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to unravel due to subsequent overprinting during tectono-thermal events unrelated to the original rifting. In the
present paper, with the exception of the Bayan Obo carbonatite, I have used examples of anorogenic alkaline
complexes and carbonatites that are effectively pristine and unaffected or little influenced by later geological
events. In this context, I report on two alkaline complexes and associated mineralisation in Namibia (Brandberg
and Erongo) related to the opening of the South Atlantic and the Parand-Etendeka large igneous province. With
regard to carbonatites and associated mineralisation, I discuss the exceptionally well-preserved Kruidfontein and
Goudini in South Africa, Mount Weld and Gifford Creek ferrocarbonatite complex in Western Australia, the
controversial Bayan Obo in northern China and the carbonatites of the Mianning-Dechang belt in SW China. It
is proposed that all these igneous systems are formed by processes of partial melting in metasomatised
lithospheric mantle, induced by upwelling mantle plumes. Furthermore, it is contended that these alkaline and
carbonatite igneous systems are generally formed in the distal sectors of a mantle plume due to lateral transfer
of volatiles, resulting in low degrees of partial melting in the metasomatised sub-continental lithospheric mantle.
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“One thing I have learned in a long life: that all our science, measured
against reality, is primitive and childlike — and yet it is the most
precious thing we have.”

[Albert Einstein]

1. Introduction

Alkaline magmatism is generally associated, in space and time, with
extensional tectonics and more specifically with rifting events. The
causes and mechanisms of rifting are complex and are beyond the
scope of this contribution, however the interested reader should consult
Burke and Dewey (1973), Fitton and Upton (1987), White and
McKenzie (1989), Wilson (1989), Kampunzu and Lubala (1991),
Storey et al. (1992), Olsen (1995), Condie (1997), Sengdr and Natal'in
(2001) and Fourel et al. (2013).

Magma genesis in rift environments is thought to be related to the
ascent of mantle melts and the effects of their interaction with litho-
sphere materials. The main products of rift magmatism are fissure-fed
tholeiitic flood basalts (large igneous provinces — LIPs), mafic-ultra-
mafic intrusions, dyke swarms and intracontinental alkaline provinces
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(Pirajno, 2000). The latter is characterised by anorogenic magmatism,
which includes alkaline ring complexes, carbonatites, kimberlites,
lamproites, monogenetic and central-vent alkaline volcanoes. In terms
of tectonic environments, three main scenarios can be considered in
which alkaline complexes and associated igneous rocks are emplaced
(Bonin, 1986; Kinnaird and Bowden, 1991). They are: 1) doming of
the crust, followed by rifting; 2) “hot spot” traces with time-space
migrating magmatism; and 3) alkaline complexes located along
crustal-scale shear zones.

In this paper, I direct my attention to the mineral systems that are
related to intracontinental alkaline magmatism and associated
carbonatites and examine their links with rifting processes and mantle
plumes. Rift structures act as major conduits for both magmas and
hydrothermal fluids and it is reasonable to assume that ore deposits
are formed in which metal associations are related to both magma
and interaction of the fluids with rift-related volcano-sedimentary
sequences. Based on geochemical and stable isotope studies (e.g.
Nelson et al., 1988; Ngwenya, 1994; Bell and Simonetti, 2010; Kogarko
et al,, 2010), it appears that in the first instance the origin of the
mineralising fluids is essentially magmatic, although there are many
cases in which the mineralisation was formed through processes of
hydrothermal activity related to the influx of meteoric waters and
their mixing with high-temperature fluids of magmatic origin (e.g.
Kinnaird and Bowden, 1991; Lowenstern, 2001; Bell et al., 2013). The
ore-forming processes are always accompanied by alteration of the
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host rocks, including alkali metasomatism (fenitisation), greisenisation,
propylitisation, silicification and phyllosilicate alteration (Pirajno,
2013a).

Many, if not most of the structures associated with alkaline
complexes are ancient zones of lithospheric structural weakness,
which have been repeatedly reactivated during tectono-thermal events.
These structures may extend deep into the crust and to the subconti-
nental lithospheric mantle (SCLM). Thus, several alkaline provinces
are localised along crustal scale shear zones, along the margins of
cratonic blocks, within Proterozoic mobile belts, and along reactivated
zones of faulting and rifting (Begg et al.,, 2009).

Most primary alkaline magmas are mafic, rather than ultramafic, and
in many cases, prolonged lithospheric and/or crustal residence time
results in a wide range of rock types, including felsic derivatives far
removed from compositions in equilibrium with mantle olivine. The
rock types considered here range from mafic to felsic and usually
contain feldspathoids (e.g. nepheline) and/or alkali-pyroxene and
alkali-amphibole. The silica-oversaturated rock types (generally
quartz-bearing) range from monzonite to syenite, alkali-syenite and
alkali-granite, and their volcanic equivalents. Nomenclature for the
silica-undersaturated rock types (generally feldspathoid-bearing) can
be confusing and plagued by locality-based names. The terminology
published by Le Maitre (2002) provides a sufficient guide to their
classification.

The relationship between alkaline magmatism, thermal anomalies
in the mantle and extensional tectonics has been mentioned above.
Whether rifting is a passive or active process, the end result is thinning
the crust and upper lithosphere, causing lithospheric mantle melts and
the asthenosphere to rise. This may result in:

- decompression melting of the upwelled mantle;

- transfer of volatiles into the SCLM and the lower crustal regions;

- melting of the lower crust due to the addition of heat, either through
conduction or through intrusion, coupled with the possible effects of
introduced volatiles.

The amount of magma generated depends on the temperature of the
upwelled mantle and the amount of lithospheric thinning, which are
also related to the rate of extension. High rates of extension (e.g.
continental break-up) are often associated with voluminous production
of basaltic magmas. Lower rates of extension (e.g. intra-continental rift/
graben structures) result in lower degrees of partial melting, and more
alkalic and silica-undersaturated magmas. In intra-continental settings,
the range of resulting rock types is often very wide and not restricted to
silica-undersaturated compositions. It is quite common for alkaline
complexes to consist of both silica-undersaturated and silica-
oversaturated rocks, as is the case for many of the non-carbonatitic
complexes of southern Africa (Woolley, 2001; Woolley and
Kjarsgaard, 2008). The relationship between these has long been a
point of extensive debate. The two types of rocks are separated by a
thermal divide (Ab-Or join) that, in theory, cannot be crossed via closed
system fractionation of magmas (e.g. Rayleigh fractionation). Hence,
two separate magma types have usually been invoked to explain the
presence of both silica-undersaturated and silica-oversaturated rocks
in alkaline complexes, with the silica-oversaturated rocks generally
regarded as products of crustal, rather than mantle or SCLM, melting.
Isotopic evidence usually shows the silica-undersaturated rocks to be
of mantle or SCLM origin, but does not always show the silica-
oversaturated rocks to be of crustal derivation (Nelson et al., 1988;
Begg et al., 2009).

In terms of mineral exploration, the recognition of the different
magma types may be very important. As a generalisation, mineralisation
tends to be affiliated with the silica-oversaturated, rather than the silica-
undersaturated rock types. Furthermore, it is those silica-oversaturated
rocks that show significant, or dominant, crustal origins which are
most commonly and strongly mineralised (Pirajno, 2009 and references

therein). On the other hand, silica-undersaturated magmas can host
critical elements, such as rare earth elements (REE), P, U, Th, and F.

In this contribution a selection of diverse intraplate alkaline
magmatic systems and carbonatites from Namibia (Brandberg, Erongo),
South Africa (Kruidfontein, Goudini), Western Australia (Mount Weld
and Gifford complex) and China (Bayan Obo and the carbonatites of
the Mianning-Dechang belt) are examined. Except for the Mianning-
Dechang belt, I have been involved in various degrees with all of the
above mentioned complexes. These alkaline intrusions and carbonatites
host REE, P, U, and F mineralisation ranging from non-economic to
sub-economic in the present time, to economic. In the present article
the emphasis is on carbonatites and related mineralisation, due to
their ever increasing economic importance, as explained in the pages
ahead.

2. Anorogenic alkaline plutonic and volcano-plutonic complexes

Anorogenic alkaline complexes are generally characterised by
unusual concentrations of non-hydrous volatiles (CO,, B, F), REE and
LILE incompatible elements (P, Zr, Ba, Nb, U, Th, Sn, Ta and W) (Bailey
et al., 1974; Bailey, 1985; Bailey and Macdonald, 1987; Edgar, 1987;
Owen-Smith et al., 2013). These elements may form their own minerals,
or they may enter the lattice of rock-forming minerals (e.g. micas), that
have crystallised in the subsolidus range of pressure and temperature.
The processes that lead to the enrichment of these elements are linked
with the activity of residual alkali-rich fluids. Consequently, their
concentration, either in rock-forming minerals or in their own mineral
species, is largely dependent on the original magma composition and
the nature of the source regions where partial melting occurred.

From the stand point of economic mineralisation, important rock
associations of alkaline magmatism are: kimberlites, lamproites, mafic
ultrapotassic rocks, syenite-pyroxenite-ijolite-carbonatite complexes,
carbonatite plugs and dykes, alkali basalts, and peralkaline granite-sye-
nite-gabbro assemblages (Mutschler et al., 1985; Pirajno, 2013a). These
rocks occur as dykes, pipes, hypabyssal and subvolcanic intrusions and
as central volcano-plutonic structures, many of which form ring
complexes. Most important for economic mineral deposits are kimber-
lites and lamproites (diamonds), carbonatite and volcano-plutonic
complexes. Carbonatites are especially significant because they
constitute a major source of Nb, P, Zr, Ti, Th, Sr and REE. Most economic
mineral deposits (excluding diamonds in kimberlites and ultrapotassic
mafic rocks) occur associated with central vent-type complexes of
which two main groups are recognised (Bowden, 1985): 1) alkali-
granite-syenite (saturated-oversaturated); and 2) ijolite-carbonatite
(undersaturated). They are schematically illustrated in Fig. 1. The
idealised cross-sections shown in Fig. 1 also illustrate the importance
of the level of erosion, and hence age, in terms of the preservation
potential of the contained mineral deposits.

In this section, I discuss two alkaline plutonic and volcano-plutonic
complexes, Brandberg and Erongo, respectively and both in Namibia.
The reason is two-fold: one is that they do provide good examples of
anorogenic intracontinental magmatism, in the specific case related to
the Parana-Etendeka flood volcanism and the Gondwana continental
breakup, and the other reason is because both complexes have been
the focus of my study during my work time in Namibia. The distribution
and setting of alkaline complexes and carbonatites in south-western
Africa is shown in Fig. 2.

2.1. Brandberg

The Brandberg alkaline complex (Hodgson, 1973; Diehl, 1989, 1990;
Bowden et al., 1990; Pirajno, 1994; Watkins et al., 1994; Schmitt et al.,
2000; Trumbull et al., 2004), forms a conspicuous circular topographic
feature approximately 26 km across rising to 2573 m above sea level
and 2000 m above the surrounding desert (Fig. 3). The complex is
intruded into metasediments of the Damara Orogen and overlying
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Fig. 1. Idealised cross-sections of central-vent type alkaline complexes; (A) ijiolite-carbonatite and (B) alkali-granite-syenite.

After Bowden (1985).

volcanic and sedimentary rocks of the 132-131 Ma Etendeka volcanic
sequence (Renne et al., 1996), which is part of the Parana-Etendeka
large igneous province (Ernst and Buchan, 2001) (Fig. 2). The Brandberg
complex is an A-type metaluminous to peralkaline granitic intrusion
(Trumbull et al., 2004) comprising a main massif of biotite-hornblende
granite rimmed by an almost continuous contact breccia zone which,
according to Diehl (1989, 1990), is surrounded from the margins
towards the interior by annular continuous to discontinuous outcrops
of fayalite-hedenbergite granite, edenite-augite granite, edenite-bio-
tite granite and biotite-hornblende granite. In addition a number of
small ring structures have also been recognised, whereas on the

southwestern margin of the complex is the peralkaline Amis complex
(Fig. 4). Roof pendants of Etendeka volcanics are present on the eastern
side of the complex (Fig. 4). The hornblende-biotite granite of the main
massif, as reported by Schmitt et al. (2000) consists of plagioclase
(36-38 vol.%), rimmed by perthitic K-feldspar (23-28 vol.%), quartz
(19-24 vol.%), and granophyric intergrowths of K-feldspar and quartz.
Albite is present as an interstitial phase. Edenitic hornblende with relic
cores of augite and biotite make up a total of 10-15 vol.%. Accessory
minerals include Ti-rich magnetite, ilmenite, apatite, zircon, allanite,
titanite, chevkinite and thorite. Alteration minerals include chlorite,
epidote, sericite and hematite. Schmitt et al. (2000) disputed some of
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Fig. 2. (A) Schematic illustration showing distribution of Etendeka and Karoo continental flood basalts and associated dyke swarms in north-central Namibia; (B) distribution of Etendeka
lavas and associated anorogenic ring-type alkaline complexes and carbonatites; selected complexes named in this figure are 1) Cape Cross, 2) Messum, 3) Brandberg, 4) Doros, 5) Paresis,
6) Erongo and 7) Spitzkop; (C) relationship of alkaline complexes in southwestern Africa and the east coast of South America to transform directions.

