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Abstract

Electrification of transport plays a vital role in the energy transition, which is needed to tackle the pressing
challenge of climate change. Lithium is a critical raw material for the batteries that are used to power elec-
tric vehicles. Currently, about 60% of the worlds lithium is sourced from rare metal pegmatites, with the top
three producing countries (Australia, Chile, China) accounting for more than 80% of global supply. There is
limited legal extraction of lithium on the African continent, with Zimbabwe currently being the only country
actively mining lithium at large scale, but Africa is host to significant, untapped lithium resources. This paper
provides an overview of lithium pegmatites in Africa, describing the key features (e.g., zonation, mineralogy,
and paragenesis) of pegmatites from different tectonic settings and of varying ages. It is notable that each of
the key orogenic events on the continent has a distinct lithium pegmatite fingerprint. Archaean pegmatites are
typically petalite dominated; unzoned spodumene pegmatites are common in the Paleoproterozoic of the West
African craton; Mesoproterozoic pegmatites in Central Africa are typically tin-tantalum rich, which is a func-
tion of the high degree of albitization observed in many of these pegmatites; and complex zoned pegmatites are
more common in the Neoproterozoic to Paleozoic orogens. Many of these pegmatites have a common para-
genesis that can be broadly described in four stages (magmatic crystallization, albitization, greisenization, and
low-temperature alteration), but there is a need to understand what controls the wider variation in pegmatite
type and economic mineral assemblages. The continent of Africa provides an excellent natural lab for placing
pegmatites into their broader geologic context in order to develop better mineral deposit models.

Lithium (Li) is of particular interest to geologists because
of its presence in a wide variety of resource types (Bowell et
al., 2020). Currently, around 40% of global lithium supply
(U.S. Geological Survey, 2024) comes from brines in salars, or
salt lakes, chiefly in Argentina and Chile (Munk et al., 2016;
Lépez Steinmetz and Salvi, 2021; Al-Jawad et al., 2024). The
other 60% comes from hard-rock mines, chiefly in Li-rich
granitic pegmatites (Bradley et al., 2017). There is increasing
exploration for other lithium deposit types, including Li-rich

Introduction
Tackling climate change is now a global priority, and a focus for
many governments is the transition away from fossil fuels to
cleaner sources of energy with lower greenhouse gas emissions.
This energy transition will require electrification of transport
and a continued shift to renewable energy sources with asso-
ciated energy storage. It is widely recognized that the energy
transition will drive greatly increased demand for a range of raw
materials, and that these will need to be sourced in as sustain-

able a way as possible (Sovacool et al., 2020). In recent years,
there has been particular interest in the raw materials required
for lithium-ion batteries: nickel, cobalt, manganese, graphite,
and lithium (Olivetti et al., 2017). Demand for these raw materi-
als is expected to grow markedly in the coming decades (Maisel
et al., 2023), providing a potential economic opportunity for
those developing countries with appropriate resources (Hund
et al., 2020). There will be a need for geologists, mineralogists,
metallurgists, economists, and environmental experts to work
together to identify and develop the best resources of all these
raw materials (Pell et al., 2021).
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granites, geothermal brines, and volcano-sedimentary (VS)
systems such as Thacker Pass in Nevada (Gourcerol et al.,
2019; Bowell et al., 2020; Benson et al., 2023).

This paper focuses on the continent of Africa, which is well
endowed with lithium resources, predominantly in lithium
pegmatites (Goodenough et al., 2021). We summarize the
state of knowledge on the geology, mineralogy, and structure
of known lithium pegmatites across Africa, as well as their ex-
ploration status and potential to contribute to supply chains.
This paper largely represents a review of published literature
but also draws on our many years of collective experience
working on these rocks with colleagues from across Africa.
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Lithium Pegmatites

Pegmatites are very coarse grained igneous rocks, most com-
monly granitic in composition and characterized by a variety
of textures such as directional mineral growth, mineral zona-
tion, and graphic intergrowths (London and Kontak, 2012).
The classification of pegmatites is complicated, and there
have been many schemes proposed—some based on depth
of formation (Ginsburg and Rodionov, 1960; Ginsburg, 1984;
Zagorsky et al., 1999), some based on mineralogy (Wise, 1999;
Wise et al., 2013), some based on geochemistry (Niggli, 1920;
Landes, 1933), and some that utilize geochemistry, mineral-
ogy, and structural setting (Pezzotta, 2001; Cem}’/ and Ercit,
2005; Dill, 2016; Miiller et al., 2018). A widely used classifi-
cation is that of Cern)’/ and Ercit (2005), which includes five
classes, of which the most relevant for economic purposes is
the rare element pegmatite class. This can in turn be divided
either into a number of types based on mineralogy, or into two
main families: the NYF (niobium-yttrium-fluorine) and LCT
(lithium-cesium-tantalum) pegmatites. The LCT pegmatites
have typically been considered as derived from peraluminous
S-type granites formed by melting metasedimentary material,
whereas the NYF pegmatites have an affinity with alkaline
A-type granites formevd by melting of the lower continental
crust and/or mantle (Cerny et al., 2012). Most recently, this
classification has been modified by Wise et al. (2022), who
recognized the need to classify pegmatites based on their
mineralogy and account for potentially variable methods of
formation. Pegmatites containing lithium minerals are consid-
ered in this classification as belonging to group 1. Itis the LCT
or group 1 pegmatites that contain the main lithium resources

globally and that will be the focus of this paper; hereafter, for
simplicity, they are referred to as lithium pegmatites.

Lithium does not occur as a native element; instead it is
found in pegmatites within the matrices of a suite of miner-
als, and understanding this complex mineralogy is critically
important for mining (Linnen et al., 2012). Pegmatites are
made up of gangue minerals such as quartz and feldspar, a
range of lithium ore minerals (chiefly silicate and phosphate
minerals), and other accessory minerals. The most impor-
tant ore mineral for lithium-ion batteries is spodumene, for
which cracking and refining processes are well established
(Rioyo et al., 2022; Kundu et al., 2023). Other potential
lithium ore minerals found in pegmatites include petalite,
lepidolite, amblygonite, and eucryptite (Table 1). Key acces-
sory minerals include pollucite (mined for cesium), beryl,
columbite group minerals (CGMs; niobium, tantalum), and
cassiterite (tin).

Experimental work has demonstrated that pressure and
temperature of formation exert a significant control on which
lithium minerals crystallize (Fig. 1) (London, 1984). Where
petalite is the original magmatic mineral, it may be replaced by
a spodumene-quartz intergrowth (SQI) as the pegmatite cools
(London, 1984). Estimates for depth of crystallization, based
on mineralogy, did not always match the regional context, and
this led to the recognition that pegmatites begin to crystal-
lize at temperatures below the granitic solidus (undercooling)
(London, 2005). This lowering of crystallization temperatures
is supported by the presence of fluxes such as H»O, B, F, Cl,
and P in the melt. Significant degrees of undercooling are an
important factor in the crystallization of economic lithium
pegmatites (McCaffrey and Jowitt, 2023).

Table 1. Lithium-Bearing Minerals and Key Accessory Minerals in Lithium Pegmatites

Mineral Formula Examples from this study

Spodumene LiAlSisOg Ewoyaa, Ghana; Goulamina, Mali; Manono-Kitotolo, DRC
Petalite LiAlSisO10 Arcadia, Zimbabwe; Uis, Namibia

Eucryptite LiAlSiOy4 Arcadia, Zimbabwe; Kivu, DRC

Lepidolite K(Li,Al)5(Si,Al)4O10(F,OH)2 Rubicon-Helicon, Namibia; Zulu, Zimbabwe
Zinnwaldite KFesAl(AlzSin010)(OH)s — KLipAl(SisO10)(F,OH)2,  Rubicon-Helicon, Namibia

Bityite CaLiAl>(AlBeSisO10)(OH), Arcadia, Zimbabwe

Cookeite LiAls(Si3Al)O10(OH)s Kamativi, Zimbabwe; Uis, Namibia
Amblygonite (Li,Na)Al(PO4)(F,OH) Bikita, Zimbabwe; Gatumba, Rwanda
Montebrasite LiAl(PO4)(OH,F) Kamativi, Zimbabwe; Musha-Ntunga, Rwanda
Triphylite Li(Fe,Mn)PO, Gatumba, Rwanda; Saraya, Senegal
Lithiophilite Li(Mn,Fe)PO4 Gatumba, Rwanda; Saraya, Senegal

Sicklerite Lij_«(Mn3+Mn2+_) POy Vredefort, South Africa

Wavellite Al3(PO4)2(OH)s3 - 5H2O N’dora, Burundi

Burangaite NaFeAls(PO4)4(OH)s - 2H20 Buranga, Rwanda

Bertossaite (Li,Na)2(Ca,Fe,Mn)AlL(PO4)4(OH,F), Buranga, Rwanda

Gatumbaite CaAly(PO4)2(OH)s - HoO Buranga, Rwanda

Columbite-tantalite

(Fe,Mn)(Nb,Ta)20s — (Fe,Mn)(Ta,Nb):O¢

Microlite (Na,Ca)sTa:04(0,0H,F)
Cassiterite SnOs

Danalite BesFe2+4(Si0y4)sS

Hectorite Na(Mg,Li)3(SisO10)(F,OH)s
Pollucite (CS,N&)gAlzsL;O]Q . (HzO)
Bikitaite LiAlSisOg - HoO

Bismuth minerals

Various; e.g., native bismuth (Bi)

All pegmatites in varying amounts (referred to in text as columbite
group minerals)
Noumas, South Africa; Bikita, Zimbabwe
Kamativi, Zimbabwe; Musha-Ntunga, Rwanda; Manono-Kitotolo, DRC
Arcadia, Zimbabwe
Rubicon-Helicon, Namibia
Bikita, Zimbabwe; Norabees, South Africa
Bikita, Zimbabwe; Arcadia, Zimbabwe
Noumas, South Africa; Arcadia, Zimbabwe

Note: Bold font indicates the name of the actual locality and is followed by the country name in standard text
Abbreviations: DRC = Democratic Republic of the Congo
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Fig. 1. Phase diagram for lithium minerals in pegmatites after London (1984).

Abbreviations: BSpd = beta spodumene, Ecp = eucryptite, P = pressure, Ptl
= petalite, Qtz = quartz, Spd = spodumene, T = temperature, Vir = virgilite.

Internal (variation in texture and mineralogy within an in-
trusion) and regional (compositional variation between peg-
matites in a pegmatite field) zonation are often referred to as
key features of rare metal pegmatites (Cerny, 1991; London,
1992, 2005, 2014). However, many examples of economic
lithium pegmatites, particularly those assigned to the albite-
spodumene type (Cerny and Ercit, 2005), lack such zonation;
several examples occur in Africa and are described below.

It is widely accepted that the formation of rare metal peg-
matites involves a complex interplay of both magmatic and
hydrothermal processes, and many studies have investigated
the point at which the magmatic-hydrothermal transition oc-
curs (London, 1986; Veksler, 2004; Touret et al., 2007; Kaeter
et al., 2018; Ballouard et al., 2020; Barros et al., 2020; Mi-
chaud and Pichavant, 2020; Shaw et al., 2022). Several key
paragenetic stages have been reported, particularly from
unzoned spodumene pegmatites: (1) magmatic crystalliza-
tion, (2) albitization, (3) greisenization, and (4) postsolidus
alteration. However, the distribution and intensity of stages
2 to 4 can vary greatly between pegmatites and indeed within
a single pegmatite. The terminology used to describe these
stages can also be highly variable, which can make large-scale
comparisons difficult. It is clear that some apparent zonation
in pegmatites is primary, whereas in many cases it is more
cgmplex and likely related to these later replacement stages
(Cerny, 1991; Wise et al., 2022).

