil; supplementary information,
Appendix 3) show a very well-developed
network of cone sheets, dykes and sills as well.
Therefore, the architecture of a carbonatite
occurrence cannot be used as a tracer for
emplacement depth, with exception of ring
dykes, which hint at an eroded and collapsed
caldera structure.

Are"ring dyke" and " cone sheet" features
always of real " dyke" nature?

A further level of complexity is related
to recent research on a potential metasomatic
origin of associated silicate rocks like ultra-
mafites (Vasyukova and Williams-Jones,
2022). Numerous complexes show “ring dyke-
or cone sheet-like” geometries like Kovdor
(Russia) and Gardiner (Greenlan8imandl
and Paradis 2018; Vasyukova and Williams-
Jones, 2022; Gudelius et al, 2023). These con-
tain for instance dunites or pyroxenites. It is,
however, difficult to imagine that at sub-
volcanic levels, dunite can be crystallised as a
“dyke”. Consequently, a metasomatic origin
might explain the observed lithologies. In this
case, a lining of the ascent channel with ultra-
mafic rocks, as interaction product between
the melt and the country rocks (Vasyukova and
Williams-Jones, 2022), or associated pre-
existing alkaline silicate rocks could produce a
similar geometry to such ring structures. If this
is true, the evaluation of a shallow emplace-
ment depth by using cone sheet systems as an
argument needs to be reconsidered at least for
some occurrences. Therefore, much more work
has to be carried out to shed light on the pro-
cess of wall-rock metasomatism and the relat-
ed geometries and “pseudo-geometries” of al-
kaline silicate rocks and carbonatites in com-
posite complexes.
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Silicate/carbonatite ratio as indicator for
relative emplacement depth

An interesting occurrence to illustrate
the significance of the model provided by
Giebelet al (2017) is Palabora as described in
Appendix 1 (see supplementary information).
The main Loolekop pipe (central carbonatite
intrusion of Palabora)is mined down to ~2 km
without evidence of getting thinner with depth.
In the southern pit, only pyroxenite was ob-
served down t6-200 m; however, in the new
levels of the southern pit, an increasing num-
ber of carbonatite dykes can be observed with
depth. The same holds true for the nearby
Guide Copper mine pyroxenite where carbon-
atite is only known from drill core. Therefore,
at the same emplacement level and the same
age, three carbonatites are stuck at different
topographic levels. Whereas the Guide Copper
mine carbonatite and the southern pit carbon-
atite at Palabora are stuck ~200 metres below
today’s land surface, the Loolekop carbonatite
at Palabora reached at least the present land
surface. Hence, today’s level of the southern
pit carbonatite records the “stopping” level in
the roof zone of an ascending major carbon-
atite plug. The intense hydrothermal stage
developed in the Loolekop carbonatite (Giebel
et al, 2017) provides evidence that it did not
extrude on to the surface, but was emplaced at
a higher crustal level.

The linkage between various geometries as
indicators for a pocket-like transcrustal
ascent of carbonatite magmas

Radial dyke systems (e. g. Richat Dome,
Napak, Gross Brukkaros; Figs 8 and 9) are
probably (together with single carbonatite
dykes following zones of pre-existing weak-
ness in the country rock) the topmost expres-
sions of carbonatitic magmas ascending
through the crust (Fig. 14; Walter et al, 2021),
consistent with deformation and updoming of
country rocks at these localities (as known
from mafic dykes and the experiments of
Kavanaghet al, 2018). The radial dyke sys-
tem of Gross Brukkaros (Namibia) lacks ex-
posed cone sheets, ring dykes, or a major plug.
At Alnd (Sweden), a radial dyke system is cut
by a cone sheet and ring dyke system. At a
slightly deepetevel, the Richat Dome (Mauri-
tania) displays a carbonatite radial dyke sys-
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tem, which is cross-cut by a gabbroic ring
dyke. In relatively deeper erosional cuts (e. g.
Amba Dongar and Oka), well-developed ring
dyke systems are exposed, while radial dykes
are lacking, as they probably have been eroded
(Fig. 14). In numerous complexes, ring dyke
systems are cut by plug-like carbonatite bodies
(e. g. Dicker Willem, Oka, Kaiserstuhl; (Figs

10 and 14). In some cases, where ring dykes or
radial dykes are cut by diatremes or cone
sheets (e. g. Keishéhe, Tundulu or Homa
Mountain), a volcanic behaviour and eruption
of the system is very likely, because ring dykes
develop in the context of caldera formation
(Simand! and Paradis, 2018).