After Marsh (1973).
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Fig. 3. The Brandberg mountain seen from the south.

the findings by Diehl (1990) and found no fayalite in their samples and
what had been described hornblende-pyroxene granite is a biotite-
hornblende granite. In the central areas of the main equigranular
hornblende-biotite granite massif are dykes of leucocratic pegmatitic
and aplitic granite, with no preferred orientation. A small round body
of monzonite outcrops in the Naib River on the western side of the com-
plex and is likely associated with ring fractures (Fig. 4). Northwest- and
north-trending fractures cut across the Brandberg massif (Fig. 4). To the
north-northeast are peripheral porphyritic trachydacite dykes, whose
age relationship to the main massif is not clear, but Schmitt et al.
(2000) suggested that these dykes could be either coeval or late
intrusions. In spite of its small exposed size, the Amis peralkaline
intrusion in the southwest of the main massif is important in terms of
its mineralisation potential (see Section 3.1).

The Amis peralkaline granite intrudes the Brandberg hornblende-
biotite granite (Fig. 4). The rock types of the Amis intrusion include
arfvedsonite- and aegirine-bearing granitoids, which show pegmatitic,
aplitic and fine-grained textural varieties. Quartz, albite and microcline
are the felsic mineral phases. Another variety of peralkaline granite,
reported by Schmitt et al. (2000) is a fine-grained spotted rock
consisting of radiating clusters of aegirine, together with quartz, albite
and astrophyllite. The Amis peralkaline granite is enriched in REE
minerals, as discussed in Section 3.1. According to Bowden et al.
(1990) and based on previous work by Diehl (1989), the Amis intrusion
was emplaced within a ring structure and is characterised by banding,
sheeted units or mineral layering (Fig. 5), consisting of various propor-
tions of arfvedsonite-aegirine-astrophyllite granite, arfvedsonite-
aegirine granite, arfvedsonite granite, hematitic alkali granite and
tourmalinised granite, reaching a maximum thickness of 360 m. The
hematitic granite is thought to be the result of post-magmatic processes
characterised by quartz-hematite intergrowths that replace the
arfvedsonite.

Watkins et al. (1994) reported a range of K-Ar ages on mineral sep-
arates from Brandberg of 135 4 1.5 Ma to 125.4 &+ 1.3 Ma. These ages
span a period of 10 million years. More reliable “°Ar/>°Ar age data
were provided by Schmitt et al. (2000), shown in Table 1, ranging
from ~133 to ~130 Ma. These authors clearly demonstrated that the
Brandberg complex was emplaced in a relatively short period of time
during the main phase of the Etendeka volcanism. Trumbull et al.
(2004) examined the Nd and O isotope systematics of the Namibian
anorogenic intrusions, including the Brandberg intrusion. They reported
a good correlation of Nd and O isotope ratios for all the Namibian

anorogenic intrusions, mafic and silicic, which are close to those of the
Tristan da Cunha hot spot, implying a mantle plume link.

2.2. Erongo

The Erongo volcano-plutonic complex is the largest (about 30 km in
diameter, but reaching 50 if the outlying gabbro cone sheet is included)
of the Namibian anorogenic complexes (Pirajno, 1990, 1994; Pirajno
et al., 2000) (Fig. 2). Dated rock units of the Erongo complex are
shown in Table 1. The age data clearly show that the Erongo magmatism
had a span of about 2 Myr or less and was likely formed in a single event
of short duration contemporaneously with the Etendeka flood basalts,
which ceased at about 130 Ma (Wigand et al., 2004).

The Erongo complex is a well-preserved caldera structure,
surrounded by a granitic ring dyke and a mafic cone sheet (Fig. 6). The
Erongo magmatism is characterised by three phases, from oldest to
youngest (Pirajno, 1990): 1) an early mafic phase, which consists of a
succession of tholeiitic lavas, dykes and the above-mentioned cone
sheet; 2) a felsic phase of pyroclastic flows; and 3) emplacement of
mafic alkaline plugs. The early mafic phase is the result of voluminous
effusions of tholeiitic lavas, forming a succession up to 300 m thick,
whose areal extent may have been much greater than the present-day
distribution. This is suggested by the presence of the Krantzberg lava
outlier to the northeast, which is spatially associated with greisen
style mineralisation. In the upper parts of the lava pile, the composition
becomes trachytic and the lavas become intercalated with the earliest
pyroclastic units, suggesting that these uppermost trachytic lava flows
heralded a change in the composition of the magma towards more felsic
compositions.

The felsic phase is dominated by voluminous pyroclastic deposits,
which based on stratigraphic, petrographic and geochemical evidence
can be subdivided into three distinct sequences. From oldest to youn-
gest, they are: Erongorus ash-flow tuff (EAFT), Ombu ash-flow tuff
(OAFT) and rheomorphic rhyolitic rocks (RHEOR). The EAFT rocks
represent the first explosive event of the Erongo complex, characterised
by having only juvenile material, no lithics, abundant vesicles and
lithophysae. The thickness of the EAFT sequence is estimated at
between 200 and 370 m, and the composition ranges from andesitic
in the lower levels to rhyodacitic at the top. The OAFT is volumetrically
the major rock type of the complex, reaching a thickness of at least
500 m. In the east, northeast and southeast the OAFT rests on the tholei-
itic lava pile, whereas in the central and western areas it overlies the

Fig. 4. Simplified geology of the Brandberg alkaline complex and the Amis peralkaline complex; position of the fossil hot spring system along the Numas River is also shown (location

shown in Fig. 2).
This figure is slightly modified from Schmitt et al. (2000).
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Fig. 5. Simplified section across the Amis intrusion in the southwest of the Brandberg massif.

Modified after Bowden et al. (1990).

EAFT. OAFT rocks are characterised by having abundant crystal and
lithic fragments and have compositions ranging from dacitic to
rhyodacitic. RHEOR rocks form isolated outliers that generally overlie
EAFT and OAFT units, have a rhyolitic composition and are characterised
by flow banding. Tourmaline is present as fine overgrowths and along
microfractures. The presence of tourmaline in the RHEOR rocks and
their chemistry suggest that they may be genetically related to the
tourmaline-rich Erongo Granite.

The Ombu Granodiorite and the Erongo Granite are the subvolcanic
intrusives of the complex. The Ombu Granodiorite is a coarse to
fine-grained monzogranite to granodiorite rock, charged with numer-
ous xenoliths of the same nature as the lithic fragments in the OAFT.
The Ombu Granodiorite locally exhibits hydrothermal alteration, of
which two trends can be recognised: potassic (K-feldspar + biotite)
and phyllic-propylitic (sericite + chlorite + tourmaline). The Erongo

Granite forms plutons distributed between the ring dyke and the
caldera structure. The main rock type is a coarse-grained biotite granite,
containing abundant topaz and tourmaline, minor apatite and fluorite. A
prominent feature of the Erongo Granite is the presence of disseminated
quartz-tourmaline nests, up to 30 cm in diameter, veins and stringers,
all of which tend to increase in intensity and to coalesce towards the
upper parts of the plutons. In addition to tourmaline and quartz, the
nests also contain topaz, fluorite, apatite and cassiterite.

The last magmatic event is manifested in the northeast of the
complex, and consists of a cluster of small (up to 100 m in diameter)
undersaturated mafic plugs, which comprise basanites and tephrites.
This area is coincident with a positive gravity anomaly. Trumbull et al.
(2003) studied the petrology and isotope systematics of these rocks
and suggested a link with thinned lithosphere and decompression
melting of a mantle plume.

Table 1
Age data from Brandberg, Erongo, Gifford Creek, Bayan Obo and Maoniuping.

Igneous Cx Rock/mineral dated Method Age (Ma) Reference

Brandberg Peralkaline granite/biotite 4OAr/>Ar 133.0 + 0.8 Schmitt et al. (2000)
Biotite 4OAr/>9Ar 1326 + 1.8 Schmitt et al. (2000)
Arfevdsonite 4OAr/3%Ar 132 + 0.7 Schmitt et al. (2000)
Arfevdsonite “OAr/*°Ar 1309 + 0.7 Schmitt et al. (2000)
Amis granite/astrophyllite 4OAr/*%Ar 1305 + 0.7 Schmitt et al. (2000)

Erongo OAFT/zircon U-Pb SHRIMP 135.0 £+ 3.2 Pirajno et al. (2000)
Ombu Granodiorite/biotite “OAr/*Ar 132.6 + 1.0 Wigand et al. (2004)
Mafic alkaline plugs/biotite “OAr/*Ar 132.0 + 1.0and 130.8 + 1.0 Wigand et al. (2004)
Erongorus rhyodacite U-Pb SHRIMP 131.8 +£ 1.0 Wigand et al. (2004)
Ombu granodiorite U-Pb SHRIMP 1323 £ 19 Wigand et al. (2004)
Erongo Granite U-Pb SHRIMP 1303 £ 14 Wigand et al. (2004)
Ekuta Rhyolite U-Pb SHRIMP 132.6 + 4.2 Wigand et al. (2004)

Gifford Creek ferrocarbonatite cx Ferrocarbonatite/apatite U-Pb LA-CP-MS 1075 + 35 Pirajno et al. (2014)
Monazite U-Pb-Th LA-CP-MS 1050 + 24 Pirajno et al. (2014)

Bayan Obo Whole rock, carbonatite dykes Sm-Nd isochron 1354 + 59 Yang et al. (2011a,b)
Whole rock, dolomitic marble Sm-Nd isochron 1341 £ 160 Yang et al. (2011a,b)
Carbonatite dyke SHRIMP U-Pb 1418 + 29 Fan et al. (2014)
Mafic dyke Sm-Nd isochron 1227 4+ 60 Yang et al. (2011a,b)
Pyrite Re-0s 439 4 86 Liu et al. (2004)

Maoniuping REE deposit; Mianning-Dechang belt Biotite K-Ar 31.8 + 0.7to 40.3 £ 0.7 Yuan et al. (1995)
Magnesio-arfvedsonite K-Ar 31.7 £ 0.7 Yuan et al. (1995)
Biotite in stringer zone 27.8 £ 0.5 Yuan et al. (1995)
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The Ombu Granodiorite occupies a vent area, now forming the
Ombu plains. OAFT rocks may have come from a shallow magma
chamber, from which central eruptions ensued. The eruption column
was probably sub-Plinian in character, with a greater gas-thrust compo-
nent than the EAFT columns. Nevertheless, the absence of air-fall
pyroclastics suggests that the OAFT columns were only high enough to
cause gravitational collapse resulting in pyroclastic flows. The pyroclas-
tic flows accumulated rapidly and welded onto one another forming
thick cooling units. Degassing of the cooling units resulted in fumarolic
activity with alteration and localised mineralisation (mainly fluorite
disseminations).

The emplacement of the Erongo Granite took place sometime after
the last OAFT eruption. It is postulated that below the present surface
the Erongo Granite forms a continuous mass above and around subsided
blocks of volcanic and basement rocks. The Erongo Granite is important
from the metallogenic viewpoint because it acted both as heat engine
and as source for hydrothermal fluids, which were H,0-poor, but rich
in alkalis, B, and F. Widespread metasomatism occurred with local
greisen-type mineralisation containing W, Sn, F, and Be, hosted in the
roof zones of the granite and in the surrounding country rocks
(Pirajno and Schlégl, 1987). The quartz tourmaline orbicules have
been interpreted to represent the initial stages of the development of
a magmatic hydrothermal system, resulting from the localised separa-
tion of a B-rich fluid in the roof zones of the pluton (Sinclair and

Richardson, 1992; Slack, 1996). The Erongo mineralization, discussed
below, is thought to have originated from the evolution of this magmatic
hydrothermal system.

The rheomorphic rhyolitic rocks (RHEOR), representing the third
volcanic event, may be the effusive equivalent of the Erongo Granite. If
this interpretation is correct, then the eruption of the RHEOR units
must have occurred from a ring fracture outside the central volcanic
edifice. This ring fracture, at the present level of exposure is occupied
by the Erongo Granite. Collapse of the volcanic edifice at about this
time led to the formation of the caldera-like structure and the tilting
of the rock units towards the centre of the Complex. The final stage in
the Erongo's geological history was the emplacement of the undersatu-
rated mafic plugs that intrude the pyroclastic sequences in the
northeastern areas. It is possible that this may represent a resurgence
of alkaline mafic magmatism, due to re-activation of deep-seated
fractures.

3. Mineralisation in anorogenic alkaline complexes

The mineralising fluids associated with alkaline complexes develop
during the late stages of crystallisation and differentiation of the
melts. These late-stage melts have an alkaline to peralkaline chemistry.
Depending on the permeability of the country rocks (porosity, fractures,
faults, shear zones), they are expelled from the cooling magma inducing
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metasomatic changes from a few hundred metres to several kilometres
away from the complex (Pirajno, 2009).

Hydrothermal alteration related to alkaline complexes is dominated
by alkali metasomatism, which in the specific case of alkaline complexes
is also known as fenitisation, with the altered rocks being called fenites
(the name derives from the Fen carbonatite in Norway; Pirajno, 2013a
and references therein). Fenites are formed through progressive
metasomatism of the country rocks surrounding the alkaline com-
plexes. In general terms, it can be said that K-metasomatism (K-
feldspathisation) is associated with carbonatites and undersaturated
magmas, whereas Na-metasomatism (albitisation) is linked with
saturated-oversaturated magmas (Pirajno, 2013a).