There are two models that are currently used to explain the
formation of rare metal pegmatites (Fig. 2): (1) prolonged,
fractional crystallization of a peraluminous granitic magma
at the pluton scale and (2) direct formation by low-degree
partial melting of crustal rocks in the presence of a fluid (Lon-
don, 2005; Martin and De Vito, 2005; Simmons and Webber,
2008). The first model is proposed to generate pegmatite
fields with regional zonation, with the most highly evolved
LCT pegmatites as the most distal from the parental granite
(London, 2018). In reality, these two models represent the
simplest end members, with many pegmatites likely forming
by a multiphase process, involving crustal anatexis to produce
varied melt batches that reflect their crustal sources. These
melts were transported upward along structural pathways in

Rare-metal
0 0 pegmatites*

Rare-metal >«
pegmatites

ol

High-grade 7, X . x Dehydration
20 metamorphic rocks” * melting
(e.g. amphibolites)

1]

HEAT SOURCE

Depth (km)

x

*S-type granite = LCT

Fig. 2. Two contrasting models for the formation of pegmatites, after Miiller
et al. (2017). Abbreviation: LCT = lithium-cesium-tantalum.

the crust and may have undergone evolution through fraction-
al crystallization and/or crystallization and remelting (Plunder
et al., 2022; Knoll et al., 2023; Koopmans et al., 2023; Xu et
al., 2023). Plutonic-scale magma bodies may be part of this
process but are not an essential constituent. What is clear is
that lithium-rich magmas typically form in zones where con-
tinental collision has taken place, burying (meta)sedimentary
source rocks to a depth where they may be partially melted,
but the final emplacement of pegmatites typically occurs in a
postcollisional regime, where structural pathways can make
space for magmas to be emplaced at shallower levels in the
crust (Hulsbosch et al., 2017; Silva et al., 2023). Thus, the
chemical and mineralogical composition of the pegmatites
reflects the sources that were originally melted, the processes
by which those melts formed and evolved, and the wider
structural setting into which they were emplaced. This broad
understanding allows us to place LCT pegmatites into their
wider tectonic context across Africa.

The Geology of Africa: An Overview

The continent of Africa has a long and complex geologic his-
tory, which we summarize briefly here with a focus on the oro-
genic events that are particularly associated with pegmatite
formation. The oldest parts of the African continent are the
Archaean to Paleoproterozoic cratonic cores, represented in
the Kalahari, Congo, Tanzania, and West African cratons (Fig.
3), which are dominated by tonalite-trondhjemite-granodio-
rite (TTG) gneisses with greenstone belts comprising mafic
igneous and metasedimentary supracrustal rock types. These
are separated by Proterozoic to Paleozoic mobile belts (Begg
et al., 2009). Neoproterozoic sedimentary basins cover large
areas of the continent, such that the architecture of some of
the cratons is not completely known.

In Southern Africa, the Kalahari craton comprises the
Kaapvaal and Zimbabwe cratons, together with belts of Paleo-
proterozoic to Mesoproterozoic crust (Jacobs et al., 2008). The
Kaapvaal craton contains some of Africa’s oldest crust (>3500
Ma) including ancient supracrustal rocks in the Barberton
greenstone belt on the eastern side of the craton (Kréner et
al., 2016). This craton was stitched by granitoid intrusions

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/120/3/513/7207698/5133_goodenough_et_al.pdf
bv Britich Geoloaical Survev user



516

GOODENOUGH ET AL.

| Phanerozoic
sedimentary cover
Phanerozoic
igneous rocks
Pan-African
orogenic belts
L 30oN Mesoproterozoic/
Paleoproterozoic
orogenic belts
Archaean—
Paleoproterozoic
cratons
I
-~ 206N —
\_o
» r' 4
> '
- 109N -
0 ZOFW TU:W ggg‘l?éﬁggg
THE CONGO
WAC West African craton
LMS Leo-Man Shield
RS Reguibat Shield
SMC Saharan megacraton
CC Congo craton - 10°S .
AB  Angola block
BK  Bomu-Kibalian Shield
GG Gabon-Cameroon Shield
KAB Karagwe-Ankole belt
KB  Kasai block
KIB  Kibaran belt | o00g _
TC Tanzania craton
BB Bangweulu block
1B Irumide belt 4
UUB Ubendian-Usagaran belt ~_ e al
KC Kalahari craton KC i
KaC Kaapvaal craton v ) é 3
ZC  Zimbabwe craton - 30°s iz 3 v f 3 -
AC  Antananarivo and & 2soUTH AFRICA™. 18
Antongil-Masora cratons o SR R
ANS  Arabian-Nubian Shield ¢ oo KEme
DO Damara orogen
MB  Mozambique belt qo 10|°E 2°,°E 3DI“E 4UI°E SDI"E

Fig. 3. Simplified geologic map of Africa, showing the major cratons and mobile belts. Numbered localities are pegmatite
fields mentioned in the text: 1 = Bikita, 2 = Arcadia, 3 = Zulu, 4 = Archaean pegmatites of South Africa/ Eswatini, 5 =
Archaean pegmatites of Sierra Leone, 6 = Goulamina and Bougouni, 7 = Ewoyaa, 8 = Saraya, 9 = Dibilo, 10 = Issia, 11 =
Giraiil, 12 = Zenaga, 13 = Manono-Kitotolo, 14 = Gitarama-Gatumba and Musha-Ntunga, 15 = N'dora, 16 = Kamativi, 17 =
Orange River, 18 = Highbury, 19 = Madagascar, 20 = Alto Ligonha, 21 = Angwan Doka, 22 = Damara belt, 23 = Kenticha,

24 = Sidi Bou Othmane.

around 3000 Ma (Eglington and Armstrong, 2004) prior to the
formation of extensive sedimentary basins, including the Wit-
watersrand Supergroup. A major event in the Kaapvaal cra-
ton was the formation of the Bushveld Complex at 2050 Ma
(Scoates and Friedman, 2008). The Zimbabwe craton (Fig.
4) contains TTG gneisses dated at 3565 to 3350 Ma (Horst-

wood et al., 1999) and supracrustal rocks in greenstone belts
formed around 2800 to 2580 Ma (Jelsma and Dirks, 2002).
A regional deformation event that affected both gneisses and
greenstone belts was followed by intrusion of granitoids in the
period 2630 to 2580 Ma (Jelsma and Dirks, 2002). The whole
craton is crosscut by the 2575 Ma Great Dyke (Oberthiir et
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Fig. 4. Simplified geologic map of Zimbabwe after Shaw et al. (2022) with
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al., 2002). The Kaapvaal and Zimbabwe cratons are separated
by the Limpopo belt, a high-grade metamorphic province
comprising reworked Archaean and juvenile Paleoproterozoic
material (Zeh et al., 2007). The western part of the Kalahari
craton is marked by the Magondi belt, comprising a Paleopro-
terozoic Volcano—sedimentary succession that was metamor-
phosed at 2060 to 1960 Ma (Master et al., 2010).

The West African craton includes two areas of Archaean
to Paleoproterozoic rocks—the Leo-Man Shield in the south
and the Reguibat Shield in the north—with both shields hav-
ing a western block of Archaean rocks and an eastern zone
of Paleoproterozoic rocks. The Paleoproterozoic rocks com-
prise a variety of metasedimentary and metavolcanic units
with numerous, dominantly granitoid, intrusions; collectively
this area of ca. 2270 to 1960 Ma crust is termed the Birimian
(Grenholm et al., 2019). The Paleoproterozoic rocks, together
with the margins of the Archaean blocks, were affected by
polyphase deformation and metamorphism associated with
episodic continental collision during the ca. 2150 to 2000 Ma
Eburnean orogeny (Schofield et al., 2006; Block et al., 2016;
McFarlane et al., 2019). The rocks of the West African craton
are well endowed with a variety of mineralization, including
iron ore and diamonds in the Archaean block and volcanogen-
ic massive sulfide (VMS) and other syngenetic mineralization
styles, as well as extensive orogenic gold, in the Paleoprotero-
zoic zone (Markwitz et al., 2016).

The Congo craton, which occupies much of Central Africa,
is made up of several different Archaean to Paleoproterozoic
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blocks exposed around the margins of the Neoproterozoic to
Paleozoic Congo basin (Fig. 3). The Archaean blocks include
the Angola block, the Kasai block, the Gabon-Cameroon
block, and the Bomu-Kibalian block (De Waele et al., 2008;
Begg et al., 2009; Djeutchou et al., 2024). The western parts
of the Congo craton, particularly in Angola and Cameroon,
comprise Neoarchaean gneisses and greenstone belts that
show extensive evidence of metamorphic reworking and
emplacement of granitoids in the Eburnean orogeny around
2100 to 2000 Ma (De Waele et al., 2008; Tchakounté et al.,
2017). To the east of the Congo craton lies the Archaean Tan-
zania craton, with the Paleoproterozoic Bangweulu block on
its southwestern side (De Waele et al., 2008). The two cratons
are separated by Paleoproterozoic mobile belts, including the
ca. 2000 to 1900 Ma Usagaran belt on the southern side of
the Tanzania craton, and the ca. 2100 to 1850 Ma Ubendian
belt between the Tanzania craton and the Bangweulu block
(Ganbat et al., 2021).

In Madagascar, the Archaean Antananarivo and Antongil-
Masora cratons make up the core of the island (Schofield et
al., 2010; Tucker et al., 2014). Finally, Archaean rocks occur in
the Uweinat Massif at the border between Egypt, Libya, and
Sudan (Bea et al., 2011), leading to the suggestion of a highly
reworked Saharan metacraton largely buried beneath younger
sedimentary cover (Abdelsalam et al., 2002). The Congo and
Zimbabwe cratons are separated by the long-lived Irumide
belt, which has a Paleoproterozoic to Mesoproterozoic history
(De Waele et al., 2008).

The cratons of southern and central Africa are joined by
a complex series of Mesoproterozoic mobile belts, including
the Karagwe-Ankole belt between the northern parts of the
Tanzania and Congo cratons (Tack et al., 2010; Fernandez-
Alonso et al., 2012), the Kibaran belt between the Tanzania
craton and the Kasai block (De Waele et al., 2008; Debruyne
etal., 2015), and the Namaqua-Natal belt within the Kalahari
craton (Eglington, 2006). These belts record multiple phases
of sedimentation, deformation, and magmatism between ca.
1400 and 1000 Ma (Villeneuve et al., 2023). These belts are
particularly important for granites and pegmatites that have
been extensively mined for tin and CGMs (Pohl, 1994).

The final amalgamation of Africa as the continent that we
recognize today largely occurred during the Neoproterozoic
through the assembly of the supercontinent of Gondwana and
the development of the Pan-African orogenic belts. A major
feature that formed at this time is the East African orogen,
which stretches from the Red Sea in the north to Madagascar
and Mozambique in the south (Fritz et al., 2013). The north-
ern part of this orogen constitutes the juvenile crust of the
Arabian-Nubian Shield, which was formed by episodic growth
and accretion of arc terranes throughout the Neoproterozoic
(Johnson, 2021). To the south, the Mozambique belt represents
older crust that was reworked, largely between 650 and 500
Ma, extending between the Congo, Tanzania, Kalahari, and An-
tananarivo cratons (Fritz et al., 2013). In Namibia, the Damara
orogen extends between the Congo and Kalahari cratons and
comprises largely juvenile Neoproterozoic to Cambrian crust
that was metamorphosed in the Cambrian (Miller et al., 2009;
Goscombe et al., 2017). The Damara orogen is divided into a
NE-trending inland branch that is 400 km wide and 1,000 km
long (the Damara belt), the coastal Gariep belt to the south,
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and the coastal Kaoko belt to the north. Further northwest, the
West African craton is surrounded by Neoproterozoic to Cam-
brian mobile belts that also extend into South America. These
belts contain both juvenile crustal material and reworked older
crust (Deynoux et al., 2006). All the Neoproterozoic to Cambri-
an (Pan-African) orogenic belts are characterized by extensive
postcollisional granitoid magmatism (Kiister and Harms, 1998;
Goodenough et al., 2010, 2014).