Because of exposure bias and/or mis-
identification, the deepest parts of carbonatite
magmas ascending through the crust are not
well documented. Recent work by Anenbetg
al. (2018) on Nolans Bore (Australia), which
is not a carbonatitesensu strictu provides
evidence for a “carbonatitic magma traversing
the silicate-dominated middle crust”. Thus, it
seems likely that exposed carbonatite plugs do
not extend through the whole crust, but rather
show a pocket-like behaviour, whereas cone
sheets and diatremes prove a volcanic behav-
jour at subvolcanic levels. Ring dykes and
radial dykes are the precursors of the follow-
ing pocket (plugs), and filter-pressed cumu-
lates, as at Nolans Bore and similar occurrenc-
es (see supplementary information, Appendix
1), probably mark the deepest parts of an
ascent track of a carbonatitic melt batch.

Regional carbonatite dyke swarms (e. g.
Lofdal, Jawar, Sillai Patti, Glockenberg, Bulls
Run, Eureka and Swartbooisdrift), however,
probably belong to a different group of car-
bonatites (i. e. “post-orogenic carbonatites”,
Goodenougtet al, 2021, and references there-
in), which follow zones of weakness along
suture plains in active orogens; they show a
different emplacement behaviour as their geo-
metry is controlled by the metamorphic folia-
tion of the country rocks or the strike and dip
of shear zones. Nevertheless, it is not easy to
decide if a carbonatite is intruded into a folia-
tion or a pre-existing carbonatite was affected
by tectonometamorphic events. Depending on
the metamorphic path, the development of a
fenite halo can be used as an indicator for pre-,
syn- or postorogenic emplacement.
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Analogies and differencesto silicate systems

Carbonatitic systems exhibit structural
similarities to silicate systems, including fea-
tures such as radial dykes, cone sheets, and
ring dykes (Simandl and Paradis, 2018). A
compelling example that illustrates this analo-
gy is the Ardnamurchan complex in Scotland,
where a shallow (<5 km depth) intrusive net-
work composed of sills, central complexes
(England, 1988; Emeleus and Bell, 2005;
Mageeet al, 2013; O’Driscoll et al, 2006)
and regionally extensive NW-SE striking
dykes are exposed (Emeleus and Bell, 2005;
Magee et al, 2013, and references therein).
The cone sheets of Ardnamurchan exhibit a
characteristic concentric strike pattern and
inward dips ranging from 10° to 70°, steepen-
ing towards the central complex, a feature that
is also observed in carbonatitic systems
(Simand! and Paradis, 2018). Inclined dolerite
sheets and NW-SE trending dykes intrude
domed country rocks, where sedimentary stra-
ta dip outward from the central complex
(Mageeet al, 2013). These observations sug-
gest that regional tectonic stress regimes play a
key role in generating similar intrusive archi-
tectures, including cone sheets, ring dykes, and
radial dykes, in both carbonatitic and silicate
systems.