The origin of mineral deposits of economic significance, therefore, is
related to the development, composition and evolution of these late
stage fluids, their interaction (and disequilibrium) with the wallrocks,
and meteoric waters. Mineral deposit types that are formed in this
way can be considered in terms of the nature of the magmas involved.
Thus, we may distinguish mineralisation associated with: 1) saturat-
ed-oversaturated complexes; and 2) undersaturated complexes. The
saturated-oversaturated complexes tend to be enriched in Sn, W, U,
Mo, Bi, As, Y, Li, Ta, Zr, La, Ce and Nb (pyrochlore) and the undersaturat-
ed complexes in Sr, Ba, Th, Nb, Ti, Fe (magnetite) and P (apatite)
(Pirajno, 1994, 2013a). Some of the most common ore minerals,
which occur in mineral deposits of alkaline rocks are listed in Table 2.

3.1. Mineralisation associated with the Brandberg alkaline complex

The banded (or layered) arfvedsonite aegirine granite is of economic
importance because of zircon, uraniferous and REE-bearing pyrochlore
disseminations (von Knorring et al, 1985; von Knorring, 1986).
Analyses of grab samples of this material gave values of approximately
1% Zr, 0.3% Nb,0Og and 0.2% Y,05. Near the contact with the country
rocks pegmatitic phases contain pyrochlore, fluorite and monazite, in
addition to zincian-arfvedsonite and stanniferous aegirine (Bowden
et al., 1990). Schmitt et al. (2000) reported a variety of peralkaline
granite consisting of spotted mesocratic segregations with albite, quartz

Table 2
Common ore minerals of alkaline and carbonatite complexes.

Mineral name

Genera formula/composition

Allanite Ca, Al, Ce, Dj, La silicate

Apatite Ca,F,Cas(P0Oy4)sF

Arsenopyrite FeAsS

Bastanaesite [(REE)(CO3)F]

Britholite complex Ce, P, Ca silicate-phosphate
Baddeleyite (ZrHf)0,

Barite BaSO4

Bismuthinite Bi,S3

Cassiterite SnO,

Chalcopyrite CuFeS,

Columbite-tantalite

Solid solution series of niobate-columbite- and
tantalate-tantalite

Florencite Ce phosphate
Galena PbS

[Imenite FeTiO5

Magnetite Fes04

Molybdenite MoS,

Monazite Ce, La, Dy phosphate
Pyrochlore Complex niobate, including Ca, Ca, Th, F, Ti
Rutile TiO,
Scheelite-powellite (Ca,Mo)WO4
Sphalerite ZnS

Thorite ThSiO4

Topaz Al(F,0H),AISiO4
Uraninite (La,Y,Pb,Th)O,
Wolframite (Fe,Mn)WO,4
Xenotime YPO,

Yttrofluorite Y-bearing fluorite
Zircon ZrSi0y4
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Fig. 7. Epithermal vein system exposed in the Numas Valley, this vein system remains un-
tested for possible REE mineralisation (see text).
After Pirajno (1987).

and radiating clusters of aegirine, highly enriched in pyrochlore, thorite,
zircon and Nb-Zn-bearing ilmenite.

The mineral layering and mineralization in the Amis intrusion are
believed to be related to the influx of metasomatic peralkaline fluids
(Bowden et al., 1990).

On the western margin in the Numa Valley of the Brandberg massif,
Pirajno (1987) described the occurrence of a west-northwest-trending
fracture-controlled hot spring-related vein system (Fig. 4). The vein
system has a vertical extent of about 200 m (Fig. 7) and consists of a
chalcedonic silica vein associated with bladed textures in the lower
parts of the system. Further up the single vein ramifies into a stockwork
of quartz and chalcedony with limonitic and hematitic infilling open
spaces. Opaline quartz and sulphide disseminations are locally present.
The stockwork zone was interpreted as a hydrothermal breccia
resulting from the escape of volatiles during boiling. The wall rocks
around the stockwork show argillic alteration, locally overprinted by
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pervasive silicification. Also, fluidisation textures were noted in the
altered wall rocks, indicative of volatile escape during boiling. With
regard to this epithermal vein, it is worthy of note to point out that
REE mineralisation could be associated with this vein, since fluids
could have leached, transported and deposited minerals such as
xenotime. This type of epithermal vein system, hosting abundant
disseminated xenotime, is found in the northwest of Western
Australia (unpublished my own field observations at John Gault and
Browns Ranges prospects; see also Cook et al., 2013). Equally worthy
of note is that the causative source magmas, likely of alkaline or
superalkaline nature, are not exposed at these prospects.

3.2. Mineralisation associated with the Erongo volcano-plutonic complex

The Erongo volcano-plutonic complex contains deposits and occur-
rences of W-F-Sn, W, Be, Sn, F, and U, all of which are spatially and ge-
netically related to the Erongo Granite. The distribution of the principal
deposits is shown in Fig. 6. This mineralisation was described by Pirajno
and Schldgl (1987) and Pirajno (1990) and is summarised below.

Be and Sn mineralisation, hosted by a quartz-albite rock containing
numerous tourmaline veins and nests, is present in the north of the
complex. This mineralisation is associated with quartz-muscovite (grei-
sen) alteration containing minor cassiterite disseminations. Drusy

Greisen zones and/or veins

with dominant W mineralisation
Zone of intense tourmalinisation.
Tourmaline breccia pipes in places

Rhyolitic rocks
Erongo complex
Basaltic lavas

Erongo breccia
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Fig. 8. (Top) Simplified geological map of the Krantzberg area to the northeast of the Erongo complex (see Fig. 6 for location); (bottom) not-to-scale idealised cross-section of the

Krantzberg area, showing geometry and position of the mineralised zones.
After Pirajno and Schlégl (1987).
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pegmatitic pods with crystals of beryl and tourmaline are also present.
The quartz-albite rock is probably an alteration zone in a high level
(cupola) facies of the Erongo Granite. Rocks around the mineralised
locality are brecciated and are cut by veins of tourmaline, attesting to
hydraulic fracturing induced by B-rich fluids. Fractures in basement
granitoids show intense hydraulic breccias, tourmalinisation, albitic
alteration and localised cassiterite, wolframite and fluorite mineralisation.

Uranium mineralisation is present in the Erongo Granite, particularly
in the northwest and southwestern areas. Secondary U minerals are
associated with jointing in areas of primary U enrichment. It is probable
that this mineralisation is due to meteoric waters that have leached U
from the fresh Erongo Granite rock in areas of high permeability due to
close-spaced jointing.

The old Krantzberg W-F-Sn deposit was a major tungsten producer
in Namibia. Mining operations ceased in 1979 and subsequent explora-
tion did not define economically feasible grades and tonnages.
Mineralisation at Krantzberg consists of W (ferberite), F (fluorite),
minor Sn (cassiterite), Mo, Fe, and Cu sulphides. This mineralisation is
hosted in replacement-type greisen rocks and quartz-tourmaline
breccias. The style of the Krantzberg deposit is shown in Fig. 8. The
‘Krantzberg’ is a prominent hill of rocks of the Swakop Group (Damara
Orogen) that was protected from erosion by an overlying cap of clastic
sedimentary rocks and an outlier of Erongo's basaltic rocks (Figs. 6
and 8). There are three main zones of alteration-mineralisation, all
formed by the pervasive greisenisation of Neoproterozoic Damaran
granites. The Krantzberg greisen alteration is interpreted to be the result
of acid fluids that emanated from the subsurface apical portions of

fractionated Erongo Granite cupolas. The mineralising fluids were also
B- and F-rich and induced extensive selective replacement of pre-
existing granite lithologies by quartz, sericite, topaz, and tourmaline.
Late-stage veins contain ore minerals such as ferberite, scheelite, and
minor sulphides. A tentative mineral paragenesis for the Krantzberg
W deposit is shown in Fig. 9. Breccia pipes on the southeastern slopes
of the Krantzberg contain fragments of volcanic rocks cemented by
quartz and tourmaline. Cassiterite occurs as fine disseminations or as
patches along the periphery of the breccia bodies. These breccias are
interpreted as a type of hydraulic fracturing due to streaming of B-rich
fluids.

An idealised cross-sectional view of the Erongo complex with
associated hydrothermal occurrences is shown in Fig. 10.

4. Carbonatites

The increasing importance of critical and rare earth elements in
modern technology (e.g. solar panels, wind turbines, fibre optics,
television screens, light bulbs), makes it appropriate to briefly examine
how magmas that commonly contain these elements, namely
carbonatites, form. The origin of carbonatite magma is controversial,
and at the heart of the controversy is the relationship between
carbonatites and the silica-undersaturated rocks with which they are
commonly associated. An understanding of how carbonatites form
and their association with REE is a primary concern in order to target
new deposits, improve exploration methods and the re-evaluation of

Krantzberg Tungsten Deposit
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Fig. 9. Tentative mineral paragenesis at Krantzberg.
After Pirajno and Schlégl (1987).
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sub-economic deposits. Theories that attempt to explain the origin of

carbonatite are summarised below:

 Carbonatites evolve via crystal fractionation, at crustal pressures, of a

mantle-derived alkali-rich silicate melt (Watkinson and Wyllie,

1971). Silica-undersaturated extrusive mafic rocks are considered to
represent primary mantle-derived liquids and their formation at
mantle depths requires significant amounts of CO,. These silica-
undersaturated liquids are thought to be the parental magmas for

ultramafic-alkaline-carbonatite

complexes. Extensive fractionation

would lead to the crystallisation of silicates, while carbonates (calcite,

dolomite) would crystallise from

the residual liquids after removal of

alkalis by fenitisation processes. The origin of carbonatite liquids by
partial melting of a carbonated lithospheric mantle or mantle source
is supported by experimental data, which indicate that carbonate
melts can be generated from carbonated peridotites at depths greater

than 70 km (Gudfinnson and Presnall, 2005; Veksler and Lentz, 2006),

with near-solidus liquids dominated by calcite and magnesite

(dolomitic) and with the concen

tration of other components being

related to the bulk composition of the mantle source.

Carbonatites form from contact metasomatism between carbonate
wall rocks and intrusions, resulting in the development of skarns,
release of CO,, decarbonisation and flux melting of crustal carbonates
(Lentz, 1999).

Carbonatites are derived via immiscible separation of a liquid from an
originally homogeneous carbonated silicate melt, the stage of separa-
tion determining the composition of both magmas (e.g. Le Bas, 1989).
Silicate-carbonate liquid immiscibility may occur from peralkaline
nephelinitic magmas. This liquid immiscibility has been investigated
in several experiments, although it has to be cautioned that
experimental systems may not be totally applicable to natural
magmatic systems. Nevertheless, evidence of liquid immiscibility is
provided by textural evidence detected under the microscope (see
below) and in melt inclusions, furnishing adequate evidence that
carbonatite genesis my be linked to silicate-carbonate unmixing
(Veksler and Lentz, 2006).

A two-stage process, as envisaged by Nielsen and Veksler (2002),
whereby Na-rich minerals are formed within a nephelinitic-
phonolitic volcanic plumbing system by the activity of magmatic—
hydrothermal fluids. Subsequently the consolidated fluids are re-
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melted and re-mobilised by the heat energy provided by a following
pulse of ascending silicate magma. This model links the origin of
natrocarbonatite with fenitising fluids, which would exsolve from
carbonatitic liquids.

In most cases, the recognition of true carbonatites can be ascertained
by the presence of key silicate minerals, such as phlogopite, acmite—di-
opside, forsteritic olivine, nepheline and monticellite, or accessory
phases such as apatite, pyrochlore, and perovskite, in addition to domi-
nant carbonate minerals (ankerite, calcite, dolomite). Igneous series
that are generally associated with carbonatites include (Woolley and
Kempe, 1989; Woolley, 2003): 1) melilite-nephelinite-phonolite-tra-
chyte; 2) nephelinite-phonolite-trachyte (ijolite); 3) basanite-tra-
chyte-alkali gabbro; 4) phonolite-trachyte-nepheline, sodalite, and
cancrinite syenites; 5) trachyte and syenite; and 6) kimberlite.

In this section, I discuss the Kruidfontein and Goudini carbonatites
(South Africa), Mount Weld and Gifford Creek carbonatites (Western
Australia), Bayan Obo (Inner Mongolia, China) and the Mianning-
Dechang carbonatite belt in southwest China. The above covers a
significant range of carbonatite systems and associated mineralisation.

4.1. Kruidfontein and Goudini (South Africa)

The Neoproterozoic Kruidfontein and Goudini carbonatite
complexes are well-preserved volcanic structures, which are part of
several alkaline ring-type systems and kimberlites that are located in
and around the Bushveld Igneous Complex in the Limpopo province
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150 km %

26°E

24rs
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(formerly Transvaal) of northern South Africa (Fig. 11). More specifically,
the Kruidfontein and Goudini are included in the 1.4-1.2 Ga Pilanesberg
Alkaline Province (Verwoerd, 2006).