Before, during, and after these orogenic events, extending
from the Neoproterozoic into the Paleozoic, several major
sedimentary basins developed. These include the Tindouf,
Taoudeni, and Volta basins in West Africa (Deynoux et al.,
2006), the Katangan Supergroup of the Central African Cop-
perbelt (Cailteux and De Putter, 2019), and basins within
the Damara orogen (Nascimento et al., 2017). Continued
continental extension then led to intracontinental magmatism
and, finally, opening oceans. In the west, Mesozoic opening of
the Atlantic Ocean was associated with the formation of the
Central Atlantic magmatic province (Marzoli et al., 2019). In
south-central Africa, the Karoo sedimentary basins developed
from the Carboniferous, with extensive magmatism of the
Karoo large igneous province in the Jurassic (Svensen et al.,
2012). In East Africa, opening of the East African rift was ac-
companied by voluminous magmatism (Michon et al., 2022).
Only North Africa was affected by orogenesis at this time,
with evidence of the Variscan and Alpine orogenies (Angrand
and Mouthereau, 2021; Michard et al., 2023). Overall, this
complex geologic history provided the setting for emplace-
ment of several major lithium pegmatite swarms, associated
with each of the major orogenic events.

Lithium Pegmatites in Africa

Lithium granites and pegmatites are typically found in zones
of collisional orogenesis, and as described above, the conti-

GOODENOUGH ET AL.

nent of Africa has experienced such geologic conditions at
many times during the last 3,500 m.y. In this section, we take
a chronological approach, summarizing the known lithium
granites and pegmatites associated with each major crust-
forming or orogenic event in turn. Known lithium deposits
that already have openly available mineral resource estimates
are summarized in Table 2.

Archaean LCT pegmatites in the Kalahari craton

Zimbabwe: The Zimbabwe craton is known to be extremely
rich in lithium pegmatites, with 29 occurrences mentioned
by Bartholomew (1990). The majority of these occur within
the Archaean cratonic core (Fig. 4) and are considered
to be of Archaean age. The most well-known is the Bikita
pegmatite field, which intrudes the Masvingo greenstone
belt in southeast Zimbabwe and is dated at 2617 + 1 Ma
(Melcher et al., 2015). Mining has taken place at Bikita since
tin was discovered in 1910, and mining of petalite started in
the 1940s. Petalite has been the main commodity mined at
Bikita since then (Fig. 5A), but pollucite and CGMs have
also been mined in certain zones of the pegmatite. The min-
ing license area includes several pegmatites, with the main
mined pegmatite being 30 to 40 m thick, trending roughly
north-northeast and dipping around 30° toward the east
(Bartholomew, 1990; Dittrich et al., 2019). Mining is carried
out in a series of open pits along the pegmatite. The pegma-
tite has a rather irregular and complex zonation (Cerny et al.,
2003), with marginal unmineralized zones made up largely
of quartz, feldspar, and mica, and a more mineralized core
zone that shows some variation in lithium ore minerals (Dit-
trich et al., 2019). The mineralized zone varies from lepido-
lite- and pollucite-rich zones in the south, to petalite in the
main Al Hayat pit and to lower-grade transitional petalite ore
with abundant mica at the northern end of the pit. The le-

Table 2. Known Mineral Resource Estimates for Lithium Deposits Across Africa as of July 2024,
Based on Publicly Available Data from Company Reports and Websites

Lithium Tonnage Grade
Deposit Company Country minerals Code Mineral resource (Mt) (% LisO) Year
Arcadia Huayou Cobalt Zimbabwe Petalite, JORC Resource (measured + indicated + inferred) 72.7 1.06 2021
spodumene
Kamativi! Galileo Resources  Zimbabwe Spodumene  JORC Resource (indicated) 26.32 0.58 2018
Zulu Premier African Zimbabwe Spodumene  SAMREC Resource (indicated + inferred) 24.75 0.43 2024
Minerals
Bikita2 Sinomine Resources Zimbabwe Petalite, Resource (measured + indicated + inferred)  113.35 1.03 2023
spodumene
Sabi Star2 Chengxin Lithium ~ Zimbabwe Resource (measured + indicated + inferred) Not 1.98 2023
specified
Karibib Lepidico Namibia Lepidolite JORC Resource (measured + indicated + inferred) P11.85 0.4 2022
Uis (V1V2) Andrada Namibia Petalite JORC Total resource estimate 81 0.73 2023
Manono- AVZ Minerals and ~ DRC Spodumene  JORC Resource (measured + indicated + inferred) 842 1.61 2024
Kitotolo others
Manono Tantalex DRC Spodumene  NI-43-101 Resource (measured + indicated) 5.46 0.72 2023
Tailings
Coulam;gna Leo Lithium Mali Spodumene  JORC Resource (measured + indicated + inferred) 267 1.38 2024
Bougouni Kodal Minerals Mali Spodumene  JORC Resource (indicated + inferred) 31.9 1.06 2023
Ewoyaa Atlantic Lithium Ghana Spodumene  JORC Resource (measured + indicated + inferred) 35.3 1.25 2023

Abbreviations: DRC = Democratic Republic of the Congo; JORC = Joint Ore Reserves Committee, SAMREC = South African Code for the Reporting of

Exploration Results, Mineral Resources, and Mineral Reserves
TResource at Kamativi is for historical tailings
2Reporting code not specified for the Bikita and Sabi Star resources
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Fig. 5. Images of pegmatites from southern Africa. (A) Hand specimen of massive petalite (Ptl) and (B) spodumene-quartz
intergrowths (SQI) from Bikita, Zimbabwe. (C) Replacement of spodumene (Alt Spd) to fine-grained micas, zeolites, and
clays in Kamativi, Zimbabwe. (D) Albitized pegmatite showing vertical contact with host rock at Nai-Nais, Namibia. (E) Large
pink tabular petalite within the Petalite zone of the Rubicon pegmatite, Namibia; zoned perthite-albite feldspar crystals with
muscovite rims are visible in the adjacent Beryl zone above. (F) Layered albite (Ab) and lepidolite (Lpd) from the Lepidolite
zone of the Helicon IT pegmatite, Namibia. Additional mineral abbreviations: Qtz = quartz, Spd = spodumene. Images A, B,

C copyright British Geological Survey; D, E, F Paul Nex.

pidolite zone in the southern part of the pegmatite is associ-
ated with high Ta grades (>1,000 ppm), where tantalite is the
dominant Ta-bearing phase. A separate limb of the pegma-
tite to the west has been explored and is rich in spodumene
intergrown with quartz (Fig. 5B). Other minerals recorded
in the Bikita pegmatite include beryl, amblygonite, micro-

lite, topaz, and garnet (Tyndale-Biscoe, 1951). Bikita is also
the type locality of the rare lithium-bearing zeolite bikitaite
(LiAlSi2Os - H»0), which was first discovered by Hurlbut
(1957).

The Arcadia pegmatite field, northeast of Harare, is cur-
rently the largest known lithium deposit in Zimbabwe, and
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mining has been underway since 2023 (Table 2). Recent
exploration has shown that the Arcadia pegmatite field con-
sists primarily of a series of parallel, shallowly dipping (~10°)
stacked pegmatites, which attain widths upward of 75 m. The
pegmatites at Arcadia typically have very sharp contacts with
the metabasaltic country rock, which forms screens a few tens
of meters thick between pegmatites. The Arcadia pegmatites
have a simple zonation, with an aplitic-layered border zone
consisting of albite + quartz + muscovite and a core zone that
consists of petalite, quartz, and potassic feldspar. In some ar-
eas, the primary magmatic mineralogy is largely preserved,
though thin zones of SQI locally replace the outer rims of
petalite. Lithium muscovite is uncommon, but where pres-
ent tends to rim petalite, and there is no substantial Ta or
Sn mineralization. Near the main Arcadia suite is a series of
steeper-dipping pegmatites (the Step-aside zone), which has
a similar mineralogy, though petalite is more pervasively re-
crystallized to SQI. We have observed evidence of complex,
late-stage replacement of early formed magmatic minerals in
material from the upper levels of the Arcadia pegmatites. The
distribution of the replacement mineral assemblage is highly
variable throughout the pegmatites, typically taking the form
of pods and lenses. The replacement mineralogy comprises
two generations of eucryptite, zeolites (e.g., bikitaite), clays
(e.g., kaolinite), danalite (an iron beryllium sulfur-bearing
silicate), and suspected bityite (a calcium-lithium mica). The
areas of most intense replacement also contain native bismuth
and thin, crosscutting veins filled with calcite.

The Zulu pegmatite field, 80 km from Bulawayo, is predom-
inantly hosted in the Fort Rixon-Shangani greenstone belt,
and the widest intersections (termed the Main pegmatites)
exploit the contact between a serpentinized ultramafic sill and
underlying metavolcanic successions (Harrison, 1969). The
Main pegmatites are a sheeted set of steeply dipping (~60°)
pegmatites that locally attain widths up to ~50 m and extend
along strike (NNE-SSW) for ~1 km. The pegmatites are
simply zoned, with a fine-grained margin of albite + quartz +
muscovite, an intermediate zone of SQI (after petalite) + mi-
crocline + quartz, and a poorly developed quartz core. Locally,
a pervasive overprint of albite + quartz + lithium muscovite
replaces the primary magmatic mineralogy and is associated
with CGM. Oblique to the main pegmatites (E-W) are the
subordinate river pegmatites, which attain widths up to 5 m
and predominantly retain the original magmatic mineralogy
with minimal conversion of petalite to SQIs. Other lithium
pegmatites also occur within the granitoid basement to the
east of the main Zulu pegmatites, though these are not well
understood. Ongoing lithium exploration has identified other
lithium pegmatite fields of presumed Archaean age across
Zimbabwe—{or example, the Sabi Star pegmatites (Fig. 4),
which have been developed as a mine in recent years, but
these have not been described in detail.

South Africa and Eswatini: Archaean pegmatites are less
abundant in the Kaapvaal craton than in the Zimbabwe craton.
Possibly the oldest LCT pegmatites in Africa are deformed al-
bite-spodumene pegmatites in the vicinity of the New Consort
gold mine on the northern edge of the Barberton greenstone
belt. They were studied in underground workings of the gold
mine and have been dated at ca. 3.1 Ga (Tomkinson et al., 1995).
Of similar age are LCT pegmatites associated with the ca. 3.0
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Ga Sinceni pluton of northwest Eswatini (formerly Swaziland)
regarded by Grew et al. (2018) as one of the earliest examples
of LCT pegmatites on Earth. Two generations of pegmatites
have been described, with only the younger enriched in rare
metals (Trumbull, 1993, 1995). Alluvial and eluvial tin deposits
derived from these pegmatites have been mined since the early
1900s, and occasional lithium minerals including lepidolite,
elbaite, and spodumene have been noted. Lithium pegmatites
also occur within the Vredefort impact structure, where they
are emplaced into amphibolites and mafic schists of Archaean
age (Bischoff and Bischoff, 1988; Rajesh et al., 2020). The peg-
matites can only be studied in isolated outcrops; they comprise
quartz, feldspar (largely albite), and lath-shaped, randomly ori-
ented spodumene crystals up to 15 cm long. Accessory minerals
include muscovite, Mn-rich garnet, apatite, sicklerite, CGMs,
and topaz (Rajesh et al., 2020). Crosscutting relationships show
that the pegmatites were emplaced prior to the formation of
impact-associated pseudotachylites. Petalite was identified by
Rajesh et al. (2020) as an alteration product of spodumene, and
this was attributed to a postimpact thermal shock in the area.

Archaean LCT pegmatites in the West African craton

Pegmatite dikes are a common feature in the Archaean migma-
titic basement gneisses and greenstone belts of the Leo-Man
Shield, but the whole region is understudied and very little is
known about the potential for lithium pegmatites. Cassiterite
and CGMs have been reported in alluvial sediments from some
greenstone belts in Sierra Leone and Liberia (MacFarlane et
al., 1981; Gunn et al., 2018) and have been dated as Archaean
(Melcher et al., 2015); these are considered likely to be peg-
matite derived, but the source pegmatites have rarely been de-
scribed. We have observed poorly exposed, heavily weathered
pegmatites within the Loko Hills greenstone belt of northern
Sierra Leone (Fig. 6) (Goodenough et al., 2018). The major-
ity of these pegmatites are unmineralized, between 2 and 5 m
wide, and parallel to the foliation in the country rock but can lo-
cally be crosscutting. Rarer lithium pegmatites largely comprise
coarse-grained plagioclase feldspar, quartz, and spodumene
(up to 2 cm in size), with minor tourmaline and CGMs. Some
finer-grained material dominantly comprises SQI, likely after
petalite, in a quartz- and plagioclase-rich groundmass, with
minor garnet and CGMs (Fig. 7A). The spodumene gener-
ally shows little evidence of alteration; however, the margins of
some grains are altered to fine-grained masses of mica.