Despite such similarities, fundamental
differences exist in the geometry of carbonatite
plugs, as they typically display high vertical-
to-lateral aspect ratios compared to the low-
ratio magma ponding systems typical of sili-
cate magmatism. This disparity is largely at-
tributed to the physical properties of the re-
spective melts—particularly density and vis-
cosity. The low viscosity and low density of
carbonatitic melts makes it impossible to build
up horizontally extensive magma chambers as
known from silicate systems, as lithostatic
pressure will press out the carbonatitic liquids.
Carbonatitic systems often lack evidence of
substantial magma ponding. Given the physi-
cal and chemical characteristics of carbonatite
melts—such as density, velocity, and volatile
content—the formation of extensive horizon-
tally oriented magma chambers with pro-
longed ponding is considered unlikely. Instead,
carbonatite intrusions typically exhibit steep,
semi-circular, pipe-like bodies, similar to kim-
berlite intrusions. Moreover, some carbonatite
occurrences (e. g. Kovdor and Palabora) con-

62

sist of multiple, misaligned pipe-like intrusions
derived from successive pulses of carbonatitic
magma, providing further evidence against the
existence of a singular, long-lived magma
reservoir (e. g. Kogarket al, 1995; Woolley,
1987, 2001, 2019).

Rapid and turbulent ascent of carbon-
atite melts is supported by their physical prop-
erties. For example, due to the higher density
of apatite crystals (3.1-3.2 g/cm3) relative to
carbonatite melts (typically <2.8 g/cm3, com-
monly 2.2-2.6 g/cm?3), effective gravitational
separation would occur unless ascent rates are
sufficiently high (Chakhmouradiaret al,
2017; Kono et al, 2014).

As in carbonatitic systems, the ascent
dynamics and conduit architecture in silicate
systems are also governed by the physical and
chemical properties of the melt, including
temperature, composition, volatile content,
crystallinity, and conduit wall permeability
(Browne and Szramek, 2015). These parame-
ters are comparatively well-studied in silicate
systems. Key controls on ascent rates include
magma viscosity and density, which are, in
turn, influenced by compositional and thermal
variables. Diffusion modelling based on crys-
tal zoning patterns indicates that magmatic
processes, such as magma mixing, can occur
over time-scales of approximately 100 days,
whereas assimilation and crystal-melt fraction-
ation typically occur over centuries and thou-
sands of years (e. g. Hawkesworth al,
2016). Therefore, the development of shallow
magma chambers in silicate systems likely
requires prolonged time-scales relative to the
rapid ascent observed in carbonatitic systems.
Experimental data suggest a threshold ascent
rate of approximately 0.2 m/s is associated
with explosive eruption in silicate systems
(Browne and Szramek, 2015, and references
therein). In contrast, carbonatite melts are
modelled to ascend at velocities of up to 65
m/s (Ernst and Bell, 2010; Genge et al, 1995),
surpassing even those of kimberlites, for
which typical ascent rates range from 0.1 to
over 4 m/s (Bretet al, 2015), but which can
also reach tens of metres per second (Spairks
al., 2009). Consequently, carbonatite magmas
ascend more than two orders of magnitude
faster than silicate magmas (Tamtel, 2025;
Walteret al, 2021, and references therein).
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Analogy to mafic dyke emplacement

Mafic dyke systems have been studied for
their ascent behaviour because they exert an
influence on volcanic eruption styles (Caricchi
et al, 2014, 2016; Ilyinskaya et al, 2017;
Kavanaghet al, 2018). Most dykes do not
erupt, as shown by field evidence, gas moni-
toring, and geophysical methods (Crisp, 1984;
Gudmundsson, 2002). The main driver of
magma ascent is buoyancy, with dyke migra-
tion described as “the release of gravitational
potential energy on a planetary scale” (Putirka,
2017; Kavanagh et al, 2018). Kavanaght al
(2018) identified four stages of magma ascent
in experiments:

(1) early growth stage: dyke growth starts
in the source region, with fluid jets
circulating and forming a penny-
shaped crack;

(2) pseudo-steady growth: a rapidly up-
streaming fluid jet results in equal
growth in width and lengthwith fluid
down-welling at dyke margins;

(3) pre-eruption unsteady growth: fluid
flow becomes unstable in the central
jet, with acceleration towards the sur-
face and thinning of the dyke tail;

(4) eruption stage: eruption occurs as fluid
flow moves upwards and outwards,
and the dyke closes with an abrupt de-
crease in strain.