The Kruidfontein Carbonatite Complex (KCC) is a caldera-type struc-
ture of approximately 5 km diameter. The Sm-Nd age of the complex is
1246 4 26 Ma (Verwoerd, 2006). A simplified geological map of the KCC
is shown in Fig. 12. The volcanic history of the complex consists of two
main eruptive episodes: An earlier episode dominated by undersaturat-
ed silicate lavas and pyroclastics, and a later episode characterised by
carbonatitic volcanism. Thus, the KCC consists of an outer ring, approx-
imately defining the caldera structure, containing variably altered and
metasomatised silicate lavas and pyroclastics that were probably
erupted from a central vent. Phonolitic and nephelinitic rocks are
recognised within this outer zone. An inner ring contains carbonatitic
pyroclastic products, including bedded tuffs, ash-flow tuffs and vent
breccias. The bedded tuffs are interpreted as air-fall, water-lain and
surge deposits (Clarke, 1989; Clarke and Le Bas, 1990; Pirajno et al.,
1995). Carbonatite plugs and dykes intrude the central portions of the
inner ring. Clarke (1989) classified the KCC carbonatites into three
types: sovite (coarse-grained), alvikite (medium- to fine-grained) and
fluorite-rich carbonatite.

The fresh KCC carbonatites, as seen in drillcores, are generally fine-
grained, grey to brown in colour, and composed of ferroan calcite
(approx. 60-70%), fluorite (approx. 10-30%), hematite, pyrite and
chalcopyrite (approx. 5-10%) (Clarke, 1989; Pirajno et al., 1995). A
selection of key features of the Kruidfontein carbonatite rocks is
shown in Fig. 13 and photomicrographs of selected thin sections in
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Fig. 11. Distribution of alkaline ring-complexes and carbonatites in the Limpopo province (former northern Transvaal), South Africa; numbered localities, 1 Pilanesberg, 2 Pienars River, 3

Kruidfontein, 4 Goudini, 5 Glenover, 6 Palabora.
After Pirajno (2009) and references therein.
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Fig. 14. An important aspect of the KCC is the presence of an almost
monomineralic K-feldspar-rich rock (orthoclasite of Clarke, 1989).
This is interpreted as the product of K-metasomatism of pre-existing sil-
icate rocks, which resulted in the development of the characteristically
brick-red, orthoclasite and/or microclinite rock.

The Goudini Carbonatite Complex (GCC) (Fig. 15), extensively
studied by Verwoerd (1993, 2006, 2008), has a Sm-Nd age of 1190 +
80 Ma (Nelson et al., 1988) and consists of a maar diatreme surrounded
by volcanic breccia and volcaniclastic sediments infilling the palaeocrater.
The latter comprise rhythmically layered black tuffite, intercalated with
layers of carbonatitic ash-fall which, as Verwoerd (2008) suggested,
was deposited contemporaneously with the volcaniclastics. The ash-fall
beds were later altered to a form of calcrete that was earlier assumed to
be limestone. To the northwest of the maar is what is referred to as
metaberfosite, possibly a metasomatic replacement of accretionary lapilli
tuff (Verwoerd, 2008). Amygdaloidal green lava occurs in the northern
part of the GCC, which is characterised by spheroids as well as amygdales
filled with calcite (Fig. 16). I concur with Verwoerd's conclusion that the
calcite spheroids result from liquid immiscibility, a feature apparently
common with carbonatite-silicate melts, as also dramatically shown by
several phases of immiscible carbonate-silicate liquids in the Gifford
Creek ferrocarbonatite complex, discussed below. This green lava also
contains acicular aegirine, nepheline, magnetite and accessory apatite
and was interpreted by Verwoerd (2008) as a phonolitic nephelinite.
Northwest-trending sévite dykes cut through the central part of the com-
plex. A typical feature of Goudini is the presence of strongly fenitised

norite country rocks, studied in detail by Verwoerd (1966). This norite
(mainly Ca-plagioclase + orthopyroxene), a chilled floor phase of the
Bushveld Igneous Complex (Eales and Cawthorn, 1996), was affected in
the vicinity of the GCC by metasomatic alteration (fenitisation), mainly
along fractures. These fractures were filled with sodic amphiboles,
carbonates (mostly dolomite) and chlorite. Closer to the carbonatite the
norite is strongly brecciated and its groundmass is altered to green
aegirine, cancrinite and calcite (Fig. 16). Apatite is also present as clusters
or disseminations.

4.2. Mount Weld and Gifford Creek (Western Australia)

Mount Weld is a 2025 + 10 Ma (Re-Os isochron age; Graham et al.,
2004) carbonatite plug in the Eastern Goldfield Province of the Yilgarn
Craton. Mount Weld is part of a larger regional alkaline province
characterised by mafic-ultramafic rocks, kimberlites and other
carbonatites (Duncan and Willett, 1990; Graham et al, 2004; Hoatson
et al., 2011). The primary carbonatite plug or pipe is about 3 to 4 km
in diameter and dominantly comprises sovite, dolomitic sdvite and
beforsite. The plug has a nearly cylindrical shape with an approximate
0.5 km wide zone of fenitic alteration. A lateritic regolith blanket from
10 to 70 m thick overlies the carbonatite plug and constitutes the
supergene apatite-dominant ore (Fig. 17 and see below). It was initially
reported that the plug is surrounded by a ring of glimmerite
(ferriphlogopite). However, recent work (Pirajno, unpublished data)
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Fig. 13. Kruidfontein photos of outcrops; A) bedded tuff; B) carbonatite breccia; C) sinterous material; D) ferruginous gold-bearing rock.

based on field observations, petrographic and XRD and EDX analyses
has revealed a somewhat different story, as elaborated here.

Mount Weld is probably a maar-type diatreme, formed by processes
of phreatomagmatic activity, comprising a carbonatite-glimmerite brec-
cia, agglutinated pyroclastic ash and a vent facies. As mentioned above,
the primary carbonatite consists mostly of sévite and dolomitic sovite,
commonly exhibiting distinct granular to globular textures, interpreted
as a fluidised vent-facies. Various amounts of disseminated magnetite,
ferriphlogopite, blue magnesio-arfvedsonite, accessory fluoroapatite,
pyrochlore, churchite and monazite are present in the carbonatite
rocks. Based on textural relationships a tentative paragenetic sequence
is as follows: calcite I — pyrochlore — ferriphlogopite — calcite
I — calcite + arfevdsonite — pyrite-magnetite. The carbonatite-
glimmerite breccia material is likely a remnant of hydroclastic to pyro-
clastic fragmentation due to explosive interaction of a two-phase system
containing juvenile fragments and xenoliths of country rocks. Amongst
these fragments are xenoliths of cumulus apatite, which may represent
an early liquidus that crystallised prior to the emplacement of the main
carbonatite. Fenitic alteration consists of ferriphlogopite (glimmerite)
occurring as irregular patches, potassian magnesio-arfvedsonite
(detected by EDX analysis), typically with a flow-banded texture and
locally replaced by septochlorite sheafs and aenigmatite crystals. There
are several generations of veinlets, fracture fillings of sovite, arfvedsonite,
ferriphlogopite and local disseminations of pyrite and chalcopyrite. Many
of the fragments show plastic-like deformation, possibly resulting from
an agglutinated carbonatite pyroclastic. A selection of photomicrographs
from thin sections of core samples is shown in Fig. 18. Much work
remains to be done in order to unravel the sub-volcanic and evolutionary
history of the Mount Weld maar. At the time of writing work is still in
progress.

The Gifford Creek Ferrocarbonatite Complex (GFC) is located within
the Gascoyne Province of the Capricorn Orogen in Western Australia
(Martin et al., 2006; Sheppard et al., 2007, 2010), between the Archean
Yilgarn and Pilbara cratons (Fig. 19). The Province consists of a suite of

Neoarchaean to Palaeoproterozoic granite gneisses and metasedimentary
rocks (Johnson et al., 2011a,b) that are interpreted as basement to various
Proterozoic rocks, including granitic rocks of the 1680-1620 Ma
Durlacher Supersuite and the metasedimentary rocks of the 1760-
1680 Ma Pooranoo Metamorphics.

Rocks of the GFC were first studied and reported by Pearson (1996),
Pearson et al. (1996) and Pearson and Taylor (1996). The Gifford Creek
rocks comprise ferrocarbonatite dykes, veins and sills that are
surrounded by variably fenitised country rocks. Due to the mineralogi-
cal preponderance of Fe-rich carbonates and Fe-rich silicates, in some
cases almost exclusively, Pirajno and Gonzalez-Alvarez (2013) renamed
it Gifford Creek Ferrocarbonatite Complex (GFC). One of the main
features of the GFC is the widespread occurrence of ironstone (mainly
magnetite, hematite and goethite) veins that are spatially associated
with the ferrocarbonatite intrusions. These are surrounded by relatively
narrow haloes of fenitic alteration interpreted to have formed during
post-magmatic alteration processes. Age determinations from the
ferrocarbonatite and fenitic alteration rocks (see Table 1; Pirajno et al.,
2014) fit well with the age range of the Warakurna large igneous
province (Wingate et al., 2004). A link with a mantle plume that may
have generated the Warakurna LIP is considered possible, as discussed
in Section 6.

The ferrocarbonatite sills and dykes form a NW-trending belt in the
south-western sector of the GFC, parallel to, and to the north of the
Lyons River Fault (Fig. 19). On the northern side of this NW-trending
belt are swarms of carbonatite and ironstone veins, distributed in a
series of sinuous trends, terminating along a WNW-trending belt of
carbonatite-ironstone veins. This WNW-trending belt is along a poorly
defined lineament, which Pearson et al. (1996) called the Bald Hill
Lineament (Fig. 19).

Petrographic, XRD and SEM investigations (Pirajno et al., 2014),
show that the ferrocarbonatites are dominantly composed of
ankerite-dolomite, magnetite, Fe-Ti oxides, arfvedsonite-riebeckite,
with variable proportions of perovskite, pyrochlore, columbite,
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Fig. 14. Kruidfontein photomicrographs; A) calcite grains of primary carbonatite;
B) volcanic breccia, partially replaced by carbonate; C) fine-grained carbonate assemblage
with cross-cutting veinlets of Fe oxides, probably the initial ferrous alteration.

phlogopite and lesser calcite, and apatite, barite and monazite. The
WNW-trending sills and dykes north of the Lyons River Fault are
characterised by a carbonate-rich matrix, containing fluoroapatite,
celestite, bastnaesite, phlogopite, barite and monazite. Field and
petrographic work shows that these rocks are generally ankeritic
carbonatites (>50 vol.% ankerite-dolomite), and locally silicocarbonatite
(arfvedsonite-rich). In one sample of ferrocarbonatite, millimetre scale
banding exhibits features that are interpreted as due to a quench-
textured silicate-carbonate immiscibility (Fig. 20). Immiscibility of two
liquids, carbonate-silicate, has been experimentally investigated and
observed in a number of alkaline complexes in East Africa and Italy (e.g.
Kjarsgaard and Peterson, 1991; Solovova et al., 2005; Stoppa et al., 2005).

The fenitic haloes in the country rocks surrounding the carbonatites
are mostly characterised by the presence of feldspars and/or alkali-
amphiboles and magnetite. Alkali amphibole has compositions ranging

0 1 2km
Barite veins [ Lava

Radioactive silicified zone [_] Carbonatite layers

Stvite dykes [_] Volcaniclastic sediments
[ Metabeforsite [[] Volcanic breccia

Fig. 15. Simplified geology of the Goudini complex.
Modified after Verwoerd (2008).

from potassian magnesio-arfvedsonite to magnesio-riebeckite. The am-
phiboles in the fenitic rocks are classified as potassium magnesio-fluor-
arfvedsonite (Pearson and Taylor, 1996). Sodic pyroxene is generally
aegirine with a high NaFe3*+Si,06 component and with TiO, contents
of up to 4 wt.%. Mica is metasomatic and is Al-deficient fluorphlogopite
(F contents from 1.5 to 4.5 wt.%; Pearson and Taylor, 1996).

The above mentioned minerals are the main components of fenitic
alteration and occur in varying amounts, presumably due to, not only
the composition of the alkaline fluids, but also to the primary mineralogy
of the rocks affected. This results in a great variety of textures and
dominant mineralogy. Furthermore, petrological analysis shows that
the fenitisation process was highly dynamic and multiphase. For
example, there are at least two generations of aegirine-augite/aegirine:
coarse grained, and very fine-grained granular aggregates, overprinted
by acicular riebeckite (Fig. 21A). In turn, acicular riebeckite is overprinted
by phlogopite mica. In the same rock isolated euhedral pyrochlore
(Fig. 21B), slightly pleochroic lamprophyllite crystals and stellate
aggregates of green-blue riebeckite may also occur. Fluidal textures are
common in these fenites and generally consist of bands or laminae of
alternating fine-grained and closely packed aggregates of K-feldspar
and plagioclase (oligoclase-albite compositions) and of pale green
biotite. The feldspar bands exhibit a granular to fluidal-like texture in
places (Fig. 21C). In other cases, assemblages of euhedral nepheline,
forming linear granular aggregates, occur within masses or polycrystal-
line aggregates of biotite, with distinct green pleochroism and abundant
acicular riebeckite (Pirajno et al.,, 2014) (Fig. 21D).

The emplacement of the GFC intrusions occurred along the Lyons
River Fault, a major trans-crustal structure, which a seismic transect
shows that it reaches into the subcontinental lithospheric mantle
(Johnson et al., 2013). Movements along the Lyons River Fault could
have formed a pull-apart basin (see below) into which the carbonatite
melts migrated possibly from the distal sector of the mantle plume
responsible for the formation of the Warakurna LIP.