Paleoproterozoic pegmatites in the West African craton

The Paleoproterozoic part of the Leo-Man Shield comprises
metasedimentary and metavolcanic Birimian rocks intruded
by abundant Eburnean granitoids. The granitoids show a
geochemical evolution from arc type before 2100 Ma to colli-
sional magmatism after 2100 Ma and include both metalumi-
nous and peraluminous compositions (Parra-Avila et al., 2017,
2019). In recent years, this domain has also been recognized
as being of significant interest for LCT pegmatites (Kazapoe,
2023), and the key localities are summarized below and in
Figure 6. In some areas, pegmatites have been described but
with no evidence of lithium minerals (e.g., the Mangodara
area of Burkina Faso; Bonzi et al., 2023); these areas are not
discussed in detail here. Lateritic weathering across this do-
main is intense and can extend down to depths of 75 m, mean-
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Fig. 6. Simplified geologic map of West Africa after Gunn et al. (2018) with pegmatite locations indicated.

ing that exposure is very poor, and thus there are undoubtedly
many more lithium pegmatites to be discovered in the region.

Mali: The Goulamina lithium project is in southern Mali,
150 km from the capital Bamako (Fig. 6; Table 2). The Gou-
lamina pegmatite field is hosted by the peraluminous Gou-
lamina granite, which is a large, elongate intrusion extending
for over 20 km in a north-south direction, intruding a series
of metapelites, metagraywackes, and metaconglomerates
(Wilde et al., 2021). A large proportion (approximately 70%)
of the resource at Goulamina is hosted by five pegmatites,
namely Main, West, West II, Sangar I, and Sangar II. These
pegmatites are steeply dipping and typically trend northwest-
southeast. Individual intrusions vary in thickness from 10 to
80 m and have been traced over a strike length of more than
1 km. The Danaya pegmatite swarm accounts for about 30%
of the resource at Goulamina; it is approximately 400 m wide
and can be traced over >1.5 km. The pegmatites at Danaya
are typically thinner than the intrusions at Main, West, and
Sangar and are orientated north-south, instead of northwest-
southeast (Wilde et al., 2021).

The pegmatites at Goulamina lack both regional and inter-
nal zonation. They comprise varying amounts of quartz, sodic

and potassic feldspar, muscovite, and spodumene, with spod-
umene being the main, and often only, lithium-bearing phase
encountered (Fig. 7C). Minor amounts of tourmaline, apatite,
and CGMs are also present. Spodumene in the pegmatites
can be up to 15 cm in length but is typically in the order of a
few centimeters and is generally fresh, showing little evidence
of alteration. The paragenesis at Goulamina comprises a mag-
matic stage involving crystallization of coarse-grained quartz,
feldspar, spodumene, and mica; an albitization stage; and a
weathering stage with complete breakdown of K-feldspar and
spodumene to kaolinite and Fe hydroxides in samples from
close to the current land surface. Albitization is irregular and
complex within the pegmatites, often represented by fine-
grained albitic zones that have also been described as aplites
(Wilde et al., 2021). Our study of samples from Goulamina
shows that where spodumene is in contact with albite, intense
alteration can be seen, particularly around grain margins. The
albitization observed in the Goulamina pegmatites is clearly
late (postmagmatic crystallization), as the albite tends to form
radiating masses that are largely confined to veins, void spaces,
and grain boundaries between spodumene and quartz. The
final stage in the paragenesis has important economic implica-
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Fig. 7. Images of pegmatites from West Africa. (A) Spodumene-quartz intergrowths (SQI) after petalite from Wilkinson Hill
pegmatites in Sierra Leone. (B) Elongated green spodumene (Spd) from Ewoyaa, Ghana. (C) Sharp intrusive contact of
garnet (Grt)-tourmaline (Tur)-spodumene (Spd)-bearing pegmatite against host rock at Goulamina, Mali. (D, E) Deformed
pegmatite in thin section and outcrop showing preferred orientation of the spodumene (Spd) laths at Dibilo, Niger. Addi-
tional mineral abbreviations: Ab = albite, Fsp = feldspar, Qtz = quartz. Images A, B, C copyright British Geological Survey;
D, E by Sofiyane Attourabi; used by permission.

tions, as samples of weathered pegmatite are observed to have
much lower lithium contents than samples of unweathered
pegmatite (Otto and LeGras, 2018; Wilde et al., 2021).

The Bougouni pegmatites in southern Mali are hosted by
Birimian metavolcanic and metasedimentary rocks. Sanogo et
al. (2021) describe them as steeply dipping (~90°) sheets that
predominantly trend in an east-west or southeast-northwest
direction and have sharp contacts with the country rock, likely
indicating emplacement in a postcollisional brittle regime.
The pegmatites comprise spodumene, albite, quartz, K-feld-
spar, and muscovite; the very high albite content described in

some pegmatites indicates the presence of extensive albitiza-
tion. Minor mineral phases include apatite, garnet, CGMs,
tourmaline, beryl, and rutile.

Ghana: A large pegmatite field is well exposed along the
coast of southern Ghana between Cape Coast and Winneba,
with spodumene-bearing pegmatites known at a number of
localities (Adams et al., 2023). The pegmatites are hosted by a
suite of Birimian metasedimentary and metavolcanic rocks to-
gether with their associated Eburnean granitoids. The country
rocks are mostly quartz-mica and/or hornblende schists and
have a strong foliation that trends in a northeasterly direction
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and dips steeply (~85°-90°) to the southeast (Kesse, 1985;
Chalokwu et al., 1997).

The easternmost pegmatite exposures are those at Win-
neba, some 50 km west of Accra. Pegmatites at Winneba are
strongly albitized, with spodumene crystals up to a meter
in length, blue beryl, apatite, and tourmaline (Adams et al.,
2023). There is little or no evidence of internal zonation in
these pegmatites. West of Winneba, at Egyasimanku Hill,
the country rocks are hornblende schists that are commonly
tourmalinized and cut by tourmaline-quartz veins, aplites,
and pegmatites (Chalokwu et al., 1997). The pegmatites
at Egyasimanku Hill are zoned and flat (~5°-6°) to shal-
lowly dipping (~30°-35°), with a general northwest-southeast
trend. Individual intrusions can be traced for hundreds of
meters and have average thicknesses of less than 10 m (Kesse,
1985). Mineralogically the pegmatites have been reported to
comprise albite, K-feldspar, quartz, spodumene, CGMs, and
muscovite, with accessory tourmaline (schorl-dravite), beryl,
garnet, apatite, cassiterite, and arsenopyrite (Kesse, 1985;
Chalokwu et al., 1997). However, more recent work shows
that albitization is widespread, with only one locality hosting
spodumene (Adams et al., 2023).

Pegmatites occur at many localities along the coast between
Winneba and Cape Coast, but lithium minerals are rare and
have not been described in detail. The most distinctive peg-
matite in this area is a large (~50 m thick) very coarse peg-
matite at Fort Amsterdam, which dips steeply (~60°) to the
north and has very sharp contacts with the country rocks. The
pegmatite is dominated by tabular K-feldspar (up to 20 cm
in length), quartz, and muscovite with accessory blue-green
apatite, garnet, CGMs, and dark-brown phosphate minerals.

The most significant lithium pegmatites known in this
region are the spodumene pegmatites within the Ewoyaa
project license area (Table 2), which are hosted by Birimian
mica schists and associated granitoids. The schists are locally
tourmalinized and may contain small (2-3 ¢cm) pods rich in
tourmaline, garnet, and Fe oxides. The metasedimentary
rocks have a NE- trending foliation with a moderate to steep
dip to the southeast (Hughes and Farrant, 1963). Pegmatites
vary between 2 and 60 m in width and in some cases can be
traced for up to 800 m along strike. The pegmatites are gener-
ally steeply dipping, and the dominant strike is southeasterly
(Hughes and Farrant, 1963). The pegmatites at Ewoyaa typi-
cally have a fairly simple mineralogy (dominated by quartz +
feldspar + spodumene + apatite + muscovite) and lack any
clear zoning; spodumene is typically present from margin to
core of the pegmatites, showing clear unidirectional solidifi-
cation textures (Fig. 7B). Our sample collections (from core
material, courtesy of Atlantic Lithium) show that four broad
facies can be recognized: (1) coarse pegmatite containing
quartz, albite, muscovite, and variable amounts of spodumene
with minor sulfides, blue-green apatite, triphylite, lithiophi-
lite, and cassiterite, (2) very coarse grained pegmatite, which
has a similar mineralogy to facies 1 but typically contains very
abundant spodumene, up to 10 cm in length, (3) rarer ap-
litic material that dominantly comprises fine-grained albite
and quartz with minor sulfides, blue-green apatite, triphylite,
lithiophilite, and CGMs, and (4) a localized alteration assem-
blage that is dominated by K-feldspar, muscovite, and phos-
phate minerals. Where this alteration is most intense it has
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led to the almost complete removal of primary spodumene.
The spodumene at Ewoyaa is generally fresh, showing little
evidence of alteration; however, where the spodumene is in
contact with albite the margins are locally characterized by
SQIs, which may indicate replacement during albitization.
Albite in the pegmatites can be early (magmatic) or late and
associated with albitization; the latter typically forms bladed
clusters in fractures and void spaces. The lithium phosphates
in Ewoyaa show evidence of extensive alteration, with a com-
plex paragenesis including triphylite, lithiophilite, and apatite.

Senegal: In Saraya, eastern Senegal, Paleoproterozoic rocks
are exposed within the Kédougou-Kenieba inlier (Lambert-
Smith et al., 2016). In this area, hundreds of pegmatites are
distributed along a 50-km distance within and at the margins
of a granitic complex comprising granodiorite, two-mica mon-
zogranite, and leucogranite (Delor et al., 2010). The granitic
batholith shows increasing fractionation (Rb/Cs, Nb/Ta indi-
cators) from the center to the borders of the batholith (van
Lichtervelde, unpub. data, 2018). Within the batholith, the
pegmatites are mostly barren, having a simple mineralogi-
cal assemblage consisting of quartz, K-feldspar, albite, micas
(commonly muscovite and rarely biotite), tourmaline, garnet,
beryl, and apatite. Close to the batholith margin, along the
Faleme River at the border with Mali, lithium pegmatites
with pink Li muscovite, spodumene (several cm in size),
and triphylite-lithiophilite occur. Niobium-tantalum miner-
alization is well developed with the presence of columbite
and wodginite group minerals and pyrochlore. Preliminary
analyses of CGMs indicate a large range of Nb/Ta and Fe/Mn
fractionation similar to that observed at Winneba in Ghana
(Adams et al., 2023).

Niger: The Dibilo lithium pegmatite field in the Liptako
area of Niger (the northeastern end of the Baoulé-Mossi do-
main) was emplaced into Paleoproterozoic TTG gneisses in
contact with a greenstone belt, controlled by shear zones in
the host rocks (Ahmed et al., 2023). The field comprises a va-
riety of pegmatites, from barren to spodumene-bearing (Fig.
7D, E), with some pegmatites being enriched in lepidolite and
CGMs (Attourabi et al., 2021; Ahmed et al., 2023). The pre-
liminary model of formation of these pegmatites involves di-
rect anatexis of the staurolite and garnet-bearing mica schists
intercalated with amphibolites, fractional crystallization of a
fertile leucogranite that itself issued from the partial melting
of the host tonalitic-dioritic gneisses, and possible mixing of
these two types of magma. The formation of the most evolved
spodumene-bearing pegmatites has been explained by partial
melting of an Li-rich diorite, followed by fractional crystal-
lization of the anatectic Li-rich melt (Attourabi et al., 2024).