As the experiments of Kavanagi al
(2018) were performed with dyed water hav-
ing physical properties like carbonatite melt
(viscosity of supercritical water: ~ 0.3 Pa s,
carbonatite melts: ~ 0.00B62 Pa s; Kono et
al., 2014), their results and interpretations are
used here as an analogue for carbonatite dyke
emplacement (Fig. 15). In the context of the
observed geometries in all studied carbonatite
complexes and the physiochemical properties
discussed above, it is probable that carbon-
atites behave like water-filled pockets, rapidly
migrating through the crust, and closing their
tail during ascent (Fig. 15). Based on the
above carbonatite melt properties and the ob-
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served carbonatite/silicate rock ratios, it is
possible that, depending on the entire carbon-
atite melt volume, carbonatite pockets between
one metre and several kilometres of vertical
extentcan occur; smaller pockets must be gen-
erated at shallower crustal levels out of an
alkaline silicate melt, or they would not have
enough energy potential to move through the
whole crust. This agrees with the jackhammer
ascent model proposed by Wal&tral (2021),
and therefore represents a refinement of it, in
respect of a mobile pocket based on geometric
arguments outlined above (Fig. 15).

Structural framework as pathways in the
upper crust

Most carbonatites use transcrustal linea-
ments as pathways for ascent (Bamdsal,
2019; Walter et al, 2021). Larger carbonatite
occurrences (in particular plugs or ring dyke
structures on top of them) may exist on cross-
ings of such lineaments (e. g. Gielstl al,
2019). For example, the Dicker Willem and
Keishohe (Namibia) complexes occur on the
transcrustal Kudu lirenent (Corner, 2000;
Walter et al, 2022). Dicker Willem is em-
placed at the crossing of the Glockenberg my-
lonite shear zone (a Namaqua-age translitho-
spheric shear zone), whereas Keishéhe is posi-
tioned at the junction of the Pofadder -
Marshall Rocks Shear Zone and the Kudu
lineament (Corner, 2000; Walter et al., 2022).
The delamination of the orogenic root can also
provide access for carbonatite melts into old
suture zones, which are steepened during con-
tinent-continent collision (Goodenoug al,
2021; Plant et al, 2005). This fits in nicely
with the occurrence of DARCsDgformed
Alkaline Rocks andCarbonatites; Burke et al,
2003) on such structures. If the ideas presented
above are correct, it is possible that carbonatite
melts can ascend anywhere, if the mantle
reaches fertility and low-degree partial melting
occurs; however, only when the melt enters the
structure network within the brittle crust, they
have a chance to reach the surface.
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Figure 15. Refined "jackhammer" model adapted from Wadteal (2021) with geometry add-on. (A) Ascent
of mafic dykes, based on the model proposed by Kaglaet al. (2018), is presented here as an analogue for
carbonatite dyke emplacement. The schematic ifitessrthe rapid ascent of carbonatitic magmas. égu&nce

of events constituting the fluid-exsolution-driv§ackhammer" mechanism: (B1) carbonatite magmahesc
the terminus of the existing conduit system, fomgnia bottleneck; (B2) continued influx of ascending
carbonatite magma leads to accumulation at the wibrehd, generating fluid overpressure and inducing
fracturing; (B3) expansion of fractures resultsisudden pressure drop, triggering exsolution efltlid phase;
(B4) consequently, fluids are forcefully injectentd the surrounding country rock, promoting progres
expansion of fractures and cracks; (B5) this meishamay lead to the reactivation of pre-existingltfaones,