The apatite and monazite ages (Table 1) suggest the possibility of
two separate events (Fig. 22). The first at ~1075 Ma was responsible
for the emplacement of dykes and sills along the Lyons River fault for
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Fig. 16. Goudini photomicrographs; A) and B) carbonate spherules in nephelinite, reflecting a good example of silicate-carbonate liquid immiscibility (see text); C) flow-banded
carbonatite; D) barite vein (ba) in carbonatite; E) cancrinite (can) overprinting calcite; F) fragment of volcanic rocks with matrix replaced by riebeckite (rbk); A and B plane polarised

light; C, D, E and F crossed polars.

which, as mentioned above, seismic profiling indicate that it cuts
through the crust and reaching into the sub-continental lithospheric
mantle (Johnson et al., 2012). Carbonatite melts will have formed in a
metasomatised lithospheric mantle, perhaps due to the heat induced
by the lateral flow of the Warakurna mantle plume (Pirajno and
Hoatson, 2012), resulting in the emplacement of the NW-trending
ferrocarbonatites dykes and sills (Fig. 22A). The Lyons River fault system
was activated time and again during tectonic events that affected the
Capricorn Orogen. It was suggested in Pirajno et al. (2014) that in one
of these events, at about 1050 Ma, a small pull-apart structure was
formed on the sites where the ferrocarbonatites had been intruded.
This stimulated the re-activation of the carbonatite system, widening
the fenitic halo in the country rocks and producing a sinuous carbonatite

vein system which eventually was locally altered to the ironstone veins
(Fig. 22B).

4.3. Bayan Obo (Inner Mongolia, China)

Bayan Obo, located on the northern margin of the North China
Craton (NCC), is an extremely complex, hydrothermal, stratabound
mineral system hosted in carbonate rocks of the Mesoproterozoic
Bayan Obo Group (Fig. 23) (Pirajno, 2013b and references therein).
This Group is an ~1850 m thick package of clastic and carbonate rocks
deposited in graben structures that formed in the Archaean basement.
The Bayan Obo Group is deformed as a series of northwest-dipping
thrust slices and duplex structures. Granitic rocks of Carboniferous-



F. Pirajno / Gondwana Research 27 (2015) 1181-1216 1197

A = Alluvium + lake sediments
B = laterite cap (ore)

+10 km

- Alluvium and laterite cap

I:l Fenitic alteration
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- Vent facies (agglutinated ash)

|:| Carbonatite (stvite, beforsite)

Fig. 17. Interpreted and idealised cross-section of the Mount Weld carbonatite, showing examples of glimmerite-bearing marginal breccia, ore-bearing lateritic cap and glimmerite bearing

vent facies rocks.

Permian age intruded the basement and the sedimentary rocks. Other
igneous rocks in the area include at least two suites of carbonatite
dykes (Table 1), with fenitised (Na-amphibole-albite-phlogopite)
country rocks.

The Bayan Obo Group consists of a number of sedimentary units,
which consists of a basal conglomerate and sandstone (Y1 unit),
overlain by a succession of carbonaceous shale, arkosic sandstone and
quartzite (Y2 to Y7 units), followed by limestone and dolomite beds
(Y8 unit, host of the REE mineralisation), black shale (Y9), and capped
by white and grey limestone (Y14 to Y18 units). This shale is extensively
brecciated and altered by potassic metasomatism in the core of the syn-
cline where the REE orebodies are located. The structural setting of the
Bayan Obo area is very complex and this complexity has hindered a
clearer understanding of the Bayan Obo mineral system, which has
been debated since its discovery, resulting in more than 100 publica-
tions. The complex deformation is the result of collisional processes
that affected the northern margin of the North China Craton, with
tectonic transport from northwest to southeast (Drew et al, 1990).

Drew et al. (1990) made the interesting suggestion that the entire
deformed package is now a giant roof pendant (6-8 km across) in the
Carboniferous-Permian granitic rocks, which were emplaced during
the collision event.

The Bayan Obo carbonatite contains, apart from dolomite,
benstonite [(Ca,Sr)¢BagMg(C0Os3),3], norsethite [BaMg(COs3),],
barytocalcite (BaCa(COs),) and strontianite (SrCO3). Sulphide gangue
minerals are pyrite, pyrrhotite, sphalerite, galena and chalcopyrite. In
addition, more than 100 carbonatite dykes have been recognised in
the general area (Fan et al., 2014) (Fig. 23).

The age of the Bayan Obo mineralisation is also controversial and
uncertain. The K-Ar and 3°Ar/4%Ar isotopic systems provide a range of
ages from 1800-1290 Ma, 900-800 Ma, 555-474 Ma and 430-420 Ma
(Chao et al., 1997; Yang et al., 2014) to 311-306 Ma for early stage
granites (mainly granodiorite) and 258-234 Ma for late stage biotite
K-feldspar granites (Fan et al., 2004a and references therein). More
precise age data, ranging from whole-rock to individual minerals,
given in Table 1, add to the ongoing uncertainties. Chao et al. (1997)
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Fig. 18. Mt Weld photomicrographs of A) and B) shard-like texture in carbonatite pyroclastic; C) magnesio-arfevdsonite with fluidal texture; D) fragment of cumulus apatite (ap), calcite
(cal) and glimmerite (gml); E) fluorite (fl) vug infill in carbonate aggregate; F) intergranular assemblage of phlogopite (brown grains), carbonate (light grey) and arfevdsonite (bluish-

white in central part); A, B, C, E and F in plane polarised light, D in polarised light.

distinguished three periods of regional metamorphism and metasoma-
tism: 1) 890 Ma, with recrystallisation of the Y8 carbonate to marble;
2) 425-395 which would have formed metasomatic-metamorphic
sodic amphibole; and 3) Hercynian event at ca 300 Ma. Dating of
monazite, using 2>2Th-2°%Pb chronology, yielded ages ranging from
555 to 420 Ma, with peaks at 430-420 Ma (Wang et al., 2004). Given
the wide range of ages it is likely that the Bayan Obo mineral system
is polychronous and polygenic, that is the product of multiple tectono-
thermal events, beginning at ca. 1800 Ma, successively overprinting
later ones. Moreover, the variability of the age data led Yang et al.
(2011b) to suggest that different types of carbonatites were emplaced
sequentially, accounting for the large errors in the age determinations.

Fan et al. (20044a,b) working on fluid inclusions recognised three
types: two-phase aqueous liquid-vapour, two to three-phase, almost
pure, CO, and three-phase liquid-vapour-solid. In the latter, daughter
minerals are REE-carbonates (cebaite and bastnaesite), halite, sylvite,
barite and calcite, identified by SEM and EDX analyses. Homogenisation
temperatures of 480-420 °C and 250-220 °C were obtained from
heating-cooling experiments on the L-V-S inclusion fluids. Salinities
ranging from 1 to 15 wt.% NaCl equivalent were obtained by Smith
and Henderson (2000).

Thus, the carbonatite model seems feasible and could be considered
within the framework of intraplate and rift-related A-type magmatism
(Pirajno, 2000, 2013b). Considering the regional context, the Bayan
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Fig. 19. Simplified geological map of Gifford Creek Ferrocarbonatite Complex, showing ironstone veins, dykes and NW-trending belt of ferrocarbonatite dykes and sills; also shown are the
main REE prospects; position of the Gifford carbonatite complex in the Gascoyne province is shown below the main figure.

Obo sedimentary package, the rift setting, subsequent collision and
extensional events that affected the NCC and the accompanying
magmatism, it is possible that some of these magmas could have been
linked to the mantle plume that originated the rifts and caused the
continental volcanism (Xiong'er LIP; Pirajno and Chen, 2005) and
dyke swarms in the NCC at ~1780 Ma (Peng et al., 2005, 2008). The
complex paragenesis of the ores (Fig. 24) and the wide range of ages
probably reflect overprinting of the subsequent thermal, tectonic and
metamorphic events.

As mentioned above, the Bayan Obo mineral system is located on the
rifted margin of the NCC. The NCC was subjected to rifting events that
affected both its northern and southern margins, beginning about
1800 Ma. There is reasonable evidence that this rifting was associated
with the emplacement of continental flood basalts and giant dyke
swarms (Peng et al., 2005, 2008). In the north, the Taihang Mountain

mafic dyke swarm and the Xiong'er Volcanic Province belong to this
ca 1800 Ma thermal event that affected the NCC and have been linked
to the breakup of the Columbia supercontinent (Wang et al., 2004;
Peng et al.,, 2005). Peng et al. (2005) working on the geochronology
of dyke swarms in the NCC, identified four dyke suites with SHRIMP
U-Pb ages of 2147 4+ 5 Ma, 1929 4+ 8 Ma, 1834 + 5 Ma and 1778 +
3 Ma. Peng et al. (2005) suggested that the older group of dyke suites
could relate to the amalgamation of the NCC to the Columbia supercon-
tinent, whereas the younger suites are related to the breakup of Colum-
bia and a mantle plume event at 1830-1750 Ma (Hou et al., 2008). This
mantle plume would have been implicated in a triple-junction rifting at
the southern margin of the NCC at ca 1.78 Ga, leading to its breakup
from the Dharwar Craton in India (Peng et al., 2005). In this scenario,
the Bayan Obo Group was deposited in a rift system with graben
structures on the northern margin of the NCC (Fig. 25), estimated to
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Fig. 20. Gifford Creek sample displaying banded carbonatite at thin section scale. Photomicrographs; A) Calcite-arfevdsonite; B) Fe-carbonate-arfevdsonite; C) Dominantly Fe carbonate
and Fe oxides; D) Fe carbonate-calcite-arfevdsonite; E) Dominantly arfevdsonite; F) Fe-carbonate-calcite-arfevdsonite; G) globular Fe-carbonate-calcite-arfevdsonite. A photomicro-
graph of (F) is shown below, in which partially oxidised Fe carbonate globules are set in a matrix of acicular aegirine and calcite, this texture is interpreted as due to immiscible carbon-
ate-silicate liquids (see text for more details).

: 1mm
FMP1293 2002.13

Fig. 21. Photomicrographs in plane polarised light of fenitic wallrocks at Gifford Creek; A) acicular riebeckite (Rbk), overprinting arfvedsonite (Arf); B) zoned pyrochlore crystals;
C) acicular riebeckite and apatite (Ap) crystals in a fluidal texture; D) nepheline (Nph) crystals and acicular riebeckite.
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After Pirajno et al. (2014).

have occurred between 1800 and 1350 Ma. Mafic and carbonatite dykes rifting processes within the NCC and have been linked to a mantle
in the Bayan Obo region, have Sm-Nd isochron ages ranging from ca plume that led to the breakup of the Columbia supercontinent (Rogers
1418 Ma to ca 1227 Ma (Table 1), confirming mid-late Neoproterozoic and Santosh, 2002; Hou et al., 2008; Santosh and Zhao, 2009).
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scale.
After Fan et al. (2004b).
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Fig. 24. Simplified paragenesis and mineralisation stages at Bayan Obo.
After Smith et al. (2000).
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Fig. 25. Evolution of the Bayan Obo rift, between ca 1800 Ma and ca 1000 Ma on the northern margin of the North China Craton. At ca 1800 Ma a major thermal event occurred in the region,

possibly due to a mantle plume; details in text.
According to Drew et al. (1990).

4.4. Mianning-Dechang belt (Tibet-Sichuan, China)

The 270 km long and 15 km wide Cenozoic Mianning-Dechang
(MD) belt in eastern Tibet and western Sichuan (also referred to as
Himalayan MD belt) is located on the western margin of the Yangtze
Craton and is characterised by numerous syenite and carbonatite
intrusions, spatially associated with the prominent strike-slip faults in
the region (Red River, Ailaoshan, Xiaojiang faults) and within the

prominent north-trending Panxi rift (Fig. 26). The Himalayan MD REE
belt has been studied by Yang et al. (2000, 2001), Hou et al. (2009)
and Xie et al. (2006, 2009, 2014). The synopsis given below is taken
from these authors.

The MD carbonatite-alkaline complexes appear to be related to the
highly evolved CO,-rich silicate magma. Fluid inclusion data indicate
that gangue minerals such as fluorite, quartz and barite from the MD
complexes host abundant melt and melt/fluid inclusions with
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After Hou et al. (2009).

abnormally high homogenisation temperatures (up to 750 °C) and
enriched in BaSQOy4, K,S04, CaS0O,4, CaCOs3, CaF, and CO, (Xie et al., 2009).
Xu et al. (2003) determined C, O and Sr isotopic compositions for the
Maoniuping REE deposit, showing that the 6'>Cppg and 6'0spow values
range from — 6.6%. to — 7.0%. and 6.4%. to 7.4%., respectively, are well
within the range of primary igneous carbonatites. Similarly, the initial
Sr and Nd isotopic compositions (e.g. &’Sr/2Sr = 0.706074 to
0.706149; eNd = —4.2 to —3.7) fall within the range of both
carbonatites and syenitic rocks (Xu et al., 2003). All these features are
typical of carbonatites and peralkaline magmas.

In the MD belt a liquid immiscibility origin for carbonatite-syenite
suite is advocated by Hou et al. (2009), who cited the following points
to reinforce their view: (1) the close temporal and spatial relationship
between carbonatites and alkalic syenites; (2) low contents of MgO
(<0.73%) and FeO (<1.20%) in the carbonatites, distinguishing them
from primary magnesiocarbonatites derived directly from partial melt-
ing of a mantle source; and (3) similar REE patterns of syenites and
carbonatites with higher total REE amount and lower Ce/YD ratios,
which coincide with experimental results on REE partitioning between
immiscible carbonatitic and silicate melts. In addition, F- and REE-rich
fluids can be separated from carbonatite magma by liquid immiscibility.