Cote d’Ivoire: In central Cote d’Ivoire, in the Issia region, a
large peraluminous granite batholith is surrounded by impor-
tant placer deposits of CGMs. Extensive lateritic weathering
means that a small number of altered boulders are the only
evidence of a large field of lithium pegmatites, as evidenced
by the presence of Li mica (possibly zinnwaldite) composi-
tions with Cs20 concentrations up to 17 wt %. The presence
of spodumene in the Issia region has been demonstrated by
Allou et al. (2005), but the region has never been explored
for lithium, although it is artisanally exploited for CGMs. Evi-
dence of extreme melt fractionation in the pegmatites is dem-
onstrated by CGM compositions covering the whole colum-
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bite quadrilateral from ferrocolumbite to manganotantalite
and ferrotapiolite (Brou et al., 2022). Three types of granites
are recognized in the batholith, all genetically linked through
fractional crystallization and ranging from sterile metalumi-
nous biotite-dominant granites to fertile peraluminous mus-
covite-dominant granites enriched in rare elements. A genetic
model for the LCT pegmatites by fractional crystallization of
the granitic batholith was rejected based on the temporal gap
between granite ages (2090 + 30 Ma, U/Pb ages on zircon)
and pegmatite ages (2053 + 2 to 2045 Ma, U/Pb ages on
CGMs) (Legros et al., 2019). On the other hand, evidence of
melting in apatite- and tourmaline-rich domains of the granit-
oids supports another genetic model involving partial melting
of a fertile granite, 40 m.y. after its complete cooling, during
exhumation associated with regional transpression.

Some lepidolite-bearing pegmatites have also been de-
scribed in the Aboisso region of southeastern Cote d’Ivoire
(Adingra et al., 2023).

Angola: In southwestern Angola, the Giradl pegmatite
field is associated with Eburnean granitoids that intrude
an Archaean greenstone belt (Gongalves et al., 2019). No
dates have been published for the pegmatites, but they have
been described as Paleoproterozoic in age (Gongalves et al.,
2009). The pegmatite field forms a belt exposed over an area
20 x 8 km, with about 600 pegmatite bodies varying from
5 m to 1 km in length. The majority of these pegmatites do
not contain lithium minerals, but one pegmatite has been de-
scribed as containing petalite, spodumene, lepidolite, elbaite,
and amblygonite (Gongalves et al., 2019).

Morocco: Pegmatites of Paleoproterozoic age are not
well-known from the northern part of the West African
craton but have been described from the Zenaga inlier in
Morocco. Here, the pegmatites intrude metasedimentary
and metavolcanic rocks that may correlate with the Birimian
and are spatially associated with the peraluminous Taznakht
granite. The granites have been dated (U-Pb in zircon) at
2032 + 5 Ma (Thomas et al., 2002). The Zenaga pegmatites
form centimetric to decametric zoned lenses and dikes. They
are mainly composed of quartz, feldspars, and muscovite, with
accessory minerals that include tourmaline, beryl, apatite,
garnet, zircon, and Fe, Li, Mn, and Ca phosphates. The main
lithium-bearing phosphates are triphylite, tavorite, and fer-
risicklerite, with triphylite representing a primary magmatic
mineral (Fransolet et al., 1985). The pegmatites are classified
as LCT pegmatites and considered to represent fractionation
products of the Taznakht granite (Morsli et al., 2022).

Mesoproterozoic of central and southern Africa

The Great Lakes region in central Africa, spanning Rwanda,
Burundi, and much of the eastern Democratic Republic of
the Congo (Fig. 8), is rich in pegmatite- and quartz vein-
hosted tin, tungsten, and tantalum deposits (Varlamoff,
1972; Pohl, 1994; Hulsbosch, 2019). No deposits here are
currently mined for lithium, but many of the pegmatites that
were historically, or are actively, mined for Sn and Ta host
significant lithium-bearing phases such as spodumene, am-
blygonite-montebrasite, and/or eucryptite, particularly below
the weathering zone. Pegmatites have also historically been
described in Uganda (Von Knorring and Condliffe, 1987), but
little modern information is available. Pegmatites of Meso-

GOODENOUGH ET AL.

proterozoic age also extend into Zimbabwe and Namibia and
are described in more detail below.

The pegmatites and quartz veins in central Africa are asso-
ciated with widespread S-type granitic magmatism emplaced
around 1 Ga within Mesoproterozoic metasedimentary se-
quences (Tack et al., 2010; De Clercq et al., 2021). These tin
granites are leucocratic and typically show graphic textures
and are themselves emplaced within the cupolas of an older
generation of peraluminous granitic batholiths (1375 Ma,
Tack et al., 2010). This large Li-Sn-Nb-Ta-W metallogenic
province stretches across the Mesoproterozoic Karagwe-
Ankole belt (KAB) in the north, and the Kibaran belt (KB)
in the southeast (Fernandez-Alonso et al., 2012; Debruyne
et al., 2015). The Kibara and Karagwe-Ankole belts share a
long history of mining and exploration for tin, tantalum, and
tungsten, the 3Ts, which are dominantly extracted by artisanal
miners and have also been coined “conflict minerals™ given
the significant socioeconomic issues involving illegal trade,
child labor, and armed conflicts in Eastern Congo (Deberdt
and Billon, 2021; Vogel, 2022). Unlike lithium, the 3Ts are
amenable to artisanal mining methods because they are resis-
tant to weathering and concentrate within the soft eluvial and
alluvial surface deposits.

Democratic Republic of the Congo (DRC): Various lithium
occurrences are reported in the DRC, within the Kibara belt
and the Congolese side of the Karagwe-Ankole belt (Fig.
8) (Varlamoff, 1961; Safiannikoff and van Wambeke, 1967;
Dubois et al., 1972). These include spodumene, eucryptite,
lepidolite, montebrasite-amblygonite, and triphylite-lithio-
philite-bearing pegmatites in the Kivu and Maniema prov-
inces. Pegmatites mineralized in Nb, Ta, Sn, and Be have
been described from the area around Lake Kivu (Kalikone
et al., 2023). Because of conflicts and other safety concerns
in Eastern Congo, however, many of the pegmatites here re-
main poorly studied.

In the Kibara belt (KIB), the most prominent lithium peg-
matites are the Manono-Kitotolo pegmatites in the Tangan-
yika province. The Manono-Kitotolo pegmatites represent a
large network of gently to steeply dipping, sheet-like pegma-
tites that stretch southwest-northeast and crop out over a total
length of 13.5 km, with a thickness of ~300 m (Dewaele et
al., 2016). They intrude a series of Paleoproterozoic schists
and amphibolites (metadolerites) and are exposed within two
separate districts: the Manono district is exposed directly
northeast of Lake Lukushi, and the Kitotolo district lies 2 km
southwest of Lake Lukushi. Although there is no direct expo-
sure between the two districts, the pegmatites may be con-
nected at depth. The pegmatite and Nb-Ta-Sn-Li mineraliza-
tion was dated at 945 to 930 Ma, with muscovite “Ar-39Ar ages
0f 938.8 + 5.1 and 934.0 + 5.9 Ma (Dewaele et al., 2016) and
a columbite-tantalite U-Pb age of 940 + 5.1 Ma, respectively
(Melcher et al., 2015).

In the Manono district, early reports describe the peg-
matites as a gentle antiform structure, consisting of one or
more stacked and faulted pegmatite sheets with individual
thicknesses between 10 and 200 m and with the pegmatites
gently dipping to both sides of the axial outcrop zone (Bassot
and Morio, 1989; Kokonyangi et al., 2006). In the southern
Kitotolo area, the pegmatite dips roughly 30° to 35° toward
the southeast. It is not known how far down the pegmatites
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extend beyond the axial outcrop zone, although recent drill-
ing campaigns have shown they continue at depth and that
the dip angle, thickness, and structure vary laterally. The
pegmatites are also expected to extend further along strike,
within a 5-km-wide pegmatite corridor identified in regional
aeromagnetic data.

The alluvial and elluvial deposits that overlie the Manono-
Kitotolo pegmatites were mined for tin between 1915 and the
1980s (Dewaele et al., 2016). Tailings from industrial mining
were accumulated in a dozen large spoil heaps, mostly on the
northeastern flanks of the quarries, that are now the subject
of artisanal mining and lithium exploration. The southernmost
quarry in the Kitotolo district, the Roche Dure pit, was re-
cently drained to allow diamond drilling and resource estima-

tion. Outcrops of the pegmatite along the quarry walls show
meter-scale layering, dipping toward the southeast (Fig. 9A).
Spodumene is abundant throughout and typically occurs in
tabular crystals with a unidirectional growth perpendicular to
the pegmatite contacts (Fig. 9B, C). Individual crystals can
range up to 40 cm in size. The higher-grade ores contain up
to 3.59 wt % Li»O, typically occurring in decimeter- to me-
ter-thick zones with fine-grained unidirectional spodumene
crystals, alternating with lower-grade albite- and/or mica-rich
layers. The spodumene is generally white but is locally altered
to a green variety (along fracture zones in the drill core) or
even red-brown varieties. Spodumene locally has thin mar-
gins of SQI, and locally coarse-grained SQI is also observed.
Accessory phases include apatite, lithiophilite, and bluish
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Fig. 9. Images of pegmatites from Central Africa. (A, B) Outcrop photos and (C) drill core photos showing layering and uni-
directional growth of spodumene (Spd) at Roche Dure, Manono-Kitotolo, Democratic Republic of the Congo (DRC). (D, E)
Thin section and drill core photo of sheared pegmatite with spodumene (Spd) and montebrasite (Mtb) from Musha-Ntunga,
Rwanda. Additional mineral abbreviations: Ab = albite, Fsp = feldspar, Ms = muscovite, Qtz = quartz. Images A-C copyright
Anouk Borst; D, E Jolan Acke; used by permission.

tourmaline (Borst et al., 2024). In the lower-grade zones, the
primary mineralogy has been subjected to intense albitization
and later greisenization (Dewaele et al., 2016).

Other pegmatite occurrences in DRC are known but very
poorly described in terms of their lithium mineralogy and
potential. These include Bukena, Numbi, Mumba, Kalima,
Kobokobo (Buyse et al., 2024), and Nanzila.

Rwanda: In Rwanda, lithium-rich pegmatites are known
from at least six localities, five of which are pegmatites
within the Gitarama-Gatumba pegmatite district and the
sixth recently discovered from the Musha-Ntunga pegmatite
district (Varlamoff, 1972; Lehmann et al., 2014; Goodship et

al., 2019). The Gitarama-Gatumba pegmatite district shows
a well-developed regional zonation, starting with (1) biotite
pegmatites internal and proximal to the parental granite, to (2)
biotite-muscovite pegmatites farther away from the granite,
followed by (3) muscovite pegmatites, and then (4) LCT-type
pegmatites mineralized in Nb, Ta, Sn, Be, and Li (Hulsbosch
et al., 2013, 2014). Chemical trends recorded in micas and
tourmaline show progressive magmatic fractionation trends
away from the parental leucogranites, where the mineral-
ized pegmatites formed from the most evolved melt fractions
that had undergone over 97% fractional crystallization, and
whose internal mineral paragenesis records the magmatic-
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hydrothermal transition (Hulsbosch et al., 2014; Hulsbosch,
2019). The Buranga, Gatumba, Rubindi, Rongi, and Rosorora
pegmatites all lie within the mineralized pegmatite zone of
the Gitarama-Gatumba district and host spodumene, amblyg-
onite-montebrasite, eucryptite, lepidolite, occasionally triphy-
lite or lithiophilite, CGMs, cassiterite, topaz, beryl, and a wide
range of phosphate minerals (Prado Araujo et al., 2023a, b).
Although all are exploited for tin and tantalum, none are in-
dustrially mined for lithium to date. The spodumene in some
of these localities is intensely albitized and/or kaolinized (e.g.,
Rubindi, Hatert et al., 2005). Petalite has thus far not been
reported from any Rwanda pegmatites.