the breaching of the bottleneck, or the continuedpagation of fractures until a new ascent pathugy
established or the magma becomes stagnant. (C)nfaticerepresentation of a carbonatite magma ascent
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channel traversing the brittle-ductile transitioone (BDTZ): the illustration highlights varying atal levels,
with increased fracturing and enhanced fluid redegtsshallower depths, promoting intensive fertitisaof the
overlying country rocks. The formation of phosoeiig constrained to deeper crustal levels duestpriésssure-
dependent nature. (D) Conceptual model for carlitenatagma ascent, modified after Giele¢lal (2019),
which may serve as an initiation mechanism for"faekhammer" process: (D1) a parental carbonat@ielO)
melt ascends along a pre-existing structural wesknélised previously by an associated silicatgmmes; (D2)
pressure-dependent separation of a phoscoriteleagls to a significant density contrast betweenrésalual
carbonatite magma and the exsolved phoscorite pheselting in jet-like ascent dynamics; (D3) cqpicel
depiction of characteristic rock association ratimsresponding to various emplacement levels: agnma
differentiation is primarily governed by pressuieese conditions are expected to vary among cartaherusts

of different thickness. For comprehensive discussibthis model, refer to Giebet al (2019).

Geometry of carbonatitesand their
associated silicate rocksin the context of
exploration

The analyses above may help to build
new deposit models for mineral exploration.
The model of Frolov (1971) implies a relation-
ship between commodities and carbonatites
reaching the surface and those getting stuck in
the crust. His model defines a carbonatite
pocket and brings the economic components
into a depth relation. We consider it likely, that
a carbonatite pocket on a km-scale vertical
extension (depending on melt volume and
pathways properties) contains apatite-rich
rocks (Nolans Bore; Anenburg et al, 2018) at
its deepest part, representing early cumulates
left behind by a transpassing carbonatite mag-
ma batch. Above this level, high alkaline sili-
cate rock/carbonatite ratios (Giebel al,
2017) are expected, with enrichments in base
metals such as copper (e. g. Palabora: Guide
Copper mine, Otjisazu) or HFSE (High Field
Strength elements) like Zr (e. g. Palabora,
Kovdor). The upper parts of the carbonatite
pocket, however, are strongly affected by fluid
exsolution during ascent (Waltet al, 2020,
2021, and references therein), whereas the

jackhammer-like ascent of the pocket leads to
crystallisation of Nb, Ta, Sr, Ba, REE-F phases
and radionuclides (U and Th). Most of the
relatively deep complexes within a hypo-
thetical pocket are low in U and Th, whereas
the shallower complexes (upper part of the
pockets) often show an elevated radioactivity
(Frolov, 1971; Walter et al, 2021, and refer-
ences therein). Ring dykes and radial dykes are
often barren (e. g. Gross Brukkaros), but nu-
merous complexes contain high-grade REE-
Nb ores within such structures (e. g. Ondura-
korume). This is most likely related to uncer-
tainties defining a circular feature as either
ring dyke or cone sheet, which also cannot be
resolved by this compilation. If a carbonatite
pocket reaches the surface and erupts, most of
the volatiles are released and late-magmatic
hydrothermal processes are prevented (Walter
et al, 2018, 2020, 2021, 2022, 2023; Raza et

al., 2025). Therefore, it is very important for
mineral exploration to define the relative ex-
humation level within a carbonatite pocket in
order to determine which parts of the pocket
are already eroded, and what may be expected
at higher levels.

Conclusions

The 3D architecture of a carbonatite
complex is the result of external parameters,
such as regional stress regime, and intrinsic
factors like melt properties (e. g. density and
viscosity). The characteristic properties of
carbonatite magmas lead to a pocket-like geo-
metry, and such magma pockets can transpass
crustal levels very rapidly. The top of the as-
cending magma pocket is characterised by
radial dykes and cone sheets, whereas ring
dykes only occur in the volcanic context of
caldera formation. The base of a transpassing
melt batch is characterised by the closure of
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the pathway, and filter-pressed cumulates of
early magmatic minerals such as apatite are
left behind as relic schlieren and veins. The
silicate rock/carbonatite ratio of a complex is a
depth-related feature, with dominant ultra-
mafic rocks occurring at higher levels. With
decreasing depth, i. e. at higher levels, the
carbonatite portion increases within a com-
plex. Hence, the geomodel presented here
provides a holistic view of the architecture of
carbonatite complexes and can be used to
identify mineralisation within an individual
occurrence.
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