Himalayan magmatic activity (40 to 24 Ma, with a peak of activity at
35 Ma) in the region forms a nearly continuous potassic igneous
province, including from west to east: (1) a 1000-km-long belt, of
potassic igneous rocks, associated with early-middle Cenozoic
pull-apart basins and developed along the Nangian thrust, the Batang-
Lijiang fault and the Red River shear zone; (2) a 50,000 km? shoshonitic
(calc-alkaline) lamprophyre district; and (3) the MD belt of
carbonatite-alkaline complexes (Fig. 26). The carbonatite-alkaline
complexes in western Sichuan intrude Proterozoic crystalline basement
and overlying Palaeozoic-Mesozoic volcano-sedimentary sequence,
forming a narrow, north-trending REE mineralised corridor, bordered
by north-south trending strike-slip faults (Fig. 26). There are two
districts of carbonatite-alkaline complexes: 1) a northern district,
which comprises Maoniuping, Lizhuang and Muluozhai; and 2) a south-
ern district controlled by the Dalucao strike-slip fault (Fig. 26B). The
northern district has 40-30 Ma syenitic intrusions with carbonatite
dykes and sills, whereas the southern area consists of syenite stocks,
carbonatite sills, and REE-bearing breccia-pipes, with SHRIMP U-Pb
zircon ages for carbonatite and nordmarkite of 12.99 + 0.94 Ma and
14.53 4 0.31 Ma, respectively. Fluid inclusions (Hou et al., 2009) include
aqueous-vapour, aqueous-liquid CO,, aqueous-liquid CO,-daughter
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mineral, aqueous-vapour CO,-daughter mineral and pure-CO,
inclusions. Melt inclusions (Xie et al., 2009) are found mainly in calcite
and fluorite from the carbonatites, and lesser amounts in gangue quartz.
Melt/fluid inclusions are abundantly present in gangue fluorite and
contain several solids, occupying 60-95 vol.% of the inclusion. Raman
spectroscopy and SEM/EDS analyses show that these solids mainly
consist of bastnaesite, gypsum, barite and fluorite in bastnaesite-
hosted inclusions; fluorite and celestine in fluorite-hosted inclusions;
quartz, calcite and gypsum in quartz-hosted inclusions; and barite,
celestine and strontianite in calcite-hosted inclusions (Yang et al.,
2001). Thermometric measurements of fluid inclusions revealed the
complexity of carbonatite and REE mineral fluids, containing K;SO4-
Na,S04-C0,-H,0, instead of the more common NaCl-H,0-CO, (Hou
et al., 2009). Homogenisation temperatures (Th) measured from fluid
inclusions in quartz, calcite, fluorite, barite and bastaenasite indicate
average values ranging from ca. 410 to 142 °C. Stable isotope systematic
(0-D and C) show variable values that are difficult to interpret, but
suggesting mixing of high-T hydrothermal fluids with crust-derived
fluids, as well as meteoric fluids introduced in the final stages in the
evolution of the carbonatite-REE mineral system.

The Himalayan MD belt, is associated with the Indian-Asian conti-
nental collision at 65-55 Ma and a series of Cenozoic strike-slip faults,
reactivated fault systems (Guo et al., 2005; Xia et al.,, 2012) and large-
scale shear zones, such as the Red River shear zone, along the eastern
margin of the Tibetan Plateau and Eocene-Oligocene pull-apart basins
and alkaline igneous rocks formed by these strike-slip faults at about
35 Ma (Hou et al., 2003).

5. Mineral systems associated with carbonatites and fenitisation

Carbonatites are the main host of Nb-Ta, Fe-apatite, Nb-REE and
fluorite mineralisation, both magmatic and hydrothermal (Mariano,
1989). Of these, the largest include Bayan Obo (China), Mountain Pass
(USA) and Palabora (also spelled Phalaborwa, South Africa) (see
Pirajno, 2009 for overviews and references). Carbonatite-related Fe-
apatite, Nb-Ta, Nb-REE deposits (e.g. Tomtor, Karasug, Beloziminskoe)
are numerous in the Siberian Craton and surrounding orogenic belts
(Seltmann et al.,, 2010). The Mountain Pass carbonatite typically
contains bastnaesite—parisite as primary magmatic minerals, albeit in
a late-stage carbonatite (Castor, 2008). Hydrothermal REE minerals
are more common, forming polycrystalline aggregates, veinlets and
interstitial fillings, and are usually associated with barite, fluorite and
monazite in varying amounts, which may or may not be economic.
Bastnaesite is one of the more important REE mineral species, together
with ancylite, parasite, synchysite and britholite. Most hydrothermal
carbonatite-hosted REE deposits are small and uneconomic, although
it is possible that a Bayan Obo style mineral system could be found in
rift-related tectonic settings (Pirajno, 2009). Weathering of carbonatite
complexes results in dissolution of carbonate minerals, leaving residual
and/or supergene monazite, apatite and REE minerals, such as
bastnaesite, parasite and florencite, ilmenite, rutile, monazite and
synchysite in the carbonatite rocks (Lottermoser, 1990). Apatite is one
of the principal accessory minerals in carbonatite and alkaline
complexes and in some cases, apatite can exceed >50 vol.% (Mariano,
1989).

Carbonatites are also a major resource of Nb, which is mostly
contained in minerals such as pyrochlore and ferrocolumbite
(Table 2), in addition to minerals in which Nb proxies for other elements
(e.g. perovskite, titanite). Pyrochlore too precipitates from hydrother-
mal fluids and may be associated with bastnaesite and fluorite. Other
ore minerals of economic importance include titanite, which can be
quite abundant in carbonatite and alkaline complexes, whereas rutile
and brookite can be found as disseminations in fenitic aureoles, associ-
ated with carbonate, fluorite and low-temperature feldspar (Mariano,
1989). The element Ti can reach economic abundances in the mineral
anatase, as a weathering product of perovskite. Fluorite too forms a

common accessory in many carbonatite and alkaline complexes. At
Bayan Obo, fluorite associated with bastnaesite, is a major ore mineral
(see below). It must be borne in mind that F in hydrothermal fluids
can move for long distances and fluorite can be precipitated in host
rocks that have no relationship with carbonatites or a carbonatite
source. Other elements that can be important as economically viable
ores are Ba and V. Barite can crystallise from carbonate melts or from
low-temperature hydrothermal fluids, as is the case at the Mountain
Pass carbonatite (Castor, 2008). Vanadium can be hosted in minerals
such as aegirine and magnetite in carbonatites and alkaline ultramafic
rocks. Copper is the major ore element of the Palabora carbonatite com-
plex, where it may have resulted from the circulation of hydrothermal
fluids (see Pirajno, 2009 for an overview and references therein).
Thorium and U are enriched in carbonatites and alkaline rocks, with
Th usually being more abundant than U. Thorium- and U-bearing
minerals of carbonatites include perovskite, pyrochlore, thorite and
REE mineral species (Table 2). Chakhmouradian and Wall (2012) and
Chakhmouradian et al. (2014) reviewed and carried out extensive
research on the role in modern society of critical metals (including
REE and Y).

At Kruidfontein, evidence of hot spring activity is indicated by the
occurrence of siliceous and Fe-rich sinter material in the inner ring
(Fig. 13). Fluorite mineralisation is present and was probably
formed during a late-stage hydrothermal event (Crocker et al., 1988;
Clarke, 1989). At least three types of fluorite mineralisation are present:
(1) primary fluorite, forming disseminated grains in the sévite rocks,
and reaching average grades of about 20% CaF,; (2) secondary fluorite
mineralisation is present as replacement bodies in the metaberfosite
rocks, where it may reach concentrations of up to 60% CaF,; and
(3) quartz-fluorite veins and fissure fillings. Ore grade and anomalous
Au occurs in the weathered carbonatitic pyroclastics within the inner
ring of the KCC close to vent areas and is bound by north-trending and
east-northeast-trending faults (Fig. 12). In an attempt to explain the
KCC gold mineralisation Pirajno et al. (1995) considered two genetic
models: 1) a supergene origin and 2) a hypogene-hydrothermal origin
for the mineralising solutions.

In the supergene model, the oxidised zone is interpreted as a lateritic
profile. This consists of a surficial ferruginous zone (up to 25 m), a Fe-
and Mn-rich oxide zone (25-50 m), mottled clay zone and ferruginous
saprolite (50-77 m) and saprolite to about 150 m. Gold, Mn, and Y are
concentrated in the upper 80 m of the profile. Lateritic supergene
enrichment implies secondary accumulation of gold from a precursor
similar to that of the underlying fresh carbonatites. Such enrichment,
together with any vertical or lateral dispersion, is by both physical and
chemical mechanisms. Enrichments at similar depths are a feature of
lateritic regolith in semi-arid environments, as exemplified by the
Yilgarn Craton of Western Australia (Butt, 1989; Anand, 2011). This
redistribution of gold deep in the profile is considered to be an arid
phase modification, perhaps due to mobilisation and subsequent
complexing by chloride ions. Therefore, it is possible that gold was
mobilised as a thiosulphate complex resulting in some redistribution
and local concentration of gold in the upper 80 m.

An alternative hypothesis is that the Au mineralisation was formed
through the action of hydrothermal solutions. In this model the hydro-
thermal fluids, activated by cooling magma at depth, ascended along
faults, leaching out gold from a postulated Au-rich protolith at depth.
Fluid-rock interaction resulted in Fe-rich alteration (Fig. 13D), starting
from microfractures (Fig. 14C) and gold deposition close to the
palaeosurface. Progressive decrease of Fe enrichment eastward from a
fault zone is seen to occur in the altered pyroclastics. Perhaps the fluids
vented as hot springs depositing barren silica at the surface, as sug-
gested by the presence of sinter-like deposits in the area (Fig. 13C).
The gold may have been transported as sulphide complexes and precip-
itated in the carbonatitic pyroclastic unit which was, at a later stage,
subjected to weathering and lateritisation. These later supergene pro-
cesses could have further enhanced the gold mineralisation.
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At Goudini the northwest-trending dykes host fluorite, barite and
monazite (Verwoerd, 2008). Barite veins and disseminations occur in
sovitic rocks (Fig. 16), whereas Y and heavy rare-earths and thorianite
are found in carbonate minerals. Fluorite and barite are hosted by, or
intergrown with flow-banded dolomitic carbonatite (Verwoerd, 1993,
2008).

The laterite cap of the Mount Weld carbonatite hosts world-class
resources of Nb, Ta and P. Total indicated and inferred REO + Y
resources, as reported in Hoatson et al. (2011), are 17.5 Mt grading
8.1%. The Mount Weld carbonatite complex contains residual apatite
at the base of the regolith, magnetite, vermiculite and Y and lanthanide
compounds, derived from the primary pyrochlore. The lateritic regolith
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profile (Duncan and Willett, 1990; Lottermoser, 1990; Jaireth and
Hoatson, 2014) consists of a residual zone overlying the fresh
carbonatite, in turn overlain by a supergene-enriched zone. This lateritic
regolith is overlain by alluvial and lake sediments (Fig. 17). The residual
zone at the base of the profile is a karst-like feature developed on the
fresh carbonatite and contains relic primary minerals such as apatite,
magnetite, ilmenite, pyrochlore and monazite (Jaireth and Hoatson,
2014). The overlying supergene zone contains phosphates, clays,
crandallite-group minerals, and Fe and Mn oxides. The presence of
secondary monazite in polycrystalline aggregates locally replacing
apatite reaches concentrations of up to 45% combined lanthanide
oxides. In general grades are quite variable ranging from 1.5% to 6%
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Nb,0s5 (Duncan and Willett, 1990; Jaireth and Hoatson, 2014). The
unanswered question is the age of the lateritic regolith, which could
range from Permian to Early Cenozoic. During the Permian a weathering
crust would have been removed by glaciers, thereby exposing a clean
carbonatite surface on which the present regolith was formed, followed
by the deposition of lacustrine sediments in the Late Cretaceous to
Cenozoic.

The Gifford Creek Ferrocarbonatite Complex is at the time of writing
being explored by mining concerns for their REE and U potential. In the
past exploration efforts were directed at the Fe oxide veins, largely
because of their high visibility due to their gossanous appearance
(Fig. 27). An overview of the mineralisation at Gifford Creek is provided
by Flint and Abeysinghe (2000). Numerous sinuous ferrocarbonatite
veins associated with ironstone veins and pods (Figs. 19 and 27),
enclosed or surrounded by zones of fenitisation of the country rocks,
are located to the north of the ferrocarbonatite belt. The above-
mentioned ironstone veins, associated with carbonatites, are one of
the main features of the Complex (Pirajno and Gonzalez-Alvarez,
2013). The veins are characterised by having sinuous or arcuate trends
and locally occur as pods of massive Fe oxides and are generally
between a few centimetres to about 10 m thick. Veins of hematite-mag-
netite, in places with supergene alteration to massive goethite, are
locally associated with quartz veins. The presence of quartz is attributed
to later hydrothermal activity, distinct from the effects of Fe-oxide rich
and fenitising fluids. Attitude, field relationship, and petrographic data
suggest that the ironstone veins post-date the emplacement of the
ferrocarbonatite intrusions. Flint and Abeysinghe (2000) recorded rare
earth elements and uranium mineralisation in the ferrocarbonatite
and ironstone veins and quoted estimated combined resources of
3.5 Mt, averaging 1.7% REE oxides. Recent drilling by Hasting Rare
Metals Ltd. at Yangibana reported low grades of the Heavy Rare Earth
Oxides (HREOs), but of particular interest is the high Nd grade, which
averages around 0.4 wt.% Nd,Os, or 24% of the Total Rare Earth Oxides
(TREO; Hastings Rare Metals Ltd., 2012). The distribution of the REE
prospects with defined resources (Pirajno and Gonzalez-Alvarez,
2013) is shown in Fig. 27.