A new lithium occurrence was discovered in drill cores
from the Musha-Ntunga pegmatite district, Eastern Rwanda,
in 2018. Here, Trinity Metals is extracting tin and tantalum
from intensely kaolinized pegmatites crosscut by cassiterite-
rich quartz veins in the weathered zone and exploring the
deeper unweathered pegmatites for lithium. Kaolinization of
the pegmatites extends down to 100 m, below which a prior
stage of albitization is prominent. Starting at a depth of 150 m,
significant drill core intervals contain fresh to moderately
deformed spodumene pegmatites with quartz, albite, and lo-
cally microcline up to a depth of 400 m (Acke et al., in press).
Lithium grades range between 1 and 3 wt % LixO (Goodship
et al., 2019). Spodumene is the dominant Li mineral and oc-
curs as tabular, white to light-pink crystals in a quartz-albite
matrix, varying in size between 1 and 10 cm (Fig. 9D, E).
Minor montebrasite, lithiophilite, eucryptite (late-stage al-
teration), and local intervals rich in yellow-green mica are
also present. Apart from the clear vertical zonation showing
progressive albitization and kaolinization toward the surface,
the deeper LCT pegmatites appear internally unzoned. The
Musha-Ntunga pegmatites show macro- and microscopic evi-
dence of intense shearing and deformation, with boudinaged
spodumene crystals, sigma clasts (“spodumene fish”), and
quartz grain boundary migration (Acke et al., in press).

Burundi: In Burundi, the only reported spodumene oc-
currence is at the N'dora pegmatite in Northern Burundi,
which was formerly exploited for cassiterite and CGMs. The
N’dora pegmatite occurs together with numerous muscovite-
tourmaline pegmatites and quartz-muscovite veins (Fransolet
and Tack, 1990). Reported lithium minerals include spodu-
mene, lepidolite, and montebrasite-amblygonite. Other min-
erals reported from this locality include albite (cleavelandite),
tourmaline, wavellite, cassiterite, CGMs, fluorapatite, quartz,
K-feldspar, and kaolinite.

Zimbabwe: The Kamativi pegmatite, in northwestern Zim-
babwe, was mined for tin from 1936 to 1994, but lithium min-
erals were never extracted. It is one of a number of large tin-
bearing pegmatites in western Zimbabwe that are hosted by
the Dete-Kamativi inlier (Fig. 4). The inlier is a roughly NE-
SW-trending belt of Precambrian metamorphic rocks, sur-
rounded by Mesozoic sedimentary rocks and Cenozoic aeolian
sands (Lockett, 1979). It comprises Archaean orthogneisses
(ca. 2700 Ma), Paleoproterozoic granitoids (2080-2010 Ma),
and a Paleoproterozoic metasedimentary sequence that has
been strongly deformed and metamorphosed to amphibolite
and granulite facies during the ca. 2000 Ma Magondi orog-
eny (Master et al., 2010; Glynn et al., 2020). Subsequently,
a lower-pressure amphibolite facies metamorphism has been
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identified at ca. 1060 Ma (Mandingaisa et al., 2022). The peg-
matites at Kamativi have been dated at ca. 1030 Ma (Melcher
et al., 2015; Glynn et al., 2017).

The pegmatites in the Kamativi region are largely hosted by
muscovite and biotite schists and psammites that commonly
contain accessory garnet and tourmaline (Lockett, 1979).
There are two groups of pegmatites in the Kamativi region:
(1) barren tourmaline pegmatites that are up to a few meters
thick and typically strike and dip parallel to the country-rock
foliation and (2) large (up to 40 m thick), flat-lying cassiterite-
pegmatites that crosscut the host-rock fabric, including the
main Kamativi pegmatite (Rijks and van der Veen, 1972; Shaw
etal., 2022). The Kamativi pegmatite is a thick (~40 m) gently
domed sheeted intrusion. It does not show a classic internal
zonation, although it has ~50-cm-thick barren border zones
that lack lithium minerals. Within the main body of the peg-
matite, there is a crude margin-parallel banding defined by
grain size; coarser-grained bands are dominated by spodu-
mene, alkali feldspar, and quartz, whereas finer-grained (ap-
litic) bands are very albite rich (Shaw et al., 2022). The main
lithium mineral is spodumene, but montebrasite also occurs in
relatively small amounts. Columbite group minerals and cas-
siterite are typically associated with zones of albitization. Four
main paragenetic stages have been identified in the Kamativi
pegmatite: (1) a primary assemblage of spodumene, alkali
feldspar, quartz, and montebrasite, (2) albitization (Fig. 5C),
(3) greisenization and the formation of a quartz-muscovite
assemblage, and (4) widespread lower-temperature alteration
leading to the formation of cookeite, analcime, sericite, and
apatite (Shaw et al., 2022).

Orange River pegmatite belt, South Africa and Namibia:
The Orange River pegmatite belt in the Northern Cape of
South Africa is an arcuate 50-km-wide belt that extends east-
west along the border with Namibia (Fig. 10). The Orange
River pegmatite belt comprises more than 30,000 pegmatites
intruded into the Mesoproterozoic Namaqua-Natal mobile
belt, which was accreted to the Kaapvaal craton between ca.
1.2 and 1 Ga during the formation of the supercontinent Ro-
dinia (Thomas et al., 1994a; Eglington, 2006). Recent studies
indicate that the pegmatites were emplaced over an 80 m.y.
period between ca. 1040 and 960 Ma, after the peak of meta-
morphism and granitic magmatism (Doggart, 2019).

The pegmatite belt shows a broad regional zonation with
the economically important lithium pegmatites at both the
western end in the Steinkopf-Vioolsdrif area and in the eastern
extremity of the belt, whereas the central part is dominated
by the less economically important complex NYF pegmatites
(Hugo, 1970; Schutte, 1972; Minnaar and Theart, 2006). In-
termittent mining of the pegmatites of the Orange River peg-
matite belt for beryl, CGMs, and lithium minerals dates from
the beginning of the 1900s. When industrial minerals such
as mica became important, extraction focused on these until
more recently when feldspar became the main mined mineral
(Minnaar and Theart, 2006). Only recently has lithium become
the main priority for exploration (von der Heyden et al., 2023).

Pegmatites within the Orange River pegmatite belt are vari-
ably zoned; some have a massive quartz core with perthite, an
intermediate zone, a wall zone, and a border zone, whereas
homogeneous bodies comprising quartz, feldspar, mica, and
accessory minerals are generally much larger than the zoned
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bodies (Thomas et al., 1994b; Minnaar and Theart, 2006).
The pegmatites range from only a few centimeters in extent to
more than 3 km in length and about 100 m in width. Lithium-
bearing minerals are distributed sporadically throughout the
pegmatite belt and are dominated by lepidolite and spodu-
mene, with very minor lithiophilite and triphylite, which are
typically altered to dark manganese-iron oxides.

The Vioolsdrif-Henkries area in the west of the Orange River
pegmatite belt hosts a broadly east-west zone with numerous
lithium pegmatites hosted by granitoids. The pegmatites con-
tain abundant lithium minerals (spodumene and/or lepidolite),
plus beryl, tourmaline, and rare earth element phosphates
and have been producers of feldspar, mica, beryl, spodumene,
CGMs, and Bi-bearing minerals in the past. Of these, the Nou-
mas I pegmatite (Blesberg mine) ~15 km south of Vioolsdrif
is the largest known heterogeneous complex mineralized peg-
matite in the belt (Schutte, 1972). It has been well exposed by
previous mining operations, and Marula Mining PLC exported
their first spodumene concentrate from the mine in 2024. The
dike-like pegmatite body is ~1 km long and up to 40 m wide

and strikes northwest and dips 50° to 80° south-southwest. It is
discordantly emplaced into foliated granodiorite. It comprises
quartz, K-feldspar, and mica, with minor plagioclase and ac-
cessory spodumene, apatite, beryl, garnet, CGMs, microlite,
gummite, orangite, phosphates such as triplite and lithiophi-
lite, native bismuth, and a variety of bismuth minerals such as
bismite, bismutite, and bismuto-sphalerite (Minnaar, 2006).
The pegmatite is also the type locality of bismoclite (BiOCI),
which was first described from here in 1935 (Mountain, 1935).
The pegmatite is variably zoned (Schutte, 1972; Ballouard
et al., 2020), with (1) a fine-grained aplitic border zone 1 to
15 cm wide comprising alkali feldspar, saccharoidal plagioclase,
quartz, and muscovite with minor CGMs, zircon, garnet, and
apatite, (2) a 1- to 6-m-thick wall zone that has muscovite,
microcline-perthite, quartz, and cleavelandite, with accessory
beryl, bismuth minerals, apatite, garnet, and triplite, (3) an
intermediate zone that contains quartz, alkali feldspar, plagio-
clase, beryl, and CGMs with green, pink, or white spodumene,
and (4) a core zone that comprises milky white anhedral quartz
and large subhedral crystals of microcline perthite. Locally the
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distinction of individual zones is unclear, such that the wall zone
and intermediate zone merge to form a relatively homogeneous
pegmatite. Saccharoidal albite forms irregular lenses, veinlets,
and patches within the pegmatite. Fracture-filling lenses close
to the contact between the wall zone and intermediate zone
comprise garnet and muscovite with subordinate smoky quartz,
Bi minerals, and U (Th-, Pb-, Cu-rich) phosphates, such as
torbernite and plumbogummite (Ballouard et al., 2020). Sec-
ondary greisenization is recognized between the wall and inter-
mediate zones and close to the contact with country rock.

Numerous other pegmatites with lithium mineralization
occur in the area (Minnaar, 2006). Many of these show a
similar, weakly developed type of internal zonation with a
quartzofeldspathic wall zone, an intermediate zone containing
quartz, albite, spodumene, beryl, and CGMs, and a quartz-
rich core zone. Other lithium minerals that may occur in these
pegmatites include amblygonite, lepidolite, and lithiophilite.

In the Norabees area close to Henkries there is a swarm
of N-S-striking inhomogeneous pegmatite dikes containing
spodumene and beryl that crosscut the foliation of the host
metagranodiorite (Ballouard et al., 2020). The most economi-
cally important of these is Norrabees I, although pegmatites
I, IIT, IV and VI are all noted to include spodumene (Min-
naar, 2006). These pegmatites represent the greatest con-
centration of lithium minerals in South Africa (Gevers et al.,
1937), and most of them have been mined previously for beryl
and spodumene. The Norabees I pegmatite varies in width
between 7 and 25 m, extends >100 m, strikes north-south,
and dips ~60°W. It has a wall zone 2 to 8 m wide dominated
by quartz, plagioclase, biotite, muscovite, green spodumene,
tourmaline, garnet, and beryl; an intermediate zone consist-
ing of albite, quartz, lepidolite, spodumene, and watermelon
tourmaline (Gevers, 1937); and a quartz microcline-perthite
core with perthite embedded in massive white quartz (Bal-
louard et al., 2020).

Farther east, the LCT pegmatites of the Kakamas-Kenhardt
area host economic muscovite, feldspar, beryl, spodumene,
CGMs, cassiterite, and Bi-bearing minerals (Hugo, 1970).
Spodumene has only been documented in three of the many
pegmatites, Straussheim 1 and 2 and Angelierspan 3, all of
which also carry beryl; the Straussheim pegmatites are also
host to cassiterite. In all three, spodumene is associated with
albite, quartz, and muscovite in the intermediate zones close
to the cores, although some spodumene was found dispersed
in the quartz-rich parts of the cores. Fresh spodumene is
white, cream, or pale green (Hugo, 1970). It typically forms
subhedral, lathlike crystals that are deeply striated and from
5cm to 2 minlength. Spodumene is locally replaced by albite
and by clay minerals (Hugo, 1970).

The Orange River pegmatite belt extends into Namibia, in
an area to the north of Henkries known as Tantalite Valley.
Here, spodumene-bearing pegmatites up to 1 km long and
>10 m thick intrude mafic-ultramafic rocks. The pegmatites
contain spodumene, lepidolite, amblygonite, beryl, and
CGMs (Melcher et al., 2015). These pegmatites were histori-
cally mined, chiefly for tantalum.

On the eastern side of the Namaqua-Natal belt, close to
Port Shepstone, the spodumene-bearing Highbury pegmatite
was only recognized in the 1990s (Thomas et al., 1994b). The
pegmatites form a stack of sills, typically 1 to 15 m thick, and
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have been emplaced subconcordantly into a klippe of granu-
lite facies mafic rocks. The pegmatites contain quartz, alkali
feldspar, spodumene, and some garnet; spodumene typically
occurs intergrown with quartz as SQI, and albitization is vari-
able and extensive (Thomas et al., 1994b).