The Bayan Obo REE-Nb-Fe deposit in Inner Mongolia contains a
resource of 57.4 Mt with grades ranging from 5.17 to 6.19% REE,0s,
Nb reserves estimated at about 2.2 Mt with average grades from 0.126
to 0.141% Nb,03 and 1.5 Bt of Fe at an average grade of 35% (Drew
et al., 1990). Bayan Obo constitutes the largest rare earth element
(REE) resource so far discovered, representing about 95% of China's
total REE resources (Zhu, 2007) and about 60-70% of the world's total.
This unusual deposit was discovered in 1927 by one Ding Daoheng
and has been, and still is, the object of numerous studies of which, in ad-
dition to the above, are those cited in Section 4.3. I have drawn from
these works for the account that follows. There are three main
orebodies: Main, East and West, all characterised by an Fe-rich zone, do-
lomite, aegirine, riebeckite, biotite and fluorite zones. The ore material is
hosted by fine- and coarse-grained dolomitic marble of the Y8 unit,
which is banded and consists of recrystallised dolomite, apatite, magne-
tite, with minor pyrochlore and Na-amphibole. Ore minerals include
monazite, bastnaesite, huanghoite [(Ba(Ce,La,Nd)COs3),F], parasite, and
cebaite [Ba,Ce,(CO3)sF,] for the REE ores, columbite, pyrochlore,
fergusonite (YNbO,), and aeschynite [(Ce,Ca,Fe,Th)(TiNb),(0O,0H)g] for
the Nb ores and magnetite, hematite, ilmenite, martite and goethite for
the Fe ores. Barite, fluorite, apatite, cerianite, aegirine, arfvesdsonite,
riebeckite, albite and microcline are common gangue minerals. Thus,
the genesis of the Bayan Obo mineral system, like its age, remains contro-
versial. Ore genesis models included synsedimentary and exhalative de-
position or epigenetic hydrothermal linked to granite magmatism or A-
type alkaline magmatism and/or carbonatite magma. The main question
hinges on the origin of the ore-hosting Y8 dolomitic marble, with ideas
ranging from sedimentary, hydrothermal, skarn to carbonatite-related.
The skarn hypothesis has problems because of the age gap between the
granitic rocks (~311-306 and 258-234 Ma) and the age of the monazite

(555-420 Ma; Wang et al., 1994). The presence of carbonatite and albitite
dykes that cut the sedimentary package a few km north and south of the
orebodies and the composition of the dolomite support the carbonatite
hypothesis. Yang and Le Bas (2004) showed that the Y8 dolomitic marble
in the ore zone has a geochemical composition (MnO and SrO contents
higher than 0.15 wt.%) similar to that of the carbonatite dykes. Therefore,
the ore-hosting dolomitic marble has carbonatitic affinities and may not
be part of the Y8 sedimentary carbonate sequence (Yang and Le Bas,
2004). Le Bas et al. (2007), largely on the basis of REE abundances and
major elements data, proposed that the various carbonate dykes and
ore-hosting dolomitic rocks, represent intrusive carbonatite (carbonatite,
ferrocarbonatite and magnesio-carbonatite), which are indisputably dif-
ferent from sedimentary carbonate rocks.

The hydrothermal system that formed Bayan Obo is responsible for
widespread alteration over an area of ~50 km? in both Archaean
migmatites and sedimentary rocks. Drew et al. (1990) distinguished
footwall and hanging wall alteration. Calcite-barite-magnetite-albite—
monazite veins, up to 3 m wide, cut the footwall migmatite rocks
forming alteration haloes containing aegirine, Na amphibole, albite
and K-feldspar. Thinner veins and stockworks cut the Y7 and Y6 units
and have the same mineralogy as those that cut the migmatites. The
Y8 unit is pervasively altered as the clastic rocks and migmatites
described above. Sodic amphibole, micas (annite, biotite and phlogo-
pite) and Fe oxides are the dominant minerals. Magnetite and hematite
are disseminated in the host carbonate rocks, locally forming lenses up
to 20 cm thick along bedding planes in economically viable concentra-
tions. In the hanging wall, the Y9 shale acted as an impermeable cap
rock focusing the fluids derived from the reactions that replaced the
Y8 dolomite, along the contact between Y8 and Y9, resulting in the
emplacement of the REE-Nb-Fe orebodies. The base of the Y9 shale is
brecciated and cut by small veins and stockworks, which exhibit a
zonation of alteration minerals, outward from fluorite to biotite to
K-feldspar. K-feldspar is dominant alteration phase in the matrix of
the brecciated material. The paragenesis of the Bayan Obo ore is also
complex with 11 stages proposed by Chao et al. (1997), from deposition
to metamorphism and mineralisation, to granite intrusions. This was
simplified by Smith and Henderson (2000), Smith et al. (2000) and
Smith (2007), with a paragenetic sequence, shown in Fig. 24, compris-
ing five stages of mineral deposition. A panoramic view of the Bayan
Obo open pit, together with a type hand sample and corresponding pho-
tomicrograph, is shown in Fig. 28.

Carbonatite-syenite complexes and associated REE mineralisation in
the Mianning-Dechang belt are estimated to contain in excess of 3 Mt of
REE ore in the Maoniuping and Dalucao deposits. Hou et al. (2009)
classified the Maoniuping REE deposit as world-class, containing a
resource of 1.2 Mt REO at an average grade of 2.89% REO; with more
recent estimates indicating a total resource of 3.17 Mt REO (Xie et al.,
2014). The REE mineralisation is temporally and genetically associated
with the Maoniuping complex, which consists of syenitic and
carbonatite intrusions, porphyritic alkaline aegirine-augite-bearing
granitic dykes and alkaline pegmatite dyke swarms. The Maoniuping
carbonatite-alkaline complex is controlled by a strike-slip fault, is
about 1.4 km long and 260 to 350 m wide and is intruded into Mesozoic
granitic and rhyolitic rocks. The Maoniuping complex is surrounded by
a 1800 m long and up to 600 m wide halo of fenitic alteration, mainly
represented by albite, aegirine-augite, arfvedsonite and Mg-rich biotite
replacing country rocks. This fenitic halo hosts REE-bearing albite veins
cutting through the Mesozoic country rock and a zone of aegirine and
aegirine-augite developed within the carbonatite and pegmatitic
rocks. The fenitised rocks contain disseminated bastanaesite, but the
bulk of the REE mineralisation is related to late stages of fenitisation,
typically characterised by veins containing calcite, fluorite, barite,
celestite, aegirine-augite and bastnaesite. The Maoniuping vein system
has a north-northeast strike and is about 2.65 km long and is made up
of 1 to 30 cm-thick veinlets, stockworks and stringers. Stockworks gen-
erally occur at the margins of the vein zones and consists of
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Fig. 28. A) View of the Bayan Obo pit (photo taken in 2008), B) hand specimen of banded fluorite, aegirine, bastanaesite + nepheline; C) photomicrograph showing bastnaesite crystals in

centre, flanked by fluorite and granular aegirine.

bastnaesite-bearing barite + aegirine-augite, fluorite + orthoclase
and calcite + fluorite. In the north of the complex large (15 to
50 cm long) bastnaesite crystals are present within a fluorite-
quartz-barite-bastnaesite zone in the centre of the system to an
outer barite-aegirine-augite zone. In addition, microscopy studies
by Xie et al. (2006), revealed the presence of unusual minerals
including zinccooperite (Cu,Zn) and Sn-bearing native copper. Hou
et al. (2009) reported that at the time of their study, 71 orebodies
averaging from 1 to 9.05% REO had been defined by drilling
programmes. Four main ore types have been recognised: 1) Veinlets
or pockets, in the northern part of the complex and consisting of
pegmatitic barite + fluorite + aegirine-augite + bastnaesite and
orthoclase + aegirineaugite + fluorite 4+ bastnaesite. 2) Carbonatitic
ore as disseminations in dykes and/or sills, and forming thick lenses in
the northern parts of the deposit, containing coarse-grained calcite,
barite (10-20%), fluorite (5-10%), and minor bastnaesite (0.5-5%),
locally with varying amounts of pyrite, sphalerite and galena. 3) Brecci-
ated REE ore occurs in the southern and middle segments of the deposit,

grading laterally into stringer and parallel vein zones; the breccia is clast-
supported, with the clasts consisting largely of angular fragments of
nordmarkite, in a matrix of fluorite + barite + calcite +bastnaesite as-
semblages. 4) Stringer ores form stockwork zones between the main
orebody and surrounding wall-rocks (nordmarkite and fenitised gran-
ite pluton).

The age of the Maoniuping REE deposit reported by Yuan et al.
(1995) and determined by K-Ar dating of biotite and magnesio-
arfvdesonite, yielded ages ranging from 27 to 40 Ma (see details in
Table 1).

A genetic model proposed by Hou et al. (2009) is shown in Fig. 29, in
which the authors envisage three depth levels (probably end-
members) of carbonatite emplacement and related REE mineralisation.
At the lower level (~2.5-3 km), are high-T, REE- and sulphate-bearing
NaCl-KCI-CaCl, fluids, derived from the carbonatitic-syenitic magmas
with no interaction with external fluids. Filling and replacement of
carbonatite by calcite + fluorite + barite + bastnaesite assemblages
represent mineralisation along fractures and as dissemination within
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and above the carbonatite-syenite complex (panel C of Fig. 29). At
intermediate levels, multi-phase hydrothermal activity resulted in the
formation of pegmatitic and complex vein systems developed along a
mesh of fractures developed in a transpressional regime and
characterised by bastnaesite-bearing assemblages (panel B in Fig. 29
and geology and cross-section of the Maoniuping REE deposit). At
high levels, extensive boiling of the ore forming fluids, resulting in
hydrothermal breccia pipes, accompanied by REE mineral precipitation
(panel A in Fig. 29). Influx of meteoric waters into the hydrothermal
system caused precipitation of lesser amounts of fine-grained
bastnaesite, quartz and Fe oxides.

6. The mantle plume connection: discussion

The precise origin of alkaline and peralkaline magmas is still
debated, however there is good evidence to indicate that they form
through small degrees of partial melting and that they originate in the
SCLM (Groves et al., 2010 and references therein). Mantle metasoma-
tism was advocated by Bailey (1987), who speculated that rifting may
localise mantle degassing (especially C and H) which would
metasomatise the SCLM and cause partial melting. He pointed out that
large quantities of CO,, F and Cl are emitted from modern rifts, such as
the East African Rift System and the spectacular CO, active venting at
the Mefite d'Ansanto site, just west of the Vulture alkaline-carbonatite
volcanic system in southern Italy (Rogie et al., 2000; Stoppa et al.,
2009; Bell et al., 2013). Thus, rifts are the sites of upwelling astheno-
spheric melts rich in Cl, F, C, P, as well as HFSE (Nb-Ta, Zr-Hf, Th).
These melts penetrate the lithosphere, metasomatising it and causing
partial melting and developing thermal anomalies. It is of interest to
note that carbonated melts have very low viscosities and, based on
fluid-flow modelling, these melts are thought to rise to the surface at
speeds of up to 65 m s~ ! (Genge et al,, 1995; Ernst and Bell, 2010).

A study by Bell and Simonetti (1996), reinforced in Bell (2001) and
further taken up in Bell and Simonetti (2010), based on Nd, Pb and Sr
isotopic systematics from Oldoinyo Lengai, a 2200 m high nephelin-
ite—-phonolite-carbonatite volcano in the East African Rift (northern
Tanzania) is supportive of a mantle plume source. Other views in the
case of Oldonyo Lengai suggest that its volatiles are indistinguishable
from those of a mid-ocean ridge (MORB) source (e.g. Fischer et al.
2009). Bell and Simonetti (1996) envisaged that carbonatites and
associated nephelinitic magmas are derived from a two-stage process,
linked to a mantle plume. In the first stage, melts are generated directly
from an upwelling mantle plume. Volatiles released from the plume
itself cause intense metasomatism of the overlying lithosphere. In the
second stage, low degrees of partial melting in the metasomatised
subcontinental lithosphere produce the carbonatite-nephelinite
volcanic activity that characterises the Gregory Rift in the East African
Rift System (Pirajno, 2000, 2009 and references therein).

The upwelling of a mantle plume beneath a subcontinental litho-
sphere leads to the formation of a “mushroom-shaped” head of hot
mantle material, which could reach up to 1500 km across (Campbell
and Griffiths, 1990; Griffiths and Campbell, 1990). The lithosphere
above this head is dynamically lifted, resulting in doming of the crust
and subsequent rifting processes. However, it must be pointed out
that a mantle plume impacting the lithosphere does not need, and
most probably will not have a symmetrical geometry, as depicted in
many simple experimental laboratory models. An irregular surface
topography due to heterogeneities of the overlying plates as well as
tectonic processes, caused by the upwelling of mantle plumes is tackled
by Burov and Gerya (2014), who used 3D numerical modelling of man-
tle lithosphere interaction. Tomographic images show that most plumes
are not simple vertical structures. Rather, lithosphere heterogeneities
and deep fracture systems all contribute to what could be a very uneven
uplift, with local subsidences. All these features need to be taken into
consideration, resulting in a range of possible structures. For example,
the case of crustal doming associated with the Emeishan flood

volcanism is elegantly proven by detailed sedimentological studies
(He et al., 2003). A lack of obvious uplift appears to be the case for the
Warakurna large igneous province (LIP) (Wingate et al., 2004), which
extends from a central region, westward for some 2000 km in western
and central Australia. It contains sill complexes, lavas of bimodal
composition, A-type granites and a large layered intrusion. The shape
of the LIP and its nature suggest that a mantle plume flowed westward
along a crustal and lithospheric discontinuity (Morris and Pirajno,
2005). On the other hand, the apparent lack of crustal doming for the
Siberian flood volcanism is by no means well established. In fact, for
the Siberian Traps, a huge rift system is present to the west and
northwest of the flood lavas, which form a field that extends east and
southeast. Thus, the lava field, as seen today, does not coincide with
the central zone of the uplift and rifting, which could also be where
the plume head impacted (Reichow et al., 2002; Griffin et al., 2005).
Cox's concept (Cox, 1989) is a brilliant deduction that well explains
many of the essential features of rifting and continental flood volcanism.
The important point here, I believe, is that where sea floor spreading
develops following rifting, the original uplifted rift shoulders become
separated, so that on one side of the rift there is only part of a dome
structure, or in other words a dome flank, this appears to be the case
of the SW African coastline relating to the uplift of the Parand-Etendeka
LIP. Rift flank uplift is generally asymmetric and uneven, as was proba-
bly the case for the Deccan region and as well explained for the Arabian
Peninsula (Daradich et al., 2003).

Crustal uplifts are also a common feature of many volcanic rifted
margins and these have been attributed to magmatic underplating
linked to plume activity (Pirajno, 2000; Nikishin et al., 2002; Ziegler
and Cloetingh, 2004). Major crustal uplifts may also be caused by
mantle upwelling associated with convective removal of the mantle lith-
osphere, as may be the case for the Tibetan Plateau. The removal of the
lower mantle lithosphere causes the influx of hot mantle asthenospheric
material, resulting in a rise of thermal gradients, partial melting of the
lithosphere, and uplift of the crust above the buoyant asthenopheric
blob. Molnar et al. (1993) suggested this mechanism to explain the uplift
of the Tibetan Plateau and the associated potassic volcanism. This may
have been the case for the Mianning-Dechang carbonatite belt, discussed
in this paper.

Doming of the crust can result in rupture and rifting, with develop-
ment of triple junctions, as observed in present day Afar region of East
Africa (Afar triangle), attributed to a mantle plume impinging beneath
the continental lithosphere (Wolfenden et al., 2004; Yirgu et al., 2006;
Begg et al., 2009; Beccaluva et al., 2011; Chang and van Der Lee, 2011;
Natali et al.,, 2011). The mantle plume model for the development of
the Afar triple junction is well supported by seismic tomography
(Grand et al., 1997; van der Hilst et al., 1997; Zhao, 2004, 2007, 2009;
Montelli et al., 2006). Several lines of evidence (including seismic
tomography) indicate that many giant continental rift systems are
related to lithosphere thinning and the following irregular crustal
uplifts, ultimately linked to upwelling mantle plumes. The Cenozoic
East African Rift System (EARS), including the incipient oceanic arm of
the Red Sea, extends for about 5000 km, with a series of graben, half-
graben structures, strong uplifts, and igneous activity that includes
carbonatites, peralkaline, alkaline and bimodal volcanism, development
of lakes and basins with thick accumulations of clastic, chemical and
evaporite sediments, as well as active discharge of hydrothermal fluids
(Degens and Kulbicki, 1973; Tiercelin et al., 1989; Pflumio et al., 1994;
Schliiter, 1997; Renaut et al., 2002; Yirgu et al., 2006).

The breakup of supercontinents, such as Rodinia and Gondwana,
is thought to be caused by the impact of mantle plumes, which led
to the formation of giant rift systems that eventually led to separa-
tion of continental blocks (Sengér, 2001; Conrad and Gurnis, 2003;
Santosh et al., 2009; Pirajno and Hoatson, 2012; Xia et al., 2012;
Pirajno and Santosh, 2014, in review). In Permo-Triassic times a
giant Gondwana intracontinental rift system developed between India
and Australia-Antarctica (Harrowfield et al., 2005). This rift system
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eventually developed into an ocean resulting in the separation of India
from Australia and Antarctica. During the early Cretaceous breakup
between India and Australia, flood basalts were erupted between
132 Ma and 119-118 Ma forming the Broken Ridge-Ninety East,
Wallaby and Naturaliste LIPs, emplaced on oceanic crust and Kerguelen
Plateau (emplaced on a rifted microcontinent), the Rajmahal continen-
tal basalts and lamprophyric rocks in India (Coffin et al., 2002; Duncan,
2002; Benard et al., 2010). The Kerguelen plume generated submarine
and continental flood magmatism within a part of the Gondwana rift
that could be considered as a triple junction between India, Antarctica
and Australia, and as such, recording the breakup between Australia
and Greater India and Australia and Antarctica (Coffin et al., 2002;
Duncan, 2002; Benard et al, 2010; Pirajno and Hoatson, 2012). In the
context of this contribution, it is considered possible that the breakup
of that part of Gondwana in what is present day South Atlantic, may
be related to the St Helena and Tristan da Cunha hotspots (Toyoda
et al., 1994; Gibson et al., 2006; Ernst and Bell, 2010), although there
are other views (Kamanetsky et al., 2001; Rocha-Janior et al., 2012,
2013), which do not consider these hotspots to be responsible for the

eruption of the Parand-Etendeka LIP, and associated alkaline complexes
and carbonatites. With respect to the latter, it is interesting to note that
Regelous et al. (2009) suggested that the breakup of the South Atlantic
occurred as a result of lithospheric delamination, which would have
resulted in the eruption of the Parand-Etendeka LIP, with the Tristan
da Cunha volcanic system being related to a modern-day eruptive
event following the South Atlantic sea floor spreading. On the other
hand, Stica et al. (2014) in their work on the Pelotas Basin situated on
a volcanic passive margin, to the west of the Parana-Etendeka LIP,
pointed out that several authors consider the rise of the Tristan da
Cunha mantle plume to be associated with the breakup of Gondwana,
although other authors (Becker et al., 2012) question the model of the
South Atlantic opening as being related to the Parana-Etendeka LIP.

In any case, these alkaline and carbonatite intrusions were emplaced
along major transform and strike-slip fractures (see Fig. 2), on both
sides of the rift system, from which South America and southwest
Africa drifted. Fig. 30 shows a possible Late-Jurassic-Early Cretaceous
reconstruction of Gondwana, with distribution of the hot spots and
areas of uplift due to impinging mantle plumes, resulting in alkaline
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600 km)
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Fig. 30. A Late Jurassic-Early Cretaceous reconstruction of southern Gondwana showing possible time-space relationship that may have existed between LIPs and hotspots, associated rift
systems which led to the breakup of the supercontinent (after Sengor, 2001). Although several other configurations of Gondwana have been published (e.g. Rogers et al., 1995; Segev,
2000; Stampfli et al., 2013; Meert, 2014), the notion of hotspots, rifting, associated alkaline magmatism and breakup remains valid.



1212 F. Pirajno / Gondwana Research 27 (2015) 1181-1216

and carbonatitic magmatism, final break up and drifting of the land
masses (Dalziel et al., 2000; Segev, 2000; Sengdr, 2001; Conrad and
Gurnis, 2003; Meert and Lieberman, 2008; Yoshida and Santosh, 2011).

Dyke swarms and LIPs ranging in age from about 1.27 to 0.55 Ga of
the Rodinia supercontinent heralded the impingement of mantle
plumes, which created triple junctions and global rifts systems that
would have initiated the breakup of the supercontinent (Dalziel, 1991;
Ernst et al., 1996; Ernst and Buchan, 1997; Hanson et al., 1998; Li
etal, 1999). These dyke swarms and LIPs are part of a major cluster of
intraplate igneous events, which include the 1.27 Ga MacKenzie dyke
swarm, the 1.17-1.08 Ga Keeweenawan magmatism of the
Mid-Continent rift system both in present-day North America, the
1.1 Ga Umkondo event in the Kalahari craton and the 1.07 Ga Giles
event (Warakurna LIP) in central-western Australia (Ernst et al.,
2008). The 1.07 Ga Giles event in Australia (Howard et al., 2011),
which includes the Warakurna LIP (Wingate et al, 2004) was
interpreted by Pirajno and Hoatson (2012) to be related to a mantle
plume, which affected zones of lithospheric and crustal weakness
between the North Australian and the Western Australian (Yilgarn
and Pilbara) cratons. However, this is disputed by Evins et al. (2010)
and Smithies et al. (2014) who proposed that the Giles event was
triggered by intraplate tectonic processes associated with magmas
focussing on a pre-existing lithospheric architecture. In either views,
mantle dynamics are involved in the emplacement of the associated
Warakurna LIP which covers areas from the west coast of Australia to
the centre of the continent extending, approximately along an E-W
trend, for a length of about 1500 km, a width of about 800 km, covering
an area of at least 1.5 x 10° km?. The Warakurna LIP is characterised by
mafic-ultramafic layered intrusions and extensive bimodal volcanism
in the Musgrave Province, tholeiitic lavas, mafic dykes and dolerite sill
complexes in the central and western parts (Capricorn Orogen). The
boundary between the Yilgarn and Pilbara cratons, affected by the
Warakurna mantle plume event, can be considered as the equivalent
of a failed intracontinental rift. The Gifford Creek ferrocarbonatite
complex with an age of ~1075 Ma, discussed in this contribution, is
likely related to the Warakurna mantle plume (Pirajno et al., 2014). If
this is correct, the Gifford carbonatites would represent a distal expres-
sion of the Giles hotspot, because volatile-rich melts migrate laterally
from the hotspot, intersecting the volatile-rich mantle solidus (Ernst
and Bell, 2010). Thus, and following Ernst and Bell (2010), carbonatitic
and alkaline silicate melts would be restricted to the volatile-rich parts
of the lithospheric mantle that are distal from the plume centre. Howev-
er, it must be pointed out that there are instances in which carbonatite
systems can be emplaced early in the magmatic history of a LIP, as
seems to be the case for the Bushveld Igneous Complex (Rajesh et al.,
2013). But even in this latter case, it remains essential that the litho-
spheric mantle becomes strongly metasomatised due to the influx of
volatiles, in order to produce alkaline and carbonatitic melts.

7. Concluding remarks

Anorogenic and intraplate alkaline magmatism, which includes silica-
oversaturated and silica-undersaturated complexes and carbonatites
is the spotlight of increasing attention due to its potential to host
economically viable critical and rare metals.

Mineralisation in alkaline and carbonatite rocks is formed through at
least three principal ore-forming processes, namely: 1) primary mag-
matic, in which the ore minerals are precipitated from residual fluids
in the subsolidus range of temperature and pressure; 2) hydrothermal,
from late-stage fluids evolved from (1) and their mixing with heated
meteoric waters; hydrothermal mineralisation commonly overprints
the primary magmatic; and 3) supergene, usually developed in the
weathering profiles of carbonatite in tropical climates and under condi-
tions of high Eh and low pH.

The products of intraplate and rift-related magmatism are volumet-
rically small when compared to the large granitic batholiths formed at
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Fig. 31. Model of continental rifting and associated magmatism, according to Woolley
(1987) and Martin (2006), showing upward migration of fluids and volatiles (H,0, F
and CO, mainly), resulting in partial melting of a metasomatised sub-continental
lithospheric mantle, leading to the development of silica-oversaturated and silica-under-
saturated complexes and carbonatitic (carbothermal fluid phase) igneous activity.

subduction fronts. Nevertheless, in spite of this, rift-related alkaline
magmas and carbonatites provide excellent and most useful insights
into mantle and sub-continental lithospheric mantle dynamics.

With this in mind, I have chosen to showcase some of the relevant
aspects of intraplate alkaline magmatism, associated carbonatites and
related mineral systems. In so doing I have reviewed a selection of
anorogenic alkaline plutonic and volcano-plutonic complexes
(Brandberg and Erongo in Namibia) and carbonatites (Kruidfontein
and Goudini in South Africa, Mount Weld and Gifford Creek in Western
Australia, Bayan Obo and Maoniuping in China). The Brandberg and
Erongo anorogenic complexes are part of the ~138-130 Ma Parana-
Etendeka LIP, outcropping in present-day South America and southwest
Africa and linked to the Tristan da Cunha hotspot. These anorogenic
complexes were emplaced along major transform and later strike-slip
faults, resulting from the drifting movement of the South American
and African plates.

In conclusion, intraplate alkaline magmatism typically with
syenitic-nephelinitic melts and associated carbonatites are dominantly
emplaced in rift structures formed by the impingement of mantle
plumes at the base of the sub-continental mantle lithosphere. This is
abundantly shown in the geological record as well as present-day
intracontinental rifts (e.g. East African Rift System). The model put
forward by Woolley (1987) and re-enforced by Martin (2006) shown
in Fig. 31 is considered quite pertinent for the topic treated in this
contribution.
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