Neoproterozoic-Paleozoic (Pan-African)

Neoproterozoic to Cambrian orogenic belts form a network
that extends across much of the African continent (and hence
has been referred to as Pan-African). These belts also extend
into South America, where they are referred to as Brasiliano
orogenic belts. Pegmatites are common in many of these oro-
genic belts, but the most economic, unzoned, spodumene-rich
lithium pegmatites are less well-known in Africa. Pegmatites of
this age also occur in the Eastern Brazilian pegmatite province
(Pedrosa-Soares et al., 2011), where both gem-bearing and un-
zoned spodumene pegmatites occur and are currently mined.

Madagascar and Mozambique: Madagascar and Mozam-
bique are well-known for their gem-bearing pegmatites, with
a variety of pegmatite fields producing beryl, tourmalines,
amazonite, and emeralds, including those intruded into the
Paleoproterozoic Itremo Group of central Madagascar (Pe-
zzotta, 2001, 2005). These pegmatites have typically been
described as mixed NYF and LCT pegmatites, and they lo-
cally do contain some spodumene and lepidolite in patchy
and irregular zones (De Vito et al., 2006; Gadas et al., 2023).
Pegmatites in this area of Madagascar have been explored
for lithium (for example at the Millie’s Reward deposit), but
classic unzoned spodumene pegmatites of the type that are
being developed as mines elsewhere in the world have not
been described.

In Mozambique, pegmatites of the Alto Ligonha pegmatite
province have been dated at 480 to 440 Ma (Melcher et al.,
2015). These pegmatites are not described in detail in recent
literature, but the Muiane, Mutala, Morrua, and Marropino
pegmatites have been described as highly mineralized in lithi-
um (Von Knorring and Condliffe, 1987) with spodumene and
lepidolite in their cores. These are large pegmatites, some up
to 100 m thick, typically forming tabular, gently dipping sill-
or lens-like bodies with sharp contacts with their host rocks
(Hutchinson and Claus, 1956). They are described as having
outer zones dominated by quartz, feldspar, and muscovite; a
variable intermediate zone that contains quartz, muscovite,
spodumene, lepidolite, albite, and rarer amblygonite; and
a quartz core (Hutchinson and Claus, 1956). Spodumene is
typically highly altered to clays. The pegmatites were histori-
cally mined for CGMs (Melcher et al., 2017).

Nigeria: Nigeria lies within a wide Pan-African belt that
separates the West African and Congo cratons. The basement
of central Nigeria is characterized by extensive Neoprotero-
zoic granitoid plutons, intruded into metasedimentary host
rocks, with abundant pegmatites that are exploited by artisanal
miners (Goodenough et al., 2014). These are typically com-
plex pegmatites, often only a few meters thick, with a clear
zonation, as exemplified by those described from the Angwan
Doka area. Unmineralized border and wall zones pass into an
intermediate zone that comprises quartz, K-feldspar, musco-
vite, albite, and patchy areas rich in beryl, lepidolite, spodu-
mene, cassiterite, CGMs, and phosphates (Akoh et al., 2015).
Similar pegmatites have been described from several other
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areas in Nigeria (Kiister, 1990; Chukwu and Obiora, 2021),
but no unzoned spodumene pegmatites have been identified.

Namibia: A variety of syn- and post-tectonic granitic peg-
matites occur within the Northern, Central and Southern
zones of the Damara orogen in Namibia (Miller et al., 2009)
including NYF and LCT pegmatite types that range from dis-
tinctly zoned to completely homogeneous (Keller et al., 1999).
Richards (1986) argued that the pegmatites of the Damara
belt span the entire syn- to post-tectonic history, whereas
others suggest that they are predominantly post-tectonic in
age (Kinnaird and Nex, 2007; Ashworth, 2014; Ashworth et
al., 2018; Fuchsloch et al., 2018). It is, however, generally ac-
cepted that they represent the youngest magmatism in the
orogen, being the last phase of granitic magma to crystallize,
regardless of when the first pegmatite intrusion occurred. Age
dating, albeit limited, suggests intrusion between 520 and
490 Ma (Diehl, 1993a; Longridge, 2013; Melcher et al., 2015).
Several major pegmatitic belts have been recognized across
the Damara belt (Fig. 11), including a wide variety of pegma-
tites from barren, NYF, and gem-tourmaline pegmatites that
are not discussed further here, to lithium pegmatites. The
lithium pegmatites can be broadly divided into two groups:
(1) large, unzoned, tin-rich pegmatites with minor tantalum,
niobium, and local lithium mineralization in the Cape Cross-
Uis, Nainais-Kahero, and Sandamap-Kranzberg pegmatite
belts and (2) large, zoned Li-Be pegmatites including those in
the Rubicon-Helicon belt, De Rust in the Ugab belt, and the
Petalite pegmatite in the Cape Cross-Uis belt.

The northernmost of the pegmatite belts is the Ugab belt,
where a number of tin-tantalum-bearing pegmatites (Fig.
11) intrude turbiditic metasedimentary rocks of the Southern
Kaoko zone. The pegmatites have a dominantly north-north-
easterly strike, which crosscuts the metasedimentary fabric.
The belt stretches over a length of 60 km and is 25 km wide.
This belt was previously mined for cassiterite and CGMs, but
some of the pegmatites in this belt carry substantial amounts
of lithium, such as those of the De Rust pegmatite swarm.
The pegmatites include several bodies that vary in length up
to 470 m. The bodies have undergone late-stage hydrothermal
alteration of the original magmatic mineralogy and cassiterite-
columbite group mineralization is more concentrated in these
replacement zones.

The De Rust pegmatite, which is situated ~2.5 km north
of the Ugab River, is a weakly zoned spodumene-amblygo-
nite-cassiterite-CGM body (Diehl, 1993b). An approximate-
ly 5-cm-wide border zone grades into an outer intermediate
zone dominated by quartz, with microcline-perthite that is
partially albitized, gray-green muscovite, and grains of altered
petalite. Cassiterite and traces of fine disseminated CGMs are
associated with the albitized patches of the pegmatite. The
inner intermediate zone is coarse grained and quartzofeld-
spathic, with large spodumene crystals up to 1 m in length
and accessory blue apatite, lepidolite, eucryptite, zircon, and
monazite. The alkali feldspars are intensely albitized, and lo-
cally patches of pure white albitite host accessory cassiterite
and CGMs. Toward the core zone spodumene is symplecti-
cally intergrown with quartz and is hosted by rounded nodules
of lithium phosphates of the amblygonite-montebrasite series.
The elongate lenticular core zone consists mainly of quartz
with subordinate perthitic feldspar and muscovite. The De
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Fig. 11. The main pegmatite belts of the Damara orogen in Namibia after
Fuchsloch et al. (2018). Abbreviation: SKZ = Southern Kaoko zone.

Rust pegmatite was mined on a small scale for CGMs and
cassiterite from 1960 to 1990.

The Cape Cross-Uis pegmatite belt trends northeast and
is 40 km wide and 120 km long (Fig. 11). The pegmatites are
postorogenic and cut across the fabric of their host rocks.
They may be simple or complexly zoned, barren to rare ele-
ment bearing, dike-like to lensoidal, and range in width from
small stringers to bodies more than 50 m wide. The belt is di-
vided into three pegmatite swarms: (1) the southwest Strath-
more with complexly zoned Li-Ta-Nb-Sn-Be petalite-bearing
pegmatites, including the Petalite pegmatite, (2) the Li-Nb-
Ta-rich Karlowa pegmatites with spodumene as the dominant
Li mineral, and (3) the Uis swarms that are more enriched in
cassiterite but contain minor lithium minerals (Diehl, 1993a;
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Fuchsloch et al., 2018). Some of these pegmatites have been
mined for Li, Nb, Sn, and Ta.

The Strathmore swarm is host to more than 180 rare metal
pegmatites up to several hundred meters long and 60 m wide,
dominantly rich in Nb-Ta-Sn but more rarely Li. The most
complex pegmatite in the belt is the Li-Nb-Ta-Sn-B-bearing
Petalite pegmatite, which extends several hundred meters in
length and is 60 m wide. It has a north-northeast orientation
and dips at 65° to the northwest. Historically this pegmatite
was mined for lithium, beryllium, tin, and industrial mica. It
shows a crude zoning with a ~1- to 2-m wall zone consisting of
mica with a unidirectional solidification texture, fine-grained
quartz and apatite, tourmaline, and albite; a greisen zone
where the original mineralogy has been completely replaced
by new or recrystallized quartz and muscovite with centimet-
ric crystals of tapiolite, cassiterite, and apatite (Fuchsloch et
al., 2018); an intermediate zone which makes up 60% of the
pegmatite volumetrically; and an ~70-m-long core zone. The
intermediate zone is thicker in the northwest and comprises
variably perthitic alkali feldspar, quartz, beryl, petalite, apa-
tite, tourmaline, hectorite, albite, and eucryptite. Beryl occurs
rarely at the contact between the intermediate and wall zone.

The Karlowa swarm is smaller than the other swarms and
most of the pegmatites are unzoned or very weakly zoned.
Mineralogy is dominated by quartz, albite, and Li-rich mus-
covite with accessory phases including Li aluminosilicates,
CGMs, and cassiterite—the latter most prominently devel-
oped in greisens. Pegmatites of this swarm have spodumene
as the dominant Li mineral instead of petalite but are typically
strongly albitized and greisenized.

The Uis pegmatite swarm covers an area of approximately
650 km? and contains several hundred individual unzoned
pegmatites cropping out at surface, each with a northeast-
east strike and dip of 30° to 70° northwest. Some of the main
pegmatites are up to 1 km long and ~60 m wide, although
this is not easy to assess at surface, as individual bodies may
bifurcate and change orientation with depth and/or along
strike. The pegmatites intrude perpendicular to bedding in
their host metasedimentary rocks, are all roughly sigmoi-
dal in shape, and lack conspicuous zoning (Richards, 1986;
Diehl, 1993a; Fuchsloch et al., 2018). The major minerals
are primarily alkali feldspar (perthite/microcline), albite,
quartz, and muscovite, with extensive albitization and grei-
senization (Fuchsloch et al., 2018). Accessory phases include
cassiterite, CGMs, garnet, tourmaline, topaz, apatite, beryl,
zircon, and monazite plus localized petalite, amblygonite,
montebrasite, and cookeite. Andrada Mining (formerly Af-
ritin) operates the Uis mine, where the V1-V2 pegmatite is
currently producing tin, lithium, and tantalum. Near-mine
exploration at Nai-Nais (Lithium Ridge) and Spodumene
Hill has noted the presence of petalite, spodumene, and
lepidolite (Fig. 5D).

The most significant Li-Cs-Be-Rb pegmatites in the Rubi-
con-Helicon belt are those southeast of Karibib—the zoned
Rubicon and Helicon pegmatites. From the 1930s they were
mined for beryl and then from 1951 for Li, Cs, Be, and Ta.
More recently they were worked for quartz but are now be-
ing redeveloped for lithium production. These pegmatites
have been dated at 505.5 + 2.6 Ma by U-Pb isotope dilution-
thermal ionization mass spectrometry (ID-TIMS) on CGMs

531

(Melcher et al., 2015), whereas the host Okongava monzodio-
rite (ca. 540 Ma) is significantly older (Jung et al., 2002).

The Rubicon pegmatite consists of two, ellipsoidal, well-
zoned, Li-mineralized orebodies developed around two quartz
cores that extend along the same strike (Roering, 1966). The
two main bodies form a ridge, which strikes northwest and
dips between 20° and 65° northeast (Ashworth, 2014). To-
gether, they measure about 700 m in length and each have a
width of 25 to 35 m (Roering, 1963). The main lithium ore-
body measures approximately 320 m in length and 25 to 35 m
in width. The pegmatite is asymmetrically zoned (Fig. 5E),
and dips vary on either side of the pit: on the east side zones
dip 65° to the northeast, whereas in the western wall of the
pit the zones dip ~40° to the southwest. The mapped zona-
tion differs slightly between that mapped by Roering (1963),
Diehl and Schneider (1990), and Ashworth (2014). The latter
recognizes seven zones: (1) a thin fine-grained Border zone a
few centimeters thick consisting of quartz, perthite, and gar-
net, (2) the Wall zone, which is generally a few meters thick
and has quartz, muscovite, schérl tourmaline, and spessartine
together in an albite-rich matrix, (3) the Intermediate zone
comprising quartz, Li muscovite, lepidolite, microcline-per—
thite, albite, accessory beryl, apatite, and Li phosphates, (4)
the Perthite zone, which varies in thickness and may consist of
pure perthite with individual crystals up to 1 x 3 m in size or
a mix of microcline-perthite, quartz, Li muscovite, lepidolite,
and albite, with accessory pale-green to white beryl, apatite,
and Li phosphates, (5) the 1- to 2-m-thick Beryl zone, which
contains abundant albite, lithian muscovite, quartz, lepidolite,
microcline perthite, and apatite, with white to bluish-green
beryl aggregates, (6) the Petalite zone, which is 0.2 to 6 m
thick with an assemblage of petalite, albite, perthite, lepido-
lite, amblygonite, beryl, and subordinate quartz, with acces-
sory columbite, apatite, fluorite, amblygonite, bismuth, and
Li phosphates, and (7) the Lepidolite zone, which is 210 m in
width and characterized by pink to purple lepidolite, albite,
quartz, amblygonite, and petalite.

The Helicon pegmatite group occurs about 7 km north-
northeast of Rubicon. The group comprises a series of outcrops
along an east-west strike (Fowler et al., 2018) with a dip be-
tween 43° and 89° north, cutting marbles and schists. Helicon
I, the largest body, has been mined for lepidolite, amblygonite,
petalite, and mica, with beryl, pollucite, quartz, and CGMs as
minor by-products. It is elongate, lens shaped, and asymmetri-
cally zoned, about 400 m long and 66 m wide, dipping 60° to
70° north. It cuts schist and marble of the Karibib Formation
that strike east-west and dip southward at 45° to 55°. It has a
wall zone that is ~4 m thick and is composed predominantly
of albite, quartz, and muscovite with accessory perthite, gar-
net, rare beryl, blue tourmaline, and CGMs. Albite, the major
constituent, is larger than other minerals, with some crystals
up to 70 cm long. Muscovite crystals are large (>3 cm), form-
ing radiating fans, whereas blue tourmaline crystals have an
acicular habit and form radiating blades 2 to 15 cm long. The
Intermediate zone is ~4.5 m wide and comprises intergrown
quartz and albite and large petalite crystals <30 cm long. The
Lepidolite zone is ~20 m wide and is characterized by locally
banded albite, quartz, lepidolite, and zinnwaldite, with acces-
sory muscovite, CGMs, white beryl, amblygonite, and blue and
pink tourmaline (Fig. 5F). A beryl zone, about 40 c¢m thick,
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occurs as a footwall on the south side of the quartz core. It
comprises albite often as radiating crystals, massive lepidolite,
and whitish beryl crystals several centimeters in diameter. Ac-
cording to Roering (1963), crystals of columbite <20 cm in size
were extracted from this zone.

Ethiopia: The Kenticha pegmatite field of Ethiopia contains
a variety of pegmatites, intruding Neoproterozoic rocks of the
Arabian-Nubian Shield. It includes a number of complexly
zoned spodumene-bearing pegmatites, with the most well-
known being the main Kenticha pegmatite (Kiister et al., 2009).
This is a flat-lying, moderately E-dipping intrusion, exposed
over more than 2 km length and varying from 40 to 100 m in
thickness. It has been divided into lower, intermediate, and up-
per zones, with the most voluminous upper zone composed of a
coarse-grained muscovite-quartz-albite-microcline-spodumene
pegmatite assemblage (Kiister et al., 2009). Spodumene crystals
may be up to 4 m in length, and albitization and greiseniza-
tion are common. The main Kenticha pegmatite thus has many
characteristics similar to an unzoned spodumene pegmatite.

Paleozoic (Variscan) pegmatites of North Africa

To the north of the West African craton, the most promising
lithium pegmatites are Variscan in age. They crop out in the
Moroccan Meseta, which represents the southern prolonga-
tion of the European Variscides. They were formed in a post-
collisional setting (Essaifi et al., 2014) similar to that of the
lithium pegmatites of the Variscan in Europe (Roda-Robles
et al,, 2018). Hundreds of pegmatite bodies have been identi-
fied and mapped by Huvelin (1977) in the Sidi Bou-Othmane
region, where they form a subvertical dike swarm intruding
Devonian to Carboniferous mica schists that were deformed
during the Variscan orogeny. The thickness of the pegmatites
ranges from a few centimeters to 4 to 5 m, and their extension
can reach several hundreds of meters. The dikes display peg-
matitic and aplitic textures, rhythmic layering, and abundant
unidirectional solidification textures, including pseudographic
intergrowths. Their main minerals are quartz, feldspars, and
muscovite, whereas the accessory minerals include schorl,
garnet, CGMs, lepidolite, elbaite, cassiterite, fluorapatite, and
phosphates of the amblygonite-montebrasite series. Based
on the abundance of the accessory minerals, different types
of pegmatites are distinguished (Erraji et al., 2024). They
show a zonal distribution marked by an evolution from barren
pegmatites (schorl and garnet bearing), through intermediate
pegmatites characterized by the abundance of Fe-Mn phos-
phates, and then to fertile pegmatites that contain Li-rich
minerals including ferrisicklerite, montebrasite, lepidolite,
and elbaite.

Africa’s Lithium Pegmatites: Paragenesis and
Evolution with Time

As the descriptions above show, the continent of Africa is
rich in lithium pegmatites, which were formed in the wan-
ing stages of orogenic events during five main time periods:
the Neoarchaean, the Paleoproterozoic (in West Africa), the
Mesoproterozoic (in Central Africa), the Neoproterozoic to
Cambrian, and the Paleozoic (in North Africa). Across all
these time periods, lithium pegmatites are most typically
hosted by metasedimentary or metavolcanic rocks and some-
times by granitoid intrusions; they are rarely hosted in TTG
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gneisses. Lithium pegmatites are characterized by coarse
grain sizes and form tabular bodies with sharp contacts against
their host rocks, indicating that they were emplaced into rocks
that were relatively cool and subjected to undercooling before
crystallization began. Thus, whatever their source may have
been, they were emplaced at a higher level in the crust than
where the melt was formed. Many lithium pegmatites occur
close to major structural features such as shear zones, which
may represent pathways for magma movement through the
crust (Plunder et al., 2022; Silva et al., 2023).

Some of Africa’s lithium pegmatites are characterized by
a classic zonation with border, wall, intermediate, and core
zones, but many, including some of the most economic, are
unzoned spodumene pegmatites, which are more common
than previously thought (London, 2018). The unzoned spodu-
mene pegmatites commonly exhibit at least some, if not all
four, of the expected paragenetic stages (magmatic crystalliza-
tion, albitization, greisenization, and low-temperature altera-
tion; Fig. 12) (Ballouard et al., 2020; Shaw et al., 2022; Acke
et al., in press). In many cases, these alteration stages may
give a pegmatite an appearance of irregular zoning, and it can
sometimes be challenging to distinguish literature descrip-
tions of true zoned pegmatites from those that show irregular
albitization and greisenization.

Our firsthand knowledge of these pegmatites has allowed us
to recognize that each of the five orogenic events mentioned
below has its own lithium pegmatite fingerprint.

1. Archaean pegmatites commonly have petalite as a mag-
matic mineral (although variably replaced by SQI). This is
consistent with pegmatites emplaced at relatively shallow
depths but with higher crustal temperatures due to higher
geotherms in the Archaean. Archaean pegmatites may
show zonation, but this is commonly patchy and irregular.

2. Paleoproterozoic lithium pegmatites in the Birimian of
West Africa are most typically variably albitized, unzoned
spodumene pegmatites, with spodumene growing from the
pegmatite margin. Notably, many of these pegmatites are
also relatively phosphate rich but have relatively low con-
tents of boron- and fluorine-rich minerals. However, the
region is poorly explored because of extensive lateritiza-
tion and a predominant exploration focus on gold. This is
potentially one of the most prospective regions for lithium
pegmatite exploration in Africa.

3. Mesoproterozoic lithium pegmatites extend from Rwanda,
Burundi, and DRC to northern Zimbabwe and Namibia.
These include some very large intrusions, most notably the
Manono-Kitotolo pegmatites. These are typically weakly
zoned pegmatites, which may have a thin border zone and a
quartz core, but are dominantly made up of a spodumene-
bearing intermediate zone. They can be highly albitized
and may be rich in columbite and cassiterite group min-
erals associated with the albitization (Fig. 12), thus being
exploited for tin or tantalum rather than lithium.

4. Neoproterozoic to Paleozoic (Pan-African and Variscan)
lithium pegmatites are typically much more distinctly
zoned (complex pegmatites) than those in older orogens.
Many are gem bearing, and a wide range of lithium miner-
als may occur, including petalite, spodumene, amblygonite,
lepidolite, and others. However, these typically only occur
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Spd = spodumene; Fsp = alkali feldspar; Ms = muscovite;
Qtz = quartz; Ckt = cookeite; Ab = albite; Zeo = zeolites;
SQI = spodumene-quartz-intergrowth
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Fig. 12. Schematic illustration of the main stages of lithium pegmatite evolu-
tion and paragenesis.

in distinct zones within the pegmatite. Tourmaline is also a
common mineral. Thus, these pegmatites have evidence of
enrichment in B, F, and P, but are perhaps less enriched in
Li than some of the older pegmatites.

The controls on formation of these different pegmatite
types remain to be understood. As described in the “Lithium
Pegmatites” section, recent research is moving away from
simplistic end-member models and demonstrating that lith-
ium pegmatite formation is likely related to a complex crustal
magmatic system in which variable degrees of melting of a
fertile (likely metasedimentary) source are followed by the ac-
cumulation of melts at varying levels in the crust, with further
evolution by fractional crystallization or crystallization and
remelting (Knoll et al., 2023; Koopmans et al., 2023). Thus,
potential controls on pegmatite composition include available
sources for melting, conditions and thus degrees of melting,
crustal residence time of melts, and conditions of emplace-
ment. These controls will all be interrelated; for example, a
source that has higher contents of fluxing elements such as
B or F will create more volatile-rich melts, allowing them to
travel farther through the crust and be emplaced at shallow
levels with high degrees of undercooling, supporting the de-
velopment of complex pegmatites.

It is interesting to note that elsewhere in the world (Canada,
Australia), many of the largest and most economically impor-
tant lithium pegmatites are Archaean and spodumene domi-
nated (McCauley and Bradley, 2014; Groves et al., 2022). In
contrast, the main known Archaean pegmatites in Africa are
those of Zimbabwe, where petalite predominated as a mag-
matic mineral. Features recognized in the N eoproterozoic to
Paleozoic pegmatites of Africa can be correlated across those
orogens, even into other continents; for example, the Pan-
African pegmatites show features similar to those of examples
in Brazil, where zoned lithium pegmatites, often gem bearing,
and unzoned spodumene pegmatites occur in the same region
(Pedrosa-Soares et al., 2011). There are also some features
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that appear to have a geographical rather than temporal con-
trol; for example, all generations of lithium pegmatites in the
West African craton are rich in phosphate.

Therefore, our review supports the work of others (Cern}’/
et al., 2012) in proposing that the ultimate control on the
distribution, and lithium enrichment, of pegmatites lies in
the source; but rather than considering a granitic magma,
it is necessary to look back to the original (most commonly
metasedimentary) material that was melted. The chemistry of
this source, and the melts that it produces, may have been af-
fected at the time by climatic and tectonic conditions (Romer
and Kroner, 2016), which will in turn affect the development
of the magmatic system and the eventual type of pegmatite
that forms. Lithium pegmatites are the end point of a com-
plex system, and development of their mineral deposit model
requires a full understanding of the wider geologic context in
which they were formed.
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